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YK 669.295.539.121

CTPYKTYPA I BJACTUBOCTITETEPOI'EHHOI'O KATAJII3BATOPA
HA OKCHUJIHOMY HOCII HA OCHOBI AJIIOMIHIIO

Kanaunatu texs. Hayk B. B. Cyo06oTtina, B. B. bisiozepos, 1-p ¢i3.-mar. nayk O. B. Cobo0ab

STRUCTURE AND PROPERTIES OF HETEROGENEOUS CATALYST ON AN OXIDE
CARRIER BASED ON ALUMINIUM

PhD (Tech.) V. V. Subbotina, PhD (Tech.) V. V. Belozerov, D. Sc. (Phys-Math.) O. V. Sobol

DOI: https://doi.org/10.18664/1994-7852.191.2020.217284

Anomauia. B pooomi onmumizysanacs mexuonocia MJ/[O 3 memorw ompumaHHs 6UCOKOT
PO36UHEeHOCMI NOKpummie ma ix 2apHoi aoeesii 3 0CHO80I0 0l CMBOPEHHS BUCOKOEHEKMUBHO20
2emepozeHH020 kamanizamopa Ha oxcuonomy Hocii cucmemu Pt/Al1,O3. Memooamu MJ/]O na cniagi
16 i mexuiunomy anrominii A97 ompumani okcuOHi nokpumms pizHo20 Pazo6020 cK1ady, pi3HOi
cmpykmypu nogepxwi i wopcmkocmi, moswurnoro 20—-100 mxm. I[loxaszano, wo cmpykmypa i
MOpghoN102is NOBEPXHI NOKPUMMIE BUSHAYAEMBCI YMOBAMU eJLleKMPOILI3Y, WO 00360JI€ NPOBOOUMU iX
onmumizayiio 015 nioGUUeHHs eqheKMmUusHOCmi UKopucmanis. Buseieno 3akonomipnocmi 6niugy -
gazoso-cmpykmyprozo cmany i mopghonozii MJ]O-nokpummis na epekmugHocmi ix UKOPUCMAHHS
6 cucmemi Pt/A1;03 ax kamanizamopis ouuwenHs okcudy azomy, wo 003601UL0 00CAU GeTUYUHU
koegiyienma ouuwenus nonao 90 %.

Knrouoei cnosa: anominiesuii cnnas, Mikpooy2o6e OKCUOY8AHHA, WOPCMKICMb, ¢hazoeuil
CKA0, KoepiyieHm ouUUeHHs.

Abstract. In this study, the MAO technology was optimized in order to obtain a high
development of coatings and their good adhesion to the substrate for the creation of a highly efficient
heterogeneous catalyst on the oxide carrier of the Pt/Al.Oz system. Oxide coatings of different phase
composition, surface structure and roughness, with a thickness of 20 —700 um were obtained by MAO
methods on D16 alloy and A97 commercial aluminum. It is shown that the structure and morphology
of the surface of the coatings is determined by the conditions of electrolysis, which allows their
optimization to improve efficiency. It is determined that the surface coating layer consists of the
following phases: y-Al20s, a-Al,O3 and 3 Al,Oz « 2Si0O, (mullite). On the D16 alloy there was a
predominant formation of y-Al,O3 and a-Al.O3 phases. Increasing the duration of microarc oxidation
increases the content in the coating of the a-Al,O3 phase. It is established that the use of MAO
technology allows to change the morphology of the surface and its roughness in a wide range. The
formation of two types of surface inhomogeneity in the planar growth region of coatings is revealed:
with a relatively small size of such formations (up to 50 um) and with the formations of the second
type, the sizes of which in the planar growth region of MAO coatings reach 300 wm.

It is determined that the purification coefficient of nitrogen oxide in Pt/Al,Oz catalysts is
temperature dependent. At relatively low (150°C) and high (300°C) temperatures the highest value
of a is achieved in systems based on MAO coatings with binary (y-Al203 and a-Al2O3) phase
composition. In the temperature range of the most effective cleaning (200-250°C) the greatest
influence on their efficiency, apparently, has a surface morphology, namely, the formation of large
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(up to 300 um) formations of surface inhomogeneity in the growth plane. In this case, the purification
coefficient (for the reduction of nitrogen oxides) o reaches 92 %.
The results of the study can be used in the development and creation of a new type of catalysts

for the Pt/Al>O3 system.

Keywords: aluminum alloy, microarc oxidation, roughness, phase composition, purification

coefficient.

Beryn.  HeitTpamizamiss — mIKiaJIMBUX
BUKH/IIB (HAHOUTBIIOI MipOIO — OKCUJIB a30Ty
1 BYyIVICHIO) BUXJIONHUX Ta3iB aBTOTpaHC-
MOPTHUX MAIIMH € HaraJlbHUM 3aBJIaHHSIM
CyyacHOi  ekojiorii Ta  HaBKOJHMIIHBOTO
cepenopuma. [li MmKiIIMBI BUKUIU 3HAYHO
MO/IPa3HIOITh CIIM30B1 OOOJIOHKU OueH, Hoca,
PYHHYIOTH JIET€HI JIOAWHU. 30KpeMa OKCHI
a30Ty IpHU pyCl TUXATbHUM TPAKTOM B3aEMO/IIE
3 BOJIOTOK BEpPXHIX JUXaJbHUX MUIAXIB,
YTBOPIOIOUM a30THY U a30TUCTY KHCIOTH.
EdexTuBHUM cI0OCOOOM OUMILIEHHS BIANPAIbO-
BaHUX Tra3iB BiJ HE3rOpiIMX BYIJIEBOJHIB €
BUKOPHUCTAHHS HaHECCHMX Ha HOCIT
KaTajgi3aTopiB y peakiisix IOBiAMaTIOBaHHS 1
CCJICKTUBHOI'O KaTaJITUYHOI'O BiJIHOBJICHHS.

Jlis mporo B HAII Yac yce OLIbIIOro
MOIIMPEHHs] Ha0yBalOThb TIpaHyJIbOBaHI Ta
MOHOJIITHI KaTalliTHYHI CUCTEMH, SIKI MICTITH
aKTUBHI METaJu Ha pPI3HUX Hocisax. Sk Hocii
3aCTOCOBYIOTH SIK MPHUPOJIHI, TaK 1 CHHTETUYHI1
Marepiany (OKCHIU, aTFOMOCHIIIKATH Ta 1H.).

AHaJi3 ocTraHHiIX gocaimKeHb i
nyoaikaniii. Okcuan nepexiJHUX MeTaliB, a
TaKOXX OJIarOpojiHI METajau, B TOMY YHCI
HaHECEHI Ha KepaMivyHi MOHOJITH Ta METaJIeBl
MiIKIaJKH, 3aCTOCOBYIOTh $K Karaii3aTopu
OKWCHEHHS-BiIHOBJICHHS [1, 2]. Sk akTuBHUI
KOMITOHEHT BUKOPUCTOBYIOTh OJMH 200 KiTbKa
MeTaniB Mn, Fe, Cr, V, Mo, Co, Ni, W, Cu, Sn,
Au, Pt, Pd, Rd, Ir, Rh [3]. [Insg HaHeceHHs
KaTaJTITAYHO AaKTUBHOI Macu Ha MeTaJeBUH
HOCIi B 0OaraTbOX BUMAAKaX HEOOXiTHO
BUKOPHUCTOBYBATH «IiJIIapy», ab0 BTOPUHHUMN
HOCIM, SKMH TIONIMIIy€e 34YerieHHS 3 M-
KJIQJKOIO 1 Ha/lae Karani3aTopy OLIbIl BUCOKY
MOPIBHSIHO 3 METAJIOM MTUTOMY ITOBEPXHIO.

Bmnepmie  mepcriektHBa  OTpUMaHHS
Karajgi3aTopiB Ha METalleBUX IOBEPXHIX
METOJIOM «OKCHJYBaHHS B yMOBax iCKPOBOTO
po3psidy», SAKHHA T3HINIE OTPUMaB Ha3BY

MikpoayroBoro okcuayBanas (MJIO), Oyna
ormucaHa B pooori [4].

M/IO omHOYacHO BIACTHUBI PHUCH IBOX
pi3HHX MeToaiB Moaudikallii: HaHECEHHS
MOKPUTTIB (TOOTO Moamdikamii 3 MPUPOCTOM
TOBIIMHHM) 1 3MIHM CTaHy, CTPYKTYpH,
BIIACTHBOCTEH TMOBEPXHI 1 MPHUIOBEPXHEBHUX
mapiB (ToOTO 6€3 301IbIIEHHS TOBILKHN).

Jns MJIO-niokpHuTTiB HalOIbIa edex-
TUBHICTh BHKOPHCTaHHS SK Marepiaixy-HOCis
nependavaeTbCs AN OKCHAY  QIIOMIHIIO
v-AlbO3  [5]. Oxkcun amominito  y-Al2Os3
CTAaHOBUTH BEJIMKHUN 1HTEPEC, OCKIIbLKH BIH €
OTHUM 3 HaWCPEKTUBHIMMUX HOCIIB IS
AKTUBHOTO KOMITOHEHTa, 30KpeMa BUKOPHUCTO-
BYETHCSI B KaTaJIi3aTopax BiIHOBJICHHS OKCHJIIB
a3zoty [6], okucHioBanHs CO [7], oTpuMaHHs
cuHrasy [8], okucHoBaHHS amiaky [9] Ta iH.

Jlns HaHeceHHS TMOKPHUTTS Ha OCHOBI
QIIOMIHII0O Ha CHOTOAHI BUKOPHCTOBYIOTHCS
Taki METOAM: TIPOCOYYBAHHS CYCIEH3I€I0,
TEPMIUYHE HANWIEHHS, eJNeKTpo(opeTuuHe
OCaJKeHHsI, XIMIYHE OCaKeHHs 3 Ta30BOl
¢dasu (CVD — chemical vapor deposition),
€JIEKTPOXIMIYHE OCAKEHHs, KpUCTai3alis 3
po3uuny. OHaK y BCIX X METOJIB € KiJIbKa
CYTT€BUX HEAONIKIB, TOB'S3aHUX 3 HU3BKOIO
aAre3i€ro, BEIUKOI TPHUBATICTIO TMPOILIECY,
SIKICTIO IOKPHUTTIB Ta iH. MeTo1 MiKpOAyTOBOTO
OKCHJyBaHHSA B TIOE€JIHAHHI 31 CIEIiaIbHUMHI
MaTepiajaMu  J03BOJUTH 3HAYHOIO MipOIO
MO30yTHCS IMX HEOJIKIB, a TAKOX JOCSATTH
YVHIKQIbHUX  BJIACTUBOCTEH 3  BHUCOKUMH
MEXaHIYHUMHU XapaKTePUCTUKAMHU bi (0]
MaTepialy OCHOBH.

[Ipu uboMy Ha CHOTO/IHI HE ICHY€E €IUHUX
MiOXOAIB 1 MPUHIUIIB y BHOOpI CKIamy
€IIEKTPOJIITY 1 PEXKUMY OKCHAYBAaHHS JUIS
OTpUMaHHS  HEOOXiMHUX  (YHKIIOHATBHUX
BJIacTUBOCTEN. TOMY B KO)KHOMY KOHKPETHOMY
BUIIA/IKy BOHHU M1I0MPAIOTHCS €MITIPUYHO.
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Cnig  3a3HauuTH, W0  [paKTUYHA
peaiizalisi MiKpoIUIa3MOBOTO MPOLIECY 3aBXKAH
BUMara€ peTeIbHOTO  y3TO/DKEHHS  Mapu
«MeTaN—eNeKTpoIIiTH. OAHUM 3 HAHIPOCTILINX
1 IIUPOKO BHUKOPHUCTOBYBAaHUX EJIEKTPOJIITIB
it 00poOieHHsT CIUIaBiB Ha OcHOBI Al €
po36aBnenuii (2—8 r/m) pozunn KOH, sxuii nae
MOJKJIMBICTh OTPUMYBATH SIKICHI, BACOKOTBEPIi
MOKPUTTS. Y PAAl BUIMAIKIB IS 301IBIICHHS
TOBIIMHA MOJM(DIKOBAHOTO APy MpPU MIKpO-
IJ1a3MOBOMY OOpOOJIEHHI BHUKOPHUCTOBYBATH-
METhCSl JOJaBaHHS TEXHIYHO PIAKOTO CKIa
(Na2SiO3) 10 ckiIamy eneKTpoIIiTy.

Sk akTUBHMI  MeTan  HaWOuIbIIy
e(heKTUBHICTh MoKa3aia ratuHa [10].

Merta i 3aBaaHHs 10CTiTzKeHHsA. MeToro
pobot  Oyn0 BHUKOPUCTATH  TEXHOJIOTIIO
MikpogyroBoro oxcuayBanHs (MO) s
CTBOpCHHS KaTami3aTopiB cucremu Pt/Al>Os;
OLIHUTH  €(EeKTUBHICTHP  MpaIe3AaTHOCTI
KaTaji3aTopiB 3 OYMILEHHS OKCHIY a30Ty.

[Ipy npomMy mMOTPIOHO BUPINIMTH TaKi
MUTaHHS:

— migiopaT YMOBH €JIEKTPOi3y (CKian
eJIEKTPOJIITY, €JIEKTPUYHI TapaMeTpH MPOLECY,
TPUBAIICTh OOpOOJIEHHS), IO 3a0e3MeuyoTh
NPOTIKAaHHS MPOLECY B PEKUMI MIKPOIYTOBUX

po3psAaiB 1 OTpUMaHHS  TOKPUTTIB 3
PO3BHHEHOIO IMOBEPXHEIO 1 IMOPCTKICTIO;

— BHUBYUTH CTPYKTYpPHI OCOOJMBOCTI
MOKPUTTIB Ta IX BIACTUBOCTI 3aJIEXKHO BiJl yMOB
€JICKTPOJII3Y;

— JOCHIAWTH KaTAIITUYHI BJIACTUBOCTI
cucremu Pt/Al>O3 3 BiTHOBIISTHHS OKCHTY a30TY;

— MpOoaHaNli3yBaTH OTPUMAaHI PE3yJIbTaTH
1 3poOUTH BUCHOBKH 11010 AomiyibHOCTI MJ]O-
TEXHOJIOT11 IIPH CTBOPEHHI KaTaii3aTopiB.

OcHOBHA YacTHHA JOCJHLKeHHA. Y
poOOTI BUKOPUCTOBYBAIUCS 3pa3KH 31 CILJIaBiB
A97 1 J116 po3amipom 100 x 20 x 5 mm. Cknan
CIJIaBiB HaBeJIeHO B TaOuI. 1.

MikpoayroBe OKCHAYBaHHS IPOBOJIH-
nocs y BaaHi 00’emom 100 1. TTix gac mporecy
MJIO 3abe3nedyBanocs OXOJOMKYBaHHS 1
OapOoryBanHs enekrpoinity [11]. Kopmyc
BaHHU BUKOPUCTOBYBABCS SIK MPOTUEIICKTPO/I.
3acCTOCOBYBAJIOCS JKEPEIIO KUBJICHHS KOHJICH-
caTopHOro TUIy NMoTyxHicTio 40 kBT, okcuy-
BaHHS TPOBOAWIIOCS B aHOJHO-KAaTOIHOMY
pexumi. CepellHe 3HAYCHHS HANPYTH CTaHO-
Bwio 380 B. Jlnsa Buxoay mpoliecy Ha CTaairo
MIKPOAYTOBUX PO3PAIiB BHUKOPHUCTOBYBAACs
ITBHICTE cTpyMy 20—40 A/nm?.

Taomums 1
XIMIYHUH CKJIaJ aJIIOMIHICBUX CIIJIaBIB
Mapka XimMi14H1 KOMTIOHEHTH, %0
CILIaBY Al Cu Mg Mn
A97 OCHOBa 0,005 0,005 0,002
(ue menm 99,97 %)
J16 OCHOBa 3,849 1,2-1,8 0,3-0,9

[Toxputts popMyBasiucs B €IEKTPOIIITAX
YOTHUPHOX THIMIB, CKJIAA SKUX BHOUpaBCS

BIIMOBIIHO 70 PE3yJNbTATIB  TOMEPEIHIX
nocmimkens [12].
Hns MPUTOTYBaHHS €JIEKTPOJIITIB

3actocoByBanu inkuii kamiii KOH, nHarpieBe
pinke ckio NazSiO3 1 quctuinsoBany Bofdy. [pu
IBOMY JUISL €JEKTPOJIi3y BHKOPHCTOBYBAIHCS
gotupu cymimi: 1 r/mn KOH + 3 r/n NazSiOs,
1r/n KOH + 6 r/n NazSiOs, 2 r/mn KOH +
6 r/m NazSi03 1 2 r/n KOH + 12 r/a NazSiOs.

Tomy MJIO-nponiec mnpoBoAMBCA B
JTyKHO-CUJIIKATHOMY  €JIeKTPOJITI  Pi3HOTO
CKJIa/ly Ha yCTaHOBI{I KOHJIEHCATOPHOI'O THUITY B
aHOHO-KaTOAHOMY PEXHMI.

Busnauenns ¢azoBoro ckmaxy MJO-
MOKPUTTIB 3A1MCHIOBANIOCS 3a pe3ylibTaTaMu
pentreHogaszoBoro anamizy. JlocmimkeHHs
npoBoauincs Ha ycranosi JJPOH-3 y mono-
XpoMaTH30BaHOMY BUINpoMiHIOBaHHI  Kg-cu.
JudpaxiiiiiHi crekTpyu 3HIMAJINCS 32 CXEMOIO
bperra—bpentano Ha BIZOWTTSA. 3HIMaHHS
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3MIMCHIOBAJIOCS SIK Yy Oe€3lepepBHOMY, TaK 1
MOTOYKOBOMY pexXHMi i3 Kpokom 20 =0,1°.
MiHiMalbHa  BUSBIIOBAHICTh  CTPYKTYPHHX
CKJIaJJOBUX CTaHOBHTbH MOXUOKY Onm3bko 1 %.
Taka TouHicTh BUsBICHHA Oyjla BU3HA4YCHA
IUIIXOM TOPIBHSHHS penepHux JiHid (a3 i3
0a30BUMH CyMIIIaMHU.

Jlyis ipoBenieHHsT KUTBKICHOTO (ha30BOTO
aHaJi3y BUKOPUCTOBYBABCS METOJI €TATOHHHX
cymime#t [13]. Jns uporo Oynu moOymoBaHi
rpaayroBalibHI Tpadiky 3aJI€KHOCTI IHTCHCHB-
HOCTEH JIiHII MOPIBHAHHS BiJ CKJIaTy CyMIIIi.

Jlist mochipKkeHHsT penbedy 3acTOCOBY-
Bajacsl pacTpoBa €IEKTPOHHA MIKPOCKOIIis Ha
ycranoBui PEM MA 101.

ToBmmMHAa TOKPUTTS BHU3HAYANACAd Ha
BuxpoBomy ToBimHOMipi BT-10 HII. [Toxu6ka
Yy BUMIipIOBaHHI TOBIIMHY MTOKPUTTS CTAHOBUJIA
He Oimpme 5% mnpu HaMEHIIH TOBIIWHI
nokputTs (6mu3pko 10 MxM). MikpoTBepAicTh
BH3Havanacs Ha npuiagi [IMT-3.

Ha cdopmoBaHi MOKpUTTS HaHOCHIIACS
IUTATHHA TUIIXOM TPOCOYYBAHHS 3pa3KiB y
PO3UMHI XJOpHIY IJIATUHU Ta MOAATBIIOTO
BIJTHOBIIIOBaHHs npu TeMnepatypi 350-500 °C.
AxTuBHMI KOMIIOHEHT (Pt) HaHOCUBCS LUTSIXOM
3anypenHs B 10-BimcoTkoBuii pozuun HPtCls
(Temmeparypa copouii 25 °C). Yac,
HEOOXiAHWI s JOCATHEHHS  TOBHOI
aZCcopOIliiHOT €MHOCTI, cTaHOBMB 1 XB. VY

x

X-aALO, o
o -yA|203

x

80

60

I, BigH. oa.

40 4 X

20 4

30 40 50 60 70 80 90
20, rpaj.

a

pe3yapTaTi BMICT INIaTHHH Y BCIX THMax
Karanizaropis 0yB 6mu3bko 0,01 r.

KoedirienT ounineHHs Bijl OKCHILYy a30Ty
(0) BU3HAYaBCSI METOJOM €BAaKyHOBaHUX KOJIO
[14].

MJIO-TexHomorist  J03BOJSIE  MEPETBO-
PHUTH IMOBEPXHEBI AP ATIOMIHIEBUX CIUIABIB Y
BHCOKOTEMIIEpaTypHi MoAudikaiii OKCHIIB
ATIOMIHIIO.

OOpoOneHHsT amOMiHIEBUX CIUIABIB 1
AITIOMIHIIO B JIY)KHO-CHJIIKATHOMY €JIEKTPOJIITI
(opMye MOKPUTTSL, SIKE Ma€ TBOIIAPOBY OyIOBY
1 HE3aJIeKHO BiJl YMOB €JIEKTPOIII3Yy XapakKTe-
PU3Y€ETHCS Iy’)KE€ PO3BUHEHOIO ITOBEPXHEIO 1
nopucrictio [11]. L{i YMHHUKY aI0Th MiACTaBY
BukopuctoByBatn ~ MJIO-TexHONOTIIO IS
CTBOPEHHS KartajizatopiB Ha ocHOBi Pt/ Al2O:s.

PesynbraTi peHTreHiBChKOrO (ha3oBoro
aHalizy IOKa3alu, IO TOBEPXHEBHH IIap
MOKPUTTS CKJIagaeThes 3 Takux das: y-AlxOs,
a-AlO0z 1 3 Al2Os ¢ 2SiO2 (mynit). Ha crunasi
116 BigOyBanocs mepeBakHE yYTBOPESHHS (a3
v-Al,O3, a-Al;O3. Tumoswmii audpakiiiHumi
CIEKTp Bix MOKpHUTTA Ha cruiasi [[16, orpuma-
Horo B entekTpouiti 1 r/n KOH + 3 r/n NazSiO3
IIpU TPUBAIOCTI oKcuayBaHHs 120 xB, mogaHo
Ha puc. 1, a. Cnig 3a3Ha4UTH, 110 301TbIICHHS
TPUBAJIOCTI OOPOOJICHHS CHpUSE YTBOPEHHIO
BENUKOI KibKOCTi azu a-Al203 (kopyHn).

60

50

40 4

30

I, BigH. oa.

20 4

10

Puc. 1. linsauku qudpakiiifiHuX CeKTpiB HOKPUTTIB, OTPUMAHUX METOJOM MIKPOJyrOBOTO
okcuayBaHHs Ha cruiasi J[16 (a) B enextpoditi 1 /m1 KOH + 3 r/x1 NazSiOs (t = 120 xB)
i Ha crmaBi A97 (0) B enekrpoditi 2 r/n KOH + 12 r/n NazSiOs (t = 120 xB)
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[TokputTsa Ha TexHIYHOMY aitoMiHii A97
MaloTh MPAKTUYHO OAHAKOBUH (ha3oBuil ckian
st enektpoitiB ckiaaay 2 r/mn KOH + 6 r/n
Na2SiOz 1 2 r/n KOH + 12 r/m NazSiOs i
HE3aJIeKHO B1J TOBIIMHU NOKpUTTS. [lo ckimany
TaKWX MOKPUTTIB Uil BCIX BUKOPHUCTOBYBAHUX
YMOB OKCHAYyBaHHS BXOAUTH MyJsunT. Ha
puc. 1,6 HaBegeHO  IUISIHKY  THIIOBOTO
mudpakmiitHoro crektpa MIO-mokpuTTs Ha
A97, OTpUMaHOTO B €NEKTPOJITI CKIaxy 2 T/1
KOH+ 12 r1/mn NazSiO3 mnpu TpuBaIOCTi
npouecy 60 xB.

Bim3HaunmMo, 110 HAasSBHICTh UYITKHX
TUQPaKUifHIX MaKCUMyMIB CBIJUUTH TIPO
KpUCTAJIIYHy OYyJIOBY TOKPUTTS TIPH BCIX
pPEXKHMAaX MIKPOIyTOBOTO OKCHTyBaHHS.

3alIe)KHO  BIJT PEKUMY  CIEKTPOJI3Y
KUIBKICHE  CIIBBIAHOMICHHS MK  (asamu
3MIHIO€ThCS. TaKOX CIiJl 3a3HAYUTH 3arajibHy
3aKOHOMIPHICTh, a came, IO 30iJTbIICHHS B
€JEKTPOJIITI PIAKOTO CKJIA TPU3BOAHUTH JI0
301IBIICHHS BMICTY MYJIITY.

V3aranpHeHI pe3yJbTaTH HaBeICHI B
Tab. 2.

Tabmuus 2

YMOBH €NIeKTPOJIi3y, TOBIIMHA TOKPUTTIB, (Pa30BHIA CKIIAJ, MIOPCTKICTH 1 KATAIITHYHA 30aTHICTh
MJIO nokpuTTiB, oTpuMaHux Ha cruiaBax J[16 1 A97 B pi3HUX eNeKTpoiTax

PexxuM enekTpomizy da3zoBuil cki1aj]
g E ToBmuHa o o Q Ilopert- Koedinienr
o o o g . R OYMILICHHS
ad © . HOKPUTTS = = . KicTh Rz, o
3 g § €JIEKTPOJIIT T, XB h, MKM < < 3 MKM a, /C?
3 L = (200 °C)
5
1 J16 | 11/n KOH + 60 40 21 79 - 33 78,9
3 r/n NazSiO3
2 J16 | 1 r/n KOH + 120 80 30 70 - 38 81,4
3 r/n NazSi103
3 J16 | 1 r/n KOH + 60 70 45 55 - 42 82,1
6 r/n NazSi103
4 J16 | 1 r/n KOH + 30 20 32 68 - 27 88,4
6 r/n NazSi103
5 J16 | 2 /n KOH + 30 20 12 85 13 24 84,6
6 r/n NazSi103
6 J16 | 2 /n KOH + 60 100 38 57 5 46 92,1
6 r/n NazSi103
7 J16 | 2r/n KOH + 45 30 10 75 5 28 91,9
12 r/nm Na2SiOs
8 J16 | 21/mn KOH + 60 60 10 65 25 45 85,6
12 r/n NazSiO3
9 A97 | 21r/n KOH + 30 30 15 25 60 34 70,9
6 r/n NazSiO3
10 | A97 | 2r/n KOH + 25 25 12 20 62 33 80,1
12 r/n NazSiO3
11 | A97 | 21r/n KOH + 60 60 20 25 55 36 79,3
12 r/n NazSiO3
[TpumiTka: Rz — mopcTKicTh; 0. — KOe(ili€HT OYUILIEHHS
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Takum ynnoM, MJ]O-TexXHOJI0TIsT 103BO-
Jsi€ OTPUMATH TOKPHUTTS pi3HOro (hasoBoro
CKJIa/ly, BapilOI0Yd YMOBAMHU €JIEKTPOIi3y.

