ISSN 2227-1031 (Print)
ISSN 2414-0392 (Online)

HAYKA u TEXHUKA

MexayHapoAaHbIN
Hay4YHO-TeXHUYECKUMN XXypHan

Cepus 2. CTpoUuTe/ICTBO

M3paeTcs ¢ aHBaps 2002 roga

Yuypeautenb
Benopycckuin HaunoHarnbHbIN
TEXHUYECKU YHUBEpPCUTET

bHTY,

MeproanyYHOCTL U3AaHNA — oOvH pas B ABa Mecsla

Science V.18,No 2
and Technique (2019)
International

Scientific and Technical Journal

Series 2. Civil and Industrial Engineering

Published from January 2002
Publication frequency — bimonthly

Founder

Belarusian National
Technical University

JKypHan BriroueH B 0a3bl JaAHHBIX:
Web of Science Core Collection (ESCI), EBSCO, DOAJ, WorldCat,
OpenAIRE, Google Scholar, PUHII, 3bC «Jlaup», HOb «KubepJlenunka», Cormonet

The Journal is included in the following databases:
Web of Science Core Collection (ESCI), EBSCO, DOAJ, WorldCat,
OpenAIRE, Google Scholar, RISC, Lan, CyberLeninka, Socionet

COJAEPKAHUE

CTpoMTe/IbCTBO

Bocakos C. B., Mopanu A. U., Kapsikun A. A.,
Conun C. A., lepoenues HU. C.
Pacnpenenenue ycunuii o Harpy3koi
B MHOTOIYCTOTHBIX IUIUTaX COOPHO-MOHOJIHTHOTO
NEPEKPBITHS, OLIEPTOrO HA HECYILUE CTCHHI . . . . . . . 93
Tingguo Liu, Zankavich V. N., Aliakseyeu Yu. H.,
Khroustalev B. M.
Recycling of Materials for Pavement Dressing:
Analytical Review
(J/Iro Tunryo, 3anxosn4 B. H., Anekcees 0. T,
Xpycranaes b. M.
PecalfkuiHT MaTepHranoB JOPOKHBIX OIEXK:
AHATIATUYCCKUI 0030D) « .+« v v v v e e eee e eee s 104
Hasbigos E. 1O.
HekoTopsie 3ameuanus
K IPOEKTHPOBAHHIO CTAIBHBIX KOHCTPYKIUIT
110 €BPOMNECHCKUM HOPMAM . .« o .o v vvv e e e 113
Leonovich S. N., Sviridov D. V.,
Belanovich A. L., Savenko V. P.,
Karpushenkov S. A.
Heat-Resistant Foam Concrete on the Basis
of Two-Component Binder
(JIeonoBuu C. H., Ceupunos /1. B.,
benanosuu A. JI., CaBenko B. II.,
Kapnymenkos C. A.
JKapocroiikuii IeHOOETOH Ha OCHOBE
JIBYXKOMIIOHEHTHOTO BSKYIIETO) .« . oo vvven v .. 121

I Hayka
uTexHuka. T. 18, Ne 2 (2019)

CONTENTS

Civil and Industrial Engineering

Bosakov S. V., Mordich A. L., Karyakin A. A.,
Sonin S. A., Derbentcev I. S.

Distribution of Load Forces in Hollow Core Slabs

of Precast Solid Floor Supported

onBearingWalls .. .......................... 93
Tingguo Liu, Zankavich V. N., Aliakseyeu Yu. H.,
Khroustalev B. M.

Recycling of Materials for Pavement Dressing:

Analytical Review . . ......... .. ... ..., 104

Davydov Y. Y.
Some Comments on Designing
of Steel Structures According
to European Standards. ...................... 113
Leonovich S. N., Sviridov D. V.,
Belanovich A. L., Savenko V. P.,
Karpushenkov S. A.
Heat-Resistant Foam Concrete on the Basis
of Two-Component Binder ................... 121

Science and Technique. V. 18, No 2 (2019




Peoakuyuonnasn Konnezusn

Ocunos C. H., 3axapenko A. B., Uuk B. M.

HekoTopsle cToxacTu4eckne 0COOEHHOCTH

KapOOHM3aIMU OeTOHA H XKEeNe300eToHa . . .. .. .. .. 127
Husakoscknii A. M., Pomanok B. H.,
Unuxo A. H., SAukesnu 0. B.

Bepudukanus HecrannoHapHOH MaTeMaTHIeCKON

MOJEeNM TBepACHHUs OeToHa

B TEIIJIOTEXHOJIOTMYECKMX YCTAHOBKAX . . .. ... .. .. 137
Bepemenrtok B. B., UBameukun B. B., Hemeposen O. B.

MonenupoBaHue npouecca U3MEHEHUs1 yPOBHEN

B KacKaJie U3 IBYX PYCIIOBBIX BOJXOXPAHMIIHIIT

TIPU TPOITYCKE TOJMOBOMBS . « « v v vvvev v eeeeee e 146
Berynosa H. B., I'paxos B. II., Boamumes B. H.,
Kucasxosa 10. T'.

CpaBHUTEbHAS OLIEHKA PE3yIbTaTOB UCTIBITAHHUIH

OeTOHHBIX 0aJIOK C KOMIIO3UTHOM apMaTypoi

W PACYETHBIX JAHHBIX . .. vvvennenneenn e 155
Kupavykh K. S., Kupavykh A. S., Morenov V. A.

Analysis of Implementation Effectiveness of Two

Working Fluids Characterized by Different

Viscoelastic Characteristics at Hydrodynamic

Impact on the Borehole Bottom Zone

(Kynasbix K. C., Kynasbix A. C., Mopenos B. A.

Ananu3 3¢ (eKTUBHOCTH IPUMEHEHHUS

IBYX pabo4HX )KUAKOCTEH C pa3IMIHBIMU

BSI3KOYTIPYTHMH XapaKTePUCTHKAMU

TP THAPOANHAMHYECKOM BO3/AEHCTBUU

Ha IpU3a00HHYI0 30HY ITACTA) . . . v v oo vv e 164
Anexceenko B. B., Babumesuu K. 1O.,
Bepxotyposa E. B.

MogenupoBanue achaibTo0eTOHa METOIOM

JIUCKPETHBIX DJIEMEHTOB. « . ¢\ v vveeeeeannn 171

naBHbIN peaakTop
Bopuc Muxamnnosu4 Xpycranes

PepakunoHHasa konnerus

B. B. BABUIJKUH  (Benopycckuii  HAyuoHanbHbLi
mexuuyeckuti ynugepcumem, Munck, Pecnyonuxa
benapycy),

B. I". BAIIITOBOH (Benopycckuii HayuoHanbHblil mex-
Huueckuu ynusepcumem, Munck, Pecnyonuxa be-
aapycw),

A. B. BEJIBIH (®usuxo-mexnuueckui uncmumym Ha-
yuonanvhou axademuu Hayk benapycu, Munck,
Pecnybnuxa benapycy),

B. I1. FOMKOB (Benopycckuii HayuoHanbHbIll mexHu-
yeckutl yrusepcumem, Munck, Pecnybnuxa bena-
pyey),

C. B. BOCAKOB  (Pecnybauxanckoe — YHUMApHOE
npeonpuamue no cmpoumenvcmsy «HMucmumym
benHUUC», Munck, Pecnybnuxa benapycs),

1O. B. BACUJIEBUY  (benopycckuii  HAyUOHAbHbILL
mexHuyeckuil ynusepcumem, Munck, Pecnyonuka
benapycw),

90

Osipov S. N., Zakharenko A. V., Chik V. M.

Some Stochastic Specific Features of Concrete

and Reinforced Concrete Carbonization . . ........
Niyakovskii A. M., Romaniuk V. N.,
Chichko A. N., Yaczkevich Yu. V.

Verification of Non-Stationary Mathematical

Model of Concrete Hardening

in Thermal Technological Installations . . .........
Veremenyuk V. V., Ivashechkin V. V., Nemerovets O. V.

Modeling of Process for Level Changes

in Cascade of Two Channel Water Reservoirs

inCase of Flooding . .. ......... ... ... .....
Begunova N. V., Grahov V. P., Vozmishchev V. N.,
Kislyakova J. G.

Comparative Evaluation of Test Results

of Concrete Beams with Fiberglass Rebar

and Calculated Data. . ........................
Kupavykh K. S., Kupavykh A. S., Morenov V. A.

Analysis of Implementation Effectiveness of Two

Working Fluids Characterized by Different

Viscoelastic Characteristics at Hydrodynamic

Impact on the Borehole Bottom Zone .. ..........

Alekseenko V. V., Vabishchevich K. Yu,
Verkhoturova E. V.

Modeling of Asphalt Concrete While

Using Discrete Element Method .. ..............

Editor-in-Chief
Boris M. Khroustalev

Editorial Board

127

137

146

164

171

V. V. BABITSKY (Belarusian National Technical Uni-

versity, Minsk, Republic of Belarus),

V. G. BASHTOVOI (Belarusian National Technical

University, Minsk, Republic of Belarus),

A. V. BYELI (Physical-Technical Institute of National
Academy of Sciences of Belarus, Minsk, Republic

of Belarus),

V. P. BOYKOV (Belarusian National Technical Univer-

sity, Minsk, Republic of Belarus),

S. V. BOSAKOV  (Republican
Research Enterprise for Construction
BelNIIS”, Minsk, Republic of Belarus),

Unitary  Scientific-
“Institute

Yu. V. VASILEVICH (Belarusian National Technical

University, Minsk, Republic of Belarus),

Hayka

y
wrexHuka. T. 18, Ne 2 (2019)



Editorial Board

O.T. JEBOMHO (Benopycckuii HayuoHambHblll mex-
Huueckuii yHusepcumem, Munck, Pecnyonuxa be-
Japycy),

K. B. JJOBPETO (Benopycckuti HAYUOHATbHBIU MeX-
Huueckuii ynugepcumem, Munck, Pecnyonuxa be-
aapycw),

I U. JIFIYEK (Beropycckutl HAYUOHANbHBIU MeXHU-
yeckutl yrusepcumem, Munck, Pecnybauxa bena-
pycs), .

M. 3. 3I'VPOBCKHH (Hayuonanvuwlii mexuuueckuil
yHugepcumem Ykpaunvl «Kuesckuii nonumexuu-
yeckuti uncmumymy, Kues, Yxpauna),

P. 5. UBYTH (Benopycckuii HayuoHAanbHblll MeXHuye-
ckuii  yHugepcumem, Munck, Pecnyonuxa bena-
pyey),

A. C. KAJIMHUYEHKO (benopycckuii HayuoHa bHbll
mexHuueckuti yHusepcumem, Munck, PecnyOnuxa
benapycw) (3amecmumens enagnozo pedakmopa),

M. I'. KUCEJIEB (Benopycckuili HAUUOHANbHBIU mMex-
Huueckuu ynusepcumem, Munck, Pecnyonuxa be-
aapycs),

A H KOBAJIEB (Benopycckuii HAyUOHATbHBIL MexX-
Huueckuii yHusepcumem, Munck, Pecnyonuxa be-
Japycy),

B. B. KO3JIOBCKHH (Munckuii punuan pedepanviozo
20CY0apCmeeHH020 DI00HCEMHO20 00PaA3068amMenIbHO-
20 yupexcOeHus 8bicutec0 NpogeccuoHaIbHO20 00-
pazosanust «Poccutickuii IKoOHOMUYeCKULl YHUBEpCU-
mem umenu I B. I[lnexanosay, Munck, Pecnybnuxa
benapycy),

B. M. KOHCTAHTHHOB (Benopycckuii HayuoHanb-
Hblll mexHudecku yHugepcumem, Mumnck, Pecnyo-
quxa benapycy),

H. B. KVJIEIIIOB (Beropycckuti HayuOHATbHbIN mexX-
Huueckuii yHusepcumem, Munck, Pecnyonuxa be-
Japycy),

C. H. JIEOHOBHUY (benopycckuil  HayuoHanoHull
mexuuyeckuti ynugepcumem, Munck, Pecnyonuxa
benapycw),

C. A. MACKEBUY (Meoicoyrapoonulil 20cyoapcmee-
Holtl oxonocudeckutt uncmumym umenu A. J]. Ca-
xapoesa Benopyccxozo eocyoapcmeennoeo yrusep-
cumema, Munck, Pecnyonuxa berapycy),

3. U. MUXHEBHUY (Benopycckutl HayuoOHanbHblll mex-
Huueckuu yunusepcumem, Munck, Pecnyonuxa be-
aapycw),

HI'VEH TXY HI'A (Hayunwiii snepeemuyeckuil uHcmu-
mym Bvemnamckoii axademuu Hayx u mexono-
eutt, Xanou, Coyuanucmuveckas Pecnybnuka
Bvemnamy),

M. OIIEJIAIK  (Texnuueckuii yHusepcumem «Jlo6-
JuUHCKAs noaumexuukay, Jhobaun, Pecnybauka
Honvwa),

O. I'. [IEHA3BKOB (Uncmumym menno- u mMaccooo-
mena umenu A. B. Jleikosa HAH Benapycu, Munck,
Pecnybnuxa benapycy),

Hayka
uTexHuka. T. 18, Ne 2 (2019)

O. G. DEVOINO (Belarusian National Technical Uni-
versity, Minsk, Republic of Belarus),

K. V. DOBREGO (Belarusian National Technical Uni-
versity, Minsk, Republic of Belarus),

P. I. DYACHEK (Belarusian National Technical Uni-
versity, Minsk, Republic of Belarus),

M. Z. ZGUROVSKY (National Technical University
of Ukraine “Kyiv Polytechnic Institute”, Kiev,
Ukraine),

R. B. IVUT (Belarusian National Technical University,
Minsk, Republic of Belarus),

A. S. KALINICHENKO (Belarusian National Tech-
nical University, Minsk, Republic of Belarus)
(Deputy Editor-in-Chief),

M. G. KISELEV (Belarusian National Technical Uni-
versity, Minsk, Republic of Belarus),

Ya. N. KOVALEV (Belarusian National Technical Uni-
versity, Minsk, Republic of Belarus),

V. V. KOZLOVSKIY (Minsk Branch of Plekhanov Rus-
sian University of Economics, Minsk, Republic
of Belarus),

V. M. KONSTANTINOV (Belarusian National Tech-
nical University, Minsk, Republic of Belarus),

N. V. KULESHOV (Belarusian National Technical
University, Minsk, Republic of Belarus),

S. N. LEONOVICH (Belarusian National Technical
University, Minsk, Republic of Belarus),

S. A. MASKEVICH (International Sakharov Environ-
mental Institute of Belarusian State University,
Minsk, Republic of Belarus),

E. I. MIHNEVICH (Belarusian National Technical
University, Minsk, Republic of Belarus),

NGUYEN THU NGA (Institute of Energy Science
of the Vietnam Academy of Science and Technolo-
gy, Hanoi, Republic of Vietnam),

M. OPELYAK (Lublin University of Technology “Poli-
technika Lubelska”, Lublin, Republic of Poland),

O. G. PENYAZKOV (A. V. Luikov Heat and Mass
Transfer Institute of the National Academy
of Sciences of Belarus, Minsk, Republic of Belarus),

91



Peoakuyuonnasn Konnezusn

I A. IIOTAEB (Benopycckuii HayuoHanbHulll MexXHuU-
yeckuti ynusepcumem, Munck, Pecnyoauxa bena-
pyey),

O. I1. PEVT (Quauan FHTY «Uncmumym nosviuierus
Keanupurayuu u nepenoo2omosKu Kaopos no Ho-
6bIM HANPABGNEHUAM PA3GUMUS MEXHUKU, MEXHON0-
euu u IKoHomuxuy, Munck, Pecnyonuxa benapycy),

@. A. POMAHIOK (Benopycckuii HayuoHanbHulil mex-
Huueckuii yHusepcumem, Munck, Pecnyonuxa be-
Japycy),

U. M. CEPTEH (Benopycckutl HayuoHansHblii mexmu-
yeckutl ynusepcumem, Munck, Pecnybnuxa bena-
pyey),

B. JI. COJIOMAXO (Pecnybauxauckuti UHCIMUmMym uH-
HoBayuonHbix mexuonozuli benopycckozo mnayuo-
HANbHO2O MeXHUuecko2o ynugepcumema, Munck,
Pecnybnuxa benapycy),

C. A. YHDKUK (Hayuonanvuas akaoemus nayk bena-
pyeu, Munck, Pecnybnuxa benapycy),

A. H. YUYKO (Benopycckuii HAyUOHANbHBIN MeXHU-
yeckuti ynusepcumem, Munck, Pecnyoauxa bena-
pyey),

B. K. HIEJIET (Benopycckuti HAyuOHAIbHbII MeXHUYe-
ckuii  yHugepcumem, Munck, Pecnybnuxa bena-

_ pyce), 5

U. DFEPXAPIUITAUHEP (Benckuu mexuudeckuii yHu-
eéepcumem, Bena, Aecmpus),

b. A. AIKUMOBHY (Horcesckuti 2ocyodapcmeenmbiil mex-
Huueckuti yHusepcumem umenu M. T. Kanawnu-
kosa, Hceeck, Poccutickas @edepayust)

OTBeTCTBEHHbIN CeKpeTapb pefakumm
B. H. N'ypbsHuYKnK

Appec pegakuum

Benopycckuii HaunoHanbHbIN TEXHUYECKUI YHUBEpPCUTET
np. HesaBsucumocTu, 65, kopn. 2, KOMH. 327
220013, r. MuHck, Pecny6nuka Benapycb

Ten. +375 17 292-65-14

E-mail: sat@bntu.by
http://sat.bntu.by

G. A. POTAEV (Belarusian National Technical Uni-
versity, Minsk, Republic of Belarus),

O. P. REUT (Branch of the BNTU “Institute of Ad-
vanced Training and Retraining for New Areas
of Engineering, Technology and Economy”, Minsk,
Republic of Belarus),

F. A. ROMANIUK (Belarusian National Technical
University, Minsk, Republic of Belarus),

L 1. SERGEY (Belarusian National Technical Universi-
ty, Minsk, Republic of Belarus),

V. L. SOLOMAKHO (Republic Institute of Innovative
Technologies of the Belarusian National Technical
University, Minsk, Republic of Belarus),

S. A. CHIZHIK (The National Academy of Sciences
of Belarus, Minsk, Republic of Belarus),

A. N. CHICHKO (Belarusian National Technical Uni-
versity, Minsk, Republic of Belarus),

V. K. SHELEG (Belarusian National Technical Uni-
versity, Minsk, Republic of Belarus),

J. EBERHARDSTEINER (Vienna University of Tech-
nology, Vienna, Austria),

B. A. YAKIMOVICH (M. T. Kalashnikov Izhevsk Sate
Technical University, Izhevsk, Russian Federation)

Executive Secretary of Editorial Staff
V. N. Guryanchyk

Address

Belarusian National Technical University
Nezavisimosty Avenue, 65, Building 2, Room 327
220013, Minsk, Republic of Belarus

Tel. +375 17 292-65-14

E-mail: sat@bntu.by
http://sat.bntu.by

MepepernctpmpoBaHo B MuHmucTepcTse uHgopmaummn Pecnybnuku benapycb 19 gekabps 2011 r.
PeructpauunoHHbin Homep 285
C 2002 r. usgaHue Bbixoanno nog HassaHmeM «BecTHuk BHTY»

ISSN 2227-1031. NMoanucHble nHaekcobl 00662, 006622

MoanucaHo B nevatsb 28.03.2019. ®opmat bymaru 60x84 1/8. Bymara menoBaHHas. MNevatb LudpoBsasi.

Ycn. ney. n. 11,75. Yu.-u3g. n.

. Tupax 100 ak3. [JaTa BbIxoga B CBET

. 3akas Ne

OtneyataHo B BHTY. JlnueHsns JI Ne 02330/74 ot 03.03.2014.
220013, r. MuHck, np. HesaBucumocTy, 65.

© Benopycckuin HauMoHarnbHbIA TEXHUYECKUA yHuBepcnuTteT, 2019

92

Hayka
wrexHuka. T. 18, Ne 2 (2019)


http://en.bntu.by/republican-institute-innovative-technologies
http://en.bntu.by/republican-institute-innovative-technologies

CTPOUTENBCTBO
CIVIL AND INDUSTRIAL ENGINEERING

https://doi.org/10.21122/2227-1031-2019-18-2-93-103

VK 624.012.46:624.073

Pacnpenenenue ycuiiui o Harpy3Kkoi B MHOTOIYCTOTHBIX IJIATAX
COOPHO-MOHOJIMTHOIO NEePEKPHITHSL, ONEPTOr0 HA HeCylllHe CTEHbI

), KaH[. TexH. Hayk A. U. Moplqu),

JIOKT. TexH. HayK, npo¢. C. B. Bocakos'
KaHJI. TeXH. HAyK, npod. A. A. Kapsikun”,
KaHIHIATHI TeXH. HAYK, KoueHTh C. A. Connn”, H. C. lep6enuen”

YBenopycckuii HanuoHabHbIH TexHUUeCKHUi yauBepcutet (Munck, Pecriy6muka Benapycs),

2000 «BACTumxuanpuary (Muuck, PecriyGnnka Bemapycs),

3)IO>1<H0—YpanLCKI/H71 rocyJapcTBeHHbIN yHUBepcHTeT (HammoHambHbIN HeclieT0BaTeNbCKUH YHUBEPCUTET)

(Yensnounuck, Poccuiickas deneparus)

© benopycckuiil HallMOHANIBHBIN TEXHUYECKUH yHUBepcuteT, 2019
Belarusian National Technical University, 2019

Pedepat. [TorpeOHOCTH CHMKEHUSI CeOECTOMMOCTH CTPOUTEIHCTBA JKUIIBIX U OOIIECTBCHHBIX 3JIaHUU M 00CCIICUCHHS B HUX
CBOOOIHOM M TpaHCHOPMHUPYEMOH MPH SKCIUTyaTaluy IJIAHUPOBOYHOM CTPYKTYpHI BBI3BIBAIOT MHTEPEC K CTEHOBBIM CHCTE-
MaM 3J[aHUi, BBIIOJHAEMBIM ¢ OOJBINMM IIaroM HECyIIuX cTeH. /i COKpalleHHsT TPyA03aTpar | MOBHIIICHUS TEMIIA CTPOH-
TEJIbCTBA B TAKOM HECYIEH cHcTeMe 31aHHs Takxke TpeOYITCS MaKCHMAaJIbHOE UCIOIb30BaHHE KPYITHOIa0APUTHBIX COOPHBIX
M3IIENTNA 1 MUHHMH3AIHS Pacxoja MOHOJIUTHOTO OeToHa. [Ipu 3TOM cOOpHBIE M3IETHSI HOJDKHEI OBITh 3aMEHSEMBI 110 YCIIO-
BUSIM MECTHOH (pernoHanbHON) 6a3bl CTPOMMHIYCTPUH, @ 00beMa MOHOJIMTHOIO OETOHA TOCTAaTOYHO JUIs 00ECHeUeHHUs MOoJI-
HOTO TepepacrpeieNicHuss BHYTPEHHUX YCHIMHA MEXAY 3JIEMEHTaMH HECYIICH CHCTeMBI MOJ Harpyskoil. [IpuMeHHTENHHO
K OIMCAaHHOI Hecylleil CTEHOBOM cuCTeMe MHOTO3TaXKHOTO 3[aHUS B CTAaThe MPEACTABICHA KOHCTPYKIHS INIOCKOTO COOpHO-
MOHOJIUTHOTO NEPEKPHITHS, 00Pa30BAHHOIO MHOTOIIYCTOTHBIMU IIJIUTAMU M MOHOJIUTHBIMU PUTEIIIMH, OIMPAEMOro Ha HECy-
1€ CTCHbI. MHOrOIYCTOTHBIC IUIMTHI, ONEPTHIC TI0 TOPIIaM Ha MOHOJIWMTHBIC PUTEIH B TUIOCKOCTAX HECYIIHX CTEH, pa3me-
LIEHB! IUIOTHBIMU TPYNIAMU MEXIY MOHOJHUTHBIMHU CBSI3€BBIMH pUTeIsMU. IIOTHBIC KOHTaKTBI MEXAY 3JIEMEHTaMHu Iepe-
KPBITHSI 3a)IKCHUPOBAHbI BHYTPCHHUMH CBS3sIMH. Ha OCHOBaHWM HATYPHBIX HUCHBITAHUA M CYHNIECTBYIOIINX TEOPETHYCCKHUX
MOJIOKEHUH MOTy4eHb! HOBBIC JaHHBIC IO PACIPEIeTICHUI0 YCHIMMA B 3JIeMEHTaX MEePeKphITUS NP JCHCTBUN BEPTHKAIBHOM
HArpy3Kd. Y CTaHOBJICHO, YTO MO ACHCTBHEM STON HATPY3KU B IIOCKOCTH MEPEKPBITUS BJOJh OOCHX TNIABHBIX OCEH BO3HH-
KalOT PEaKTUBHBIC PACTIOPHBIE YCHIIHS, 00eCIIeunBaroIie padOTy KaX 101 IPYIIIBl MHOTOITYCTOTHBIX IUTUT B IEPEKPHITUH KaK
3 PEKTUBHON LENFHON CIUIOIIHON IUIACTHHBI, ONEPTOH 1O KOHTYPY. YYeT PEaKTUBHBIX PACIIOPHBIX YCHIIUI TO3BOJISIET
Hanbosee TOYHO OLEHUTHh HECYLIYIO0 CIIOCOOHOCTH U KECTKOCTh COOPHO-MOHOJIMTHOTO NMEPEKPHITHS U IPH MHOTOILYCTOTHBIX
IDIATaX TOMMKUHON 220 MM 00€CIICUUTh YBEIIMYCHHUE [Iara HECYIUX CTEH JI0 8 M U Ooiee.

KnioueBble ciioBa: cOOPHO-MOHOJIMTHOE II€PEKPHITHE, MHOTOITyCTOTHBIC IUIMTHI, MOHOJHTHBIC PHIENH, HECYIIHE CTEHEL,
MPOJIONBHBIN U TIONEPEUHBIH paciop, HeCyIas CloCOOHOCTb, )KECTKOCTh

Jas uurupoBanus: Pacnpenenenue ycunuii mox Harpy3koi B MHOTOITYCTOTHBIX INTUTaX COOPHO-MOHOJIMTHOTO TEPEKPBITHSL,
oneproro Ha Hecyume crensl / C. B. Bocakos [u np.] // Hayka u mexuuka. 2019. T. 18, Ne 2. C. 93-103. https://doi.org/
10.21122/2227-1031-2019-18-2-93-103
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Abstract. The need to cut construction cost of residential and public buildings and provide them with a free and transformable
planning structure during their operation cause interest in building wall systems with a large step of bearing walls. In order
to reduce labor inputs and increase rate of construction in such building load-bearing system it is also necessary to maximize
the use of large-sized prefabricated products and minimize consumption of in-situ concrete. In this case prefabricated products
should be substituted according to the conditions of local (regional) construction industry base and volume of in-situ con-
crete must be sufficient to ensure a complete redistribution of internal forces between elements of the bearing system under
load. As for the described bearing wall system of a multi-storey building the paper presents a flat precast solid floor formed by
hollow-core slabs and monolithic crossbars supported by load-bearing walls. The hollow-core slabs supported at the ends on
cast-in-place crossbars in the planes of bearing walls are arranged in dense groups between cast-in-place braced cross-beams.
Dense contacts between overlapping elements are fixed by internal bonds. New data on distribution of forces in floor elements
under the action of a vertical load have been obtained on the basis of full-scale tests and existing theoretical assumptions.
It has been established that due to this load reactive thrust forces ensuring an operation of every hollow-core slab group in the floor as
an effective solid plate supported along the contour have been originated in the floor plane along two main axes. Calculation of the
reactive thrust forces makes it possible more accurately to assess a load-bearing capacity and rigidity of the precast solid floor and to
increase a step of bearing walls up to 8 m and more while having hollow-core slabs with a thickness 0of 220 mm.
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BBenenne

CTeHOBBIE HECYITUE CHCTEMBI MOTYT obecrie-
YUTHh JIOCTATOYHO BBICOKHE TOTPEOWTENBbCKHE Ka-
YeCTBAa MHOTOATAXKHBIX KHIIBIX U OOIIECTBEHHBIX
3MaHU W MHHAMH3APOBAaTH Ce0ECTOMMOCTh HX
CTPOUTENBCTBA. JIeHCTBUTENBHO, BBHIIIOIHEHUE HeE-
CYIIUMH CTECHAMU JOTIOJHUTEIBHO OTPasKIAOIINX
(hyHKIMH, CpaBHUTENbHO HeOOINbINas TONIIWHA U
pa3BuTas IUIOMAIh MX TOPH3OHTANBHBIX CEYCHHUN
IpU JOCTATOYHOM pa3Mepe Iara pa3MeIIeHHs
3THX CTEH B 3[aHHUU TMO3BOJISIOT 3aMETHO CHU3WTH
€ro MaTepuajoeMKOCTh W TOJYYHTh Pa3zHooOpas-
HYI0 TUIAHUPOBOYHYIO CTPYKTypy. OUeBHUIHO, TIO
STHM TPUYMHAM JIOMa TOBBIIICHHON AITaKHOCTH
Y BBICOTHBIE Yallle PEaN3YIOT B CTEHOBBIX CHUCTE-
Max [1]. Hecyrue cTeHbI MOT'YT OBITH BBIITOJHEHBI
KaK M3 MOHOIJIMTHOTO JKeJIe300eTOHa, TaKk u cOop-
HBIMH, COOPHO-MOHOJIUTHBIMU. )i MX YCTpOMCT-
Ba TMPaKTHYECKH HE TPEOYIOTCS BBICOKOIPOYHEIE
OCTOHBI, YTO JOTIOJIHUTENEHO CHUXKAeT cebecTou-
MOCTh CTPOWUTENLCTBA. TEXHOJOTHUS BO3BEIE-
HUSI 3IaHUN CTEHOBON CHCTEMBI JIOCTaTOYHO MpPO-
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CTa W JOCTyIHA JIO00MY KBAIH(DHUIIMPOBAHHOMY
MOIPSITIUKY.

B [2] mokazaHo, 4TO IpH IIare HECyIIuxX CTEH,
Hampumep, 7,2 M BO3MOXKHO BBITIOJIHUTH TTOMEIIIE-
HUA wom@ans 4045 M ¢ JOCTATOYHBIM KOJIHNYE-
cTBOM (YHKIMOHAJIBHBIX 30H U1 pean3alnu
CBOOOTHOM, BapHAHTHOW W/WTH THOKOW TUTAHHPOB-
ku. [l yBenuueHwus mara HeCymuX CTEH MHOTO-
STaXHBIX 3aHWN TAHENBHBIX CHCTEM, Hamboiee
pachpoCTpaHeHHBIX Ha TEPPUTOPWUU  OBIBIIETO
CCCP, Ha xoHdepeniyu [3] ObLIO MPU3HAHO IIe-
7ecooOpa3HBIM BMECTO CIUIOIIHBIX ITaHENbHBIX
IUTAT TIPUMEHHUTH B TIEPEKPBITHUSX MHOTOITYCTOT-
Hele Tuatel (MIIIT). Ceox mpasun [4] momycka-
€T TpUMEHEHHE B TEPEKPHITUAX TMaHEeNIbHBIX 3/1a-
uuit MIIII 6e3omany6ounoro gopmosanus (I16D).
OnupaHue UX Ha CTEHBI IPEIYCMOTPEHO MO Oa-
JIOYHOW CXeMe C BO3MOXHBIM YaCTUYHBIM 3aIleM-
JIGHWEM OTIOPHBIX Yy4YacTKoB. M3-3a OTCyTCTBHS
B IIb® 3akmagHbIX JeTale W Haaudus B HHUX
TOJIBKO TIPOJIOJIEHOM apMaTyphl BBICOTA MaHEIbHO-
ro 37aHMsg C TaKUMH TEPEKPBITUSAMH OrpaHUYe-
Ha 10 50 M.
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Kak mokassIBaroT pe3yabTaThl HCTIBITAHUH [5]
U OmbITOB [6, 7], anbTepHATHBOW COOpPHOMY Tie-
PEKPBHITHIO B 3JaHUSX CTEHOBBIX CHCTEM MOXKET
OBITH COOPHO-MOHOJUTHOE TEepeKphITHE (pHC. 1).
COopHBIE MHOTONYCTOTHBIE IUIUTHI B TAKOM Ie-
PEKPBITHH pa3MeIeHbl MEXIy CBSI3E€BBIMU pHTe-
JSIMU TUIOTHBIMH TPYTITIAMA M OTIEPTHI TIO TOPIIaM
BEpXHEH NOJKON Ha OETOHHBIC IINOHKH MOHO-
JUTHBIX Hecymux purened. IInoHku pazmene-
Hel B monoctsax MIIIl mo Topmam Ha riryOm-
Hy (100 £ 10) mm. Purenu 3 BBIONHEHBI B IJIOC-
KOCTSIX HECYUIMX CT€H U JKECTKO OOBbEIUHEHHI C
HuMmu. [lo Topmam muTer 4 MOTYT OBITH JOTIOJ-
HUTEJIBHO ONEPThl HWXHEW MOJIKOM Ha NaHeIu

HECYIIMX CTeH. 1 3TOro Mx TOpLBI 3aBOAST B
cTeHy 1 Ha TONIMMHY 3aIIUTHOTO clos 20—25 MM.
Jia puxcanuy MiIOTHBIX KOHTaKTOB MEXIy 3Je-
MEHTaMH IEPEKpHITUS pUrenu 3, 5 U Ipu He-
00XONMMOCTH MEXIUIUTHBIE IIBBI CHaOKEHbI
BHYTPEHHUMH CKBO3HBIMHU CBS35IMU O, BBINOTHS-
€MBIMH CTepKHEBOH apMatypoil. CBs3u 6 mpen-
Ha3HayeHbl OrpaHnuuBaTh IepemelneHus MIIII
B IUIOCKOCTH NEPEKPBITUN NPHU ACHCTBUU HATPY3-
ku. Kak noxasanu oneITsl [6, 7], npu orpanuye-
Humn cmemenuid MIIIT or moBopoTa OTHOCHUTENb-
HO UX OCH B 3aMKHYTOI paMHOM sdeiike moj Bep-
TUKaIbHOW HArpy3kod BO3HHMKAeT IONEPEYHbIN
pacmop.
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Puc. 1. ITnockoe cO0pHO-MOHOJIHMTHOE IIEPEKPHITHE, 00pPa30BaHHOE MHOTOITYCTOTHBIMU ITUTaMH Oe301ay00YHOro
(hopMOBaHHMs M OIIEPTOE HA HECyIIHe CTeHBI: | — HecyInas cTeHa; 2 — cOOpHast MHOTOIYCTOTHAS IUINTA; 3 — MOHOJIUTHBIN
HeCYyIL puresb; 4 — GETOHHAS LIMOHKA HECYILLETO PUTeTIs; 5 — CBA3EBBIN purens; 6 — apMaTypa BHyTPEHHHX CKBO3HBIX CBSI3€il

Fig. 1. Flat precast solid floor formed by hollow-core slabs of off-formwork casting and supported on bearing walls:
1 — bearing wall; 2 — precast hollow core slab; 3 — monolithic bearing crossbar; 4 — concrete key of bearing crossbar;
5 —tie beam; 6 — reinforcement of internal pass-through ties
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Ilo 51Ol mpUYKMHE OTMEYEHO CYIECTBEHHOE
MOBBIIICHHE JKECTKOCTH M Hecyllell crnocoOHo-
ctu MIIIT B cocTaBe MmepeKkphITHs MO CPABHEHHUIO
€0 CBOOOHO OTIEPTHIMH ILTUTAMHU-OTM3HEIaMH [6].
JlonomHuTENbHOE MOBBIIMICHNUE ITUX MOKAa-
3areneil Omarofaps TIIOTHBIM KOHTaKTaM

te: M,.= 50,9 xH-m. PacderHast mpodHOCTh 1O MO-
MEHTY HOPMAJILHOTO cedeHus it M, = 56,1 kH-M,
pa3pyIIaloIIFi MOMEHT JJISL 3TOTO YK€ CEYCHHS 10
(haKTUYECKUM COTPOTHUBIICHHUSIM apMaTypbl U Oe-
ToHa M, =72,2 kH-Mm.

topuoB MIIII ¢ Hecymumu pureiasiMu
oOecrieunBaeTCcsi TPOJOIBHBIM  pacIo-

pom [5]. B [8] mo pe3ynpraram wmcmbIiTa- oy
HUA  COOPHO-MOHOJNWTHBIX — TEPEKPHITHI
TaKXKC IMOATBCPKAACTCA MX ITOBBIIICHHAA
HecyIlasi CIIOCOOHOCTh U OTMEYaeTcs, 4To
JI0 HACTOALIETO BPEMEHH MEXAaHU3M pa-
00TBl COOPHO-MOHOJIMTHOTO TEPEKPHITHS
packpeIT HezmoctaToyHO. COBEpILIEHHO
OYEBHIHO, YTO IPOrPAMMHBIE CPEJICTBA Ha
OCHOBE IUTOCKOCTHOTO KOHEYHO-3JIEMEHT-
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HECYIIMX CHCTEM NpH NPOCKTHPOBAHUU
3aHUM, TAaKOM 3aJaud TOXKE HE pelua-
1ot [9].

Lens nccnenoBanuii aBTOPOB — MOJY-
YeHHe HOBBIX JaHHBIX O XapakTepe pado-
THI TIOJ] HArpy3Koi cOOPHO-MOHOJIUTHOTO
nepekpeITrsi, obpasoBanHoro MIIIl wu
OIIEPTOro Ha HECYILUE CTEHbI, pa3paboTKa
MPEIOKEHUH 1 TPaAKTUYECKOM OlEHKHU
€ro >KeCTKOCTH W HECYIIeH CIIOCOOHOCTH.
s pemieHus MOCTAaBICHHOW 3alaud I10-
TpeOOBaJIOCH  BBIMOJIHUTD  JIOTIONHHUTEIb-
HBI aHaU3 pe3yNbTaTOB HATYPHBIX HC-
TBITAHUN KOHCTPYKIIUH TUTOCKOTO COOpHO-
MOHOJIUTHOTO TIEPEKPHITHS [5] M COMOCTaBUTh WX
C W3BECTHBIMH PACUYETHO-TEOPETHYECKUMH TIOJIO-
skeHusamu [9-13].

KoHcTpykuus nepexkpbiTusi

JeTanbHO KOHCTPYKUMS TEPEKPBITHS Mpea-
CTaBJicHAa B [5], HMKE MPUBENCHBI TOIHKO OCHOB-
HBIE €ro MapaMeTpbl, TpeOyemble Ijsl aHalu3a.
Harpyxenuio Oblia moaBeprHyTa sdeiika mepe-
KPBITHSL Y €ro KPOMKH (prc. 2), BKIIOYaBIIas IIECTh
coopubix MIIIIT (IIbD) mo cepun 0-455 YpanHUU-
npoekT. Kaxmas MIII gueiiku BbImoMHEHa HO-
MUHAJIBHOW mmmwpuHOW 1,2 M w3 OeToHa Kiac-
ca B30 (C30/37), comepxana MOHM3Y 1O IIECTh
kaHatoB K7 (S1400) nuamerpom 9 mm. YcraHo-
BUBIIEECS] yCHIME OOXartus NpeaHanpsHKeHU-
€M B HHUX jgocturaiio Ny =276,3 xH. MowmeHT,
BBI3BIBAIOIIMK 00pa3oBaHMe TPELIMH B IIpoJe-
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Puc. 2. KoHCTpYKIIMS UCTIBITAHHOTO COOPHO-MOHOJIUTHOTO NEPEKPHITHUS,
OTIEPTOro Ha HECYIIHe CTEHBI B COCTABE 3/[aHus (Harpyxxaemas siueiika
3alITPUXOBaHa): 1 — Hecymas cTeHa; 2 — cOOpHasi MHOTOITyCTOTHas IUINTA;
3, 4 — MOHOJMTHBIH CBA3EBBIN PUrelib; 5 — CKBO3HAS CBA3EBas apMaTypa;
6 — BO3IyLIHBIN 3a30p ANs pa3MEILEHUs] yTeTINTeNs

Fig. 2. Structure of tested precast solid floor supported on load-bearing walls
in building composition (loaded fragment is shaded): 1 — bearing wall;
2 — precast hollow core slab; 3, 4 — marginal and intermediate monolithic

tie beams; 5 — pass-through tie reinforcement;

6 — air clearance for location of thermal insulation

COopHBIE MHOTOITYCTOTHBIE TUTUTHI MEXKAY CO-
00l B KaXIoW sueliKe MEepeKphITHA OOBbeINHEHBI
IIBAMU OMOHOJMYUBAHHUSA M Pa3MEIIEHBl MEXIy
MOHOJUTHBIMU purensivMu 3 u 4. I1o KoHIIaM MIINTHI
ONEpThl BEpPXHEH MONKOH Ha OCTOHHBIC IITOH-
ku (puc. 1) HeCymuX purene W TOpIaMu 3ariryo-
JIeHbl B cTeHbl Ha Bennuuny (20 + 5) mm. Hecymue
purenu pasMelleHbl B CTBOpaX HECYIIMX CTEH U
KECTKO CBSI3aHBl C HMMHU BEpPTHKAIBbHON apmMaTy-
poii. lllar mecymmx creH 6,0 M, MpOJET IUTUT B
cety 5,8 M. Kpaitnuii cBsizeBbIil purens 3, pacno-
JIO)KEHHBI Ha KPOMKE MEepEeKpBITHS, B IOIeped-
HOM cedeHnu (bxh=250x220 MM) comepkai B
COCTaBe apMOKapKaca IOHH3Y U IOBEPXY IO TpH
CKBO3HBIX CTep)KHs 5 nuamerpoMm 16 MM Kmac-
ca A400 (S400). CeszeBblii purens 4 Mo APYTYIO
CTOPOHY SIYEUKH, BBIMOTHEHHBIA upuHOi 600 MM
B BHJI€ MOHOJIMTHOM 3a€TIKU JUIA MPOITyCKa BeEp-
TUKAJIBHBIX KOMMYHHMKAIMM 34aHHA, COJEpKal
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MMOHU3Y JBA CKBO3HBIX CTEPXKHS nuaMeTpoM 20 MM
kimacca A400 (S400). B cpemnem ymmpeHHOM
MEXIUIUTHOM IIBE TaKXKe€ B KadyeCTBE BHYTPEH-
HEel CBs3M TOHW3Y OBLI YCTAaHOBJIEH CKBO3HOM
cTepkeHb nuamerpoM 20 mm kiacca A400 (S400),
3aaHKepeHHbIH 3a creHamu. OOMMi yAeIbHBIA pac-
XOJI apMaTypbl Ha YCTPOWCTBO MEPEKPHITHNA COC-
TaBua 8,3 kr/M>. Bce MOHONMTHBIC SIEMEHTHI Iic-
PEKpBITHS W HECYIIMX CTeH BBHIMOJHEHBI W3 Oe-
ToHa kimacca B25 (C25/30). Ha nmenp wucnbrraHuii
Harpy>xaeMoe TepeKphITHE, a TaKKe NEePEKPBITHS
MOJ ¥ HaJ HUM ObUIM B OJMHAKOBOH TOTOBHO-
ctu (28-35 cyr), u HarpyXeHue MPOU3BOAWIN yCTa-
HOBKOW TPY30B 4epe3 JIepPeBsSHHbIE OPYCKOBBIE TIPO-
KJIaJKU HerocpeacTBeHHO Ha MITIL

IlomHass mpoeKTHas pacdyeTHass BEPTHUKAIb-
Has Harpy3ka Ha HEpPEKpbITHE COCTaBWIA g =
= 10,6 xl[la, a mone3Has pacuyeTHasB Harpys-
ka g, = 7,0 klla. IIpu ucneiTannu OBUIO pEIICHO
CTaHJAPTHBIM MOSTAMHBIM HArpy>KeHUEM JTOBECTH
MIPUJIOKEHHYIO OMBITHYI0 HArpy3Ky IO BEITWYH-
Bl g5, = 7,0 xlla, 9T00BI C y4eToM COOCTBEHHO-
ro Beca MEePEKPHITUS 00ECICUnTh BO3ACUCTBUE HA
HEr0 TIOJIHOW MPOEKTHOM pacueTHOM Harpy3KH.
Ilpu aHanu3e BenuYMHA MOJHOM pacyETHOM Ha-
Ipy3KH yBEJINYEHa 110 gy, = 12,0 kIla xak Hanbo-
Jiee 4acTOM B peabHOM NMPOEKTUPOBAHUH.

OCHOBHBIC PE3YyJIbTAThI HWCIBITAHUM U aHAIIU3

PasButne nporunbos cepenunsl mposnera MIII
B suYelKe TNEpEeKpBITUS B IPOILECCE HArpyKEHUs
uMesno ympyruid xapakrep (puc. 3). Hexoropbie

OTKJIOHeHHMS Tpaduka Ha puc. 3 (uHuHm 1, 3, 4) ot
JIMHEWHOro OOBACHSIOTCS MEPBOHAYAILHO HEPABHO-
MEPHBIM pacrpeleieHieM 3HaYUTENbHbBIX 0 BEJH-
YUHE I'PYy30B IO SMMEHKE MO YCIOBMAM IOAAYU HMX
B cTposieMcsi Jome. BemuunHa HanOombLIEro
nporu6a, AOCTUrHYTas B JBYX CPEAHHUX IUIMTAX OT
JIEUCTBUS IOJIE3HOM PACYETHOW HArpy3KH, COCTABU-
ma 1,0 u 1,1 mM. U mocne BBIIEPKKH TEPEKPHITHSA
TI0J] Harpy3Koi B TeueHwe 18 1 3T 3HaUeHHs He T10-
Mensumuck. [locne pasrpysku mepekpeitust (puc. 3,
JMHUH 2) B CPENHUX IUIATAX ObUTH 3a(hUKCHUPOBAHBI
ocratounsie nporuder 0,1 u 0,2 mm. [Ipu sTom
HanOosplllee 3HaUYCHUE CPEOHUX OTHOCHTENBHBIX
nedopmaryii 6eToHa BIOJNb CPEAHHUX IUIMT COCTa-
BIJIO 10 BEpXHeil M HIDKHeH rpansM (4-5)- 107,
OTHOcHTENBbHOE YAJNMHEHHE OETOHA IO HIDKHEH
I'paHy IOINEpeK IUIUT ObUIO HE3HAYUTEJIBHBIM U HE
npesbimano 3 - 107, 4To ropasmo MeHsIle mpe-
JeNBHOM pacTsbkuMoctu  Oerona (10-15) - 107,
Beptukansusie cmemenus MIIII y Hecymmx creH
npubopamu He ObuTH 3aduKcupoBanbl. Hanbomnpime
BEPTUKAJIbHBIE OTHOCUTEIIbHbBIE YKOPOUCHUsI OETOHa
Ha TMOBEPXHOCTU CTEH HemocpeacTBeHHO moa MIIIT
nocturamn (2-4) - 10° u 6GbUmM BecbMa Maibl 110
CPaBHEHUIO C IIPE/eSIbHON CXUMAEMOCThIO OETOHa,
pasnoit 0,30-0,35 %. [IpuBencHHbIC NaHHBIE CBUAC-
TENBCTBYIOT O TOM, YTO HampshKEHHO-Ie(opMupo-
BaHHbBIE COCTOSIHUA COOPHO-MOHOJIMTHOIO IEPEKpHI-
TUsI, HECYIIIUX CTEH M y3JIOB MX CONPSHKEHUS MEXIY
co00¥i TIpH IEHCTBUH TIOITHOHM TIPOEKTHOM pacdeTHOM
Harpy3ky JJIEKH OT INPEAENbHOrO0 COCTOSIHHUS 110
MIPOYHOCTH.
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Puc. 3. PazBuTre nporuda cepeAnHbI NpoJeTa INHT TYeHKH MO Harpy3koi: 1 — mporuds! AByX CpeaHUX IUINT IPY HarpyKEeHHH;
2 — TO e IpH pasrpyske; 3, 4 — NporuOb COOTBETCTBEHHO IPOMEKYTOUHOH U KpaifHeil IIHT;
I — TMHUM UJEaNbHO YIIPYroro Je(opMUPOBaHUS CPEHUX TIUT

Fig. 3. Development of deflection in the middle of span for slabs under loads: 1 — deflection of two intermediate slabs
when subjected to loadings; 2 — same but without loadings; 3, 4 — deflection of intermediate and marginal slabs;
I —lines of ideal elastic deformation in intermediate slabs
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Amnanmu3 [5] mokaszan, 4To MpH TOJIC3HOU pac-
yeTHOU Harpyske g, = 7,0 xlla BemmumHa m3rubaro-
ero MoMeHTa B cpeanux ceuenusix MIIII staelikwy,
ompeNieNiecHHasi Mo JOCTUTHYTOW B HuX Jedopma-
MM C YYETOM HMX pPEATbHOM MKECTKOCTH (pHc. 2),
COCTaBWJIA: ISl CPEeMHUX IUHT saeiiku — 8,4 kH-m,
MPOMEXYTOUHBIX — 7,2, KpaitHux — 4,8 kH-M. Ot
3HAYEHHS] CYIIECTBEHHO MEHBIIIE BEIWYHHBI MO-
MeHTa M = 35,3 kH-M, co3maBaeMoro TOH ke
Harpy3koil g, = 7,0 xlla B cpenHem ceueHum cBo-
6omgno omeproii MIIII-6nu3Hena. IlpuBeneHHbIC
JIaHHBIE [5] TTO3BOJISIFOT TIPEITOIOKUTE, uTo MIIII,
pa3MelIeHHbIE TIJIOTHOW IpYIIoi B paMHOM siueiike
cOOPHO-MOHOJIMTHOTO TEPEKPHITUSL U OTEPTHIE Ha
HECYIINE CTEHBI, KPOME YCUIMM B UX CEYEHUSIX OT
HETNOCPEICTBEHHOTO BO3JEWCTBUS HArpy3KH, HC-
MBITBIBAIOT Pa3rpykarollee BO3JEHCTBHE BTOPHUY-
HBIX PEaKTHBHBIX CHJI, BOSHUKAIOIIUX MO 3TOH ke
HArpy3Koil B TUIOCKOCTH TIEPEKPBITUS B 00YCIIOB-
JICHHBIX €r0 KOHCTPYKTHUBHBIMH OCOOCHHOCTSIMHU.
Oty rpynmy MIIII B 3amMKHYTOH paMHOW sueiike
TaK)ke MOKHO PacCMOTPETh KaK IENbHYIO IIaCTH-
Hy, 00aTyio MO CTOPOHaM pPEaKTUBHBIMU OTIO-
pamu. Ilo daxty ona He ObUIa 3amemMieHa HU IO
OJTHOH CTOpOHE: 1O ABYM HPOTHBOIIOJIOKHBIM CTO-
pOHaM ofepTa Ha HECYIIHE CTEHbI, IBYMsI IPYTUMHU
CTOPOHaMH TIO YIJIaM — Ha OOKOBBIE CBSI3€BBIC PH-
rend. [lpyu HaMM4UM peakTUBHBIX PaCMOPHBIX YCH-
i o 000MM TJIaBHBIM HAalpaBlICHHsM dTa IUIa-
CTHHA, TI0 CYIIECTBY, SIBJISETCSI CBOOOJHO OTEPTOi
0 TIEPUMETPY.

IlepBoHauanbHO paccMaTpHBas TaKyl IIelb-
HYI0 IJIaCTHHY TOMIIUHOW 220 MM TOJIBKO CBO-
0OTHO OMEpTON TO MepUMETpy, MpH AECHCTBUU
pacmpeneneHHONH Harpy3Kyd MOHO, corsacHo [10],
NOJYYUTh paclpesielieHne BENWYMH HU3THOAI0IINX
MOMEHTOB M, n M, B HEH COOTBETCTBEHHO BJOJIb
TJIaBHBIX ocei y; u x (puc. 4). Buano, uto momy-
YeHHBIE 3HAYEHUS M3THOAIOMNUX MOMEHTOB M, He-
CKOJIbKO cOyimkaroTcsi ¢ onbITHbIMM [yt MIIII
B cocTaBe NepekpbIThs. Tak, mpu g, = 7,0 klla
B CCUCHMSX HamOolee HarpykeHHbIX cpenuHux MIIII
STYCHKU OHM cocTaBisator M, =24,8 - 1,2 =29.8 kH-m,
yto MeHble M = 35,3 kH-M, AeHUCTBYIOIIETO B 3TOM
xKe cedeHuu cBobonHo omeproit MIII-Onm3uHena.
B ocranbabix MIIII siyeiiku 3TH BEIUYUHBI pas-
aryaroTcs 0ojiee CylIecTBEHHO. B mpunsATOl muia-
cTMHe B HampaBineHuun mnonepek MIIII netict-
BYeT M, max = 20,3 kH-M/M (npu g4, = 12 kIa), xo-
TOPBIA M3-32 OTCYTCTBHUSI apMaTyphl MOXXET OBITh
MOTAIlIeH TOJFKO MOMEHTOM OT JEeHCTBHS peak-
THUBHOTO MONEPEYHOT0 pacropa.
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Puc. 4. Pacnipenenenue 3HaueHUN U3ruOAIOINX MOMEHTOB M,
BJIOJIb OCH Y| M MOMEHTa M, BJIOJIb OCH X, TIPOXOJAIIMX YEPE3
cepeIuHy 3KBUBAICHTHOH LIEIBbHOHN MIACTHHBI, 00pa30BaHHON
MHOTONYCTOTHBIMU IMTamu [10]: 1, 2 — Benuuuna M,
IIpU ACUCTBUYU UCIBITATEIILHON HATPY3KHU Qo = 7 Klla
Y TIOJIHOW pacyeTHOW HarpyskH gy, = 12 klla;
3, 4 — BenmuuHa M, pu NEACTBUY TEX XKE HATPY30K

Fig. 4. Distribution of values for bending moments M,
along an axis y; and moment M, along an axis x,
passing through the middle part of equivalent solid slab
formed by hollow core slabs [10] in accordance with:

1, 2 — value of M, with test load g, = 7 kPa and full design
load g/, = 12 kPa; 3, 4 — value of M,, with the same loadings

Kak ckazanHo BbIlle, HaJW4Me IJIOTHBIX KOH-
TakTOB IUIACTHMHBI CO CMEXHBIMH DJIEMEHTAMH
TpeOyeT yueTa PEaKTUBHBIX PACIOPHBIX YCHIIHH.
OKBHUBaJIeHTHas IiacTuHa, oOpasoBaHHas MIIII
U COOTBETCTBYIOLIAS SYEMKE HCIBITAHHOIO IEepe-
KpeITHS [5], ipencraBiena Ha puc. 5. [Ipu xect-
KOM OTIIOpE 3JIEMEHTOB HECYIIEro OCTOBa 37a-
HUS (HampuMmep, NpU HAIMYHMU CBA3aHHBIX MEXIY
co0O0H MepPEeKPECTHHIX HECYIIUX CTEH U IOCTATOYHO
KECTKUX BHYTPEHHHX CBA3SIX 5 (pHC. 2)) BENTUYHNHA
pacrmopa, OeHCTByrOIero BAONAb Kaxmoil MIIII
STYEHKH, MOXKET OBITh olpeiesieHa o Gpopmyie

o 0sq'loe
Tt +e)

rae ¢, = 0,85 — KoapPUUKeHT, YIUTHIBAIOIINIT TO-
JIATJINBOCTh OSTOHA KOHTAKTOB IO TOPIAM TUIUTHI;
q' — noronHas Harpy3ka Ha MIIII, onpenenennas
1o BeJau4yuHe M, Ha ee MPOJAOJIbHONW OCH B COCTaBE
IIacTUHEI (puc. 4), 6e3 Harpy3KH, CO3TaBacMOM ee
coOcTBeHHBIM BecoM; [y — mposer MIIII B cBery;
€y — DKCUECHTPUCUTET NPUJIOKEHUA pacmopa H,;
OTHOCHTEIHFHO MEHTpPa TSDKECTH CEUYSHUS TLTUTHI;
i =lLedAred; 1reds Areq — MOMEHT HHEPIIMHM U TUIO-
aAb MOMEPEYHOIO CEYCHHUSI TLTUTHI.

M
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Puc. 5. Pa3melieHrie MHOTOIYCTOTHBIX IUIMT B INCKE NEPEKPBITHUS,
OIIEPTOM Ha HECYILLUE CTEHBL, U CXEMa YCUIUH, JeHCTBYIOIUX
B HUX I10]] Harpy3Koi: 1 — Hecymas creHa; 2 — MHOIOIIyCTOTHAs IIJIUTa

Fig. 5. Arrangement of hollow core slabs in floor disk

supported on bearing walls and scheme forces acting in them under load:
1 — bearing wall; 2 — hollow core slab

CnexyeT OTMETHTH, YTO BEIHYMHA
pacniopa H,;, A€HCTBYIOIIETO BIOJIb MHO-
TOMYCTOTHOW TUIMTHI, MPSIMO 3aBUCUT OT
BEJIMYUHBI [MOTOHHOW HArpy3ku ¢', mpu-
JOKEeHHOW K Hel. BennumHy MomeHTa
M,,, NEeACTBYIOIETO B CEPEUHE IIPOJIC-
Ta Kaxkgor MIIII B cocraBe MmIacTHHEI,
C yd4eToM MpoaoabHOro pacmnopa H,;
MO>KHO OTIPEIICTUTH (pHC. 5)

M. =M,, Z(Qtlz)t /8_(qu'Cbo)l§s 3)

rae g,, — HOJHAas pacyeTHas Harpyska,

MPUIIOKEHHAs! K MHOTOITYCTOTHBIM TITH-
TaM W OIpeneleHHas MO0 BenuunHe M,
MpU UX MIAPHUPHOM OINUPAHUU KOHIAMU
Ha CTeHBI (puc. 4, TUHUA 2).

Yrpyruii mporu0 cepeawHbl MpoJieTa
kaxao MIIIT syeliku OT KpaTkoBpe-
MEHHOTO JEUCTBUSI BEPTUKAIBHOW MPO-
eKTHOM Harpy3KH C y9e€TOM MPOJOIHHOTO
pacniopa H,; MOXXHO ONPENETUTh aHAJIO-
TUYHO

4 '
fﬁ[%—q%@ 4)
b* red

rae o = 0,65 — ko3 PuLmeHT, yuuThIBa-
IOUIMA HEpaBHOMEPHOE M JUCKPETHOE
pacmpeneneHie BEIHYHMHBI H3TH0AI0IIEro
MOMEHTa B cpeaHux ceueHusx MIII
B COCTaBe SUCHKH TEepeKpbITHs (Iuia-
CTHHBI).

e, Pesynprarel pacuera M3ruOaromIero MOMEHTa B
Obosnams  C'= 12 (i2 e ) > MOXHO 32~ cpeqaux ceueHusx MIII sueliky U BETUMYUHBI UX
0 nporu6a, cornacHo (3) u (4), Ipu KPaTKOBPEMEHHOM
1caThb NEWCTBUN TIPWIOKEHHOW HCIBITATENIBHON  (Zes =
. = 7 xlla) u nonuoii pacueTtHor (g = 12 xlla)
H,; =9, C. @) Harpy30K IpeJICTaBIeHE! B Ta0n. 1 u Ha puc. 6.
Tabruya 1
Yeuiausi B CpeTHUX CeYeHUSIX MHOTOMYCTOTHBIX IUIHT STYEKH MePeKPbITUSI U MPOrudbI
Forces in middle sections of hollow-core slabs and deflections
W3rnbaromuii MOMEHT U yCHIIHE IIporu6, mm
SI{—KI{OeEEEI B cocTaBe 1m1acTUHBL M
(prc. 5) | agg 10, it 9 @) | 4100, 04 | M KH ]ZH%) w100 % o JAC)
kH-m q,
a) HanOOoJIbLIIas MPUJIOKEHHAS HarPY3Ka g, = g5, = 7 Klla
1 11,53 2,74 32,6 48 4,6 12,9 1,42 0,6 0,59
12 19,24 4,58 54,5 7,2 7,6 21,6 2,37 0,9 1,00
113 25,60 6,09 72,5 8,4 10,2 28,8 3,15 1,0/1,1 1,31
0) KpaTKOBPEMEHHOE JeHCTBHUE MOJIHOH PacyeTHON HAarpy3ku g, = 12 xIla
I11 19,30 4,71 32,7 - 9,9 16,4 2,43 — 1,25
12 33,00 7,85 545 - 16,6 274 4,06 - 2,08
I13 47,00 11,18 77,6 — 24,1 39,7 5,78 — 3,01
Hayka 99
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Puc. 6. Pacnipenenenne BenMIUH U3rHOAONINX MOMEHTOB (2)
u iporu6oB (b), oIpeieNICHHBIX pacyeTOM B CepeIuHe
MIPOJIETOB MHOTOITYCTOTHBIX IUIHT STYEHKH MEePEKPHITHU:
1 — ONBITHBINA TPOTHO IUIHTHI IPH g, = 7,0 Kl]a;
2 — Mj,,, OTIpEIENEHHBIH [0 3HAYEHHAM ONBITHBIX HPOTHOOB;
3 — M’ ipu Toit xe Harpyske [10]; 4 — M, cornacuo (3);
5 —f. cormacHo (4) npu g, = 7,0 kI1a;
6 — M| B CeUCHMSIX MHOTOITyCTOTHBIX IUTHT
OT HOJIHOM pacueTHOM Harpy3ku g = 12 kIla [10];
7 — M, cornacHo (3); 8 — f. cornacHo (4)
IpH TOii e Harpyske (Tabum. 1)

Fig. 6. Distribution of values for bending moments (a)
and deflections (b), determined by calculations
in middle sections of hollow-core slabs:
1 — experimental deflection of slab at g, = 7.0 kPa;
2 — My, determined in accordance with values
of experimental deflections; 3 — M at the same load [10];
4 — M, according to (3); 5 — f. according to (4) at load
Zrest = 1.0 kPa; 6 — M’y in the sections of hollow-core slabs
from full design load g = 12 kPa [10];
7 —M_. according to (3); 8 — f. according to (4)
at the same load (tab. 1)

U3 tabn. 1 u puc. 6 BUAHO, 4TO, paccMaTpuBas
paboTy KakIOi MHOTOITyCTOTHOW IUTMTHI IO
Harpy3ko Kak 3J€MEHTa 1eJbHOW IJIACTHUHBI U C
y4eTOM JEHCTBHS B €€ CEYEHHUAX IPOJOIBHOIO
pacnopa H,;, pacdeTHbIe BETUYHUHBI H3THOAIOIIETO

100

MOMeHTa M. B CpPEeIHUX CEYCHHUSX, IMOydeHHBIC
cornacuo [10] (4,6-10,2 kH-m, puc. 6, nuaus 4),
BIIOJIHE YJIOBJIETBOPUTENIHHO COTJIACYIOTCA C MO-
MEHTOM M}, OIPEIEICHHBIM 110 3HAYEHHUAM IIPO-
ru00B 3TUX TWIUT (MUHHUS 1) W peallbHOM KECT-
koctH ux ceuyenudd (4,8-8,4 xkH-Mm, nmuHus 2).
[Ipu 3TOM BeIWYWHBI TOCTHTHYTHIX MOMEHTOB
B ceueHusix MIIII B cocraBe duekyd NEpeEKphI-
THSA COCTaBIAOT 12,9-28,8 % OT BEeIHMYMHBI MO-
MEHTa TIpU TOW K€ Harpy3Ke B CBOOOJHO OMEPTOit
MIIII-0nu3Hene.

Bennuunst npornda MIIII B cocTaBe miiacTuHbI
(saefiku TepeKpBITHS) TPH JEHCTBHM OIBITHOMN
Harpysk# (fe., = 0,59; 1,00; 1,31 mm, puc. 6, mu-
HUS 5), ompeleNieHHbIe COriacHo (4), Takke yao-
BJIETBOPHUTEJILHO COIJIACYIOTCS C ONBITHBIMU (foy, =
=0,6; 0,9; 1,0/1,1 MM), HECKOILKO TIEpPEOIICHUBAS
ux s cpenqaux MIIIT suetiku. [Ipu sToM nporu-
061 cBOOOAHO oneproit MIIII-0nu3Hena mpu Takoi
xe Harpyske g’ (fo=1,42-3,15 Mm) cymecTBeHHO
Oonplle N0 CPaBHEHUIO C OINBITHBIMH B COCTaBe
MEPEKPBITHS.

[IpuBeneHHBIE COMOCTABIIEHUS OIBITHBIX U
pacyeTHBIX 3HAYCHWU YCHIMM W MPOTHOOB IOKa-
3BIBAIOT, YTO pacyeT COOPHO-MOHOJHMTHOIO Mepe-
KpbITHS, 00pazoBanHoro MIIII, MO>XXHO BBIIOIHSTH
10 TIPEIIOKEHHBIM 3aBHCUMOCTSIM (2)—(4). Pacuer
SIMEUKU TEPEKPBITUS, ONEPTOM Ha HECylIHUe CTe-
Hbl, IPU JEUCTBUU IIOJIHOM PACUYETHOM Harpys-
K (g1, = 12 kl1a) monTeepmui, uto MIIII B cocTaBe
TIEPEKPHITHSI TI0J] HArpy3Kod padoTaroT B YIPYToi
craauu. M3rubaromye MOMEHTBI B WX CEUYEHHSX
3HAYMTEILHO MeHble MomeHTa M.,.= 50,9 kH-Mm,
BBI3BIBAIOIIETO 00pa30BaHWE TPEIIWH, W IO CPaB-
HEHUI0 cO CcBOOOmHO omepteiMu  MIITI-6mm3-
HEllaMH BEJIMYMHBI MOMEHTa B HHMX COCTaBJISIOT
Tobpko 16,4-39,7 %. Ha ocHOBaHWW TTOJTYYCHHBIX
TAHHBIX MOXXHO 3aKJIFOYNTh, YTO JJISI UCIBITAHHO-
ro CcOOPHO-MOHOJNUTHOTO TIEPEKPHITUS  TOJIIU-
HOMt 220 MM TOJ TMOJHYIO PAacueTHYH Harpys-
Ky g;=12 xlla mar Hecymmx CTeH MOXET OBITh
YBEIIMYCH TI0 CPABHEHHUIO C PacCMOTpEHHBIM (6,0 M)
B 1,2-1,4 pa3za.

[Ipencrapisier MHTEpEC OLIEHUTH BEMUYUHY I10-
nepegnoro otHocurensHo MIIIT pacniopa H,, Bo3HH-
KalOIIIeT0 BCIIEAICTBHE WX TIOBOPOTA IION HArpy3KOU
OTHOCHUTEIIFHO COOCTBEHHBIX OCEH. DTO YyCHIIHE HE
TONBKO oOecrieunBaeT padoty rpymisl MITII B 3amk-
HYTOM siueiike Kak LeJIbHOM MIACTHUHBI, HO U CIIOCO0-
HO TIOBPEIUTH CMEXHBIE D3JIEMEHTH TMEePEKPBITHS,
€CITH He 00eCIIeUnTh NX TPeOyeMyTo IMPOIHOCTb.
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PaccmarpuBaemas siueiika pacmosiokeHa y Kpas
nepekpeitus (puc. 2). Co CTOPOHBI CEpeIUHBI TIe-
PEKPBITHS BIOJH CBSI3€BOTO pHrens 4 Momepex
MIIII neicTByeT pacHpenesieHHbId peakTUBHBIN
pacmop. Co CTOpOHBI KpailHETO pHUrelis Ha TUIACTH-
Hy JEHCTBYIOT COCPENOTOYEHHBIE pEAKTHUBHBIC
pacrniopHble ycuaus H, B ero o00oux HpPHONOPHBIX
ceueHnsAX. CrOCOOHOCTh KaXJOTro W3 ITHX cede-
HUW KpalHero purells 3 BOCHPHHATH JAHHOE yCH-
JMe OMpeneNsaeT HEeCyIIyl0 CIOCOOHOCTH SUeHKH
U Bcero mepekpeiTHs. Ecnm He obecmedeHo Boc-
NpUATHE yCUIUKM H, KpallHUM pHUIeNeM, IUIUTBI
MOJT JICWCTBUEM HArpy3KH MOTYT Pa3JBHHYTHCS U
HauaTh paboTate mo Ganmoynoil cxeme. Kpome To-
o, IIPH BBHIKIIOUEHUH U3 PabOTHI CBA3EH 5, pasme-
[ICHHBIX B PHUTENSAX 3, MOXET HCUYE3HYTh W IPO-
MOJIBHBIN pacmiop. Takum obpazoM, It peaau3a-
AU ycmoBus padoTe! Tpynmnsl MIIIT B saeiike kak
IETHHON TIACTHHBI TpeOyeTcsl 00ecIeunTh Mpod-
HOCTb CBsi3ei 5 B puressix 3, 4 1 MEXIUTUTHBIX IIBaX
Y CONPOTHUBIICHUE OTOPHBIX CEYEHHWH KpailHero pu-
refs  COCPEJOTOYEHHOMY CABUTY —ycunueMm H,.
W3 pacnpezneneHnss MOMEHTOB M, BJOJIb IJIaBHOM
OCH X TICJIBHOH IIACTUHBEI (prc. 4) MOKHO yCTaHO-
BUTh, YTO HaWOOJbIIEE €ro 3HAUYE€HHE COCTABIIA-
er M,,= 11,8 kH-M/M — oT npuioxkeHHOI Harpys-
KU g = 7 Klla u M), = 20,3 kH-M/M — oT nosHoM
pacueTHOW Harpy3kun g;= 12 klla. Ot ycumms
yOBIBAIOT 10 TMapabOIUICCKON 3aBUCHMOCTH K
KpasiM TutacTuHbl. [lmacTuHA MO TOJMIO COmEpKUT
pabouyio apMaTypy TOJBKO OJHOTO HAINpaBJICHUS
(BmoIb OCH X), a IPOYHOCTH CEYCHUH IIIACTUHBI Ha
JeiictBue M, Mo 3TOMY HampaBlICHHIO, PacCMOT-
penHas Boiie (Tabn. 1), obecrneuena. JlelicTByro-
Ui 0] HAarpy3Koil MOMeHT M, B10Jb ocHu y (T10-
nepexk MIIIT) He MOXXeT OBITh BOCTIPUHAT CEUCHH-
MM IUIaCTUHBI. MomeHT M, (puc. 6) MOXKeET OBITh
BOCIIPUHSAT TOJIBKO JEWCTBHEM pPEaKTHBHOIO MOIIe-
pedHoro pacropa 2/, 1efCTBYIOIIEro BAOIb 000MX
topuoB MIIIT onopHbIx cedenuit purens 3 (puc 2).
HawnGonpimas BemnynHa MOMEHTa, KOTOPYIO MOTYT
BOCHPUHATH TpoaoibHbie ceueHus MIIIL mepen
o0pa3oBaHHEM TPEIIVH B HIDKHEH MOJKE BIOJb MX
MyCTOT, COCTaBJISIET

M, =R,

cre,y

h

fminZ

n p?

rae Ry, — HOPMAaTUBHOE COMPOTHBICHHE OCTO-
Ha MIIII pacTskeHnto; Apin — MUHUMAaJIbHAS TOJI-

Hayka
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IIMHA HWKHEH IIOJIKM IUIMTBI, Z, — PAacCTOSHHUE
MEXIYy LEHTpaMHU TSKECTH CEUCHHU HUXKHEH u
BEpXHEW MOJIOK.

Jiis I1IbD nipu G6erone kiacca B30 u Ajwin =35 MM,
NPUMEHEHHBIX B MEPEeKpBITUH, M., = 11,3 kH-M/M,
YTO MEHBIIE JEHCTBYIOIIUX pPAaCUETHBIX 3Haue-
Hutt (11,8 20,3 kH-m/M). D10 03HAa9aeT, 4TO MIPHU
HarpyX€HUU TEPEKPHITUS B CEpPEAUHE SUCHUKU
Brons MIII gomkHBl ObUTM 00pa3oBaThCS IMPO-
JOJIbHBIE TpemuHbl. OHAKO MpH HarpyXCHUH
HauOoJIbIlIee OTHOCHUTEIBHOE YJUIMHEHUE OeTo-
Ha momepek MIIII ObUTO 3HAYMTENEHO MEHBIIE
MpeNeIbHON paCcTSDKUMOCTH OC€TOHa W, 3HAYMT,
pacTsbkeHue OeTOHa B ATOM HANpaBICHHH OBLIO
MOTalICHO O0XKAaTUEM PEaKTHUBHBIM TOMEPEUYHBIM
pacropom.

Benvunny pacmopa [, B OIOpHBIX cedYe-
HUSX KPAWHETO CBA3EBOTO pHUTENs (PHUC. 2) IMOJ Ha-
CPY3KOM MOXHO ONpPENETUTh MO 3HAYCHUSM MO-
MEHTa My, JIEHCTBYIOLIETO B LEHTPE IUIACTH-
HbI (pHc. 4, Touka O):

B O‘)yMymaxa

y
ZZP

b

rae ®,= 0,65 — Ko3(PUIMEHT MOTHOTHI SMIOPBI
U3ru0aroIero MoMeHTa M,, pacronoKeHHO! BJOJIb
OCH X; @ — IIUPWHA ITUIACTHHBI ([UTMHA TpoJie-
ta MIIII B cBety)

[Ipu npunoxxeHHOW HamOONBIIEH HArpPy3-
ke g =7 xlla (M,,=11,8 xH-M/M) peakTHBHBIA
HONIEPEYHBIN pacnop /1, B OIIOPHBIX CEYCHHUAX PU-
remst 3 (puc. 2) cocraBuser BenmumHy 103,9 xH.
IIpu mosiHOW pacyeTHOM Harpy3ke Ha MEePEeKphI-
te (M,; = 20,3 kH-m/m) H,; = 206,8 xH.

JInsi  BBITIOMHEHUSA TMOCTABJICHHBIX YCJIOBHUH
TpedyeTcs, 4TOOBI IPHOTIOPHEIE CEYCHUS KpaitHeTro
CBSI3€BOTO pHTEIs OBUIM CIIOCOOHBI BOCIPHHSTH
pacniopHoe ycunue H, Kak COCpeNOTOYCHHBIN
casur. OnbiThl [11, 12] mokasanu, 4To JJ1s OLICHKU
MIPOYHOCTH CEUEHUIl pureneil Ha AEWCTBUE cocpe-
JIOTOYCHHOTO CJIBUTa TMPHUTOJHA METOJUKA, U3JIO0-
xeHHass B [13]. ConpoTuBieHHE CIBHUTY OETOHA
CCUCHHUS pPUreis B TAaKOM CJIy4ae ONPEICIIUTCS
KakK R, =2Ry;, THE R) — pacyeTHOE COMpPOTHUBIIEC-
HHe OeToHa pacTspkeHH0. COMPOTHBIICHUE CEYCHIIS
CIBUTY 3a CUET pabouell apMaTypsl KpaHEro CBS-
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1/3
3€BOI'0 PUTENs COCTABIAET R, = O,65(R5ES) u

NRd

Ho He Oomee 0,7u R, rae R, — pacyeTHOE COIpPO-

-
THBJICHHC OETOHA pHUreis CKaThio; W, = AJ/(bh) —
K03(pPULIMEHT apMHUPOBaHHS CBSI3EBOIO PHUTEIS;
As — TIOWAAb CEYEHUs HUXHEH NpOAOIBHON pa-
Oouelt apMaTypbl purens; b, i — IUPUHA U BBICOTA
ceueHust purenst; R,, E; — pacueTHOE CONPOTHUBIIE-
HHUE PACTSDKEHHIO M MOAYNb YHOPYTOCTH MPOAOJIb-
HOU apMaTypsl puress.

[IpenenpHoOe caBuraromiee ycuiue, BOCIPHUHH-
MaeMoe HOIEPEeYHbIM CEYEHUEM KpaiHero pures,
onpenenutcs Kak F, = (Ry,, + Ry,.5)bh.

Bemmunna F, = 231 xH, onpenenennas mo pac-
YETHBIM COIPOTHBJICHUSIM OE€TOHa M apMaTypbl
KpaiHero CBSI3€BOT0 PUTrelisl, IPEBHIIIAET HANOOIb-
Iiee BO3MOXXHOE 3HAu€HHE IIONEPEYHOro pacro-
pa H,;=206,8 kH. D10 ykasbiBaeT Ha TO, 4TO pe-
aKTHBHBIN NONEPEYHBIN pacnop H,, NeHCTByOIMIA
B slu€iiKe NMEePEKPHITHs, BOCIPUHAT U rpynna MIIIT
JNEeHCTBUTENBbHO paboTaeT MoJ Harpy3kod Kax
HenbHast ynpyras IiacTHHa.

AHanu3 NpoBEACHHBIX HCCIECIOBAHNAN ITOKa3bI-
BaeT, YTO COOPHO-MOHOJUTHOE TIEPEKPHITHE, 00pa-
3oBanHoe MIIII u omeproe Ha HeCyLIUE CTEHBI,
o0nasaeT TOBBIMIEHHOW HECYIIEH CIIOCOOHOCTHIO
U KecTKocThio. OHO MO3BOJISIET paciojiaraTb He-
CyLIME CTEHBI C IIAaroM, TpeOyeMbIM Ui peain3a-
UUM ONTHUMAJIBHOM IUIAHUPOBOYHOU CTPYKTYPBHI.
Pacuer nmepekprITHs, OIEPTOTO HA HECYIINE CTEHBI,
HanpuMep ¢ maroM 8,0 M mpu pasmepe sSUel-
ku bxa = 7,8x8,6 M u3 coopubix MIIIT ¢ Tem xe
pabounM apMUpOBaHHEM, KaKk W B NPHUBEICHHBIX
ombiTax, comiacHo [10] u (4), mokaszam, 4dTO
HanOOJBIINI MPOrUd OT KPaTKOBPEMEHHOTO Jei-
CTBHS TIOJIHOW pacyeTHOW Harpysku (g; = 12 klla)
B CepelHe sueiiku coctapiser 7,52 mm. Haubob-
i nporu6 MIIII HenocpencTBenHo nepen oopa-
30BaHHeM TpemwuH moryamics 13,1 MM, DTo o3Ha-
YaeT, 4TO NPH 3KCIUIyaTalldl TaKoe IEPEKpPhITHE
MoJT Harpy3koil Oyner paborarp ympyro 6e3 Tpe-
IIMH ¢ JOCTaTOYHBIMH 3allacaMy 10 HecylleH CIo-
COOHOCTH M JKECTKOCTH. Bmecre ¢ Tem cnemyer
UMETh B BHIy, YTO YBEJIMYEHHE IlIara HECyIIUX
CTCH COIIPOBOXJAETCS BO3PACTaHUEM B HUX YCHU-
T, W 3TO TpeOyeTcs Y4uThIBaTh NPU NPOEKTHU-
pOBaHUMU.
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BBIBO/IbI

1. IlpeacraBneHHass KOHCTPYKUus cOOpHO-
MOHOJIUTHOTO HEPEKPHITUS, 00pa3oBaHHOTO cOOp-
HBIMH MHOTONYCTOTHBIMH IUIMTAMH M MOHOJIHT-
HBIMH HEpa3pe3HbIMU PHUTENsIMH M ONEpTOro Ha
HECyIlUe CTeHbI, 001agaeT 3HAYUTEIbHBIMU pe-
3epBaMU HECYLIEH CIIOCOOHOCTH U KECTKOCTH, II0-
CKOJIbKY B IIEPEKpPBITHUHU I10J HArpy3KoH peanusy-
IOTCSL Pas3rpy’Kalolllie pPEaKTUBHBIE PACIOPHbIE
ycunus 1o o0ouM HampaBieHusM. Bcnencteue
3TOTO OHO TaKke 3PQPEKTHBHO MO MaTepHATIOEM-
KOCTH.

2. PaccMoTpenHoe cOOpHO-MOHOJIUTHOE TEpe-
KpbITHE TOMIMHON 220 MM B COCTaBe HECYILETrO
0CTOBa 3J]aHHsI MOXET OBITh ONEPTO Ha HECYIHE
CTEHBI, PACIOIOKEHHbBIE ¢ OOJBIIMM Iarom (6—8 m
u Oosee), 00eCIeYrB €ro MOBBIIICHHYIO HECYIIYIO
CHOCOOHOCTH U XKECTKOCTh, B 3AaHUU — CBOOOIHBIC
IUTaHUPOBOYHBIE PEILLICHHUS, & IPH CTPOUTEIHCTBE —
MPEUMYIIECTBEHHOE NMPUMEHEHHE KOHCTPYKLHOH-
HBIX OETOHOB CPEIHEH MPOUYHOCTH.

3. PacyeT KOHCTPYKUMH NEPEKPHITUS MOYKHO
BBIIIOJIHATH COIJIACHO I[eﬁCTBYIOHIHM HOpMAaTHB-
HBIM JIOKyMEHTAM C Y4Y€TOM IIPEMJIOKECHUM, MpHU-
BCIACHHBIX B CTAThE.
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Abstract. The paper presents an analytical review of materials recycling for pavement dressing. Recycling or repeated usage
of pavement dressing materials while making reconstruction and repair of road pavements is not considered as a new concep-
tion and it has been realized in various countries of the world since 20" century. Recycling (hot, cold) is based on methods
of its execution, properties of pavement dressing materials which are subjected to processing and which influence on the qual-
ity of final material, technical and operational indices, specific economic efficiency. Investigations on the processes of struc-
ture formation, thermo-physical properties in components based on granulates of transformed pavement dressings during re-
cycling demonstrate that regeneration makes it possible to attain 100 % recovery of material properties for road pavement
base. The paper describes other factors which represent a complex of challenges concerning exterior and internal problems.
These problems have arisen due to actual processes of heat and mass transfer in one layer, multi-layer systems of pavement
dressings. At known coefficients of heat conductivity, steam- and mass permeability, diffusion, filtration, temperature conduc-
tivity, density of material layers etc. initial and boundary conditions it is possible to carry out optimization of heat- and mass
transfer problems from bottom surface of road layer to its base (sand, bulk materials, ground). In addition to it, while taking
into account development of scientific prospective direction that concerns nano-technology and creation of nano-materials for
higher reliability of road dressings it is necessary to consider nanomaterial science in road-construction industry as the most
actual one because when we study problems pertaining to fractional composition of all road dressing components including
transfer to nanomaterials, for example, application of modified water-reducing agent based on nanostructured carbon it is
possible significantly to increase physical and technological properties of asphalt concrete and concrete road dressings.
The paper reveals that it is necessary to continue and expand study of physical and technical and thermophysical properties
of new materials on the basis of nano-technologies with application of modified, nanostructured carbon-based plasticizer
for construction-road industry because especially these additives significantly increase cement activity that leads to improve-
ment of strength, reliability and longevity for the obtained materials.

Keywords: recycling (hot, cold), pavement dressing, regeneration, foam bitumen, elastic and visco-plastic bindings, organo-
hydraulic binding mixture, asphalt granulate, fraction composition
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o0pa3oBaHus, TEIUIO(U3NIECKIX CBOHCTB KOMIIOHEHTOB Ha OCHOBE T'PAHYJIITOB TPAHC(OPMHUPYEMBIX HOPOXKHBIX HOKPHITHI
B TIPOIECCE PECANKIIMHTA TTOKAa3bIBAIOT, YTO IPH PEreHeparuy JOOUBAIOTCS MOJHOTO BOCCTAHOBIICHUS CBOHCTB MaTepHalloB
JUIsL YCTPOICTBA OCHOBAaHMI OPOXKHBIX TOKPHITHH. B craThe omuchBaloTCs Apyrue (pakTopbl, KOTOPbIE NPEICTABISIOT KOM-
IJIEKCHI BOIIPOCOB, OTHOCSIIMECS K «BHEIIHEH» M «BHYTPEHHeH» 3aauyaM. OTH 33/1aud 0OYCJIOBJICHBI PEalbHBIMU IPOIIEC-
CaMHM TEIUIO- U MaccoIlepeHoca B OJJHO- U MHOTOCIIONHBIX CHCTEMaX JIOPOXKHBIX ofexaax. IIpu u3BecTHbIX KoadduImeHTax
TEIUIONPOBOAHOCTH, MAPO- U MACCOMPOHHUIAEMOCTH, TU(GQy3HH, GUIbTPALUK, TEMIIEPATYPOIPOBOIHOCTH, IIIOTHOCTH Mate-
pHAJIOB CIIOEB W T.J., HAYAJIbHBIX W TPAHMYHBIX YCJIOBHSX BO3MOXHA ONTHMHM3AIMS MPOOJIEM TEIUIO- U MacCOIepeHoca OT
«HIDKHEID MOBEPXHOCTHU CJIOS IOPOTH K €€ OCHOBAaHMIO (TIECOK, CHITydHe MaTepuaisl, TpyHTHl). Kpome Toro, ¢ yuerom pas-
BUTHUSL HAyYHO-TICPCIIEKTHBHOIO HAINPaBICHWS, CBS3aHHOTO C Pa3pabOTKON HAHOTEXHOJOTMH W CO3JaHHEM HAHOMAaTepHaloB
UL TIOBBIICHHS HAJISKHOCTH JJOPOXKHBIX OJIEX M, HEOOXOMMO paccMaTpHBaTh HAHOMATEPHAIOBE/ICHHE B CTPOUTEIBHO-IOPOXKHOM
OTpaciM Kak HauboJiee akTyalbHOE, TaK KakK, 3y4ast BOIPOCH! (hPAKLIMOHHOTO COCTaBA BCEX KOMIIOHEHTOB, COCTABIIIONINX JOPOXK-
HYIO OJIKILY, BKJIIOUAs NEPexojl K HaHOMarepHajiaM, HalpuMep NPUMEHEHHEe MOAU(HUIMPOBAHHOH MIIaCTUHIMPYIOLIEH 100aBKK
Ha OCHOBE HAaHOCTPYKTYPHPOBAHHOTO YIJIEPOJd, MOXHO 3HAUMTENBHO IOBBICHTH (DH3HKO-TEXHOJIOTHYECKHE U TEeIIohH3UIeCKue
CBOICTBa ac(aabTOOCTOHHBIX M OCTOHHBIX IIEMEHTHBIX JOPOXKHBIX OACKH. B cTaThe mokazaHo, YTO HEOOXOOUMO MPOIOIDKHTH
U pacUINpHUTH U3y4eHHE (U3HKO-TEXHWYECKHX M TEIUIO()U3NYECKNX CBOICTB HOBBIX MaTepHaioB Ha OCHOBE HAHOTEXHOJOTHH
C TIPUMEHEHHEM MOJHM(UIMPYEMOH, IUIaCTHHUIMPYIONIeH ToOaBKM Ha OCHOBE HAHOCTPYKTYPHPOBAHHOIO yIJIepona IUIS CTPOH-
TEJTbHO-JIOPOXKHOM OTPACH, TaK KaK MMEHHO 3TH JOOABKH 3HAUHMTEIBHO YBEIMYHMBAIOT aKTHBHOCTh IIEMEHTA, YTO TPUBOAUT K IIO-
BBIIIEHUIO IPOYHOCTH, HAAKHOCTH 1 JIOJITOBEYHOCTH MOJTyYEHHBIX MaTEPHAJIOB.

KnioueBble cinoBa: pecaillkiuur (ropsSuuii, XOJOAHBINA), TOPOXKHAS OAEXKIA, percHepalusi, BCIICHEHHBIH OUTYM, ympyrue
U BSI3KO-TUIACTHYECKHE CBS3U, OPTaHOTHPABIMIECKHE BSDKYIHE CMECH, achalbTOrpaHyIIsT, ppaKIOHHBII COCTaB

Jas nuTupoBaHus: PecallkimHr MaTepHanoB JOPOXKHBIX OASKA: aHaUTHUeckuit 0630p / JIto Tunryo [u np.] // Hayka u

mexuuka. 2019. T. 18, Ne 2. C. 104-112. https://doi.org/10.21122/2227-1031-2019-18-2-104-112

Introduction

Pavement dressing recycling is a technology to
strengthen soil, rock materials and asphalt granulate
while using crushing of asphalt concrete wastes;
strengthening is ensured with the help of various
binders and soil, rock materials and asphalt granulate
are preliminary milled and mixed on the road.

A peculiar feature of this technology is usage
of materials from recycled pavement dressings
which is related with economy of material re-
sources, energy, higher efficiency of ecological
projects while having the same geometric charac-
teristics of pavement design. These technologies
have been applied while carrying out reconstruc-
tion, repair, rehabilitation of automotive highways
with intensive freight traffic flows and regional
(local) traffic roads of low categories in a great
number of countries in the world.

Hot and cold recycling is considered as the
most efficient, popular technology for highway
reconstruction, repair, maintenance while using
recycled materials of pavement dressings.

Hot recycling

Production of hot, warm bitumen-concrete mix-
tures while using components of fractionated and
non-fractionated materials from recycled asphalt
pavement (RAP) which is carried out at specially
equipped plants, mobile recyclers makes it possible
to use up to 70 % materials from recycled asphalt
granulates (asphalt-concrete pavement) and this
process involves various anti-aging, modifying
chemical and other components that ensure higher
physical and mechanical characteristics in bitu-
men-concrete mixtures.
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Hot in-place recycling (HIR) (fig. 1) presents
a method when an asphalt concrete pavement is
heated up to softening, loosening state for a defi-
nite depth. While carrying out these works it is
possible to add hot, warm, bitumen-concrete mix-
tures including materials of recycled asphalt-
concrete pavements and various rejuvenating (mo-
difying) components, binding materials. The pro-
cess is carried out for one or several passages with
layer thickness of 2—5 cm.

There are the following three types of hot in-
place recycling:

— Surface recycling presents hot in-place recy-
cling when a surface is heated, loosened while ad-
ding if necessary a binding material, a stone aggre-
gate and compacted. In this case it is possible to
use an assembly of thin protective layers against
wear and for strengthening;

— Repaving recycling presents a continuous
process for synchronous implementation of surface
recycling for an asphalt-concrete layer from hot,
warm bitumen-concrete mixtures with subsequent
compaction;

— Recycling with remixing presents a continu-
ous process when treated pavement asphalt con-
crete is additionally mixed with bitumen-concrete
aggregate in a special mixer and then it is laid and
compacted in one layer.

Cold recycling

Cold central plant recycling (cold recycling
while using central plant) (CCPR) (fig. 2).
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Fig. 1. Hot in-place recycling, HIR

Cold recycling is executed while using recycled
materials from asphalt concrete pavements (asphalt
granulates) which are transported from construction
sites to a central plant for production of cold mixes.

Asphalt granulators (fig. 3) supplied to the cen-

tral plant must be additionally subjected to size
degradation, fractionating. Bitumen emulsion,
foamed bitumen, special chemical modifying com-
ponents, aggregates ensuring pavement reliability
and longevity are used as binding materials.
While having this technology and using special
methods for asphalt granulate fragmentation and
further sieving coarse stone aggregate (RAP ag-
gregates) and fine aggregate (RAP slurry mate-
rials) are sorted out separately and then they can be
used for surface treatment, making thin protective
layers from cast emulsion-mineral mixtures.

Fig. 3. Asphalt granulators

Cold in-place recycling (CIR) presents a me-
thod when bitumen-concrete road pavement is re-
cycled while adding binding materials and cold
mixture is subsequently laid on pavement surface
and then it is subjected to compaction process.

The technology can be realized in the following
way: one of the machines is milling and grinding
material, the second machine is crushing and sie-
ving the material; the third one is mixing it and the
fourth machine is laying the prepared material.

Bitumen emulsion, foamed bitumen in specific
proportions are used rather often as regenerating
binding materials. Portland cement, fly ash, unhy-
drated lime are added with the purpose to increase
stability of cold mixtures, to obtain more optimum
structural characteristics of concrete which is pre-
pared on their basis for road pavement [1-4].
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Fig. 2. Cold recycling

Recycling with full depth reclamation of pave-
ment dressing (FDR) presupposes recycling of
a pavement dressing to a predetermined depth by
means of crushing, mixing with addition of binding
materials, other components that makes it possible
to obtain pavement base with an optimum struc-
ture. Bitumen emulsion, chemical agents (calcium
chloride and others, Portland cement, fly ash, lime
etc.) are added in the composition of cold mixtures
with the purpose to improve strength and longevity
of pavement bases.

If availability of on-specification materials is
insufficient in constructive layers of the pavement
dressing then it is necessary to add materials at the
recycling stage in order to ensure the required
thickness of a regenerated layer. While using this
method thickness of recycled layers is usually
equal to 15-30 cm.

Strengthening layers from hot, warm bitumen-
concrete mixtures, protective layers (cast emulsion
and mineral mixtures, surface treatment, impregna-
tion etc.) are prepared in order to improve reliabi-
lity of a road pavement.

While analyzing efficiency pertaining to relia-
bility restoration of pavement dressings, preventive
and rehabilitation technologies, reconstruction and
repair it is necessary to take into account the fol-
lowing protective technologies: surface treatment
(Chip Seal), thin layers from cast emulsion and
mineral mixtures (Slurry Seal, Microsurfacing),
combined thin layers (Cape Seal), regenerating
surface technologies (Fog Seal, Rejuvenator Seal,
Scrub Seal) and others. Their service life period
is equal to: hot recycling — 612 years; cold recy-
cling — 8-15 years; milling and placing of new as-
phalt-concrete layers — 10—16 years; recycling with
full depth reclamation of pavement dressing —
20 years and more.

All the mentioned technology solutions for res-
toration of operational pavement dressing capabi-
lity have their advantages and disadvantages while
implementing them. Cold technologies for rege-
neration of the pavement dressings applied at bi-
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tumen concrete plant or directly on the roads have
gained recently rather high popularity and this fact
is substantiated by the following advantages of
these technologies: saving of energy, natural re-
sources; high environmental compatibility; possi-
bility to prepare cold regenerating mixtures with
high physical and mechanical characteristics; re-
duction, removal and retardation of crack for-
mation process; correction of cross slopes; resto-
ration of road kerbs, piped drainage system along
pavement dressings with economic efficiency;
reduction in time expenditure for restoration of
operational characteristics; reality in work execu-
tion with operational regimes of transportation
flows.

Quality of road construction works while using
cold regenerated mixtures is determined by a set of
technological and structural and thermo-physi-
cal factors. Therefore main investigations on im-
provement of reliability in road objects from cold
regenerated materials are directed on moderniza-
tion of machines, equipment for production of cold
regenerated mixtures (plants, automobile roads),
their placing, compaction, longevity, heat and mass
transfer stability.

Presently Wirtgen company (Germany) is con-
sidered as a leader in manufacturing equipment for
cold in-place recycling of pavement while using
Wirtgen WR 4200 recycler with two milling
drums, highly-efficient chamber for mixing asphalt
granulate and water-cement suspension and
foamed bitumen and this work can be realized
without placing additional layers and on the high-
ways with high traffic intensity.

Cold regenerated mixtures are divided in
two groups in European Union (project DIRECT-
MAT (1)): materials stabilized by bitumen emul-
sion without mineral binder or with its minimum
content (up to 1 %) and residual content of bitu-
men binder (after disintegration of bitumen emul-
sion) 1-3 % (Portugal, Spain, Sweden) and mate-
rials stabilized by bitumen emulsion or foamed
bitumen (with residual content of bitumen bin-
der 2.5-3.5 %, cement 1.5-4.0 %) (France, Germa-
ny, Poland, Portugal, Slovenia, Czechia).

Regenerated materials without mineral binder
(cement) demonstrate their viscoelastic properties
within wide temperature and time range. Main de-
fects on the pavements laid with the help of stabi-
lized materials are plastic deformations, fatigue
cracks. Elastic properties, increased shear re-
sistance at high temperature, brittleness contri-
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buting to low temperature crack formation, reduc-
tion in cyclic longevity are revealed to a greater
extent while increasing mineral binder.

In this connection selection, design, optimiza-
tion of binding component composition (organic
and mineral) acquire a crucial significance for
preparation of cold regenerated mixtures.

Every cold recycling project includes detailed
prefeasibility diagnostics of repair object, an ana-
lysis of materials in constructive layers of pave-
ment dressings, design of regenerated material
composition, calculation of design for pavement
dressing that presupposes the following: determi-
nation of type and scope of defects in the road
pavement; core samples collection from the pave-
ment; laboratory test of road pavement material;
selection of binding component type and determi-
nation of their amount; if it is necessary, determi-
nation of amount for additives, fillers, aggregates;
structural analysis of the placed pavement dressing
with a layer and layers from regenerated materials.

Pavements can not be repaired with help of
cold recycling method without additional works or
without adding new materials if there are destruc-
tive processes in the pavement dressing which are
caused by excessive moistening of basement, road
bed; heaving properties in road bed; insignificant
shear resistance of road pavement due to high con-
tent of bitumen, small-grained components (it is
necessary to include a new coarse stone aggregate
up 20 % by weight); insignificant adhesion bet-
ween bitumen and stone aggregate which is re-
vealed in high porosity.

The following test methods are used to assess
physical and mechanical characteristics of asphalt
concrete in constructive layers of a pavement
dressing: extraction of binding material; binder
analysis with the help of burning-out method;
binder restoration; penetration of the restored bin-
der; binder viscosity; grain composition.

Design of cold regenerated mixture composi-
tion is carried out with due account of test results
for asphalt concrete pavements: selection of bin-
ding components; determination of optimum water
content; preparation of cold regenerated mixtures,
manufacturing of laboratory samples; storage of
laboratory samples.

While testing laboratory samples the following
physical and mechanical indices of regenerated
concrete are determined: residual porosity; brea-
king strength for fracture (in dry, wet state); water
resistance (according to climatic conditions — frost
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resistance); elasticity modulus and thermal and
physical characteristics.

If it is necessary tests for shear resistance or
cyclic longevity are carried out and they are con-
nected with investigations on properties of design
composition for a cold regenerated mixture.

Values of the required qualitative indices for
regenerated mixtures, concrete are analogous and
oriented toward correction in the following as-
pects: shear resistance; crack resistance, fatigue,
water resistance, frost resistance.

Fig. 4 presents a model diagram for structure of
pavement dressings; and tab. 1 shows physical
characteristics of some road materials.
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Fig. 4. Scheme of pavement dressing structure model

The required value of breaking strength for
fracture within temperature range 5—-15 °C is equal
to 0.3—1.0 MPa, Marshall Stability — 5-7 kN, water
resistance — 60-70 %.

Peculiar features pertaining to analysis of pro-
perties for cold concrete on the basis of asphalt
granulates while milling road pavements are in that
they combine properties of coagulative, condensed,
crystallized structures. Arrangement of various
bonds in them is non-uniform by volume (strength,
deformability of structural aggregates, clusters).
On the basis of deformation, destruction principles
a structure of similar materials can be presented
in the form of a phenomenological model with
a complex set of elastic, viscous and plastic bonds
which are interchanging according to sequential
and parallel schemes.

A great number of components (additives):
polymer and other additives (Nicoflok (Russia),
NanoSTAB (Germany), RoadCem (Netherlands),
NovoCrete (Germany), Perma-Zyme (USA), Dor-
zin (Ukraine), ANT (Russia), Polybond (Swit-
zerland), ITERLENE A.C.E.R. 1000 (Italy)) and
others; special emulsion with high characteristics
(GSB-Repave (USA), PASS R (USA), Cyclogen
(USA), Reflex (USA)) and rejuvenating substances
(predominantly components (including emulsion),
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containing various oil of biological origin, mineral,
synthetic and waste solvent in their composition
are used in order to improve physical and technical
characteristics of cold regenerated mixtures on the
basis of organic (bitumen emulsion, foamed bitu-
men) and mineral binders (cement).

Technology using foamed bitumen that in-
creases strength and stress-related characteristics
with less expense of binding material is considered
as an efficient method for improvement of strength
and stress-related characteristics in cold regenera-
ted concrete.

Foamed bitumen is produced by injecting small
quantities of water and air into hot bitumen un-
der high pressure. The water evaporates and ma-
kes the bitumen foam up intermittently and due to
this the bitumen increases its original volume
by 15-20-fold. The formed foam is then injected
into a mixer through injection nozzles and optimal-
ly mixed into cold and moist construction materi-
als. Quality of the foamed bitumen is primarily
characterized by such parameters as expansion and
half-life. The greater the expansion ratio and half-
life, the more easily the foamed bitumen can be
processed (fig. 5).