Crpykrypa moBepxHi MJIO mTOKpHTTIB
JOCIII/PKyBajacss 3a JOMOMOTOI0 PacTPOBOI
enekTpoHHOi Mikpockomii (PEM). XapakrepHa
puca TtomorpadiyHoro koHtpacty B PEM —
MiBHILIEHA SCKPaBICTh 300paKeHHSI TOCTPHX
BEPILUH 1 BUCTYMIB pesibedy, BUKIMKaHA 3011b-
[ICHHSM BHUXOJy €JIEKTPOHIB 3 LIUX JUISHOK.

3a3HauuMo, 1m0 K Ha cruiasi J[16, Tak i
Ha amoMiHii A97 BUSBISETHCS PO3BUHEHICTH
MIOBEpPXHI, B OUIBIIOCTI BMIAAKIB MOBEPXHS
SBIISIE COOOI0 KOHTIIOMEPAT YaCTUHOK OKPYTJIOL
dbopMu pizHOro po3mipy. 31 30UIbLIECHHSIM
TOBIIMHHU TIOKPUTTS CTPYKTYPHI YTBOPEHHS
30UIBIIYIOTHCS B PO3MIDI.

Takum  umHOM, TexHosoris  MJO
JI03BOJISIE  OTPUMYBATH pi3HYy MOP(}OIIOTito
MOBEPXHI  TOKPHUTTS, 3MIHIOIOYM  CKJIAJ

SJIEKTPONITY 1 (HOPMYIOUM MOKPUTTS Pi3HOT
TOBILUHH.

Ha cdopmoBani MOKpUTTS HaHOCHIACS
IUTATHHA TUITXOM IPOCOYYBaHHS 3pasKiB B
pPO3YMHI XJIOPHIY IUIATHHH 1 MOAAIBIIOTO
B1JIHOBJICHHS ITpH Temiieparypi 350-500 °C.

OriHtoBaHHS MIOPCTKOCTI MMOKA3allo, 1110
HIOPCTKICTh 3MiHIOETBCA Big 20 mo 50 mm i1
BU3HAYAETHCS B TEPIIy YEPry TOBIIUHOIO
NOKpuUTTs (Tadn. 2).

Mopdosoriro moBepXHi JTOCIIHKYBaHUX
nokpuTTiB Ha cruiasi /{16 1 A97 HaBeneHO Ha
puc. 2.

30~

25 4
20 4
g
i
2 151
]
=
Q
2
i 10
54
0 T T T T T
0 100 200 300 400 500
bazoBa nomxuna, pm
a) 2 + Pt
60 -
40
g
3
A 20
2
=
=
Q
o
=]
=
-20 T T T T T
0 100 200 300 400 500
BasoBa nosxuna, pm
0) 4 + Pt

Puc. 2. Ctpykrypa noBepxHi Ta penbed mopctkocti MIO-TIOKPUTTIB Micis MPOCOTYBaHHS
TJIATHHOIO JIJIST BUKOPUCTAHHS K KaTamiTHIHUX cucteM Pt/AlOs: a — cepist 2 B Ta01. 2;
6 — cepist 4 B Tab1. 2 (MOYaTOK)
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lopcTkicTh, pm

T T T T T
0 100 200 300 400 500

baszosa noxuna, pm

B) 6 + Pt

40
35
30
25
20

154

HlopeTkicTs, pm

104

T T T T
0 100 200 300 400 500

BazoBa nopxuHa, pm

r) 7 +Pt

40 -
354
30 4
25 4
20 4

15 4

MlopcrkicTs, pm

10 4

T T T T T
0 100 200 300 400 500

bazoBa nosxwuHa, pm

n) 9+ Pt

Puc. 2. Ctpykrypa nmoBepxHi Ta penbed mopctkocti MJIO-TTOKPHUTTIB TICIS TPOCOTYBaHHS
TUTATUHOIO U1 BUKOPUCTAHHS B SIKOCTI KaTamiTuuHux cucteM Pt/Al2Oz: B — cepist 6 B Tabdu1. 2;
T — cepisg 7 B Ta0. 2; 1 — cepist 9 B Tabi. 2 (IPOTOBKECHHS)
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YaCTUHOK OKPYTJI0i GOPMHU Pi3HOTO po3Mipy. Y
MOKPUTTSIX Oimbme 50 MKM  BUSBISIOTHCS
«KpaTepu,
MTOKPUTTS
IIUIBHICTh WX MPOKOTIB HEBENUKA 1 BOHU HE
3HAYHO 3MIHIOIOTh 3arajibHy MOP(}OIIOTIIO.

CKJIaZla€ B OCHOBHOMY He Ouibmie 40 MKMm.
[Tpubnu3zHo Takuii Tmepiox YTBOPEHHS B
TJIOTIHHI
oTpuMaHuX 3paskiB. OJHAK CTpyKTypa Ha
pucC. 2, B, T IeHIO BiJPI3HAETHCS POPMYBaHHIM
JOCUTh BENUKUX yTBOpeHb (10 200 MKM) B
TIaHApHIN
MOKPHUTTIB. B iHIMX BHUMagkax BigOyBaeThCsS
dbopmyBaHHSI CTPYKTYpHOI HEOJHOPITHOCTI B
TUTOIUHI
06a30B010 MUPUHOIO 10 50 MKM.

TEXHOJIOT11 JIO3BOJIIE B IIUPOKOMY IHTEpBal
3MIHIOBaTH
MOP(QOJIOTI0 TTOBEPXHI Ta il MOPCTKICTb.

Pt/Al,O3
aHOyBaHHS.

IlopcTkicTs, pm

¢) 11 + Pt

40 -

35

30

25

20

15

10

T T T T T
0 100 200 300 400 500

BazoBa JOBJKHHA, pum

Puc. 2. Crpykrypa noBepxHi Ta penbed moperkocti MJIO-TIOKPUTTIB Micias MPOCOTyBaHHS
IJIATUHOIO JJI1 BUKOPUCTAHHA B KOCTI KatamiTuuHux cuctem Pt/Al>Oz:
e —cepis 11 B Tabxn. 2 (mpogoBKEHHS)

3 oTpuMaHUX PE3yJbTaTiB BHIHO, IO B

ycix BUIAKaX BUSIBIISICTBCS CHJIbHA
PO3BUHEHICTh MIOBEPXHI, B OLTBIIIOCTI BUTIA/IKIB
MOBEPXHS  SBIsAE  COOOK  KOHIJIOMEpaT

Kl € pe3yJbTaTOM IpoKora
IyroBumu  pospsiaamu.  OpHax

VY BepTUKalbHIN IUIOMIMHI IIOPCTKICTh

MOKPUTTS 1 Ui OUTBIIOCTI

obmacti  3pocranns  MJIO-

HOKPpHUTTA 31 3HAYHO MEHIIOKO

Takum uwmHOM, 3actocyBaHHsa MJIO-

dazoBuii  CKJax ~ TOKPUTTA,
Panime a7 CTBOpEHHsI Karani3aTopiB
BUKOPHCTOBYBAJIOCS  KJIACHYHE

Ane BoHO He 3abe3meuye

HEOOXiTHOI PO3BHHEHOCTI MOBEPXHI 1 XOpOIIOi
aaresii 3 ocHoBOIO [3]. 3a3Ha4MMO, IO MPOLIEC
MJ1O no3Boisie yCYHYTH I HEOIIKH.

B po6oTi kaTayniTH4HI BJIACTMBOCTI BCIX
JNOCTI/DKYBAaHUX  3pa3KiB  BU3HAYaJIMCA 32
METOJMKOIO eBaKyiioBaHUX KoJIO [14].

PenepHumu ToukamMu py BUBYEHH1 KaTa-
JITAYHUX BJIACTUBOCTCH TMOKPHUTTIB CITYKUIIH
YOTUPU TEMIepaTypH, MpH SKUX BUBYAIHCA
BrnactuBocTi: 150, 200, 250 1 300 °C. Orpumani
MpH I[bOMY 3HaAuU€HHs Koe(illieHTa OYMIIEHHS
OKCHJly a30Ty HaBeleHi B Tabm. 2 (s
temneparypu 200 °C) 1 Ha puc. 3.

Sk BHIHO 3 OTPUMAHUX pPE3YJbTATIB,
ICHy€e TemIepaTypHa 3aJIe)KHICTh KoedilieHTa
ounieHHs. [lpu 1TpOMYy I pI3HHX THITIB

MOKPUTTIB  ONTHUMAalbHI  BJIACTUBOCTI 3
OUUINIEHHS  TPOSBISIOTBCA  TMPU  PI3HIN
temneparypi. Lle cBimuuth mnpo TE, wIO

KaTaJITUYHA 3JaTHICTH MOYKE 3MIHIOBATHCS B
IIMPOKOMY 1HTEpBaJ IIJISIXOM 3MIiHU PEXHUMIB
MIKPO/IyTOBOTO OKCH/yBaHHS.

Takox cmif 3a3HAYUTH, IO MPAKTHUYHO
st Beix cepii MJIO-NOKpUTTIB KaTamiTHYIHI
BJIACTUBOCTI, SIKI HaBelIeHI Ha puc. 3, MawThb
TEMIIEPaTypH, NpHU SKUX 3a0e3MedyeThCs Koe-
¢imient ounmienHs o >80 %, mo BiAMOBigae
BUMOTaM [0 ICHYIOYMX B JaHUH dHac
KaTaJi3aTopis.
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Puc. 3. 3anexHicTh KoedimieHTa OYUIIICHHS OKCUIY a30Ty IIPH PI3HUX TeMIIepaTypax Mpolecy:
a—150°C; 6 —-200 °C; B—250°C; r—300 °C

[Ipy 1pOMy, SK BHIHO 3 HaBEICHUX
PHUCYHKIB, KOE(]ILIEHT OYMILEHHS Ul PI3HUX
3pa3KiB PI3HUM 5K 32 A0CONIOTHOIO BEIMUNHOIO,
TaKk 1 3a TemmeparypHoi 3ajexHocTi. Tak, €
3pa3ky, Ui SKUX KOe(DILi€HT OYMILEHHS Mpu
temmeparypi 150 °C cknanae 6muspko 80 %,
MPOTE CITOCTEPIraeThcs HWOTO 30UIBIICHHS 10
90 % mpu 3MiHI TemIepaTypu BUIPOOYBaHHS
Big 150 mo 250 °C.

Crain 3a3HA4YUTH BUABICHI 3aKOHOMIp-
Hocti. Ilpu Hum3bkilt Temmepatrypi 150 °C
HaOIbIl e(eKTUBHUMM KaTaji3aTopaMu €
cuctemu Pt/ Al2O3 Ha ocHoBi MJIO-1IOKpUTTIB
cepii 1-6, orpumanux Ha cmiasi J[16.
Oco0nuBICTIO  (a30BO-CTPYKTYPHOIO CTaHy
TaKUX MOKPUTTIB € MPAKTHUYHO ABO(DA30BUI iX
ckian (y-Al0s i o-Al203), ne Bmict dasu
a-Al203 nocsrae 40 %. Mopdororist moBepxHi

TaKUX MOKPUTTIB JIOCUTHh pI3HOMaHITHa 0e3
SBHO BHPAXXEHUX 3aKOHOMipHOCTEeH. Takum
YUHOM, HpU HU3bKiM Ttemmneparypi 150 °C
HailepexTuBHiMMH ~ MJIO-mokpuTTAMH €
3pa3Ku, OTpUMaHi MPU MajoOMy BMICTI PiJIKOTO
ckna (NazSiOsz) B enekrtpomniti. Ilpu npomy
HaiiOiIbIni  3HaueHHs o (Oau3bko 87 %)
JocsATaloThess  Mpu  BukopuctanHi  M/IO-
MOKPUTTIB, OTPUMAaHUX  EJIEKTPOJTI30M B
eJIeKTpoiTi, sikuil Mictuth 2 /1 KOH + 6 r/n
Na2Si03 (cepii 5 1 6).

[Ipn 301IbIIICHH] TEeMIIEpaTypH
BunpoOyBanb g0 200-250 °C  HailOinbmTy
e(eKTUBHICTh MOKa3ylTh KaTaliTUYHI
cuctemu Ha 6a31 MJIO-iokputTiB cepiit 6 1 7.
Puc. 2 cBiguute mpo Te, 1O OCOOIMBICTIO
TaKUX MOKPHUTTIB € MOP(OIOris CTPYKTYPHHUX
YTBOpPEHb Ha MOBepxHi. SIk Oyyio 3a3HaueHO

36ipHuk HaykoBux npanb YkpAY3T, 2020, Bun. 191



30ipHUK HAYKOBHUX Npanb Y KPaiHCHKOI0 AeP:KAaBHOI0 YHIBEPCUTETY 3aJi3HUYHOI0 TPAHCIIOPTY

BUIE, JJS TaKUX MOKPUTTIB XapaKTepHe
(bopMyBaHHSI JTOCUTh BEIHMKHX YTBOPEHb (10
200 MKM) y TUTaHapHIM 00JacTi 3pOCTaHHS
M/O-nokpurtiB. Ilpu wnpoMy mocsraerbes
HaWOUIbIIE 3HaYeHHS o 10 92 %.

[Ipn MaKCHUMaJIbHIH TeMImeparypi
BunpoOyBaHb 300 °C eeKTUBHICT OYUIIICHHS
Je1o 3HIKY€EThCS 1 He nepeButnye 75 %. Ipu
IIbOMY 3HOBY TaKW HalO1IbII BUCOKI 3HAYCHHS
oTpuMaHi 1y cucteM Ha 6a3i M/1O-okputTiB
cepii  1-3, oxepkaHMX B EIEKTPOJIITI 3
BiJIHOCHO MaJMM BMICTOM PIJKOTO CKJa, IO
cnpuse GopMyBaHHIO 1BO(A3HOTO CTaHy, KU
ckimagaerses 3 da3 y-Al203 1 a-Al20s.

Takum uyumHOM, aHami3 OTPUMAHUX
pe3ybTaTiB MOKa3ye, 110 3actocyBanus MJ{O-
TEXHOJIOT11 JUIsl CTBOPEHHS KaTajli3aToOpiB THITY
Pt/Al203 no3Bomnsie 3abe3nednT KoedilieHT
OYUIIEHHS OKcUay azory Omusbko 80 %. [Ipu
IbOMY € MOXIIMBICTh BiJIIOBIIHUM Ti00pOM
YMOB €JICKTPOII3y HpH OTPUMaHHI MOKPHUTTIB
MEBHOTO (a30BO-CTPYKTYPHOTO CTaHy Ta 0CO0-
JUBOCTSAMH MOPQOJIOTii MOBEPXHI IMiABUIIUATH
koediieHT ounteHHs 10 92 % (tabm. 2 i puc. 3).

BucHoBku:

1. Merogamu MJIO na cmuaBi 16 i
TEeXHIYHOMY airoMiHii A97 oTpuMaHi OKCHUJHI
MOKPUTTS Pi3HOTO (Da3oBOro CKjIamy, pPi3HOI
CTPYKTYpPHU HOBEPXHI 1 HIOPCTKOCTI, TOBLIMHOIO
20-100 mxmM. [Tokazano, o CTPyKTypa MOKPUT-
TiB BU3HAYAETHCS YMOBAMU E€JIEKTPOIII3Y.

2. BuszHaveHo, M0 TOBEPXHEBHM IIap
HOKPUTTSL CKIIanaeThes 3 Takux (asz: y-Al20s,

a-Al203 i 3 Al2O3 « 2SiO; (myait). Ha cruasi
116 BigOyBanocs mepeBakHE yTBOpPEHHS (a3
v-AlbO3 i a-Al,O3. 3pocraHHs TpUBAIOCTI
MIKpPOJYTOBOTO OKCHJIyBaHHS 301JIbIIy€ BMICT
y mokputTi dazu o- Al20s.

3. Bcranosneno, 1o Bukopuctanus MJ10O-
TEXHOJIOT11 JT03BOJISIE B IIUPOKOMY i1HTEpBasi
3MiHIOBaTH  MOp(QONIOTiI0  MOBEpPXHI  Ta
HIOPCTKICTh MOKPHUTTA. [Ipy 1IbOMY BHSIBICHO
(dbopMyBaHHS y TUTaHApHIN 007acTi 3pocTaHHS
MMOKPUTTIB ABOX THUIIB: 3 BITHOCHO HEBEIUKUM
pO3MipoM Takux YTBOpeHb (1m0 50 MKkM) 1 3
(GopMyBaHHSIM  YTBOpEHb JAPYroro THUIY,
pPO3MIipH SKUX Yy IUIAHAPHIN 00JIacTi 3pOCTAHHS
M O-nokpuTtTiB qocsraroTh 300 MKM.

4. BusiBJeHO, 0 KOSQIIIEHT OYUIICHHS
OKcHIy a30Ty B Karamizaropax Pt/Al,O3 €
TEMIIepaTypHo 3ayexHuM. Ilpu BigHOCHO
HU3bKiM Temmeparypi 150 °C 1 HaiBuIIil
300 °C HaiibinpIIe 3HaYECHHS 0. TOCATAETHCS B
cuctemax Ha ocHoBi MJIO-mokputTiB 3
oinaproro (y-Al20s i a-AlO3) da3osoro
ckianxy. B TemmeparypHOoMy  iHTepBali
HaredekTuBHimoro ounmeHas (200-250 °C)
HallOIIbIIMI BIUIMB Ha 1X e€(EKTUBHICTD,
OYEBHIHO, Ma€ MOPGOJIOTis TTOBEPXHIi, a came
(hopMyBaHHSI B IUIONIMHI 3POCTAHHS BEITUKUX
(10 300 MKM) yHOpsIIKOBaHUX CTaHIB. Y IbOMY
BUIIAJKY KOe(]ilieHT OUUIICHHS (3
BIIHOBJICHHSI OKCHJIIB a30Ty) o gocsrae 92 %.

5. PesynpTatu pobOTH MOXYyTh OyTH
BUKOPHUCTaHI NpU pO3pOOJIEHHI Ta CTBOPEHHI
HOBOT'O TUITy KaTaji3aropiB cuctemu Pt/Al2Os.
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JOINT INFLUENCE OF INTERMITTENT HEATING MODE AND OUTDOOR
FACTORS ON APARTMENT HEAT LOAD

D. Sc. (Tech.) V. Deshko, PhD (Tech.) I. Sukhodub, postgraduate student O. Yatsenko

CYMICHUWM BILJIUB IEPEPUBYACTOI'O PEXKVMY OITAJIEHHS TA 30BHIIIHIX
®AKTOPIB HA TEIIVIOBE HABAHTAKEHHSA KBAPTUPU
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Abstract. Qualitative energy efficiency measures calculation should take into account the
interaction between various factors influence and building thermal mode. The main direction of this
work is the investigation of outdoor and indoor factors influence on the energy performance
indicators and heating system operation mode. Using energy simulation program apartment heat
load for constant and intermittent heating modes was analyzed.

Keywords: energy saving, intermittent heating, apartment, building energy modelling,
EnergyPlus.

Anomauis. /locniodcennsn echekmusHocmi pobomu cucmemu ONANeHHs MOdice NPOBOOUMUCS 34
PI3HUMU RIOX00aMU, 3 YPAXYBAHHAM KOHMPOIbOSAHUX MA HEKOHMPOIbO8aHux gaxmopis. Axicnui
PO3PAXYHOK 3ax00i68 3 NiOGUUeHHs eHepeoeheKMUBHOCMI NOBUHEH 6paxo8y8amu OUHAMIUHY
no6edinKy 0y0i6Ni — 83AEMOOII0 MIdHC MEMNEPAMYPHUM DEHCUMOM 8CepeOuti ma axmopamu, sKi
8naUBAIOMs HA Hb020. OCHOBHUM HANPAMOM Yi€i pobOMU € OOCTIONCEHHS 308HIUHIX MA BHYMPIUIHIX
gaxmopis, sKi éniusaomv HA eHepeemuyHi NOKAZHUKU NPUMILEHb [ pedxcum pooomu cucmemu
onanenns. OYiHIO8AHHS 8NIUBOBUX HAKMOPIE NPOBOOUNIOCH O] ICHYIOU020 NPUMIWEHHS K8apmupu
3a 00NOMO2010 Cneyianizoeano2o NpPocpPaMHO20 3abe3neyeHHs 011 OUHAMIYHO20 MOOENI08AHHS.
EnergyPlus. Ilpoepamosana modens Keapmupu paxosye menioiHepyilini 61acmusocmi 6y0ieeibHux
KOHCMPYKYIU ma 00380.J18€ OYIHUMU BNIUB 3MIHU 306HIUHIX [ HYMPIUHIX (PaKmopie Ha eHepeemuyHi
NOKA3HUKU Y 4Yaci. 30Kkpema OOCNiONHCeHO niue memnepamypu HAGKOIUUHbO20 cepedosua ma
paoiayitinoi cK1a0080i COHAUHUX MENIOHAOX00HCeHb HA HABAHMANCEHHS CUCMEMU ONaleHHs
Keapmupu 0Jisl 3a0AHUX PEHCUMIE NOCMITIHO20 MA NePepUsUacmo2o OnaleHHs. 3 Memor 0emanbHO20
OYIHIOBAHHSA BNIUBY COHAUHUX MENIOHAOX00HCEeHb NPOBEOCHO AHANI3 MeMnepamyp HA 6HYMPIUIHIX
NOBEPXHAX 306HIUHIX CIIH [ NOBEPXHAX GHYMPIWHIX CMIH KIMHAM NpU PI3HIitl OPIEHMAaYii 306HIUHIX
020P00ACYBANHUX KOHCMPYKYIU 3a cmopoHamu ceimy. Pezynomamu, npueedeni 6 oauii pobomi,
OMPUMAHO WIAXOM HO200UHHOI CUMYIAYIT 8 NPOSPAMHIlL MOOeNi Keapmupu ma nooaHo y eueisioi
diazpam i epaghixis. Taxodx nposedeHo YucenbHUll AHAi3 PIUHO2S0 eHeP2OCHONCUBAHHS K8APMUPU 3d
no2oonumu ymosamu 3 6azu oanux IWEC ona micma Kueea npu 3acmocyeéanni nocmiiinoco ma
NnepepusuaAcCmoz0 PeiCUMie ONaleHHs i 3al1eHCHO 8i0 OPIEHMAYii 020POOHCYBANLHUX KOHCMPYKYIU 34
CMOPOHAMU CEIMY.

Hasenicms enepeemuunoi mooeni npumiwjenHs 6 npocpamHomy cepeoosuwyi EnergyPlus
0038015€ NPULIHAMU ONMUMI3AYIUHI PIULEHHS ULISIXOM OOCHIONCEHHS GNIUBY GHYMPIUHIX | 306HIUUHIX
Gaxmopis na OuHaMiuHy NOBEOIHKY 0Y0i6Nl, @ MAKOIC NPOAHANIZYBAMU BNIUE YUX (DAKMOPIE HA
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eHepeemuyHi noxasHuku oyoieni. Haseoeni pezynomamu 00cniodcenb 00800mb, Wo PeKoMeHOayii
Wooo 8UOOPY pedxcuUMy pobomu Ccucmemu ONANEHHA OOYLIbHO pO3POOIAMU 3  VPAXYEAHHAM

NPOAHANI308AHUX BNIUBOBUX (DAKMOPIE.

Kniouogi cnoea: enepzosbepesicenns, nepepusyacme OnanienHs, KAPMUPA, eHep2emuyHe

mooenoearnns, EnergyPlus.

Introduction. The  buildings and
construction sector has the largest shares of
energy and emissions in the world. According
to United Nations Environment Programme
(2018) buildings construction and operations
consumes for 36 % of global final energy use,
of which residential buildings accounts for
22 %. Therefore, there is a need to find and
implement approaches to improve the energy
efficiency of each building. European
experience shows that implementation of
energy efficiency measures should be carried
out comprehensively.

Most residential buildings in Ukraine do
not reach the European energy performance
indicators. Due to the high payback period,
building owners are implementing measures
gradually. So they follow strategy that typically
include increase of building envelope thermal
insulation but they usually neglecting the
possibility of weather-dependent heating
system regulation. But for the highest effect
from implementation of measures it is
important to consider interaction between
building constructions materials and heating
and ventilating systems, under dynamic
ambient air conditions indoor and outdoor.

Analysis of recent research and
publications. In modern buildings with high
electrical  energy  consumption  and
intermittent heating mode, impact of different
factors on thermal building behavior
investigated by many authors. In general,
highlighted the following main factors that
affect building thermal mode [1]:

— outdoor — outside air temperature,
solar radiation and wind speed,;

— indoor — heating capacity of a building
and internal heat gains.

Data-based building energy models were
utilized to calculate energy saving, which is then
compared to the actual data. Outside dry air

temperature was the only energy consumption
influence factor. So the impact of other
parameters, especially solar gains, on energy
consumption needs further consideration [2].

An exploration of the intermittent heating
system operation modes efficiency is carried
out in different approaches taking into account
controlled and uncontrolled factors. The article
[3] compares the two approaches: quasi-
stationary and dynamic. According to [3] quasi-
stationary approach can only provide an
approximate energy efficiency estimation
because it doesn't take into account the duration
of real transient processes in the heating system.
At the same time dynamic approach allows to
achieve higher quality results taking into
account dynamic characteristics of the building
constructions. The importance of dynamic
characteristics consideration in conditions of
intermittent heating mode is investigated in
paper [4]. The paper [4] presents calculation
results of various single-layer walls dynamic
characteristics done by an exact and an
approximate methods of no stationary thermal
conductivity. The results indicate that reducing
the building massiveness reduce heat losses and
time spent on heating of building.

Comparison of standard and new
approaches of intermittent thermal energy need
calculation is made in article [5]. The proposed
in [5] new approach improves transparency of
the current 1SO 13790 method and provides
more accurate results. To validate the proposed
calculation of intermittent energy need, the
article [5] presents the results of modeling in
EnergyPlus. Review of occupant-centric building
controls [6] shows the feasibility of studying
and practical consideration of the influence of
solar radiation on intermittent heating modes.

The article [7] includes analysis of
outdoor and indoor factors influence on
building energy performance indicators. In this
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work the daily average heating load forecast
using non-linear multivariate regression models
is based on daily average factors history data.

The dynamic behavior of buildings in
response to environment factors is extremely
complex and difficult to analyze. Dynamic
simulation software is a powerful tool that
allows to take into account different thermal
storage capacities of the building constructions
as well as different climates for thermal state
investigation [8]. Such programs allow to get
high-quality results for decision making to
enhance energy efficiency during the building
design and operation phases [9, 10].