Asphalt emulsion
Continuously bound

Foam asphalt
Noncontinuously bound

Fig. 5. Scheme of asphalt emulsion and foam asphalt

Thus it is possible to conclude that presently
there is no clear option (technology) for cold re-
generation of asphalt concrete pavement that en-
sures maximum restoration of strength and strain
properties which permit to use cold regenerated
concrete in top pavement layers and that is related
to non-availability of efficient methods for quality
evaluation of asphalt granulate-based composite
materials while performing milling of asphalt con-
crete pavement with organic and mineral binders
and consequently it is not possible to control inten-
tionally their properties and predict them in time.
There is no as well methodology for evaluation of
efficiency in usage of various additives for reliabi-
lity of cold regenerated concrete operating under
heavy transport load conditions, climatic factors.
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Table 1

Physical characteristics of some road materials (concrete based on organic and hydraulic binder) according to standard
of the Republic of Belarus — Pb CTB 1415-2003

Name of index Mixture type, %
1. Water saturation W, % by volume, not more 0.5-7.0 0.5-7.0 0.5-10.0 0.5-10.0
2. Intumescence H, % by volume, not more 1.0 1.0 1.0 1.0
3. Index of resistance to plastic deformation /., not less 1.0 1.0 1.0 1.0
4. Index of temperature crack resistance /., not less 0.5 0.5 0.4 0.4
5. Maximum structural strength R., MPa, not less 2.2 2.5 1.8 1.8
6. Ultimate compressive strength Rsq at temperature 323 K
(50 °C), MPa, not less, at the age:
1 day (for mixtures of 1 group) 0.5 0.7 0.3 0.5
14 days (for mixtures of 2™ and 3™ groups) 0.9 1.1 0.6 1.0
28 days (for all mixtures) 1.0 1.4 0.8 1.2
7. Coefficient of frost resistance in aggressive environ-
ment Ciog resistances N0t less 0.7 0.7 0.6 0.6
* In case of placing a protective layer not less than in 6 months maximum permissible level of water saturation must constitute
not more than 4 %.

Problem pertaining to development of metho-
dology for quality evaluation of asphalt-granulate-
based composite materials with due account of
milling, nano-components in existing asphalt con-
crete, concrete pavements is considered as one of
the most important in the project “Development of
complex technical system for activation and full
regeneration of pavement dressings” which has
been implemented within an international project
of Henan Excellence Bureau in the field of green
technologies for regeneration and recycling of road
construction materials; results of the development
can be used as in the People’s Republic of China
so in the Republic of Belarus as well and in other
countries of the world.

While making selection of components (filler
material, structuring additives, modifiers, stabi-
lizers and others) which exert an action on proper-
ties of cold regenerated mixtures, asphalt-gra-
nulate-based concrete it is necessary to take into
account fields of elastic, viscoplastic bonds in the
structure.

Bonds (elastic, viscous, plastic) in a composite
concrete with organic and hydraulic binder have
own mechanical characteristics, so such concrete
possesses a spectrum of elastic and viscoplastic
properties. Changes in temperature, load value and
regime lead to inter-bond substitution. Various
elastic and viscoplastic bonds are functioning in
the process of deformation in accordance with
temperature, load regime, concrete composition, so
the concrete reveal to various extents properties
of elastic and viscous solid (fig. 6).
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Fig. 6. Schemes of total bonds in concrete
with organic and hydraulic binder

If only elastic bonds are deformed then it is pos-
sible to observe complete deformation reversibility,
and destruction occurs according to mechanism of
brittle solid irrespective of loading period. At the oth-
er extreme viscoplastic bonds characterize occurrence
of residual deformation and they are subjected to in-
fluence of temperature and loading period.

Deformation processes in the concrete structure
can arise due to the following factors: breakage in
elastic bonds; attainment of ultimate deformations
in viscoplastic bonds. Whatever the composition
and structure concrete having equal number of
elastic (viscoplastic) bonds possesses the same re-
laxation capability, relaxation rate, Poisson’s ratio,
ratio between dissipated and stored energy.
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Having denoted portion of elastic bonds chara-
cterizing concrete state by some scalar quantity #,,
viscoplastic #,, then the following assumption must
be fulfilled

n,+n,=1. (1)

As due to deformation of viscoplastic bonds
dissipation of applied energy takes place then we
can accept theoretically that n, and n, proportion is
determined by ratio of dissipated energy to the ap-
plied one. Consequently number of #, and n, de-
pends principally on relaxation concrete properties
and load action time, and number of elastic bonds
in the deformation process can be determined from
the following dependence

3
El‘ Rl‘;
n=—"t=|—/4|, 2
(&) o

c c

where E,, R, — module of relaxation and concrete
strength, MPa; E., R. — maximum values for mo-
dule of relaxation and concrete strength within all
ranges of temperature and load action rate (load
action time), MPa; m — coefficient depending on
concrete properties (types).

Thus it is necessary to evaluate not only quanti-
tative characteristics of strength and deformability
according to the results of elementary tests but it is
necessary to evaluate as well process of changes in
deformation regimes due to adding of modifying
and other additives. This equates to exert inten-
tionally an influence on ratio of elastic and visco-
plastic bonds in the structure of cold regenerated
asphalt-granulate-based concrete within specific
range of transport load actions and climatic factors.

A large value of property parameters obtained
during elementary tests (for example, strength re-
sistance to disruption at temperature of 15 °C) does
not always mean a long time performance of cold
regenerated concrete.

Such approach must be taken into account
while optimizing compositions of cold regenerated
mixtures and it is especially important while modi-
fying them with the help of various additives.

Generally, in case of positive influence of low-
molecular, ion active, organic, SAS (Surface Active
Substance) — and enzyme-based stabilizers on proper-
ties of cold asphalt-granulate-based concreted it
is possible to reach their high calculative characteris-
tics which can be clearly predicted according to va-
lue of maximum structural strength (Rc) at the level
of 2.5-4.0 MPa (while making calculations according
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to methodology of the People’s Republic of China)
or 4.0-6.5 MPa (while calculating strength according
to methodology of the Republic of Belarus) and the
level of maximum elasticity modulus is equal
to 25000 MPa. On the assumption of reaching the
indicated maximum structural strength it can be said
that there is a possibility to use cold concrete in top
layers of pavement dressings with appropriate indices
of residual porosity even for rather busy highways.

Therefore one of the main characteristics deter-
mining the possibility to reach the required indices
for cold regenerated mixtures and concrete is granu-
lometric composition of asphalt granulators while
milling old asphalt-concrete pavements. Quality of
asphalt granulate, its sensible use in cold regenerated
mixtures are determined by its fractional composi-
tion, bitumen content and its properties which are
taken into account for further optimization of organic
binder content. Tab. 2 and 3 present a granulometric
composition of asphalt granulators and European
standard (DIRECT-MAT project).

Table 2
Granulometric composition of asphalt granulators
Fine Medium Coarse
Sieve size gradation gradation | gradation
Percent passing
1.25" (31.5 mm) 100 100 100
3/4" (19 mm) 95-100 93-97 83-87
No 4 (4.75 mm) 60-70 48-52 3842
No 30 (600-pm) 20-30 8-12 3-7
No 200 (75-pm) 1-7 1-3 0.5-2.0

Tab. 4 presents some physical and technical
characteristics of aggregates according to the
standard of the Republic of Belarus.

Although there is a great variety of manufac-
tured modern mechanisms for cold in-place rege-
neration of asphalt concrete pavements it is still
necessary to solve a problem pertaining to syn-
chronous obtaining of asphalt granulate of various
fractions because it will permit significantly to in-
crease reliability of cold regenerated concrete.
Main attention is paid to increase of uniformity in
asphalt granulate due to milling of asphalt concrete
pavements that does not always allow optimally to
regulate frame structure of cold concrete, its strength,
deformation properties. In this connection it is expe-
diently to develop a methodology for evaluation of
regenerating ability of asphalt granulate and such
approach will permit purposefully to optimize com-
positions of cold regenerated mixtures and improve
their physical and mechanical characteristics.
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European standard (project DIRECT-MAT)

Table 3

Emulsion cold mix Foamed bitumen cold mix
Country Czech Rep. : :
Fines (<0.063 mm) <6 % | Fine aggregates (<2 mm) | Fines (<0.063 mm) <6 % |Fine aggregates (<2 mm)

Finland 4-8% - 4-8% -
Germany 2-10 % 220 % 3-12% 225 %

Portu%al, 1-3 % 15-40 % (h > 10 cm) or B B

Spain” 0 19-42 % (h = 6-10 cm)
South Africa 4-10 % 2540 % 2-9 % 2540 %

" Both Portugal and Spain have specifications for the grading of the reclaimed asphalt material, which must fit one of the re-
quired grading envelopes: one for applications in layer thicknesses higher than 10 cm and other for layer thicknesses between 6 cm

and 10 cm.
Table 4
Size and grade of crushed and gravel aggregates according to CTb 1415-2003-standard of the Republic of Belarus
. . Content of grains with coarseness, % by weight |Grade of crushed aggregate
Constructive layer Maximum size (gravel aggregate)
of crushed aggregate more than less than less than gravel aggregate
of pavement (gravel aggregate), mm 5 mm, not 0.63 mm, not | 0.71 mm, not according to crushing
’ more than less than less than (strength), not less than
20 65 24 6 800
Top layer 20 50 38 6 400
15 35 50 4 300
10 35 50 4 200
40 70 12 2 800
Bottom layer 40 55 20 2 400
20 35 30 4 300
15 35 30 4 200
Note: Volume of grains having coarseness less than 0.071 mm includes hydraulic binder.

At the same time analytical, experimental in-
vestigations in various climatic regions of coun-
tries carried out within the framework of interna-
tional Henan project have shown that longevity,
economy, optimum conditions for operation of
pavement coatings depend not only on physical
and chemical characteristics of roads and environ-
mental systems (“road surface — horizon”; “road
surface — heat flows — atmospheric air”, afforesta-
tion, number (density, load capacity) of transport
objects”), these indices depend also on thermody-
namic, heat- and mass transfer potentials, thermo-
dynamic parameters of air, air flow rate. Other fac-
tors have been noted as well and they represent a
complex of challenges concerning exterior and
internal problems which has arisen due to actual
processes of heat and mass transfer in one layer,
multi-layer systems of pavement dressings. At
known coefficients of heat conductivity, steam-
and mass permeability, diffusion, filtration, tem-
perature conductivity, density of material layers
etc. initial and boundary conditions it is possible to
carry out optimization of heat- and mass transfer
problems from bottom surface of road layer to its
base (sand, bulk materials, ground).

For example, considering a road pavement
(dressing) as a semi-closed body, whose surface is
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streamed by air at natural and forced convec-
tion according to Newton’s law solution of differ-
ential equation of heat conductivity leads to the
following equation for calculation of temperatu-
re fields of one- and multi-layer pavement dres-
sings [5—12]

2 < x2 —9?
(x,1)=—= T-——|exp ~ d9=
o B

T dn
L4 e f )
2\/;() T'l3/2 4_1,.l

If road surface temperature is constant then
from (3) we can obtain

€)

X

2Jat’

— tabulated Gaussian error func-

t(x,7)=1(0,7)-erfc

“

here erfc—
where e c2 N
tion (integral); 9 — excess (difference) tempe-
rature of air in boundary layer and road pavement
surface; n — ratio of distance from road dressing
surface to its total thickness (relative distance); p —
root of modified Bessel function (table value).
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In addition to it, while taking into account deve-
lopment of scientific prospective direction that con-
cerns nano-technology and creation of nano-materials
for higher reliability of road dressings it is necessary
to consider nanomaterial science in road-construction
industry as the most actual one because when we
study problems pertaining to fractional composition
of all road dressing components including transfer to
nanomaterials, for example, application of modified
water-reducing agent based on nanostructured carbon
it is possible significantly to increase physical and
technological properties of asphalt concrete and con-
crete road dressings.

CONCLUSIONS

1. Theoretical and experimental investigations
on development of road-construction industry and
especially improvement in reliability, strength and
mainly longevity of pavement dressing are carried
out within the framework of international project
with the support of Henan Bureau of Outstanding
Foreign Specialists, Grant No. G,ZS 2018006
(People’s Republic of China, Henan).

2. Analytical, experimental investigations in
various climatic regions of countries have shown
that longevity, economy, optimum conditions for
interaction depend not only on physical and che-
mical characteristics of roads and environmental
systems (“surface roads — horizon”; “road surfa-
ce — heat flows — atmospheric air”, afforestation,
number (density) of transport objects, thermody-
namic, heat- and mass transfer potentials, thermo-
dynamic parameters of air, air flow rate.

3. Multi-year in-situ investigations have shown
that metastable state of pavement dressings has
a limited stability and when affected by relatively
small external action it is entered into more stable
state (super-cooled vapor), it exists for a short pe-
riod of time and it is transformed into liquid, satu-
rated, supersaturated steam, over-heated liquid and
it depends on micro-macroelements of road sur-
face, presence of external disturbances etc.

4. Longevity, operational characteristics of as-
phalt-concrete, cement-concrete pavement dres-
sings are significantly determined by stationary,
quasi-stationary heat- and mass transfer processes
in pavement dressings, dynamic and heat boundary
layers at various boundary and initial conditions.

5. It is necessary to continue and expand study
of physical and technical and thermophysical pro-
perties of new materials on the basis of nano-tech-
nologies with application of modified, nanostruc-
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tured carbon-based plasticizer for construction-
road industry because especially these additives
significantly increase cement activity that leads to
improvement of strength, reliability and longevity
for the obtained materials.
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Pedepar. Ha ocHOBaHNY OmNBITAa MPUMEHEHHS U CASIIAHHOTO aHAIN3a NPHUBEICHBI KPUTHYECKUE 3aMEUaHus IO eBPONEHCKIM
HOpPMaM HPOEKTHPOBAHHS CTAIBHBIX KOHCTPYKIMH, BKIIIOYAsl CBapHBIE M OOJITOBBIE COSIUHEHUS. 3aMedaHHs IIPeCTaBICHBI
B COTNIOCTABJICHUH C aHAJIOTHYHBIMA HOPMaTHUBHBIMH JJOKyMEHTaMH, IeHCTBYIOIMMH Ha Tepputopun benapycu. [1poanammsu-
pOBaHBI €BPOIEHCKIE HOPMBI, KAaCAIOIINECs] HArPY30K (OIIpe/ie/IeHne pacyeTHBIX 3HaUeHHH Harpy30K M COCTaBICHHE pacdeT-
HBIX COYeTaHUH Harpy3ok). Oco0oe BHUMaHHE yIENEHO aHAINW3y TPeOOBaHUI €BPONMEHCKUX HOPM K CTalsM U CBapOYHBIM
MaTepHanaM U COMOCTaBICHUIO UX C MEXaHMYECKHMMH XapaKTepPUCTHKAaMU aHAJOTUYHBIX MaTepHaloB, HUCIONb3YyEeMbBIX UL
U3TOTOBJIEHMS CTAIbHBIX KOHCTPYKIMH B peciyOnnke. OTMEUEHBI NMPUHATHIE B €BPONEHCKUX HOPMax MpaBHiIa, KOTOPbIE
IpU CPaBHEHUH C aHAJOTUYHBIMU IIPaBUJIAMH, MCHOJB3yEMBIMU B CTPOUTENBHBIX HOpMax W mpasmwiax (CHull), npusomst
K CYIIECTBEHHOMY YBEIMUYCHHUIO MaTEePUaIOEMKOCTH CTAIBHBIX KOHCTPYKIHUA. DTO Mpex/ie BCero KacaeTcsi Ha3HaueHUs 4acT-
HBIX KOX((UIMEHTOB 1O Harpy3kaM M KIACCH(HKAIMU CEYeHHIl Mo 00ECHEeYeHHI0 MECTHOH YCTOWYMBOCTH CXKATBIX
W YaCTHYHO CXKAaTBIX 3JIEMEHTOB. B crarhe oTMeueHs! nmpaBuia EBpOKOIOB, HE COOTBETCTBYIONINE TPEOOBAHUSIM TOCYIapCT-
BEHHBIX CTAHIAPTOB U TEXHUUYECKHUX YCIOBHUH, AeiicTByronmx Ha Tepputopun Pecnybnuku benapyce. [lokazana cymecTBeH-
Hasl OTPaHUYEHHOCTh HEKOTOPBIX €BPONEHCKUX MPABHUII, KACAIOMINXCS PaciyeTa IMEHTPATbHO M BHELIEHTPEHHO CXKAThIX dIIEMEH-
TOB, OTMEYEHO OTCYTCTBHE IPABHII MO NMPOBEPKE 00MIel yCTONINBOCTH CKBO3HBIX M CTYNEHYATHIX KOJIOHH, KOTOPBIE HMEIOT
MINPOKOE PAaCIIPOCTPAaHEHHE B MPOEKTAX, PeaTn3yeMbIX Ha TeppuTopun peciryomuku. [1o pesynpTataM mpoBEIEHHOTO aHAIN3a
ClIeNIaHbl BBIBOJBI, COTJIACHO KOTOPBIM IPHMEHEHHE €BPOIEHCKHX HOPM IO NMPOEKTHPOBAHUIO CTANBHBIX KOHCTPYKIMH Ha
Tepputopuu PecryOiiku benapych MeeT cyniecTBeHHbIE OTpaHHIEHHS.
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Some Comments on Designing of Steel Structures
According to European Standards

Y.Y. Davydovl)

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Critical comments on the European standards for designing steel structures including welded and bolted joints have
been given on the basis of application experience and executed analysis. Comments are presented in comparison with similar
regulatory documents which are in effect in Belarus. European standards concerning loads (determination of calculated load
values and drawing up of design load combination) have been also analyzed. Particular attention has been paid to the analysis
of European standard requirements to steel and welding materials and their comparison with mechanical characteristics of
similar materials used for manufacture of steel structures in Belarus. The paper gives notice to the rules which are accepted in
the European norms and the rules being compared with the similar rules used in Construction rules and regulations (SNiP)
lead to a significant increase in material consumption of steel structures. First of all, it concerns assignment of partial load factors
and classification of sections for ensuring local stability of compressed and partially compressed elements. The paper pays
a special notice to the rules of Eurocodes that do not meet requirements of State standards and technical specifications opera-
ting in the Republic of Belarus. Significant limitations of some European rules regarding calculation of centrally and eccent-
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rically compressed elements, absence of rules for testing overall stability of through and step columns which are widely used
while implementing projects Belarus have been described in the paper. Conclusions have been made on the basis of the analy-
sis results and according to them application of European standards for designing steel structures has significant limitations

on the territory of the Republic of Belarus.
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BBenenne

Hopmbl IIpOEKTHpPOBaHMs CTaJbHBIX KOHCT-
PYKITHH HE MOTYT OBITh pa3paboTaHbl 0e3 ydeTa
3HAYEHUN M3MEHYMBOCTH KIMMATUYECKUX U TEX-
HOJIOTHYECKUX HArpy30K A JaHHOTO pPETHOHA,
B OTpPbIBE OT CBOICTB MCIIOJIb3YEMbIX METAJLIOB,
YCJIOBUH 3KCIUTyaTalldd KOHCTPYKUMM TpUMEHsIe-
MBIX MPOKATHBIX MPOQUIEH U BO3MOXKHBIX OTKJIO-
HEHUM TNpu MOHTaxe KOHCTpyKuuid. Iloaromy
3aMeHa TOJIBKO METOJla pacueTa CTaJbHBIX KOH-
CTpyKIui, mpumensemoro B PecmyGmmke bema-
pych, Ha METOJ, MPEIYCMOTPEHHBIN €BpONEHCKH-
MH HOpMaMmH, MPUBOJUT K CEPHE3HBIM HECOOTBET-
CTBHSIM M HAapYIICHUIO KaK CaMUX EBPOIEHCKUX
HOPM, TaKk M HOPMAaTHBHOI'O 3aKOHOJATEIbCTBA,
JIEHCTBYIOILIETO Ha TeppuTOpun benapycu.

B Hacrosimee Bpems B PecnyOnmke bena-
PyCh HCIONB3YIOTCS IBa HOPMAaTHUBHBIX TOKY-
MEHTa [0 INPOEKTHUPOBAHUIO CTAJIBHBIX KOH-
crpykuumit: CHull 11-23-81° [1] u eBpomeii-
ckre HopMbl TKIT EN 1990-2011 «OcHoBHI mpo-
€KTUPOBAHUS CTPOUTENbHBIX KOHCTPYKLUID (MM
TKII EN 1991-1-7-2009 «Bo3neiicTBust Ha KOHCT-
pykuum», unu TKIT EN 1993-1-1-2009 «IIpoek-
TUPOBAaHUE CTAJBHBIX KOHCTPYKLMiT»). EBpomei-
CKUE HOpPMBI BKJIIOUEHBI B YHCJIO AEHCTBYIOIIUX
mokymeHToB B 2009 r., m ceifuac yxe HMeeTcs
OTBIT MX HCIOJIB30BAaHUS B PEAILHOM NMPOEKTHPO-
BaHUU. COOTBETCTBEHHO MOSBUIIACH BO3MOYKHOCTh
IPOM3BECTU AHAIM3 OCHOBHBIX IOJOXXEHUIl eBpo-
HNEHCKUX HOPM, OTMETUTH NPUHLUINAIBHbBIE OTJIN-
YMsl, COIIOCTABUTh PE3YyJbTAaThl PACUETOB, BBINOJI-
HeHHBIX 110 [1] u EBpokoaaM, caenath BHIBOADIL.

Lenp npoBeneHHOro aHanu3a — 0OpaTUTh BHU-
MaHME CIEIHAINCTOB, 3aHUMAIOLIUXCS IPOEKTU-
POBaHMEM CTaJbHBIX KOHCTPYKLHH, Ha HEKOTO-
pBle, He coBceM 0OOCHOBaHHBIC MOJIOKEHHS EBpo-
KOJIOB, Ha HECOOTBETCTBHS OTAEIBHBIX MOJIOKEHUH
€BPONEHCKUX HOPM HOPMATHBHBIM [IOKYMEHTaM,
JEUCTBYIOIIMM Ha Teppuropun bemapycu, Ha cy-
IIIECTBEHHOE YBEJIMUEHNE MATepUaIOEMKOCTH CTajlb-
HBIX KOHCTPYKIIMH, 3alIpOEKTHPOBAHHBIX IO €BPO-
MEUCKUM HOpMaM.
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Onpenenenue HArpy3oK

[Ipu aramuze EN 1990 BeI3BIBacT BOIIPOC TPH-
BeZeHHoe B lIpuiioskeHnn A mpaBwjio: «...B 3aBU-
CUMOCTH OT Ha3Ha4yeHus, (GopMbel U IOJNOXKe-
HUS 3JaHAA B COYETAaHWM BO3ICHCTBUH YYUTHI-
BacTca He Oonee NBYX IEPEMEHHBIX BO3JCUCT-
Buit» (. Al.2.1(1)). aHHOE NpaBUIIO MPEXKAE BCETO
npotuBopeunt ['OCT 27751-2014 «HapexxHocTth
CTPOMTENBHBIX KOHCTPYKIMH M ocHoBaHui. Oc-
HOBHBIE MOJIOXKEHUS», TJ€ HET OrPaHUYEHHUH IO
KOJINYECTBY YYHUTHIBAEMBIX BPEMEHHBIX Harpy30kK
M, KpOME TOTO0, OHM HE BCETJAa COOTBETCTBYIOT
peanbHBIM YCIIOBHSAM, TJ€ KOJIMYECTBO BpPEMEH-
HBIX Harpy30K, AEMCTBYIOIINX OJHOBPEMEHHO, KaK
MpaBUIIO, OKa3bIBaeTcsl OoJblle AByX. Takxke, co-
macHo EN 1990, orpanmumBaeTcss KOJIHMYECT-
BO BPEMEHHBIX HAarpy3oK IpH pacdeTe MOKPHITHH.
N3 tabn. Al.1 Ilpunoxkenus A EN 1990 cnenyer,
470 KOA(GUIMEHTBI codeTaHuil (Yo, i, o) A
BPEMEHHBIX IOJIE3HBIX HE JOMUHMPYIOIIMX Harpy-
30K Ha TOKPBITHE PaBHBI HYJIO, T. €. €CJIU MpH
pacueTe HOKPBITHI YYUTHIBAETCS] CHETOBasi Harpy3-
Ka KaK JOMUHHMPYIOLIAs U B 3TOM CJIyyae y4UThIBa-
emas Oe3 koadduuueHTa codeTaHHid, TO B COOT-
BercTBUH C 1. 6.4.3.2 EN 1990 npyrue BpeMeHHbIE
Harpy3KH Ha TOKPBITHE yXKe HE MOTYT OBbITh y4Te-
Hbl. CorTacHO MPUBEEHHOMY MPaBUITY, B CIydae
0COOBIX pacyeTHBIX CUTYalUi yKe HE MOT'YT OBITH
YUYTEHBI Bce BPEMEHHBIE HArPy3KH Ha TIOKPBITHE.

Crnenyer oOpatuTh BHUMaHKE Ha craOyro aug-
(bepeHLIMAIIIO ¥ 3aBBIIICHHbIE 3HAYEHHS] HEKOTO-
PBIX YaCTHBIX KOI(PPHUUHUEHTOB, HCIIOIb3yEMBIX
B eBponeiickux Hopmax. Hampumep, B EN 1990
B Ta0s. A.2(B) npuMeHHTETHEHO KO BCEM TTOCTOSH-
HBIM Harpy3kam pPEeKOMEHAYETCSl OIHO U TO JKe
3HaYeHUEe KOA(PQUIMEHTa, HCIOJIB3YEMOro JUIs
nepexoja OT HOPMATUBHOM HArpy3Kd K pacder-
HOU (Yr), 3HaYEHUE KOTOPOTO, COTJIAacHO (opMy-
ne (6.2B) EN 1990, onpenensiercs Kak mpou3Beze-
HHE IBYX KO3()OHUIHUEHTOB: Yr = Yf{sa» TAE Yy — KO-
3¢ (QUIUEHT, YUUTHIBAIOIINN BO3MOXKHOCTh HeOa-
TONPUSATHBIX OTKJIOHEHWH 3HA4Y€HWH BO3IEUCTBUI
OT HOPMAaTHBHOTO 3HAUYEHHS; Y5y — KOIDPUIHUEHT,
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YYUTHIBAIOIINN HEONPEAETICHHOCTH, KaCaroIInecs
OTIpeICNICHUs] BO3ACHCTBUN WM YCHIUM OT BO3AEH-
ctBus. OJHAKO, HECMOTPS Ha OOWJIKEe U pa3HOOOpa-
3ue yauThiBaeMbIX (aktopoB B EN 1990, 3nadenue
3Toro ko3 UIMenTa s BceX MOCTOSHHBIX HArpy-
30K TPHHSATO OJMHAKOBBIM WM paBHBIM 1,35. Taroke
noJyIekuT coMHeHuo npunstoe B EN 1990 oguna-
KOBOE 3Ha4eHHE 3TOro Kod(QHIMeHTa I BpeMeH-
HBIX HAarpys3oK, paBHoe 1,5, T. €. UI1 HEKOTOPBIX
Harpy3ok 1o cpaBHeHmto co CHull 2.01.07-85"
«Harpy3ku u Bo3aeHcTBUA» [2] nMeeTcs cyliecT-
BEHHOE IPEBBILLICHUE, JocTuraoniee 36 %.

UTto KacaeTcsl BHIYHCIEHHS] HOPMAaTUBHBIX 3Ha-
YEHW Harpy30K OT MOCTOBBIX KPaHOB, TO 3/1€Ch
BO3HUKAIOT 3aTPYIHEHUS, CBSA3aHHBIC C TEM, YTO
B TEXHMYECKOH JOKYMEHTAllMU HAa T'PY30MOIbEeM-
HBIE KpaHbl OTCYTCTBYIOT XapaKTEPHUCTUKH, HEOO-
XOIWMBIE JUIS WX ompeneneHus: 3hGheKT yckope-
HUS ¥ TIEpeKoca; MOJI0)KEHIe MTHOBEHHOTO IIEHTpa
BpalleHus; Kod(h(QUIUEHT 3JeKTPOMEXaHNIECKON
ces3u 1 T. 1. (EN 1991-6). B cBsi3u ¢ nunamude-
CKHM XapakTepoM KpaHOBOW HArpy3KH B pacueTax
MOJIKPAHOBBIX KOHCTPYKITUH TPUMEHSIOTCS K03(-
(utmenTsl nuHamMuYHOCTH. B [2] mcmomb3yercs
ovH KO3(QUIMEHT NWHAMUYHOCTU IS BEPTH-
KaJIbHBIX Harpy3oK, paBHBIM 1,2 nns KpaHOB pe-
skuma paboter 8K, u 1,1 — mus KpaHOB pEeKUMOB
pabotel 7K u 6K, 1 oguH K03hOHUIMEHT IJIs1 TOpHr-
30HTAJIBHBIX HArpy3okK, paBHbli 1,1 1 KpaHOB
pexuma padotsl 8K. B eBpoHOpMax MCHONB3YHOT-
cs TpU Ko3(ppUIMEeHTa TMHAMUYHOCTH JJIT BEPTH-
KabHOU (1, @2, P4) U OAWH I TOPH30HTANb-
HO¥ (¢s5) Harpy3ok. JIJis @, YIUTHIBAIOIIETO JUHA-
MUKy MocTa kKpaHa, B EN 1991-3 npuBeneH TOJIBKO
uaTepBan 0,9 <@, <1,1, HO TIpU ITOM OTCYTCT-
BYIOT Kakue-TH0O YKa3aHWs IO OIpeAeNICHUI0
TOYHOT'O 3HAYEHUS ITOT0 KodddumuenTa ;s KOH-
kpetHoro kpana. KoaddwurwmeHnt ¢,, yduThIBatO-
Wi TUHAMHKY, BOSHHUKAIONIYI0O B MOMEHT TOIb-
eMa Tpy3a, 3aBHCHT OT peKMMa pabOTHl KpaHa U
CKOPOCTH TOoJbeMa rpy3a. Ilpyu paBHBIX yCIOBHSIX
ero 3HadyeHue Ha 20-25 % Oobllle aHAIOTUYHOTO
koo durmenTa A BEPTUKAIBHBIX  HArpy3o0K,
npunsatoro mo [2]. Koaddumuenr ¢, yuutsiBaet
TUHAMAKY, BO3HUKAIOIIYIO TIPH JBIKEHUH KpaHa.
VYka3aHHas IWHAMHUKA BO3HUKAET, MPEXKIE BCETO,
MpH  TPOXOXKJACHWH KPAaHOM CTHIKOB PEIbCOB.
ITo eBpoHOpMaM (4 MPUHUMAETCS PABHBIM 1, ecin
CTBIKOB HET W COONIONEHBI JOIyCKH Ha PEIhCO-
Boie myTd (EN 1993-6). Ecnu 5T TpeOoBanus He
COOJFOICHBI (3TO MMEET MECTO B OOJBIIMHCTBE
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cllyyaeB), TO 3HaYCHHE (4 PEKOMEHIYETCS Ompe-
JeNSTh C TIOMOIIBI0 MOJAEIHPOBaHHA (IIPU MPOEK-
TUPOBAaHUHU MCCIEOBAHUE HAa MOJEIAX, Kak Ipa-
BWIIO, He mpenycMaTtpuBaercs). Koaddumment s
MNPUMEHSIETCS. K TOPU3OHTAIBHBIM HMHEPLUOH-
HBIM BosnmeWcTBmsiM. Ilpu 3TOM  popMymHpoB-
KM, ONpeleNsiouIne IUana3oHbl A (s, He KOH-
KPETHBL: «CHJIBI U3MEHSIOTCS IJIaBHO» — B 3TOM
ciyqae 1,0 < s <1,5; «Moryr mnpou3olTH pe3-
Kue m3MeHeHus» — 1,5 <@s<2,0; «uisl mpuBO-
JI0B, MMEIOIINX 3HAYUTEIbHBIM MEPTBBIA XOm» —
¢s = 3,0. CrexyeT OTMETUTD, YTO BBIYUCIUTH TOY-
HOE 3HaYCHHE (s HE TPEACTABISAETCS BOSMOXKHBIM,
TaK Kak IpUBeJCHHbIE (HOPMYIUPOBKU HE MMEIOT
HHUKAaKOT'0 YHCJIOBOI'O COIPOBOXKICHHUS.

TpeGoBaHusi K CTAJILHOMY NPOKATY

Cornacro m. 3.2.3(1)P EN 1993-1-1, cramu,
WCTIONB3yeMbIe U M3TOTOBJICHUS CTAJIbHBIX KOH-
CTPYKILIMH, TOJDKHBI UMETh TapaHTUM 1O yAapHOU
Bsizkoctu (KCV) npu camoli HU3KO# TeMrieparype
SKCIUTyaTallid BHE 3aBUCHMOCTH OT TOJIIUHBI
MpoKaTa, YCIOBHH pPabOTBI W OTBETCTBEHHOCTH
KOHCTpYKUMH. Ecnu cTanp He COOTBETCTBYET 3TO-
My TpeOOBaHMIO, TO HCIIOJIB30BATh EBPOMEHCKHUE
HOPMBI JIJIsl IPOSKTUPOBAHUS CTAIBHBIX KOHCTPYK-
uuit He momyckaetcs (EN 1993-1-1, m. 2.2(2)).
3mech HEOOXOOUMO TOMYEPKHYTh, YTO B €BPO-
NEHCKUX HOpMax IyHKTHL, 00O3HaueHHBIE OYK-
BOH «P», SIBISIOTCS OCHOBHBIMU TPUHITUIIAMH STHX
HOPM, JJII KOTOPBIX HE JOMYCKAIOTCS KaKue-Tuoo
anpTepHATHBHBIE BapwaHTHL. [lokazatenms ymap-
HoM Baskoctu mpuHumaercs mo 'OCTy umu TVY.
B Hactosmee Bpems B benapycu dacoHHbIH U H-
CTOBOM TPOKAT TOCTABIAETCS B OCHOBHOM IIO
I'OCT 27772-2015. Tlo sTroMy AOKYMEHTY yaap-
Hasl BS3KOCTH I ()aCOHHOTO W JIUCTOBOTO MPOKa-
ta u3 craneit C235 u C345K BooObie He HOpMHPY-
ercsa. Jns cramu C245 ypapHas BSI3KOCTH HOp-
MHpPYETCsI, HO TOJIBKO IIPU TeMIiepaTypax Iuioc 20
n 0 °C, mna cramu C255 — mpu TemmepaTypax
witoc 20; 0 u munyc 20 °C. lns dhacoHHOrO mpo-
kata u3 craneit C345 u C355 KCV HopmupyeTcs
ToNbKO Tpu Temmeparype munayc 20 °C, a mist 1u-
CTOBOTO TMPOKAaTa M3 TeX ke CTajell — IMpu TemIie-
patypax muHyc 20 u muHyc 40 °C. Yka3zaHHbIE
CTaJIN SIBJIAIOTCS HauOoJiee MPUMEHSCMBIMU JUIS
M3TOTOBJICHHS CTATBLHBIX KOHCTpYKIui. [Ipu 6omee
HU3KHX Temreparypax (MuHyc 20 u munyc 40 °C)
(hacoHHBII MPOKaT MMeEeT HOPMHUPOBAHHBIA TOKa-

115



Cmpoumenvcmeo

3atenb o KCV Tonmbko u3 cranu C390. Hopmupy-
eMblii nokaszarens no KCV npu temnepartypax Mu-
Hyc 40 u munyc 60 °C umeeT TOJBKO JIMCTOBOM
MpOKaT U JIMIIb HU3 CTajJedl BBICOKOH MPOYHOCTU
(C390 u Goiee). 31eCh YMECTHO HAIIOMHHUTH, UTO
camasi HU3Kas TeMIleparypa, 3aperuCTPUpPOBaH-
Has Ha TeppuUTOpUU benapycu, COCTaBIsSET MH-
Hyc 41 °C [3]. Taxke ciemayeT OTMETUTb, YTO BECh
CTaJHHOM MPOKAT TOIIIMHON MeHee 4 MM HE UMeeT
HOpMHpOBaHHBIX Tokazareneit mo KCV. Cramm
kiacca npounoctu C355 u Oosee He UMEIOT ATHX
NoKasareneH y)xe IpH TOJILIWHAX MeHee § MM.

Ecnu crnenoBarh eBponelckuM HOpMaM UCXOAS
TOJIBKO M3 TPEOOBAHMIA TIO0 yIApHOHW BSI3KOCTH, TO
MOJTHOCTBHIO HMCKITIOYAIOTCS M3 MPUMEHEHUS: CTalln
C235 u C345K; daconnsii npokaT u3 crajiei
C245, C255, C345, C355 u C355-1 moxer mpu-
MEHSTHCS TOJBKO B OTAIUIMBAEMBIX ITOMEIICHH-
ax (T2 (=20 °C)), npu 3TOM TOJIIMHA TPOKATa
g craner C245, C255 u C345 nomkHa OBITH HE
MeHee 4 MM U HEe MeHee 8 MM — s craieit C355
u C355-1; nist KOHCTPYKIMM, 3KCIUTyaTHPYEMBIX
B HCOTAIJIMBACMbIX ITOMCUICHUAX HJIM HA OTKPLI-
toM Bozayxe (7 = (—40) °C), MOXXET IPUMEHSTHCS
(haconnsrii mpokart Tompko w3 cramm C390 Tom-
UHON He MeHee § MM. Takke Ha OTKPBITOM BO3-
AYyXE MOXKET 6I>ITI> HCIIOJB30BaH JINCTOBOM ImpokKar
u3 cranu C345, HO TIpH TONIIMHE HE MeHee 4 MM,
u u3 cranu C355 u npyrux cranei ¢ 6oiee BBICO-
KOM IMPOYHOCTHIO, HO JIMIIbL IMPU TOJIIHUHE HE MEC-
Hee 8 MM.

[IpencraBisroTcst He coBceM OOOCHOBaHHBIMH
HEKOTOPLIC PEKOMCHAAIWKU, IPUBCIACHHLBIC B CB-
pONEHUCKUX HOpMax, MO OTHOILIEHHIO K YaCTHBIM
KOd(pGUIIMEHTaM, HUCTOIB3yeMbIM IS Tepexoja
OT HOPMATHBHOW XapaKTEpUCTHKH Marepuaia K
pacuetHoil. B eBpoHOpMax njig 3TOro MpPUMEHS-
ercs KOI(QQHUUUEHT Y4 KOTOPBIM ompenesser-
Csi Kak TpOW3BEICHUEC NBYX KOd(h(DHUIMEHTOB Y,
1 Yre (EN 1990, 1. 6.3.5). Koaddunmenr vy, yqau-
THIBA€T BO3MOXKHBIE HEOJIArompusTHBIE OTKIIOHE-
HUSl XapaKTEPHCTUK CBOWCTB MaTepuaia, a Yrys —
HEOTIPEICTICHHOCTH PAacueTHONW MOJENH COTPOTHB-
JICHWsI, BKJIFOYAs OTKJIOHEHUS T€OMETPUYCCKUX
napameTpoB. Kpome ykazaHHBIX K03((UIIMEHTOB,
Ypi MOXET BKJIIOYATh eule OAMH KO3(pQHUIUEHT 1,
KOTOPBIA YYUTHIBACT OOBEMHBIC M MACIITaOHBIC
(hakTOpBI, BIWSHWE BIAXHOCTH U TeMIepaTy-
per (EN 1990, . 6.3.3, 6.3.5). CoMHEHUE BBI3BI-
BAaeT TO, YTO HECMOTPS Ha 0OWIHE U pa3HOOOpas3ue
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(hakTOpPOB, YUUTHIBAEMBIX JAHHBIMHA Kod(duImen-
TaMd, WX TPOU3BEJCHHE IIPU pacCueTe CTalb-
HBIX KOHCTPYKIIMI MPUHUMAETCS PAaBHBIM €UHH-
e (EN 1993-1-1, m. 6.1), T. e. B uTOTe TIOTy4aeT-
Cs, 9TO 3TOT KOI(POUIIMEHT HUYETO0 HE YUHUTHI-
BacT. AHAJIOrMYHBIC BOIPOCHI BO3HUKAIOT M TPHU
OTPE/ICTICHUH BETPOBBIX HATPY30K, IJIC 3HAYCHUS
KO3(pPUIMEHTOB ¢4 (YINTHIBAIOMIETO HAIpaBIie-
HUE BETPA), CE30HHOTO Cyso; U OpOTpadHUUECKO-
IO ¢, TAKXKE PEKOMEH]IyeTCsl MPUHUMATH PaBHBIMU
enunute (EN 1991-1-4).

Pacuer HEHTPAJbHO
U BHEHECHTPEHHO CKATBIX 3JIECMECHTOB

[Ipu pacdere NEHTpPaTbHO W BHEIEHTPEHHO
CKaThIX DJIEMEHTOB B €BPOHOPMAaxX HCIIONB3YETCs
KJIacCU(HUKAIM TIOMEPEYHBIX CEUeHUH, KOoTopas
Ha3Ha4YaeTcs 10 MPEeAeTbHBIM OTHOIICHUSM IIAPH-
HBl TIACTHUHBI (CTCHKH WM TIOJIKHA TPOodHiIs) K
tommuae (EN 1993-1-1, tabn. 5.2). IlpeaenvHbie
OTHOIICHUS HAa3HAYAIOTCS M3 YCIOBUs obecriede-
HUAS MECTHOM YCTOMYMBOCTH IUIACTHUHBEI IPHU
HaIpsOKEHUSX, PaBHBIX MpEAeTy TEKY4YeCTH, U 3a-
BUCSAT OT BUA JMIOPHI HANPSKCHUH (11 CTCHOK —
9TO HM3TM0, CKaTHE WM C)KAaTHE C H3THOOM, ISt
MOJIOK — 3TO CXKaTHE WM CKaTHE C H3THOOM).
Pasnuuaror yeTwlpe kiacca: Ayid cedeHHil 1-ro
1 2-TO KJIACCOB JOITYCKAETCs MOSBIICHIE HAIpsKe-
HUH, paBHBIX TMpenely TeKy4ecTH M0 BCeMy cede-
HUIO 0€3 TOTepd MECTHOW YCTOWYMBOCTH; JUIS
cedyeHUi 3-ro Kilacca HallpsbKEHUeE, paBHOE Mpee-
Ty TEKY4eCTH, JTOIMYCKACTCS TOJBKO B KpalHUX,
HanOoJiee HAMPSHKEHHBIX TOYKAX CEUCHUS IIPH H3-
rube ¥ 1o BCEMY CEUCHHIO MPH IIEHTPATLHOM CXKa-
TAW W TOXe 0e3 MOTepH MECTHOW yCTOMYHWBOCTH.
st ceuenus 4-ro kiacca norepsi MECTHOU yCTOM-
YUBOCTHU TPEIIESCTBYET MOSBICHUIO HAPSKEHHIA,
PaBHBIX MPEJENTy TEKYYECTH, H B PE3YJIbTaTe 3TOTO
HEYCTOWYMBAs YaCTh CTCHKH WJIH TIOJKU UCKITIOYa-
eTCS M3 JaJIbHEeHIIeH paboThl KOHCTPYKIMH. Bce
(GbopMyJibl IJIs MPOBEPOK IPOYHOCTH M yCTONUH-
BOCTH DJIECMEHTOB B €BPOHOpPMAaX MPHUBSI3AHBI K CO-
OTBETCTBYIOIIIEMY KJIACCY CEUEHHSL.

[punsTas kmaccupukanys CEYCHUN BBI3BIBACT
CIIeIYIOIINE 3aMEeYaHus:

1) mpu KmaccUpUKAUA CEYCHHM, OTHOCSIINX-
¢ K l-My m 2-My KjiaccaM, HCIOJIB3YeTCsl TIOHS-
THE «BpamiarenbHas crnocooHocTh» (EN 1993-1-1,
m. 5.5.2). IlpuMeHHTETLHO K CEUEHUSIM, B KOTO-
PBIX MOKET 00pa30BaThCS MAPHUAP MIACTUIHOCTH,
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Y TIPU HWCIIOJIb30BaHUU JUArpaMMBbl [Tl AEaTbHO-
ro yIpyromacTHUYECKOT0 MeTajlla Takoe MOHITHE
ABJISIETCS. TPYAHO WIN JaK€ HEBO3MOXKHO OMpere-
muMbIM. [l03TOMYy CIIOKHO BBISIBUTH, KaKoe ce-
YeHHWe CIeayeT OTHOCHUTh K l-My Kiaccy, a Ka-
Koe KO 2-My. DTOT BOmpoC TeM Ooliee yMECTeH,
MOTOMY YTO QHAIUTUYECKHE BBIPAKEHUS, HCIIONb-
3yeMBbIe B €BPOHOPMAax [UIsI pacyueTa AIIEMEHTOB
C CeUeHWsIMH 1-TO W 2-TO KIIACCOB, COBEPIIEHHO
OJIMHAKOBHI,

2) npeneibHbIE OTHOLICHHS BBICOTBHI CTEHKU
K TOJIIMHE W MIMPUHBI CBEca IMOJKH K TOJIIMHE,
o0ecreynBarone MECTHYIO YCTOMYNBOCTD, Ha3HA-
YeHbl 0€3 yueTa NpPUHIMIIA PaBHOYCTOHYHMBOCTH,
T. €. 0e3 y4eTa YCTOHYHBOCTH BCEW KOHCTPYKIIHH,
YTO TPUBOAWT K CYIIECTBEHHOMY YBEIHYCHHUIO
MeTaioeMKocTH. Hampumep, ans LeHTpaibHO
CXKaTbIX 3IeMEeHTOB W3 cTtamu C235 oTHOIIEHHE
BBICOTHI CTEHKH K TOJIIMHE, MPH KOTOPOM B pac-
YyeTax MCIONb3yeTCsl TOJIHAs IUIOIIAJh CTEHKH,
coctaBisieT 42. To ke caMO€ OTHOILIEHHE, HO BbI-
4yucieHHoe no [1] ¢ yuyeToM paBHOYCTOMYUBOCTH
Y TIpY TUOKOCTH KOHCTPYKIMHK B Tipeaenax 60120,
cocTaBisieT 5778, T. €. mo [1] 3a cueT yBenuueHus
TOHKOCTEHHOCTH CTEHKH BBICOTA CEUCHHS MOXKET
ObITh yBenmueHa B 1,08—1,36 paza 6e3 yBenmuueHusI
wiomanu cedeHus. COOTBETCTBEHHO 3TO IOBIIE-
YeT CyNIECTBEHHOE YBEIHUEHHE pajnyca WHEPIUU
M HeCyIIeW CIOCOOHOCTH KOHCTPYKIIUH B IIOCKO-
CTU CTEHKH npumepHo Ha 15-30 %. AHanoruunerit
BBIBOJ OBLT TTOJIYYEH B [4];

3) Takke cleAyeT OTMETHTh, 4YTO B Ta0J. 5.2
EN 1993-1-1 oTCyTCTBYIOT yKa3aHUS IO OINpeEne-
JICHUIO HaWOOJBIIIETO OTHOMICHUS BBHICOTHI CTEHKH
K TOJIIIMHE IJIsl TPO(UIIeH, TJe EHTP TSHKECTH He
COBMAJAET C UEHTPOM H3THOA.

IIpu pacuere Ha OOIIYI0 yCTOMYMBOCTH BHE-
IIEHTPEeHHO CKaThiX AeMeHToB B EN 1993-1-1 pac-
CMaTpHUBaeTCs JOBOJBHO OTpPaHWYEHHAasl 00NacTb:
TOJIBKO DJIEMEHTHI CIUIONIHOCTEHYaThle M TOCTO-
STHHOTO CEYEHHUs, C JBYMS OCSIMH CHMMETPHUH U C
HIapHUPHBIM onupaHueM. [Ipu pacuere nenarorcs
pasiauuusT MEXAY JJIEeMEHTaMH, 3aKpeIUIeHHBIMU
Y HE 3aKpEeIICHHBIMH OT KpydYeHHs, HO MPH 3TOM
HE OroBapHBAaeTCsl CTENEHb IUCKPETHOTO 3aKper-
nieHusi (HET YMCIIOBOTO CONPOBOXKICHHS). AHAaH-
TUYECKHE 3aBUCHMOCTH, HCIOIb3yEeMbIE IS TIPO-
BEPKH YCTONYMBOCTH BHEIIEHTPEHHO CXKATBIX 3JIe-
MEHTOB, OTJIMYAIOTCS YPE3MEPHON IPOMO3AKOCTHIO
1 BecbMa HEyIOOHBI IPH MIPOSKTUPOBAHHH.
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IIpoBepka o0mIeH YCTONYUBOCTH CKBO3HBIX KO-
JIOHH B €BPOHOpPMax HE IPeIyCMaTpPUBAETCS, TaK
KaK 3HAYCHUS MOHKAIOIIUX KOIPQHUIIMEHTOB (aHa-
nor ko3 dunreHToB mpoxonpHOTrO M3ruda mo [1])
NPHUBE/ICHBI TOJIBKO IS CIDIONTHOCTEHYATBIX CTEPIK-
He#t (EN 1993-1-1, ta6n. 6.2). [IpoBepka ycTon4u-
BOCTH TIpPEeIyCMAaTPUBACTCA JHINb IS OTHETb-
HBIX BETBEW CKBO3HBIX KOJIOHH M JJISI PacKOCOB.
IIpu pacuere CKBO3HBIX KOJOHH C IJITAHOYHOM
pelIeTKONH TpoBEepKa YCTOHYHMBOCTH BOOOIIE HE
MpeIyCMOTPEHAa — HU IS BETBEH, HU IS BCETO
JJIEMEHTa, — pacyeT NPOU3BOAUTCS TOJNBKO Ha
MIPOYHOCTh, KaK JyIsi paMHBIX cucteM. ComnocTaBu-
TeJIbHBIE pacyeThl CKBO3HBIX KOJOHH C HauOoiee
YIOTPEOUTENHHBIMH MTAPaMETPaMH ITOKa3bIBAIOT, YTO
HecyIiasi CHoCOOHOCTbh, BBIUHCIIEHHas 10 EBpoko-
oy 3 (EN 1993), okazeiBaercs Ha 20-25 % MeHbIe
HECYIIEH CTIOCOOHOCTH, BBIYHUCIEHHOM 110 [1].

[Ipu mpoBepke o0mIel yCTOWYNBOCTH AIIEMEH-
TOB B €BPOHOPMAax pPacCMaTpPUBAIOTCS HE TOJBKO
nu3ruOHble (HOPMBI, HO TaKXKe KPYTHJIBHBIE U KPY-
THJIBHO-U3TUOHBIE (POPMBI TIOTEPH YCTOMIUBOCTH.
31ech YMECTHO HAIIOMHHUTh, YTO KPYTHIbHAS Qop-
Ma TOTEPH YCTOWYMBOCTH MOXXET HMETh MECTO
TOJIBKO TIPH IIEHTPAJIBFHOM CXXATHH W IS DJIEMEH-
TOB C JBOSKO-CUMMETPUYHBIMH CEUCHUSIMH (LCHTP
n3ruda CoBMAaaeT C MEHTPOM TspKecTH). Popmyna
0 ONpEENIeHUI0 KPUTHUECKON CHITBI TIPU KPYTHIIb-
HOW (hopMe TIOTEpH YCTOHYMBOCTH, HCIOJIb3yeMast
B eBpoHOpMax, momydeHa B [5]. ComocraBneHue
KPUTHYECKHX CHJ Il HauOoJiee HCIONb3yeMbIX
npoduiieil TOKa3bIBaeT, YTO 3HAYEHUS KpHUTUYE-
CKUX CHJI, COOTBETCTBYIOIIMX KPYTHJIBHOH (hopme
OTepu yCTOHUMBOCTH (N,.7) U1 CEUYEHHUH, Tne
LIEHTP TSHKECTH COBMAAAET C EHTPOM H3ruba, Bce-
rzaa Oonplie 3HAYCeHUH KPUTHYECKUX CHII, COOTBET-
CTBYIOIUX HM3rHOHON (hopMe MOTEepH YCTOWIMBO-
CTHU B IUIOCKOCTH HauMEHbILEH KeCTKOCTH (NN, y).
IIpu 3TOoM c yBenuyeHHEM THUOKOCTH pa3HULA
MEXy YKa3aHHBIMH KPUTHIECKUMH CHUIIAMHU TOJb-
KO Bo3pacTaeT. M3 paccMOTpPEHHOIO COIOCTaBIie-
HUS CIIEYeT, YTO PACCUUTHIBATh IIEHTPAIBHO CXKa-
ThI€ DJIEMEHTHI, B KOTOPBIX LEHTP M3ruda CoBMa-
JIaeT C IEHTPOM TSDKECTH, Ha YCTOHYMBOCTD IO KPY-
THUJIBHOH (opMe TOTEepHU YCTOWYMBOCTH, KakK 3TO
MPEeIYCMOTPEHO B €BPOHOPMaxX, HE UMEET CMBICIIA.
CrhenaHHBIA BBIBOJ[ IOJTBEPIKIACTCS KOHKPET-
HBIMH pacueTaMi, pe3yJbTaThl KOTOPHIX IpHUBEe-
HEI B Ta0I. 1.
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Tabnuya 1
3navenus: kputndeckux cuia (kH) nas nsyraspos no 'OCT 57837
Values of critical forces (kN) for I-beams according to GOST (All-Union State Standard) 57837
Ipodunnb Ly I e o = @ - h—zz Gixp Ny A, Neri/Nery
/ 4i; i
20K1 20,3 1334 97,55 733,4 + 1623 =2356,4 752,6 119 3,13
30K1 75,8 6079 223,00 3369 + 2651 = 6020 3430,0 80 1,75
40K1 183,0 17610 398,00 9638 +3586 = 13224 9935,0 60 1,33
30101 30,4 1470 173,50 1010 + 1367 = 2377 829,0 129 2,87
5011 119,0 6762 464,00 4815 +2000 = 6815 3815,0 88 1,79
70111 269,0 10400 814,60 8400 + 2576 = 10976 5867,0 87 1,87
30B1 10,2 390 160,00 301 +497 =798 220,0 197 3,63
50B1 45,8 1606 417,30 1314 + 856 = 2170 906,0 144 2,40
7061 138,4 4556 792,00 3873 + 1363 = 4236 2570,0 114 1,65

Juis cTepikHE# ¢ ce4eHUsIMU, UMEIOLITUMU OJTHY
0Cb CUMMeTpUH (LeHTp u3ruba He COBMAJaeT C
IIEHTPOM TSDKECTH), TAKKE BO3MOXKHEI IBE (OPMBI
NOTEpU YCTOMYMBOCTH: HM3THOHAs W HW3THOHO-
KpYTHJIBHAs. DTO 3aKIIOUEHHE OTHOCHUTCS K dJie-
MEHTaM, CEUYeHHUS KOTOPBIX HE 3aKperuieHbl OT
BpallleHUus BOKPYT TPOJOJBHOM OCH 3JIEMEHTa.
®opmyna MO OINpPENENeHNI0 KPUTHUECKON CHIIBI
MIPH M3THOHO-KPYTHIIBHOW (opMe MOTEepH YCTOM-
YUBOCTH TIpuBeeHa B [5]. I3 comocTaBienus yka-
3aHHBIX KPUTHYECKHUX CHJI CIEQYyeT, YTO 3HAYCHUS
KPUTHYECKAX CHJI, COOTBETCTBYIOIIMX W3THOHO-
KPYTHIBHOH (hopMe TOTEpH YCTOHYMUBOCTH, CTAHO-
BATCS MEHbBIIIE 3HAYCHUI KPUTHYECKHUX CHII, COOT-
BETCTBYIOIIUX M3TUOHON (hopMe MOTEepH YCTOWYH-
BOCTH TOJIBKO TIPU MaJIbIX THOKOCTIX. ClienmanHbIi
BBIBOJI TIOATBEPXKAACTCS pe3ylbTaTaMH, IpUBE-
JEHHBIMU B [6], Tleé UCCIENOBaJIUCh LIBEIJIEPHI
Neo 30, 33, 36 u 40. IIpu BEIIOTHEHUN aHAIHTHYIC-
CKUX MCCIICIOBAaHUHA HCHONB30BAINCH AuddepeH-
[MaJIbHbIE YpaBHEHUs, NTOJIy4YeHHbIE B [7], cocTaB-
JICHHBIE JIJISl IIGHTPAITBHO CXKATBIX CTEPXKHEU B Jie-
(hOpMHPOBaHHOM COCTOSIHMH, T. €. C YYETOM
JUHEHHBIX MEPEeMEICHUH U YIJIOB 3aKPY4YHBaHUS.
W3 pe3ynbTaToB, IPUBEACHHBIX B [7], ClIemyeT, 9TO
WU3THOHO-KPYTHIbHAS (opMa IMOTEPU YCTOWYHMBO-
CTH MOXET UMETh MECTO, HO TOJBKO TPU MalIbIX
ruokocTsx — MeHee 60. K mpemcTaBieHHBIM 3aMe-
yaausM 10 EN 1993-1-1 MoxHO n00aBUTH: HE
NpUBEACHBl aHAIUTHYECKHE 3aBHCUMOCTH TIO pac-
4eTy OTKpHITBIX C-00pa3HbIX mpodwuiei, ycuieH-
HBIX TJIaHKaMH{; HE OTOBOPEHBI YCIOBHS pacueTa
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n3rubaeMbIX 3JIEMEHTOB B YNPYIrOIUIACTUYECKOI
CTaluy NpPH HAJUMYUM 30H YHCTOro u3ruba; ot-
CYTCTBYIOT NpaBWJIa MO0 pacyeTy CTYNEeHUYaThIX KO-
JIOHH. ['eoMeTpHUYECKyl0 HETUHEHHOCTh B €BPO-
NEHCKUX HOpMax cJlelyeT YYWTBhIBAaTh, €CIH
nedopMaluy WM TEepPEeMEIleHUs] KOHCTPYKIIUU
3HaunTeNnpHO yBenmumBaroT ycunus (EN 1990,
m. 5.2.1(2)). 3mech crmeayeT OTMETHTh, YTO Teo-
MeTpUYECcKasi HEMTMHEHHOCTh B OOJILIIMHCTBE CIY-
YaeB MPUBOAUT K YMEHBILICHUIO YCUIHH, OCOOCHHO
9TO Kacaercsi BUCSIYUX KOHCTPYKTUBHBIX (hopm,
a HeydeT 3Toro (hakropa, HEOJHOKPATHO JKCIIEPH-
MEHTAJIBHO IOATBEP)KIEHHOTO, IMPHUBENET K H3-
JIATITHEMY YBEITUYCHHUIO MaTEPHATIOEMKOCTH [8, 9].
K TOMy ke HeydeT reoMeTpU4YECKOH HEJIMHEUHO-
ctu npotuBopeunt ['OCT 27751.

Pacuer coemuHeHn

B TKII EN 1993-1-8-2009 «IIpoexTupoBanue
CTaJbHBIX KOHCTpPYKIIUH. Pacder coenuHeHUi»
€CTh JBa IIaBHBIX OTINYMS OT [1]:

1) pacueT cBapHBIX COCIUHCHWIA BBHITIOIHSICT-
Csl TOJIBKO T10 TIPOAOIBHOMY CEUEHHIO IIBa (TI0 Ha-
TUIABJICHHOMY METAJLTY), Pacyer Mo TPaHUIIe CILIaB-
JIeHWs, Kak 310 Tpebyercs cormacHo [10; 1], He
MPeIyCMaTPUBACTCS,

2) mpu TIPOBEPKE NMPOYHOCTH CBAPHBIX COEIH-
HEHUI MEXaHUYECKUE XaPaKTSPUCTUKU CBAPOUHBIX
MaTepruajoB HUKOMM 00pa3oM HE YUYWUTHIBAIOTCA.
DTO CBSA3aHO C TEM, YTO XapPaKTEPUCTUKU HAIlIaB-
JIEHHOTO MeTajlyla JOJDKHBI COOTBETCTBOBATH WIIH

Hayka
urexHuka. T. 18, Ne 2 (2019)



Civil and Industrial Engineering

OBITH OOJIBITIE XaPAKTEPUCTUK OCHOBHOTO MeETaj-
na (EN 1993-1-8, m. 4.2(2)).

ComnocraBieHHe MEXaHUIECKIX XapaKTEPUCTHK
JNIEKTPOJIOB C TOKPHITHEM, IOCTaBISEMBIX TIO
T'OCT 9467-75, ¢ MexXaHWYECKUMH XapaKTepHu-
CTHUKaMU CTaJeH, JJIsi CBApKH KOTOPBIX MPUMEHS-
torcst AtH 3nekrpoasl (TOCT 27772-2015,) noka-
3BIBAET, YTO HU MO OTHOCUTENHHBIM YIJIWHEHHM,
HU 110 YJapHOW BS3KOCTH HAIUIABJICHHBIA METasll
HE COOTBETCTBYET XapaKTEPHCTUKAM OCHOBHOTO
MeTaia, T. e. cormacHo m. 4.2(2) EN 1993-1-8
MIPUMEHSTH 3TU AJIEKTPOJIBI HE JOMycKaeTcs. AHa-
JIOTUYHBIA  BBIBOJ| TIONydaeTCsl TPH  aHalu3e
CBOMCTB CBApOYHBIX MPOBOJIOK, ITOCTABISEMBIX 10
I'OCT 2246-70.

Hpyrue 3ameuanus mo EN 1993-1-8:

1) B hopMyIiax mo pacyetry CBapHBIX COCIUHE-
HUW B KQUECTBE I'€OMETPUUYECKON XapaKTePUCTUKU
MOTIEPEYHOTO CEUEHHS CBAPHOTO IIBA MCIIONIb3yeT-
Cs1 TOJIIIMHA CBAPHOTO IIIBa, KOTOpas HE MPHUBs3aHa
HU K BUAY CBapKH, HU K TIOJOXEHHIO TPHU CBapKe,
HU K KaTeTy CBapHOro I1Ba. B pe3ynbTare 3Ta xa-
paKTEepHUCTHKA TPUHUMAETCA PaBHON BBICOTE Tpe-
YTOJIbHUKA, BIMCAaHHOTO BO BHEIIHIOI 4YacTh
CBapHOTO IBa, T. €. 0€3 ydera TITyOWHBI IPOIIIaB-
nenuns. B m. 4.5.2(3) EN 1993-1-8 oroBapuBaercs,
YTO TUIyOWHY TPOIUIABICHHUS MOXXHO Y4YeCThb, HO
IIPU YCJIIOBUU TIPOBEACHUS IPEABAPUTEILHBIX WC-
MBITAHWH, MOATBEPXKIAIOMINX O3Ty TIyOHMHY IIpo-
IUTABJICHUS, U TIPU HAJIMYUU TAPAHTUH, YTO JaHHAS
rTyOWHa MPOTUTABIICHAS OyIeT oOecreueHa mocTo-
SIHHO. B yCJIOBHSX 3aBOIa-U3rOTOBUTEIS METAILIH-
YECKUX KOHCTPYKIMH 00ecreynTh YyKa3aHHBIC
YCIIOBHS HE TIPEJICTABIISICTCS BO3MOXKHBIM;

2) BBI3BIBACT COMHEHHE TIPABUIIO, COTJIACHO KO-
TOPOMY CTBIKOBBIE IIBHI C IIOJHBIM TMPOTLIABIE-
HUEM HE PAaCCUUTHIBAIOTCS KaK MpPU CXKATHH, TaK
U TIPpU PacTSDKEHHWH BHE 3aBUCUMOCTH OT METOJa
KOHTPOJII Ka4eCTBa, T. €. He yYUTHIBAETCS COBEp-
IIEHHO pa3Has CTENeHb HAJS)KHOCTH CBapHBIX
IIBOB, pa0OTAOIINX HA CXKATHE U PACTSIKCHHE;

3) mpu Ha3HAYCHWH TOJIIMHBI CBAPHBIX ITBOB
HE YYHUTBHIBAIOTCS OTPAHUYCHUS, OOYCIIOBIICHHBIC
TOJIIIMHON COCIUHSIEMBIX 3JIEMEHTOB, YTO MOXKET
MPUBECTH K CYIIECTBEHHON KOHIIEHTpAllMH Ha-
MPSDKEHUH.

IIpu pacuere OONTOBBIX COCAUHEHHH B
EN 1993-1-8 He yuduThIBaroTCsl KiacC TOYHOCTHU

Hayka
wTexHuka. T. 18, Ne 2 (2019)

0ONTOB, BUJ HArpy3Kd W TeMIlepaTypa SKCILUIya-
TalMM, KOTOPbIE B HAIIMX YCIOBHSAX OKa3bIBAIOT
CYNIECTBEHHOE BIIMSHHE HA HECYIIYH CIoco0-
HOCTh OOJTOBBIX coeAMHEHHH. Taxke BOZHUKAIOT
BOIMPOCHI TIPU COTIOCTABIICHUU HECYNIMX CIOCO0-
HocTel, BhluucieHHbIX 1mo [1] u EN 1993-1-8.
Hanpumep, ecnu omnpenenuTs HECYIIyIO CIOCOO-
HOCTh OJHOTO OOBIYHOrO 0OONTa HAa Cpe3 W He-
CYUIYI0 CHOCOOHOCTb COEAWHSIEMBIX BIIEMEHTOB
Ha CMsTHE, IPUXOJISIIYIOCS Ha OAUH OOMNT, TO TO-
JMY4alTCsl CIEAYIOIIME pe3yJbTaThl: Hecylas
CMOCOOHOCTH Ha cpe3 1o [1] okaxercs mpUMepHO
B 1,4 paza menslue, ueMm no EBpokony, a Hecymias
CIOCOOHOCTH Ha cMsThe 1o [1] — mpuMepHO B JBa
paza Oousblie TOro ke mapamerpa no EBpoxony.
Cronb CyIIecTBEHHAs! HECTBIKOBKA HE MOXET OBITH
NPUHSTA allpUOpH, 3/1€Ch JOJKHBI OBITH MpOBee-
HBl CEpbE3HbIE, NMPEXIE BCEro, SKCICPUMEHTAIIb-
HbIC HCCIICAOBaHUA. Takas ke HeCcThIKOBKa InoJy-
YaeTcs W MO COEAMHEHHMAM Ha BBICOKOIIPOYHBIX
OoonTtax. Ecimu comocTaBUTh HECYIIyH) CIOCO0-
HOCTh (DPUKITMOHHOTO coenuHeHus 1o [1] u eBpo-
HOopMaMm, To 1o EBpokony 3 oHa nosydaercs Npu-
MepHo B 1,2 paza Gomnblie.

CrnenyeT Takke OTMETHTh, 4TO B EBpoxone 3
MaTepHajbl MO0 MPOCKTUPOBAHUIO CTABHBIX KOH-
CTPYKIIMI M3IIOKEHHI Ha 825 cTpaHumax, a B [1] —
Ha 84.

BBIBO/IbI

1. Tlpu cocTaBiICHUM PACUETHBIX COYECTAHUM
Harpy3ok o EN 1990 ne Bcerna mpencrasisieTcs
BO3MOXHBIM YYECTb BCE DPEaJbHO JEHCTBYIOIUE
Harpysku, kak 3to npeaycmorpeno 'OCT 27751.
[Ipu sTOoM gacTHBIE KOA(DGUITUEHTHI 110 HATPy3KaM
CYIIECTBEHHO OOJbIEe AaHAIOTHYHBIX KO3(Pumm-
CHTOB, PUHSATHIX B [2].

2. bompmmas 4acTh NpoKaTa A U3TOTOBJICHUS
CTaJIbHBIX KOHCTPYKUUH MOCTABISIETCS U3 CTajeH,
MEXaHUYECKHE XapaKTepUCTUKH KOTOPHIX HE B
MIOJIHOM Mepe COOTBETCTBYIOT TPEOOBAaHHUSM €BPO-
neiickux HopM. IloaToMy cormacHo mpaBuiy, H3-
noxxeHHoMy B 1. 2.2(2) EN 1993-1-1, npumenarts
EBpoxox 3 nyis pacyeTa KOHCTPYKLMH M3 3TUX
CTaJiel He JOIyCKaeTCs.

3. Knmaccudukanus cedeHuid, NpUHATAs B
EN 1993-1-1 Ha ocHOBe oOecrie4eHUs] MECTHOU
YCTOMYMBOCTH, HE COOTBETCTBYET IIPUHIUIIAM PaB-
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HOYCTOMYMBOCTH, YTO HPUBOAUT K YBEIMUYEHUIO
METaJUIOEMKOCTHU CTAJIbHBIX KOHCTPYKIUH.

4. B EN 1993-1-1 ne mpemycMOTpeH pacyeT
CKBO3HBIX CXKAaTBIX KOHCTPYKIMH Ha OOIIYIO yCTOM-
YUBOCTb, & TAKXKE KOJIOHH IIEPEMEHHOI0 CEUYEHUsI.

5. CpapouHble MaTepHalbl, HCIIONb3yEMBIE B
Benapycu, He 0 BceM MOKA3aTENSIM UMEIOT Xapak-
TEPUCTUKH, PaBHBIC WA MPEBBIIIAIONINE MEXaHU-
YECKHE XAPAKTEPUCTUKU METAIJIOB COECIHHSIEMBIX
anemMeHToB. [103TOMy HCHOIB30BaTh METOM pacueTa
CBapHBIX coeuHeHuH, NpuHATHIH B EN 1993-1-8,
HE IPEICTABISCTCS BOBMOXKHBIM.

6. ConocTaBUTENbHBIE PACYETHI CTAIBHBIX KOH-
CcTpyKuuii, BeinofHeHHble B BHTY U n3noxeHHble
B [11, 12], moka3mIBaroT, YTO METAIJIOEMKOCTb
CTaJbHBIX KOHCTPYKUUH, 3alPOEKTUPOBAHHBIX IO
eBporneiickum HOpMam, Ha 20-30 % mpeBbIIacT
METaJUIOEMKOCTh CTalbHBIX KOHCTPYKLHH, 3ampo-
E€KTHPOBaHHBIX 110 [1, 2].
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Abstract. The composition of dry mix on the basis of two-component cementing agent (aluminous cement and clay of
the “Kustikha” field), mineral additives (a metakaolin, the RSAM sulfoaluminate modifier, waste of basalt fiber), Ufapore
foamer and the accelerating and plasticizing “Citrate-T” additive is developed. When mixing “Citrate-T” additive with water
at Water/Solid = 0.45-0.70, the subsequent mechanical binder and hardening of a foam mass heat-resistant foam concretes
with a density of 300—650 kg/m® are formed (depending on Water/Solid value). Foam concretes have strength on compression
of 0.2-2.5 MPa before warming up when their initial strength depends on processes of hydration curing of aluminous cement
that provides fixation of their porous structure. After annealing at 1000 °C foam concretes have final strength of 0.3-3.2 MPa
due to processes of solid-phase agglomeration of clay with other components of dry mix at their heating. Foam concretes after
annealing unlike foam concretes on the basis of a Portland cement and aluminous cement have big strength. Introduction
of the accelerating and plasticizing “Citrate-T” additive into composition of the dry mix leads to an increase of rheological
properties in expanded foam mass and time reduction of its drying and curing. It has been established that an essential role
is played by the relation Water/Solid: at increase in the relation Water/Solid (with 0.45 to 0.70) occurs increase in volume
of foam mass after a mechanical binder, and also heterogeneity of pores and their sizes increases that leads to reduction
of density of foam concretes and strength on compression.
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Pedepart. Paspaboran coctaB cyxoif cMecH Ha OCHOBE JJByXKOMIIOHEHTHOTO BSDKYIIETO (TJIMHO3EMHCTOTO IIEMEHTA U TIIHHBI
MecTopokaeHnst «Kyctuxay»), MHHEepaJIbHBIX JO0OAaBOK (METakaoJMH, Cyib(oamroMuHaTHEIH Momudpukarop PCAM, orxo-
bl 06azanbTOBOro BOJIOKHA), meHooOpaszoBartens Ufapore m yckopsitomed u miactuduuupytomein nodasku «L{urpar-Ty,
IpU 3aTBOPEHUM KOTOPOil Bomoil mpu BoxoTBepiaoM orHommeHuu 0,45-0,70, mocnenyromeM MeXaHHYECKOM BCIYYHBAHUH
H OTBEpIICHHH TIEHOMACCH (DOPMHUPYIOTCS XKAPOCTOMKHE IEHOOETOHbI IIOTHOCTBI0 300—650 Kr/M® (B 3aBUCHMOCTH OT BO-
JOTBEPIOro OTHOIIEHHs) W MpoyHOCThIO Ha cxxatue 0,2-2,5 MIla no mporpesa. XKapocroiikue neHOOETOHBI IPHOOPETAIOT
HayajJbHYIO NIPOYHOCTH 33 CUET MPOLECCOB TUAPATAMOHHOTO TBEPACHUS INTMHO3EMHCTOTO IIEMEHTa, 00eCeYnBaOT (PUKCH-
pOBaHHKE MOPUCTOI CTPYKTYPHI IEHOOETOHOB ¥ HAOMPAIOT KOHEYHYIO npoyHocTh 0,3-3,2 MIla nocie omxkura npu 1000 °C 3a
CUET MPOILIECCOB TBEPAOGDA3HOTO CIIEKAHHUs TJIMHBI C IPYTHMH KOMIIOHCHTAMH CYXO# cMecH mpH ux HarpeBanuu 10 1000 °C,
KOTOpBIE B OTJMYME OT MEHOOETOHOB Ha OCHOBE MOPTIAHILEMEHTA U TIMHO3EMUCTOTO IIEMEHTa HE CHMXKAIOT, a HaoOOopoT,
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YBEJIMYUBAIOT CBOIO IIPOYHOCTE. BBeieHne B cocTaB Cyxoi cMecH yCKopstomel 1 macTudumupyomei rodasku «Lutpar-Th
NPUBOAUT K TIOBBINIEHHIO PEOJOTHYECKUX CBOWCTB BCIICHEHHOW NEHOMAcChl M COKpPAIIEHHWIO BPEMEHH €€ CXBaTbIBaHMs
U TBEp/IEHUS. Y CTaHOBJIEHA CYIECTBEHHAs POJIb BOJOTBEPIOr0 OTHOIIECHUS MPU MOTyYEHUH MEHOOETOHOB: C MOBBIIIEHHEM
BojoTBepioro orHomenus ¢ 0,45 no 0,70 yBemmuuBaioTcsi 00bEM IIEHOMACCH II0CE BCIYYMBAHUS, HEOAHOPOIHOCTH IOP
M UX pa3MepBbl, 4TO IPUBOJUT K YMEHBIICHHUIO INIOTHOCTH MEHOOETOHOB M IIPOYHOCTH Ha CXKaTHE.

KnioueBble cioBa: cyxas cMmech, )KapOCTOMKHH NEHOOETOH, MUHEpajbHble T00aBKH, MEHOOOpPa30BaTeNb, YCKOPSIOIIAs

M TUIacTUPHUIUpYOMIas [o0aBKa

Jas uurupoBanus: JXKapocTolikuii MeHOOETOH Ha OCHOBE IBYXKOMIOHEHTHOTO Bspkymiero / C. H. JleonoBuu [u mp.] //
Hayka u mexnuxa. 2019. T. 18, Ne 2. C. 121-126. https://doi.org/10.21122/2227-1031-2019-18-2-121-126

One of relevant materials research tasks con-
sists in creation of effective and inexpensive heat-
insulating materials for improvement of the de-
signs of a heat-shielding working in the conditions
of high-temperature heating.

Foam concrete, undoubtedly, one of the most
perspective and attractive construction materials.
At low prime cost, this environmentally friendly
material has high heat-insulating parameters, low
density, and fire resistance and is one of effective
heat-resistant materials.

Aluminous and high-aluminous cements widely
use at production modern the furring of fire-
resistant compositions [1, 2]. These cements are
distinguished by a combination of the properties
necessary for production of heat-resistant cellular
materials: the high initial speed of curing promo-
ting obtaining qualitative porous structure, fire
resistance and high durability. However, use of
aluminous cements in compositions of cellular
concrete which are made on foamy technology is
accompanied by a number of problems: aluminous
cements considerably reduce stability of foam
in the course of receiving foam-concrete mix, con-
crete on aluminous cements are characterized by
considerable decrease in strength in the range of
working temperatures of the majority of industrial
furnaces [2].

The technology and properties gazo- and foam
concretes are almost identical. The main lack of
foam concretes is use of foaming agents, the majo-
rity of whom are strong delay mechanisms of cu-
ring of cements, especially at a stage of set of plas-
tic strength. However, foam concretes are distin-
guished by softer and uniform porosity and, with
other things being equal, higher strength [3].

Recently there were various prescription com-
positions and various additives, processing me-
thods and the equipment allowing improving pro-
duction of foam-concrete products [4]. One of the
perspective directions of increase in technological
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efficiency of foam concretes is receiving dry mixes
for their production [5].

The analysis of the current state of production
of dry construction mixes shows that in their va-
rious nomenclatures there are practically no mine-
ral distending composite materials. International
and domestic experience of use of dry mixes in
construction confirms their high efficiency and
advantages in comparison with traditional methods
of work. The appeal of dry mixes to consumers
is that they are almost ready to the use, are conve-
niently packaged and at the correct operation the
long time is kept by the properties. In this regard,
the researches directed to development of techno-
logy of receiving dry mixes for production of heat-
resistant foam concretes and studying of their
properties are relevant.

The purpose of this work is development of
composition of dry mix for production of heat-
resistant foam concretes with use two-component
knitting.

For achievement of a goal it was necessary to
solve the following problems: to study physical
and chemical processes of structurization at appli-
cation two-component knitting when receiving
heat-resistant foam concretes, to investigate influ-
ence of solid foaming agent and mineral additives
on density, structure and strength characteristics of
foam concretes when heating to 1000 °C, to estab-
lish their optimum concentration, to develop com-
position of dry mix.

For a basis for development of dry mix for
receiving heat-resistant foam concrete used two-
component knitting — aluminous GTs-40 cement
and the clay from the field of Kustikh (Gomel
region) which is previously dried up at 150 °C
and crushed in a spherical mill till the rest on a grid
No 0.25.

In the course of performance of experimental
work it is established that unlike the traditional
foam concretes (in particular, on the basis of the
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portlandtcement and aluminous cement) losing
durability already at a temperature of 600-800 °C,
foam concretes on the basis of two-component
knitting get initial strength due to the processes of
hydration curing of aluminous cement providing
fixation of porous structure of foam concretes and
gaining final strength due to processes of solid-
phase agglomeration of clay and waste of fire-
resistant materials (chamotte) at their heating
which don't reduce the strength, and, on the contra-
ry, increase.

As aluminous cement consists, generally of the
low-main aluminates of calcium, at hydration
eventually, hydro aluminates are enriched with
oxide of calcium and the additional amount of hy-
droxide of aluminum is distinguished. At the same
time changes crystals of hydro aluminates and
hydroxide of aluminum crystallizes. Processes of
recrystallization of hydro aluminates proceed
quicker, than calcium hydro silicates in a port-
landtcement. Gels of aluminates of calcium are
characterized by obviously expressed thixotropy
and show properties the elastic-plastic of bodies
that is very important in technology of foam con-
cretes. The foam-forming ability and stability of
the received foams is also influenced by change pH
the water phase and ions which are formed because
of hydration of cement [6].

Foam concrete was received by mechanical
hashing (300 rpm) of dry mix with water at W/S
the relation 0.45-0.70 within 5 min and the subse-
quent swelling up cement mix with the help of the
mixer (2000 rpm) within 2 min and hardening of
blown-out weight.

It is established that the greatest stability
the made foam mass when using solid powdery
Ufapore foaming agent at its concentration has
of 0.5-1.0 %. Stability of the made foam mass in
time remains within 20-30 min, and then its draft
with reduction of volume by 30-35 % begins.

It is known [7] that the more extent of hydra-
tion of aluminous cement for the same period, the
is higher supersaturation of a gel liquid phase. The
last allows to influence effectively not only the
speed of curing of cement mortar, but also process
of management of structurization and to support
constant conditions of formation of a liquid phase
for the entire period of growth of structure. It can
be reached at the expense of the additives entered
into structure of the cement test, 1. e. substances
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increasing interaction of cement clinker with water
or promoting increase in speed of a conclusion of
some products of hydration from the environment
of interaction of cement with water.

To such additives as it is established in works
[8, 9], it is necessary to carry citrate of sodium
which provides the high initial strength of destruc-
tion of brick materials of cement and at the same
time promotes creation of liquid gel phase. Speed
of saturation of the last is defined not only by con-
centration of citrate of sodium, but also a amount
of water. Besides, the citrate of sodium which is
present at cement hydration process provides for-
mation in a gel phase of ultra-small particles of
hydro aluminates which are partially or completely
in a X-ray amorphous form. Amorphicity of hy-
drates is followed by increase in alkalinity of the
environment and their dispersion. The last leads
to essential hardening of a cement stone.

For increase in stability of of foam mass in
time entered Citrate-T additive on the basis of so-
dium citrate in number of 1.7 % [8] which allows
to improve rheological properties of the made
foam mix into composition of dry mix: to increase
her mobility (dislocation a minicone in the pre-
sence of additive makes 60—-80 mm, while without
her 4045 mm), to increase stability of a foam
mass and to accelerate secure time (5 h) and (10 h)
in comparison with foam concrete without Citra-
te-T additive (24 h and more).

For the purpose of increase in thermal firmness
of foam concretes at the subsequent their high-
temperature heating and reductions of aluminous
cement as a part of dry mix added fine clay and
waste of fire-resistant materials (chamotte). As
clay component of two-component knitting clays
from various fields of Republic of Belarus have
been tested (Gaydukovka, Osetki, Kustikh, Lu-
koml). For establishment of a possibility of use of
clay of a certain field pilot studies according to her
influence on stability of foam mass, terms of cu-
ring and property of foam concretes at their heating
to 1000 °C have been conducted. Researches have
shown that when using fine clay of the field
of Kustikh (the chemical composition, mas. %:
Si0, — 65; AL O; — 12.58; Fe;04 — 4.4; TiO, — 0.78;
CaO —4.48; MgO - 1.0; K,0 — 1.85; Na,O — 0.37;
SO; — 0.17 [10]) the made foam mass differs in
bigger stability and uniformity of a small time,
than when using clays of other fields.
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The analysis of experimental data has shown
that further improvement of fire properties of foam
concretes can be reached due to use of the filler
received by crushing of waste of chamotte. Opti-
mum content of aluminous cement, clay of Kustikh
and waste of chamotte as a part of dry mix is estab-
lished. The structures containing GTs-40 in num-
ber of 25-30 %, clays of 25-30 % and chamotte
of 25-30 % also are preferable. Such structures are
characterized by an optimum combination of com-
pressive strength of foam concretes after natural
curing (2.0-2.5 MPa) and after their heating to
1000 °C (3.0-3.2).

As is well-known [6], aluminous cement dis-
tinguishes rapid growth of strength, especially in
initial terms of curing of a cement stone. It is ne-
cessary to refer decrease in strength at long curing
to his shortcomings. Recrystallization of hexagonal
hydro aluminates in a cubic form is the reason of
falling of strength of a cement stone. It is estab-
lished [11] that the great influence on recrystalliza-
tion of hydro aluminates of calcium from a hexa-
gonal form in cubic is exerted by super satura-
tion on SAO of steam liquid of a cement stone.
The research of process of hydration of aluminous
cements with additive of a met kaolin has shown
increase in speed of hydration of aluminous ce-
ment and lack of recrystallization of hydro alumi-
nates of calcium [12]. Introduction of a met kaolin
to aluminous cement leads to stabilization of he-
xagonal hydro aluminates of calcium at long cu-
ring of aluminous cement that has allowed recom-
mending composite structure (aluminous cement
with additive of 5 % of met kaolin) for preparation
of dry mix.

Also it has been established that at a blown-out
of dry mix on the basis of aluminous cement, the
clay of Kustikh, chamotte and a met kaolin con-
taining Citrate-T additive and Ufapore foaming
agent at W/S the relation 0.45-0.70 foam concretes
with a density of 300-600 kg/m’ when drying
which in 5-10 days are formed shrinkable cracks
due to formation of a large number of the ettringit
for unit of volume of foam concrete are formed [6].
Decrease in number of the ettringit can be reached
due to calcium hydroxide binding in the course of
initial structurization of foam concrete in almost
insoluble connections.

Data on use as a part of cellular and concre-
te mixes of the RSAM additive representing the
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extending sulfoalyuminatny modifier, which gi-
ves the chance to give to cement such properties
as ensuring compensation of shrinkable defor-
mations and increase of strength, are provided in
works [13, 14].

It is established that RSAM additive has the ex-
tending effect and in foam concrete on the basis
of two-component knitting — aluminous cement
and clay of Kustikh that allows to use it for com-
pensation of shrinkage in the presence of Citrate-T
additive.

Boundary concentration of RSAM in number
of 15 % of the mass of aluminous cement which
introduction to dry mix provides manifestation of
the expanding effect when receiving heat-resistant
foam concrete is defined.

Expansion of field of effective use of heat-
resistant foam concretes is possible due to disperse
reinforcing by fibers of mineral origin. Addition in
foam concrete of a fiber can't change either den-
sity, or heat conductivity of material. However,
it can affect strength indicators. One of the main
shortcomings of foam concrete is his high fragility.
Besides, shrinkable deformations when heating are
characteristic of heat-resistant foam concretes that
leads to emergence in them of the cracks bringing
then to destruction of all material. For improve-
ment of properties of heat-resistant foam concretes
expediently disperse reinforcing by mineral fibers,
in particular, basalt. Basalt fiber is a by-product
of receiving a basalt roving. In works [15, 16] it is
established that on border of foam-cement weight
and the basalt fiber which is in an amorphous state
there is a hemo-sorption interaction with the ad-
vent of the additional new growths relating to the
low-main hydro silicates of calcium. On the sur-
face of thin basalt fibers in places of mechanical
defects the centers of crystallization with formation
of network of the hexagonal plates and needle
crystals which are growing together with spherical
grains of cement system in addition are created
strengthening effects of fibers as disperse fittings.

Having considered efficiency of the used com-
ponents of dry mix for receiving heat-resistant
foam concretes, pilot study on optimization of
composition of dry mix, establishment of optimum
concentration of components and influence of struc-
ture on physical and chemical properties of foam
mass and foam concrete has been conducted. As it
has been established, optimum concentration of
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mineral additives as a part of dry mix on the basis
of aluminous cement, clay of Kustikh and
chamotte at their ratio 1:1:1 are, mas. %: a met
kaolin — 5, RSAM — 5, basalt fiber — 3.2, Citrate-T
additive — 1.7 and Ufapore 0.5 foaming agent.
From such composition of dry mix it is possible
to receive heat-resistant foam concrete without
emergence of shrinkable cracks with a density
of 300-650 kg/m’ depending on W/S of the
relation (0.45-0.70) and compressive strength
of 0.2-2.5 MPa at natural hardening and 0.3-3.2 MPa
after warming up at 1000 °C. Foam concrete at
natural hardening has gray color, and after war-
ming up at 1000 °C due to solid-phase agglomera-
tion of clay with components of dry mix — red-
brown (fig. 1).

a

Fig. 1. Samples of heat-resistant foam concrete
after drying at 110 °C (a) and after annealing at 1000 °C (b)

When determining W/S of the relation it is im-
portant to consider that one part of water is neces-
sary for formation of foam and another — for hy-
dration knitting both dissolution of solid additives,
and the over expenditure or the shortage of water
substantially worsens structure of foam concrete.
Reduction of W/S of the relation allows increasing
density and strength of foam concretes, but at the
same time rheological properties of foam mass
worsen. At increase in W/S of the relation, the
draft of foam mass and reduction of density and
strength of foam concretes is observed. It is estab-
lished that the range of optimum W/S of the rela-
tion is rather narrow. At W/S values of the relation
less than 0.45 process of formation of foam-
concrete mix can't be carried out. If W/S exceeds
the relation 0.70, the uniformity of a time of foam-
concrete mix (the sizes a bubble fluctuate from 0.1
to 3.0 mm) decreases, foam mass volume after
swelling up increases by 30—40 % and considera-
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bly foam concrete density up to 250-300 kg/m’
and its strength (0.2—0.3 MPa) decreases.

Apparently from 2 photos of morphology of
a surface of chips of foam concrete provided
on fig. 2 after natural curing within 28 days (a)
and W/S of the relation which are warmed up
at 1000 °C (b) with increase from 0.45 to 0.70 he-
terogeneity of a time and their sizes increases and
shrinkable cracks even after warming up aren't
observed at 1000 °C.

a W/S=0.5 b

a W/S=0.6 b

Fig. 2. Morphology of a surface of chips of foam concretes
after drying at 110 °C (a) and W/S which are warmed
up at 1000 °C (b) depending on a ratio (increase x8)

CONCLUSION

As a result of the carried-out work the compo-
sition of dry mix on the basis of two-component
knitting (aluminous cement and clay of Kustikh),
mineral additives (a met kaolin, the RSAM sul-
foalyuminatny modifier, waste of basalt fiber),
Ufapore foaming agent and the accelerating and
plasticizing Citrate-T additive water at W/S the
relation 0.45-0.70, the subsequent mechanical
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hardening of foam mass forms the heat-resistant
foam concretes with a density of 300-650 kg/m’
and compressive strength of 0.2-3.2 MPa getting
initial strength due to processes of hydration curing
of aluminous cement and gaining final strength due
to processes of solid-phase agglomeration of clay
of Kustikh with other components of dry mix at
their heating to 1000 °C which unlike foam con-
cretes on the basis of the portlandcement and alu-
minous cement don't reduce the strength, and, on
the contrary, is developed increase.
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HexkoTtopsble cToxacTuyeckne 0CO0EHHOCTH
KapOOHU3auMu 0ETOHA U kKeJie300eToOHA
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Pedepar. Hanexxusnii pacder pa3Butus kapOoHM3anuy OETOHA SIBISETCS OCHOBOHM MPOTHO3a KOPPO3UH CTAIBHOHW apMaTyphl
U JOJITOBEYHOCTHU XKEeIe300€TOHHBIX CTPOUTENBHBIX KOHCTPYKIMH. 3a mocnegaue 20 JIeT MOSBUIINCH Pe3yIbTaThl HCCIIE0Ba-
HUH 10 CTOXaCTUYECKUM OCOOCHHOCTAM KapOOHHU3alMH 3aIIUTHOTO o O€TOHA WM €ro OCTaTOYHOM TOJIIMHBI B paboTaro-
IIMX B BO3/JYIIHOM IPOCTPAHCTBE JKEJI€300€TOHHBIX KOHCTPYKIUAX. [Ipr 3TOM pekoMeHayeTcs Ul MOJECIHPOBAHHS 3allHT-
HOTO /o OeTOHa HCIOJIb30BaTh HOPMANbHBIM 3aKOH paclpefelieHHs, a A €ro OCTaTOYHON TONIIMHBI — THCTOTPaMMY,
MOXOXKYI0 Ha pacrpesereHne KCTpeMalbHbIX 3HaueHmi. CroxacThmueckas OIEHKa MHOTo4HcIeHHBIX (1211 pesymsraToB
HoCjIe OTCEHUBAHUS SBHO HEYAAUHBIX) W3MEPEHHH MO3BOJMIIA YCTAHOBHTbH JOCTATOYHO OOJIBIINE BEIMYMHBI KOd(HIMeH-
ToB Bapuaruu (MakcumyM 10 0,34 mpu cpemnmx okono 0,19) moxasareneil HadanbHOW KapOOHH3alMU OETOHOB Kiac-
coB C12/15—C20/25. B To e Bpems st 6eroHoB KitaccoB C25/30 n C30/37 3Ti K03 GHUITMEHTH BapHaUN yMEHBIIMIIICH
10 0,15 u 0,11 cooTBeTCTBEHHO. Y CTAaHOBIEHO, YTO IJIOTHOCTH paclpelesieHus CIy4alHBIX 3Ha4eHUH kapOoHu3ammu 0eTo-
HOB KiaccoB C12/15—C18/22,5 npwu 3KCIUTyaTanuy B YCIOBHUSX CEICKOXO3SHCTBEHHBIX IMOMENIEHHUH C MOBBIIIEHHOH arpec-
CHBHOCTBIO CpeJIbI T10CIe€ OYMCTKH BBIOOPKH OT SIBHO MOCTOPOHHUX 3HAYEHWH, KaK MPABHJIO, COOTBETCTBYET HOPMAaJIbHOMY
3akony. [Ipu 3ToM HcIOIb30BaHNE MAKCUMAIBHBIX 1 MUHUMAIbHBIX BEJTMYMH KapOOHMU3aMH OETOHA B BHIOOPKAX IJIsI OLIEHKU
K02 (GUIHEHTOB BapHalK OTIMYACTCS OT ONPEAENICHUS 10 BCell BEIOOPKE M HYXKIAeTCS B COOTBETCTBYIOIIEH KOPPEKTHPOB-
ke. Ilpu skcmmyatamum GetoHoB kimaccoB C12/15—C18/22,5 B ycnoBHAX CEIbCKOXO3SHCTBEHHBIX MOMEIICHHH B Tede-
uue 10—40 ner cpenHue BeMIUHBI KO3 PUIMEHTOB BapHallii OCTAIOTCS IPUMEPHO NOCTOSHHBIMU Ipu Konebanuu 10 £0,01
npu cpexnnem 3Hauenuu 0,11-0,12. Pa3opoc oTaensHbBIX KOG OHUIIMEHTOB BapHalliy 3HAYCHUH KapOOHHU3anny OeToHa B Tede-
HHE 3TOT0 TEepPHoja BpeMEHH YMeHbIIaeTcs oT 2 1o 1,25 pasza, a B JanpHeIeM, IO-BUIUMOMY, cTadmwinsupyercs. B neinom
TP ONpPEEIEeHUH CPOKa KapOOHM3AINH 3aIMUTHOTO CJIOSI OETOHA CIEAYeT yYUTHIBATH CTOXAaCTHYHOCTh HE TOJBKO €ro TOJ-
IIMHBl ¥ CKOPOCTH IPOMCXOAMBIIETO IpoIiecca, HO U CIyYalHBIX 3HAUCHUI KapOOHHM3aIMu OETOHA IIPU ee ONpeleIeHHON
CKOpOCTH U TIIyOuHE.

KiroueBsbie ciioBa: kapOoHn3anus 6eTOHa, CTOXaCTHYHOCTD, KO3 GUILIHEHT Bapualiy, BIUsSHAE BPEMEHH, KelIe300eTOHHbIe
KOHCTPYKIIAU
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Some Stochastic Specific Features of Concrete
and Reinforced Concrete Carbonization

S. N. Osipov"”, A. V. Zakharenko", V. M. Chik"
YUE “Institute of Housing — NIPTIS named after Ataev S. S.” (Minsk, Republic of Belarus)
Abstract. Reliable calculation of concrete carbonization development is considered as a basis of forecasting corrosion of steel

reinforcement and longevity of reinforced construction structures. Investigation results for stochastic specific features of
carbonization in a protective concrete layer or its residual thickness in reinforced structures operating in airspace have been
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obtained for the last 20 years. In this case it is recommended for simulation of a protective concrete layer to use a normal law
of distribution and a histogram which looks like distribution of extreme values is recommended for its residual thickness.
Stochastic estimation for multiple measurements (1211 results excluding obviously unsuccessful ones) has made it possible to
determine rather large values of variation coefficient (maximum values up to 0.34 with average index about 0.19) for indices
of initial carbonization for C12/15—C20/25 concrete grades. At the same time these variation coefficients for C25/30 and
C30/37 concrete grades have decreased up to 0.15 and 0.11, respectively. It has been established that density of distribution
for random carbonization values of C12/15—C18/22.5 concrete grades being operated under conditions of agricultural pre-
mises with high aggressive environment corresponds, as a rule, to a normal law after excluding evidently unwanted values.
In this connection use of maximum and minimum values of concrete carbonization in selections for estimation of variation
coefficients differs from determination for the whole selection and it requires a corresponding correction. While operating
C12/15—C18/22.5 concrete grades under conditions of agricultural premises in the period of 10—40 years average values
of variation coefficients remain approximately constant with fluctuation up to £0.01 with average value of 0.11-0.12. Spread
in some variation coefficient values for concrete carbonization is decreasing from two to 1.25-fold within this period of time
and later on it likely becomes stabilized. As a whole while determining duration of concrete protective layer carbonization it is
necessary to take into account not only stochasticity of concrete protective layer and carbonization rate but also random values
of concrete carbonization at specific carbonization rate and depth.

Keywords: concrete carbonization, stochasticity, variation coefficient, time influence, reinforced structures.
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Hcxons u3 npakTUYeCKO MpOCTOTHI Ompesese-
HUs1, KapOOHM3aIus O€TOHA — 3TO MPOIIECC B3aMMO-
JICHCTBUS IIEMEHTHOTO KAMHS C YIJICKHUCIIBIM Ta30M,
MIPUBOJIAIIMN K CHW)KCHHUIO IICIOYHOCTH SKHUIKOU
(ha3er 6erona [1, c. 202]. YdeHble U TIPOU3BOJCT-
BEHHUKH CBS3BIBAIOT TNPOIECCH KOPPO3UH CTallb-
HOM apMaTypsI ¢ kKapOoHm3arueit 6etona. OTHOCH-
TEIBHO KOPPO3UU OCTOHA TpH KapOOHHM3AIMU Y
BEJYIINX YYEHBIX CYIIECTBYIOT pa3HbIC MHECHUSI.
Tak, aBTop m3BecTHOrO yueOHuka FO. M. baxeHor
cumutaet [2, ¢. 180], uro mo 2002 r. eme He OBLIN
pa3paboTaHbl CITOCOOBI, KOTOPBIE IO3BOJISUTA ObI
HAJIKHO ONPEACIATh TIyOUHY pa3pylieHus 0eTo-
Ha MPU KOPPO3UHU Ha OCHOBE JIAHHBIX O €T0 COCTaBe
1 00 YCIIOBHSIX arpeCCUBHOTO Bo3jaeicTBus. OqHa-
KO YCTaHOBJIEHO, YTO ISl COXPAaHEHUS IMacCUBHO-
CTH cTanum B OeToHe HeoOXOJUM ee TIOCTOSH-
HBI KOHTaKT C MMOPOBOW XKHUIKOCTHIO, IIEIOYHOCTh
KOTOpOW JIOJDKHA HWMETh BOJOPOJHBIN IOKa3a-
tenb pH > 11,8 Ge3 ykazanust ypoBHA KapOoHHU3a-
uuu 6eToHa [2, c. 183].

K nauany XXI B. cpeny crienuannucToB CI0XKH-
JUCh PA3NWYHBIE MHEHHS TI0 BOIIPOCY CKOPO-
CTH pa3pyiieHusi 0etoHa U jkene3oberona. Tak,
B [2, c. 169—181] omucanbl Tpu OCHOBHBIX MeXa-
HU3Ma pa3pymieHus 0etona: nudQy3noHHBIN, TTPH
KOTOpPOM TIIyOWHA pa3pylIeHHs NP TMPOYHUX paB-

HBIX YCJIOBHSIX 3aBHUCHUT OT \ﬁ, rae ¢t — BpeMs;
¢ (Hy3nNOHHO-KHHETUIECKHA, MPU KOTOPOM TITy-
OMHA pa3pylIeHUs] 3aBUCUT OT ¢, KPUCTAJUIM3AIIH-
OHHBIM, KOTJa pa3pylieHHe CTPYKTyphl OeToHa
MPOUCXOJUT B PE3YNbTATE KPUCTATIIUZAIMHN MaJlo-
pactBopuMbIX colied. IIpu oneHke koppo3uu ap-
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MaTypsl B 6eToHe oTMedaercs [2, ¢. 182—188], aro
B IUTIOTHOM OeTOHE Hamboiee MEIJICHHBIM TPOIIeC-
com sBrsiercs nuddysus CO,, KoTopasi cyuiect-
BEHHO YBEJIMYMBAETCS C POCTOM BOJOIIEMEHTHOTO
oTHomeHus. J{ns ommcaHus mporecca KapOOHM3a-
My OeTOHA B HOPMAJBHBIX BIIAXKHOCTHBIX YCIIO-
BHUSX MOXKHO HCIOJIB30BaTh ypaBHeHHe auddysun
Ouka ¥ MOTYyYUTh 3aBHUCHMOCTH POCTa TITyOWHBI
KapGoHM3aImn B Buze x = f(\/1).

B monorpaduu E. II. Martseesa [3, c. 91] ro-
BOPHTCS, YTO MHTEHCHUBHOCTH pa3pylIeHus Oero-
Ha TIPH TOSBIIEHUH TIEPBBIX MPU3HAKOB BO3pacTaeT
M0 3aBHCHUMOCTH, IPOIOPIMOHAIBHON KBaapary
BpPEMCHH.

B pabotax A. A. Bacunbesa [4, 5] oTmedaercs,
YTO OCHOBHBIM BHJIOM KOPpPO3UH OETOHA B JKee-
300€TOHHBIX AJIEMEHTaX M KOHCTPYKIUAX, IKCILTY-
aTUPYEMbIX B PA3IMYHBIX BO3YIIHBIX CPeax, sIBIs-
ercsi KapOOoHM3aIusl. 3HA4YWTeNbHAs TOJIIMHA 3a-
IIMTHOTO CJIOSl M INEJIOYHAas Cpefa caMmoro OeToHa
00CCIICUMBAIOT My HATMYKE 3aAlIUTHBIX CBOWCTB IO
OTHOILICHUIO K CTaJIbHOM apmatype [4, c. 9].