In article [11] results of intermittent
heating mode simulation was compared with
available practical data of indoor temperature
profile. Created in dynamic simulation program
apartment energy model accurately describes
the heat-inertial properties of building envelope
and allows to take into account outdoor
temperature changes over time.

Purpose and objectives of the study.
The main purpose of this study is to present
selected results of the analyzes of the way
exterior walls cardinal direction impact on heating
system mode during the day in case of constant
and intermittent heating schedule. Studies were
conducted on the example of an existing
apartment with individual heating source.

According to the purpose the following
tasks are solved:

— apartment dynamic energy model was
created,

— hourly heat load for chosen day in case
of constant and intermittent heating mode
determined,

— investigated outdoor temperature and
solar radiation impact on the thermal mode
during the chosen day;

— analyzed solar radiation impact on the
walls inner surface temperature;

— annual apartment energy consumption
was determined.

Main Body of Paper

Dynamic energy modelling of the
apartment. The 3d apartment model was
created in DesignBuilder software. Calculations
have been carried out by means of simulation
program EnergyPlus. So DesignBuilder uses
EnergyPlus engine to perform dynamic
building energy simulation. Programmed
apartment model describes the heat-inertial
properties of building constructions and allows
to take into account outdoor and indoor factors
changes over time. Thus EnergyPlus dynamic
approaches take into account the building
enclosing structures accumulation ability. At
the same time, point and linear heat-conducting
inclusions are not considered by the program.

The apartment enclosing structures
reported in tabl. 1.

Fig. 1 presents the apartment plan as well
as rooms area data.

Table 1

Enclosing structures description

Construction type

Construction layers

U-value, W/m2-K

- gypsum plastering 10 mm
- brick 400 mm

Exterior walls : . 0,488
- mineral fibre 50 mm
- external rendering 10 mm
double-chamber  glazing  with

Exterior windows and glazed door | internal Low-E glass and two 1,058

chambers with argon

Internal partitions

- gypsum plastering 10 mm
- brick 125 mm
- gypsum plastering 10 mm

Ceiling

- cast concrete 200 mm

Floor

- cast concrete 200 mm
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Domestic Circulation
Domestic Bedroom
Dormnestic Kitchen
Domestic Bathroom

Kitchen bedroom1

12 sq.m 14.2 sq.m

bedroom2
bathroom
10.4 sq.m
7.2 sq.m

hall

5.7 sq.m

Fig. 1. Apartment plan

In fact, the exterior walls and windows of
the apartment are oriented to the east
(«bedrooml» and «bedroom2») and west
(kitchen). The exterior glass area in
«bedrooml» — 3,26 m? in «bedroom2» —
1,8 m?, in “kitchen” — 1,32 m?2.

The apartment has individual water-based
heating system with automated gas-fired boiler.
Boiler operates to maintain  specified
temperature mode for all hours. Each room in
apartment is heated during the heating period.

Such heating system allows setting individual
heating schedules using a thermostat.

Assumed heating schedule is maintained
an internal temperature at 16-22°C for
weekdays and at 20-22 °C for weekends. In
fact, heating mode for the apartment
corresponds to the occupancy schedule. The
programmed daily heating schedules for
weekday and weekend are shown in histograms
in fig. 2.

o
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oo © o
Fee220888990
NS5 292888200 o
NN
Time

B weekday heating schedule m weekend heating schedule

Fig. 2. Weekday and weekend heating schedules

Air exchange rate in the apartment was
assumed to be 0,6 h™.,

The energy model of the apartment also
takes into account occupancy schedule and

internal heat gains (people, lighting and electric
equipment). To consider heat gains from people
next histograms are presented in fig. 3.
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Fig. 3. Weekday people heat gains

The calculations have been performed for
the climatology of the sunny winter day
(10 February, weekday) taken from the IWEC
weather database for Kyiv [12]. The outside air
temperature minimum (-15°C) appears at

400,00
350,00
300,00
250,00
200,00
150,00
100,00

radiation rate, W/m?

50,00

Windows total transmitted solar

000 —di El El El El dd s N

5 AM at morning, and maximum (-7,7°C) at
2 PM at afternoon.

Fig. 4 presents the graph of outside air
temperature as well as histograms of windows
transmitted solar radiation rate depending on
cardinal direction (IWEC solar radiation data).

-10
-12

Outside temperature, °C

[y

4

1 2 3 4 5 6 7 8 9 10111213 1415 16 17 18 19 20 21 22 23 24

I North solar radiation

South solar radiation

Time

Outside temperature

Fig. 4. Daily outside air temperature and windows solar radiation rate

IWEC weather database was also used to
determine annual apartment heat consumption.

Apartment  heating load hourly
investigation. Apartment heating system load
during the day is investigated using constant
mode, as well as intermittent mode. The first
study was conducted when bedrooms exterior
walls correspond to the north cardinal direction.

The solar radiation effect on the heating load in
constant (22 °C) and intermittent (16-22 °C)
modes was investigated and shown in
fig. 5and 6.

It was also analyzed heating load when
the bedrooms exterior walls correspond to the
southern orientation (fig. 7 and 8).
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Fig. 5. Total heating load during the chosen day with constant heating mode
(Bedrooms — N, kitchen — S)
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Fig. 6. Total heating load during the chosen day with intermittent heating mode
(Bedrooms — N, kitchen — S)
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Fig. 7. Total heating load during the chosen day with constant heating mode
(Bedrooms — S, kitchen — N)

36ipunk HaykoBux npaub YkpAY3T, 2020, Bun. 191
22



30ipHUK HAYKOBHUX Npanb Y KPaiHCHKOI0 AeP:KAaBHOI0 YHIBEPCUTETY 3aJi3HUYHOI0 TPAHCIIOPTY

40 0
35 2
N [}
E B
-§ 30 -4 o
- 3
g 25 6 &
© ()
a
%O 20 8 E
© 15 -10 *Q'J‘
= B
= 10 -12 2
s 3
= 5 -14
0 -16
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time
[ Bedroom 1 [ Bedroom 2 [ Kitchen —t

Fig. 8. Total heating load during the chosen day with intermittent heating mode
(Bedrooms — S, kitchen — N)

In case when bedrooms exterior walls in intermittent heating mode than in the
correspond to the southern orientation the previous case. Results of building energy
apartment consumes 17,2 % less energy in consumption calculations are given in table
constant heating mode and 17,6 % less energy below (tabl. 2).

Table 2
Energy consumption calculations
. L Specific energy consumption, kWh/m?

Cardinal direction Constant heating mode Intermittent heating mode

Bedrooms — N, kitchen — S 48,89 40,7

Bedrooms — S, kitchen — N 40,49 33,52

Inside surfaces temperature analysis. To on the inner surfaces of exterior walls and
analyze the effect of solar radiation on the interior partitions was investigated on different
thermal state of the premises, the temperature cardinal directions (fig. 9 and 10).

23
22
21
20
19
18

Inside temperature, °C

17

16

15

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Bedroom 1 Exterior wall Tlme— Bedroom 1 Interior partition
Kitchen Exterior wall Kitchen Interior partition
————— Bedroom 1 Air weeeneenn Kitchen Air

Fig. 9. Temperature on the inner surfaces of exterior walls and interior partitions
with intermittent heating mode (Bedrooms — N, kitchen — S)
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Fig. 10. Temperature on the inner surfaces of exterior walls and interior partitions
with intermittent heating mode (Bedrooms — S, kitchen — N)

The schedules in fig. 9 and 10 show that
temperature change on the inner surfaces of
exterior walls is parallel to the interior
partitions. The analysis of the above graphs
reveals that during the periods without solar
activity the inner surfaces temperature of
exterior walls of southern orientation is lower
than inside air temperature. This is largely
affected by dynamic characteristics of building
construction materials. It is also important to
note that inside air temperature in the studied
premises doesn’t reach the programmed 16 °C
during intermittent heating mode shutdown
periods.

To check the massiveness influence the
apartment  energy  consumption  was
investigated at different brick layer thicknesses
of the exterior walls. The brick layer has been
chosen as analyzed because it affects the
massiveness to a greater extent and has a less
impact on U-value. The effect was studied
during intermittent heating mode when the
bedrooms exterior walls correspond to the
northern orientation. It established, that
reducing exterior walls brick layer thickness by
20cm  resulted in  apartment energy
consumption increase by 5,4 %. In the same
conditions exterior walls brick layer thickness

increase by 20 cm resulted in consumption
decrease by 4,3%. The results of the
intermittent heating schedule analysis show that
reducing the exterior walls massiveness by
2times causes the internal temperature
decrease by 0,5°C during the shutdown
periods. Thus, because of change in building
construction massiveness, the heating mode
schedule changes.

Conclusions. According to the modeling
results in EnergyPlus the use of intermittent
heating mode for apartment  saves
approximately 17 % of thermal energy
compared to the constant mode. At different
external enclosure structures orientation, the
impact of solar radiation on the hourly heat load
and total energy consumption of the apartment
was evaluated. Thus, the difference in heat
consumption of the same premises oriented in
opposite cardinal directions could be as high as
17,2 % in constant heating mode. This value
depends on windows and exterior walls area as
well as solar activity during the heating period.

The analysis of the temperatures on the
inner surfaces of the exterior walls and
partitions has proved the importance of
enclosing structures storage capacity in the
context of the dynamics of solar radiation and
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comfort conditions changes. This context
should be taken into account when analyzing
the modes of intermittent heating and the
development of their hourly forecast.

It established, that recommendations for

radiation impact and internal heat gains. To
improve the quality of future research it is also
important to take into account the influence of
comfort conditions [13] on energy consumption
and the dynamics of its interaction under the

intermittent heating can be developed
depending on the outside air temperature, solar

conditions of changing external factors.
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BY/JIBHUIITBO TA HUBIVIbHA IH/’KEHEPIA (192)

YK 624.012.35:620.173/174

3AT'AJIBHI OCHOBH MEXAHIKU JE®OPMYBAHHA 3A/II30BETOHHUX
EJIJEMEHTIB I KOHCTPYKIIN

J-p rexn. Hayk B. M. Pomamko

GENERAL FUNDAMENTALS OF REINFORCED CONCRETE ELEMENTS AND
STRUCTURES DEFORMATION MECHANICS

D. Sc. (Tech.) V. M. Romashko

DOI: https://doi.org/10.18664/1994-7852.191.2020.217288

Anomauia. Y cmammi 6uK1a0eHo KpUmu4HULL aHaiiz po3eUumK) 3a2albHoi meopii ma mooenetl
ONnopy 3ani300emMOHHUX elleMenmi8 I KOHCMPYKYitl cunogum enausam. OYiHeHo iX 63a€MO38 30K 3
BUBHAUANLHUMU — NOJONCEHHAMU — MEXAHIKU — O0eopMy8anHs  3aNi300eMOHHUX — eleMeHmie |
KOHCMpYKYiu. 3a2anvHi NONONCEHHS MeXauiku 0epopmyeaHus 3ani300emoHHUX elleMeHmis i
KOHCMPYKYIU NPONOHYEMbCSL PO3BUBAMU HA OCHOBI YHIBEPCAIbHOL 0edhopmMayiiHo-cuio80i Mooeli.
Brazano 2onoeny nepeeacy oOeghopmayilino-cunosoi  mooeni, nog'sizany 3  posULUPEHHAM
3a2aMbHOBI0OMOI cucmemu CMAMUYHUX, 2eOMeMPUYHUX [ QI3UYHUX CNIBBIOHOUWEHb 00 pIBHS
cmamuyno eusHayenoi. Iliokpeciena 00HA 3 OCHOBHUX 0coOIUBOCMEU O0edOPMAYIUHO-CULOBOT
Mooe, KA 003607IA€ 00CUMb NPOCMO IHMe2Py8amu MexHiuHy meopiro 34enjieHHs apmamypu 3
OemoHoM 8 3a2anbHy meopiio 0edopmy8ants 3a1i300emoHy.

Egexmusnicmov suxopucmanmusn oeghopmayitino-cunosoi mooeni onopy 3anizo0emouy Cuio8um
BNIUBAM OYIHEHO CMAMUCMUYHUM NOPIGHAHHAM MEOPemudHUX pO3PAXYHKIE 3 pe3yibmamamu
eKCNEePUMEHMATLHUX 00CTI0NCEeHb 3ANI300eMOHHUX eleMeHmi8, BUNPo0Y8aAHUX PISHUMU A8MOPAMU.

Knrwuoei cnosa: s3anizobemon, enemenmu, 0eghopmyanus, Mooeilb, MeXAHIKA, 2PaAHUYHI
CMaHuU, po3paxyHox.

Abstract. This article presents a critical development analysis of the general deformation
theory and models of reinforced concrete elements and structures resistance to force effects. Their
relationship with the defining provisions of the mechanics of reinforced concrete elements and
structures deformation is estimated. The main disadvantages of the considered models are
established. General provisions of the mechanics of reinforced concrete elements and structures
deformation are proposed to be developed on the basis of a universal deformation-force model. It is
noted that the latter is devoid of most of the shortcomings characteristic to other models. The main
advantage of the deformation-force model is indicated, associated with the expansion of the well-
known system of static, geometric and physical relationships to the level of statically definable. It
becomes especially noticeable when calculating reinforced concrete elements and structures for
deflections and crack resistance. One of the main features of the deformation-force model is
emphasized, which makes it possible to quite simply «embed» or integrate the technical theory of
reinforcement to concrete adhesion into the general theory of reinforced concrete deformation.
Through the averaged design section and average deformations of materials in the block between
adjacent cracks, all parameters of the normal cracks formation and opening in the deformation-force
model are directly related to the parameters of reinforcement to concrete adhesion.
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The effectiveness of using the deformation-force model of reinforced concrete to force effects
resistance was evaluated by a statistical comparison of theoretical calculations with the reinforced
concrete elements experimental studies results tested by different authors. Similar comparisons were
made for the methods of the current standards. It was confirmed that the priority in the accuracy of
assessing the reinforced concrete elements stress-strain state parameters belongs to the calculation
method, which is based on the deformation-force model of reinforced concrete resistance.

Keywords: reinforced concrete, elements, deformation, model, mechanics, limit states,

calculation.

Beryn. 3arasiom Teopis 3ai300€TOHY
ABJISIE COOOIO TMEBHY CYKYIHICTH TOJIOXEHB 1
TBEP/KEHb po 3aKOHOMIPHOCTI
nepopmyBaHHs O€TOHy W apmarypu Ta ix
CHuIbHY B3aeMoito. | sk Oyap-sika cripaBxKHS
HAayKOBa TEOpis, BOHA MAa€ OJHOYACHO
OIHCYBaTH BJIACTUBOCTI 3a3HA4YEHUX
MaTepialiB, TOSCHIOBAaTH IUTICHY KapTUHY
3aKOHOMIpHOCTEH (MexaHiKy) aedopMyBaHHS
3a7i300€TOHHUX €JIEMEHTIB 1 KOHCTPYKIIIH,
3a0e3neuyroud MOXKJIMBOCTI BU3HAYEHHS iX
TIMCHOTO HaNpyKeHO-1e(h)OPMOBAHOTO CTaHy
Ha Oynp-skid craaii nepopmyBanHa. Tomy ii
PO3BUTOK 3aBK/I1 3BOJIUBCS JI0 yIOCKOHAICHHS
CKJIQJIOBUX CTPYKTYPHHX €JIEMEHTIB:

* TIEpEAYMOB Y BUIIISIAL (PyHIaMEHTAIb-
HUX TIOHSITH 1 MPUHIUIIB, 3aKOHIB Ta aKCiOM,
NPUIYLIEHb 1 TINOTE3, XapaKTepHUX s
3ali300€eTOHY;

* ieanizoBaHOr0 O0’€KTa y BHIJISAL
abCTpakTHUX MoOJeNell BHU3HAYAIBHUX O3HAK,
BJIACTUBOCTEHN Ta B3a€EMO3B’ SI3KIB 3a11300€TOHY
SIK TBEpJIOTO Tija;

* JIOTIKM y BUIJISIAI CYKYHHOCTI TEBHHUX
CHIBBIIHOIIEHB (MIPaBHII, CIIOCOOIB 1 3ac00iB),
HaI[UICHMX Ha TIPOSICHEHHS Ta PO3BUTOK
CTPYKTYpH 3HaHb TIPO 3a1i300€TOH,;

* BUCHOBKIB Yy BHUIVISAI CYKYIHOCTI
3aKOHIB 1 TBEPIKEHb, METOJIIB 1 METOJIUK,
3aTHUX CIPOTHO3YBATH CTAaH 3aJ11300€TOHHUX
€JIEMEHTIB 1 KOHCTPYKIIHA Ha Oynab-saKii cTasii
ix neopmyBaHHS.

CryniHb B3a€EMHOI  BIAMOBITHOCTI Ta
Y3rOJDKCHOCTI  3a3HAYCHHX  CTPYKTYPHHX
€JIEMEHTIB MPOJOBXKYE 1 HaJaml BIUIMBATH Ha
MOBHOTY Ta €(EeKTUBHICTb PO3POOIIOBAHUX
METO/IiB pO3paxyHKy 3aI1300€ TOHHUX
€JIEMEHTIB 1 KOHCTPYKLIH.

AHAJI3 OCTaHHIX JOoCTHiIKeHL i
nyoJaikaniii. Ha pannix eramax cBoro
PO3BUTKY 3aJ11300€TOH MOJAENIOBANIN Y BUIJISIII
aBCOIOTHO TBEPROro (mpyHOro) Tina. Moro
CTaH OIMCYBaJIM CUCTEMOIO  CTAaTUYHHX,
TreOMETPUYHUX 1 PI3UYHUX CHIBBIAHOIICHB, 10
OTpUMAIIM  Ha3By  BIANOBIAHUX  PIBHSHB
MEXaHIKM TBEPAOro Tila. B OCHOBY mmx
CHIBBIJIHOIIEHb OYyJIM MOKJIa/ieHl HaWMPOCTIMIi
MPUITYIIEHHS Ta TiIOTE3H, BIACTHBI JIMIIE IS
takoro Tina. lle no3Bomuno chopmyBaTu
METOAMKY  PO3paxyHKy  3aji300e€TOHHHUX
€JIEMEHTIB 1 KOHCTPYKLINA 3a <«JIOMyCTUMUMU
HanpyxeHHsmu». OnpHak  3rogoM  Oyino
BCTaHOBJICHO, IO OETOH HE BapTO PO3TISAATH
SIK TIPY>KHUIA MaTepial.

Ha papyromy ertami po3BHUTKY Teopii
3a11300€TOHY HOTO yXKE CTall MOJCIIOBATH 3
ypaxyBaHHSM TMPY>KHO-TUIACTUYHUX BJIACTU-
Bocteil Oerony. lle morpeOyBasio MEBHOTO
KOpPUTYBaHHS, Tmepmr 3a Bce, (PI3UYHHX
CIIBBIHOIIIEHbh MEXaHIKH TBepIOro Tina. Came
3  BHUKOPDHUCTaHHSM HENIHIHHUX  Jiarpam
nedopmyBaHHST OETOHY TOYaIU 3aKagaTHCS
OCHOBU MEXaHIKU Je(h)OpMOBAHOTO TBEPIOTO
Tina. Tomy B kiHIi 30-x pokiB XX CTOMITTA
Oyna cdopMoBaHa Ta 3alpoBaKeHA Yy
HOPMAaTUBHI JJOKYMEHTH 0araTboX KpaiH CBITY

HOBa  METO/AMKA  PO3PaxyHKy  Iepepi3iB
3113006 TOHHUX KOHCTPYKITIH 3a
«pydnyrounmu 3ycwuismu»  [1]. Binroni

PO3BUTOK 3arajibHOi Teopii 3ai1i300€TOHY
PO3ALUIMBCA Ha BA OKPEMUX HAIPSIMHU.

VY OinpmIOCTI KpaiH CBITY I PO3BUTOK
MIIIOB 32 TaK 3BaHOI0 «ae(opMaiiitHo»
Mozemto, Toal sk B KoymmHboMy CPCP 1
NeSKUX IHIUX KpaiHax Oyno MPHHHSITO
«CUIIOBY» MO/IEITh nehopMyBaHHS
3a1i300€TOHy. 3a OCTaHHBHOIO BBAXKAJIOCH, IO
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pyHHYBaHHS KOHCTPYKIII B TpaHWUYHIN cTajii
BiIOyBa€TbCs  BHACHIZOK YTBOPEHHS  Tak
3BaHUX «IIApHIpIB TutacTHUHOCTI» [2]. Take
CIIPOILICHHS [IO3BOJIHJIO CYTTEBO CIPOCTHTH
OCHOBHI PO3paxyHKH [3, 4], OJIHaK
BUKOPHUCTAHHS MoIeni «IUTACTHYHOTO
HIapHipa» BIAJAJSIO TEOPIIO 3a71i300€TOHY BiJl
MeToAiB OyaiBenbHOI MexaHiku. Lle mpusBeno
bi o) BTpaTH METOI0JIOTTYHOT €JIHOCTI
PO3paxyHKIB 3ali300€TOHHUX E€JIEMEHTIB 1
KOHCTPYKLIIH 32 TpPaHUYHUMH CTaHAMHU.

o mouatrky XXI cTOmiTTS BCiM CTaso
3pO3yMiJIo, IO «CHJIOBA» MOJIENb IOBHICTIO
BHuepmana cede. Bigroai Teopis 3a1i300eToHY
3arajioM 1 METOJ pPO3paxyHKy IepepisiB
KOHCTPYKIIii 3 TPAaHUYHUMH CTaHAMHU 30KpeMa
Oynu 30pieHTOBaHI Ha  «aeopmarliitHy»
MOJ€Ib. 3 PO3BUTKOM  KOMIT IOTEPHHUX
TEXHOJIOTIN 111 MOJIeNb HE TUIbKH OCTaTOYHO
3aKkpinmmiacs B KpaiHax 3axoiy, ane i Halyia
BU3HaHHSI B Kkpainax CxigHoi €Bpomu Ta
komumHaboro  CPCP. Opmmak  chorojHi
CKJIAJIAETHCS BPAXKCHHS, 110 1 «aedopmariiina
MO/IEITb BXKE notpedye CYTTEBOTO
yIOCKOHAJIEHHS, OCKIJIBKY YacCTO «i/leani3oBaHi
00’exTi» (aOCTpakTHI MOJeNl 3a1i300€TOHY)
JI0BOJII €J1a00 MOB’I3YIOThCA 3 «JIOTIKO0» HOTO
JOCIIIKEHB, @ TOMY:

* TEXHIYHA T€OPisl 3UCTUICHHS apMaTypH 3
0eToOHOM BKpail c1abo 1HTErpoBaHa B 3arajibHy
TEOPII0 3a1i300€TOHY;

* TTUTAHHS METOJOJIOTIYHOI (J1aJeKTUY-
HOT) €IHOCTI PO3paxyHKIB KOHCTPYKLIH 3a
TPaHUYHAMH CTaHAMU TPAKTHYHO TaK 1 He

BUPILLIEHO;
* BHYTPILIHS CTaTU4YHAa HEBU3HAYEHICTH
3a7i300€TOHHUX  €JeMEHTIB  HaBiThb Yy

po3paxyHKax 3a HECY4Ol 3JaTHICTIO Y
OUTBIIOCTI  BHIAJAKIB  PO3KPHBAETHCS 32
JIOTIOMOTOI0 YHCJIEHHUX 1Tepariii;

* y po3paxyHKax 3a TPIIMHOCTIHKICTIO Ta
MIPOTHHAMH BUHUKA€E HEOOXITHICTh HE TITHKH B
YHUCJIEHHUX ITepaliiHuX omepauisix, aige u y
BUKOPUCTaHHI PI3HOTO POy EMIIPUYHHUX
rapameTpiB, 3aJIeKHOCTEH Ta KOe]IIlE€HTIB;

* BIJICYTHICTh YHIBEpCaJIbHUX METOJUK
pO3paxyHKy 3alli300€TOHHUX €JEMEHTIB 1
KOHCTPYKIIH, Ki MOTJIM O peani3oByBaTHUCS SIK

MIPOrpPaMHO, TaK 1 3a JOMOMOIOI0 1HKEHEPHHUX
EKCIPEec-MEeTO/IiB, BEA€ HE TIJILKU A0 BTPATH
IH)KEHEepPHOTI OCSDKHOCTI CaMHX Ppe3yJIbTaTiB
po3paxyHKy, ane H (i3W4HOI CyTHOCTI
nporieciB AehopMyBaHHS.

MeTa Ta 3aBIaHHS JOCJHiIKeHb. J[aHi
JOCIIIDKEHHS CHpsIMOBaHI Ha (opMyBaHHS
y3arajabHEHOT MoIeni Ta MEXaHIK!
nedhopMyBaHHS 3a1i300€TOHY, B OCHOBY SIKHX
3aKJIICHO:

* BHU3HAUaJlbHI TINOTE3U Ta MEPEeIyMOBU
nedopMaIiiHuX i CUIOBUX MOJICIICH;

* i1eami3oBaHUil 00 €KT AOCTIIKEHHS Y
BHTJISITI JISAKOI a0CTpakTHOT Moieni gedopmo-
BAHOTO TBEPJOrO TiJla, HAIIICHOTO MPYKHO-
IUTACTHYHUMU BJIIACTUBOCTSIMH;

* IOCTaTHbO  OOIPYHTOBaHy  JIOTIKY
JNOCTI/DKeHb Yy BHIVIAII 3arajlbHOBH3HAHOI
«PO3IIMPEHOT» CUCTEeMH PIBHSHb MEXaHIKU
nedopmoBanoro tBepaoro tima (MITT);

* MOKJIUBICTh PO3PaxXyHKy ab0 MpOTHO-
3yBaHHS CTaHy 3aJi300€TOHHHX EJIEMEHTIB 1

KOHCTpYKLiM Ha  Oyap-akiii  cramii iX
nepopMyBaHHS.
IToGynoBa yHiBepcaJIbHOT Teopil

3a;i300€TOHY caMeé Ha TakKuxX M[pUHIMIAX
OJTHOYACHO CIIPUSTHUME BHPILICHHIO 3aBJaHb,
OB’ 3aHUX 3 «JIOTIKOIO)» JIOCIIKEHb.