B KoOMIEKTHBHOM TpyA€ BEAyIIUX Oelopyc-
CKHX YUYEHBIX [6] pacCMOTPEHO B3aMMHOE BIUSHUE
MPOIIECCOB KapOOHM3AIMN U M3MEHEHUS BOJIOPOJI-
HOoro mokasarenst pH OeroHa Ha WHTEHCHUBHOCTH
KOPpO3UM CTaJIbHOU apMatypsl. [Ipu 3TOM pasBu-
THE MPOLIECCOB KapOOHM3AIMK ¥ U3MEHEHHUsI TTOKa-
3arens pH Bo BpeMeHU T ONpenessiFoTCsl Ha OCHOBE
i Py3nOHHON KUHETHUKHA B COOTBETCTBUHU C TIEP-
BBIM 3aKoHOM Duka I MOJCKYJIIpHOH muddy-
suu CO, B mopax 6erona [6, ¢. 6], 4T0 paHee ObLIO
npemioxkero C. H. AnexceeBsiM u H. K. Po3enra-
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neM [7], ¥ IpOTTOpIIMOHAITBHO Jr. OnmHako, Kak 1mo-
Ka3bIBalOT PacueThbl, KOJMYECTBEHHbIE Pa3INYMs B
BeNMMYMHAX 3(PPEKTUBHBIX KO3 puimeHToB audpdy-
3um CO, B OeToHax MO OMyOJMKOBaHHBIM JIaH-
HBIM [7], Ha KOTOPBIE CCHUTAIOTCS aBTOPHI [6, ¢. 11],
JOCTHTAIOT ABYX NOpAAKoB. OrmpenesieHHbIE CO-
riacHo [8] a¢pdextuBable K03$dUIHEHTH TUPPY-
3un CO, (D = 0,006-1,440 CMZ/C) JUI OOHUX U TEX
e OETOHOB B YCJIOBUSAX IEPUOIUYECKOIO YBIaXK-
HEHHSI OCagKkaMH M 0e3 yBIaXKHEHHs TakKe OTJIU-
yaroTcs Oosiee ueM Ha asa nopsuaka. Ilostomy
OLIGHKA BIJIMSHUA BPEMEHM Ha IPAKTUYECKYIO
KapOOHM3alMI0 OETOHOB B pealbHBIX YCIOBHAX
9KCIUTyaTalliy, & He B JJaOOPATOPHBIX YCIOBHSIX,
MOYXET CYIIECTBEHHO OTIMYATBCS OT HCIOJIb3ye-
MBIX JI0 HACTOSIIETO BPEMEHH PAaCYETHBIX 3aBU-
CHUMOCTEH.

Ha ocHoBe 0000111eHHOTO aHaIN3a M3BECTHHIX
3aKOHOMEpPHOCTEH clienaH BBIBOA [9], UTO HU O/iHA
U3 MOJEJICH He IaeT BO3MOXKHOCTHU C BBICOKOH J0-
CTOBEPHOCTBIO PACCUUTHIBATH TIyOMHY KapOOHU-
3aMu OeTOHa Ha BCEM TEPHOJAC DKCILTyaTaluu
U JIETKO OOBSICHAETCS MHOXKECTBOM HE YYHTHI-
BaeMbIX IIpU MpPOrHo3e (akTopoB. B To ke Bpems
pacueT Mo OpPHIHHAIBHOMY HPOTPaMMHOMY TIpO-
nykty B. B. babumnkoro c¢ yderom BOJOHENpoO-
Huraemoctd OetoHa [10] anms cpeqHWX 3HAYEHUN
JIOCTaTOYHO JOCTOBEPEH.

N3 omyOnMKOBaHHBIX PE3yJIbTaTOB MCIBITAHUN
MIPOIECCOB KapOOHM3aIMy OeToHa HaWOOIBIIHUN
WHTEpEeC TMpeaAcTaBsioT paboTel A. A. Bacumibe-
Ba [4, 5], rme 4acTHYHO MpUBEACHBI (DaKTUUECKUE
pe3ynbTaThl HAOIIOACHHH, HA OCHOBAHUU KOTOPBIX
IUIs OIIMCAHMSI Tpoliecca KapOOHU3AIMH TP OIpe-
JIeJIEHHOH JI0JITOBEYHOCTH O€TOHa (Z, JIeT) UCTIOJb-
3yercs BeIpaxenue [4, (2.4)]:

K, =0, +0,t, (1)

rIe oo — II0Ka3aTelb HadaJlbHOH KapOOHM3a-
uuu, %; o, — TO XKe CKOPOCTH KapOOHHU3a-

10501 (%/ Ji ); { — BEJIMYMHA [IPOTHO3HOTO IEPUO-
Ia, JeT.

Bonpmoii uHTEpec mpencTaBiseT 0OOCHOBa-
HHE YydeTa TIIOKaszaTelsi HadaJbHOW KapOoHHW3a-
1y O0eToHa o, mpuBeneHHoe B [4]. Jlnsa ompene-
JICHHSl BENTUYUH O U1 KaXIOro cocTaBa OeToHa
Ha OMNpEIENCHHBIH KJIacC MO MPOYHOCTH HCCIIEAO-
BaJIOCh IO YeThIpe KyOHKa JJIsl KaKIOro U3 AECATH
cedeHwii ¢ marom 2,5 mMm. beut momyden Habop 1o-
kazarenell kapOonmzauuu K, (mo 10 3HaueHwit) c
y4eToM OTOPaKOBKH C MOTpemHocThio 6omee 10 %.
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Jlanee Ha MHOTOYHCIICHHBIX pUCYHKaX [4, puc. 2.2;
2.3; b.1-b.40] npuBeACHBI THCTOTPAMMBI OCTATKOB
C HAaHECCHHBIMH (DYHKIUSMH TUIOTHOCTH HOPMaJlb-
HOTO pacIpeaeNeHus, 0 KOTOPEIM MOXKHO JOCTa-
TOYHO HAJEKHO OIEHHUTH BEJIMYUHBI OTHOCHUTEIb-
HBIX K03 dunmenToB Bapuanuu V. OmgHaKo B mpe-
JieJiax OJTHOTO Kjacca OeToHa (IIpUBEIEHBI TaHHBIC
o 1Ty Kimaccam 6etona: C12/15; C16/20; C20/25;
C25/30 u C30/37) pasnuuusi B BenuuumHax V mo-
CTHUTaIOT JIBYX- U TPEXKPATHBIX 3HAUCHUI.

Jns xoMmIleHcalMu TMOTPEIIHOCTe ompeene-
HUS 3HAYECHUM J 10 pUCyHKaM HCIOJIb30BaHbI Be-
positHocTH Pi(X) = 0,99 u Py(x) = 0,98. Cpennue
o BCeH mcciemoBanHo Tommuue (2,5-25,0 Mm)
GeToHA 3HAYCHHS ) HMEIOT TEHACHIHIO K PE3KO-
My YMEHBIICHHUIO TPH Tepexojie K OeTOHaM Ma-
pok C25/30 u C30/37, 4T0, O-BUAUMOMY, 4aCTHY-
HO CBSI3aHO C YMCHBIIICHUEM BOJIOIIEMEHTHOT'O OT-
HomeHud 1o 0,45 u 0,39.

HeobxoanmMo oTMETHTH, YTO OTHOIIEHHS TOIY-
YEHHBIX MaKCHUMAJIbHBIX W MHHHAMAJbHBIX 3HaYe-
Huil V; mia 6eronoB kimaccoB C12/25-C20/25 cocra-
B Vipax/ Vimin 3,5 1pH - Vijnax 0,341-0,302
u Vign = 0,098—0,086, a mnsa xmacco C25/30
u C30/37 cumzwiuce 10 2,0 mpH YMEHBIICHUU
ux cpenaux 3Hadenwit ¢ 0,213-0,175 (P(x))
u 0,188—0,153 (Py(x)) mo 0,110-0,107 (Pi(x))
u 0,097-0,095 (Px(x)), 9TO COOTBETCTBYET IPH-
MepHO 1,94—1,64 paza. CnemoBareiabHO, TIPOIEC-
CBhI HAYAJILHOW KapOOHU3aIMK OSTOHA JOCTATOYHO
BbIcOKHX Mapok (C25/30 u C30/37) mpotekatoT
cTabuipHEe MO CpaBHEHHIO C OETOHaMH HHU3KHX
mapok (C12/25—C20/25). TlosToMy BO3MOXKHYIO
OUeHb CWIBHYIO HECTaOWIBHOCTH OIPENEIsIeMOTO
mapametpa K, (5-# xmacc mo [11]) npu oneHke Be-
POSITHOCTH KOPPO3WH CTAJIbHOM apMaTypsl B JKelle-
300€TOHHBIX CTPOMTEIHHBIX AJIEMEHTaX Ui OSTOHOB
HU3KUX KJIacCOB HEOOXOIWMO YYHTHIBaTh W IIPU
OLICHKE pacyeTHOI JOJITOBEYHOCTH.

IIpuBenennsie B [4, c. 147—169] pe3ynpraTh
u3MepeHnil mokaszarenell kapOonmzauuu K. (%)
TUTS YKeNIe300€TOHHBIX 3JIEMEHTOB, W3TOTOBIEHHBIX
n3 Oeronos kmacco C12/15, C18/22,5, C16/20
¢ ocankamu koHycoB 1 cm (OK1) u 4 cm (OK4)
B KoymmuecTBe 1211 oOpasiioB, B YCIOBHAX CEIb-
CKOXO3SIICTBEHHBIX ITOMEUIEHUI C MOBBIIIEHHON
arpecCUBHOCTBIO CPEABI MPH CPOKE CITYKOBI TpHU-
MepHO oT 10 10 40 neT no3BOISIOT OUEHUTh BUA U
mapaMeTpbl IUIOTHOCTH pacupeneieHus K, Kak
ciny4aitHoil BenuuuHbl. CTOXaCTUYECKUM aHANIU3
9TUX HKCHEPUMEHTANIBHBIX JaHHBIX [4, c. 147—-169]
MIPOM3BEJIEH:
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1) 6e3 ydeTa OIICHKH MX OJHOPOJHOCTH B pac-
cMmarpuBaeMoM Maccuse (111);

2) ¢ y4€TOM OILICHKU UX OJTHOPOJTHOCTHU (OTKIIO-
HeHue kod(dunueHToB Bapuaryu V' B KaxIAoW
TpyIIe JaHHBIX JJIS ONPECICHHON JTHTEIEHOCTH
SKCIUTyaTally He JOJDKHO mpeBbimath 10 % cpen-

et Bemmumebl 0,1V mas Bcero mepwoma) B pac-
cmaTtpuBaeMoM Maccuse (I12).

B kaxxaoM w3 3TUX MOIXOM0B paccMaTpPUBAIH
T0 IATH BAPUAHTOB HUCCIIEIOBAHMUSA:

1) pactipenenennii 3Ha4eHU K, 0 BceMy Mac-
CUBY JIaHHBIX C yYETOM IEPBOHAYAILHOW KapOo-
HATHOM COCTABIISIIOMIEH Ol;

2) OTHOCUTEIIBHBIX BENMYUH K, IO CpEeIHUM
3HAYEHUSIM B KQXIIOW U3 BPEMEHHBIX TPYIII C y4e-
TOM Ol

3) OTHOCHUTENBHBIX BeNMWYWH K. 1O CcpemHeMy
3HAYCHHIO BCEH BHIOOPKH C YYETOM Olg;

4) OTHOCUTENBHBIX BENWYMH K, TIO CpPEeTHHM
3HAYEHUSIM B KaXJIOH W3 BPEMEHHBIX Tpymnmn 0e3
yueTa ol;

5) OTHOCUTENBHBIX BETUYNH K, IO CpemHEMY
3HAYCHUIO BCEH BEIOOPKH 0€3 yaeTa Oly.

Jns OIEHKH COOTBETCTBHSA pAaCIpeNeiIeHUS
9KCIIEPUMEHTANIbHBIX 3HauYeHU K. HOpMalbHOMY
3aKOHY HMCIIOJIb30BAJINICh METOIBI:

1) KOCBEHHBI — Ha OCHOBaHUHU IPOBEPKHU Be-
TYrH K03 duimenta acumMmmeTpun 1 BEIOOPOYHO-
ro PKCIecca W MX OMHUOOK, KOTOPHIE HE TOJIKHBI
MIPEBHIIIATh CTaHJAPTHBIC 3HAYEHHUS Ooiee Tpex
pa3. Croa MOXXHO OTHECTH TaKKe OLIEHKY JOITy-
CTHMOM TOTPEITHOCTH CPeAHEero 3HadeHus (He 0o-
nee 3 %);

2) rpaduuecKkuii — MyTeM aHaln3a YacTOTHOU
TUCTOTPaMMbl C HOPMAJIbHO-BEPOSTHOCTHBIM T'pa-
dhuxom;

3) pacueTHbBIN — MyTeM ONpeACICHUS KPUTSPUS
Kommoroposa — CmupnoBa (p > 0,2).

Heobxomumo oTMeTuTh, 9To 17151 OSTOHOB KIlac-
ca Cl12/15B[4, c. 147-149 1 159-161] c OK =1 cm
n OK = 4 cm 3nauenns K, aHAJIOTHYHBI, TI0O3TOMY
OHU aHAJIU3UPOBAIIUCH COBMECTHO (TalI. 1).

YuutsiBas 6JU30CTh CPEIHUX BEIHMYUH K, IS
oceToHoB kiaccoB C12/15, C16/20 u C18/22,5 [6,
puc. 7.2], xotopas nipu ¢t = 10—40 netr cocraBuseT
AK,. < 2 % mpu 6onbmom pazbpoce (=10 %) ot-
JICNBHBIX 3HAYCHHM, aHAIIN3 pacTpeaeliCHU MOX-
HO TIPOW3BOIWTH KaK MO OTHEIbHBIM, TaK M TIO
BCEM KJIacCaM COBMECTHO.

B pesynbraTe pacdeToB M aHaiM3a BCETO Mac-
cuBa uHpopmMmarmu (00IIee KOTUYECTBO CIydacB
2n;=1211) ycTaHOBJIEHO, YTO COOTBETCTBHE 3HA-
yeHuid K, HOpMaJbHOMY 3aKOHY paclpelieleHUst
noarBepkaaercs mo 111 u [12 B 160 u 164 caygasx
u3 175, 1. e. mpumepHo B 92 % (Tabmn. 1). [Ipu sTom
B HEKOTOPBIX BBIOOPKaX KOJHYECTBO CIY4acB #;
C OTKJIOHEHUEM BEIMYWH KOd((QUIIMEHTOB Bapua-
uuu MeHee 0,17 oT cpeaHero 3HaueHHs yMEHbIIa-
sock 10 n; = 84 u3 207 (tabxa. 1), 9yro mpUBOAMIO
K XYAIIUM TOKAa3aTeNIiIM COOTBETCTBUS HOPMAallb-
HOMY 3aKOHY pactpenenenus. s wumoctpanmn
JyYIIer0o ¥ XYJIIET0 COOTBETCTBUI aHaJIH3Upye-
MBIX JaHHBIX 10 K. 0€TOHOB HOPMaTHPHOMY 3aKOHY
pacnpeniefieHus] Clly4alHbIX BEJIMUMH Ha puc. |
MPUBEICHBI TpaUKH, TTOCTPOSHHBIC JJIsi OCTOHOB
knacca C16/20 mpu OK =1 cm u OK =4 cm.

Tabruya 1

CymMmapHoe K0/1H4ecTBO (/N) KpuTepHeB COOTBETCTBUS 3Ha4YeHHil K. HOpMaIbHOMY 3aKOHY pacnpe/eieHus 1/ 0eTOHOB
Pa3JMYHBIX KJIACCOB U UCNOJIb30BAHHOI BBIOOPKH (1;) (TAe i =1...5 M0 0AHOMY M3 NATH PACCMOTPEHHBIX BAPUAHTOB)
B 3aBHCUMOCTH OT BbiOpaHHoro noaxoxa (I1 nam I12)

Total number () of criteria for compliance of K, values with normal distribution law for concrete
having various grades and used data selection (n;) (where i = 1...5 — by one from five considered variants)
according to selected approach (I11 or I12)

KOHI/I‘{GCTBO KPUTEPUECB COOTBETCTBUA IS 6eTOHOB KJIaCCOB

N, n; ClZ/éi(, SIX :Ml oM, C16/20,0K=1 cMm C16/20, 0K =4 cMm C18/22,5,0K=1cm | C18/22,5,0K=4cm
I11 112 I11 112 I11 112 111 112 111 112
N 33x2 35x2 35 34 33 33 30 32 29 30
n—n; 200x2 160x2 207 112 204 146 200 160 200 160
n4—ns 200x2 120x2 207 84 204 146 200 160 200 160

Hayka
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0,5093 0,6299 0,7505 0,8711 0,9917 1,1123 1,2329 1,3535 1,4741 1,5947

™

0,7204 0,7867 0,8530 09193 09855 1,0518 1,1181 1,1844 12507 13170

Puc. 1. IInoTHOCTH pacipesesieHns CIIydaliHbIX 3HAUSHUH IoKa3aTels kapooHn3anuu 6eroHa kracca C16/20:
a — Hamryumas, OK = 1 cm; b — Hanxyamas, OK =4 cm

Fig. 1. Density in distribution of random values for carbonization index of C16/20 grade-concrete:
a — the best, OK = 1 cm; b — the worst, OK =4 cm

OCHOBBIBasICh Ha TNPHUBEAEHHBIX pe3ysbTaTax,
MOXHO CUHTaTh, YTO pACIpEAEICHUE Cily4dail-
HBIX 3HAYEHHH MOKa3zaTels KapOoHM3amu OeToHa,
mo kpaitHeii mepe kimaccoB C12/15—C18/22,5, 3a
nepuop 10—40 neTr mnpakTHYECKH COOTBETCTBYET
HOpMaJbHOMY 3akoHy. IlosTomy mpencraBisieTcs
JOCTaTOYHO OOOCHOBAaHHBIM AaHANHU3 BEPOSTHBIX
BeNWYMH Ko3(pPHLMeHTOB Baprauuu 3HaueHun K,
JUISL pacCMaTpUBAEMBIX KJIaCcCOB OETOHA.

Kak cnenyer u3 HOpMajbHOIO 3aKOHa pacipe-
JIJIEHUs CITy4ailHOM BEJTMYHHBI, €€ 3HAUCHHUS MOXK-
HO OIIPEJEIUTh U3 BHIPAXKECHUI:

Xpax = XA+ 2V); )
Xmin = )?(1 - ZV)9 (3)

TA€ Xmax, Xmin — MAKCUMaJIbHOE W MHUHHMAaJIbHOE
3HAYEHUS CJIy4YalHOM BEJIWYWMHBI MpPU 3aJaHHOU
BeposITHOCTH P(X); X — cpegHee 3HaYCHHE CIY-
JaiHOW BENWYMHBI 0 BHIOOPKE; z — TOKa3aTelb
JIOCTOBEPHOCTH B COOTBETCTBUHU C BEPOSTHOCTBIO
peanmzanuy; V — k03 punmeHT Bapuarum.

M3 (1) u (2) cnexyer:

/x)-1
y = e D71, @
v, :M‘ (6)

Z(xmax + xmin )

Bennuuny ko3¢ ¢unuenta BapHaluH, OIpe-
JENICHHYI0 OOBIYHBIM IyTE€M [EJICHHsS CpeaHe-

P Hayka
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KBaJ[PaTHUECKOTO OTKJIIOHEHUS G Ha X, 0003HAYUM
yepes V.

[Ipn HOpMambHOM 3aKOHE pacHpeNeNieHHs CITy-
YaliHOI BEJNMYMHEI X; 33J]aHHON BeposiTHOCTH P(X) =
=0,8; 0,9; 0,95; 0,98 u 0,99 coOTBETCTBYIOT Clie-
JYIOIIME BEJIMYMHBI MOKa3aTesel OJJHOCTOPOHHEH
noctoBepHoctu z: 0,84; 1,29; 1,64; 2,05 u 2,32.

B ciydae cyliecTBEHHOHW BEIHYMHBI KO3(-
¢unuenta Bapuauuu (V > 0,1) Heo6xonumo yuu-
THIBaTh BO3MOXKHYIO MOTPEIIHOCTh OTpenee-
HUS V, N7 4ero MOXKHO HCITOJIb30BaTh PEKOMEH-
naruu K. A. bpaynnu [12, c. 48] o onpenenennto
BEPOSTHOTO JIOBEPUTEILHOTO Tpejesa UCTUHHOTO
3HAUYEHUs MUCIIEPCUH, Ha OCHOBaHWH KOTOPOTO
BEpPOATHOE MaKCHMalbHOE (MUHHUMAJIbHOE) OTHO-

wenne V,, /V wwm V,, /V npun>30-50 ompe-

JACIISCTCA U3 BBIPAKCHUSA

Vmax(min) =1+

t
oy - < B (7)
14 \2n

rae t, — kputepuii CTBIOJEHTA; 71 — KOJIMYECTBO

UCTIOJIb3YEMbIX U3MEPECHUH.

Tak, mpu n = 30 m P(x) = 0,99; 0,98; 0,95 u
0,90 ornomenus V,, / V' COOTBETCTBEHHO COCTa-
Bunu 1,35; 1,31; 1,26 u 1,22.

Ipu n < 30-50 ¢ yuerom kpurepus y  (Xu-
kBagpaT) [11] npu HOpMaTbHOM 3aKOHE pacmpere-

max

JICHUS HWU3MCPACMBIX BCJIMYMH OTHOIICHHC

onpenensercst Gopmynoit
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ax . (8)

I'paduueckue 3aBucumoctu (8) mpUBEHEHBI
Ha puc. 2.

Vo 'V .
4
4,0 «
“\
3,0
2
2,0+——
b 1/
1,0 ; :
0 10 20 n

Puc. 2. 3aBucuMocts V, /V 0T KOJNMYeCTBA H3MEpEHHi 1
u kputepus x: 1, 2, 3, 4 — npu 3a1aHHOi
BepositHoctu P(V;) = 0,90; 0,95; 0,98; 0,99
Fig. 2. Dependence of ¥, /7 onnumber of measurements 7

and criterion y* 1, 2, 3, 4 — at specified
probability P(¥;) = 0.90; 0.95; 0.98; 0.99

CpaBuenne 3aBucumocteit (7) u (8) mokas3piBa-
er, uro npu n = 30 pasHuna senuuuH V. /V He-

3HaYUTEeNbHA ¥ HE TIPEBBHIIAET HECKOJIBKHUX
nporeHToB. OHAKO €CIM HCIOoNIb30BaTh (7) aus

pacuera V,  /V, To npu n = 4 momaydarorcs cie-

OyIOUIMe BEJIMYUHBI TPU  COOTBETCTBYIOLIMX
HazexHocTsx: 3,05 (0,99); 2,59 (0,98); 2,13 (0,95)
u 1,85 (0,90), 9T0 3HAYMUTENBHO OTIMYACTCS OT
noiay4eHHbIX 110 (8). OgHaKo BbIYMCIEHHBIE 110 (8)

3nadenus V. /V npu n < 10 BecbMa BEJIMKH, 9TO

CBUJICTEIILCTBYET O HEBBICOKOHM HAJEXKHOCTH CTO-
XaCTHUYECKOW OLIEHKH BO3MOXKHBIX BEJIIMYMH OIIPE-
JensieMbIx apameTpoB. [loaTtomy pekomeHmyemoe
B HEKOTOPBIX HOPMATHBHBIX JOKYMEHTaX KOJINYe-
CTBO HEOOXOIWMBIX OJIHOKPATHBIX W3MEPEHHUN
OTIPENIETIEMBIX TTAPAMETPOB #2 = 2—3 MOXKET CTaTh
MPUYUHON TIOSIBIICHUST HEOOJBIION HAACKHOCTH
Y JIOJITOBEYHOCTHU TaKUX U3ZCIUH.

[IpakTudeckuii HHTEpPEC MPEACTABISCT OIICHKA
MOTPEIIHOCTE! TIPU  KCIOJB30BAHUM  BBIpAXKe-
HUil (4)~(6). Takas BO3MOXKHOCTH BO3HHKACT TIPH
NpUMEHeHUH MaccuBa uHdopmaruu [4, c. 147-169]
B o0mem oObeme 1211 ciydaeB, 9TO BHIHO W3
Tabn. 2, TAe NPUBEIACHBI pPACUYCTHHIC 3HAYCHHS
s Vi/Va, Vo/Vy u Vi/V, nns Bcex IIECTH BBIOO-
pok BenmnunH K, ipu OK =1 cm u OK =4 cm (o
TpeM Kiaccam OETOHa).
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Tabauya 2
OTHOCHTEbHbIE OTKJIOHEHUsSI KO3(pPHUIMEeHTOB Bapuauuu
3HaveHui K, 10 MaKCMMaJIbHBIM 1 MHHHMAJILHBIM
BeJIMYUHAM 110 CPABHEHHIO C 00 LeNPUHATHIMHA
npu P(x) = 0,95

Relative deviation in coefficients for K, value variations
according to maximum and minimum rates
in comparison with generally accepted ones

at P(x) =0.95
Ocaka OTHOCHTENBHOE OTKIOHEHHE
Kiace Komyca, | Kod(duumenTos Bapuaunn suavenmii K,
GeToHa ’
2 Vv, Vol Vy V3V, | CpennHee
1 1,025 0,954 0,983 0,987
Cl12/15
4 1,025 0,954 0,983 0,987
1 1,109 0,944 1,010 1,021
C16/20
4 1,134 0,923 1,009 1,022
1 1,027 0,886 0,946 0,953
C18/22,5
4 1,023 0,886 0,944 0,951
Cpennee 1,057 0,924 0,979 0,987

Kak BugHO M3 Tabi. 2, HauOoJbIIEe OTKIIOHE-
Hue V; oT ¥V, OTHOCUTCS K ONPEACNICHUIO 10 MaK-
CUMAaJIbHBIM 3HauyeHusM Vy/V, st OeToHa Kiac-
ca C16/20 ¢ OK =4 cm u cocrasmsier 13,4 % (1,134),
a HaMMEHbIIIee OTKIIOHEHHE /IS 3TOTO ke OeToHa —
nipu ouerke 1o V3 (0,9 %). B cpeanem 3aBbliieHne u
3aHIDKEHNE CPETHHX V, ONpeeNeHHbIX OTAENBHO 0
MaKCHMaJIbHBIM W MHHHMAJBHBIM 3HaYeHUsM K,
cocraBisitoT 5,7 % (1,057) u 7,6 % (0,924). Kor-
Ja Kopax 4 K pin ICTIONIB3YIOTCSI COBMECTHO, OTKJIO-
HeHue ot V, cocraBmser Toisko 2,1 % (0,979).
CnenoBarensHO, HanboIee OIM3KOH (C BO3MOXKHOM
MOTPEITHOCTRI0 TIpUMepHO A0 5 %) sBigercs
orieHKa KodddunrenTa Bapuaiuu 1o V3. B obmem,
CpelHee OTKJIOHCHHE OTpeNecHus V 1Mo KpalHUM
3HadeHusIM K, Mmoxet mocturats 1,3 % (0,987), Ho
B OTHENbHBIX ciy4asx — B cpenneM 4,9 % (0,951).
Takum 00pa3om, axe IS NPEIBAPUTEIBHO «OYH-
MIEHHBIX» OT PE3K0 OTIMYAIONINXCS 3Hade-
Huii K, [13, c. 16; 14, c. 41] B BEIOOpKax BO3MOXK-
HBbIC OTKJIOHEHHWS J| MOTYT OTIMYaThCS OT pac-
yeTHbIX V4 Ha H(10—15) %, V; Ha —(5—10) %, a mpu
COBMECTHOM HCIOJIb30BAaHUM MAaKCHMAaIbHBIX H
MUHUMAJIbHBIX 3HAYCHUH — TOJBKO MPHUMEPHO
Ha (—5) %.

CylIlecTBEHHBIH HMHTEPEC MPEACTaBISCT BIIHS-
HUE BPEMEHU Ha M3MEHEHHE KOX((UIIMCHTOB Ba-
pHaIpy BeIMYrH KapOoHm3aimy O0eToHoB. Kak Bui-
HO W3 pHUC. 3, HA KOTOPOM B BHUJE TOYEK pa3Iny-

Hayka
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HOM KOH(UTYpAIMH TPEACTABICHB BEIMYUHBI V;
i 60 rpymn mo 20 3Havenuit K. [4, c. 147-169]
npu cpeaHux 3HadueHusix K, npumepHo ot 11
1o 12 %, B quamazone cpoka ciryx0s1 ot 10 mo 40
JIET B AKCIUTYyaTAIlMOHHBIX YCJIOBUAX CETBCKOXO3SM-
CTBEHHBIX MOMELIEHUN C MOBBILIEHHOW arpecCUBHO-
CTBIO CPEZIbl, C POCTOM CPOKa CITY>KOBI TPaHHIIBI pa3-
Opoca V; cyxarorcs, a OTHOIIEHUE Vmax/Vimin
yMeHsItaeTcs mpumepHo ¢ 2,00 go 1,25.

‘/i [ \\
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Puc. 3. Pa3bpoc 3naueHunit k03 GpUIHEHTOB BapHaLIU
BeJINYHMH KapOoHu3awuu 6eronos knacco C12/15-C18/22,5
rpu JoaroseqHocTy 1o 40 ner:

—C12/15 (OK =1 cm, OK=4 cm); & —C16/20 (OK =1 cm);
—Cl18/22,5(0OK=1cm); g§—C16/20 (OK =4 cm);

x — C18/22,5 (OK =4 cm); + — cpeanee 3HaUCHHE K_C;
— — — —rpasuna pasbpoca;
————— — BO3MOXKHasl HIKHSISI TpaHuIa pazdpoca

Fig. 3. Spread of coefficient values in data variations
for carbonization of C12/15-C18/22,5-grade concrete
if operated for 40 years:
—C12/15(OK =1 cM, OK=4 cm); #4—C16/20 (OK=1 cm);
—C18/22,5 (OK =1 cm); #—C16/20 (OK =4 cm);

x —C18/22,5 (OK =4 cm); + —average value K_;
— — — —spread boundary;
————— — possible bottom spread boundary

IIpn sTOM HWXKHSS TpaHWIla pa3dpoca 3Hade-
HUA Vpin 3aMETHO BBINOJIAXKUBACTCA O YPOBHS
npuMepHo V; = 0,1. Bepxuss rpanuia pazdpoca Be-
TMIUH Vs TAKOKE 3HAYUTENBHO CHIDKAeTCsl, I0-
BuauMoMy, o yposHs K, = 0,11-0,12. Cpenaue

3HaueHust K, B KaxIblil CPOK CIIyKObl B BOCBMH
Clly4asix u3 JecsiTu (puc. 3) pacmoiioKeHbl B JHa-
nma3zoHe K, = 0,11-0,12 1 TONBKO B IBYX CIydasx
BBEIXOJAIT 3a OTH TpaHumbl. Tak, mpu ¢ = 12 ner

K, =0,102<0,110 u mpu ¢=27 ner K, =
=0,133 > 0,120, 9To cocTaBIsACT TOJHEKO 0K0Ji0 10 %
OTKJIOHEHHIA OT OOILIEro AUaa3oHa.
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B nocnennune roasr mosBuiics pan paboT, B KO-
TOPBIX PAacCMaTPHUBAIOTCS BOMPOCHl CTOXACTHY-
HOCTH pacmpezesieH!s] OCTaTOYHOW TOJIIMHEBI 3a-
IIUTHOTO cliosi OetoHa. He wmMes BO3MOXKHOCTH
B CTaTh€ PAcCCMOTPETh TPYyAbl STOrO HampaBie-
HUSI, CUYMTaeM HEOOXOIUMBIM YIOMSHYTH PadOTy
B. II. Yupkosa [15] u aBe padotsr [13, 16], BBI-
noytHeHHBIE 1o pykoBoacTBoM C. H. JleoHoBHuA.
N3 [15] cmenyert, 4uTo cpok KapOoHU3aMH OETOHA
3aIMTHOrO C11od T, ¢ BEPOATHOCTBIO P ompenens-
€TCsI U3 BBIPAKECHUS

T, =pa /o, ©)

rae B — mapameTp, XapaKTepU3yIOIUi CTOXaCTH-
HOCTh KapOOHW3allMU 3allUTHOTO CJOS U 3aBH-
camuit ot kod(ddurmenToB Bapuanmm V, u V,
COOTBETCTBCHHO TOJIIIMHBI 3al[UTHOTO CIIOS d
M TIOKa3arenss CKOPOCTH KapOOHW3alluu o TpU
ONIPECIICHHON BEPOATHOCTU peanu3aiuu P; o —
CpeIHee MaTeMaTH4eCKOoe OXXHJaHWe TII0Kas3are-
Jii CKOPOCTH KapOOHU3aluu OeTOHa, MM/TOM;, a —
CpemHee MaTeMAaTHYeCKOE OXXHJAAaHWE TOJIIUHBI
3aIUTHOTO CIIOS, MM.

[Ipu 3TOM pacnpeneneHne MIOTHOCTH BEPOST-
HOCTH CPOKa KapOOHHU3AI[UH ONPECIIIETCS BbIpa-
xenueM [15, (4), puc. 1], rpadudeckoe n3odpake-
HUE KOTOPOTO OYCHb MOXO0XKE Ha JOTHOPMAIBLHOE
pacmpenenenue [12, ¢. 36; 14, c¢. 59]. O6o3naueH-
Hasl IOTPEUTHOCTh PACYETOB CPOKOB KapOOHU3AINN
0eToHa MO CpPaBHEHHWIO C PEabHOW CYIIECTBEHHO
ooxbie 1,2 %, npuBeieHHBIX B [15], B 9acTHOCTH
M3-32 OTCYTCTBHS y4eTa IOTPEIIHOCTH OIpenese-
Hus V,u Vy. B [13, ¢. 31] oTMe4eHO, 9TO «IJIT MO-
JENMPOBAaHUS 3alIUTHOTO CJI0S OEeTOHa CledayeT
MPUMEHSATh HOPMAJIBHBIN 3aKOH pacHpeiciIcHU,
a B [16, c. 68, 74, 75] npuBENCHBI THCTOTPAMMBI
pacnpesieieHus] OCTaTOYHOH TOJIIUHBI 3alUTHO-
ro cjos OeTOoHAa JKEIe300€TOHHOH KOHCTPYK-
WU TIPU DKCIUTyaTalldd B Pa3IMYHBIX YCIOBHSIX
nocine 50 yer skcruryaTaruu. Bee aTH ructorpam-
MHI (12 mIT.) OTIMYAIOTCS OT HOPMAIBHOTO 3aKOHA
pacnpeiefieHns] HEKOTOPOH JIEBOCTOPOHHEN acuM-
METpHUEN TMpU YCJIOBUM COBMNAJEHUS BEPIIMHHOU
(ueHTpanbpHOM) yacTu pactpenenenus (puc. 4, Kpu-
Bas 1) [16, c. 68, puc. 1.29]. [IpuBenennsic B [16]
TUCTOTPaMMBbI IJIOTHOCTUA BEPOSATHOCTH pacmpese-
JICHUSI XOpOIIO COBMAJAIOT C paclpeneieHueM
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JKCTpEeMalbHBIX 3HaueHW [14, c. 88, 89]
B obmactu —oo <x < +co, UMEIOIICH PYHK-
U0 PACTpEICIICHUS B BUJIC

F(x)=1-exp{—exp[(x—a)/b]}, (10)

rae a — moga; b > 0 — mapamerp Mac-
mraba.

KpuBast HopMansHOTO 3aKOHa pacrpe-
nenenus (puc. 4, kpupas 1) xoporro ar-
MPOKCUMHUPYIOIIAS BEPIIMHHYIO YacTh THC-
TOTPaMMBI, XapaKTePHU3yeTCsl MaTeMaTu-
YECKUM OXHAaHueM p=(a-x;)=17 MM
MPH  CPEeIHEKBAJPATUIECKOM OTKIIOHE-
HUU G =~ 7,2 MM, 9TO AaeT KO3 hHUIIneHT
Bapuaruu V = 0,42. Ilpu 3TOM muIomanm,
OTPaHWYCHHBIC TUCTOIPAMMOU WA KPH-
BOIl HOPMaJbHOTO 3aKOHA pacrpenese-
HUS, OTJIMYAIOTCS COBEPIICHHO HE3HAYH-
TenbHO (=2 %).

OpHako MpH OlLIEHKE Havajia mpoliecca
KOPpPO3UH CTaJbHON apMaTypbl C BEpOSIT-
HOCTBIO, momyctnM, p = 0,05 HE0OX0aMMO

BaTh JIEBBIM Kpail TMCTOTpaMMBbI, YXOASIIEH B OT-
pHULIATENBHYIO 00JIacTh, O3HAYAMOLIEH IONagaHue
CTany B 30HY KapOoHuzanuu npu (a — x.) < 0. Io-
9TOMY JUIsl aJeKBaTHOM OLIEHKM Hayaja cylle-
CTBEHHON KOpPPO3HHU CTAJIBHON apMaTypbl OCHOBOM
anMnpoKCUMAaluK NPUBEJEHHON I'MCTOTpaMMbl KpH-
BOW HOPMaJILHOTO 3aKOHA PACTpeNeieHHs TOJKHO
ABJSITbCS HAWIydllee COBIAJEHHE JIEBOM 30HBI
npu (a — x.) < 0, 9yro obecneuyuBaeTcsi KpUBOH 2

g

4

+40

-20

+10

+20 +30

Puc. 4. I'ucrorpamma pacnpeiesieHus 0CTaTOUHON TOJIIUHBI
3aIlUTHOTO CJI0sl OETOHA *XKene300€TOHHOM KOHCTPYKLUM MPH 3KCILTyaTaI[ln
B HanOoJee HeOmaronpusITHOM obnacTHOM IieHTpe benmapycu
nocne 50 JeT 3KkcIuTyaTayu (3alTPUXOBaHO):

1 — KpuBasi HOPMAJILHOT'O 3aKOHA pacnpeneseHus Ipi (L~ 17 MM 1 6 =72 Mum;

2—toxenpu ip~17 mmuoc=10,0 Mm
Fig. 4. Histogram for distribution of residual thickness in concrete protective
layer for reinforced concrete structure while being used in unfavourable

administrative centre of Belarus after 50 years (this portion is shaded):
1 — curve for normal law of distribution at it ~# 17 mm and ¢ =7.2 mm;

2 —same at i~ 17 mm and 6 = 10.0 mm

JJ1st 3TOr0 UCTONB3YIOTCS Pa3InYHbIE IPHEMBI,
HaupHas OT Jorapu@MupoBaHusi (JOTHOPMaJIb-
HOE pachpeiesieHne), U MHOTHE Jpyrue, OIu-
CaHHbIE )K€ M3BECTHHIMH YYCHBIMH, B TOM YKC-
ne b. JI. Ban nep Bapaenom [17, ¢. 20—23, 86—93,
138—139, 263—267, 281284, 380—382]. ITosTomy
OIMMCAaHNUEC TUCTOrpaMM pacHIpeaCICHUuA, IIPUBEC-
JIeHHBIX B [16], B paMKax HOpPMaJbHOTO 3aKOHA
MOYKHO CUUTATh JIOIyCTUMBIM.

Ha pHc. 4, COOTBETCTBYIOIIEH HOpMalbHOMY 3a-

KOHy mpu p~17 MM, o = 10 Mmm u V = 0,59.
IIpu 3TOM IUTOIIAIH, OrpaHMYCHHBIC THCTOrPaM-
MO WU KPUBOW HOPMAaJHHOTO 3aKOHA pacrpeie-
JICHUSI, OTJIMYAIOTCS TaKXKE COBEPIICHHO HE3HAYH-
TenbHO (=2 %), a O4YeHb BBICOKAs BETMYMHA KOI()-
(uIMeHTa BapHallil CBUICTEIBCTBYET O OOJBIION
CJI0XHOCTH MPOOJIEMBI OLCHKH JOJTOBEYHOCTH

KeJIe300€TOHHBIX KOHCTPYKITHH.

MHorue wucciaenoBaTeiay, MONYYUB OJHOBEP-
IIMHHYI0 THUCTOTpaMMy IUIOTHOCTH pacIipejiene-
HUSI U3y4aeMoil cllydaliHON BETWYUHBI, CTaparOTCA
MIPOBECTH €€ aIMPOKCUMAITUI0 HOPMAJIbHBIM 3aK0-
HOM pacCTIpeeIICHHsI, KOTOPBIA HanboJiee mpocToit
(XapaKTepUCTHKOW SBISICTCS JIMIIhL OJWH Tapa-

METP — «CTAHAAPT») U U3yUEHHBIH.
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BbIBO/IbI

1. CTOXacTHYHOCTh TIOKa3aTeneil HadaIbHON
kapOoHM3auun OeToHa (0ly) HEBBICOKHX KJIacCOB
(C12/15—C20/25) xapakTepusyeTcs ITOCTATOYHO
OonpmMMU BeMMYMHAMHU K03 (UIMEHTOB Bapua-
mu (10 0,34 npu cpexrem okoso 0,19), koTopslie ¢
pocrom mnpounoctu OeroHa (C25/30 u C30/37)
3HAYUTENbHO CHIKaroTcs (1o 0,15 npu cpempnem
okono 0,11), 9To ymeHbIIIaeT BO3MOKHBIH pazopoc
3HAYEHUI JOITOBEYHOCTH JKEIe300eTOHa.

2. [InoTHOCTE pacupeneneHus] CIy4aiHbIX
3HaYeHWH  KapOoOHW3amMu  OETOHOB  KJjac-
coB C12/15—C18/22,5 npu 3KcIuTyataiuu B ycio-
BUSIX CEJIbCKOXO3SIMCTBEHHBIX MOMENIEHUH C TIO-
BBINICHHOW arpecCMBHOCTBIO CPEJbI MOCIE OYHCT-
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KU BBIOOPKH OT SIBHO IIOCTOPOHHUX 3HAYEHUH, KaK
NPaBUIIO, COOTBETCTBYET HOPMAJILHOMY 3aKOHY.

3. Ucnonp30BaHNe MaKCUMAaJIbHBIX W MHUHH-
MaJIBHBIX BEIWYMH KapOOHM3auuu OETOHAa B BbI-
Oopkax IUIs OLEHKH KOX(QQHUIMEHTOB BapHaLlUH
OTJIIMYAETCSl OT ONpENENICHHUs IO Bcel BHIOOpPKE U
HYXJIa€TCs B COOTBETCTBYIOILEH KOPPEKTUPOBKE.

4. Tlpu sxcmtyatauun OeroHoB Mapok C12/15—
C18/22,5 B ycnoBHsIX CENbCKOXO3SIMCTBEHHBIX TIO-
MemeHui B teueHue 10—40 neT cpenHue BelIUYu-
HBI KO3(QUIMEHTOB BapUalliy OCTAIOTCS MpUMEp-
HO TIOCTOSIHHBIMH Tipu KonebOanuu a0 0,01 mpum
cpeanem 3Hauenuu 0,11-0,12.

5. Pa3bpoc oTnenpHBIX BeIHYWH KO3 PUIIEeH-
TOB BapualM 3HAueHWH KapOoHW3aluu OeToHa
B TeueHue 3kcruryatauuu ot 10 no 40 netr ymeHsb-
maercst oT 2 no 1,25 pasa, a B manpHeiem, mo-
BUJUMOMY, CTAOUITU3UPYETCSL.

6. [InoTHOCTH pacmpeneneHuss TOJIIUHBI 3a-
IIUTHOTO CJIOsI OETOHA U €ro OCTaTOYHOM TITyOHHBI
COOTBETCTBYIOT WJIM OJIM3KM K HOPMAaJIBHOMY 3a-
KoHy. [Ipy 3TOM BaXXHBIM yCJIOBUEM aIPOKCHMA-
UM TOJY4YEHHOM TEOPETUYECKON WM 3KcIepu-
MEHTaIBHOW THCTOrPaMMBbI OJIHOBEPITUHHOTO pac-
NpefeNieHrs] OCTATOYHOW TOJIIMHBI 3aIIUTHOTO
ciosi 0eToHa HOPMAJIBHBIM 3aKOHOM pacrpererne-
HUs SIBIISIETCS HaWIydlllee COOTBETCTBHUE JICBBIX
yacTed pacueTHOM KpPUBOW M THCTOTPaMMBI MpHU
riryOuHe KapOOHHM3aluu, paBHOH W Oosee TOMIIHU-
HBI 3aIIUTHOTO CJIOSI.

7.1lpu onpeneireHuu Cpoka KapOOHHU3AMU
3alIUTHOTO CJI0s1 OETOHA CIelyeT YYUTHIBATH CTO-
XaCTUYHOCTh HE TOJIBKO TOJIMHBI 3ALIUTHOTO CJIOS
OcToHA U CKOPOCTH KapOOHM3AIMU, HO U CITy4aii-
HBIX 3HAYCHHMU KapOOHMW3aIMu OCTOHA IPH Ompe-
JIEJICHHOU CKOPOCTH KapOOHU3AINH U TITyOnHe.
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Pedepar. [ nHTeHCH(UKALIMY TIPOLIECCOB POU3BOACTBA COOPHOTO OETOHA U KeNe300eTOHA B HPOMBIIUICHHBIX YCIOBUAX
HCTIONB3YIOTCS TEIIOTEXHUYECKUE yCTAHOBKH, MOTPEOIIIONINE 3HAaYUTEIbHbIe 00beMBbl TeIIoBoi SHepruu. Hecmotpst Ha
Tporpecc, JOCTUTHYTHIHA B M3YYCHHHU BOIIPOCOB TBEPACHUS OCTOHOB B YCTPOICTBAaX yCKOPEHHOM I'HIpaTaluy, BCe ee OTCYT-
CTBYIOT HaJIE)KHBIE 1 SKOHOMHYHbIE METOIbI UCCIIEOBAHNUS U ONTHMH3ALUK PabOThI TAKOTO poja ycTaHOBOK. IIpuMensiemble
B YCIOBHSX PEANbHOTO NMPOM3BOACTBA METO/IbI B OCHOBHOM 0a3MpPYyIOTCSI HAa SMITUPHYECKUX 3aBUCUMOCTSIX, MONy4EHHBIX IS
Y3KUX TEXHOJOIMYECKUX YCIOBUH. DTH METOAbl HE BCErAa MOXKHO PACIHPOCTPAaHUTh HA JIPYTUE PEKUMBI U TEXHOJIOTHH.
B nacrosmeit paboTe pa3BHBaIOTCS METOMBI pacueTa, OCHOBAHHBIC HAa (DyHAaMEHTAIBHBIX 3aKOHAX, ITO3BOJIIONINX ITOIYIUTh
(yHKIMY 3BOJIOLMH IIpoLiecca TUAPATANY OETOHHOTO H3JeiHsi. MeTobl MaTeMaTHIeCKOTO MOJSIMPOBAHNS JAIOT BO3MOXK-
HOCTb Pa3BUTh HOBBIE IIYTH COBEPIICHCTBOBAHUS PEXHUMOB TEIUIOBOM 0OpabOTKM OSTOHHBIX M3IENUH M TEXHOJOTHH YCKO-
peHHoif ruaparanuy. B crathe npeoxkeHa MaTeMaTH4ecKasi MOZEINb I pacueTa Mpolecca TBEpJeHUs OETOHHOTO U3/eNus,
BKIJIIOYAIOIIas HECTAI[MOHAPHOE TPEXMEPHOE ypaBHEHHE TEIUIONPOBOJHOCTH, (QYHKIHIO BHYTPEHHUX TEIIOBBIACICHNUH, 00y-
CJIOBJIEHHBIX IPOTEKaHWEM 3K30T€PMHUYECKHX PEaKIWil TMApATalliy EMEHTa, a TaKXKe CHCTEeMy HAaJalbHBIX W I'PaHUIHBIX
yCJIOBHi. BBIMONTHEHO YHCIEHHOE MOJISITMPOBAHUE TEMIIEpaTypsl H K03 HUIMEHTa THApaTalii OETOHHOTO H3eus B opme
Ky0a, nmeromero pasmeps! 0,1x0,1x0,1 m. [IpoBeneHa Bepudukaiys HeCTAITHOHAPHOW MAaTEMATHIECKOW MOJICTIH ISl pacdeTa
TEMIIePaTyPHBIX MOJIEH M CTENeHN TMAPATALUH C UCIOJIb30BaHUEM SKCIEPUMEHTANBHBIX JaHHBIX O MPOYHOCTH OETOHHOTO
W37eNUsl, TOCTUTHYTOH B IPOMBIIUICHHBIX yCIoBHAX. Ha ocHOBe mccnenoBanns GyHKIMH CTEHEHHN THAPATALNH OT BPEMEHH
MOKAa3aHO, YTO YKCIICPHUMEHTAIBHO ITOIyISHHBIC 3HAYEHHs POYHOCTH Ha CXKaTHE KOPPEMUPYIOT ¢ QYHKINSAMU KO PUITIEH-
Ta THApATAlMU U CKOPOCTH TUAPATAIMU OT BPEMEHH TEIUIOBOH 00pabOTKH, BHIYMCIEHHBEIMI Ha OCHOBE NPEIIOKEHHOH He-
CTaI[MOHAPHOI MaTeMaTHYECKOH MOJIENN TBEPJAEHUS] OETOHHOTO M3/eNus. Y 10BIETBOPUTENLHOE COTNIaCOBAHHE IKCIIEPUMEH-
TaJIbHBIX U PACUETHBIX JaHHBIX MOJITBEP)KIAET aJeKBATHOCTh HECTAI[OHAPHOI MaTeMaTHYeCKOM MOJeNH pacyera TeMmIepa-
TYPHBIX TIOJICH ¥ CTETIEHH THAPATALNH TIPH YCKOPEHHON TeII0BOit 00paboTke OETOHHBIX M3/ISITHH.

Knw4eBbie ci10Ba: MaTeMaTHIECKOE MOJCIIMPOBAHUEC, TCINIOTECXHOJIOTUICCKUE YCTAaHOBKH, TBEPACHUC OCTOHHOTO usnaeius,
KMHETHKA r'uJipaTaliii HEMEHTA, TEMIICPATYPHOE M10JI€, HECTALIMOHAPHOC YPABHEHUE TEIJIONIPOBOAHOCTH
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Abstract. Thermo-technical installations consuming significant amounts of thermal energy are used in order to intensify precast
and reinforced concrete production processes under industrial conditions. Despite significant progress in the study of concrete
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hardening in accelerated hydration devices, a prominent lack of reliable and cost-effective research and optimization methods
of their operation is observed. The methods used in real production processes are mainly based on empirical dependences
obtained for specific technological conditions. These methods can not always be applied for other modes and technolo-
gies. The present paper develops calculation methods based on fundamental laws that make it possible to obtain functions
for evolution of concrete product hydration process. Methods of mathematical modeling permit to develop new ways directed
on improvement of modes for heat treatment of concrete products and accelerated hydration technologies. The paper describes
a mathematical model for calculating a hardening process of a concrete product that includes a transient three-dimensional
heat conductivity equation, a function of internal heat release due to behavior of exothermic reactions of cement hydration
and also a system of initial and boundary conditions. A numerical simulation for temperature and hydration coefficient of a
concrete product having shape of a 0.1x0.1x0.1 m cube has been performed in the paper. Verification of the non-stationary
mathematical model for calculating temperature fields and hydration degree while using experimental data on concrete pro-
duct strength obtained under industrial conditions. Investigations on hydration degree function of time have shown that expe-
rimentally obtained values of compressive strength correlate with hydration coefficient and hydration rate functions of heat
treatment time which are calculated on the basis of the proposed non-stationary mathematical model of concrete product
hardening. Satisfactory agreement of experimental and calculated data confirms adequacy of the proposed non-stationary
mathematical model for calculating temperature fields and hydration degree with accelerated heat treatment of concrete
products.