OcHOBHA YacTHHA JOCJTiIKEeHb.
CyuacHuit aHaII3 CTaHY HAYKOBUX JOCTIKEHb
B ramysi 3aJ11300€TOHY JI03BOJISIE

CTBEP/KYBAaTH, 110 OJHUM 3 HAMOUIBIN BAATUX
ieani3oBaHuX 00’€KTIB 3arajibHOI Teopii Horo
neGopMyBaHHS MOXHAa BBaXaTH  MOJIENb
negopmoBaHoro TBepaoro Tuta. Taka Mojenb
Jlajia 3MOTy HeE TIIbKU BIATBOPIOBATH MPYKHO-
IUTACTUYHI BJIACTUBOCTI CaMOro 3ajii300€TOoHY,
asie ¥ MpOMOHYBAaTH iX BapiaHTHI PIILIEHHS Yy
BUIJISIII  CWJIOBHX,  JedopMaiiiHuX  Ta
YIOCKOHAIEHUX nedopmariiitHo-CHIIOBUX
Mmonenei [5].

Cami x BapiaHTHI pilIeHHA a00 HUIAXHU
PO3BUTKY 3arajibHoi Teopii 3ai300eTOHY
3HaYHOI0 MIpOI0 3ajexaThb BiJl OCHOBHHX
BUXIJHHMX TiloTe3 Ta nepeaymoB. I B 1mpomy
BU3HAYaJbHY pOJIb  HEOOXIHO  BIJBECTH
rinore3aM TpaHUYHOI pPIBHOBAru, IMJIOCKUX
nepepisziB 1 «HENIHIHHOCTI» KOPCTKOCTI [6].
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B nedopmariitHo-CHIIOBIH Mozel
(ACM) rinore3a rpaHW4HOI piBHOBard He
TIIBKM  3aKJIaJIieHa B OCHOBY CTaTHYHHUX
CHIBBIAHOIIEHb NePOpPMYBaHHS 3a1i300€TOHY,
ale ¥ 0Oe3MmocepelHbO BUCTYIAE 3arajlbHUM
KPUTEpIEM BHUEpPIIAaHHS HECydoi 37aTHOCTI
3a1i300€TOHHUX CIIEMEHTIB 1 KOHCTPYKIIii [7].

He MeHIm BaxiuBOW0O I 3arajbHOi
Teopii 3aTi300€TOHY 3aIMIIAETHCS TiNoTe3a
IUIOCKUX mepepisziB. Ilicns yTBopeHHS TpimmH
ii cmpaBeITMBICTH B OKpPEMHUX Mepepizax
3aJ11300€TOHHOTO eNeMeHTa JificHO
nopymyersest  [8-10]. OpnHak cBoro 4acy
B. f. baunncekwii [11, 12] oOrpyHTYyBaB, YoMy

Halpy>XCHHSAIMH  MaTepialliB, BUMIPIHUMHU
avme B OKpeMoMy ioro mepepisi. Cuin
poO3MJISIIaTH  HAaBiTh ~ HE  CEpeiHii, a
«OCepeTHEHMI» TIepepi3 eneMeHTa B 010111 Mik
TpimuHamMu (puc. 1). A 1 HBOTO TinmoTes3a
IUIOCKMX TIEpepi3iB  3arajioM 3ajHIIa€ThCs
CIPABEIJIMBOIO TIPOTATOM BCHOTO  IPOIECY
negopmyBaHHs ejleMeHTa. ToMy He AMBHO, 110
nepeBakHa  OUIBIIICTH aTbTEPHATHBHUX
pimensp [8, 10, 13] Tex 3BOAUTHCA [0
«IPUXOBAHOTO»  BUKOPUCTAHHS  TIMOTE3U
IUIOCKUX Tepepi3iB, a HE BUOYIOBYETHCS 3a
«JIeTIaHAIl€10» HOPMAJIBHUX TEepepPi3iB.

Ta Bce K BUpIIATBHY pOJb Y

3arajibHUM  HAINPYXCHO-Ie(OPMOBaHUI CTaH ¢dbopmyBaHHI y3arajabHEHOT Teopii
(HJC) 3ami300eTOHHOTO eleMeHTa HE MOXHA 3ai300€TOHy  CIIiy  BIABECTH  TiMOTE3l
OIIIHIOBATH 3a nedopmarisasmMu Ta HEIHINHOCTI» )KOPCTKOCTI [5]

M /(L/r)= A—B-(/r)/A/r,)—~C-M/M,, )

ne A, B, C — napamerpu, mo BinoOpaxaroTs
MilHICHI Ta nedopmariiiHi XapaKTepUCTUKU
nepepizy eeMenTa, 0e3mocepeIHp0 OB’ sI3aH1

D».

3 fforo mo4artkoBor skopctkicTio (D, ),
rpannuHol0 kpusunow (1/r,) ta mecyuoro
smarsictio (M ).

Puc. 1. [liarpamu >k0pCTKOCTI 3THHATIBHOTO 3aJ11300€TOHHOTO €JIeMEHTa B Iepepisi:
1 — 3 TpimmHOIO; 2 — MIXK TPIIIMHAMYU; 3 — OCEPETHEHOMY

3riiHO 3 II€0 TIMOTE30l0 y3arajJbHEHa JliarpamMa CTaHy 3ali300€TOHHOTO elleMeHTa HaOyBae

YHIBEpPCAJILHOTO BUTJISAY

D, -lr=M - (A1) /@Al T,))?

C1+(D, /M, —2/@A/r,))-(@A/T)

()
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Ta 3a MEBHUX BUXIIHUX YMOB TpPaHC(POPMYEThCA Yy 3arajlbHOBHU3HAHY JAiarpamy JaedopMyBaHHS

OeTony

Eco & /(Ecu 'gcu)_(gc /gcu)z

O¢ = I -

e fck — XapaKTEepPUCTUYHE 3HAYCHHS MIITHOCT1
GeroHy Ha cruck; E  — mouarkoe 3HaueHHs
moxyist neopmariit 6etony; E, — rpanuune
3HAuYEHHA MOxyJs AedopMmaliil OeTony; &, —

3HAYEHHs IPaHUYHUX JedopMalliii CTUCHYTOTO
OeTony.

Cawme 3aBJSIKU BUIIEBKAa3aHOMY

neperBopennto giarpam M —1/r1 ta 0, — &,

« crarnunnx M = f(g,, &4, &),

1+ (E, /Eg,

) 3
2) (e, 1 6) ©

3a0e3MmeuyeThcss ~ METOJOJIOTIYHA — €IHICTh
pO3paxyHKiB 3alli300€TOHHUX €JEMEHTIB 1
KOHCTPYKII 32  HECy4Or  3JIaTHICTIO,
TPIIMHOCTIMKICTIO 1 TporuHaMu. binbir Toro,
yHiBepcaJlbHa niarpaMa CTaHy
3aJ11300€TOHHOTO eJeMeHTa (2) BUCTYyMae TIE0
JaHKOIO, IO HE TIABKK 3B’s3ye, aje W
JIOTIOBHIOE 3arajibHOBU3HAHY CHCTEMY
Haumpoctimumx cruiBBigHomens MJTT [5, 6]:

N="~F(e.,e4, &);

« reomerpuunux 1/ 1 = f(&., 64, &); (4)

o disnunnx o, = f(g,), o4 = f(ey), oo = f(&;).

3aranom cucTemMa  pIBHSHB 4)
JIOTIOBHIOETHCS HE TUIBKK JlarpaMoi0 CTaHy
eneMeHTa (2), ame W (yHKIi€0 TpaHUYHHX

neopmaniii crucHytoro 6etony &g, [5]. i
OTpUMaHO 3 Ti€l caMoi niarpamu (2) 3aBASIKU
3aCTOCYBaHHIO  GKCTPEMAJIbHOTO  KPHUTEPIIO
®epma dM /d(1/r)=0. Buacnigok uporo

«JIOT1Ka» HOCIIIIKEHD 3a11300€ TOHHUX €JIEMEH-
TiB 32 JICM 1103BOJII€ PO3LIMPUTH 3rajlaHy
cucremy piBHiHb MJTT (4) ax 1o piBHSA
CTaTUYHO BU3HauyeHOi. lle mae 3mory cyrreBo
CKOPOTHUTH KUIBKICTb ITE€palliil y po3paxyHKax 1
HaBITh O30y THCS iX, IO CIIPHUSE PO3POOICHHIO
IH)KEHEPHUX  EKCIIPeC-METOAIB  PO3paxyHKY
3aJ11300€TOHHUX €JIEMEHTIB 1 KOHCTPYKIIIH.

1 1/r,
r 2Mm

Ta 32 TiNoTe3010 IUIOCKUX Mepepi3iB MOB’ A3aTu
1 0e3rmocepeIHhO 3 BITHOCHUMH

Ilepeearu  JICM 3 pO3MIMPEHOIO
CHUCTEMOIO  CHIBBIJHOIIEHb (4) 0co0IMBO
MOMITHI y poO3paxyHKax 3a MpOrHHAMHU 1
TPIMHOCTIMKICTIO [5-7]. 3riHO 3 ICHYIOUYUMU
merogami [8, 14-16] ix po3paxyHOK 3BOJUTHCS
mo BuszHaueHHs HJIC  3amizo06eToHHOTO
eJIEMEHTa OKpEMO y nepepizax 3 TpilllMHAMH Ta
y CepedHiX Iepepizax MDK HHUMHU. 3roJoM
OOYHCITIOIOTBCS  OCEpPETHEHI MapaMeTpu Ta
xapakrepuctuku HJIC camoro enemenra.
XapakTepHOO X BIIMIHHICTIO JledopMalliifHo-
CHJIOBOI MOJIEII € T€, [0 BOHA O/Jpa3y A03BOJISIE
0e3mocepelHbO  BHU3HAYUTH  OCEPEIHEHY
KPUBHUHY 3a11300€TOHHOTO €JIeMEHTa Ha Oy/Ib-
AKii craaii oro negopmyBaHHS

D D
= (1—£)—°+2|v|— ((1—£)—°+2M)2—4|v|-|v| (5)
M, M, -
u u u u u

neopmMarisiMi  MarepiajiB B OCEPEIHEHOMY
niepepizi 610ka MiX TPIIIMHAMHA
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1/r=(e,, +&4)/d, (6)

g . .
Aac €2 — [OTOYHI 3HAYEHHS B1AHOCHHUX

nedopmariii  6eToHy HaWOUIBII CTHCHYTOI

. & . .
rpani; 7Sl — MOTOYHI 3HAYCHHS BiJHOCHUX
nedopmarlii  BUJOBXKECHHS apMaTypHu; d _
poboua BUCOTA nepepizy eJIeMeHTa

MPSMOKYTHOTO TIpodistto.

e onniero ocobmmBicTIO AedopMaliiHO-
CWJIOBOI MOJIeJIi € Te, L0 BOHA Jaja 3MOry
JI0BOJII IPOCTO  «BMOHTYBAaTW»  TEXHIYHY
TEOpil0 3YeIUICHHs apMmaTtypu 3 OETOHOM B
3arajbHy Teopito 1eopMyBaHHS 3a1i1300€TOHY
[17-19]. Yepe3 ocepenHeHi XapaKTEPUCTUKH B
0510111 MK CyMDKHUMH TPIIIMHAMU BCl Tapa-
METpU  TPILIMHOYTBOPEHHsS  Oe3nocepeIHbo
OB’ SI3YIOTHCS 3 XapaKTEPUCTHUKAMH 3YETIIICHHS
apMatypu 3 O6eroHOM. OTpuUMaHi IpHU LBOMY
pileHHss € HabaraTo MPOCTIIIMMH 3a Ti, IO
IPONOHYIOTbCA B paMKaXx  MeXaHIKu
pYHHYBaHHSI 32 MOJEISAMH «JIBOKOHCOJIBHUX
€IIEMEeHTIB» YW  CKJIAJeHUX  CTPHKHIB.
JleknapoBaHi repeBaru 3rajaHux mozenei |8,
13, 20] B 3arampHiii Teopii 3ami300eTOHY
B3araji € JAuCKyciiHuMu. Piu B TiMm, 110
MeXaHika pyWHYBaHHS JO3BOJIIE JIOCHTH
epeKTUBHO  ONHMCYBaTH  3aKOHOMIPHOCTI
3apOJKEHHS 1 PO3BUTKY HEOJHOpPiIHOCTEH Ta
nedeKTIB CTPYKTYpH BIJHOCHO OJHOPITHUX
MaTepiaiiB. 3acTOoCyBaHHS X i1 70 3aii300e-
TOHY, B IKOMY III€ 10 [I0YaTKy 3aBaHTaXXEHHS €
0e3niy  HEONHOpiAHOCTEH Ta Je(eKTiB Yy
BUINISIII  TOp 1 pakoBUH, MIKpO- Ta
MakKpOTpIIIMH 1 JUCIOKAlli pI3HOTO POy,
MPU3BOJUTS JI0 PillIeHb, peastizallis IKUX BKpan
yCKJIQJIHEHA HaBITh 3a JIOTIOMOT 010
CHellaJIbHUX MPOrpaMHUX KOMIUIeKCiB. Tomy
3arpoBa/KEHHS PillIeHb MEXaHIKU PYHHYBaHHS
y TMpPaKTUKY TNPOEKTYBaHHS 3a1i300€TOHHHUX
€JIEMEHTIB 1 KOHCTPYKIIiH 3aIMIIa€ThCS JOBOII1
OOMEKEHHM.

EdextuBHicTh BUKOPHUCTAHHS

Mol onopy

nedopmaritHo-CHUI0BOT

3al1300€TOHy CHJIOBUM BILIMBaM Ta
po3po0JIeHUX Ha 1i OCHOBI METO/IIB PO3PaXYHKY
3a7i300€TOHHUX EJIEMEHTIB 1 KOHCTPYKLIN
Oyma  oOmiHeHAa  NUIIXOM  TOPIBHAHHSA
pe3yabTaTiB  TEOPETUYHUX PO3PAXYHKIB 3
CKCIIEPUMEHTAIbHUMUA ~ JaHUMHU  (TaOJIuIIs).
BopHouac ananoriyHi mopiBHAHHA ~ Oynn
3po0iieHi 3  pe3ysibTaTaMu  PO3PaXyHKIB,
BHKOHaHHX 33 METOJMKAMH YMHHUX HOpM [15,
16]. Bci BoHM MMOKa3and, IO IPIOPUTET B
TOYHOCTI OLIHIOBaHHS HECY4Oi 3JaTHOCTI,
MIPOTHHIB Ta MIUPUHHU PO3KPUTTS HOPMATHHHUX
TPIIIKH 3a711300€TOHHUX E€NIEMEHTIB HAJIEKUTh
METOZIaM PO3PaxyHKy, B OCHOBI SIKHX JIGKHTb
JICM oropy 3ai1i300eToHY.

BucHoBku. Taxum YUHOM,
MPOIIOHOBAHUN HAINpPSIM PO3BUTKY 3arajibHOi

Teopli 3amizobeToHy 3a aedopmarliiiHo-
CHJIOBOIO MOJIEILTIO JTO3BOJISIE:

* IOCSITTA  TOBHOI ~ METOJOJIOTIYHOL
€THOCTI PO3PaXyHKY 3aI11300€TOHHUX

€JIEMEHTIB 1 KOHCTPYKLIA 3a Hecydoro
3/1aTHICTIO, TPILIMHOCTINKICTIO Ta IPOrMHAMY;

* CyTTEBO 3HU3UTH pIBEHb CTAaTHYHOI
HEBU3HAUYEHOCTI 3arajlbHOBIIOMOI  CHUCTEMHU
piBHsHp MJITT 1 HaBiTH mepeTBOpUTH ii B
CTaTUYHO BH3HAUYCHY;

* €(eKTUBHO TPOTHO3YBAaTH HE TUIBKU
3arajibHy JKOPCTKICTb, ajie i OyAb-sIKUi 1HIIUH
napametrp HJIC 3ami300€TOHHUX €JIEeMEHTIB 1
KOHCTPYKIIM Ha  Oyap-saKkikd  cramii  ix
nedhopmMyBaHHS 3a MIHIMAJIBHOTO
BUKOPUCTaHHA EMIIIPUYHMX MapameTpiB i
KoedirieHTiB abo X B3araiui 0e3 iX 3aJy4YeHHs;

* CTBOPIOBAaTH  I1HJXKEHEpPHI  eKcIpec-
METOIH pO3paxyHKy 3113006 TOHHUX
€JIEMEHTIB 1 KOHCTPYKLIA 3a TpaHUYHUMHU
cTaHaMH 0e3 BHMKOPHCTaHHsS CHeliaJbHOIro
MPOTPaAMHOTO 3a0€3TICUCHHS;

* IOBOJII MPOCTO IHTErpyBaTU TEXHIYHY
TEOpi0 3YCIJICHHS apMaTypd 3 OETOHOM B
3arajbHy TEOpito nepopMyBaHHS
3ali300€TOHY.
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Tabmuis
[TopiBHSIHHS TEOPETUYHHX Ta EKCTICPUMEHTAIBHUX 3HAYCHD [TapaMeTpiB

BinxuneHHs JOCTITHUX TaHUX BiJl pO3paxyHKOBUX 3a

S — o5 g
A o V,% A o V,% A o V,%
Hecyua 31atHiCTh 3ruHATLHUX CIIEMEHTIB
Pam H. J. [21] 1,02 (0,083 7,83 (1,016| 0,08 | 7,83 |1,013|0,073| 7,25
Sarkar S. [22] 1,052 0,17 | 16 |1,048(0,174|16,65|1,028|0,133|12,93
IIporunun
Burns N., Siess C.[23] [1,019|0,155(15,24|1,022|0,159 15,510,978 0,11 | 11,29
Ernst G. C. [24] 1,011} 0,18 |17,78|1,009|0,188| 18,64 |1,018|0,142| 13,96
[IupuHa pO3KPUTTSI HOPMAIBHUX TPILIMH
Pundinaite M. [25] 1,289 0,3 |23,29(1,334|0,321|24,06|1,106|0,199| 18,31
Gilbert R., Nejadi S.[26] | 1,095|0,332|30,33| 1,103 |0,377|34,14 (1,087 | 0,21 (19,34

A i1 O- cepenHboapudMeTHIHE Ta CTAaHAAPTHE BIIXWICHHS, V- KOS]ILiEHT Bapiarii
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YK 624.012.45

ITPO OJJHY MOXKJIUBICTDb OHIHIOBAHHS ITPOI'PECYIOYOI'O OBBAJIEHHSA
KOHCTPYKIIIN ITPH IMTOXKEXKI

Kanpa. texn. Hayk II. A. Pe3nik, 1-p Texd. Hayk B. C. llImykaep, acn. Moxamaa Ainbmoxaman

ON ONE POSSIBILITY OF THE ASSESSMENT OF PROGRESSIVE COLLAPSE OF
STRUCTURES IN FIRE

PhD (Tech.) P. Reznik, D. Sc. (Tech.) V. Shmukler, Postgraduate Student M. AlImohamad

DOI: https://doi.org/10.18664/1994-7852.191.2020.217291

Anomauia. Y cmammi 3anpononogano ancopumm eusHa4enHs 8i0N0GIOANIbHUX eleMeHmie npu
npozpecyouomy 00eanenHi Oyoini 6i0 6NIuUy nodicedici. Aneopumm 3acHOBAHUL HA 3ACMOCYBAHHI
MAKCUMATILHO 2HYYKUX PO3PAXYHKOBUX CXeM ma imepayitnoi npoyeoypu eHepeemuyHux nopmpemis
oyoieni 3a kpumepiem Bacunvkosa-IlImyxnepa. Peanizayis aneopummy npooemMoHCMpPoB8aHd Hd
NpUuKIadi 6U3HAYEHHsl 8I0N0BIOAIbLHUX eleMEHMIB PealbHO20 HCUMIL08020 KOMNIeKCY 68 M. JIb60ai. 3a
pe3yiemamamu cKiadauus 15 cyenapiie Hao38uU4aliHO20 NIUBY NOJCENHCI HA OOHY 3 Oyodigend
BUABIIEHO HAUOLILW Hebe3neyHUll cyeHapi agapii 0Jisi BCb020 KOMNAEKCY 8 YLIOM).

Knrouoei cnoea: sionogioanvHuil enemeHm, npocpecyroue 008aleHHs, Nodcexcd, cucmemd
«Monoghanmpy, soenecmiukicme.

Abstract. The paper proposes an algorithm for determining the responsible elements in the
progressive collapse of a building in fire. The algorithm is based on the use of the most flexible
calculation schemes and iterative procedure of energy portraits of the building according to the
Vasilkov-Shmukler criterion. The implementation of the algorithm is demonstrated on the example of
determining the responsible elements of a real residential complex in Lviv. The object of the study is
the residential complex «Americay, which consists of two 17-storey paired blocks and a block of two-
storey shopping centre, located between them. Structurally, each of two buildings is a monolithic
reinforced concrete frameless structure with voided overlappings made according to «Monofanty
technology. At the beginning, all the initial data related to the structural scheme of the building are
collected and systematized, such as geometric parameters, physical and mechanical characteristics
of materials, engineering and geological conditions, loads and impacts. Then the computational
model of the building is created. Herein the «Lira» software based on finite element method is used.
Based on the results of the generated initial data and the building model, a static calculation is
performed. After verification of compliance with the requirements for structures of the 1st and 2nd
groups of limit states, the analysis of possible fire scenarios and modes is performed. The next step
is determination of temperature fields, which gives the possibility to generate temperature loads. In
general, 16 separate downloads were formed. The first download included all vertical loads from
static calculation, and the next 15 downloads - all vertical loads and 1 different temperature load.
The main aspect in the proposed algorithm is the criterion for selecting the responsible elements
based on the approach of building of energy portrait of structure. After Vasylkov-Shmukler criterion,
it is proposed to determine the values of the strain energy density for each finite element and strain
energy of the whole system. According to the results of compiling 15 scenarios of emergency fire on
one of the buildings and determining the largest values of strain energy density, the most dangerous
accident scenario for the whole complex was identified.

Keywords: responsible element, progressive collapse, fire, «Monofanty system, fire resistance.
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Beryn. [lopiune 3pocTaHHS KITBKOCTI
aBapiii BHACIIJOK TOXEX, TEPOPUCTHUYHHUX
aKTiB, BUOYXIB IMOOYTOBOIO Ta3zy 1 IPOCTO
BUJAJICHHS ONOP TP Hai3/i aBTOTPAHCIOPTY,
aKi He Oymu mepenbaveHi Ha  crafii
MPOEKTYBaHHS, ajlé BUKIMKAIM OOBaJCHHs
OKPEMHUX KOHCTPYKIIiH, a B IEIKUX BUMAJKAX —
1 Bciel OyiBIIi, CTAaBUTH 32 METY 3a0e3MeueHHs
KOHCTPYKTHUBHOI O€3IEeKH 1 JKUBYUYOCTI CIIOPY/I
JIOCUTh ToCTpo. Jlns aOGcomroTHOI OiTBIIOCTI
OyIiBeNbHUX OO'€KTIB CHPUHHATTS TaKUX
«OoCOONMBHUX BIUTMBIBY HE mepeadaganocs,
OCKIIBKM BOHHM HaNeXaTh 10 aBapidiHUX
CUTyaliif,  BpaxyBaHHS  SKUX  CYTTEBO
30UIbIMI0 O BapTICTh MPOEKTHHUX POOIT.
3arapHOBIIOMO, IO HA TIONEPEKEHHS aBapii
HeoOXigHO 3HAYHO MEHIIE KOIITIB, HDK Ha IX
mikBimamiro. Tak, 3a [OaHUMH 1HO3EMHHX
JOCITITHUKIB, CEPEIHbOCTATUCTUYHHN PO3MIp
30UTKIB BiI pyiiHYBaHHS OY/IiBIIi OLIHIOETHCS B
684,5 % mpwu itoro 100 % BapTocTi. Y 3B’sI3Ky
31 30UIBIICHHSAM OCTaHHIM YacoM KIUIBKOCTI
aBapiii OyxiBenb 1 CHOpPYyI B pe3ylbTaTi
MOMUJIOK  TPOEKTYBaHHS Ta  3BEICHHS,
MOPYILIEHHs NpaBWJ eKCIUTyaTalii 1 BUCOKOTO
CTYNMEHS 3HOCY eKCIUTyaTOBaHUX O0'€KTiB
KamiTaJabHOTO OyIiBHUIITBA CHOTOJH1
BUMararoTb pO3pOOJIEHHS TMPHUHIMIIOBO HOBI
KOHIIETLi 3aXUCTy OyAiBeNbHUX OO'€KTIB BiX
[IPOrpecyrvoro oOBaIeHHS.

Jlis1 3a0e3medeHHs KUBYIOCT1 OyAiBIII 10
MPOTPECYIOYOr0 PyHHYBaHHS HEOOXITHO MaTH
METOAMKY LI0J0 BU3HAYEHHS BIJIOBIJAILHOTO
emementa. 3rimno 3 JIBH B.1.2-14:2018
8i0N06I0aNbHUM HA3UBAIOTH €JIEMEHT, pyHHY-
BaHHS SIKOTO MPU3BOJMUTH 10 PyHHYBaHHS a0o
3arpo3u pyWHYBaHHS CIOPYAM B LIJIOMY.
[IpaBmwipHimuM  Oyno O  dopmynroBaHHS
«Bi0nosi0anbHi  enemenmuy»,  TOMY IO
nosiiMopdizm BIpTYaJIbHUX pyViHYyBaHb
3YMOBIIIOETbCS OLIBII CKJIQAHUMU MPOLIECAMH,
10 TTOPOJDKYIOTH aBapii. 3aKOHOMIPHO, 110 MPH
PI3HUX BHJax aBapiil BIANOBIJAIbHI €JI1EeMEHTU
OyaiBenb Bigpi3HATUMYThCSA. Tomy moOymoBa
QITOPUTMY  BHSIBJICHHS  BIJMOBIJATBHOTO
eneMeHTa OyniBedab 1 CHOPYA s SIKICHOTO
OILIIHIOBAHHSI TPOTPECYIOYOro OOBaJCHHS €
aKTyaJIbHUM Ta CBO€YACHUM 3aBJIaHHSIM.

AHAJi3  OCTaHHIX JoCaigKkeHL i
nyoJjikaniii.  AHami3  TeopeTHYHHX 1
eKCIIEpUMEHTAJIbHUX JIOCHIDKeHb Yy  cdepi
MIPOTrPECYI0YOro OoOBaJieHHS ~ KapKacHUX
3a11300€TOHHUX ~ Oy[diBeNb  CBIMYUTH PO
HE/IOCTAaTHIO BHBYEHICTH mpoOieMu. binbim
TOTO, TPaKTUYHO BIJICYTHI peKOMEHamii 3
MPOCKTYBaHHS  CIICHApIiB  HAA3BUYANHHX
CUTyaIlili, 30KpeMa TOXEeX. A B AIIOYUX
BITYM3HSIHUX  HOPMAaTHBHHMX  JIOKyMEHTax
B3araji  BIJICYTHI ~ pEeKOMEHJamii 100
PO3paxyHKy Ha MOXIIUBICTH INPOTPECYOUOTro
oOBaseHHS.

BusnaueHHs TepMiHA «IIpOrpecyrode
(JtaBuHOMIOIIOHE, HETIPOTIOPITIHE) 0OBATICHHS
3yCTpI4a€ThCSI B HOPMATUBHUX JIOKyMEHTax
Oaratbox  kpaiH. IIpore  cepem  HuUX
BIJIPI3HSIOTHCA HE JIMIIEC BJIACHE BU3HAYCHHS
«TPOrPeCcyroyoro  OoOBaJieHHs»,  ajne U
JomycTuMi oro po3mipu. Jleski BU3HAYCHHS
BKa3ylOTh Ha I[IOIIMPEHHS pYHHYBaHb BiJ
MICIIEBOTO [0 3arajbHOro, TOOTO HA 3MiHY
cTany OyniBii B 4Yaci, a 1HII TUIBKH
KOHCTaTYIOTh daxr pylHyBaHb i
BCTaHOBJIIOIOTH 1X pO3MIipH.

VY3araapHIOIOUYM TOJIOKEHHSI HOPMAaTHB-
HUX JIOKYMEHTIB pI3HMX KpaiH, MOXXHa
BUJUTUTH J1Ba CPOPMOBAHUX MIAXOAM 3aXUCTY
BiJl «IIPOTPECY0UOro» ooBasieHHs. BianosigHo
no nepuoro niaxoay (anria. Indirect method)
HEOOXITHO BUKOPUCTOBYBATU HENpsMi 3aX0/u
3axucty, Apyroro (auri. Direct method) — ciin
BpPaxoBYBaTH 3JIaTHICTh KJIIOUOBHX €JIEMEHTIB
(anrn. Specific local resistance method a6o key
element design) copuiiMaTH YIIKOIXKYHOUi
BIUTMBH (BIUIMB BUCOKHX TEMIIEpaTyp, BUOYXHU
rasy, OoMO; yHnapHi HaBaHTaXEHHS BiJ
TPAaHCIOPTHUX 3ac00iB, JiTakiB 1 T. 1.) 1 (a00)
3MATHICTh  KOHCTPYKLII  HEepepo3noIiuIsaTu
HaBaHTa)XEHHs MPU B1JIMOBI eleMeHTa (aHIJI.
alternate load path method, bridging method).

VY OinpIIOCTI HOPMATUBHUX JIOKYMEHTIB
PI3HUX KpaiH Ui PO3paxyHKy MOHOJITHUX
AKHUTIOBUX OyAMHKIB PEKOMEHIYEThCS
BUKOPHUCTOBYBATH MPOCTOPOBY PO3PaXyHKOBY
Mozenb. Po3paxyHkoBa Mojens OymniBii Mae
nepeadavyaTi MOYKJIUBICTh BUIAJICHHS
(pyiiHyBaHHs) OKpEMHUX BEPTUKAIIBHUX
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KOHCTPYKTUBHUX  €JEeMEHTIB.  Bupnanenus
OoqHOTO abo0 MAEKUIBKOX EJIEMEHTIB 3MiHIOE
KOHCTPYKTHBHY CX€My 1 Xapakrep poOoTu
€IIEMEHTIB, SKi MPUMHKAIOTh JO  MICIS
pylHYBaHHs a00 3aBUCIMX HaJ HHUM, LIO
HEOOXiTHO BpaxoByBaTH TpU BHU3HAYCHHI
XapaKTEPUCTHK KOPCTKOCTI €JIEMEHTIB 1 iX
3B's13KiB. Po3paxyHkoBa mojens OyniBii mae
OyTH pO3paxoBaHa OKPEMO 3 YpaxyBaHHSIM
KO>KHOTO (OJTHOTO) 3 JIOKAJIbHUX PYHHYBaHb.

Po3paxyHok Oy1iBiIi MO’KHa BUKOHYBATH
3  BHUKOPHCTaHHSIM  pI3HUX  IPOrpaMHHUX
KOMIUIEKCIB, y TOMY 4YHCJi 3aCHOBAaHUX Ha
METO/1 CKIHUEHHHX eJIEMEHTIB. BUkopucTanus
IPOrpaMHUX KOMIUIEKCIB, WO JOMYCKalOTh
MOJIMBICTh  ypaxyBaHHS  (i3muHoi  Ta
F€OMETPUYHOT HEJIIHIMHOCTI XapaKTePUCTUK
KOPCTKOCTI €JIEMEHTIB, 3a0e31euye HaiO by
JOCTOBIPHICTh ~ PE3YyJbTATIB PO3PAXYHKY 1
3HIKEHHS JOAATKOBUX MaTepiano3arpar.

[Ipote >KOMHMX pPEKOMEHAAIIN 100
BU3HAYCHHS  KJIIOYOBHX  €JIEMEHTIB  MpH
PO3MIISIHYTHX ~ CHEHapisiX  HaJA3BUYAWHUX
CUTyalil SK Yy BITYM3HSIHUX HOPMAaTHBHHUX
JOKyMEHTaX, TaKk 1 HOPMaTUBHHUX JOKYMEHTax
3apyOKHUX KpaiH HE BUSBIICHO.

3a MUHYJII pOKH Ha TeMY MPOrpecyroyuoro
oOBajieHHsI  OyJl0  HamUCaHO  BEJIHMYE3HY
KUTBKICTh po0iT. 3okpema B crarti [1] Oyio
MPOBEJICHO  HATYpPHHUH  EKCIIEPUMEHT  Ha
peanbHO ICHYtOUOMY 20-noBepxoBOMY
3al1300€TOHHOMY ~ OyJIMHKY Ta  BHUBYEHO
po3moia  BIAcHOi Bark 1 MOXKIUBICTH
mporpecyro4yoro  oOBajeHHs.  BupaneHus
KOJIOHH CEpeIHBOTO PsATY MEPIIOTo MOBEPXY HE
MIPU3BEJIO JI0 TPOTPECyOYOro pyMHYBaHHS.
Jlani BUNIpOOYBaHb 31CTaBIIEH] 3 pe3yJbTaTaMu
aHaJIITUYHOTO aHamizy 3a nonomororo MCE Ta
MoKa3aJiv 3a/10BUIbHUHN 30ir.

B pob6oti [2] mpomoHyeTbes CITKOBa
MOJIeNIb JUUIsl aHalli3y IMOBEIIHKU pYWHYBaHHS
MOHOJITHUX 3aJ11300€TOHHUX Oe3pUreIbHUX
KapKacHUX OYyJMHKIB 3 ypaXyBaHHAM (Di3U4HOT
HeNHINHOCTI OETOHY U apMaTypH.

Y crarri  [3] HaBemeHi gaHi 3
eKCIIEpUMEHTAIBHOTO  JIOCTIDKEHHS pYHHY-
BaHHS 3aJ11300€TOHHOT OYy/IIBJI1 HA 6 MOAETAX Y
macmTa0i 1:10.

B po6orTi [4] aHami3y€eThCs JOCB1 MOXKEXK
B TIONEPEIHbO HAIMPYKEHUX 3aT1300€TOHHHUX
KOHCTPYKIISIX, B TOMY YHCII 1 MOXeXa B
KapKacHOMY OyJUHKY.

AHanmiz Ta y3araJbHCHHs 3TaJlaHuX
HayKOBUX POOIT, a TAKOXK HASIBHOI BITYU3HIHOT
Ta 1HO3eMHOI HOPMATHBHOI 0a3u J03BOJIMIH
chopMyIlOBaTH METy 1 3aBIaHHS JIaHOTO

JOCJIIIKEHHS.

BusHayeHHss MeTH Ta 3aBJaHHA
OOCHiIKeHHsA. MeTor  JOCHiDKEHHS €
no0OyoBa AITOPUTMY BHUSABJICHHS

BIJIMOBIAAILHOTO €J1eMeHTa OyaiBelb 1 CIOPY/I
JUIS.  SIKICHOTO OIIIHIOBAHHSI TPOTPECYH0YOro
oOBajmeHHS 1miag 4Yac noxexi. O6'exm
00CNi0NCceH sl — BOTHECTIMKICTh Oe3pUTeIbHOT
KapKacHOT MOHOJIITHOI 3aJ11300€TOHHOI Oy TiBI1
npu po3risifi 0araTbOX BapiaHTIB IOXKEXKI.
Ilpeomem 00CNI0MNCEH S — MIPOIIECH
MOIIUpPEHHST Temmeparypu 1 (opMyBaHHSA
HaIpyKeHo-1e(GopMOBaHOTO CTaHy B
3ami300eTOHHUX ~ OyIiBISIX, IO  MOXYTh
BUKITUKATH [TPOTPECy0Ye 0OBaJICHHSI.

JIns  IOCATHEHHS IIOCTaBJICHOI METH
HEOOX1HO BUPIIIUTHU TaKi 3aBIaHHS:

- BHUKOHATH YUCEIbHUAMN aHami3
MOHOJIITHOTO KapKacHOTO OyauHKy 3
BHKOPHUCTAHHSIM METOTy CKIHUYEHHUX

€JIEMEHTIB JUIsl BHSIBJIEHHS BIOBIJAIBLHOTO
eleMeHTa 1 BH3HA4YeHHS Horo Hecydoi
3/1aTHOCTI NP HA3BUUANHIN i1 MOXKEXKI;

- OTpPUMATH 1 JOCHIIUTH HECTAIllOHapHI1
TEMIIepaTypHi MOJIi B Iepepi3aXx OCHOBHHUX
HECY4YUX KOHCTPYKIIIH CIOpyaH 1 BUKOPUCTATH
ix IS dbopmyBaHHS J0JaTKOBOTO
HaBaHTAXCHHS,

- OLIHUTH €(PEeKTUBHICTh CHEPreTHUHUX
KpUTEpIiB 11 BUSBICHHS BIAMOBITAIEHUX
€JIEMEHTIB NpU OaraToBapiaHTHUX aBapidHUX
CUTYyaLlIfIX.

OcHoBHA 4YacTHHA AOCJiKeHHs. JIis
BUPIIICHHS TIOCTABJIEHOTO B poOOTI 3aBJaHHS 3
nmoOyZ0BH aJIrOpUTMy BHU3HAYEHHS BIAMOBI-
JaTbHOTO €JIEMEHTa IpH IPOTPecyrduomy
OOBaJIEHH] BHACIIAOK ITOXKEXK1 MOJIEIIOBAaHHS
BIpTyaJIbHOI aBapiiiHOi cHUTyallili BUKOHAHO Ha
MpUKJIaAl  peaJibHO ICHYIO4Oi Oararomo-
BEPXOBOI KUTIIOBOI OYIiBIIL.
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O0’ekTOM JOCIIIKEHHSA BHCTYIIA€
KHUTIOBUN KOMIUIEKC «Amepuka» (M. JIbBIB),
0 CKJIAJaeThCs 3 JBOX 17-OBEPXOBHX
cmapeHux OJIOKiB 1 OJOKa JIBOIIOBEPXOBOTO
TOproBenpHOrOo  IieHTpY  (pmc. 1,a), 1o
po3TamoBaHuii MK HUMU. KOHCTPYKTHBHO
KOXKHa 3 JBOX OydiBeNlb SBISIE  COOOO
MOHOJIITHUH 3a11300€TOHHMI Oe3pureabHui
kapkac (puc.1,06) 3 Tepepi3oM  KOJIOH
400%400 mm,  400%800 mm,  400%700 mm,
400x600 MM 1 TUTHT TIEPEKPHUTTIB TOBIIUHOIO
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300 MM, 1m0 3poOyeHI 3 BHKOPUCTAHHSIM
MHOTOJTICTHPOJILHUX BKJIQIUIIIIB-
MyCTOTOYTBOPIOBayiB (cuctema « MoHO(aHT»).

Ha puc.2 HaBeneHO NpONOHOBAaHUI
QITOPUTM  3HAXO/DKEHHS  BIANOBIJAIBHUX
€JIEMEHTIB Ta MEePEBIPKHU CTIMKOCTI 10 Tporpe-
CYIOUOTO pyWHYBaHHS IpH Moxkexi. B ocHOBI
AITOPUTMY JIEKUTh MOOYJ0Ba MaKCHMAaJIbHO
THYYKHUX pO3pPaxXyHKOBUX CXEM Ta iTepaliiiHa
nporenypa €HepreTHYHuX MOPTPeTiB OyAiBii
3a kpuTepieM BacunbkoBa-IlImykiepa.
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Puc. 1. [Tonepeunnii nepepis (a) Ta ¢poto peanizoBaHux (6) po3rIIHYTUX Oy1iBETH
KK «Amepuxay

1. Ha nouaTtkoBoMy eTami 30MparOThCs
Ta CHCTEMAaTU3YIOThCS BCl BUXIJHI JaHi, 110
HaJleKaTh 10 KOHCTPYKTUBHOI CXeMHU OyIiBIi:
reOMEeTpHYHI TapameTpH, (i3uKo-MeXaHiuHi
XapakTepUCTUKU  MaTepiaiiB, 1HXKEHEPHO-
T€0JIOTIYHI YMOBHU, HABAHTA)KEHHS 1 BILJIUBH.

3okpema KUTIOBHI KOMILJIEKC
«AMepuKay» XapaKTepU3yeTbCsl  TaKUMH
napamMeTpamu:

® KaTeropis CKJIaJHOCTI criopyau — V;

e xJac Hacuinkis — CC2;

® CTYIiHb BOrHECTIHKOCTI ciopyau — [;

e KJIIMaTU4HUH paiioH — I;

e TeMIepaTypa 30BHIIIHBOIO MOBITPs
xonoaHoi m'stuaenkn — 254 K (-19 °C);

e BiTpoBHii paiion — III; HopmaTuBHMI
BiTpoBuit THCK — 520 I1a (52 kr/m?);

e cHiroBuid paiion - [
HaBanTaxeHHs — 1310 ITa (131 kr/m?).

CHITOBE

2. Ha HacTymHOMY eTari CTBOPIOETHCS
po3paxyHkoBa Mojenb OyxaiBii. CkiHUYeHHO-
€IeMEHTHY  MOJeNnb  Kapkacy  OymiBii,
OTpHMaHy  d4epe3  IMIOPT  TONEPeaHBOI
tpuBuMipHoi Mozeni B 1K «Jlipa Camp 2019»
[5], HaBeneHo Ha pwuc. 3. 3arajJbHUN PO3MIP
mozeni 127284 ckinuennux enemeHTiB (CE) 1
114577 By3miB.
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Puc. 3. CE mopaens OyaiBii
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bepyun no yBaru Te, 10 MOCTaBlieHE
3aBJaHHS nependavae qacTy 3MiHY
TCOMETPUYHUX TapaMeTpiB, MOJEIb OymiBiIi
Mae peamizoByBatu miaxing BIM (Building
Information = Modeling), a came Bci
reOMETPUYHI BIIACTHBOCTI 00'exTa 1
HABAaHTA)XCHHS TMOBHMHHI OyTH MaKCHUMAallbHO
napaMeTpu30BaHUMU. Y 3B’SI3Ky 3 UM IS
naHoro o0’ekta oOpana cucrema «Candip-
I'eneparop», OCKiIbKM BOHa 3a0e3meuye
Oe3nocepeniHiii 3B'A30K 3 PO3paXyHKOBUMU
KOMIUIEKCAaMH 1 Ma€  JOCTaTHId s
MOCTaBIICHUX 3aBAaHb (DYHKIIIOHAIL.

3. Hami BUKOHYETHCS CTaTUYHUHN
JTHIMHUHA  po3paxyHOK. 3a  pe3ylibTaTaMu
chOopMOBaHUX BHUXITHUX JAaHUX 1 Mojen
OyIiBJIl BUKOHY€ETHCS CTATUYHUN PO3PaAXyHOK.
Ha mpoMy ertami BCi BIAacTHBOCTI MartepiaiiB
3a[1al0ThCs MOCTIMHUMU. Y JaHiid poOoTi Oyio
chopmoBaHo 20 pPO3paxyHKOBHUX CIIOTy4YEHBb
HaBantaxkenb (PCH), 3 Hux 8§ mnepumx
OCHOBHHX CIIOJy4YeHb, 4 IPYrHX OCHOBHHX
CHONMyYeHb Ta &8 aBapiHUX CeMCMIYHUX
noeqHanb. Ha gaHomy eram — BaMBe
BUKOHAHHSA yMosu 1 — nepesgipka 3a0060/1enHs
8UMO2, WO CMABIAMbCA 00 KOHCMPYKYIU No
1-11 i 2-11 epynax epanuunux cmanie [6].

4. AHami3 MOXJIMBUX CIEHapiiB 1
pPeKUMIB MOXkexki. TUIBKM MICHS yTOUHEHHS
BCIX MPUHHATHX KOHCTPYKTUBHMX pIIIEHb B
nyHkTax 1-4 chig  [moYMHATH  PO3IIIAL
MOKJIUBUX CIIEHapliB 1 PEKUMIB MOXKEX1 3a
JIBH B.1.2-14: 2018.

CxnamaHHas MepesiKy MOXJIMBUX MO,
SK1 MOKYTb CIPUUMHUTH aBapiiiHUH CTaH, nae
MO>KJIUBICTh BU3HAYUTH HANOUIBII 1MOBIpHI
NPUYMHU Ta MICISI BUHUKHEHHS HeOe3MeyHuX
SBUII, a TaKOXX po3poOUTH 3axoau 3
MiJBUIICHHS CTIHKOCTI HECYYHX KOHCTPYKIIiH
npu aBapii (moauIoM o0’ekTa Ha BITOKPEMIICH]
YaCTUHH, BCTaHOBJICHHSM Ty OIII0r0unX
KOHCTPYKIIIH YM JT0IaTKOBUX B’si3€il).

VY naHiii poOOTI PpO3TISAAINCS JIUIIE
clieHapii aBapiiHUX CHTYyallidl, TOB'A3aHI 3
noxkexxero. Ha Ham morsisiz, Bei crieHapii MaroTh
OyTH JaeTepMiHOBaHI JuId JaHOTO 0O0'ekTa 1
000B'I3KOBO  BKJIIOYaTH OO0 cede  Bci
0COOJIMBOCTI ~ KOHKPETHOI  HaJ3BHYAHOI

curyanii. Hampukiaa, aBropum naHoi cTarTi
BBAXAIOTh 32  HEOOXiJHE  BpaxoOBYBaTH
TEMIIepaTypHl 3yCWUIS, $KI 3'SBISIOTBCA B
€JIEMEHTaxX KOHCTPYKLIi BHACTIJIOK HarpiBy, a
HE JIMIIe 3HWXKYBaTH  (Pi3UKO-MeXaHIYHI
BJIACTUBOCTI MaTepialiB IiJ 4Yac MOXKEexXi.
Takox Mae OyTH IpopaxoBaHa MOMJIMBICTh
nosiBu iHmMX HC BHACHIIOK BIUIMBY JaHOI
(BHOYX BHACIIIOK TTOXKEXK1).

ABTopu  BBaxawTh  minxigm  [7],
peainizoBaHMi B HOpMax pi3HUX KpaiH, KOJIH J10
KOJIOH Ta MEPEeKPHUTTIB NPeA'sBISAIOTh pi3Hi
Mexi BorHecrtiiikocti REI 120 ta REI 60 (mst
XK «Amepuka»), HekopeKTHUM. ToMy 110 Ha
MEXY BOTHECTIHKOCTI Bciei OynmiBmi He
0e3mocepeIHbO BILTUBAIOTh MEXI BOTHECTIN-
KOCTI OKpeMux KOHCTpykuii. Tak, mpu
MOKITUBOMY OOBJICHHI OJJHOTO 200 JACKIITBKOX
MEPEKPUTTIB MOXKIIMBICTh KOJOH 1 miadparm
MPOJIOBXKYBAaTH 3a0e3meuyBaTd IUTICHICTD 1
MIPOCTOPOBY KOPCTKICTh BCi€l OYyIiBIl € CyM-
HiBHOIO. ToMy mOTpiOHE KOMIUIEKCHE OIiHIO-
BaHHA. Jlna OyniBii, pO3MVISHYTOI B JTaHOMY
aHari3i, BCTAHOBJIEHA Me)Ka BOTHECTIMKOCTI 1
JUISL IEPEKPUTTIB, 1 A1 kKooH REI 60.

AKTyabHUM NHUTaHHSIM TaKOX € BU3HA-
YEeHHs IUIOLI BOTHHUINA IOXKEX1. AJKe airodl
HOPMAaTUBHI JIOKYMEHTHU Jal0Th JIMIIE YITKI
BKa31BKH II0JI0 3HIKEHHS (PI3UKO-MEXaHIYHUX
BJIACTMBOCTEHN MaTepiaiiB, 3a/1aBaHHsI PEXKUMIB
MIOKEX1, 3aJIeKHO BiJ AKUX OyIyTh BU3HAYEHI
TEMIEpaTypHI MOJIS B IEPETUHAX KOHCTPYKLIH.
[{poro 1oCTaTHBHO 3 3aCTEPEKEHHAMH AJIS PO3-
paxyHKy OKpeMoi KOHCTPYKIIii, ajie abCOIOTHO
HE MIAXOIUTh IMPU aHali3l YacTUHH abo BCiel
OyniBii, O0COOJMBO B JaHIM poOOTi, /i€ poO3-
TJIATA€THCSI MOHOJITHA 3a11300€TOHHA Oy T1BIIS.
TomMy 110 HEOOX1THO BpaxoOBYBaTH, K OyAyTh
PO3MOAIIATHCS JOAATKOBI TeMIepaTypHi 3y-
CWJUIA B 0araTto pa3iB CTaTMYHO HEBU3HAYCHIHN
KOHCTpYKIii, Sk Oynae BiaOyBaTucs mnepepos-
MOT 3yCHJIb BHACTIJOK 3MIHH >KOPCTKOCTEH
OKPEMHUX €JIeMEHTIB OyiBii a00 HaBITh BUXOAY
ix 3 magy. b Toro, JIOTiYHO MPUITYCTUTH,
[0 TeMmIeparypa pealbHOi TMOoXKeXl Oyne
HEOJJHAKOBAa B IIGHTPI BOTHMINA 1 Ha HOro
Mexxkax. [1no1a Boruua 3aaekuTh BiJI TOKEXK-
HOT'O HAaBAaHTAKEHHS B KOXKHOMY 3 NMPUMIIICHb,
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IUIaHYBaJbHOTO PILIEHHS 1 CUCTEMU BEHTHJIS-
mii. J7as BiIHOCHO TOYHOIO OOYMCIICHHS ITi€T
IUIOU]I  BUKOPUCTOBYETHCS  OOYHCIIIOBAIbHA
riipoguHaMika. AJjie HaBiTh 3 ypaxXyBaHHSIM
BCIX OCOOJMMBOCTEH IMpoliecy MOXKEKl HOro
MIBUKICTh TIOIIUPEHHS € CYTO CTOXaCTHYHUM
3HAUYeHHSAM. Bu3HaUYeHHS IUIOII IIOXKEXKl €
OKPEMHM CKJIQJHHM 1 aKTYaIbHUM 3aBIaHHSIM.

5. BusHaueHHs TemiepaTypHHUX IOJIB.
BukoHaHO 3 BHUKOPHCTaHHSM BOYJIOBaHHX
carenitiB [IK «Jlipa-Canp» [5] (puc. 4). Ilpu
PO3PaxyHKy KOHCTPYKIIIi Ha BOTHECTIHKICTh
3MIACHIOETHCA MiA0Ip 1 MepeBipKa apMaTypu 3
ypaxyBaHHIM 3HIDKEHHS MIIHICHUX 1 Jedop-
MaliiHUX XapaKTepUCTUK OETOHY Ta apMaTypu
B pe3yJIbTATI 331aHOr'0 BOTHEBOT'O BILTUBY [7-8].

] I I
134 248 361

I
475

588 702 816 930

H
X

Puc. 4. BinoOpakeHHs TemrepaTypHUX 130I0J1iB Nepepi3y KOJOHU PO3IISHYTOI Oy 1Bl
(BOrHEBHH BIUIMB 3 YOTHPHOX CTOPiH), °C

6. ®opmyBaHHA TeMIepaTypHUX
3aBaHTaXeHb. {11 MONENIOBaHHS 3arajlbHOTO
ITOPUTMY aHaJli3y Bci€i OyaiBil MiJIBUILEHI
Temreparypu OynHM 3aJaHi BiIMOBITHO [0
peXUMY CTaHAApPTHOI MOXexi uepe3 60 XB.
[Tnoma nosxesxi — 9 M2, Posnoin Temneparypu
MOKEX1 MO TUIOIII IPUHHATO OJJTHAKOBUM.

Octarouno chopmoBano 16 okpeMux
HaBaHTAXCHb. [epre HaBaHTAKCHHS
BKJIIOYAJI0O BCl BEPTUKAIbHI HaBaHTAXCHHS 3
NYHKTY 3, a HacTynHi 15 HaBaHTa)keHb — BCI

BEPTUKAJIbHI HABaHTAXXEHHs 1 1 TemnepaTypHe
HaBaHTaXCHHSI. Huns BUKOPHUCTaHHS
TeMIepaTypHHUX IOJIIB, OTPUMAHUX B ITyHKTI 0,
HaBaHTaKEHHS 3aCTOCOBAHO MiAXim,
3a3HauyeHuit y podorax [8-10].

15 HaBaHTaXeHb 3 TeMIEpPaTypHUMHU
HaBaHTAXEHHAMU 3a7aHi y II'STH pI3HUX
Toukax (puc. D) y IUIaHi IUIMTH NEPEKPUTTS B
TPbOX PI3HMX sIpycaxX, Jie BiZOyBaeThCs 3MiHA
nepepizy nitoHiB 400x800 MM, 400%700 MM,
400%600 mMm.

Puc. 5. BipryanbHi ocepenky BUHHKHEHHS moxexi B KK
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Busnauenns nomenyiuHoi  euepeii
oepopmayin  (IIEJ]) i ompumanus noiis
winonocmi IIEJ]

[leHTpanbHUM aCIIEKTOM B 3aIIPOMIOHOBA-
HOMY aQIropuT™Mi € Kputepiii  BUOOpPY
BIJIMOBIAAILHUX ~ eJeMeHTiB. [IpomonyeThes

BH3HAYaTH UIUIBHICTh TOTEHIIHHOI eHeprii
nedopMmariii - 1 KOXKHOTO  CKIHYCHHOTO
enementa (ILITE/) ta morenmiitHOi eHeprii
nedpopmarii Bciei cucremu (ITEJ]) na 6asi
kputepito BacuibkoBa-llImyknepa. I'pannune
saaueHHs [{[1E]] Bu3HauaeThCs 3a GopmMyIior0

e, =0572[(7 +Denc + (2o —Den]+ A~ 22)ensh. 3)

20, -0y — 04

ne Xo = ) 01207 203 _ a-

01~ 03
pamerp Jlone-Hanmai nampyxeHo-aedpopmoBa-
HOTO CTaHYy;
€c, €t, €sh — NIUTbHICTh MOTCHIIHOT eHepTil
OpU  CTUCKaHHI, PO3TATHEHHI Ta 3CYyBi
BIMOBIAHO.