Keywords: mathematical modelling, thermo-technical installations, hardening of a concrete product, kinetics of cement hy-
dration, temperature field, transient heat conductivity equation.

For citation: Niyakovskii A. M., Romaniuk V. N., Chichko A. N., Yaczkevich Yu. V. (2019) Verification of Non-Stationary
Mathematical Model of Concrete Hardening in Thermal Technological Installations. Science and Technique. 18 (2), 137-145.
https://doi.org/10.21122/2227-1031-2019-18-2-137-145 (in Russian)

BBenenne

OpnHoil U3 3a7a4 MPOMBIIUICHHON YHEPTETUKU
SIBJIIETCSL pa3pab0TKa MaTeMaTHYEeCKHX MOJCIEH,
OCHOBaHHBIX Ha (YHIAMEHTAIBHBIX YPaBHCHHSIX
W TIpeJHAa3HAYEHHBIX I OMNpENeNeHUs MHHU-
MaJbHBIX DJHEPTeTUYECKHX 3arpaT B YCTaHOB-
KaX YCKOPEHHOTO TBEpPJICHUsI OCTOHHBIX W3JICITHIA.
Paznuunbie BUBI MOJENCH 1 METOAOB JUIS pelie-
HUS TaKOTO THTA 33/1a4 B T€UEHHE MOCIEAHUX JIie-
CATHIIETUI TPUBJIEKAIM BHUMAaHHE MHOTHX HCCIIe-
noBaTeneit u cneunanuctoB [1—4]. OgHako 10 cux
Mop BCE €IIe HE CYIIECTBYET OOIICTPUHATON Ma-
TEMaTHYECKOl MOJIeNu TBEpACHUS OETOHOB, IO3-
BOJIAOIIEH OIpENeNsiTh SHepro3arparbl Ha W3ro-
TOBJICHWE OCTOHHBIX W3JIENUA W OOOCHOBBIBATH
BBIOOD PEKUMOB Pa0OThI COOTBETCTBYIOIIETO TETI-
JIOTEXHOJIOTHYECKOTO 000PYIOBaHUS.

Pa3BuTHE YHCIEHHBIX METOJOB MOJEIHPOBA-
HUS B IPUMEHEHHH K MPOIeccaM TBEPACHUS 0eTo-
HOB TO3BOJIACT MPEIJIOKUTh HOBBIC MOIXOIbBI K
OTIpEICTICHUIO PHEPro3aTpaT Ha M3rOTOBIIEHUE Oe-
TOHHBIX u3Aenui [5, 6]. OqHaKO MOIEIMpPOBAHHE
TEMIIEPATyPHOTO IOJIsI B OETOHE HAa PAHHUX CPOKaX
TBEPJICHUS B 3aBUCHMOCTH OT BpPeMEHU Habopa
MPOYHOCTH TO-TIPEKHEMY OCTAETCS CIIOKHBIM BO-
MIPOCOM H3-32 0COOEHHOCTEN (hHM3UKO-XUMHUIECKHIX
MIPOIIECCOB, CBS3aHHBIX C (YHKIMEH TEIIOBBIIC-
JIEHUs TIpU TUApatanuu 1emenTa [7, 8]. B ycmosu-
X PEANbHOr0 TMPOMBIIUIEHHOTO TPOU3BOJICTBA
WHCTPYMEHTOM [IJIsl BBIOOpA PEXUMOB TETUIOBOU
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00pabOTKH CIIY)KUT WH)KCHEPHBIH MaTeMmaThye-
CKMH ammapar, OCHOBAaHHBIA Ha 3MIUPUYECKUX
MPHOIIDKEHUSIX, KOTOPbIE CIPaBEIUBHI JTUIIb IS
KOHKPETHBIX 4YacCTHBIX yclioBui. B sHepreTuue-
CKHX pacyeTax TEIUIOTEXHOJOTHYECKUX YCTAaHOBOK
UL YCKOPEHHOT'O TBEPACHUsI OCTOHHBIX H3ICIUM
TOYHBIE YHCIIEHHBIE METOJII MOJICITMPOBAHUA TIPO-
LIECCOB TBEPJCHU MOKa €Ille HEe HalllIM IIHPOKOTo
npuMeHeHusl. TpaguMOHHO BBIYKCIIEHUE SHEPro-
3aTpaT Ha W3TOTOBJICHHWE OCTOHHBIX H3MEIHHA, KaK
MIPaBUJI0, HOCUT MPUONFKEHHBIN WIH OICHOYHBIN
XapakTep, 4TO HE MO3BOJIACT JOJKHBIM 00pazoM
OCYIIECTBIATh ONTUMHU3ALUIO PEKUMOB TEMJIOBON
00paboOTKH OETOHHBIX H3JeNNH, OCOOEHHO IpH
pa3paboTKe HOBBIX M3JAENHMH WM Ha CTaJHH IPO-
EKTUPOBAHUS TEIUIOTEXHOJIOTUYECKUX YCTaHOBOK.
Takum 00pa3oM, MOMCK HOBBIX METOOB HMCCIIE0-
BaHHUS M PacyeTa, OCHOBBIBAIOIINXCS HA IOCTPOE-
HUM MaTeMaTU4eCKUX MOJAEIeH, 00eCTIeYHBaIOIINX
MoJIy4eHrue MHPOPMAaLUK O TBEPACHUH OETOHHBIX
W3JIENUHA B NMMPOU3BOJCTBEHHBIX YCIOBHSX, SIBISIET-
Csl aKTyaJlbHOM Hay4yHOW 3ajadell Kak A TEOpHUH,
TaKk M Ui MPaKTUKW MPOMBIIIJICHHON TeTUI03Hep-
TETUKH U CTPOUTENBHOU OTPACIIH.

BaxHbIii BONpPOC OLIEHKH aJICKBATHOCTH Ma-
TEMAaTU4EeCKOW Mojaenan — ee Bepudukanusa. Tpyn-
HOCTH BEpHU(PHKAIMU MAaTEeMaTHUECKOW MOJCIH
OOBIYHO CBSI3aHBI C TEM, YTO NPUMEHSIEMBIE Ha
MIPaKTHKE U U3MEpsiEMblE CTaHAAPTU3UPOBAHHBIMU
METOJAaMH XapaKTEPUCTUKU HE BCEI/a MOXHO BbI-
YUCIIUTh TEOPETUUECKU. B 3TOM ciyuae miia cpas-
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HHUTEJIBHOIO aHa/IN3a IOJYYEHHBIX M3 MOJEIH Xa-
PaKTEepUCTUK LIENeco0Opa3HO UCIOJIB30BaTh OJH3-
Kre 10 (pU3MYecKOMY CMBICIY pacueTHbIe Iepe-
MeHHble. Hanpumep, TemnepaTypHoe 1osie B TBep-
JeromeM OeToHe, CTeNeHb THIpaTalluyd LEeMEHTa
U JAOCTUTHYTas MPOYHOCTh U3AETHSI, HECMOTPS Ha
UX Pa3HyIo IPUPOLY, B KOHEYHOM HTOIe€ KOppeu-
pyrT Mexay coboii. C 0IHOM CTOPOHBI, JIs OICH-
Ki 3(QPEKTUBHOCTH TIpOIlecca TBEPISHUS OeToHa
Ha MPaKTHKE NPUMEHSETCS MOHATHE IPOYHOCTH Ha
cKartue, JUId pacdyera KOTOPOMl He CyIIeCTBYET
(yHIaAMEHTaNbHOIO ypaBHEHHs, HO MMEIOTCS Jia-
Ooparopuble Metonsl omnpeaeneHusi. C  npyroi
CTOPOHBI, TaKHe XapaKTEePUCTHUKH, KaK CTEIlCHb
THIpaTald U TeMIIEpaTypy, MOXHO BBIYHCIIHTB,
UCIIONIb3YSl WM3BECTHBIE (YHIAMEHTAJIbHbBIE YpaB-
HEHHsI, U COINOCTaBHTh HMX 3HAYCHUS C JKCIIEpH-
MEHTAJIBHO MOTYYEHHONH MPOYHOCTBHIO.

Lenbto craThu sIBASICTCSA ONMKMCAaHUE MaTeMaTH-
YecKOH MOAETH I pacyeTa XapaKTEPUCTHK IPO-
Hecca TUIpaTauy U3enuil u3 OeToHa U ompene-
JICHHE €€ a/JeKBaTHOCTH Ha OCHOBE JKCIIEpHUMEH-
TaJIBHBIX JIAHHBIX 10 TPOYHOCTH, MOJTYYCHHBIX B
MPOMBIIIICHHBIX YCIOBUSX.

Jnis peanuzanuy yka3aHHBIX Leliell B KauecT-
BE TECTOBBIX BBIOpaHBI U3AeHHA B ¢opme Kyda
pasmepamu 0,1x0,1x0,1 M, ucHbITaHUS KOTOPBIX
OPOBOJAMINCH B paMKax CYIIECTBYIOLIMX IIPO-
MBINUICHHBIX TEIJIOTEXHOIOTHH, pearTn30BaHHbBIX
B ¢wmare OAO «CrtpouTensHO-MOHTaXHBIH
tpecT Ne 16, . Hoomosork» 3asoa KIIJ[. Otme-
THUM, YTO OTPaHUYCHHUN Ui MPUMEHEHUS OIMCaH-
HOT'O HIKE MaTeMaTH4YecKOTo ammapara K oOBeK-
TaM ¢ apyroi 3D-reomerpueii HeT.

MartemaTudeckuii annapar
JUISl pacyeTa nmpouecca TBepaeHusi 6eToHa

B kauecTBe OCHOBHOTO ypaBHEHHUS IS pacyera
M3MEHEHHUS] TeMIepartypsl W creneHu (ko3ddu-
[IMEHTa) THIPATAlMH HCIIOIb30BAJIOCh YpaBHEHHE
TEIIONIPOBOTHOCTH, B KOTOPOM YYTEHO TEILIOBBI-
JelieHre, BO3HHKAIOIee NpU THIpaTaluu. Ypas-
HEHHUE UMEJIO CIIEAYIONNIA BUI:

aT(x,y,Z) 1
o CsPs [WCP"(Q(x’y’z’r)’T(xa%ZvT))+
‘ l(H(x’y’“)aT(x,y,Z»f))W
X
’ +

ox
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‘ k(H(x’y’Z’T)»T(x,y»Z»T))W
' oy +
(1
oT (x,y,z,1)

0 l(H(x,y,z,r),T(x,y,z,r)) 3
z

+ )
0z

IJIE T — BPEMS, C; X, J, Z — I€KaPTOBbI KOOPIMHATHI
(och y HampaeineHa BeptukanbHo); T (x,y,z,1) —
Temreparypa OE€TOHa B TOYKE C KOOPIMHATA-
MU (x, y,z) B MOMEHT BpeMmeHH T, °C; ps — MI0T-

HOCTB GeToHa, Kr/M’; W, — yIenbHbIH pacxoz Le-
MEHTa B OETOHE, KI/M’; Cs — y/CIbHAS TeIIOEM-

kocTb Gerona, JLx/(xkr-°C); Q(x,y,z,1) — yAemb-

Has TeIIOoTa, BBIJCNUBINASCS TPU THIPATAIUN
IIEMEHTa B TOYKE C KOOpAMHATaMH (X, V, z) K MO-

MeHTy Bpemen T, Jx/kr; H (x,y,z,T) — CTeneHb

THApaTallid IIeMEeHTa B TOYKE C KOOpIWHATa-
MH (X, ), z), TOCTUTHYTass K MOMCHTY BPEMCHH T,
BBIYMCTISIEMasi KaK OTHOILICHWE KOJHMYECTBA BbIC-
JIMBIIEHCS TETUIOTHI TUIPATAIMK B YKa3aHHOUN TOUKE
Ha JaHHBIII MOMEHT BPEMEHH K MPEAETHHO BO3-
MOXHOMY TETUIOBBIICIICHUIO, CBOMCTBEHHOMY JaH-
HOMY LeMeHTy: H (x,y,z,r) = Q(x,y,z,r)/QmaX;
AMH, T) — TermnonpoBoAHOCTs OeTOHA, 3aBUCSILAS
OT €ro COCTaBa, CTENEHH THAPAaTallii U TeMIepa-
Typsl, Br/™M?; P,(0Q, T) — ynenpHas MOIHOCTb TEIl-
JIOBBIZICIICHUS TP TUApATAIINU [IeMeHTa, BT/KT.

[Ipy BBINONHEHWN YUCIEHHBIX PACUETOB YIEIb-
HYI0 MOIITHOCTh TEIUTOBBIICIICHUI TIPH THpaTAIIH
[IEMEHTA OTPEACIISLTH 10 (hopMyIIe

dO(T, Ty (O.T
p o=l 0T,
(2)
0750 (0.7)+85) 0(1-5,, (07)
AT ,

rae O — ynenbHAas TEIUIOTA, BHIACIUBINASACS TPH
TUApATaldyd IeMEHTa K PaccMaTpuBacMOMy MO-

MEHTY BpPEMEHHU; Q(T > Toprn (Q,T )) — ¢yHKIUA
TemobIenenns nementa; T, (0,7T) — npuse-

JICHHOE BpeMs THJIpaTaluy IieMeHTa; At — mar

M3MEHEHUS BPEMEHH TETUIOBOM 00paboTKH, C.
OMHOBPEMEHHO C paclpeleiCHUeM TeMIlepa-

Typ B TIpejieliax BHYTPEHHETO IMPOCTPaHCTBA Oe-
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TOHHOI'O M3JCIHMS IPOU3BOAMJICS pacueT pacrpe-
JICJICHUS TCTUTOBBIZCIICHUS W CTEIICHH THApaTAIUU
[EMEHTA COTJIACHO YPaBHEHHIO

OH (x, VsZ, r)

00(x,y,z,7) B
or o™ ot G)

=R] (Q(x,y,z,r),T(x,y,z,r)).

W3MmeHeHue TeMIiepaTyphl B pa3iIMyHbIX TOYKAX
TPEXMEPHOTO MPOCTPAHCTBA ONATYOKH PacCUHTHI-
BaJIOCh B COOTBETCTBUHU C YpaBHEHHUEM TEILIOMIPO-
BOJIHOCTH

6T(x,y,z) A azT(x,y,z,t) N
& ap.l o “
N 62T(x,y,z,r) N 82T(x,y,z,1)
oy’ oz ’

T Cer — YICTBHAS TEIIOEMKOCTh cTanu (475 JIx/kr);
Per — MIOTHOCTH cTanm (7850 Kr/M3); Aer — TEILIO-
MPOBOAHOCTH cTanu (44,5 B1/(M°K)).

VYienbHas TEIIOTa THIAPATAIUHN [[EMEHTa (MaK-
CUMAaJIbHOE TEIUIOBBIACTICHHE) COCTABINA Oy =
= 418,7 x/lx/kr. B pacderax MCIOIB30BaHbL: dKC-
MepUMEHTAIbHBIC JaHHbIE [7] B BuAc (QYHKITMH
temnotel ruaparanuu O(7, 1) (xIx/Kr) maas nopT-
nanaueMenTa Mapku M400, a takke Kod(hHUIu-
EHT TeIuIonpoBogHOCTH OetoHa A(H, T), 3aBHCH-
U OT TeMIlepaTypbl, BOIOLEMEHTHOIO OTHOIIIC-
HUS, BIAKHOCTH, TJIOTHOCTH, B3sThIe U3 [10, 11].

HavaabHble u IrpaHU4vHbI€C YC/I0BUA
AJI Mo e/In

IIpu mocTpoeHUM MOJENH TIPUHATA CXEMa Tell-
JIOBOM 00pabOTKM, WCIIOJNIb3yeMasi B PEaIbHBIX
yCIIOBHSIX TTpon3BoacTBa. ChHOpMOBAHHBIE U3IEITHS
pacrnonararoTcs Ha 000TpEeBacMOM IIOJIJIOHE TOPH-
30HTAJILHOTO (DOPMOBaAHUA (J1ayiee — CTOJICIITHUIIA).
ITociie mepuona mpenBapUTEIHLHON BBIICPKKU W3-
JIENHS YKPBIBAIK CBEPXY IUIOTHBIM PYJIOHHBIM I10-
KPBITHEM, a TEeMIIEPaTypy HOBEPXHOCTH CTOJICII-
HUIIBI TPOTPAMMHO TIOBBIIANIA IO 3aJaHHOTO
YPOBHSI.

Takum o00pa3oM, oOpabaThIBacMble W3NS
KOHTaKTHUPOBAJIM TI0 HIDKHEH rpaHu ¢ oborpesae-
MOM METAJUIMYECKOM CTOJICHIHMUIICH, a OCTaJbHEIC
€ro TpaHW HAXOJWJIUCh B MApOBO3AYIIHON cpene,
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oOpasyroleiics Mol YKPbITHEM B pe3yJibTare Mmpo-
rpesa OeToHa.

I'eomeTpuyeckasi cxemMa MOJCITHPYEMOTO Ipo-
CTpaHCTBa «OETOHHAs cpeAa — onanyOka — mapo-
BO3JYIIHAS Cpe/ia — CTOJCIIHUIAY IS OJHOTO W3
CEUYCHUI TecTupyeMoro uszienus B Gopme kyda c
pasmepamu 0,1x0,1x0,1 M npeacrasieHa wa puc. 1.
B pacyere yuuTBHIBAIIOCH, 4YTO OOYCIOBICHHOE
moABOAOM TEIJIOTHI OT CTOJICHIHHUIBI TEMIICPATYP-
HOE IMOJie Ha HUKHEW TpaHd Ky0a MMeeT HEOJHO-
POIHBIN XapakTep, a TEMIIEpaTypHOE IoJie Ha
OCTAJIbHOW YacTH TIOBEPXHOCTH OCTOHHOTO W3Jie-
Jst, OOpaIeHHOW K BO3HUKINEH MO/ OpPE3CHTOBBIM
YKpPBITHEM TapOBO3IYIIHON Cpelie, OJHOPOJIHO.
Oro Qusudeckoe yciaoBue 00OCHOBAHO JOMYIIE-
HUEM, 4YTO MOJ YKPBITUCM KOHBCKIHWA BOKPYI H3-
JIeJINs CBEJEHA K MUHUMYMY.

beronnoe

nU3CJInc

Crounemanna (€,) Harpesatenu (€,)

Puc. 1. Cxema pazMelieHus U3Aeus
B opme ky6a pasmepamu 0,1x0,1x0,1 m
B PacueTHBIX 00J1aCTAX MOACIUPYEMOTO IIPOCTPAHCTBA
Fig. 1. Diagram for position of product
in the shape of cube 0.1x0.1x0.1 m
in calculated areas of simulated space

@parMeHT pacueTHOTO paclpeAesieHHs] TeMIIe-
paTyp B IEHTPAJbHOM CEYEHUH W3JENHA M CXeMa
MTOJIOXKEHUS TOYEK, KOTOPHIC MCIIONB30BATUCH IS
YHUCICHHOTO aHAIHM3a TeMIIEPaTyp U CTEICHH THUJI-
patanmu, mpenacTaBieHsl Ha puc. 2. Touka Al
HaxXOJWJIaCh B OOJIACTH «HArpeBaTeNb — CTOJICII-
HUIIa», ToYka A2 — B TApOBO3AYIIHOW Cpere,
OKpyXarolleld OeTOHHOE H3aenue, TOuku A3, A4,
A5 u A6 — BuyTpu OetoHHOro u3aenus. Koopau-
HaThl yKa3aHHBIX TO4YeK A,(x, y, z) NPUBEICHBHI B
TIOATIVICH K pHC. 2.

OYHKIMS SKCIIEPUMEHTAIBHO U3MEPEHHOH TeM-
neparypbl BOJIM3U BEpXHEW T'paHU OCTOHHOTO W3-
JIeNUS B pa3IUYHbIC MOMEHTHI BPEMEHH TIOCIIE €r0
YKPBITHS MpeAcTaBiIcHa B Tabm. 1.
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Tabauya 1

JKcnepUMeHTAIbHbIE 3HAYEHU S AaTYHKA TeMIepaTypbl BOJIM3H BepXHeii rpaHu Ky6a
B pa3jIM4Hble MOMEHTBI BPEMEeHH I0CJIe YKPBITHS 0€TOHHOIO U3/1e/ sl

Experimental values of temperature sensor near upper face of cube
at various points in time after covering concrete product

t, 4 1 2 3 4 5 6 7

8

9 10 11 12 13 14 15 16

T,°C | 24 27 29 30 33 36 37

39

4 | 40 | 41 | 41 | 41 | 42 | 42 | 42

-

5] Temnepatypa(Z=005) |[= | = | = |

|20 [ 2825 | %5 [ 475 |

1
53 s

Puc. 2. dparMeHT pacdeTHOTO pacipeeeHus TeMIeparyp
B [CHTPAIBHOM CCUCHUU H3JICITUSI M CXEMa PACIIOJIOKCHUS
BBIZICICHHBIX TOYEK: TOYKA HarpeBaTess
cronemHup Al (-0,0075; —0,0175; 0,0475);

TouKa mapoBoii cpensl A2 (0,0475; 0,1025; 0,0475);

Touku OetoHHOTO M3nenus: A3 (0,0525; 0,0025; 0,0475);
A4 (0,0575; 0,0975; 0,0475); A5 (0,0475; 0,0025; 0,0575);
A6 (0,0425; 0,0925; 0,0575)

Fig. 2. Fragment of calculated temperature distribution
in central section of product and diagram
for trend in selected points:
tabletop heater point: Al (-0.0075; —0.0175; 0.0475);
steam environment point A2 (0.0475; 0.1025; 0.0475);
concrete product points: A3 (0.0525; 0.0025; 0.0475);
A4 (0.0575; 0.0975; 0.0475); AS (0.0475; 0.0025; 0.0575);
A6 (0.0425; 0.0925; 0.0575)

OYHKIMS SKCICPUMEHTATHHO W3MEPEHHON TeM-
neparypsl BOJU3W HI)KHEH I'paHH OCTOHHOIO W3-
JIeNUsl B pa3IMYHble MOMEHTBI BPEMEHH IOCIIE ero
yKpeITHS (Tabi. 1), oTHOCsMIasIcsa K obmacTsam €,
Q4 (puc. 1), KOHTAKTHPYIOMIEH C HIHKHEH TPaHbIO
u3zenus, npeAcTtaBieHa B Tabn. 2. Temmepaty-
pa u3MepsnIach SKCIEPUMEHTAIBHO C TOMOIIBIO
BCTPOEHHBIX B TEXHOJIOTHMYECKOE OOOPYIOBaHUC
HITATHBIX TEMIIEPATYPHBIX JATYNKOB B TCUCHHUC
BCET0 BPEMEHHU TEIUIOBOW O0OpabOTKM W B JlAJib-

P Hayka
wTexHuka. T. 18, Ne 2 (2019)

-AMH(x,,2,0),T(x,y,2,1))

HEHWIIIeEM HCIIOJIL30BAJIaCh B MaTeMaTHYECKON MO-
JIEIH.

Tabauya 2
JKcnepUMEHTAIbHBIE 3HAYEHHSI JaTYNKA TeMIepPaTyphl
B CTOJIELIHHIIE B Pa3IMYHbIe MOMEHTBI BpeMeHH!
MOoCJIe YKPBITUS U31eTusl

Experimental values of temperature sensor
for tabletop at various points in time
after covering the product

t,ba [1](2(3|14]|5(6]7[8[9|10|11]|12|13[14{15|16

T,°C|36(43|48|49|50(51(52(52|52|53|53|53|53|54|54|53

HavansHble ycmoBus i napaMeTpoB MaTema-
THYECKON MOJIEIIN:
T(x,y,z,0)=25
T(x,y,z,0)=25
T(x,y,2,0)=24
T(x,y,z,0)=36
O(x,y,2,0)=0 Lx/kr nns (x,y,z)€Q,.

OC A (xayzZ)EQU
°C mia (x,y,z)€Q,;
°C mna (x,y,z) €Qy; (5)

OC AL (x:y’Z)EQ4;

I'pannyHbIC yCIOBUST Ha TOBEPXHOCTH «Oe-
TOH — MapoBoO3yIIHas cpeaa» (Q—):
oT(x,y,2,1)

Oi

(x,,2)eQ MOy

(X7 nQy Tcp (t)) )

(6)

= a(T(x, v, 2,1)

rae 0i — 310 Ox, wiu Oy, Wik 0z B COOTBETCTBUHU
C MPOCTPAHCTBEHHON OpPUEHTAIlMEW T'PaHMIIBI; OL —
KO(DPUIMEHT TETUIOOTauH, COOTBETCTBYIOIITHI
KOHBEKTHBHOMY TEINIOOOMEHY B BO3JYIIHOM cpeie
(6611 mpuasT 20 BT/(M*K)).

I'pannvHbIC YCIIOBHSI Ha TOBEPXHOCTH «OTa-
my0OKa — mapoBo3aynrHas cpenay (Q,—;):

L oT(x,y,z,t) 3
A (7)
- a(T(x, 20l oo, ~ T (z)).
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['panuuHbIe YCIOBUS Ha TOBEPXHOCTH «OTa-
myOka — 6eTom» (,—Q)):

MH(x,y, z,0),T(x,, z, t))w _
! (x,y,2)€Q,NQ, (8
=y, Ty,20
| oi (x,y,2)€Q, N
)

I'panuvHbBIC yCIOBUS Ha TIOBEPXHOCTH «HArpe-
BaTelb — cTONEITHUTIA () — (D)):

INUCSEN)

. Ol

(x,9,2)€Q,NQ, . (9)
(x,9,2)€Q,NQ, - TH (t))

rae Oi — 3To Ox, Wik Oy, WK Oz B COOTBETCTBUH C
MPOCTPAHCTBEHHOW OpHEHTAlMEeN TpaHUIIbl; Oz —
KO3 GUIMEHT TEIUIOOTAaYH, COOTBETCTBYIOIIUI
KOHBEKTHBHOMY TEIJIOOOMEHY C BOJSHBIM TEILIO-
HocuTeneM (6bu puaaT 250 Br/(M>K)).

=a, (T(x,y, z,1)

CocTaB H CBOHCTBA 0eTOHA

CocTaB 6eTOHa COOTBETCTBOBAJI COOTHOIIIEHHIO
ILTEIL = 1:2:2,95 mo Macce ¢ BOJOIEMECHTHBIM
cootrommennem B/I] = 0,34, roe I{ = 380 kxr/m’,
I1 = 760 xr/m’, 11 = 1120 xr/m’, B = 130 kr/™’ —
yAETbHBIC PacXObl COCTABISIONUX OETOH MaTe-
puanoB (uemeHTa, mecka, meOHs, BoApl). B kade-
CTBE BSKYIIETO WCIOIB30BaH MOPTIAHAIIEMEHT
Mapku M400 ¢ MakcHManbHON YJENbHOHM Temso-
toit ruapatanui Q. = 418,7 xJlx/kr. Takum 00-
pa3oM, IUIOTHOCTh CBEKE3aTBOPEHHOW M YIUIOT-
HEHHOHM OeTOHHOW cMecH (BIa)xHOTO OETOHa) Co-
craBuna pg = L[ + I+ 11 + B = 2390 kr/m’.

VYienbHas TEIIOEMKOCTh OOJIBIIMHCTBA Oe-
TOHOB B CYXOM COCTOSHHHM TIOCTOSIHHA M PaB-
Ha 840 Jlx/(xr-K). BeaencTBue manoii u3MeHYH-
BOCTH 3TOTO 3HAYEHHS CPEIHIOI YACNbHYIO TEll-
JIOEMKOCTh  CBEKEOT(OPMOBAHHOTO  OETOHHOTO
U3JISNHS PACCYUTHIBAIH 110 (hopMyIie

_ 840(I1 + IT + 1) + 4190B
- LU+O+1I+B

=1022 JIx/(xr-K). (10)

6

Koadduruent termonpoBoHOCTH O€TOHA 3a-
BHCHUT OT €r0 TEMIEPaTyphl, BOJAOIEMEHTHOTO OT-
HOIICHUS, BIAXHOCTH, IUIOTHOCTU. [lodTOMy Ha
OCHOBAaHWMW aHaIHM3a JAHHBIX W3 Pa3IHYHBIX HC-
TOYHUKOB [9—11] mns 3Toro GetoHa ObuIa cop-
MHUpOBaHa 0a3a JaHHBIX, MO0 KOTOPOW MyTeM JIU-
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HEWHOW MHTEPIOJISIIUU B PEKUME pacueTa MOJIEIIH
BBIYUCISUICS  KOY(D(OUIIMEHT — TEeIIONPOBOIHOCTH
0eToHa B KOHKPETHOM COCTOSIHUU.

SKCHepI/IMeHTaHBHBIe JAaHHBIC T10 OIPEACIICHUIO
XapaKTEepUCTUK TMPOYHOCTH W3ZACNHS  pa3Mepa-
mu 0,1x0,1x0,1 M, momydeHHOTO Ha 00OTPEBAEMOM
MOJUIOHE TIOf] YKPBITHEM B pPa3HbIe BPEMCHHBIC
MIPOMEXKYTKHU TEIUIOBOW 00pabOTKHU, PE/ICTABICHBI
B Tabi. 3. Mcmonp3oBaam mo 4ersipe oOpasiia 1o
Ka)XJIOMY Cpe3y BPEMEHH Ipoliecca TBEpICHUs Oe-
TOHHOTO U3/ICITHSL.

[Ipy mpoBeneHUM YHUCICHHBIX PAaCcyYEeTOB IS
cxonumoctu mozenu 0,1x0,1x0,1 m, npencraBieH-
Holl ypaBHeHusmH (1)—(8), ucnons3oBanu 8000 pac-
YETHBIX CETOYHBIX AJIEMEHTOB, IPHYEM IIar Mo Bpe-
MEHHM MOJICITUPOBaHNS ObLT MpHHAT paBHBIM 0,25 ¢
pu pazmepe cetognoro snementa 0,005 m.

Pe3y.m,TaT1>1 YUCJICHHOI'0O pacduera

OKCIepUMEHTaIbHbIE M PAaCUYETHHIE 3HAUCHUS
TEMIepaTypsl MO MOJETH B BBIIEICHHBIX TOY-
Kax M3Jenus npeacTaBieHsl Ha puc. 3. Kak BuaHO
W3 PHCYHKA, 3aBHUCHUMOCTH JKCIIEPHUMEHTAIBHBIX
Temriepatyp oT BpeMeH:m B Toukax Al (—0,0075;
—-0,0175; 0,0475) u A2 (0,0475; 0,1025; 0,0475)
M3MEHSIOTCS TIOJIOOHBIM 00pa3oM U pa3IUYaroTCs
B npenenax 10 °C. 3aBUCHMOCTH PacUETHBIX TEM-
repaTyp OT BpeMEHH, IOJTyYeHHbIE Ha OCHOBE ypaB-
HeHuid Matematuueckord moxenu (1)—(9), B BbI-
neneHHbix Toukax A3 (0,0525; 0,0025; 0,0475)
u A4 (0,0575; 0,0975; 0,0475) Haxomarcsi BHYT-
pH DKCIIEPUMEHTANBHBIX «TEMIIEPATYPHBIX IIOP»,
OTpaXKaroIMX HW3MEHEHHE TEeMIIEpaTyp B HIDKHEH
U BepXHEH yacTsxX U3Jeusl.

3aBUCHMOCTH OSKCIIEPIMEHTANBHBIX 3HAYCHHUN
CpemHell MPOYHOCTH Ha CXKaThe (3aBUCHMOCTH 3)
W3JeNUsl U pacueTHbIC BEIWYHMHBI KOd(DUIHEH-
Ta ruapataund (H, %) B KpalHHUX («BEpX—HH3»)
toukax m3genus A5 (0,0475; 0,0025; 0,0575) u
A6 (0,0425; 0,0925; 0,0575) mpencraBieHbl Ha
puc. 4. Illkana B yuciax COBMaNaeT CO INKAIOH
JUISL CTeTIeHH TUapaTanuu H.

Kak BuaHO m3 puc. 4, xapakTepbl 3aBUCUMO-
CTE! U3MEPEHHOM NPOYHOCTU U PACUETHOIO KO-
a¢dunmMeHTa ruApaTalui OT BPEMEHU aHAJIOTHY-
Hbl. Tak, MOBBIIIEHHE MPOYHOCTH Ha CXKATHE CO-
MIPOBOXKIAETCS YBEITMYCHNUEM CTETICHH THApATAIAN
B OTAENBHBIX TOUKax u3genusi. Ciemayer OTMETHTb,
YTO 3aBHCHMOCTH CTETIEHU TMApaTaliy OT BpeMe-
HH TEIUIOBOW 0OpabOTKM B NIByX KpalHUX TOUYKAX
paccMaTpuBaeMOro U3/EeNNs OUeHb OIH3KH.
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Tabauya 3
Pe3yabTaThl 3KCIIEPUMEHTOB ¢ KyOH4ecKuM u3jennem pasmepamu 0,1x0,1x0,1 m
Ha 000rpeBaeMoM IO//I0OHe [/l TOPU30HTAJIbHOI0 GOPMOBAHNS NOJ YKPbITHEM
Experimental results with 0.1x0.1x0.1 m cubic product on heated pallet
for horizontal molding under cover
IIpounocts Ha cxarue, MIla JloBepuTenbHbIN
No Bpewmst BeIIEpKKH Onpenienentas HHTEpBal
10CJIe YKPBITHUS T, C paspyLIAKOMIIM Cpennee Hwxnsis Bepxnsist (CrproneHTa)
METOTOM 3HAUCHHE rpaHuna rpaHuna p o = 0,05
8,4
8,0
1 14400 91 8,58 7,81 9,34 0,76
8,8
13,9
14,3
2 25200 162 15,1 13,3 16,8 1,78
15,8
19,2
18,8
3 36000 19,4 18,6 20,1 0,74
19,8
19,7
20,0
21,2
4 46800 - 20,5 19,5 21,5 1,03
19,9
20,9
21,9
5 57600 22,5 22,1 21,7 22,5 0,43
22’0 ) B > s
22,0

20 T T T T T 1T, C
0 10000 20000 30000 40000 50000 60000

Puc. 3. DKcriepHMEHTAIBHBIE U PACCYMTAHHBIC C TOMOIIBIO
MOJIENU 3HAUCHHUSI TEMIIEPATYPhI B BBIJCICHHBIX TOUYKAX
u3genus: 1, 2 — 3KcIiepuMeHTaIbHbIE TEMIIEPaTyPhl B TOUKAaX

Al (-0,0075; -0,0175; 0,0475) u A2 (0,0475; 0,1025;
0,0475) cooTBETCTBEHHO; 3, 4 — pacUeTHBIC TEMIIEPATYPhI
B Toukax A3 (0,0525; 0,0025; 0,0475)

u A4 (0,0575; 0,0975; 0,0475) cooTBETCTBEHHO

Fig. 3. Experimental and model-calculated temperature
values in selected points of product: 1, 2 — experimental
temperatures in points Al (—0.0075; —0.0175; 0.0475)
and A2 (0.0475; 0.1025; 0.0475) respectively;
3, 4 — calculated temperatures in points
A3 (0.0525; 0.0025; 0.0475)
and A4 (0.0575; 0.0975; 0.0475) respectively

P Hayka
wTexHuka. T. 18, Ne 2 (2019)

H, %; npounocts, MIIa

0 &= T T T T T T, C
0 10000 20000 30000 40000 50000 60000

Puc. 4. DxcriepuMeHTaIbHbIC 3HAUCHHS IPOYHOCTH Ha CXKATUE
W37ENUsl U pacueTHbIC 3HAUCHUS KOG dHLIHeHTa
ruzipaTauuy H no Mojenu B BbIIEICHHBIX TOUKaX U3JEINS:
1, 2 — pacueTHbIe 3HaUCHHS KO3(DPUIUCHTA MHAPATALUH
B Toukax A5 (0,0475; 0,0025; 0,0575)

u A6 (0,0425; 0,0925; 0,0575) cOOTBETCTBEHHO;

3 — 9KCIIepUMEHTAJIbHBIC JAHHBIC IPOYHOCTH Ha CKaTHEe

Fig. 4. Experimental values of compressive product strength
and calculated values of hydration coefficient H
in selected points of product according to model:
1, 2 — calculated values of hydration coefficient
in points A5 (0.0475; 0.0025; 0.0575)
and A6 (0.0425; 0.0925; 0.0575) respectively;
3 — experimental data on compressive strength
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Koppensmuio mpoyHOCTH Ha CKaTHe U3 U
K03 GHUIMEHTa THAPATALUK OT BPEMEHH TEILIOBOH
00paboTKN MOXHO OOBSICHUTH CIEAYIOIINM 00pa-
3o0M. C OmHOW CTOPOHBI, WU3BECTHO, YTO (YHK-
U TEIUIOBBIIENCHNS B OETOHHOM W3/ENUU OT
BPEMEHHU BJIMSCT HA CTENEHb I'MApATaliy LeMEH-
ta. C 1pyroil cropoHBl, MMEIOTCS HCCIENOBa-
HUSI, TOKa3bIBAIOIME B3aMMOCBS3b MEXIYy CyM-
MapHBIM TETJIOBBIICJIEHUEM U CpEelHEH MpPOYHO-
CTBIO Ha C)KaTHe Ul HEKOTOPBIX [IEMEHTHBIX CMe-
ceit [12].

Takum 00pa3om, cpaBHHBasi OTYYCHHBIC B MC-
CIICZIOBAaHMH 3aKOHOMEPHOCTH, MOXKHO CIeNaTh
BBIBOJ] O TOM, YTO PE3YyJIbTaThl, MOJIYYEHHBIE IO
MOJEINH, onrchiBacMoi ypaBHeHmHsIME (1)—(9), oT-
paXalOT OCHOBHBIE (PH3MKO-XMMUYECKHE XapakTe-
PUCTUKH Tpoliecca THIpaTalyy LIeMEHTa OT Bpe-
MEHH TETJI0BOM 00pabOTKH U3aeusl.

3aBUCHMOCTH CKOPOCTH H3MEHEHHS CpeaHei
HPOYHOCTH Ha CXKAaTHUE M CKOPOCTH U3MEHEHHUS KO-

sduimenta rugparaumu (0H /0t) OT BpeMeHH Terl-

JoBoi 00paboTku m3menust B Toukax AS (0,0475;
0,0025; 0,0575) u A6 (0,0425; 0,0925; 0,0575)
MpeCTaBJICHBI Ha pHC. 5.

0,0025

OH /ot

0,0015

0,001

0,0005

0

0 10000 20000 30000 40000 50000 60000

Puc. 5. Cxopoctu u3meHeHust ko3 duimenTta rugpatanium
M TIPOYHOCTH Ha CXKaThe OT BPEMCHU
B BBIJICJICHHBIX To4kax uznenus AS (0,0475; 0,0025; 0,0575)
u A6 (0,0425; 0,0925; 0,0575):
1, 2 — ckOpOCTh M3MEHEHNUS KO PUIIEHTa THPaTaINH;
3 — TO e CpeiHel MPOYHOCTH
Ha C)KaTue, BEIYMCICHHON 110 JaHHBIM TaoI. 3

Fig. 5. Rate of hydration coefficient and compressive strength
changes due to time in selected
points of product AS (0.0475; 0.0025; 0.0575)
and A6 (0.0425; 0,0925; 0.0575):
1, 2 — rates of hydration coefficient changes;
3 —rate of average compressive strength change
calculated according to data given in tab. 3

Kak BHUIHO U3 pHC. 5, CKOpPOCTU U3MCHCHUA pac-
YEeTHOH CTEIICHU T naparanuu COrjlaCHO paccMmart-
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pUBaeMoOM MOJIeNid, OINKMCHIBAEMON YypaBHEHUS-
Mmu (1)—~(9), u cpenHeil MPOYHOCTH Ha CKATHE U3-
MEHSIOTCS TI0 aHATOTMYHOMY 3aKOHY.

Takum 06pa3om, Ha OCHOBE NMPOBEIEHHBIX HC-
CIIEZIOBAaHWI M pAcueTOB MOXHO CJeNaTh BbI-
BOJ, YTO HaOIO#aeTcs YAOBIETBOPUTEIBHOE CO-
[JIacOBaHWe MJAaHHBIX TI0 CTENEHW THUApPATAIHH,
norydeHHsIx w3 momenu (1)—(9), ¢ skcmepumeH-
TaJbHBIMU JaHHBIMHU O MIPOYHOCTH HA CXKATHE IPO-
TECTUPOBAHHBIX KyOMYECKHX 00pa3LoB pa3mMepa-
mu 0,1x0,1x0,1 M. Pa3nuune B KOIMYECTBEHHBIX
3HAYEHUSX MPOYHOCTH HA CKaThe U KodpduipeHTa
THApATAlU CBSI3aHO, C OIHOM CTOPOHBI, C OCOOCH-
HOCTSIMH OIIEHKH Ka)XJIOW M3 XapaKTEPUCTHK, C JIPY-
TOil CTOPOHBI, OOBSACHAETCS HCIONB30BAaHIEM B MO-
JeN JaHHBIX Ui (DYHKIUH TETUIOBBIICICHUS |
(YHKIMHM ~ TETUIONPOBOJHOCTH, TOMYYEHHBIX —ITy-
TEM UHTEPIOJISILIUM B 3aBUCUMOCTH OT TEMIIEPaTyphbl
OeToHa.

BbIBO/IbI

1. Ipeanoxxena MaTeMaTHYecKass MOJENb IS
pacueTa mpoliecca TBepAEHHS OSTOHHOTO M3IENus
CUMMETPUYHON (PopMBI. MaremaTwueckuii amma-
paT A pacueTa BKIIOYAeT HECTAI[IOHAPHOE TPeX-
MEpHOE ypaBHEHHE TEILUIONPOBOIHOCTH C (QYHKIIU-
€l UCTOUHHUKA TETUIOBBIIEJICHHs Tpolecca THApa-
Tallid, a TaKKe CHUCTEMY TPaHUYHBIX YCIOBHMA
[0 TeMIlepaType, MOCTPOSHHBIX Ha OCHOBE JKCIIe-
PUMEHTAIBFHO U3MEPSIEMBIX TEMIIEPATypPHBIX (PyHK-
it ot Bpemenu. [IpoBeneHa Bepudukanus Hecta-
[IMOHAPHOW MATEeMAaTUYCCKOW MOJIEIH THAPATAINN
OETOHHON CMeCH C HCIOJB30BaHUEM SKCIIEPHMEH-
TaJbHBIX JAHHBIX 110 MPOYHOCTH OETOHHOTO H3e-
JIUSl B IPOMBIIIJICHHBIX YCIOBHSX.

Ha ocHoBe uccnenoBanust yHKIHMM CTENEHU
THIpaTaluy OT BPEMEHH MOKa3aHo, YTO 3aBUCHUMO-
CTH JKCIIEPUMEHTAILHONW (DYHKIIMK MPOYHOCTH Ha
CXKaTHE OT BPEMEHH TEIUIOBOM 0OpabOTKH Koppe-
JTUPYIOT ¢ PyHKIUAMHU KO3 PUIIHEHTa THApaTaluN
U CKOPOCTM THIpaTallid OT BPEMEHHU TEIUIOBOH
00pabOTKM, BHIYHCICHHBIMH Ha OCHOBE IPEIJIO-
’)KEHHOM HEeCTallMOHApHOM MaTeMaTH4YeCKOW Moje-
JIU TBEpACHHUA OETOHHOTO U3ZCIHSI.
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MopeaupoBaHue Npouecca U3MEHEHUs YPOBHEH B KacKajae
U3 ABYX PYCJOBbIX BOAOXPAHUIMII IPU MPOILYCKE MOJIOBOAbS
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Pedepar. ITocrennue necstunerns B PecyOmuke Benapyck HaOmomaercs TeHAGHINS YMEHBIICHUS CTOKa PeK, HO Hmapai-
JIeJTEHO 9TOMY YBEJIHUYUBAETCS BEPOSITHOCTh HACTYIUIEHHS IaBojka. Ha Teppuropuu cTpaHsl OOJbIIast 4acTh THAPOTEXHUUE-
CKUX COOPY)KEHHH 3ampoeKTHpoBaHa Ha Hamop 10 15 M. [Ipu ucnonp30BaHMM HEZOCTATOYHO OOOCHOBAHHOM METOIUKH pac-
yeTa THIPOTEXHUYECKHX COOPYKEHHMH Ha CTauHU NMPOSKTUPOBAHUS, HEYAOBIETBOPUTEIBHOM YPOBHE MX TEXHHYECKOTO 00-
CILy’KUBAHUS, IIpU OTCYTCTBUYU WU HEJOYKOMIUIEKTOBAaHHOM ILITAaTE SKCILTyaTALIMOHHOI'O NIEPCOHANIA BO3HUKACT PUCK aBapUU
Ha ruzpoysie. OnacHOCTb CYIIECTBEHHO BO3pAacTacT IIpU PacloOXKEHUHM BOJOXPaHWIMIL B KackanaX. OJHUM U3 IPUMEPOB
TaKOro BOJOXPAaHWIIMILA U HECIKEHHOH paboThl 00CIIY)KUBAIOLIEr0 MEPCOHANA MOXKET CIY)KHTb I'MAPOYy3en MepKyJloBHYH
Yeuepckoro paiioHa ['omenbekoii obnact. TaMm npu 105KA€BOM MMaBO/IKe MPOU3OLIEN MEPeIuB Yepe3 rpedeHb 3eMIISTHOI MIT0-
TUHBI, YTO IMOBJICKJIO YAaCTUYHOE pa3pylleHUE €€ Telaa. B maHHOM cTaThe pacCMOTPEHBI BOIPOCHI INPOTHO3UPOBAHUS TAKHUX
cutyauuil. [lpemyosxkena ynpolieHHas METOAMKA pacdeTa U3MEHEHHs YPOBHS BOJBI B BYX BOJOXPaHWIUIIAX MPH MPOIYyCKe
MaBOJIKA, OCHOBaHHAs Ha COBMECTHOM peIIeHHH Nu(pQepeHIHaNbHbIX YpaBHEHHH OalaHCOB BOJABI B BOJOXPaHMIMINAX
0e3 yueTa HEyCTaHOBHUBIIETOCS IBIDKEHHS 110 MX JuIMHE. [IpesmonaraeTcs, 9To MpH BXOJIe B BEPXHEE BOJOXPAHUIIHIIE H3Me-
HEHHE Pacxoja BO BPEMEHH COOTBETCTBYET TMAporpady MaBojAKa, a N3MEHEHHE PAacXOJ0B BO BPEMEHH Ha BXOJE B HIDKEIIE-
XKallee BOJAOXPAHWIHIIE M Ha BBIXOJE U3 HEr0 COOTBETCTBYET ruziporpadaM cOPOCHBIX PacXo0B COTTIACHO TAKUM IpadukaM
yIOpaBJICHUS 3aTBOPaMH BOAOCOPOCOB MEPBOr0 M BTOPOTO BOAOXPAHWIMII, YTOOBI HE JOMYCTHThH IEpeirBa depe3 IUIOTH-
HBI (TUIOTHHY) BogoxpaHmwul. Ha ocCHOBaHMHM TaHHON METOIVKH PACCMOTPEH MPUMEP MPOTHO3HOTO pacyeTa ypoBHEH B pyc-
JIOBOM BOZOXpPaHWIHUIIE MEepKyITOBHYIH M HAXOAAIIEMCS HIDKE TIPyJie TIPH UX KacKaJHOM PAaCIIONOKEHUH B CIydae IPOIycKa
MaBOIKa.

Knwuesrbie ciaoBa: pacxona, maBOJAOK, BOJOXpaHUIIUIIEC, KaCKal, HAIop, BOIIOC6pOC, YpaBHCHUEC Oayranca BOJHBI, mnporpa(b
ImaBoJKa
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Modeling of Process for Level Changes in Cascade
of Two Channel Water Reservoirs in Case of Flooding

V. V. Veremenyuk", V. V. Ivashechkin", O. V. Nemerovets"
YBelarusian National Technical University (Minsk, Republic of Belarus)
Abstract. For the last decades in the Republic of Belarus, there is a tendency of decreasing river flow, but at the same time the

probability of flood is increasing. Majority of all hydraulic engineering structures on the territory of the Republic of Belarus
is projected for a pressure up to 15 m. Risk of an accident at the hydraulic unit appears due to insufficiently substantiated
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methodology for calculation of hydraulic engineering structures at the stage of design, unsatisfactory level of their mainte-
nance, absence or understaffing of operational personnel. A danger increases significantly when reservoirs are located
in cascades. A hydraulic system in Merkulovichi, Chechersk district, Gomel region can serve as an example of such water
reservoir and uncoordinated activity of the operating personnel. While operating the hydraulic unit an overflow occurred
through a crest of an earth dam during a rain flood and due to this there was a partial destruction of the dam body. The paper
considers problems concerning prediction of such situations. The paper proposes a simplified methodology for calculating
changes in water level for two reservoirs during flood discharge and this methodology is based on a joint solution of differen-
tial equations of water balances in reservoirs without taking into account unsteady movement along their length. It has been
assumed that at the entrance to an upper reservoir discharge change in time corresponds to flood hydrograph, and the change
in time at the entrance of a lower reservoir and at its exit corresponds to discharge hydrographs in accordance with such
schedules for control of spillway water gates for the first and second reservoirs in order to prevent overflow through dams (dam)
of the reservoirs. While using this methodology an example for prediction calculation of levels in Merkulovichi channel
reservoir and a lower pond has been considered with their cascading location and in the case of flood discharge.