Januii miaxig 6a3yeTbes Ha MOPIBHSIHHI
TPaHUYHOTO 3HAUEHHS 3 MOTOYHUM 3HAYEHHSIM
LIITEA. SIkimo B CKIHYCHHOMY €JIEMEHTI €i>€iy,
TO BiH BHKJIIOUAETHCS 31 CXeMH MOeIIi. Marouun

B PO3MOPSHKEHH1 JITOPUTMU, 110
BCTaHOBITIOIOTh MMOCJ1IOBHE 00’ enHaHHSA
CYMDKHHX BiJIOpaKoBaHUX €JIEMEHTIB,

3’ ABJISIETHCS MOXKIIUBICTD ITOOY0BU IOBEPXOHB
po3uwieHyBaHHA (pyHHYBaHHsS) KOHCTPYKIIII,

TOOTO BCTAHOBIICHHS MTOCIITOBHOCTI MEPEXOIY
Bl pyHHYBaHHS B JIOKaJbHIA oOxacti 10
r7100aTBHOTO BIPTYaIbHOTO KOJIAICY.

7. CopTyBaHHSI Ta aHaJi3 peE3yJbTATIB.
Ha nanwmiit momenT o6uucnenns [TEJ] i HIITE/]
peanmizoBaHO B TIPOTPAaMHOMY  KOMIUIEKCI
Jlipa 10.6. Tomy peanizailis BUIIECHaBEACHOT
Opolenypu HE  BHUKIMKAE  CKJIQIHOIIIB.
Otpumani 3HauenHs IIEJl ngns Beix 16
BapiaHTIB COPTYBAIUCS 1 BUOMPATHCS HAUTIpIIi
Bapiantu. Ha puc. 6 nHaBeneno rpadix I1E/] nuis
Bcix 16 HaBaHTakeHb. Ha puc. 7 momaHo
pamxyBaHHs 3a IIE/] TUIbKM HaBaHTaXeHb 3
TeMIepaTypPHUMH HaBaHTA)KEHHSIMH.

Ha puc.8 300pakeH0 BHM3HAYCHHS
TPaHUYIHOTO 1 ToTOYHOTO 3Ha4YeHb [LITTE/].

IMotenuifina eneprisa Jedopmanii

]

(=1

8
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(g 6526 6599 66 6318

15 16

HOMEP HABAHTAKCHHHA

Puc. 6. 3nauenns nmoTeHIiHO1T eHeprii nedopmartii 1yt BCiX PO3MISTHYTUX BapiaHTIB
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IoTeHniliHa eHepria gedopmanii

120,00

1383 128,30

128,00 126,73

126,00
124,00

= 122,00 121,11

2 3

TN, %o

120,00
118,00

116,00

114,00
4

126,50
12563 12550 32532 12496
12"."I.'I Il 19,33
E ] 7 9 10 12 132 14 15

1270 126,96 126,5126.,53

11

16
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Puc. 7. PanxyBaHHs 3HaYeHb MOTEHI1IHOT eHeprii aedopMariii uist TeMIepaTypHOTo

HAaBAHTAXXCHHA
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Puc. 8. liarpamu ctuckanns (a) ta 3cyBy (0) s 6etony kinacy C25/30 mst Busnauenss LIITE]]

Sx BumHO 3 puc.6, BapiaHTamMu 3
HaOumpbmMu  3HaueHHsMH [IE]] BusBmimcs
HaBaHTaKEeHHS Ne 4 1 Ne 5. Ile HaBaHTaXKeHHS
Ha HaWHWKYOMY spyci. Pi3HuIg MK HUMU
ckiaagae Bcboro 0,04 %. Jlanuii  acmekT
TOBOPUTh TIPO T€, IO PO3pPaXyHOK 1 aHai3
MAaloTh MPOBOJUTHUCS HE TUIBKH JJIsl BapiaHTa 3
HAHOILIBIIMM 3HAUYCHHSIM, aje W JUIS 1HIIHX,
SKIIO PI3HUI MDK HUMH HE TIEPEBHIIYE
3amanoi A. Y 1 poOOTI B MOJATBIIOMY
MIPOBOIMBCS aHAJi3 HaBaHTaxeHHS No 4.

[Micns paH)KyBaHHS i BUOODPY
pPO3MIISTHYTOTO  CIIEHApII0  TOXEXKI  CIIJT
mpoBectu ananiz momiB IIITEJ[. Ha pwuc. 9
HaBeJICHI MOJIsl NIITFHOCTI MOTEHINHHOT eHeprii
st HaBaHTaxkeHHST Ne 4. CE 3 rpaHuyHuUM
3HAYCHHSIM LIITE BUJAJITIOTHCS 3
PO3PaxXyHKOBOI CXeMH Ha HACTYITHOMY eTarli.

8. Ha ocranHbOMy eTarli mepeBipsA€eThCS
3aJI0BOJICHHS BHUMOT, IO CTaBJATHCS IO
KOHCTPYKIIA JJIsI KOHKPETHOTO aBapiiiHOTO
CIICHApII0 3 ypaxyBaHHSM OCOOJIWBUX BHMOT
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HOPMAaTUBHUX JOKyMeHTiB. Hampuknan, min
4ac TMOXKeXi TNPUHAMAETBCS HOHMWKYIOUHNA
Koe(iIieHT Ha KOpPUCHE HABaHTA)KEHHS, 1110 B
nanoMmy  Bumanky — gopiBaroe  0,7.  3a
pesyapTatamu  anamizy IUIIEJl, komona,
miJlaHa BOTHEBOMY BIUIMBY, HE BHHIIIA 3
nany. 3 po3paxyHKOBOI cxeMu OyJid BUKJTIOUEH1
CE miutu nepekpurTs CyMapHOK IUIOLIEH0

2,5 M?. OGMEXEHHS 110 JPYTOMY IPaHHYHOMY
CTaHy HE po3risiiainucs. Pe3ynpraTu mokasainu,
o B OYIIBIII HE CIIOCTEPITaeThCsl PO3BUTOK
JTaBUHOMOAIOHUX TMPOIECIB BUKIIOYECHHS 3i
CXEMH HECYYHX €JIEMEHTIB, OKPIM 301IbIIICHHS
nedopMariiii B MiCIli po3TallyBaHHS BOTHHINA
MoXeXi 1 B pamiyci 3 M Ta Jg04aBaHHS
MO3/I0BXKHIX 3yCHJIb B TJIOHI.

2.1709E-32 12.839 25,671
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Puc. 9. WlineHicTs [TE/] nns Bapianta Ne 4, kI1a

BucHoBku:

1. 3anmponoHOBaHO aITOPUTM BUSBIECHHS
BIJIMOBIIAJILHOTO €JIEMEHTa OY/IIBEIb 1 CIIOPY/T
Ha 0a31 eHepreTHYHOro Kputepito BacunbkoBa-
[Imyknepa 1si aBapiiiHOrO BIUIMBY IOXKEXKI.
AJNTOpUTM J103BOJISIE BUSIBUTH «BIIMOBIIAlb-
HUW»  eNeMEeHT KOHCTPYKUii OymiBmi 1
NEePEeBIPUTH HECYdy 3JaTHICTh IIbOTO €JIEMEHTa
0e3 HEeoOXITHOCTI peamizallii I1TepamiitHoro
npoliecy reHepallii OKpeMHX BOIHUIIL MOXKEX1 Y
BCIX MOKJIMBUX YaCTHUHAX OyIiBIIl.

2. [Toganuii anroput™M J03BOJISIE TIPOBEC-
TH 9ITKY 1IeHTU(]IKAII0 BIAMOBIJAITBHUX
€JIEMEHTIB 1 HE € 3aJIS)KHUM BiJl 3MiH reoMeTpii
Ta TPAaHWYHUX YMOB PO3PaxXyHKOBHX CXEM, a

TAaKOXX JIa€ MOXKJIMBICTb BpaxoOBYBaTH, Ha
BIIMIHY B ICHYIOYMX aJIrOPUTMIB, BCl
MO>KJIMBI PO3paxyHKOBI1 CIIOJTyY€HHS

HaBaHTaxxeHb (PCH), Bkitouatoun i aBapiitHi.

3. OTpuMaHO TeMIepaTypHi MO IS
nutoHiB 1 KosnoH mnepepizamu  400%800 mm,
400%x700 MM, 400600 MM, a TAaKOXK IS IIUTH
nepekpurTs cucremu  «MoHOaHT» s
CTaHJAPTHOTO PEKUMY TMOXKEXi, IO T03BOJISIE
copMyBaTH 1 33/1aTH JOJATKOBI TEMIIEpPATypHi
3yCHJUISI Ta BpaxyBaTH JIOKAJbHE 3HMUKCHHS
(h13MKO-MeXaHIYHUX BIACTUBOCTEH MaTepialiB.

4. IlpoBeneHo BepudiKallio 3arporoHo-
BAaHOTO AJITOPUTMY BUSBJICHHS BiANOBIAAIb-
HOTO eJeMeHTa OyaiBil Ha  TPHUKIAIl
MOHOJITHOCTI 0O€3pUreNbHOI  3a11300€TOHHOT
oynism XK «Amepuka» y JIbBoBi. Ckitaneno
15 crenapiiB Ha/J3BMUYAiHOTO BIUIMBY MOXKEXI
Ta BHSBJICHO BIANOBIHO /0 EHEPreTUYHHX
KpUTEpiiB HaMOLIbI HeOe3meuHuil creHapii
JUTS BCIET CIIOPYIU B IITIOMY.

36ipHuk HaykoBux npanb YkpAY3T, 2020, Bun. 191

44



30ipHUK HAYKOBHUX Npanb Y KPaiHCHKOI0 AeP:KAaBHOI0 YHIBEPCUTETY 3aJi3HUYHOI0 TPAHCIIOPTY

Cnucok eukopucmanux oxcepen

1. Mehrdad S., Serkan S. Gravity load redistribution and progressive collapse resistance of 20-
storey reinforced concrete structure following loss of interior column. ACI Structural Journal. 2010.
Vol. 107. Ne 6. P. 636-644.

2. Coronelli D. Grid model for flat-slab structures. ACI Structural Journal. 2010. Vol. 107.
Ne 6. P. 645-653.

3. Bonelli P., Tobar R., Leiva G. Experimental study on failure of reinforced concrete building.
ACI Structural Journal. 1999. Vol. 96. Ne 1. P. 3-8.

4. Maxia D., Porcu A., Porcu R., Tattoni S. Structural Behavior of Reinforced Pre-Compressed
Concrete. Structures in Fire: Proceedings of the Sixth International Conference. Lancaster: Destech
Publications, Inc., 2010. P. 294-300.

5. LIRA LAND: Po3zpaxyHok Ta nmpoektyBanHs koHcTpykuii. URL: http://www.liraland.ua/.

6. [IpakTHuHMil pO3paxyHOK €eMEHTIB 3al1i300eTOHHUX KOHCTpyKIii 3a JIBH B.2.6-98:2009
B TIOpiBHsAHHI 3 po3paxyHkamu 3a CHull 2.03.01-84* i EN 1992-1-1 (Eurocode 2): noBijik.-HaBY.
noci6. / B. H. babaes, A. M. bam0ypa, B. C. llImyksiep Ta iH.; 3a 3ar. pex. B. C. IlImykiepa. XapkiB:
3omori cropinkm, 2015. 240 c.

7. Gaponova L., Grebenchuk S., Kalmykov O., Reznik P. Study of fire-resistance of reinforced
concrete slab of a new type. MATEC Web Conf. Vol. 116, p02018. URL: https://www.matec-
conferences.org/articles/matecconf/abs/2017/30/matecconf _trs2017_02018/matecconf trs2017_020
18.

8. Hemunna b.I. BoruecTiiikicTp 0gHO- 1 0araromapoBHX HIPOCTOPOBUX KOHCTPYKIIii
XKHUTIIOBUX Ta TPOMAJICEKUX OYiBENb: TUC. ... I-pa TexH. Hayk: 05.23.01. Xapkis, 2003. 302 c.

9. Poiitman B. M. HmxeHepHble pelICHUS MO OICHKE OTHECTOMKOCTH MPOEKTUPYEMBIX U
pexoHCTpyHpyeMbIx 31aHu. MockBa: Acconuanus «IloxapHas 6ezonacHOCTh U Hayka», 2001. 382 c.

10. Mohammad H., Shmukler V., Reznik P., Petrova O. On the criterion of the Limit State for
Concrete. Proc. of the 12th fib International PhD Symposium in Civil Engineering (29 to 31 Aug.
2018. Czech Technical University in Prague). Prague, 2018. P. 593-599.

11. ®omun C. JI., Hampxadu Pyxomnax. OruecTONKOCT MOHOJIIMTHBIX KapKacHBIX 3/IaHUM C
Y4ETOM MPOCTPAHCTBEHHON paboTwel. Haykosuil gicnuk Oydisnuymea. Xapki: XJITYBA, XOTB
ABY, 2007. Bum. 42. C. 159-164.

Pesnik [leTpo ApkaniiioBud, KaHI. TeXH. HAyK, CTapIl. BUKIagad kKadeapu OyaiBeIbHUX KOHCTPYKIiH XapKiBCHKOTO
HAIIOHAILHOTO YHIBEpPCUTETY Michkoro rocrnogapcersa imeHi O. M. Bekerosa. ORCID iD: 0000-0003-3937-6833.
E-mail: engipr@gmail.com.

Imyknep Banepiii Camyinosuu, 1-p TexH. Hayk, mpodecop, 3aBimyBad Kadenpu Oy 1iBeTbHUX KOHCTPYKIIIH
XapKiBChKOTO HaLlIOHAJIBHOTO YHIBEPCUTETY Micbkoro rocnogapctsa iMmeri O. M. Bekerosa. ORCID iD: 0000-0002-
8670-0731. Ten. (057) 707 33 77. E-mail: bk@kname.edu.ua.

Moxaman AnbMOXaMas, acipanT Kadeapu OyaiBeaTsHIX KOHCTPYKI[if XapKiBCHKOT0 HAIlIOHAJIFHOTO YHIBEPCUTETY
Mmicekoro rocrmogapersa imeni O. M. Bekerosa. ORCID iD: 0000-0002-3715-7437. E-mail: engipr@gmail.com.

Petro Reznik, PhD (Tech), senior lecturer, Building Structures department, O.M. Beketov National University of Urban
Economy in Kharkiv. ORCID iD: 0000-0003-3937-6833. E-mail: engipr@gmail.com.

Valerii Shmukler, D. Sc. (Tech.), Professor, Head of the Building Structures department, O.M. Beketov National
University of Urban Economy in Kharkiv. ORCID iD: 0000-0002-8670-0731. E-mail: bk@kname.edu.ua.

Mohamd Almohamad, postgraduate student, Building Structures department, O.M. Beketov National University of
Urban Economy in Kharkiv. ORCID iD: 0000-0002-3715-7437. E-mail: engipr@gmail.com.

Crartio mpuiinsTo 15.09.2020 p.

36ipHuk HaykoBux npanb YkpAY3T, 2020, Bun. 191
45


http://www.liraland.ua/
https://www.matec-conferences.org/articles/matecconf/abs/2017/30/matecconf_trs2017_02018/matecconf_trs2017_02018
https://www.matec-conferences.org/articles/matecconf/abs/2017/30/matecconf_trs2017_02018/matecconf_trs2017_02018
https://www.matec-conferences.org/articles/matecconf/abs/2017/30/matecconf_trs2017_02018/matecconf_trs2017_02018
mailto:engipr@gmail.com
mailto:bk@kname.edu.ua
mailto:engipr@gmail.com
mailto:engipr@gmail.com
mailto:bk@kname.edu.ua
mailto:engipr@gmail.com

30ipHUK HAYKOBHUX Npanb Y KPaiHCHKOI0 AeP:KAaBHOI0 YHIBEPCUTETY 3aJi3HUYHOI0 TPAHCIIOPTY

YK 624.012.35:620.173/174

OCHOBU MOJEJTIOBAHHA EHEPTETUYHOI'O PECYPCY 3AJII3OBETOHHUX
EJIEMEHTIB I KOHCTPYKIIN

Crapu. Bukia. O. B. Pomamko-MaiicTpyk

BASICS OF ENERGY RESOURCE MODELING OF REINFORCED CONCRETE
ELEMENTS AND STRUCTURES

Sr. Lecturer O. V. Romashko-Maistruk

DOI: https://doi.org/10.18664/1994-7852.191.2020.217292

Anomauyia. 3a605Ku KpumMuyHOMY AHANI3Y ICHYIOUUX HA CbO2OOHI Mooenell 0edhopMy8aHHs.
3ani300€MOHHUX eJleMeHMi8 | KOHCMPYKYI po3pOONeHO HAUGANCIUBIUI NONONHCEHHA MOOeNi, KA
Mmozena 6 npemendysamu Ha poib y3a2aibHeHoi. B il ocHo8y nokiadeno Odehopmayiiino-cuiosy
MoOellb ONopy 3ani300emMoHy CUNLOBUM BNIUBAM MA 2iNOme3y He3MIHHOCMI 6 OOuHuyi 00’emy i
He3anexcHocmi  6i0  pedcumy — 3A6AHMAMCEHHs  NOMeHYIanbHoi  eHepaii  0epopmyeaHis
3anizobemonHo2o enemenma. Boowouac yro 2cinomesy nooaHo AK eHepeemuyHuli Kpumepiti
BUYEPNAHHA HeCy4oi 30amHOCMI 3AaNi300eMOHHUX eleMeHmi6 3a OIii Ha8aHmadxjiceHv 0yO0b-aKoi
Mpusanocmi, wo O003608€ pPO3PAX0BYEAMU 3A2ATbHULL MA 3ANUUKOBULL pecypcU 3aA3HAYEeHUX
eneMenmis 3a ix mpusanoi ekcniyamayii.

Knrouoei cnosa: 3anizobemonui enemenmu, oegpopmyeanns, oiacpamu Cmamy, eHepeemuina
MOOeNb, 3a2aNbHUll Ma 3a1UUKOSULL PECYPCU.

Abstract. Thanks to a critical analysis of the currently known force and deformation models of
reinforced concrete elements and structures deformation, the most important model provisions have
been developed, which could claim to be a generalized one. It is proposed to base it on the
deformation-force model of reinforced concrete to force effects resistance and the hypothesis of
invariability in a unit volume and independence from the loading mode of the potential energy of a
reinforced concrete element deformation. At the same time, the indicated hypothesis is accepted as
an energy criterion for the reinforced concrete elements bearing strength exhaustion, which makes it
possible to calculate the total and residual resources of these elements during their long-term
operation.

The main deformation and power parameters of the element state are interconnected not only
by rigidity, but also by the potential energy spent on the reinforced concrete element deformation in
its unit volume. The direct connection of the potential energy of a reinforced concrete element
deformation with the generalized diagram parameters of its state is determined. Therefore, instead
of deterministic and variational methods for calculating the reinforced concrete elements resource,
a direct calculation of their energy resource is proposed based on such deformation characteristics
as deflection or the step and width of normal cracks opening. Based on the flat sections hypothesis,
these characteristics are related to the element curvature. The proposed model and calculation
method also take into account the entire array of field studies results on the totality of visually
identified defects and damages and the established strength materials characteristics.

Calculated dependencies for determining the potential energy of a reinforced concrete element
at any stage of its deformation are given. For one of the reinforced concrete beams, a theoretical
prediction of long-term crack opening was performed and its results were compared with the
experimental studies results.

Keywords: reinforced concrete elements, deformations, state diagrams, energy model, total and
residual resources.
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Beryn. BiaTBopenHus pearbHOrO
Hanpy>kKeHo-1e(opMOBaHOTO CTaHy 3ani3o0e-
TOHHUX €JIEMEHTIB 1 KOHCTPYKIIIH Ha Oyab-sIKii
cramii iX geopmyBaHHs 3aBXIu OyJI0 OJTHUM
13 KIIOYOBUX 3aBIaHb TeOpii 3a1i300€TOoHY.
Moro BUKOHAHHS 3HAYHOIO MIpOIO MOB’S3Y-
Bajocs 3 po3poOieHHsSM ab0 CTBOPEHHSIM
JesKoi 3arambHOi  Mojeni jaedopMyBaHHS
3113006 TOHHUX eJeMeHTiB. ToMy Taka MoJehb
Mmycuia 6:

» 0a3zyBaTucCh Ha 3arajbHHUX
NPUITYIIEHHSX, TiNoTe3ax 1 MepeayMoBax
MeXaHIKH J1e()OpMOBAHOTO TBEPOTO TiJIa;

* OyTH HaJUICHOIO YITKUMHU KPUTEPISIMU
HACTaHHS TPAaHUYHHUX CTaHIB 3a11300€TOHHHUX
€JIEMEHTIB 1 KOHCTPYKIIii 32 peaTbHUX YMOB iX

eKCIUTyaTallii;

* CHOPHUSITH PO3KPUTTIO BHYTPILIHBOI
CTaTMYHOI ~ HEBU3HAYCHOCTI  IIOMEPEUHOIO
nepepizy  3aimi300€TOHHMX ~ €JIEMEHTIB  Ta

3a0e3neyyBaTd METOJOJIOTIYHY €IHICTh YCiX
PO3paxyHKiB 32 TPAHUYHUMHU CTaHAMH,

* peayi30BYBaTHUCSA 3a JONOMOIOK SK
nporpaMHuX (TIEPeBaKHO YHUCIIOBHX), TaK i
imkeHepHux  (6e3mporpamMHuXx) METO/IIB
PO3paxyHKY;

e OyTH MakCUMalbHO ab0 TOBHICTIO
M030aBJICHOI0 BIUIMBY pPI3HMX EMIIPUYHHUX
3aJIe)KHOCTEH, mapaMeTpiB Ta KOEQIIiEHTIB;

* CIpHSTH BCTaHOBJICHHIO K
3arajlbHOr0, TaK 1 3aJMIIKOBOIO pPECypCiB
3a11300€TOHHUX €JIEMEHTIB bl KOHCTPYKIIH 3a
X TpuBaJIOi eKcILTyaTallii.

AHaJi3  OCTaHHIX  JocCiail:KeHb i
nyOaikaniii. Bigomo, 1m0  BUKOHAHHS
OUIBIIIOCTI 3 BHIIE3raJjaHUX BHUMOI B Tak
3BaHMX «CHJIOBUX» MoJesx [ 1-3] 6ymno mpocto
HEMOXXIIMBUM Uepe3 BUKOPHUCTaHHS ifeani3o-
BaHOI MPSAMOKYTHOI €MIOpH HamnpyKeHb SK Y
CTHUCHYTOMY, TaK 1 pO3TSATHYTOMY O€TOHI.

B «medopmamiitnux» wmoaensx [4-8]
METOJIOJIOTIYHY €JIHICTh YyCiX PO3PaXyHKIB
3a11300€TOHHUX €JIEMEHTIB 1 KOHCTPYKIIH 3a
TPAaHUYHUMHM ~ CTAaHAMM  3arajioM  MOXXHa
3a0€e3MeYnTH 3a JONOMOIOI0 MOBHUX Jiarpam

nedopmysanns 6erony ¢ ~ €. Onnak npu ix
IHTerpyBaHHI YM HaBiTh 32 BUKOPUCTAHHSA
cnpomeHux ¢opMm 1mx giarpam  [7, 8]

BHYTPIIIHIO CTaTUYHY HEBU3HAYCHICTh
MOTIEPEYHOT0  Tepepizy  3ami300eTOHHHUX
€JIEMEHTIB JIOBOJUTHCS PO3KPUBATU MUIIXOM
YHCICHHUX  iTepamii  3a  JIOIIOMOIOIO
MpOTpaMHUX  METOIIB 1 KOMIUICKCIB 3
3aJy4eHHSM  II0T  HHM3KM  eMITIPHUYHHUX

rapameTpiB 1 KoeirieHTiB.

Haiibmk4oro 10 y3araabHeHOI Mojeni
nehopMyBaHHS 3a711300€TOHHUX E€JIIEMEHTIB Ha
ChOTOZIHI MOXKHAa BBaXaTH JeopmaiiiHO-
cuiioBy Mozenb [9]. Bona oO6rpyHTOBYE, YoMy
3a JIOTIOMOTOI0 JIMIIE CaMHX JiarpaMm CTaHy

O0eToHy Oc ~ 80, Hexall HaBITh HAWITOBHIIINX

[10], y3arampHeHy Mojaens naedopMyBaHHS
3ami300€TOHHUX  €JIEMEeHTIB  MoOymyBaTu
HeMOxJiMBO. ToMy BuH3HayajgbHE Micle B
nedopMaIiiHoO-CHIIOBI MOJeNi 3aliMaloTh HE

niarpamu gedopmysanns Gerony ¢ e a

JiarpaMu CTaHy 3alli300€TOHHOTO €JIEMEHTa
M -1/r o xapakrepusywors  ioro
xopcTkicte. Came B 1IbOMy 1 Tmonsrae ii
OCHOBHA BIIMIHHICTh Bin AedopmariiHx
mozeneir. OmHak 1 AedopmariitHO-CHIIOBa
MOJIeTIb  TTOTpeOy€e TIMOAAIBIIOTO PO3BHTKY,
0COOJIMBO B MUTAHHAX OI[IHIOBAHHS MIHCHOIO
TEXHIYHOTO CTaHy 3aJ11300€TOHHUX €JIEMEHTIB 1
KOHCTPYKIII Ta PO3paxyHKY iX 3aJHIIKOBOTO
pecypcy.

Meta Ta 3aBIaHHs A0CTIIKeHb. Tomy
JaH1 JOCIIJDKEHHS CIPSMOBAHO, TIEPII 3a BCE,
Ha MoJablle BAOCKOHANIEHHs AedopmarriitHo-
CHJIOBOI ~ MOJZeNl  omopy  3alli300€TOHHUX
€JIEMEHTIB 1 KOHCTPYKIIIi CUJIOBUM BILJIMBaM B
MMATAHHSIX PO3PaxyHKy 1iX 3arajJbHOTO Ta
MIPOTHO3YBAHHS 3AJIUIIIKOBOTO PECYPCIB.

OcHoBHa YacTHHA JOCTiIKeHb.
3aranoM BiIoMO, 1110 B 1e(hopMalliitHo-CUIOBIN
MoOfieNli OCHOBHI JedopmariiiiHi Ta CHIIOBI
MapaMeTpH CTaHy eIEMEHTA MOB’ I3YIOThCS MiXK
c000r0 3a JIOTIOMOT' OO KOPCTKOCTI
D=M/(/r) [9, 11]. Ane 3ranmani mapameTrpu
MO>KHA MTOE€IHATH MK COOOIO 1 3a JOIIOMOIOI0
IHIIOT ~ XapakTepUCTUKU — TMOTEHI[ATbHOI
eHeprii, BUTpaueHoi Ha JeGOpMyBaHHS
3aJ11300€TOHHOT0 eJICMEHTa B 1oro

MeTOI[I/IKy pOSpaxyHKy

OJMHUYHOMY 00’ €eMi
TakuX OOCTaBHH
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3arajibHOTO pecypcy 3aJ11300€ TOHHUX
€JIEMEHTIB MOXKHa OyJyBaTH 3a JOIMOMOTOIO
TUX CaMUX MapaMeTpiB HATYPHUX JTOCIIKEHb,
0 HE OMNOCEPEIKOBAHO, a Oe3mocepeTHbO
XapaKTePU3YIOTh iX JKOPCTKICTb.

3a3BHYail 3aTUIIKOBHIA pecypc 3aizobe-
TOHHUX €JIEMEHTIB PO3pPaxOBYIOTh JCTEPMiHO-
BaHUMH a00 BapiamiiiHumu meronamu [13-16]
3TiIHO 3 pe3yJIbTaTaMH HATYPHUX JOCIHIKCHb
3a CyKYITHICTIO Bi3yaJbHO BUSBICHHUX Je(EKTIB
1 MOIIKOYKEHb Ta BCTAHOBJIEHUX MIIIHICHUX
XapakTepUCTUK  MaTepiaiiB. bBymp-siki X
nedopmarliiini mapaMeTpu CaMHX €JIEMEHTIB J10
yBaru B3araji He OepyThesl.

Opnnak came mporuHu f abo Kpok S, 1

IIUPUHA PO3KPUTTA W, TpIlIMH, 3HA4YEHHA

KX MOXHa BUMIpATH Oe3M0oCcepeHbO MpU
00CTeXeHHI Oy/Ib-SIKUMH 1HCTPYMEHTAIbHUMHU
criocobamu (Te€o/Ie3NIHUMH, (HOTOrpaMMETPHY-

ix KpuBuHY. 30KpeMa, BUKOPHCTOBYIOUH
rinoTe3y IUIOCKUX Mepepi3iB, MOXXKHA JIOCHTb
JETKO PpO3paxyBaTH OCEPEIHEHY KpPUBUHY
sruHadbHOrO enementa 1/F Ha Oynab-skiii
cramgii #oro nedopMyBaHHS 32 BHUMIPSIHUM
KPOKOM S, Ta IUIMPUHOI PO3KPUTTS W,

HOpMaJIbHUX TpituH [17]

Ur=(eem+W /S +éqm)/d, (1)

ae E.qm Ta €, y — CCPEIHI 3HAYCHHS [I0TOY-

HUX JeopMmallii CTHCHYTOTO Ta TPaHHMYHHX
nedopmaniii  posrsrayroro Oertony [18, 19]
BIZIIOBIIHO;

d — po6oua BucoTa nepepisy eneMeHTa.

3aranom bakTuyHU pecypc
3TUHAJIILHOTO 3aJ1i300€TOHHOTO €JIEMEHTa 3a
KOPOTKOYAcHOI Jii MOBHOTO HaBaHTA>KEHHS

HUMH, CTEpeo(OTOrpaMMETPUYHUMHU TOIIO), BH3HAYAETHCS  TMOTCHIIAJBHOK  CHEPri€ro
JI03BOJISIIOTH JOBOJII IPOCTO BU3HAYUTH OJIUH 13 nedopMyBaHHS, BUTPAu€HOI Ha  HOro
3araipHUX  JAedopMaliifHUX  mapaMeTpiB pyiiHyBaHHs (puc. 1):
3a1i300€TOHHOTO €JIeMEHTa YW KOHCTPYKINT —
1/ Tuf 1/ Tuf M 1/ r
W, = [Md(@/r)= [ || D, (/1) —7“f2~(1/r)2 1+(K - 2)u d(/r) =
0 0 (1/ ruf (1/ r-uf)
My @) 1 (K-17 (K-1)° @)
= - =+ - In(K-1)]|,
(K-2) 2 (K-2) -

e ocepenHEHa KpuBuHa enementa 1/T Ta
sHyTpimHi 3ycuuis M nos’s3ani mMik co6oro
miarpamoro ioro crany [18]
v = Do LT = My - (@) /(L 1y D
1+ (D, /M —2/Q1r,))-@/r)

31 3HAUEHHSMHU TOBHOI TOYaTKOBOI JKOPCTKOCTI1
3anisoberonHoro exementa D, Ta xapakre-

PUCTHKOIO HOT0 IpaHUYHOI Je(pOpMaTUBHOCTI

K =D, (/1) /My -
Hecyuy spmathicte M, Ta TpaHu4Hy

KpUBUHY 1/r, 3a/1i300€TOHHOTO €JIE€MEHTa 3a

KOPOTKOYACHOI [ii TIOBHOTO HaBaHTaXCHHS
PEKOMEHAYETbCS pPO3PAaxOBYBAaTH 3TiJTHO 3 OC-
HOBHHUMH TIOJIO)KCHHSIMU MEXaHIKH AedhopMo-
BaHOTO TBEPJOTO Tijla 32 CUCTEMOIO Halmpoc-
TIIMX 3arajlbHOBU3HAHUX CTaTHYHUX, TEOMET-
PUYHUX 1 (PI3UYHUX CTTIBBIIHOIIEHb, 110 TOMOB-
HIOETBCS B JepopMaliiHO-CUJIOBIM  Mozenl
[18] aHamITUYHOIO 3AJIEKHICTIO JiarpaMu
CTaHy €JIEMEHTa « M -{/r) » (3) Ta pyHKITIEIO
rpaHUYHUX JedopMaliil CTUCHYTOro OEeTOHY
&, » OTPUMAHOIO 3 JIOTIOMOTOI0 E€KCTpeMallb-

dM /d(L/r)=0

Cu

Horo kpurtepito Pepma
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M

Puc. 1. Jlo po3paxyHKy 3arajJbHOro Ta 3aJHIIKOBOIO pecypcy 3a1i300€TOHHUX €JIEMEHTIB 1
KOHCTPYKILIH

OnHak mpH MPOEKTYBaHHI 3ali300€TOH-
HUX €JIEMEHTIB 1 KOHCTPYKLIA MOBa JIOBOJI
yacTo iJe He npo (pakTUYHMHA, a Mpo
pPO3paxyHKOBUN TpaHWYHUU cTaH. BiH Moxe
HAcTaBaTH 3aJ0Bro J0 IOBHOTrO (Pi3UUHOTrO
pyHHYBaHHs 3aJ11300€TOHHUX €JIEMEHTIB Yepe3

HaaMmipHuii  possuTok mpormuis  f, aGo

HaJMIpHY HIMPUHY PO3KPUTTS HOPMaIbHHUX

00CTaBMH 3HaYE€HHs I'PAaHUYHOI PO3paxyHKOBOT
KPUBUHU  3THHAJBHOTO  3aJ11300€TOHHOTO
eJIEMEHTa 1 PO3paxyHKOBOI HECYyuoi 3/aTHOCTI
M, B rpaHnuHiii cragii gedhopmyBaHHS Tex

ciig obuncioBaTH 3a popmyaamu (1) 1 (3).
Toni PO3paxyHKOBHUI pecypc

3TUHAJIBHOTO 3aJ11300€TOHHOTO eJIeMEHTa 3a

KOPOTKOYACHOI [ii TIOBHOTO HaBaHTaXCHHS

TpimuH W, (puc. 1), 1m0 XapakTepHO I (puc. 1) cmix po3paxoByBaTH 3TiHO 3
BHMIIJKy TEKy4OCTi apMaTyp. 3a TaKHX (opmymoro (2) 3a Takum Brpasom:
1/, 1/, M
W, = [Md(/r)= | D, -@/r)-— _.@/r)? 1+(K—2)M d1/r)=
0 0 Ity)? (1/1y)
M 2 (K _1\2 N2 4
_ My | Wr)t  @n)-(K-1) _(muf).(K 1) n 1+(K_2)1/ru @
(K-2)| 2-@/ry,) (K-2) K-2 1/,
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I[Ipy  mporHo3yBaHHI  3aJMIIKOBOTO
E€HEPreTUYHOTO PECYpCy OCEpEIHEHY KPUBUHY
3TUHAIBHOTO €JIEMEHTa BiJ] KOPOTKOYACHOT [ii

eKCIUTyaTaliiHoro MoMeHnTy M 4 BU3HAYaKOTh

3rigHO 3 Jiarpamoro crany (3) 3a popmymoro

1 1 Mgy D Mg, D
== M- ey o L oMy, — [(L- 222 4 2M )2 —4M My, |, )
IFed 2M uf M uf ruf M uf  uf
a BUIMOBIAHY 1d TOTEHINIATbHY EHEPTII0
nedopmysanuss W, — nuisixom iHTerpyBaHHs 1/ n = (ECLm +W, / S, + gctu,m)/ d, @
Bupasy (4) B mexax Bin 0 1o 1/ 1y
[Mpupict HOTCHIIAJIbHOT eHeprii Edam =€cm - L+o(tty)), 8
nepopMyBaHHS e€JeMEHTa 3a TpUBAIOl i
eKCIUTyaTallifHOro HaBaHTaxeHHs  (puc. 1) ne ¢ (t,ty) — 3HaueHHS KoedilieHTa MOB3y4O-
MOKHa 064HMCIUTH 32 GOPMYIIOH0 CT1 CTUCHYTOTO OETOHY HpH il 30BHIIIHBOTO
HaBaHTaxeHHs TpuBaiicTio (T —t 7, 19].
W, =My -@/1 =1/Ty) ) P %) [7.29
. o Bepyun 1o yBaru BHIIeHaBECHI BUPA3H
32 BiANOBiTHOT KpuBMHM enementa 1/T1), (2)—(6), po3paxyHKOBE 3HAYECHHSI 3aJTUIIIKOBOTO
IIMPUHU PO3KPUTTA HOPMANBHUX TpiuH W, 1 EHEePreTUYHOTO  pecypcy  3alli300€TOHHOTO
cepenHix aedopmariiii CTUCHYTOTO O€TOHY enemenrta (puc. 1) MOxHA po3paxysatd 3a
Eqm bopmynoro
My @) 1 (K-1)° (K-1)°
W, =W, —W, -W, =—2& LS In(K-1) |-
(K-2) 2 (K-2) (K-2
My | @rg)? @lry)-(K-1) K-1)’ 1/r,
- - + —@Irg ) 2] |1+ (K-2)—2 |-
(K-2)| 2-(U/ry) (K-2) K-2 1/r,
9)
- Med '(1/ r| _1/ red ).
Toxmi rpaHWYHI 3HAYEHHS OCEPETHEHOI CIIPOrHO3YBABILH cepenHi aedopmarii

KPHBHHH 3a11i300eTOHHOTO exeMenTa 1/r, Ta

HMIMPUHU PO3KPUTTS HOPMAIBHHUX TpimuH W,
MO>HA 3HaWTHU 32 BUpPA3aMu

WuI :(d/rul _‘9ctu,m)°srv (11)

gclu,m

CTUCHYTOTO OETOHY &y 32 (opmyroro (8)

pyU TPaHUYHOMY 3HAUY€HHl KoedilieHTa
nos3yuocrti 6erony @ (o0,t,) [7, 19].

[loniOHe TeopeTuyHe MNPOTHO3YBAHHS
TPUBAJIOTO PO3KPUTTS TPILIUH BHUKOHAHO JUIS
onuiei 3 Oanok, BumpoOyBanux R. I. Gilbert
[20]. Bono BimoOpaskeHo Ha puc. 2.
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Puc. 2. [TopiBHSIHHS €KCIIEPUMEHTAILHUX (@) Ta TeOpeTHYHMX (A ) 3HaUCHb IIUPUHHU TPUBAIIOTO
PO3KPUTTSI HOPMAILHUX TPIIIKH B 3a1i300eTOHHIM Oanmi B2-a [20]

BucuoBku. Takum 4YMHOM, B OCHOBY BUTpPa4YeHoOl Ha Horo pyiiHyBanHs W = const.
HaBEAECHO1 €HEepPreTUYHO1 Mozenl
nedopMyBaHHS 3alli300€TOHHUX EJIEMEHTIB 1
KOHCTPYKIII MPOIIOHYETHCS MOKJIACTH OJHY 3

BonHowac 110 rinoTe3y MoKHa po3TisiaaTu SK
€HEepPreTUYHUI KPUTEPiil He TUTbKHU 3arallbHOTO,
ane ¥ 3aJMIIKOBOTO pecypcy 3aii300eTOHHUX

Egiiiﬁngg’f; , zngzzzﬂ e;(HO}(I:e;?I\;I;H;ec;;IM; enemenTis i KoHCTPYKui# micna ix Tpusanof

, , eKcIUTyaTallii Ta BUKODHCTOBYBATH  IpPH
3ABAHTAKEHH  NOTEHIIANbHO! eHeprii pO3pOBTEHH BTTOBITHIX METOJIIK
nedopMyBaHHSI 3a7i300€TOHHOTO €JIEMEHTa, PO3PAXYHKY.
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3AJIIBHUYHHH TPAHCIIOPT (273)

V]IK 629.424.1

CUCTEMM I'VIOBAJIBHOI'O ITIO3UHIOHYBAHHA B TAI'OBUX PO3PAXYHKAX
3 PO3PAXYBAHHSAM 3HOCY KOJIICHUX ITAP PYXOMOI'O CRJIAY

Acn. M. A. bapu0in, a-p texs. Hayk A. Il. ®anenaui,
kaHauaaTtu Texd. Hayk B. O. I'atuenko, O. B. Kieuska, acucr. O. B. Kipinesa

GLOBAL POSITIONING SYSTEMS IN TRACTION CALCULATIONS WITH
CALCULATION OF WHEELSET WEAR OF ROLLING STOCK

Postgraduate student M. A. Barybin, D. Sc. (Tech.) A. P. Falendysh,
PhD (Tech.) V. O. Hatchenko, PhD (Tech.) O. V. Kletska, assistant E. V. Kiritseva

DOI: https://doi.org/10.18664/1994-7852.191.2020.217294

Anomayin. Y cmammi po3ensiHymi numaHHs 6CMAHOGIEHHS GNIUBY PIZHUX GUOIE CKIAOOBUX
OCHOBHO20 U 000AMKOB020 ONOPY, GUHAYEHA HeOOXIOHICMb OmpuManHs Hpopmayii 3 cucmem
enobanvrnoeo nozuyionysanus GPS/TJTIOHACC noi3nux noxkomomusie ma ii GUKOpUCMAHHA 8
MA20BUX PO3PAXYHKAX, BCMAHOGIEHA BEIUYUHA 3HOCY Oemanell i 8y3/1i6 eKinaMcHoi Yacmuuu.
Busnaueno pignsanns ocHo8H020 0nopy 3a0aH020 06’ €KmMa 00CIIONHCEeHHS HA OA3i 3AKOH) 30eperCcenHsl
MexarniuHoi eHepeii ma NopiHANbHOI MEeXHIYHOI XapaKmepucmuKy cucmem Hagieayil.

Knrouosi cnosa: GPSIITTIOHACC, ms2o6i po3paxyHKu, eKinajicha 4acmuua, Mamemamuyte
MOOEN08anH S, TIOKOMOMUS.

Abctract. The article deals with global positioning systems integrated on VL11 locomotives.
The scheme of operation and comparative characteristics of the accuracy of information from GPS
and GLONASS systems are given. Expressions of the main resistance components of the friction
forces in rolling stock bearings, rolling friction of wheels on rails, resistance forces on track
irregularities, air resistance forces and sliding friction forces of wheels on rails are established.
Expressions of components of additional resistance are established: resistance forces from bows,
curves, resistance when starting from a place, from low temperatures and wind. The speed
dependence is constructed using the specified formulas for the specified calculation parameters. The
paper uses the law of conservation of mechanical energy, as the main factor takes into account all
the effects on the rolling stock, the movement of the train. Shown graphically with a high-speed graph
of the tracking section of the considered stage. Based on the law of conservation of mechanical
energy, the real value of the main drag forces of cars on the Shebelinka-Zanki tracking section is
established, the possibility of obtaining in real time is proved, and it is proposed to use it to optimize
the consumption of fuel and energy resources for train traction. The paper considers the issues of
establishing the actual technical parameters of the rolling stock crew by approximating
(lianerization) the curve of theoretical smallpox resistance to the real one. An algorithm for searching
for technical parameters of the crew part is proposed. The statement about the need to introduce
mathematical modeling methods in the locomotive economy in order to establish rational traction
costs, search for optimal operating modes and mass practical testing.

Keywords: GPS / GLONASS, traction calculations, crew part, mathematical modeling,
locomotive.
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Beryn. Po3BuTok cuctem rio0anbHOTO
MO3UIII0HYBaHHS TPAHCIIOPTHHUX 3aC001B HAOyB
HIMPOKOTO PO3MOBCIOXKEHHS Y CBITI. 3aBAsSKU
oMy MO>KJIMBO BYACHO OTPUMATH iH(POPMALIit0
PO TMEpEeMIllleHHd Ta MiCle3HaXOIKEeHHS
00’€KTiB y mpocTopi. 3ali3HUYHUN TPAHCTIOPT
VYkpaiHu € CcTpaTeriyHo BaXKJIMBUM IS
(GYHKIIOHYBaHHS EKOHOMIKH Ta COLiaJIbHOT
1H(GpacCTpyKTypH, TOMY BIPOBA/KCHHS B
JIOKOMOTHBHE rOCHOJapCTBO cHCTEM
GPS/TJIOHACC mnpusseno mo iHhopmaTHB-
HOCTI MiCIIsSl pO3TAIlyBaHHS TSTOBUX OCHOBHHX
GOHIIB HAa MOHITOpPAaX JHCICTYCPCHKUX Ta
iHmmx  ciyx0.  [limBHIEHHS  TOYHOCTI
BU3HAUEHHSI OCHOBHHMX MapaMeTpiB PyXy,
301TBIICHHS MOYKJIUBOCTEH 00poOKH
€JIIEKTPOHHO-00YHCIIOBAIBHOT ~ TEXHIKM  Ta
aBTOMATH30BaHUX  CHUCTEM, a  TakoxX
MIPOITYCKHOI CIIPOMOKHOCTI KaHaJliB Iepenadi
iHpopmanii [alTh MOXIHMBICTE OOpOOKH Ta
aHanizy orpuMmaHux aaHux. CTBOpEHHS Ha iX
0a31 KOMILIEKCIB BiJICTEKEHHSI 3HOCY OCHOBHHX
(GOH/IIB y peanbHOMY PEXHMI Yacy J03BOJIUTH
3MEHIIUTH  BUTPAaTH HA  EKCIUTyaTaIliio
PYXOMOTO CKJIaay, BCTaHOBUTH ONTHUMAJIbHI
MDKPEMOHTHI MEepiogu Ta BaroBl HOPMH, a
TaKOX ONTUMI3yBaTH KOIITOPUC MATUBHO-
EeHepreTMYHuX pecypciB 1 ix OamaHc B
3araipHii cucTteMi YKp3ani3HUIL.

AHai3 oCcTaHHIX a0CaiIKeHb i myo0-
JiKAaIii. CucreMHHil  aHaim3  TITOBUX
pPO3paxyHKIB BEAECThCS MPOTATOM I1CHYBaHHS
3aJI3HUYHOTO TPaHCIOPTy. TOYHICTH OTpUMa-
HUX pe3yJIbTaTiB BIUIMBA€E HA BUTPATH PECYPCIB
Ha TATY 1, 9K HACIIJOK, 3[CIIEBICHHS BapTOCT1

nepeBe3eHb.  BuU3HaueHHA  pallOHAIBHUX
BaroBUX HOPM € OCHOBOIO JJISl IMiJIBUIIEHHS
MPOBI3HOI  CIPOMOKHOCTI  3aJi3HHIBL 1

3MEHIIEHHS KOUITIB Ha PEMOHT pPYyXOMOIO
ckiany. He pmBHO, 1o Oesmiy  ¢axiBIliB
NPUCBATHIIM  CBOi  POOOTH  OKpECICHOMY
Hanpsimy Haykd. Cepen 1mx poOIT  crif
Bigmitut mpami C. 1. Ocunosa [2], B sxux
cOopMOBaHi OCHOBHI METOJU JUIsI BU3HAUEHHS
CHJI, IO Jif0Th Ha moi3a. Haykosi mpari [3, 5]
Jal0Th KapTUHY BIUIMBY PETiOHY eKCIUTyaTarii
Ha JMHAMIYHI Ta PEMOHTHI XapaKTEPUCTHKU
pyxoMoro ckjaxy ImiJi 4Yac eKCIuTyaTarii

MPOTATOM  BCHOTO  JKUTTEBOTO  IUKIY.
CranoBnenHs iHQOpMaUidfHUX cuUCTeM 1
PO3BUTOK X B JJOKOMOTHBHOMY T'OCIIOAApPCTBI
MPOKO omucani B mpami [6]. Po3BuTok
HayKOBO-TEXHIYHOTO  MpOrpecy  MiJBUIIYE
TOYHICTH Ta 00’eM iH(opMaIlii B Ipo1eci pyxy
noizma. Crarrti [1, 11] po3kpuBarOTh BIUIMB
(dakTopiB Ha pIBHAHHS PYXYy Ta BHUCYBAIOTh
BUMOTH JO J1arHOCTUYHOrO oOONajaHaHHA. Y
cTarti [8] mHMpoKO ommcaHa HEOOXiTHICTh
30UIbIIeHHS 00’eMy iH(oOpMaIii Ta iTeparii

o04MCIieHb  JJI1  MIABUIICHHS  TOYHOCTI
pesynbraty. Y mpami  [13] omucyerbes
3aCTOCYBaHHS METOZIB  Tepenadi  JaHUX

BEJIMKUX 00’€MIB 1 BTpaTH IPH IEpPECUIaHHI,
mo € BaxymBuM i GSM/GPRS cucrem ta
HIBEIIOE BTPAaTH OJMHUYHUX CHTHAIIB Y
3aralbHOMY TmOTOwll. PoOota oOmamHaHHs
mBuakocremipa 3CJI-2M [12] mae nocuth
BeJIMKY MOXHOKY (2,5 %) MBUAKOCTI B Ipolieci
eKCIUTyaTalii Ta moTpedye MOCTIHHOTO JOTISI Y
3 OOKy PEeMOHTHOTO TEpCOHAly B TOH dac, sIK
CHCTEMH TIJI00aJbHOIO IMO3UIIOHYBaHHS MpU
PO3paxyHKOBIH MBUAKOCTI pyxy B 47,1 km/rox
enekTpoBo3a BJI11 npu po3paxyHKy 3a JTaHUMU
[1,7] cxmamyre 0,8 %. BcraHoBieHHs Ha
JIOKOMOTUB 6J10KIB r7100a1bHOTO
nosumionyBanHs GPS/TJIOHACC Bumarae
OLIIHIOBAHHA 1X e(EeKTUBHOCTI peecTpauii i
npuHIuny aii. B 3arampHOMYy  BHUTJISIL
inpopmarriss HaBemeHa B pobortax [4, 7]
OcCkiIbKM TOXHOKa CYMYTHUKOBUX CHCTEM €
Mmenmioo [4, 7] mopisasHo 3 3CJI-2M [12],
TOMY JOUIIBHO MPOBOAMTH  OIIHIOBAHHS
BIUIMBY OIIOPY PYXOMOTO CKJIaJy Ha OCHOBI
inpopmariii GPS/TJIOHACC [6].

Y mpomeci ekclulyaTaulii  €JIeMEHTH
eKINa)KHOI YaCTUHU BHACIILOK B3a€MOJIII MIK
cO00I0 3HOILIYIOTHCS, IO XapaKTepU3ye SKICTh
(yHKIIOHYBaHHSA pyXxoMoro ckiaay [3, 5] Ta
BUTpatH pecypciB [9]. Tomy BUHMKae moTpeda
3HAWTH BEJIMYMHY 3MIHU 3HOCY KOJICHHX Iap
Ta OLIHWUTH iX BIJIMB HA TATY MOi3AiB. Y CTaTTI
[9] mnomaHo mporpaMHUN NOPOAYKT  JJId
BU3HAYCHHS MAIMBHO-EHEPTETUYHNUX PECYPCIB,
ane BiH BUKopucTOBYe naHi [2, 10]. 3 meroro
BCTaHOBJICHHSI CHJI OMNOPY pPYyXy peabHOTO
nmoi3ga BHHMKAE IOTpeda BU3HAYATH iX B
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pexxumi peanbHOro uacy. lle MoxiuBo muie
OpU BUKOPUCTAHHI BHpa3y, SKAH MOXe
BpaxoByBaTH BCi (DaKTOPH BILUIMBY HA PYXOMUI
CKJaJ, 3aKOHYy 30epeKeHHS MeEXaHIuyHOI
eHeprii. Tomy BupileHHSIM JaHO1 MPOOJIeMH €
po3poOienHss Ha 0a3i 3aKoHY 30epexeHHs
MEXaHIYHOI eHeprii 3 BUKOPUCTAHHIM JaHHUX
6nokiB GPS/T'JIOHACC piBHSIHHS O1IOpY PYXY
Ta BU3HAYEHHS 3HOLIEHOCTI OCHOBHUX BY3IIiB
eKIMaXHOT YACTHHH.

Bu3znauenuss Metm i 3aBIaHL DOCJIiN-
JKeHHsl. MeTor0 poOOTH € BHU3HAYEHHS CHII
OCHOBHOTO OIOPY pyXy BaroHiB 3 po3paxy-
BAaHHSIM 3HOCY OCHOBHHX €JIEMEHTIB €KIMaXXHOT
yactuHM. Jlnsg i1 JOCATHEHHS HEOOXIIHO
BUPIIIUTH Taki 3aBnaHHs. [IpuBectu Bupaszu
JUIs OOYUCIIEHb OCHOBHOTO Ta JI0JIaTKOBOT'O
OTIOpY PYXY 3 BiIOOpaXEeHHAM 3MiHU TTapaMeT-
PiB 3aJI€KHO BiJ IIBUAKOCTI. BukopucroByroun
3aKOH 30epeKeHHS  MEXaHIYHOi  eHeprii,
BCTAHOBHUTH BIUIMB cWi Ha moiza. [Ipoanari-
3yBaTU CHCTEMY (YHKIIOHYBaHHs TIJ100alib-
Horo  mnosuuionyBanHs  GPS/TJIOHACC
nokomotuBiB BJI11 i po3poOuTH mopiBHSIIBHY
XapaKTepUCTHKY. BU3HAYUTH TOUHICTH TAaHUX Y
po3paxyHKax 1 METOJAMKY HAOJUKEHHS KPUBOI
«iJ1eabHOTO MOi3/1a» 10 peanbHoro. ['padiuno
B1J100pa3uTH AUISHKY TPEKIHTY.