Keywords: discharge, flood, water reservoir, cascade, pressure, spillway, water balance equation, flood hydrograph

For citation: Veremenyuk V. V., Ivashechkin V. V., Nemerovets O. V. (2019) Modeling of Process for Level Changes in
Cascade of Two Channel Water Reservoirs in Case of Flooding. Science and Technique. 18 (2), 146—154. https://doi.org/10.
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BBenenne

B cootBercTBHM ¢ MaTtepuanamu MexayHa-
POIHON KOMHCCHU TO OOJNBIINM TJIOTHHAM, €Xe-
TOJTHO B MUpPE Ha THAPOY3JaX MPOHCXOIUT OKOJIO
3000 aBapuii. 3HAUNTENBHOE YHCIIO MOBPEXKACHUN
HaOJroaeTcs B MEPUOA NMPOXOXKIEHUS KaTacTpo-
(UuecKUX TOJIOBOIUHM M TaBOJKOB, YTO CBSI3aHO
C HEIPaBWIBHBIMU IPOEKTHO-TEXHUUECKUMH pe-
LMEHUSMH O TPOIYCKE SKCTPEMAIBHBIX PacXxoioB
U IJI0X0H paboToi IKCITyaTallMOHHBIX CITyX0 [1].

ABapUHHOCTb HU3KOHAMOPHBIX THAPOTEXHHYE-
ckux coopyxenuit (I'TC) (mmotunsr IV knacca c
Hamopom a0 15 M 1 06beMOM BOIOXPaHIIIUINA 0
50 ma M°) B Poccniickoit denepariiu BbIIIe, YeM
y BBICOKO- ¥ CPEIHEHAIIOPHBIX. 3a IOCIIEIHUE AT
net B Poccun umenu mecto 6omnee 300 aBapuit ['TC
IV knacca. D10 0OBsICHSETCS HEYIOBIETBOPUTEIIb-
HBIM YPOBHEM HX TEXHHYECKOTO OOCITY:KUBAaHHSI,
OTCYTCTBHEM MWJIM HEAOCTATOUHBIM ILITATOM JKCILTY-
aTallMOHHOIO NIEPCOHAIA, a B PsJiE CIIydaeB — IOTe-
peil cOOCTBEHHHKA W 3KCIUTyaTHPYIOIICH OpraHu-
sammu [2]. B PecnyOnmuke Bemapych Bce 3emits-
HbI€ IUIOTHHBI, COIMIacHO [3], OTHOCATCS K IUIOTH-
Ham III u IV knaccos. B HacTosmee Bpems akCITya-
THpyetcs okono 150 Bogoxpanumuiy ¢ o0beMoM 0o-
nee 1 mua M’ [4]. Ha HanGonee KpyIHBIX BOIOXPa-
HWIMIIAX TpeOOBaHMSA K oOecreueHuio Oe3omac-
HOCTH YJOBJICTBOPSIIOTCS B IIOJHOM Mepe, Yero Helb-
31 CKa3aTb O MHOIOYMCICHHOM IpyIIle MeHee
KPYIHBIX  BOJOXPAHWIHIL  BOJOXO35IICTBEHHOTO
KOMIUIEKCa, KOTopble sKcmyatupyrores 40-50 et
1 HY)KIAIOTCSI B BBIACJIICHUH HEOOXOJUMBIX CPEICTB
JULS BBIIIOJIHEHUSI PEMOHTHBIX padoT.

YacTe BOJOXpaHWJIMIL COEIMHEHA B KaCKapbl,
re IpU IPOXOXKICHUHU IIOJIOBOJAMM U IABOJKOB
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MEPCOHANIOM THAPOY3JIOB JOKHA OCYIIECTBIATHCS
clnaxkeHHas paboTa 1O PeryJupOBaHUIO YPOBHEH
BOJBI B BBINIC- U HIKEICKAIIUX BOJOXPAHUIH-
max. Ecnmu B 3TOT mepmoj He ymacTcs cBOEBpe-
MEHHO OTKPBITh 3aTBOPHI HA HIDKEJIEKAIIEM BOJIO-
XpaHWIHIIE, B HEM MOTYT TMPOH30UTH IOJABEM
YPOBHEH M MOATOIJIEHHE BOZOCOPOCHBIX OTBEPCTHI
BBIIIIETIEXKAIIETO BoAoXpaHwmmma. lcreuenne cra-
HET 3aTOIUICHHBIM, 3TO CHHU3HUT MPOITYCKHYIO CIIO-
COOHOCTH OTBEPCTHH, CIIPOBOLUPYET MEPETUB BOABI
Yyepe3 TpeOCHb IUIOTUHBI BBIMIETIEKAIIET0 BOJO-
XpaHWIINIIA W TIPUBEAET K pa3pyIIeHHIO KOHCT-
PYKIHiA.

W3zBecTeH mpumep KatacTpohUUIECKOTro paspy-
meHuss B aBrycte 1975 r. kutaiickoil TMIOTHHBI
banpisio, xotopas Oplma moctpoena B S50-e¢ TT.
nponuioro Bexka Ha pexe Ky B MIpOBUHIIMM XOHAHb.
[Mnotuny BaHbBL0 3aNIPOCKTUPOBAIN C 3aI1ACOM Ha
HaBojHeHue (306 MM OCajKOB B JIEHb), KOTO-
pO€ MOTJIO TTPOM30iTH pa3 B ThicsuyeneTre. OgHaKo
B aBrycre 1975 . ciayumoch eme 6oiiee MOITHOE
HAaBOJHEHHWE: 3a JEHb BHIMana ToA0Bas HOpMa
ocagkoB — 1060 mm. B 00:30 8 aBrycra pyxHymna
HaxXOJAIIascs BhIMIE N0 TedeHuto riotuHa [llu-
MaHbTaHb, HE BBIAEPKABILIAsI IBOWHOH Meperpy3Ku
OT naBieHus Boapl. Eme yepes nmomyaca Bosa Havama
MeperBaThes Yepe3 BepX IUIOTUHBI banbisio. 3aTem
PYXHyJa U OHa, HE BBIIEpKaB Haropa BoJsl. B urtore
BOJIa M3 TIPOPBABIIETOCS BOAOXpAHIIHINA baHbIIs0
cHeclla 62 TUIOTHHBI HIDKE TI0 TedeHuro. Beero B pe-
3yJIbTAaTe HABOHECHUS MOTHUOJIO 26 THIC. YETIOBEK.

JononaHuTensHass OMacHOCTh MPOpPHIBA HATIOP-
HOTO (ppOHTA BO3HHKAET HA BOJOXPAaHWIIHINAX, €C-
1 aBTOMOOWIJIBHAS JOPOTa MPOXOJUT HE MO Tped-
HIO TUTOTHHBI, a TI0 OTAEIBHOM HACHIH, PacIoo-
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’)KEHHOM Ha HEKOTOPOM PAaCCTOSHUM 3a TJIOTHHOM.
B aroit ruzmpaBinyueckoil cxeme UMEIOTCS JBa Io-
CJIEJIOBATEIbHO PACIMOJIOKEHHBIX BOJOIPOIYCK-
HBIX COOPYXEHMS: OJHO — B IUIOTHHE, BTOpPOE —
B Hacellu aBTojoporu. Ecinm BopompomyckHoe
COOPYKEHHE aBTOIOPOTM HE MOXET IMPOIyCTUTh
pacxofpl, cOpacbIBaeMble U3 BOJOXPAHMIUINA IPU
KaTacTpo(MUIECKOM IAaBOJKE, HPOHUCXOAAT IOJ-
TOIJIEHUE OTBEPCTUI BOJOIMPOITYCKHOTO COOpYXKe-
HUS TUIOTHHBI, TIEPENOJHEHNE BOJOXPAHMIMILA U
nepenuB yepe3 rpebeHb. Takas cuTyanus umena
MECTO Ha BojoxpaHuwuie MepkynoBuun Yeuep-
cKoro paiioHa ['omenbckod oOmacTd, Korjga Npu
JOKIEBOM IIaBOJKE IMPOM3OLIEN MEPEIUB 4Yepe3
rpeOeHb 3eMIISTHOM IIJIOTHHBI.

W3ydeHnto pexnMa U3MEHEHMs YPOBHEHR B BO-
JOXPaHWJIMIIAX MPH UX KaCKaJHOM paclolOXeHUN
MOCBSILIEH PSAI TPYIOB POCCUICKUX YUYEHBIX [5—7],
KOTOpbIe KacaloTcsl pa3pabOTKU PEKUMOB pabOThI
THUAPOY3JIOB TNPHU PEryJIHMpPOBAHUM Kackala KpyTl-
HBIX BOJIOXPAaHWJIMI] Ha OCHOBE IIPOBEAEHHBIX
CIieHapueB OOKOBOW NMPUTOYHOCTH BOJBI K BOZO-
XpaHWIMIIAM Kackaaa. Tak, pemieHue 3amad Ijia-
HUPOBAHUSI PEKUMOB PabOTHl THAPOY3IOB Bok-
cko-Kamckoro kackaga BOJOXpaHWIMIL, BKIIOUYAs
MIPOMYCK BECEHHETO IOJOBOAbS, OCYIIECTBIIAETCS
Ha OCHOBE MHOTOBapHUaHTHBIX PAacUETOB PEKUMOB
paloThI THAPOY3IIOB KacKaja JUIsl BCEro AHana3oHa
BO3MOJKHBIX THAPOJIOTUYECKUX YCIOBHU (TIPOTHO-
3upyeMbIX PocruapomeroMm) ¢ MOMOIIBIO WMHTA-
HuoHHOW Mmojenu. lIporpammuas peanuszanus
MMHTALOHHON MaTeMaTH4ecKOl MoJenu odecrie-
YUBAET YBA3KY T'HIPABIMYECKUX PACUETOB JIBHXKe-
HUS BOJBI B BOAOXPAaHWINIIAX C BOJOXO3SICTBEH-
HBIMU OaJIaHCOBBIMH pacueTaMu KacKala THAPO-
y3110B. ['unpasnuueckuii 010k Mozxenu Gazupyercst
Ha YypaBHEHHSIX HEYCTAHOBHBILIEIOCS BHKCHHS.
BopoxossiicTBeHHbII 00K BKIO4aeT TpeOOBaHUS
U OTPaHHUYEHMs], COJEpIKaIIMecs B TUCIETUEPCKUX
npaBwiIax paboTel ruapoysia. CornacoBaHue T'Hl-
PaBIMUYECKUX pPAacYETOB C BOJOXO3SIMICTBEHHBIM
0JIOKOM OCYILIECTBISETCS IIyTeM 3alaHus ULl
YpaBHEHUI HEYCTAaHOBHBILEIOCS JBHKEHHUS BOJ-
HBIX MacC I'pDaHMYHBIX YCJIOBUH, OO0YCIOBIEHHBIX

VI3,

NyHB1

JUCTIETYEPCKUMH TPaBUIIAMU PETYJINPOBAaHUS pe-
JKUMOB Pa0OTHI THIPOY3JIOB U XapaKTEPUCTUKAMU
MIPOIYCKHON CIIOCOOHOCTH COOPYIKEHHUH.

Kakx ormeweno B [5-7], mjs TOYHOro perie-
HUS TIOCTABJICHHOW 3aJlaud HeoOXoJuMa Mo po0-
Has WHQOPMAIUSA O IMOMEPEYHUKAX B PACUCTHBIX
CTBOpaxX BOJOXPaHWJIHII, YKIOHaX, KO3(PhuIneH-
Tax IIIEPOXOBAaTOCTH, KOTOpas OOBIYHO OTCYT-
CTBYET.

Ecnu monepedHbie ceueHHs PYCIOBBIX BOJIO-
XPaHWIHI] MHOTOKPAaTHO TMPEBBIIIAIOT pPa3Mepsh
MOTIEPEYHBIX CEUCHHUI pyclia PeKH, TO B 3THX Ce-
4eHnsIxX OynyT (opmupoBaThbcs CpaBHUTEINHHO HE-
0O0JIBIIIME CKOPOCTH TMPU 3aIOHCHUU BOJIOXPAHU-
JUII BO BpeMsI MaBOAKOB, W TOT/a IBM)KEHHE IO
JUTMHE BOJOXPAHWIMI MOXXHO CUHUTATh HEPaBHO-
MEpPHBIM U KBAa3UyCTAaHOBUBIIMMCA. B 3TOH CBs3H
aBTOpPaMHU CTaTbH MpeAajaraeTcs yHpOIICHHAas Me-
TOAWKA pacyeTa M3MEHEHHs YPOBHEH BOJIBI B JIBYX
BOJOXPAaHWININAX MPH MPOMYCKE MaBOJKA, OCHO-
BaHHAs Ha COBMECTHOM pemeHNn anddepeHm-
QJNBHBIX ypaBHCHUI 0aJlaHCOB BOJBI B BOJOXPaHU-
nmummax 0e3 ydeTra HeyCTaHOBWBIIETOCS IBIKECHUS
110 UX AJIMHE. Ha BXOJI€ B BCPXHCEC BOJOXPAHUIIN-
11e M3MEHEHHE Pacxo/ia BO BPEMEHH COOTBETCTBY-
eT ruaporpady MmaBoAKa, a M3MEHEHHE PacXoll0B
BO BPEMEHHM Ha BXOJIe B HWKeJexKallee BOIOXpa-
HWJIHIIE W Ha BBIXOZE M3 HEr0 COOTBETCTBYET TH/I-
porpadam COPOCHBIX PACXOJOB COIJIACHO TaKUM
rpadukaM yIOpaBJIeHHUS 3aTBOPAMH BOJOCOPOCOB
MEPBOr0 ¥ BTOPOTO BOAOXPAHWIUII, YTOOBI HE J0-
MMyCTUTH TIEpPETNBa Yepe3 IUIOTHUHBI (TUIOTHHY) BO-
JOXPaHWIHI. DTO MO3BOJSIET YIPOCTUTH PACUETHI
M WCIIONIb30BaTh BCETAA JOCTYITHYIO HCXOJHYIO
MHGOPMAITUIO B BHUJE KPUBBIX IUIOMIAACH BOJO-
XpaHWIHI] W TPOMYCKHOH CIOCOOHOCTH BOJO-
COpPOCHBIX COOPYKCHUI OT HATIOPOB.

OcHoOBHAfl YacTh

PaccmoTtpum Kackan M3 ABYX BOJOXPAHMIIMIIL,
COZIepKAIMX 3EMJISIHBIE IUIOTHHBI, 00OpYHOBaH-
HBIE BOJIOCOPOCHBIMH COOPYKCHHUSIMU B Buje Oa-
IICHHBIX BOJOCOPOCOB 110 OJIHOMY B KaXKIOW ILIO-
tuHe (puc. 1).

fi

Cs—
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Puc. 1. Cxema kackaza U3 IByX BOJOXPAaHHWJIMII C 3eMJISTHBIMU TJIOTUHAMH, 000PYZOBAaHHBIMH OallIeHHBIMHU BOJOCOpOCaMH

Fig. 1. Scheme of cascade from two water reservoirs with earth dams equipped with tower spillways
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B kavecTBe MCXOAHBIX NAHHBIX IS HUCCIENO-
BaHUs IIPUHUMAEM JUTS TIEPBOTO BOIOXPAHMIIHUINA!

1) VA, (M) — oTMETKa YpOBHS JTHA TIEPEI BXO-
JIOM B TPyOBI TIEpBOTO OaIIeHHOTO BOIOCOpOCa;

2) ki — KOMMYECTBO TPYO MEpBOro OAlICHHOTO
BOJIOCOpOCa, MMEIOIIUX TPSMOYTOJbHYIO (popmy
MIMPUHON @ (M) U BBICOTOH b; (M) ¢ K03 duIHeH-
TOM pacxoma W (mpedmoiaraercs, 4to aj, by, W
OJIMHAKOBBI T BCEX TPYO);

3) VZ, (M) — oTMeTKa THA Ha BBIXOJC M3 ITHX
Tpy0;

4) VYMO (M) — oTMETKa YpOBHS MEpPTBOTO
oovema, VHIIY (M) — TO ke HOPMaJIBHOTO TIOJ-
noproro ypoBHs, VI'TI3; (M) — To ke rpeOHs 3eM-
JISTHOM MIJIOTUHBL.

71t BTOpoTo BOJOXpaHWIIHIIA!

1) VA, (M) — oTMeTKa ypOBHS JHA Ha BXOJE B
TPYOBI BTOPOTO OaIlIEHHOTO BOOCOpOCa;

2) k; — xommdecTBO TpyO BO BTOpPOM OallicH-
HOM BOZIOCOpOCE MPSIMOYTOJIBHOTO CEYEHUS! IUpPHU-
HOM @, (M) M BBICOTOM b, (M) ¢ KO3 DUIIHECHTOM
pacxonaa y;

3) VZ, (M) — oTMeTKa THA Ha BBIXOJC M3 ITHX
Tpy0;

4) VITI3, (M) — orMeTka TpeOHS 3eMIITHOU
TUTOTHHBI.

Cynrtaem, 94TO BCE OTMETKH 3aJaHbl B bantuii-
CKOH CHUCTEME BBICOT.

B npenmaBonmkoBbIii TIepuoNl YpOBEHb BOABI B
MIEPBOM  BOJIOXPAHMJIUIIE TIOJUIEPKUBACTCSl HA OT-
Metke VYMO. B nepuog naBoika BO BXOJHOM
CTBOpE TEPBOTO BOJIOXPAHWIIUINA TIOSBIISIETCS HEKO-
TOPBIi JTOTIONHATENBHBIH PACX0J] BOIbI Opan(f) (M/C)
(ompenenenue 3Toi QYHKINU PACCMOTPEHO HUXKE).
[osiBieHME 3TOTO pacxoaa MOXKET IPUBECTH K TOMY,
YTO OTMETKU YPOBHEH BOIBI V() B V()
B BOJIOXPAHWIUIIAX TPEBBICAT OTMETKH TpeOHen
mwiotuH VITI3; wnmu VI'TI3,, aTo mpuBeaeT K mepe-
JUBY BOJIBI Uepe3 rpeOHU U Pa3pyIICHUIO TUIOTHH.

ITocrenoBaTenbHOCTh pacueTa MPOTHO3HPOBA-
HUS TIOSBJICHUS TaKUX CUTYallWid OMKCaHa B IMOJ-
pasmenax 1-5.

Cucrema ypaBHeHHil 0ajlaHca BOJbI
B Kackaje U3 IByX BOJOXPaHHUINILL

OcHOBY pacyera OTMETOK YpPOBHS BOJBI
Vinp1(f) B Vipgo(?) B Kackazie U3 AByX BOJOXPAHH-
JIUII TIPU TIPOITyCKE MABOJIKA MPEJIaraeTcsl UCKaTh
C HCIIONIb30BAHUEM CHCTEMBI YpaBHEHUU OanaHca
BOJIBI B BOJIOXPaHWIHIIE, KOTOpPask IMEET BUJIL:

dH,

d_ZlQl = QnaB (t)_ QBbIXl (Z> Hl’ H2)’

dH M
dtz QZ :QBLIX] (t’ Hl’ H2)_Qm,lx2 (t’ Hl’ HZ)’
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rne Hp= HWt) = Voppi(t) = VA — Hanop Bousl
Ha BXOJI€ B TpyOBI OAIICHHBIX BOJIOCOPOCOB B k-M
(k=1 wmm k =2) Bomoxpanmnuiue; Q= Q(H;) —
IIONIA/Ib 3epKayia k-ro BOJOXPAHUIIUINA B 3aBUCH-
MOCTH OT Hamopa B HeM, M Ouu(f) — pacuer-
HBIH pacxoj MaBoJIKa BO BXOJHOM CTBOPE IEPBOTO

BoZOXpaHmInma, M/c; O (t, H\, H,) — pacxon

BBIX

B CTBOPE BOJOCOPOCHBIX COOPYKEHHH IIepBOro
3

BojoXpanuimina, m'/c; O, (¢, Hi, Hy) — 10 *xe

BTOPOTO BOJOXPAHIIIMIIA, M°/C.

Jis mepBOrO BOJOXPaHWIHUINA HCIOJIB30BaHO
ypaBHEHHe OayaHca BOJBI MPH MOCTYIUICHUH B HE-
ro pacxoaa Boabl naBoaka QOp,,(?) [8]. Cuctema (1)
MpeACTaBISIET CO00¥ 0000IIeHe Ha CITydail IBYX
CBSI3aHHBIX JIPYT C JPYTOM BOJOXPAaHHMIIHII.

PemmB (1) mpu 3amaHHBIX HavalbHBIX 3HAYE-
Husx HanopoB H;(0) = Hy, TIpeArnoaoBOIHON cpa-
OOTKH, MOXXHO TOCTPOUTH TpapuKd H3MEHCHUS
HarnopoB H; = H\(f) B KaXI0M W3 BOJOXPaHIIIUIIL,
MO3BOJISIIOIIUE OIMPEAENIUTh OMACHOCTh IEepEeroli-
HEHUS BOJOXPAHWIHIL (TIPEBBIIICHHE OTMETOK
HITY u I'TI3).

[IpenBapuTenbHO BBIMOIHAEM psii JIEUCTBUH,
HEOOXOIUMBIX JJIS MCIIOJIb30BaHUs cucTeMbl (1).
Oto Oynmer ommcaHo HIXKe. PaccMoTpum Takxe
MpUMep pacdera BOJOXpaHWIHINA B 1. Mepkymo-
Buun Yeuepckoro paiiona ['omensckoil obnactw,
B HIKHEM Obe(pe KOTOPOTO pa3MemeHo BOJIOXpa-
Huumie (TIpya), 0 TUIOTHHE KOTOPOTO IPOXOIUT
aBTOMOOMJIBHAS JJ0poTa.

Onpenenelme 3aBUCHUMOCTH
IJ101a I 3€epKaJjia
KaKI0Tr0 BOJOXPaHW/IHNIIA OT HAIIopa

OTMeTHM, 9TO HE CYIIECTBYET OOIIECIPUHSATHIX
METOJHMK TEOPETHIECKOTO ONpECTICHUS TaKUX 3a-
BUCUMOCTEH JUIsi aOCTPaKTHOTO BOJIOXPAaHWIUIIA,
MTOCKOJIBKY JJISL 3TOT0 TPeOyeTcs y4eT OrpOMHOTO
KOJIMYECTBA TApaMETPOB, OIMCHIBAIOIIUX BOJIO-
XpaHwnuie u ero Oepera. IlosTromy Juis TOTO,
4TOOBI JOCTATOYHO TOYHO YUYECTh OCOOCHHOCTHU
KOHKPETHOTO BOJIOXPAHIIIUINA, IPE/IaraeTcs MpH-
MEHATh AIMIHpPHYECKHe (POpMyIbI, KOTOpble He-
TPYIHO IOJYYHUTH, UCIIOIB3Ys] U3BECTHBIE IIPOEKT-
HbI€ JAaHHBIC 10 BOJOXPAHWIWILY W METOJ| HaW-
MeHpIIMX KBajpaToB. CKa3aHHOE TMOSCHHM Ha
[IpUMEPE JIBYX BOJOXPAaHWIHIL B 1. MepKynoBHYN.

[Tmomans BogHOM moBepxHOCTH (2 (Ta) TIEpPBO-
TO BOJOXPaHUIUINA B J. MepKylIOBHYM B 3aBHCH-
MOCTH OT Hamopa [/} = Vyu1(f) — VA, (M) Oblna
3aJlaHa B BHJIC IPOCKTHHIX JaHHBIX (Ta0m. 1).
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Tabauya 1

3aBHCHMOCTD IJIOLIATH 3epKaJjia BOAOXPaHW/IHNIIA OT Hamopa

Dependence of reservoir surface area on pressure

Q, ra 7,00 16,50 | 27,50 | 38,20 | 49,00 | 60,00

69,70 | 74,00 | 77,00 | 79,20 | 82,00 | 85,00 | 88,00

Hy,™ 1,88 | 2,13 | 238 | 2,63 | 2,88 | 3,13

338 | 3,63 | 388 | 413 | 438 | 463 | 488

ITocne 0OpabOTKM TaOIMYHBIX AAHHBIX METO-
JIOM HAWMEHBIIMX KBAJIPATOB TOIYYMIHA IMITUPH-
YECKYI0 QopMyIy

-7,5

0, =54,2+156,4¢ " —=70-(0,98)°"". (2)

MakcumManbHasi OTHOCHTENbHAs OIIUOKa 3TON
(GopMyIIBI B CPaBHEHHH C SMIIMPUYECKUMHU 3HaUe-
HussMd U3 Tadn. 1 paBHa 3,1 %, MakcumalibHas
abCOIOTHAsA TOTPeHOCTh — 1,4 ra, mpu4eM mpu
Harope H, > VHIIY — VA, (4ro BaxHO mpH uc-
CJIEIOBAaHUM TIPU IPOIMYCKE MABOJKa) 3HAYCHUS
TaKkux OmuOOK paBHBI cooTBeTcTBeHHO 0,85 %
u 0,70 ra. OTO CBUAETENBCTBYET O TOM, UYTO BbIpa-
*KeHue (2) MOXXHO CUMTaTh MPHUEMIIEMBIM IS
ompeneneHus womany 2 MOBEPXHOCTU 3epKaja
BOJIOXPaHWIMILA B 3aBUCHMOCTH OT Hamopa H;.
3aBUCUMOCTb IUIOMIAJM 3€pKaja BOJOXPaHMIMIIA
OT Harmopa 1o (2) npuBeIeHa Ha puc. 2.

97

Q, ra e

79 —aih

I

43

25

7
1,8 2,6 34 42 H,m 5,0

Puc. 2. 3aBucUMOCTD IIIOLIAH 3€pKajia BOJOXPAaHUIHIIA

OT HaIlopa, NoJTYy4€HHas 110 JaHHbIM Tabi. 1

Fig. 2. Dependence of reservoir surface area on pressure
obtained according to tab. 1 data

B cBsi3u ¢ oTCyTCTBHEM NAHHBIX JUJISI TUIOINAIN
3epKaJia BOJOXPaHHIIHIIA MOKHO CUUTATh, YTO TIPU
MaTbIX Hamopax (H, < 1,88) csa3p mexmy H; u Q) —
nuHelHas, coenuastomas touku (0; 0) u (1,88; 7),
T. €. Ql = 7H1/1,88

Jlist BTOpOTO BOAOXPAaHWIUINA O MPOSKTHBIM
JaHHBIM ObUIa To00paHa Gopmyina

Q, =—6,88—-6,17In* (1+ H, ) + 5,044 H}.

MakcuManbHasgs OTHOCUTENIbHAs OIIMOKa ITOU
(hopMyJIbl B CPaBHEHUHU C SMIHUPUYCCKUMM 3HAUE-
HusgMH MeHb1Ie 1 %.
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Pacxonbl B cTBOpax
BO/I0COPOCHBIX COOPYIKEHUM

yLH/ITBIBaSI, qTo BOHOC6p0CHBIM COOPYKCHUCM
HCCIIEAYEMOI'0 BOOOXPaHWIMILA ABJIACTCA OameH-
) (ta H 1s

H,) paccunteiBath ciaenyrommm odpazom [9]:

HBIH BoJIOCOpOC, Tpeasaraercs: pacxon O

BbIX

QBbIX] (t’ Hl’ HZ) = kll’llo‘)l\/zg(vsuxpl _VHBI)9 (3)

rae k; — 9UCIIO OTKPBITBIX OTBEPCTHH; L — KO3~
(unmeHTt pacxoma; ; = a;b; — TWIOMAME TOTIEPEY-
HOTo cedeHusi TpyObl; V., — OTMETKa BOJIbI B
nepBoM Bopoxpanunuiie; VHB, — otmeTka ypoBHs
B HIDKHEM Obe(pe 10 OTHOIIEHUIO K 3TOMY BOJIO-
XPaHWUIHIILY.

Ecnu paccmatpuBaTh OTHOCHUTEIIBHBIC BEIINYH-
Hbl H, = V1 — VA, n hy=VHB, -VZ,, 10 (3)
MOJKHO 3aIHCaTh B BUJIC

QBBIXI :klulml 2g(Zl +AHI)5 (4)

rne Z, = H,—h,, AH;=VA,—VZ, — pa3HOCTb 0T-
METOK BXOJia B TpyOy W BBEIXOJa W3 Hee, Korna
TpyOa UMeeT yKIIOH.

I'mybuna s, B HIKHeM Obede mepBOTO BOIO-
XpaHWIUIIA SBseTcs GyHKIuen oT pacxona Oyuxi,
KOTOPBIA TOCTymaeT B HWkHUH Oned. Ecmm B
HAIMYUM  HWMEETCS JOCTaTOYHOE  KOJIHMYECTBO
ONBITHBIX JaHHBIX (XOTS OBl 6—8 Tap) o CBs3M /1
U Quux1 AT BOMOXPAHWIUING, TO aHATUTHYCCKUN

Bux 3asucumoctu hy =f 0, ) MOKHO HaiiTH,

KCIIONB3Yysl METOJ HAaMMEHbLIUX KBaapaToB. Eciu
TaKWX JaHHBIX Majl0 WIM UX COBCEM HET, TO IIO-
CTYIIAEM TI0 CIIEAYIOLIEMY aITOPUTMY.

[pu MambIX MOCTOSTHHBIX pacxoaax O

uix, (a orm
TaKOBBIMH OyIyT B TEPUOM MPEATIOIOBOIHOM cpa-
0OTKH, KOTJla BXOJHOW TOTOK (yyon(?) = Oy, HEOO-
XOJUMBIH NIl TIOZJICPIKaHUs HArmopa B TEPBOM
BoJOXpaHmwmie Ha ypoBHe YMO u B camble
MepBbIE Yachl HACTYIUICHHUS TIOJIOBOJIbS) 3aBUCH-

moctb hy =flQ,,, ) HaxomuM ucxons u3 (popmy-
ne1 [e3u [9]
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QBLIXI = (’OTpan] 1 > (5)

1
rAe i, — YKJIOH pycna 3a TpyOo#; n; — IIepoxo-
BaTOCTh JHA Ha BbBIXOJE; R; — THAPABIMYECKUN

paanycC JKUBOI'O CEUEHHUS TpaIeleHIaIbHOTO pyciia
3a TpyOOH, I1yOMHa B KOTOPOM PaBHA /1; Wpani —
IJIOMIAb JKHBOT'O CEUCHUS.

Korma Bxommo#t motok (...(f) HapactaeT W,
COOTBETCTBEHHO, HAUMHACT PacTH (y,ix1, TO HAYMHAET
pactu Hanop H, BO BTOpoM BopoxpaHwiuiie. Eciu
9TOT HAamop mpeBbiliaeT 3HaueHue h=f 0,

i, )
HalJEHHOE C WCIOJIb30BaHWEM (5) WM IO OIIBIT-
HBIM JIaHHBIM, TO IPUHUMAEM hy = H,.
AHaJIOrMYHO TOCTynaeM ¢ OalleHHBIM BOJIO-
cOpocoM BO BTOpPOM BojoXpaHuiume. Pac-
xon Oy, (¢, Hi, H,) paccuuTbIBacM CICAYIOLUM

oOpa3om:

QBBIXZ (t5 H] > HZ) = k2]"’20‘)2 \/2g(VBJ1Xp2 - VHBz )’ (6)

rae k, — YUCIO OTKPBITBIX OTBEPCTUH; L, — KOI(-
¢unueHT pacxona; M, — IUIOMIAAb IOMEPEYHOTO
cedeHHst TPYOBI; V., — OTMETKA BOJBI BO BTOPOM
Bopoxpanuiuiie; VHB, — oTMeTka ypoBHS B HUXK-
HeM Obedpe MO OTHOLICHHIO K 3TOMY BOAOXPaHU-
JMLTY.

Ecmm H, = Vo — VA, 1 hy = VHB, - VZ,, TO
hopmyity (6) MOKHO 3aIKMCaTh B BUJIC

QBLIXZ :kZHZO‘)Z \[2g(22 +AH2)5 (7)

rane Z, = H, — hy,, AH, = VA, — VZ, — pa3HOCTb OT-
METOK BXOJa B TpyOy W BBIXOJa M3 Hee, Korja
TpyOa UMEET YKJIOH.

I'nyOuna h, B HrkHeM Obede BTOPOro Bomoxpa-

HIWIMINA sBIsieTcs: QyHKImMen ot pacxona (O, , KO-

BbIX,

TOPBIN TTOCTYTIAET B €ro HikHui Obed. Ilockombky
BOJIOCOPOC BTOPOrO BOJOXPAHWJIMINA BBIXOIUT B
pycio peku (M IOTOHUTEIBHOTO Haropa He BO3HHU-
Kaer), To 3aBuCUMOCTh /i =f( 0, ) ompexersiem

ucxojis u3 ypaBHenus [1lesu [9]

\/Z R2/3

=2 8
2 2
QBLIX n Tpam, 2 ( )

rae i, — YKJIOH pycha 3a TpyOou (MpHHATO
i=0,0009); n, — mepoxoBaTOCTh JHA HA BBIXOJE;
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R, — ruapaBIuyuecKuil pajuyc >KUBOTO CEYEHUS
Tpaneneu JalbHOTO pycia 3a TpyOoii, TmyOuHa B
KOTOPOM PaBHA /1, Orpay — IUIOMIAJBL KUBOTO Ce-
YCHMUSL.

HavanbHble ycoBust
AJIs1 pellieHHus1 cucTeMbl ypaBHeHuid (1)

Hauanpapie ycmoBust mns cuctemsl (1) Haxo-
UM HCXOJIsl W3 TIPEANONIOKCHUS, YTO Ha 00OMX
BOJIOXPAHWIUINAX TPOUCXOANUT TIPEANOIOBOIHASL
cpaboTKa TaK, 4TO MPHU STOM IPOITyCKACTCS TOCTO-
SIHHBIA pacxoj] BoJbl (Jy, IPU KOTOPOM B TEPBOM
BOJOXPAHWINIIE TOAJCPKUBACTCS ITOCTOSHHBIN

Harnop H, B paiione yposrs YMO. Oto Bo3MOxk-

HO, eciau (Jy MPOITYCKAIOT BOAOCOPOCH 000MX BO-
noxpanwiuil. Toraa, coriaacHo (4), UMeeM ypaB-

HEHUE
o :klulmlxlzg(zl +AH1), )

rae Z; = H01 —hy; hy — ompenernsieTcss WM 0 Hal-

JICHHOM SMITUPHYECKOH 3aBUCUMOCTH Ay = f{Qp), UIH
13 ypaBHEHUS (5), KOTOpOE MPUMET BUT

0, =£m RI". (10)

Tpar,
fl] par

3azaBast TpeOyemslit Hatop H,, ~ Hywmo U pe-

mas ypaBuenus (9), (10), maxomum ), Tak d9TO
OyZeT BBITIONHATHCS CPOPMYIHPOBAHHOE BBIIIE
MPEIONIOKEHHE O TMPEINoJIOBOTHON cpaboTKe.
[Mockonbky pacxon Qy JOKEH MPOXOANUTE U Yepe3
BOZ0cOpOC BTOpOTO BOmOXpaHWiIuma, 1o u3 (7)
HAXOJIUM HAdYaJbHBIA HANoOp BO BTOPOM BOJIOXpa-
HUJIHIIE
2

_ 1 9 —~AH, + 1, (11)
2g \ ku,o,

0,

rae h, — Haxogurcs u3 (8) mpU JIEBOM YacTH
Oy, = Qo

Hano ormeruts, uto eciu sHadenus Oy, H, u
H, BbIOpaHbI Tak, KaK 3TO yKa3aHO BBILIE, TO Ma-
pa dyukunit H,(1) = H, wu Hy(t)= H, npexcras-
JIsIeT coO0M CTarmoHapHOe perieHue cucTemsl (1),

B KOTOPOH B3SITO (Oyap(?) = Qo.
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MoaeaupoBanue pacxonaa Q,..(9)
BO BXOJTHOM CTBOpeE
MEePBOro BOAOXPAHWININA

Ha paBHUHHBIX pekax Tepputopuu PecrryOmim-
ku benapych, a Takke Ha OJIU3NIEKAIIUX TEPPUTO-
pUAX COCEIHUX CTpPaH 4Yalle BCETO OBIBAIOT OJIHO-
BEPIIMHHBIC TUAPOTpadbl MOJIOBOIUN, U UX pac-
CUMTHIBAIOT 1O ypaBHEeHMIO [10, ¢. 32]

U=

QnaB(t):QO-}_Qmax.lO * s (12)

rae Qo — pacxoi MPEAroIOBOIHON CPabOTKH; X =
=t/t,; t, — YCJIOBHAs MPOAOJIKUTCIILHOCTh OAbeMa
TIOJIOBO/IBS; @ — TMapaMeTp, 3aBHUCAINUN OT KO3 Qu-
nuenTa GopMsl rumporpada A, QYHKIHOHAIBHO
CBSI3aHHOTO ¢ KO3((QUIMEHTOM HECHMMETPHYHO-
ctu ruaporpada K, Oy — MAKCUMATBHBIA pacxoj]
MpU HABOJAHEHHHU, BEPOSTHOCTh HACTYIUICHHS KO-
TOPOTO B CTOJICTHHI TIEPUO]T COCTABIAET p-% (3Ha-
YeHHUE p 3a/1aeTcs).

MeTonuka HaXOXKICHHS BCEX HEOOXOIMMBIX
napameTpoB aist (12) onucana B [10-12].

Hrak, 9To0s! onpenenuTs Hanopsl H\(f) u Hy(?)
B BOJIOXPAHWIWIIAX TPHU MaBOAKE, KOTOPBIA OIH-
ceiBaeTcs ruaporpadoM (Op.(f), HaIO BBITOIHUTH
NEWCTBUS, ONMHCAaHHBIC B Tojapasmenax 2 u 5,
Y HaWTH HadanbHble 3HaUeHus Oy, 0o H HOz’ KaK

3TO OMHUCAaHO B mojnpasaeine 4. 3aTeM peuuTh Cu-
creMy (1) ¢ yuerom mompaznena 3. OmmcanHas
3a/1a4a He JOITyCKaeT TOYHOoro pemeHus. Ee mpu-
OMIDKEHHOE perIicHre MOXKHO HMCKaTh, HAIpuUMep,
MetosioM Pynre — Kyrra.

IIpumep pacuera

PaccmoTpum mpumMep pacueTa BOAOXpaHIIUIIA
B 1. Mepkynosuun Yeuepckoro paiioHa ['omennb-
CKOH 00J1acTH, B HIKHEM Obede KOTOpOTO pa3me-
IICH TPy, 00pa30BaHHBIN HACKHITBI) aBTOMOOMIIb-
HOM noporu.

3HaueHNs] OCHOBHBIX MMAPaMETPOB IS TIEPBOTO
BOJOXpaHWIHIa cieaytomue: VA; = 142,12 wM;
k=3 a;=15 m; by =22 m; pn,=0,62; VZ,=
= 141,36 m; VYMO = 145,5 m; VHITY = 146,9 m;
VI'TI3, = 147,7 m. B HikHeM Obede mepBoro Bo-
JIOXpaHWINIa (JaHHBIE U moxapasziena 3): i) =
= 0,0007; n; =0,035; mupuHa TpaneneuaaabHOTO
pycna b =5 M; yrox HakJIoHa 6epera o, ctgo = 3.
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3HavYeHMs] OCHOBHBIX ITAPaMETPOB IS BTOPOTO
BoJOXpaHmWIMIa ciaeaywmue: VA, =141,29 w;
kz = 3, a, = 1,6 M, bz = 2,0 M; W= 0,62, VZz =
= 141,0 m; VITI3,= 147,15 m. B umkuaem Obede
BTOPOTO BOJOXpaHWIHINA (JaHHBIC I TOIpa3-
nema 3): i, =0,0007; n,=0,035; mupuna tparne-
HEUAATLHOTO pyciia b =15 M; yroy HaklioHa Oepe-
ra o, ctgo, = 3.

Jns mmomamy 3epKaia IMEpBOTO BOJAOXpaHH-
Jyina Oblia ucnojbs3oBaHa Gopmyia (2).

Pacuerst mo metonuke [10] mokazamwm, uro B (12)
JUTS TaBojIKa cienyet B3tk @ = 0,72 u ¢ 1%-M ypoB-
HEM BEpPOSITHOCTH TpeBbImeHns Oy = 27,36 M/c,
YCIIOBHAsI TMPOJOKUTENIBHOCTh TObeMa  IOJIO-
BOIBSA t, = 3,9 mHel, oOmas mpoaoLKUTEILHOCTh
maBojKa 1., = 32 mHS.

[Ipeanomnaraercs, aro padoTa BogocOPOCOB op-
raHu3yeTcs cleAayromuMm obpa3oM. Brawame Ha
TIEPBOM BOJIOCTHMBE paboTaeT nepBas TpyOa. 3areM
P YBEITUYCHUU Haropa H; 10 BenuuuHbl Hyyo =
= 144,75 - VA, =2,63 M Ha 3Tale mnoabema Iia-
BOJKa BKIJIFOYAETCS BTOpas TpyOa, MpH yBelHdde-
Huu Hamopa H, no Hynpy =145,5-VA;=3,38 M
Ha dTane MoJbheMa MaBOJAKA BKIIOYACTCS TPEThS
TpyOa. Ilpu ymeHbiiennu Hanopa 10 Hyny Ha 3Ta-
e CHW)KCHHS MaBOJKA TPEThsl TPyOa BBIKIIIOUACT-
cs, a TP YMEHBIIEHUH Hamopa 10 Hyyo OTKIIIO-
gaeTcst BTopas Tpyba. Ha BogocOpoce BTOporo Bo-
TOXPaHUIHINA TTPEATIONaraeTcs, 9T0 paboTaroT TpH
TpyOEL.

HavaneHelii Harmop B MEPBOM BOJIOXPAHMITHUIIS
TIPUHST HOl =2,55m = VYMO - VA,. Ilo meTo-

JIMKE, U3I0XKEHHOW B moapasnene 4, HallieHbl Ha-
ganbHbIi pacxon Qp= 12 M’/c M HAyaNBHEIA Ha-
nop H, =107 m.

Ha puc. 3-5 mog Ne 1 wumsoOpaxkeH rpadpux
Hanopa H, B mepBoM BojoxpaHwiuiie, mog Ne 2 —
rpa¢puk Hamopa H, BO BTOpPOM BOJOXPaHUIIHU-
me; H,.., = VITI3; — VA =5,58 m. [l puc. 3 BbI-
YUCJICHUS OPraHU30BaHBl, KaK 3TO ObUIO OIHCAHO
BBITIE (HA TPETHEM BOIOCOPOCE OTKPHITHI TPH TPY-
Obl, a Ha mepBOM BoAocOpoce TpyObl BKIIIOYAIOT-
Csl TIPH TPEBBILICHUU ONPEACICHHBIX 3HAUYCHHI).
Jns puc. 4 — Bce TO e camoe, TOJBKO BO BTOPOM
BOJOCOpOCE OTKPBITBI 1BE TpyObl. OTMETHM, YTO
TOTJa HAalop BO BTOPOM BOAOXPAHWIMILE YBEIHUYH-
BaeTCsA, U 3TO BEAET K YMEHBIIEHUIO IIPOU3BOIHU-
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TEJILHOCTH TPYO Ha IEPBOM BOIOCOPOCE M, COOTBET-
CTBEHHO, K yBeIMUCHUIO Haropa H, (moapaszmen 3).
K Tomy ke ornosHUTENbHBIE TPYOBI HA TIEPBOM BO-
JI0COPOCE TOTKHBI OBITH OTKPBITHI JTOJIBIIIC.

+H, N> = 3; Omax = 27,36 0%c
Herie

0 6,4 12,8 19,2 25,6 32,0

Puc. 3. Haniopsl B BOZOXpaHWIMIIAX [IPU TPeX
OTKPBITHIX TpyOax Ha BTOpoM BozxocOpoce (N, = 3)

Fig. 3. Pressures in water reservoirs
with three open pipes at the second spillway (V, = 3)

6“H,M N2=2; Omax=27,361c

0 6,4 12,8 19,2 25,6 32,0

Puc. 4. Hanops! B BOIOXpaHUIMIIAX [IPU ABYX
OTKPBITHIX TpyOax Ha BTOpoM BozxocOpoce (N, = 2)

Fig. 4. Pressures in water reservoirs
with two open pipes at the second spillway (N, = 2)

Ha puc. 5 moka3aHbl pe3ynbTaThl pacuera Ha-
MIOPOB TI0 CXEMeE I PHC. 3, HO C OONBIIMM Mak-
CUMAJIBHBIM PacXofoM MaBojaKa (Oma.x = 43 M3/c).
BuaHO, 94TO M B TAKOM DKCTPEMAIBHOM CIIydae IIpH
HOPMAJILHON OpraHu3auyd paboThl HUYETO Karta-
CTpO(pHUIECKOTO HE TPOU3OMIET.
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W
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T f, maei
0 6,4 12,8 19,2 25,6 32,0
Puc. 5. Hanopsl B BOZOXpaHUIUILAX [IPU TPEX

OTKpBITHIX TpyDax Ha BTOPOM BojocOpoce
C 9KCTPEMAIIEHO GOJIBLINM PACX0Z0M MaBOJKA

Fig. 5. Pressures in water reservoirs
with three open pipes at the second spillway
with extremely high flow discharge

BBIBO/IbI

1. llpennoxkeHa ynpolieHHass METOJUKa pacde-
Ta W3MEHEHUS] YPOBHEH BOJBI B IBYX BOJOXpaHH-
JUIIAX IIpU TMPOIYCKE IaBOJKA, OCHOBAaHHAs Ha
COBMECTHOM pelieHNH JudQepeHInalbHbIX YpaB-
HEeHHU OallaHCOB BOABI B BOIOXpaHWIHINAX O3
ydeTa HEeyCTaHOBHUBILETOCS IBIDKEHUS 10 MX JUIH-
He. Ha BXoze B BepxHee BOAOXpaHUINIIE H3MEHE-
HHE pacxoia BO BPEMEHHM COOTBETCTBYET T'HIpPO-
rpady maBojKa, a U3MEHEHHE PAcXOIOB BO Bpe-
MEHH Ha BXOJE B HIDKEIEKallee BOJOXPAaHHIIHIIE
U Ha BBIXOJIE U3 HETO COOTBETCTBYET ruaporpadam
cOpOCHBIX pacxooB. MeToauKa pacueTa M0o3BOJIs-
eT mojo0paTh rpaduKd YIpaBICHUS 3aTBOpaMH
BOZIOCOPOCOB MEPBOr0 U BTOPOI'O BOJOXPAHMIIUIL,
HE JOIYCKAIOUIMMHU I[EpeNrBa Yepe3 IUIOTHHEI
(TII0THHY) BOAOXPAHMITHIIL.

2. PaccMoTpeH mpumep NPOTHO3HOTO pacyera
YpOBHEH B PYCJIOBOM BOAOXpaHuiuie Mepkyio-
BuuM (1. MepkynoBuun Yeuepckoro paiioHa [ o-
MEJIbCKOM 00IacTH) M HIJKENEXalleM Npyle MpH
HX KacKaJHOM DAaCIOJIOKEHUH NPH IMPOIyCKe Ma-
BOJIKA.

JIUTEPATYPA

1. Mamuk, JI. K. dakropsl pucka NOBPEKACHHS TUAPO-
TEXHUYECKHX COOPYKCHUil: mpobiemsl Ge3omacHocTH /
JI. K. Manuk // ITIpo6nemsl 6e3onacHoctu. Munck: Hayka,
2005. 354 c.

153

Science and Technique. V. 18, No 2 (2019



Cmpoumenvcmeo

2. Obecnieuenne 0€30NMACHOCTH M HAJEKHOCTH HHU3KOHA-
HOPHBIX THAPOTeXHUUYecKuX coopyxkenuit / B. H. Ilen-
pus [u ap.]. Hosouepkacck: PocHUUIIM, 2016. 283 c.

3. I'maporexandeckne coopyxeHus. CTPOUTEIbHBIE HOPMEI
npoekrupoBanust: TKIT 45-3.04-169-2009 (02250). Bsexn.
30.12.2009. Munck: Muncrpoiapxurextypsl, 2011. 74 c.

4. Bogoxpanwiuima benapycu: cnpas. / B. H. Cuncnenox
[7 mp.]. MunCk, 2005. 183 c.

5. CoBepIICHCTBOBAHHUE YIPABJICHUS] KACKaJOM BOJDKCKHX
BOJOXPaHWJIHIL HA OCHOBE THAPOAMHAMHUYECKUX MOJEIEH
u ['C-rexHoxnoruii / B. H. Caucnenoxk [u ap.] // Memmo-
paums u BogHOE X03siicTBO. 2002. Ne 2. C. 8-12.

6. bennapyk, C. E. O nnaHupoBaHuu MEpONPHUATUH IO CHU-
JKeHHI0 pucka yuiepooB ot HaBomuenwit / C. E. Benna-
pYyK // be3onmacHOCTh IHEPTeTHIECKUX COOpYKEHHH: cOop-
Huk, Mocksa. 2003. Beim. 11. C. 407-414.

7. bennapyk, C. E. OnbIT ynpaBieHUsl KacKaJlOM BOJDKCKO-
KaMCKHX BOJOXPAHWIHI] C HCIIOIb30BAaHUEM HMHUTAIH-
OHHBIX MaTEeMAaTHYECKHUX Mojeleld B MEepPHOJ BECCHHEro
nonoBobs [Dnektponnsiit pecype] / C. E. Bemnapyk,
10. T'. MotoBuios // YrpaBneHue BOIHO-PECYpPCHBIMHU CH-
CTeMaMH B SKCTPEMAJbHBIX YCIOBHSX: cO. crareil Mex-
nyHap. koH(d., Mocksa, 4-5 wurons 2008 r. M., 2008.
1 anekrpon. onr. nuck (CD-ROM).

8. I'maposoruss W TUAPOTEXHUYCCKUE COOPYKEHUs /
I'. H. CmupHOB [u np.]; mox pen. I'. H. CmuproBa. M.:
Bercm. mik., 1988. 472 c.

9. Kucenes, I1. I'. CnpaBo4YHUK MO THAPABINYECKUM pacye-
tam / I1. I'. Kucenes, A. [I. Ansruryns, H. B. Jlanune4en-
ko; mox pex. I1. I'. Kucenesa. M., Dueprus, 1972. 312 c.

10. PacyeTHble THIPOJIOTHYECKHE XapaKTepHCTHKU. Ilopsiok
pacuera: TKII 45-3.04-168-2010 (02250). Been. 30.12.2009.
Munck: Munctporiapxurektypsl, 2010. 55 c.

11. Pecypcrl moBepxHocTHBIX Bog CCCP. B 20 T. / mox pen.
B. B. Kynpusinosa. JI.: 'uapomereousnat, 1966. T. 5: be-
nopyccust 1 Bepxnee Ilognenposrse. Y. 1, 2: OcHOBHBIE
THIIPOJIOTHYECKHE XapaKkTepucTuku. 720 c.