OcHOBHA YaCcTHHAa  JOCJiI:KeHHS.
Po3B’s3aHHs pIBHSAHHS pyXy Hoi3[a B yMOBax
KOHKYPEHTHO1 60pOTHOU 3al1i3HUIIb 32 TOTOKH

BaHTaXIB  0a3yeTbCsd  HA  CKOHOMIYHIHN
pamioHanmizanii BUTpaT pecypciB Ha TATY,
HACIIIZIKOM SIKO1 € 37CHICBICHHS BapTOCTI
MepeBe3CHb, a TaKOX 3MEHIIICHHS
TPYAOMICTKOCTI 1 c00iBapTOCTI PEMOHTHOTO
nporecy. Po3poOneHHs METOMiB 3HUKCHHS
MaJTNBHO-CHEPIreTUYHUX BHUTpPAT SK OCHOBHA
CKJIaJoBa COOIBapTOCTI TPAHCIOPTYBAaHHS Ta
BIICTOXKCHHS 3HOCY JeTalleii 3  METOlo
BCTAQHOBJICHHS ONTHMAIBHHUX MIXPEMOHTHHX
nepiogiB 0a3yeThCcs Ha aHAIi31 PE3yJIbTYIOUOi
CYMH CHJI, IO Aif0Th Ha moi3f. [Ipu mpomy ix
MO>KJIMBO PO3JIUIUTH HA KEPOBaHI, SKMMU MOXKE
KepyBaTH MAIIUHICT (TalbMiBHI Ta CHIIU TATH),
Ta HEKepoBaHi (cuiam omopy pyxy). Pobora
TSTOBOTO PYXOMOTO CKJIaJy HampaBlieHa Y
CBOIl OUIBIIOCTI Ha MOJOJAHHS CYMHU CHI
OIopy pyXy JIOKOMOTHBa Ta CKJIagy. 3a
YMOBaMH €KCILTyaTallil BOHH MOAUISIOThCS Ha
OCHOBHI (SIKI JIFOTH ITOCTIMHO) Ta JOJaTKOBI
(BHHHKAIOTH B pe3yJbTaTi il MpodiIo NUIsxy
9l 0COOJIMBOCTEH POOOTH PYyXOMOIO CKIALTY).
Pesynbryroue 3Ha4eHHS! TUTOMOTO OCHOBHOTO
OIopy € CyMor mutomux cui [2, 14] tepts B
HiAMUITHAKAX PyXOMOTO ckiany ( Wy ), TepTs

KOYEHHs1 Kojic mo peiikax (W, ), omopy Ha
HepiBHOCTI  HuIAXy (W, ), TIOBITPSHOTO
cepenoBuma (W, ;) Ta TUTOMHX CHJI TEPTS
KOB3aHHS KOJIC 1o pelkax (Wpg ), BHpasu
SKMX MarOTh TaKUH BUIJISL

- d
W :103 qO qKIY u 1
TI1 o Mk D, ' 1)
20
_1n3
Wiy =10"— ’ (2)
K
272 3 2
Wy <1572V | 1p5107d00ra @)
Dilp u
- 0.35H,,,V° .
W =
fos TR 2gMpc (ty; +273) ®)
2 2 3 AdK
Wro =011+ 407(0,04 +0,00004V * ) +10° 1,0 - + 500,01gB . (5)

K
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ne 0, — OChOBC HABaHTAKEHHSI PYXOMOT'O
ckiany, 0, =21,75T;
Ogy; — Maca KOJIICHOI Tapu pPyXxoMOTro

cknany, Uy =145T;

Hg — KoedimieHT TepTs OYKCOBUX
I IITUITHUKIB [2];

d, — niamMerp IIMHAKK KOJICHOI Iapu
pyxomoro ckiany, d,; =130 mm;

D¢ — nmiamerp Koiieca KOJICHOI mapu
pyxomoro ckianxy, Dy =950 mwm;

0 — IUleYe TEpPTSA KOYCHHS BHACIIJOK

MPYXKHOTO TiCTepe3ncy Kojeca Ta pelku,
0=0]17 Mmwm;

A — BeIWYMHH 3a30py B CTHUKY MIXK
perkaMu, A =5 mMMm;

V — MBUAKICTH PyXOMOTO CKIIaAy, KM/TOJI;

|, — o1oBkMHA peWiKd, IS TEPEroHy
[le6enunka-3anku |, =5000 wm;

g — TPUCKOPEHHS BLIBHOTO TAiHHSA,
g =981 m/c?;

I — MOaynb TepTs OCHOBH KOMii, Jyis
3ami300eToHHmX mman r =260 H/cm?;

a — Koe(ilieHT BIIHOCHOI >KOPCTKOCTI
BEPXHBOI OYJOBU 3aTi3HUYHOTO MNUISAXY, IS
pospaxyHnky npuiimaemo a =001 cm};

U — MOIyJb TPYXKHOCTI KOJIii, st perok
P60 u=3000 H/cm;

CX -
PYXOMOTO CKJaay, Juisi 4-BICHUX 3€pHOBO3IB
(uemenrtoBo3iB i muctepn) Cy =0,23;

acpoaMHAMIYHUM  KOe]ilieHT

Fr — mioma HaiOIIBIIOr0 MOMEPEYHOIO

nepepizy pyxomMoro Ckiamy, Uisl 4-BiCHUX
3epHOBO3iB Fp =133 M2
H

cepenonuia, H

6ap — ATMOCHEPHUI TUCK HABKOJIMIIHBOTO

6ap = 160 MM pT. CT.;

Mpe — Maca pyxoMoro ckiamy, Mye =40, T;

— TEMIICpaTypa HaBKOJIMIIHBOI'O

tHB
cepeouma, t,; =20 °C;

G — BeJMuYMHA Po30iry KoJicHOi mapu B
3aJTI3HAYHIN KOJTii, mpuiiMaeMo o =0,05 M;

Hyo — KOeQIIIEHT TepTs KOB3aHHS,

Jo = 0,09...0,03 [14];

Ad, — HepiBHICTb JiaMeTpiB KpYTiB
KOYEHHS  KOJICHOI  Mapu,  MNpUHAMaeMo
Ady =01 mm;

tgf — noxuOka BCTAHOBJEHHS KOJICHOI

rapu B paMmy Bi3Ka, puiimaemo tgp = 0,000625 .

XapakTepUCTUKHU CKJIaJIOBUX OCHOBHOI'O
oropy, po3paxoBaHux 3a ¢opmyiaamu (1-5),
HaBeJIeH1 Ha puc. 1.

—— IIuToMIt OMip B MANMITHHKAX
PYXOMOTo CKIagy

TIuToMM OMip TepTA KOUEeHH:T KOJIC 1o
peHKax

—— IIuToMMi OMp HA HEPEHOCTIX LIULIXY

—— ITuToMMii OMmp MOBITPAHOTO
cepenoBMIa

TIuToMuii Omp TepPTH KOB3aHHA

20 30 40

W
o

60

V. km/roa

70 80

Puc. 1. I'padiune Bi1oOpakeHHS 3aJI€KHOCTI TUTOMUX CHUJI OCHOBHOTO OTIOPY PYyXY
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Pe3ynbryroue 3HaueHHs JOAATKOBOTO
IIUTOMOT'O OIIOPY € CYMOIO ITUTOMUX CUJI OIOPY

Bix ykioHiB (W;) [2], xpuBux (W, ) [14], onmopy
npu pymanui 3 micus (W,,) [2], HM3bKHX
temneparyp (W,,; ) Ta Bitpy (W, ), BUpa3H SKUX
MarOTh TAKUWA BUTJIISI:

Wi :i ' (6)

w20 9 V2 h )
" R TJ1296R S 7|’

W = 280 8

PM qo+70 ’ ()

Wyr :WO(kHT -1) , 9)

Wy =W, (ky -1) , (10)

wq. H/xH

1€ i — KpyTHU3HA Pe3yJIbTYIOUOTO Miaiomy, i =1
%o,

R — paniyc kpuBoi, R =800 m;

h — pi3HHUIIA Mi)K BUCOTaMU T'OJIIBOK PEHOK,
h =60 MMm;

Sk — BimcraHp MiX KpyramMu KOYCHHS
KOJIiCHOL napu PYXOMOTO CKJIafy,
Sk =1600 mwm;

Kyr — Koe(dilieHT BIUIMBY HHU3BKHX
Temneparyp, npu Temneparypi -30°C 3a
nanumu [2];

Ky — KoedilmieHT BIUIMBY TOBITPAHUX Mac
(BiTpY), IIpH WIBUIKOCTI BITPY 6 M/C 32 TaHUMU

[2].

XapaKTepUCTUKU CKIIAJOBUX J10JAaTKO-
BOIO MHTOMOIO OIOPY, PO3pPaxOBaHUX 3a
dopmynamu (6-10), HaBeneHi Ha puc. 2.

0.8

0.6

0.4

——— IIHTOMMIT OIp Eill VKJIOHIE
—— IIuTOMHMIi OImp Bill KPHEHX
TIuToMIIE OMp Bifl HU3BKMX TEMIEPATyp

—— IIuTOMHMIi Ommp EiO BITPY

20 30 40

i
o

60

70

2 V., km/roa
80

Puc. 2. I'padiune Bi100pakeHHS 3aJI€XKHOCT] TUTOMUX CHJI I0AATKOBOT'O OIIOPY PyXy

Sk BugHo 3 BupaziB (1-10), KiTbKICTH
CKJIaJIOBUX B 3arajlbHOMY PIBHSIHHI OTIOPY PyXy
€ JOCUTH BEJIMKOI0, TOMY 3 METOK MOXKJIUBOCTI
OOYHCIICHb TPUAMEMO JIO PO3MIISALY TUTBKH
OpsiMi TIJIBHUILI TIEPETOHIB Ta BUKOPUCTAEMO

MPUITYLIEHHS, 10 PIBHSIHHS oropy
JOKOMOTMBa HaMm Bigome. lle piBHAHHSA
MOXJIUBO  OOYHMCIUTH TpH  OpsSMyBaHHI

JIOKOMOTHBA PE3€pBOM YU TpU MPSMYBaHHI 3
BIIOMHMU 3HAYEHHSIMU Barodis. MaTemaruyHa
OOTPYHTOBAHICTh ~ BKA3aHOTO  TBEPIKEHHS

0a3yeTbCs Ha Majiil KUTBKOCTI 34imHOi Macu
MOI3HUX JIOKOMOTHBIB IOPIBHSHO 3 Baroro

noi3zja Ta BUPA3OM P-(P+Q)_1. Bukopuc-
TAaEMO 3aKOH 30epeXeHHsT MEXaHIYHOi eHeprii

JInE: BU3HA4YEHHA Xapaxkrepy BILIUBY
pe3ynbTylo4oi CyMH CHI B TpoIieci
TepEMIIIIEHHS MT013/1a Y POCTOPI:
mV22 mVl2
E =S+ mgh2 —mghl , (11)
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ne E — 3HadeHHS 3MiHM MeXaHI4HOI poOOTH,
JDk;

V, ,V, — MBUIKICTh HA MOYATKY Ta B KiHIII
eneMeHTa npodiuIto, KM/TOI;

m — maca 1moi3aa, KrT;

hl’ h2 — BI/IMIOBITHO BUCOTH Ha MTOYATKY Ta B

KIHII eleMeHTa npoduTo, M.

MexaniuyHa po0oTa, SIKy BUKOHYE IOi3]1,
PYXa4KCh MO KOJIii, Ma€ BUTIIS
E=F.-S, (12)
ne F — cuna, mo gie Ha pyxomuit ckian, H;
S — JOoBXKWHA NUISHKHA MEPEMILIIEHHS, M.

BinnoBigHo a0 2-ro 3akony HproToHa
BHpa3 I CHITH OyJ1e MaTH BUTJIIS

m-&-(f —w=by)-S

Bukonaemo IIEPETBOPECHHS Ta
CKOpOYeHHs BHpa3y (15) Takum yuHOM, 11100 y
JBIA YacTHHI pIBHSHHS OTPUMATH IHUTOMI
CUJIM OINOopy pyxXy IHoi3ga, a B HpaBid —
3aJIUIIKOBI Ta KIHETUYHO-TIOTCHI[IMHUH BILIUB,
10 BUHMK Y TPOLIECI MEPEMILIEHHS PyXOMOI0o
cknany. Tomai piBHSHHS OyJie MaTy BUTJIS

sz _V12 +9-(h, —h) _

F=m-a, (13)
JIe & — OPUCKOPEHHS PYXY, m/c?.

3rizHo 3 poboror [2] mpucKopeHHs
pyXy Mae BHpa3

a=g-(fy —w=br), (14)
ne & — KoedillieHT TUTOMOTO MPUCKOPEHHS,
£ =0.00926 ulc? 2];

' HIxH =~

fK — nutoMa cuna Taru, H/kH;

W — muTOMi CUIH omopy pyxy, H/kH;
bT — nuToMi raneMiBHI cuan, H/kH.

[MincraBumo dopmysu (12)—(14) y Bupas
(11), Tomi BiH OyIe MaTH BUTJIST

mV22 mVl2
= —=——5—+mgh, —mgh, . (15)
Pozriasaemo KIHETUYHO-TTOTEHIIMHUI

BITUB Ha 0a3i HAYKOBO-TEXHIYHOTO MPOTPECY
CYNyTHUKOBOI HaBirauii Ta BCTaHOBJIEHHMX Ha
nokomotuBu cepii BJI11 neno npunucku TY-9
JlozoBa ta TU-10 XapkiB-CopryBanbHuil 610Ku
nozutionyBantsa GPS/TJIOHACC. 3aranbuuit
BUTIIST] CXeMH POOOTH Takoi CUCTEMHU HaBe[e-
Hull Ha puc. 3. [lopiBHsIbHA XapaKTepUCTHKA
CHUCTEM 3 TMapaMeTpamMu HEOOXITHUX JIaHHX,

W= fie =br - 255 (16) OTpUMaHuX i3 mpaus [1, 4, 7, 16], nms 3akoHy
30epekeHHsT MEXaHIYHOI €eHeprii mojaHa B
Tabm. 1.
Tabmuns 1
[MopiBHsJIbHA TEXHIYHA XapakTeprcTuka cucteM Hagiraiii GPS/TJIOHACC
Tapamerp - JI%I;?ACC o | GPSNAVSTAR
[ToxnOka BU3HAYEHHS MiCIsl pO3TAlyBaHHS, M 1 «JIVY» 16 (P-xon)
[Toxubka BU3HAYEHHS MIBUIKOCTI PyXYy, M/C 0,15 0,1
[ToxnbOka BU3HAYECHHS Yacy 0,7 Mkc 90 uc (P-xon)
MiHiManbHUM 1epio]] HOBTOPEHHS 3alUTy, MC 1 1 (C/A-kopn)
HaniitHicTh OTpuMaHuX naHuX, % 99,7 95
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OckinbKu napameTp «micre
pO3TalnTyBaHHS» € JCTIEPCI€I0
MO3UIIIOHYBaHHS PyXOMOT'O CKJIay Y IPOCTOPi,
PYyX 3aJi3HUYHOTO TPAHCIOPTY B 3arajibHOMY
BUTIISIZI € TIOCTYHNAJIBHUM, PO3paxyHKOBa
mBuiakicts BJI11 47,1 km/ron Ta po3paxyHKd
IPOrPaMHOTO KOMILJICKCY «TsroBi
PO3PaxXyHKW» MAlOTh MPAKTUYHHIA THTEPBAT Y
5¢, TOMI rmoxuoka UISIXY CKJIaJIe
S=1m(glonass)VV =47.1xkml 200. Y cBowO

yepry mnoxubka mBuakocremipa 3CJI-2M €

OJIM3BKOIO 10 11bOTO. TOMy BBa)KaTUMEMO
PO3paxyHKU Ha OCHOBI JAaHHUX CYITyTHHKOBOI
CUCTEMH SK Ti, IO BXOIATH 1O JOBIPYOTO

iHTEepBaIy. PesynpTatom BKa3aHOTO
V2 -V2+g-(h,—h
TBEp)KEHHS € —2—1 228 (hy —hy) _ const

Ha KOXXHOMY PO3IJISHYTOMY I1HTEpBalli Yacy.
Micue BiACTeXEHHsI mapameTpiB (TPEKiHT) Ta
XapaKTePUCTHKA 3aJICKHOCTI IIBHIKOCTI BiJ
NUISIXY HaBeJeHI Ha puc. 3.

OpfiTatbHe rpyIyBaHHSA CYMYTHHKIB

gﬁg -
Al

Baox GPS/TJT! C
l IBII 3amisHumi

OHAC
~®

!

A
\ [~ GSM/GPRS
| e |

|
||
=)

Cayxon: I, T
Omneparopu indopmanii

Puc. 3. 3aranbHuii BUrisin cxemMu poOoTH cuctemu cymyTHHKoBoi Hairaiii GPS/TJIOHACC

B pesynbrati obuucieHs 3a (hopmMyInor
(16) Ta meromom HaliMeHIHMX KBajapatiB [15]
(U1 OTpUMaHHS PIBHSHHS TPETHOTO MOPSIKY)

OlepXKalM  BUpaA3  peajbHOr0  OCHOBHOI'O
MUTOMOTI'0 OTOPY BaHTa)XKHUX BaroHiB Moi3za:

m;’) =O,0000018€9V3 -O,OOOOV2 +0,0057573¥% +0,9502723@ . @17

OTpumaHi 3HA4Ye€HHS [HUTOMHUX CHII
OCHOBHOTO Ta J0JaTKOBOI'O OIMOpPY, HABEIEHUX
Ha puc.l Ta 2, 3iCTaBUMO 3 peaJbHUMHU
3HAYEHHSIMH, MEePEepaxOBaHUMU 3a (OPMYJIO0
(17). Pi3Huns  pe3ynpTaTiB €  BIUIMBOM
TEXHIYHOTO  CTaHy, OCKUIbKM  MHTOMHH

JOJATKOBUH OMip BiJ HU3BKHX TEMIIEpaTyp Ta
BiTpy (3rigHO 3 JAaHUMU METEOPOJIOTIUHOI
cnyx6u Temmeparypa ckiagara 20 °C, a
HBUAKICTE BITpY — 0,7 M/c) HE MaB ICTOTHOTO

pBy. Wnos € yMOBHO  TOCTiHHHMHU

MIPOTATOM BCHOTO KUTTEBOTO LIMKIIY PYXOMOT'O
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ckiaany. HactynHum ertanmoM € HaOIMKEHHS
napaMeTpiB MUTOMOTO TEPTS B MIiTIIMITHAKAX
pyxomoro ckiany (W, ), TepTsl KOUEHHs KOJIIC
no peiikax (Wrx) Ta omopy Ha HEpiBHOCTI
Xy (W, ) 3a Dk, Ady, tgB, anropurm
BUKOHAHHSI SKOTo 300paxkyeMo Ha puc. 4 Ta

3MIACHIOEMO 32 MPUHIUIIOM  BHUKOHAHHS
CUCTEMU PIBHSHB:

w5 (V) —ws (Dy £ADy,V ) — min
WS (V)= W5 (Ady £A(Ad, )V )—>min | (18)
W (V) — w5 (tgB = AtgB,V ) — min

ne W5 (V') — dyHKiist 3MiHH peasHOTO O1opYy,
H/xH;

w5 (Dy £ADy V) byHKITIs
MPUPOCTY BiJ Aiamerpa koieca, H/kH,

WS (Ady +A(Ady ),V') — DyHKIIis 3MiHN TpH-
POCTY BiJl HEPIBHOMIPHOTO 3HOCY Koueca, H/kH,

wo (tgB+AtgB,V)  —  dyHkuis
IPUPOCTY BiA HEMEePHEeHAMKYISIPHOCTI OCi
KOJIICHO1 TTapH BI3KY pyXOMOTO ckiany, H/kH.

3MiHU

3MIHU

B pesynbrati TpekiHry Ta po3paxyHKy Ha
Meperoxi [Ile6enuuka-3aHKu (puc. 5)
BCTaHOBJICHO 3anexHIicTh (17). IlincTaBuBmm
IO 3aJICKHICTh Y BUPA3 3aTaIbHOTO MUTOMOTO
omnopy moi3aa, Oyyno neperBopeHo Bupas (16)
TaKUM YHHOM, 11100 B JIiBiii YacTUHI OTpUMaTH
nuToMy cuiy Tard. OTpuMaHi 3Ha4YCHHS
MUTOMOI CHJIM TATH OYJIM TIOMHOKEHI Ha BUpa3
P+ Q. B pe3ynbTaTi 11bOro BU3HAYCHI peaibHi

3HAYEHHSI CWJI TSITU JIOKOMOTHBA. 3pOOUBIIN
aHaji3  OTPUMAHUX  PO3paxyHKiB,  OyJo
BCTAHOBJICHO 3HMXEHHS cuiau Taru BJI11 wna
57% TOpIBHAHO 3 JaHUMH  TATOBO-
enepreruunoro nacrnopty Ha II-T1IT mo3wmmii.
PosrnsiHyTHii  OCHOBHMI ~ NUTOMHUH  OIIp
BaroHiB, sSIKWi OyB OTprUMaHwMii 3a BUupa3om (17),
Ta HaONIKEHAa CyMa CHJI OCHOBHOTO OTOpPY
BaroHiB (1)—(5) 3rimHO 3 CHCTEMOIO DIBHSHB
(18) 1 anroputmom (puc.4) 103BOJUIN
BU3HAYUTH OCHOBHI TEXHIYHI XapaKTEPHUCTUKU
KOJIICHUX IIap BaroHiB: CEpeaHiil aiaMerp
KomicHoi mapu — 940 MM, HEpiBHOMIPHICTBH
3HOCY Komic — 1,5 mm.

/ ADy, A(Ady ), Atg /

v
Dy, Ady , tgP

h 4
k=0

'

> V=0; V<R0; V++
¥

L k=k+w)(V)—w) (Dy £ ADy, Ady = A(Ady ), tgB = A1gB V)

[pososxkysaTn
PO3PaxyHOK

y

/
/ k, noéyoyeamu zpagpu wy, ma wp, /

AD,
A(Ady )
Atgf

[Tapamerp Ge3
3MIHH

OOepHeHHs 3HAKY Obnynenus
napamMeTpa npupocTy | | mapamerpa npHpocTy

| I

Puc. 4. Anroputm HabmmkeHHs cymu (1)—(5) TUTOMEX CHIT OITOPY BaroHiB
JI0 peajbHO1 KPUBOi CHJI OCHOBHOTO OTIOPY TMPU PO3B’s3aHHI CUCTEMHU PiBHAHD (18)
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331K

Cnoboxanckan

CnoboxaHckoe
CnoboxaHcbke
De"]n(‘*a;. yn 3
Makne
7""5\09 -
V. xmroa
70
60
50
40
in
:0 | {
U
0 - - - - - + . + 1 + L
n 1000 4000 900 12000

IITupoTa nowaTkoRoi TOUKH pyxy: 49.457699
Jorrora no9aTKoBOi TOUKH pvXy: 36.518551
Brcora: 125 m

Kinuesa mmpoTa posrngayToi masauui: 49.6376
Kinuesa qoerora posrasayroi aiassnui: 36.48559.
Bucora: 103 m

Aowey
Honeus

Oowey +

Anppeenga

6
-ma,‘,,(,,’,
. S,m "Ckag .,
L LWeSenm

15000 -

Puc. 5. Tpekinr nepemimerns noizaa Ne 3608 3 moOy10BaHOO 3aJI€KHICTIO IIBUIKOCT1
B1JI IJISIXY Ta KOOPJAWHATAMU MOYATKY 1 KIHIIS BIACTEXKEHHS

Oco0INBICTIO TaHol pobotu €
HEOOXiHICTb BHUKOPUCTAHHSI CIIeiaicTa s
KopuryBaHHs kpuBuX. OJHaK oOTpuUMaHi
3aNIe)KHOCTI  MOMKJIMBO  3aCTOCyBaTH B
MPOrPaAMHOMY KOMILJIEKC1 «Tsrosi
pPO3paxyHKW», BCTAHOBUBIIM  ONTHUMAJIbHI

BUTpPATH TMaJHBHO-CHEPTETHYHUX PECypCiB Ha
TATY MOI3/iB.

BucnoBku. B pesynpTaTi nposeneHol
pOOOTH BCTAHOBJICHE pealbHE 3HAUEHHS CHII
OCHOBHOTO OIIOPY BaroHiB Ta JOBEJCHA
MOJJIMBICTh OTPUMaHHS HOTO B IMOTOYHOMY
pEeXHUMI Yacy Ha OCHOBI 1HQOpMaIIil 3 cHUCTEM
r7100aIbHOTO TMO3MIIIOHYBAaHHS, 1HTETPOBAHUX

Ha noxomotuBd BJI11. OcHOBOIO M1 LLOIO
CTaB 3aKOH 30epeeHHs MeXaHiuHOi eHeprii,
JBOCTOPOHHINA €(EKT SKOTO J1aB MOXKIJIUBICTh
BCTaHOBUTH 3HMKEHHS peallbHUX 3HAU€Hb CUII
TATH y BKa3aHOMY Jiana3oHl IIBUIKOCTEH Ha
5,7 %. Bka3zaHi TBEpI)KEHHS MOXYTh 3HAWUTHU
B1/100paXeHHS B ONITUMI3allil BUTpAT MajuBa Ha
TATY MO137iB. PO3paxyHKH TEXHIUHOTO CTaHy,
nmpoBeAieHI B poOOTI, TMOKa3aau CepeaHin
niamerp  KkosicHoi mapu B 940  wmmM,
HEpIBHOMIPHICTB 3HOCY Kouic — 1,5 MM. Takox
BKa3aHI  TBEP/KEHHS  MOXYTb  3HATH
B1IOOpaXEHHS Y BHU3HAUYE€HHI ONTUMAaIbHHUX
MDKPDEMOHTHHX  TEpiOAiB A PYXOMOTO
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ckiaay. B mopmanbiiomy JOLIIBHO Ha OCHOBI nporpaMHe 3abesnedeHHss B APM nokomo-
3aMpOIOHOBAHKUX AJITOPUTMIB Ta OTPUMAHHX TUBHOT'O FOCTIOIAPCTBA 3 METOIO BCTAHOBJICHHS
3aNeKHOCTEH  po3poOUTH 1  BOPOBAAUTHU palioHaTbHUX BUTPAT Ha TATY MOI3/1B.
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