12. Ilporuo3 ypoBHei B BuselickoM BOIOXpaHUIIMIIE TIPU TPO-
MyCcKe pacxonoB mosoBojbst / B. B. WBameukun [u nap.] //
Bectauk BpI'TY. Cep. Bonoxo3siiicTBEeHHOE CTPOUTENBCTBO,
TEIUIORHEpreTHKa U reoskosorust. 2017. Ne 2. C. 57-61.

Iocrynuna 10.07.2018
IToanucana B nmeuats 12.09.2018
Ony6nukoBaHa onyaiiH 29.03.2019

REFERENCES

1. Malik L. K. (2005) Risk Factors for Damage of Hydro-
Technical Structures. Safety Problems. Minsk, Nauka
Publ. 354 (in Russian).

2. Shchedrin V. N., Kosichenko Yu. M., Baklanova D. V.,
Baev O. A., Mikhailov E. D. (2016) Ensuring Safety and
Reliability of Low-Pressure Hydro-Technical Structures.
Novocherkassk, Russian Scientific Research Institute of
Melioration Problems. 283 (in Russian).

154

3. Technical Code of Common Practice 45-3.04-169-2009
(02250). Hydrotechnical Structures. Structural Design
Code. Publishing House of Ministry of Architecture and
Construction, 2011. 74 (in Russian).

4. Schislenok V. N., Rutkovskii P. P., Yurevich R. A.,
Sirotenko V. I., Frolova O. E., Kalinin M. Yu. (2005)
Water Reservoirs of Belarus. Reference Book. Minsk, Po
lygraph Combine. 183 (in Russian).

5. Shcherbakov A. O., Talyzov A. A., Rumyantsev 1. S.,
Pruchkin S. 1., Buber A. L. (2002) Improvement in Ma-
nagement of Volga Water Reservoir Cascade on the Basis
of Hydrodynamic Models and GIS-technologies. Melio-
ratsiya i Vodnoye Khozyaystvo = Melioration and Water
Management, (2), 812 (in Russian).

6. Bednaruk S. E. (2003) On Planning Measures to Reduce
Risk of Flood Damage. Bezopasnost' Energeticheskikh
Sooruzhenii: Sbornik [Safety of Power Engineering Instal-
lations: Collected Book]. Moscow, 11, 407-414 (in Rus-
sian).

7. Bednaruk S. E., Motovilov Yu. G. (2008) Experience in
Management of the Volga-Kama Water Reservoir Cascade
while Using Imitation Mathematical Models During
Spring Flood. Upravienie Vodno-Resursnymi Sistemami v
Ekstremal'nykh Usloviyakh: Sbornik Statei Mezhdunar.
Konf. Moskva, 4-5 Iyun. 2008 g. [Management of Water-
Resource Systems in Extreme Conditions: Proceedings
of International Conference. Moscow, June 4-5, 2008].
Moscow, 2008. CD-ROM

8. Smirnov G. N., Kurlovich E. V., Vitreshko 1. A., Mal'gi-
na I. A. (1988) Hydrology and Hydrotechnical Structures.
Moscow, Vysshaya Shkola Publ. 472 (in Russian).

9. Kiselev P. G., Al'tshul' A. D., Danil'chenko N. V. (1972)
Reference Book on Hydraulic Calculations. Moscow,
Energiya Publ. 312 (in Russian).

10. Technical Code of Common Practice] 45-3.04-168-2010
(02250). Estimated Hydrological Characteristics. Proce-
dure for Calculation. Minsk, Publishing House of Ministry
of Architecture and Construction, 2010. 55 (in Russian).

11. Kupriyanov V. V. (ed.). (1966) Resources of USSR Sur-
face Waters. Vol. 5: Belarus and Verkhne Podneprovie.
Parts 1, 2: Main Hydrological Characteristics. Leningrad,
Gidrometeoizdat Publ. 720 p.

12. Ivashechkin V. V., Veremenyuk V. V., Kruglov G. G.,
Anatsko Ya. Ya., Soldatenko Ya. A. (2017) Forecasting
of Levels in the Vileyskoye Water Reservoir During Flood
Capacity Pass. Vestnik Brestskogo Gosudarstvennogo
Tekhnicheskogo Universiteta. Vodokhozyaistvennoe Stroi-
tel'stvo, Teploenergetika i Geoekologiya [Vestnik of Brest
State Technical University. Water Engineering, Heating
Engineering and Environmental Geology], (2), 57-61 (in
Russian).

Received: 10.07.2018

Accepted: 12.09.2018
Published online: 29.03.2019

Hayka
urexHuka. T. 18, Ne 2 (2019)



Civil and Industrial Engineering

https://doi.org/10.21122/2227-1031-2019-18-2-155-163

YK 691.618.92

CpaBHHUTeJbHAA OLIEHKA Pe3yJIbTATOB UCNILITAHUN 0€TOHHBIX 0AJIOK
C KOMIIO3UTHOM apMaTYpPOH M PacCYeTHbIX JAHHBIX
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Pedepart. IIpuBeseHsl pe3ynbTaThl HCCIEOBAaHUS 00pa3oB OCTOHHBIX OaJIOK, apMHPOBAHHBIX ITOJMMEPHOH KOMITO3UTHOM
apmatypoil npousBozacrsa OO0 «KoMAP». Ilenp uccnenoBanuil — onpeaecHue IPOYHOCTH, JKECTKOCTH U TPEIUHOCTOMKO-
cTu OaJloK ¢ TMOJUMEpPHOI KOMIIO3UTHOW apMaTypoi, pa3lIMYHbIMH CX€MaMH apMHPOBAHUs U MX CPABHEHHE C PacYETHBIMHU
JaHHBIMU. VCIIBITaHUS BBIIOJNHSJIMCH B COOTBETCTBHM C TPEOOBAHMSIMH HOPMATHBHBIX JTOKYMEHTOB IIO PacdeTHOH cxeme
C IBYMs TOUKaMU MPHUIIOKEHUs Harpy3ku Py = P,. [IpunsaTas cxema 4ucToro u3ruba NpuMeHseTcs B 17a00paTOPHBIX yCIOBUSIX
JUIsi MH(QOPMATHBHOCTH BBIUMCIECHHBIX PE3yJIbTaTOB M MONTYYEHHUs MAaKCHMalbHBIX YCHUIUH B pacTsHyTOW 30HE H3ruba-
eMBIX 2JIeMeHTOB. [IpuBeneHo cpaBHEHHE NAHHBIX, MONYYEHHBIX B pPe3yJbTaTe UCIBITAHUH, C PACUCTHBIMH IO JOKYMEH-
Ty CII 295.1325800.2017 «KoHCcTpyKImHy OGeTOHHbIE, apMHUPOBAHHbIE OJIMMEPHONH KOMIIO3UTHOM apmaTtypoil. [IpaBuia npoexkTu-
POBaHNUS», B OCHOBY KOTOPOTO 3aJI0XKEH IPUHIMI IPOEKTUPOBAHMS OCTOHHBIX KOHCTPYKIHH, apMHUPOBAHHBIX METAININYECKOH
apMaTypoil. B cBs3u ¢ TeM, 4TO KOMIIO3UTHAs apMarypa IO Py MOKa3areled 3aMETHO OTJIMYAETCS OT METaJUIMYECKOH, paHee
ObLTM MPOBEIEHBI CPABHUTEIBHbBIE UCIIBITAHUS OCTOHHBIX OANOK, apMHPOBAHHBIX METAVIMYECKOH M KOMIIO3UTHON apMaTypaMHu.
JlanHble nccneoBaHus HEOOXOMMBI JUTSl HOHUMaHHsT PaO0ThI KOHCTPYKIMH M BO3MOXHOCTH MX NPHMEHEHUsI B 00bEKTax KalH-
TaJgbHOTO cTpouTenbcTBa. Ilpy pacuere Ganmok mo I rpymme mpenenbHBIX COCTOSHHI BBISIBICHO MPEBBINIEHUE MPOYHOCTU IO
HAKJIOHHBIM CEYEHMSAM Ha JCHCTBUS MOMEPEYHbIX CHJI Haj (akTuueckol, no Il rpynme — HeoOX0qUMOCTh BHECEHUS M3MEHEHHUI
B HOPSIJIOK pacyeTa IHPUHBI PACKPBITUS TPEIIUH JUTS IPUOIIIDKEHUS PACYETHBIX JAHHBIX K ITOKAa3aTeNsIM, IOYICHHEIM B PE3YIlh-
TaTe UCIBITAaHUMH, ¥ TTOPSAI0K pacyeTa MporuooB.

KiroueBble cj10Ba: mojguMepHas KOMIIO3UTHAS apMaTypa, N3ru0aloliii MOMEHT, TPEIMHOCTORKOCTb, IIPOTHO, IIUPHHA pac-
KPBITHS TPELMH, pacyuer 0 HopMaMm

Jist uutupoBanusi: CpaBHHUTENbHAS OLCHKA PE3yJIbTATOB UCHBITAaHMH OETOHHBIX OAJIOK ¢ KOMIO3HTHOW apMaTypoii u pac-
yetHbIx nanHbix / H. B. Berynosa [u ap.] // Hayka u mexnuxa. 2019. T. 18, Ne 2. C. 155-163. https://doi.org/10.21122/2227-
1031-2019-18-2-155-163

Comparative Evaluation of Results on Test of Concrete Beams
with Fiberglass Rebar and Calculated Data

N. V. Begunoval), V. P. Grahov”, V. N. Vozmishchev?, J. G. Kislyakoval)

YKalashnikov Izhevsk State Technical University (Izhevsk, Russian Federation),
JLLC “KomAR” (Sarapul, Russian Federation)

Abstract. The paper presents results of the study for samples of concrete beams reinforced with fiberglass rebar produced by
LLC “KomAR”. The aim of the study is to determine strength, stiffness and crack resistance of beams with fiberglass rebar,
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various reinforcement schemes and their comparison with calculated data. Tests have been carried out in accordance with the
regulatory requirements for a design scheme with two points of load application P, = P,. The adopted scheme of pure bending
is used in the laboratory for informativeness of the obtained results and getting maximum efforts in a stretched zone of bent
elements. A comparison has been made of the data obtained as a result of tests with the ones which have been calculated
according to the document SP (Construction Rules) 295.1325800.2017 “Concrete structures reinforced with polymer compo-
site reinforcement. Design rules”, this document is based on the design principle of concrete structures reinforced with metal
reinforcement. Due to the fact that composite fittings significantly differ from metal fittings in a number of indicators, com-
parative tests of concrete beams reinforced with metal and composite fittings have been carried out earlier. Data of the inves-
tigations are necessary for understanding behavior of structures and possibility of their application in the objects of capital
construction. An excess of inclined section strength on the action of transverse forces over an actual one has been revealed
when calculating concrete beams according to the I group of limiting states. While making calculations for the II group
of limiting states, the need has been revealed to make changes in the procedure for calculating width of crack opening in
order to approximate the calculated data to the data obtained as a result of tests and a procedure for calculating deflections.

Keywords: fiberglass rebar, bending moment, crack resistance, deflection, width of crack opening, standard-based calculation

For citation: Begunova N. V., Grahov V. P., Vozmishchev V. N., Kislyakova J. G. (2019) Comparative Evaluation of Test
Results of Concrete Beams with Fiberglass Rebar and Calculated Data. Science and Technique. 18 (2), 155-163.
https://doi.org/10.21122/2227-1031-2019-18-2-155-163 (in Russian)

BBenenne

HenocratkoM cTanbHOU apMaTyphl SIBJISETCS €€
MOJIBEP>)KEHHOCTh KOPPO3WHU TIPH B3aMMOCHCTBUN
C COJISIMH BO BIIaXHBIX M arpecCHUBHBIX Cpefax.
B nporiecce koppo3uu cranbHas apMaTypa, YBEIH-
YUBasCh B 00bEMe, MOBHIIIAECT PACTATHUBAIOIINE
HaNpsOKEHUs] Ha OETOH, YTO NPHUBOAMT K TOSIBIIE-
HUIO TPEIINH, MyCTOT W, KaK CIEACTBHE, K Jallb-
HEHIlIeMy U YCKOPEHHOMY YXY/IIICHUIO CBOWCTB
ctan 1 OetoHa. Ctanb HE YCTOWYMBA K KOPPO3UHU
U OYeHb OBICTpO prkaBeeT. [loaToMy TpebyroTcs
JIOPOTOCTOSIIIANA PEMOHT W OOCTY)XUBaHHE >KeJe-
300€TOHHBIX KOHCTPYKIUiA. KpoMe Toro, mocKoib-
Ky CTaJlbHas apMmarypa SIBJISETCS IPOBOJIHUKOM
ANEKTPUYECKUX U MAarHUTHBIX MOJIEH, € UCIOIb-
30BaHUE B OCTOHHBIX KOHCTPYKIIMSAX AJIEKTPOIHEP-
TeTHKH, MEAWIWHCKAX YUYPEeKICHWA, a TaKkKe B
SAJIEpHOIN PHEpreTnke HekemarenpHo. CTekioria-
CTHKOBAs apMarypa BCE 4alle HaXOJWUT MPUMEHE-
HUE B OCTOHHBIX KOHCTPYKIMSX OJiarojapsi BBICO-
KON YCTOHYHMBOCTH K KOPPO3HH, BBICOKOMY IpeJie-
Ty TPOYHOCTH, YCTOWYHMBOCTH K AIIEKTPHYECKAM
M MAarHATHBIM IIOJISIM, XOpOLIEH YCTalOCTHOM
MPOYHOCTH, JIETKOCTH OOpa0OTKH, HE3HAYUTEb-
HBIM 3aTpaTaM Ha OO0CITy>KuBaHUE, Ooyiee HU3KOH
CTOMMOCTH TPaHCIOPTUPOBKH, MPOCTON pE3Ke u
JIOCTAaTOYHOMY CIIETUICHHIO ¢ OeToHOM [1].

Jns cpaBHEHHS TMPOYHOCTHBIX XapaKTEPHCTUK
0ayloK, apMHUPOBAaHHBIX KOMIIO3UTHOM apMaTy-
poii, ¢ OaTkaMu, apMUPOBAHHBIMH METAJUTMYCCKON
apMarypoi, ObLTH MPOBEACHBI HCIIbITaHus. Pa3py-
menne 0aJoK, apMHUPOBAHHBIX KOMIIO3UTHOW ap-
MaTypod, MPOU3ONLIO M0 HAKIOHHBIM CEYCHUSM
BBHUJy WX TIOBBIINICHHOW Je(OPMATHBHOCTH U
00BIINX MPOTHOOB.
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[MogpoOHble pe3ynbTaThl HUCMBITAHHHA OaJoK,
apMHPOBaHHBIX Kommo3utHoW apmarypoit (BK1),
U UX CpPaBHEHHE C pe3yJbTaTaMHU HCIBITAaHUH Ke-
ne3o0eTonnbIX O0anmok (bXX) ¢ aHajgoruaHbpIM apMu-
pOBaHHMEM METAJUIMYECKOW apMaTypoH NMpHUBEIEHBI
B [2-4]. [na wuckiroueHus paspyumieHuid Oanok
M0 HAKJIOHHBIM CEYCHHAM CO3HaHBI O0pa3Ipl ¢
IpYyTUM BHUJIOM apMHPOBAaHHMS W IPOBEACHBI J0-
MTOJTHUTENIbHBIE NCCIIEIOBAHNSI.

B 2018 r. BBeieH HOPMATUBHBIM JOKYMEHT 110
MPOEKTHPOBAHUIO KOHCTPYKLHUH, apMHPOBAHHBIX
kommo3uTHOH apmatypout CII 295.1325800.2017
«KoHcTpykiun GeTOHHBIE, apMHUPOBAHHBIE IOJIHU-
MEpHON KOMITO3UTHOM apmarypoil. IlpaBuna mpo-
eKTHpOBaHUs» [5]. B OCHOBY HOKyMEHTa 3all0KEeH
MIPUHLMI TPOEKTUPOBAHUS OETOHHBIX KOHCTPYK-
MM, apMUPOBAHHBIX METAUIMYECKON apMaTypoil.
B cBA3u ¢ TeM, 4TO KOMIIO3UTHas apMarypa I0
psAAy TMoKazaTeslel 3HAa4UTEIbHO OTJIMYAeTCs OT
METaJUINYEeCKOH, OBUIM TMPOBEACHBI CPaBHHUTEIIb-
HBIC HCIBITAHHsI OETOHHBIX 0AJIOK, ApMUPOBAHHBIX
METANIMYECKOM M KOMIIO3UTHOM apmaTypami.
Kpome Toro, BBINOIHEHO CpaBHEHHE MOTYYEHHBIX
JAHHBIX B PE3yJIbTaTe UCHBITAHUI C PacUCTHBIMH,
COTJIaCHO HOpPMATHBHOMY JIOKyMEHTy. JlaHHBIE
WCCIIEIOBaHUsI HEOOXOMUMBI JUIs TIOHHUMaHWS pa-
OOTBI KOHCTPYKIHMH W BO3MOXKHOCTH MX IpPUMEHE-
HUS B 00BEKTAaX KalUTaJIbHOTO CTPOUTEIHCTBA.

OcHOBHBIE NOJIOKEHHUS

J1n1st ipoBe/IeHHs OTBITOB M3TOTOBJIEHBI CEMb Oa-
JIOK WJICHTHYHOM JUTMHBI U CEYCHUS C YETHIPHMSI BU-
nmamu apmupoBanus. JimHa o6pasioB 2980 MM, pas-
MEPHBI CEYEHHSI TIPAMOYTOIBHOM hopmbr 250%220 mm.
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banku msrotoBiensl B OOO «3aBox sxene3zobe-
TOHHBIX u3Aenui» (r. MkeBck) u3 Tskenoro 6eTo-
Ha Mapku B20 (daxtudeckn mo pe3yiapTaraM WC-
MBITAHUH KOHTPOIBHBIX O0pa3IioB — OSTOH Map-
ku B25) m apMupoBany KOMIO3UTHOH apMaTy-
poii (ACK) mpomssoacta OO0 «KomAP» (r. Ca-

pamyn). McmbitaHus mpoBOAWMIN B J1a0OpaTOpHH
«MoOCTBI M JpyTrH€ HCKYCCTBEHHBIE COOPYKECHHUS
(«MuIlC») Kazanckoro rocynapcTBEHHOTO ap-
XHTEKTypHO-CTPOUTENBFHOTO yHHBepcureTa. Cxe-
MBI apMUpOBaHHA 0O0pa3loB OETOHHBIX OalloK
MIpEICTaBJICHHI B TA0M. 1.

Tabauya 1

CxeMbl apMUPOBaHUs 00pa310B OETOHHBIX 0AJIOK

Reinforcement scheme for concrete beam specimen

Cxema apmupoBanust 6anku BK (o6pasupsr Ne 1, 2, 3)

4 0
25 aé =)
. [@10ACK L=2950
@10ACK =200
@12ACK L=2950
= war 42
25104 @10ACK L=230
Cxema apmuposanust 6anku bB (o6pasmsr Ne 4, 5)
750 750
4 I 2 5 _4_\ [ @BACK L=230
25 war 90 25
.; » ‘/7 \ \ ) ! ¥
@BACK L=2950
o =/@BACK L=360
3/ & @BACK L=200
A Ay - @BACK L =2950
2510 ] | I X & war 85
2850 - war 90

Cxema apmupoBanust Oanku BA (o6paser; Ne 6)

s, AN IFErY 'S & : @BACK L=2950
DBACK L=360
W 3 S OBACK [=200
3/ 25’" | @BACK L=2950
TS 5SS 777 -
25 =_ - L) - - Cd 4
‘\_ 300 \LO0 |90 2050 {QO\,QO[ 300 \ \ 3
war 90
\2_ \{1— 2 war 270
war 270
Cxema apmupoBanus 0anku BI' (o6paser Ne 7)
750 750
@BACK L=230
S I 1 4 4 9o 25
25 war ; .
3 f SN . . | |L?)6ACI< L=2950
@6ACK L=200 war 90
3 / =] S|PEACK L=360
25" ~N@EACK L=2950
& - - L r rd [ ﬁ =
| 300 loojoo 2050 Igo | 300 | \_ 3 : 't
\2_ war 90 @8ACK L=2950
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O6pazmpr Ne 1, 2, 3 (6anku BK) apmupoBaHbI
CTepXKHAMU: 12 MM — HIDKHSISL TIPOJOJIbHAS apMa-
Typa; 10 MM — BepXHsisl IPOJIOJIbHAS U TIOTIEPEYHAsT
apmarypa. KoadduimmeHt apMupoBaHHS TIPOIOIH-
HOM pacTsaHyTO# apMarypoit py= 1,16 %.

O6paszer Ne 4, 5 (6anku BB) apmupoBaHBI
CTEpXKHSIMU: I8 MM — HIDKHSSI TIPOJIOJIbHAST apMa-
Typa; &8 MM — BepXHssl MPOAOIbHAS U I8 MM —
morepeyHas apmarypa. Koaddwumuent apmu-
pOBaHUS TPOJOJBHOH PpacTAHYTOH apmary-
poii = 0,27 %.

Obpazen Ne 6 (banka BA) apmupoBaH cTepk-
HIMH: J6 MM — HWKHSS NPOJAOJIbHAs apMarypa;
(J6 MM — BepXHss MPOIOJbHASL, J6 MM — IMOIepey-
Has apMmarypa. Koadduument apmupoBanusi mpo-
JIOIIbHOM pacTsaHyToi apMarypoi iy = 0,44 %.

O0paszen Ne 7 (6anka BI') apmupoBan B pacTsHy-
TOM 30HE CTEPXKHAMU: D8 U D6 MM — HIDKHSAS TIPO-
JIONbHAsE apMaTypa; J6 MM — BEepXHsisl IIPOIOJIbHAS,
J6 MM — noniepeuHasi apmarypa. KosdduimeHT ap-
MHUPOBaHHs TPOJNOJIBHOM  PacTIHYyTOW apMmary-
poii i, = 0,29 %.

CoenuHeHne apMaTypHBIX CTepKHEH IpOU3Be-
JICHO TIPU TTOMOIIH BS3AJILHOM MPOBOJIOKH 2 MM
no [OCT 3282-74 [6].

UcnpiTaHust BBIMOTHSUTUCH B COOTBETCTBHH C
tpeboBanusiMu ['OCT 8829-94 [7] mo pacueTHO#
cxeme (puc. 1) ¢ IByMs TOYKaMH HPUIOKEHHS
Harpy3ku P, = P,. Ilpunsitag cxema 4uUCTOTrO H3-
ruba mnpuMeHsieTcs B JIAOOPATOPHBIX YCIIOBHAX
Ul MHOPMATUBHOCTH TIOYYCHHBIX PE3yJIbTaTOB

W OmpeJeNicHHs MaKCHUMAIbHBIX YCHIIHA B PacTs-
HYTOU 30HE U3TH0AEMBIX DJIEMEHTOB [8].

P; P,

L l Py =P, kr
| | i
if, MM
L 925 4L 925 AL g25 v
100 ‘;L 2780 ;L‘ 100

Puc. 1. PacueTHas cxema

Fig. 1. Reinforcement scheme

Kaxxmprit 00pazer] ycTaHaBIHBAIHM HA METAIIIH-
geckyto wractury (250x80x10 MM), ommparonryro-
¢ Ha TuWMHApWYeckrue mapHupsel (d = 40 Mm)
onopHo# dactu. HemonBuxHas omopa >KeCTKO Co-
elIMHEeHa C OCHOBaHHEM CHIIOBOTO mona. Harpys-
Ka Ha o00pasipl NPUKIAJBIBANIACE HAa PACCTOS-
Huu 1/3Ly mmHel pacueTHoro nposieta (2780 mm).

Harpyxenue 0anok OCyIIECTBISUIOCH THAPAB-
nrgeckuMu goMkparamu JII'-50 ¢ xoHTposiem Ha-
rpy3ku guHamomeTpamu JJOCM-3-50Y (5 1) co-
IJIacCHO pacueTHol cxeme. llporuObr 3amepsiin
mranrenpeiicmacom 1IP-250/4 moBbleHHOTO Ka-
YecTBa ¢ JIOIyCKaeMoid morpenHocTeio (+ 0,05) M.
[[IupuHy pacKpbITHS TPEIIWH OIMPENeIsLUTd C TI0-
Moinpio Mukpockomna Elcometer 900 (02,5 mm) ¢
nerHoi penenust 0,02 M.

MakcuManbHO JOMYCTUMBIH TPOTHd [ mis
0aloOK B COOTBETCTBHH C [9] TpHUHAT paB-
HBIM Ly/150 = 18,5 MM.

Pesyneratel ucnerranmii 6amox bK1 mpemcras-
JICHBI B Ta0M. 2.

Tabauya 2
Pesyabratel ncnbiTannii 6anoxk BK1
Test results for beams BK1
Harpyska, kxr [Iporu6 f v mmpuHa pacKpBITHS TPEIIUH ¢, MM
o MomeHT,
wn | P, =P, sp e BK1-1 : BK1-2 BK1-3 Lo [pumeuanue
f a f a f a P

0 0 0 0 0 0 0 0 0 0 0

1 500 1000 660,0 2,00 0,02 1,30 0,02 | 0,80 — 1,37

2 1000 2000 11234 8,50 0,04 7,30 0,04 | 7,70 | 0,04 7,83

3 1500 3000 1586,7 12,80 0,04 11,40 0,10 |14,30| 0,10 | 12,83

4 2000 4000 2050,0 21,00 0,10 18,20 0,20 |20,40| 0,20 | 19,87 f>18,5mm

5 2500 5000 25134 | 27,20 0,25 23,00 0,30 |26,50| 0,30 | 25,57

6 3000 6000 2976,7 33,80 0,50 30,00 0,40 |32,00| 0,35 | 31,93

7 3500 7000 3440,0 | 40,50 0,60 35,30 0,50 |36,60| 0,40 | 37,47 ae, = 0,7 MM

8 4000 8000 3903,4 | 48,00 0,70 46,20 0,60 |53,20| 0,60 | 49,13

9 4500 9000 4366,7 56,50 0,80 52,10 0,90 |60,40| 0,70 | 56,33

10 | 5000 10000 | 5096,7 72,70 1,20 | 57,90 1,00 [67,50°| 1,80 | 66,03 :lfaspymeﬂne 110 CHKATOMY OETOHY.

" — — Paspymienue no cxxatomy
11 5000+ 10000 5096,7 74,0 70 75 6eTOHy Y HAKJIOHHOM TpELIUHE
[pumevanue. 3HaYCHUS IMUPUHBI PACKPBITHS TPEIIWH MPHHATHI IT0 MAKCHMAITLHOM TPEUIHHE.
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ITo pesynapraTam ucnbiTanwii 6amok BK1 mo-
MEHT TPEIIMHOOOPa30BaHUs C IMIUPUHON PaCKPHI-
tus TpemwuH a = 0,025 MM coctaBun 660 Kr-M, 4TO
COOTBeTCTBYeT Harpyske XP = 1,0 1. M3rubarommii
MOMEHT, COOTBETCTBYIOIIUN MPEJENBHO JOMYCTH-
MoMy miporudy f = 18,5 mm, cocraBui 2050 kr-m.
Wsrubaromuii MOMEHT, COOTBETCTBYIOIIHMN pac-
KPBITUIO TPEIIMH [0 TMpPENeiabHO JOIMYCTUMOIO
3HAYEHHUA dq, = 0,7 MM no II rpynne mpeaenbHbIX
coctostaMi, cocTaBui 3903,4 kr-M. Pazpymraromtast
Harpy3ka Ipu TpexTodeuyHoM u3rube XP = 10 T.
[IpenenbHbIii n3rudatonmii MOMeHT 4830 Kr-M.

Pesynbratel ucneitanmii 60anok bB, BA u bI'
MpHUBEIEHBI B Ta0. 3.

Ilo pe3ynprataM HCHOBITAHUH MOMEHT TpPEIIH-
HooOpazosanus (a = 0,025 mm) 6anok BB, BA, BI'
coctaBun 312,5-428,4 Kr-M, 4To COOTBETCTBYET
Harpy3ke 2P = 0,2-0,5 T.

Wsrubaromuii MOMEHT M, COOTBETCTBYIOIIMMA
OpefiebHO JOMYCTHMOMY Tporudy f = 18,5 MM,
COCTaBIJI JUTS OaJOK:

e bB — 1007,6 kr-m;

e BA — 1246,7 kr-M;

ebI'-1016,7 xr-M.

Wsrubaromuii MOMEHT M, COOTBETCTBYIOIIHIA
PACKpBITUIO TPEIIMH A0 NMPEAETBHO AOMYCTUMOTO
3”HaueHust a = 0,7 MM no Il rpynme npenenbHbIX
COCTOSIHUIM, COCTaBHII:

e BB — 968.9 kxr-Mm;

e BA —2005,0 xr-™m;

e BI' — 737,2 Xr-M.

Pazpymaromas Harpyska XP W TnpeneiabHbId
U3rubaromuii MOMEHT M MpH TPEXTOUEYHOM H3THU-
0e 11151 0aJIOK COOTBETCTBEHHO:

«bB-6,0T,2976,7 xr-M;

e BA —9,0T,4366,7 xr-M;

ebBI'-6,0T,2976,7 KrM.

C 12.01.2018 BBeneH B AeHCTBUE CBOA MPABHI
CII 295.1325800.2017 «KoHCTpyKIIMM OETOHHBIE,
apMHPOBaHHbIC TTOJIMMEPHON KOMIIO3UTHON apma-
Typoil. IlpaBmna mpoextupoBanus» [5]. beuia
MpOM3BEICHA CpaBHHUTENbHAs OLIEHKAa COOTBET-
CTBHS JJAHHBIX, OMNPECICHHBIX B PE3yJibTaTe HC-
MBITAaHUN, C JaHHBIMH, TIOJYYEHHBIMH COTJIACHO
pacderam 1o cCBOJy IpaBui [5].

Hcxonuble NaHHBIE, IPUHSTHIC JJISl pACUETOB:

— pa3mepsl ceueHus 6anku 250x220 (k) mm;

— OeToH TshKenbIil B25;

— apMHpPOBaHUE B pacTsaHyToi 30ue ST12ACK,
A;=565,2 mm?;

— TIOTIepeyHas apmarypa
roMm 90 mm, A, = 149,3 mm?;

— apMHUpPOBaHHE B CXKATOW 30HE HE YUHUTHIBACT-
cs cormacHo 1. 5.2.9 [5];

2010ACK ¢ ma-

Tabruya 3
PesyabTatel nensitanuii 6anox bB, BA u BI'
Test results for beams BB, BA and bI
Harpy3ka, kr, 6e3 yuera [Mporu6 f'v mupHHa PpacKPHITHS TPEIIUH ¢, MM
li\l/'i COOCTBEHHOTI'0 Beca Oaliku M(:{l;/{;HT, EB EA EC Tpumeanue
P, =P, P 7 - 7 - 7 -

0 0 0 0 0 0 0 0 0 0

1 500 1000 660,0 5,40 0,4 2,00 0,10 4,40 0,6

2 750 1500 8917 | 1420 | 0,6 7,00 | 020 | 13,50 | 0,9 a> 0,7 MM

3 1000 2000 11234 | 23,70 0,9 14,40 0,25 22,20 1,0 7> 18.5 wu

4 1250 2500 1355,0 | 31,40 1,2 20,60 | 035 | 30,30 1,5 ’

5 1500 3000 1586,7 | 41,10 1.4 27,10 0,40 38,30 1,7

6 1750 3500 1818,4 | 50,40 1,5 3320 | 0,50 | 46,70 2,0 a=0,7 Mm

7 2000 4000 2050,0 | 61,50 1,6 39,30 0,70 55,10 2,3

8 2250 4500 2281,7 | 72,20 2,0 4570 | 080 | 63,60 2,6

9 2500 5000 25134 | 81,90 22 52,50 | 1,20 | 72,80 2.8

10 2750 5500 27450 | 92,90 2,6 59,10 | 1,60 | 82,40 3.1

11 3000 6000 2976,7 | 104,40° | 2,9 6590 | 1,80 | 9042 33 | Paspymenne o

12 3250 6500 32084 73,50 2,0 HOPMaJIBHOMY CCYCHHUIO.
13 3500 7000 3440,0 80,70 2,1

14 3750 7500 3671,7 88,50 2,2

15 4000 8000 39034 97,00 2.4

16 4250 8500 4135,0 105,30 2,5

17 4500 9000 4366,7 123,107 2,6

IIpumeyanne. 3HaueHYs IUPUHBI PACKPBITUS TPEIIMH IPUHATHI 10 MAKCUMAJIBHON TPELIUHE.
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— HOpMaTHBHOE 3HAaYeHHE TpeeNia MPOYHOCTH
apMmatypbl npu pacTsikeHun Ry, = 1200 MIla —
M0 pe3ylbTaTaM WCIBITAHUN apMaTyphl, POU3BO-
aumoit OO0 «KomMAPY;

— pacdeTHOE 3HAYCHHE TMpejaesia MPOYHOCTH
apMaTyphl TIPU PACTSHKEHUH MPH pacdeTe Mo mpe-
JeabHBIM cocTossHuAM | rpynmsr Ry = 800 MIa;

— pacyueTHOE 3Ha4YEHHE COMPOTHUBICHUS IIOTe-
pEUYHOM apMaTypbl pacTSHKEHHIO TIPH pacdeTe o
TIpeAeTTHHBIM cocTOSTHUAM | rpymmsl Ry, = 220 Mlla;

— pacdeTHOE 3HAYCHHWE TMpejaeNia MPOYHOCTH
apMaTyphl TIPU PACTSHKEHUH MPH pacdyeTe Mo mpe-
AenbHbIM cocTosguuaM I rpynmer Ry = 840 Mlla;

— MOJyJIb YIIPYTOCTH apMaTypbl IPU PacTsKe-
aun Ey = 55 I'Tla — mo pe3ynbraTaM HMCIBITAHWN
apmatypsl, mpoussoauMort OO0 «KoMAP»;

— TUII HaTpy3KU — KpaTKOBpeMeHHasl 110 [9].

Hcxonubie 1aHHbIC IS OAIOK:

e bK1:

— TOJILIMHA 3aIIUTHOTO CII0sl a = 26 MM;

— apMHpoBaHue B pacTsaHyToi 30He SJ12ACK,
A;=565,2 mm?;

— mnomepeuyHas apmarypa 2J10ACK ¢ mia-
roMm 90 mm, 4, = 149,3 Mmm?;

¢ bB:

— TOJILIMHA 3aIIUTHOTO CIosl a = 24 MM;

— apMupoBaHHe B pacTsHyToi 30He 3D8ACK,
Ar= 134,25 mm?;

—mnomnepeunas apmarypa 28ACK c¢ ma-
rom 90 mm, 4, = 100,48 Mmm?;

— otorayTtbie crepxHu 6J8ACK c 1rarom 90 Mm,
A= 301,44 mm?;

e bA:

— TOJIIIMHA 3aI[UTHOTO CJI0s d = 38 MM;

— apMupoBaHHUe B pacTsHyTod 30He 8JO6ACK,
Ar=197,0 mm?;

—nonepeunas apmarypa 2J6ACK ¢ 1ma-
roMm 90 Mm, A4, = 56,52 Mm?;

— otoruyThIe crepxkHn 6 J6ACK c mrarom 90 M,
A, = 169,56 Mmm?;

e bI:

— TOJIIIMHA 3aI[UTHOTO CJI0s d = 23 MM;

— apMUpOBaHHE B PACTSIHYTOH 30He 208 +
+ 206ACK, A4,= 138,7 mm?%;

—nonepeunas apmarypa 4J6ACK ¢ ma-
rom 90 mm, A, = 113,04 Mmm?;

—ororuyteie crepkan  1206ACK ¢ mia-
rom 90 mm, 4, = 339,12 mm2.

Pacuer no I rpynmne npegenbHbIX COCTOSIHMI

Pacuem npounocmu no Hopmanvheim ceye-
nusm. TlpenenbHBI M3rHOAIOIMN MOMEHT OIIpe-
nensieM 1o hopmyie [5]

M, = R,bx(h, —0,5x). (1)

160

[Moactamsiem B (1) 3HaUeHUE BBICOTHI CIKATOM
30HBI O€TOHA, BRIYUCIICHHOE TI0 hopmyiie [5]

2
x= \/(O,SHfath) + ufafhgm =0,5u,a,hy. (2)

Hns 6anox bK1 M,;, = 3411 xr-M. [1o gaHHEIM
WCIBITAaHUH, pa3pylicHre OaJoK MPOU3ONLIO0 MPU
momeHnTe 4830 kr-M. [IpeBrimenue pakTHIecKoro
3HAYCHUS HaJ pacueTHHIM B 1,4 paza.

Jnsa 6anox BB M,;, = 1963 xr-m. Ilo maHHBEIM
WCTIIBITAaHUH, paspylieHrne OajioK MPOH30IUI0 TpPH
MomeHTe 2976,7 kr-m. [IpeBbimienne pakTuyecKo-
r'o 3HaYCHHS HaJ| pacueTHHIM B 1,5 pasa.

Hnsa 6anku BA M,;, = 2266 xr-Mm. Ilo gaHHbIM
WCIIBITAaHUH, pa3pylleHne OaiKu MPOHW30LLI0 TPU
MomeHTe 4366,7 kr-m. [IpeBbimienne pakTHIecKo-
r'o 3HAYCHMS HAJl pacueTHHIM B 1,9 pasza.

Hns 6anku BB M,;, = 2263 kr-m. [lo gaHHEIM
WCIBITAHUH, pa3pylieHHe OaJKu TMPOHU30ILIO TPU
MomeHnTe 2976,7 kr-m. [IpeBrimenune GpakTHIecKo-
ro 3HaYCHHS HaJ| pacueTHbIM B 1,3 pasa.

Pacuem npounocmu no HaKkiOHHGLIM CceueHUsM
Ha Oeticmeue nonepeynvix cui. Pacder mpousBo-
nuM corjacHo 1. 8.1.33, 8.1.34 [10] B cooTBeTCT-
BuHM ¢ 1. 6.1.23 [5].

[onepeunas cwia O, BocnpuHUMaeMasl Oayka-
mu bK1, paBHa 12864 kr. Pazpymenne 6aiok mpo-
M30ILIO0 TI0 HAKIOHHBIM CEYCHUSM IPH Harpys-
ke O = 10380 xr. PacueTHOoe 3HaUeHHE OOJBIIEC
¢aktuueckoro B 1,24 pa3a.

Pacuer 6anokx BB, BA, bl Ha Bocmpusitue mo-
MEPEYHBIX CHJI HE MTPOU3BOAMICS, TaK KaK MX pas-
pYIIEHHE MPOU30IILIO TI0 HOPMAIBHBIM CEUSHHISIM.
HaksonHble ceueHus OalloK OBUTH YCHIICHBI OTO-
THYTBIMU cTepxHsIMH [11].

Pacuer no Il rpynmne npenenbHbIX COCTOS HUM

MomMmeHT 06pa3OBaHI/I}I TPCIIUH, HOPMAJIBbHBIX

K HpOHOHBHOﬁ OCH DJJIEMEHTA, OIIPECACIIIEeM 110
dopmyie [5]

Mcrc = Rbt,seerl * Nex‘ (3)

s 6anok BK1 M,,. = 435,5 xr-m. Ilo pe3yinb-
TaTaM HCTBITAHUH, MOMEHT TPEUTHHOOOPA30BaHUS
¢ a = 0,025 mm coctaBun 660 kr-m. IlpeBsiie-
HUe (HaKTUYECKOTO 3HAuCHUs HaJl pPacueTHBIM
B 1,5 pa3za.

s 6anok bB M,,. = 419,5 kr-m. Ilo pe3ynbra-
TaM HCIBITAHUH, MOMEHT TpPEUMHOOOpa30BaHUS
¢ a = 0,025 mm cocraBun 389,0 xr-M. PacuetHoe
3HaueHue OoJblie hakTuueckoro B 1,08 pasa.

Husa 6anku BA M,,. = 419,8 xr-m. [lo pe3yinb-
TaTaM WCTBITAHUHA, MOMEHT TPEUTHHOOOPA30BaAHUS
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¢ a = 0,025 mMm cocraBm 428,4 kr-Mm. IIpessimie-
HUEe (DAaKTUYECKOTO 3HAUCHUS HaJl pPacueTHBIM
B 1,02 paza.

Hns 6amok bBI' M,,. = 420,0 xr-m. Ilo pe3ynbTa-
TaM HWCIBITAHUH, MOMEHT TPEIIMHOOOPa30BaHUS
¢ a = 0,025 mm coctaBun 312,5 xr-M. PacueTHoe
3HavyeHue Oombiue pakruueckoro B 1,34 pasa.

PacueT mo miMpuHe pacKpbITHS TPEIIUH

IupuHy pacKpbITHS TPELIUH OIpEIesieM I0
dopmyae [5]

c
Aerei = PrP2 03V ¢ L I (4)
Ey

CpaBHEHHE pacUeTHBIX JAaHHBIX MO LIUPUHE
PACKpBITUSL TPEIIMH C JaHHBIMH, IOJTYYCHHBIMH
B PE3YJIBTATE UCITBITAHUM, TPUBEIACHO B Ta0II. 4.

IpenenpHas MUPUHA PACKPBITUS TPEIIUH B CO-
OTBeTCTBUU ¢ M. 6.2.6 [5] cocraBnger 0,7 mMm
MPH  HEMPOJOIKUTEIHPHOM PACKPBITHH TPEIIUH
u 0,5 MM — TIpH TPOAODKUTEILHOM. B CBs3m
C 9TUM IIUPUHA PACKPBITHS TPEUIUH, 3HAYUTEITHHO
MIPEBBIIIANONIAS JaHHBIC 3HAYCHHS, HE OIpPEIeIIs-
nach [12—14].

Pacuyer koHCcTpyKIMii Mo mporudéam

[Iporu6 Gaok paccYUTHIBAEM B COOTBETCTBUHU
¢ m. 6.2.20 [5]. KpuBusHy 31eMeHTa ONpeensieM
o popmyiie

)

[Ipu onpenenenuu nMporuOOB 0ANTOK UCIOIH30-
Banach ¢opmyna (4.36) w3 [15] ¢ pampHEHIIUM
MEePecyYeToOM Ha 3arpyKeHHUE B JBYX TOUKAX

f=SP ﬁ , ®)
r max

rae S — k03 HUIUEHT A KaKIOoH CXEMBI 3arpy-

1
xkeHus Oanku; [ — MpOJeT dIIEMEHTa; (— -
r
max

MOJIHASI KPUBU3HA B CEUCHUM C HAUOOJBITUM U3TH-
0aroIMM MOMEHTOM OT HAarpy3Kd, NMpPU KOTOPOH
oTIpeIeseTCs TIPOTHO.

CpaBHEHHE pacUYETHBIX MAHHBIX IO TPOTHOAM
0aJlOK C JaHHBIMU, TOJYYCHHBIMH B pPE3YJIbTATE
WCIIBITAaHUH, IPUBEICHO B Ta0II. 5.

Tabauya 4
CpaBHeHHe PacYeTHBIX JAHHBIX M0 IHPUHE PACKPBITUS TPEUIMH
¢ JaHHBIMH, MOJYYeHHBIMH B Pe3yJIbTaTe HCTILITAHMIA
Comparison of calculated and test data across width of crack opening
663}}{222.'};3:(?601{’;;e}1- [Iupuna pacKpbITHS TPELIHH ¢, MM
No | HOro Beca Oanku | Momenr, 5B BA T BK1
/1 KI-M
P =P, P ITo pac- |Ilo nanuemM | Ilo pac- | 1o nanusim | ITo pac- | ITo nanueiM | ITo pac- | Ilo nanHbIM
qery WCTIBITAHUMA | YeTy |HMCOBITAHWH | YeTy | ACHBITaHWH | YeTy | UCTIBITAaHHH

0 0 0 0 0 0 0 0 0 0 0 0

1 500 1000 660,0 0,62 0,4 0,35 0,10 0,54 0,6 0,14 0,02

2 750 1500 891,7 0,84 0,6 0,47 0,20 0,71 0,9 - -

3 1000 2000 11234 1,05 0,9 0,59 0,25 0,90 1,0 0,23 0,04

4 1250 2500 1355,0 1,2 0,73 0,35 1,5 - -

5 1500 3000 1586,7 1,4 0,84 0,40 1,7 0,33 0,08

6 1750 3500 1818.,4 1,5 0,50 2,0 - -

7 2000 4000 2050,0 1,6 0,70 2,3 0,43 0,18

8 2250 4500 2281,7 2,0 0,80 2,6 - -

9 2500 5000 25134 2,2 1,20 2,8 0,52 0,29

10 2750 5500 2745,0 2,6 1,60 3,1 - -

11 3000 6000 2976,7 2,9 1,80 3,3 0,62 0,42

12 3250 6500 3208,4 2,00 - -

13 3500 7000 3440,0 2,10 0,71 0,50

14 3750 7500 3671,7 2,20 - -

15 4000 8000 3903,4 2,40 0,81 0,64

16 4250 8500 4135,0 2,50

17 4500 9000 4366,7 2,60
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Tabauya 5

CpaBHe}me PacUe€THBIX JaHHBIX 110 npomﬁaM 0aJI0K ¢ JAHHBIMMH, IIOJTYY€HHBIMHU B pe3yJibTarTe HCIBITAHNH

Comparison of calculated and test data according to beam deflection

Pacuer mporuGoB BbIMONHSUICA Ui OaJOK B
COOTBETCTBHH C [9] ¢ y4eTOM MaKCUMAaJILHO JOMY-
CTHMOTO Mporuda f, NpuHATOro paBHbIM 18,5 MM.

BBIBO/I

Ilo pe3ynbTaTam MPOBEIEHHBIX HCCIEAOBAHUN
Ha OIpeleeHne MPOYHOCTHBIX XapaKTEPHUCTHK
0aJIOK ¢ KOMIIO3UTHOM apMaTypOil M UX CpaBHCHHIA
C pacueTHBIMU JAHHBIMH YCTaHOBJIEHO, YTO BEJH-
YHHA TMOIMEPEYHON CUJIbI, BOCIIPUHUMAEMOU ceue-
HUEeM 0Oe3 OTOTHYTBIX CTepXKHeW, OoJblle 3Hade-
HUSI, KOTOpOe OBLJIO MOJyYEeHO B MPOIECCe HCIIbI-
tanuii. M3 »TOro ciemyer, 4ro HeoOXoauMa
KOPPEKTUPOBKA PAaCcUETHHIX (POPMYyST B HOPMATHB-
HOM gokymeHnte. IIpu pacuere no II rpymnme mpe-
JIENBHBIX COCTOSIHWH BBISIBJIEHa HaJ0OHOCTH BHe-
CEHHUs] W3MEHEHWH B TMOPAIOK pacueTa IIMPUHBI
PACKpPBITHS TPEIUH U pacueTa MPOTHOOB IS MPH-
OJIMKCHHST PACUYCTHBIX JAHHBIX K JTaHHBIM, TOJIY-
YEHHBIM B pE3yJIbTaTe UCTIBITAHUM.

162

Harpysia, xr, IIporu6 Ganxu, MM
0e3 yuera
Ne | cobcTBEBEHHOTO | MOMEHT, EB BA Bl EK1
n/n Beca OajKu KT-M
P=P sp IIo pac- | Ilo ;[aHani/[ Ilo pac- | Ilo ;[aHani/[ IIo pac- | Ilo ;[aHani/[ IIo pac- | ITo naHHLn\f
YeTy | UCTIBITAHMH | 4YeTy | UCTBITAaHUM | ueTy | HCHbITaHWil | 4YeTy | UCHBITaHMi
0 0 0 0 0 0 0 0 0 0 0 0
1 500 1000 660,0 2,61 5,44 2,59 2,00 2,59 4,40 2,53 1,35
2 750 1500 891,7 3,50 14,20 3,50 7,00 3,50 13,50 - -
3 1000 2000 11234 4,41 23,70 4,40 14,40 4,40 22,20 4,30 2,77
4 1250 2500 1355,0 5,32 31,40 5,32 20,60 5,29 30,30 - -
5 1500 3000 1586,7 6,07 4,73
6 1750 3500 1818,4 - -
7 2000 4000 2050,0 7,85 6,53
8 2250 4500 2281,7 - -
9 2500 5000 25134 9,62 8,97
10 | 2750 5500 2745,0 - -
11 | 3000 6000 2976,7 11,40 11,43
12 | 3250 6500 3208,4 - -
13 | 3500 7000 3440,0 13,17 12,70
14 | 3750 7500 3671,7 - -
15 | 4000 8000 3903,4 14,95 14,77
16 | 4250 8500 4135,0 - -
17 | 4500 9000 4366,7 16,72 17,30
18 | 5000 10000 | 4830,0 20,18 20,77
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Analysis of Implementation Effectiveness of Two Working Fluids Characterized
by Different Viscoelastic Characteristics at Hydrodynamic Impact
on the Borehole Bottom Zone
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Abstract. Combination of hydrodynamic impact on the formation with acid treatment may be seen as a promising direction
in the field of well development and repair in complex geological conditions. With multiple repetition of hydraulic shocks
in conjunction with the injection of acid solution, the depth and opening of cracks gradually increases, which contributes to a
deeper penetration of the acid solution into the reservoir. The article presents analytical studies, which are aimed at
determining the effectiveness of applying the technology of hydrodynamic impact on the bottomhole zone of an oil reservoir
when using two fluids with different viscoelastic characteristics as a working fluid. They are devoted to determining the
pressure drop at the borehole bottom depending on the initial applied pressure at the wellhead, the velocity of the shock wave,
the viscosity of the working and well fluid, and their quantity. These studies were based on the well-known models
of Thomson — Tat and Maxwell, considering viscous liquid flow. The dependence obtained proves that with an increase in the
pressure pulse generated at the wellhead, the development of pressure pulses at the borehole bottom is a power-law
dependence, and with significant volumes of fluid in contact with the bottomhole formation zone, the pressure drop generated
at the borehole bottom does not depend only on pressure pulses generated at the wellhead, but also on the dynamic viscosity
of this fluid. Conducted studies have shown the effectiveness of hydrodynamic impact technology application when using two
liquids with different viscoelastic characteristics and obtaining a synergistic effect during the development and repair of wells
in low-permeable reservoirs. Analytical studies were based on data from previously conducted experimental industrial tests
on the operating injection well.

Keywords: pressure pulse, intensification of well simulation, formation fracturing, fracture network, Thompson — Tat model,
Maxwell model, dependence of pressure overbalance, visco-elastic characteristics of liquid
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H PaCKpPBITOCTh TPEIIMH, YTO CIIOCOOCTBYET OoJiee IyOOKOMY MPOHUKHOBCHHUIO KHCIOTHOTO PacTBOpa B ILIACT. B crarbe
MPOBOJTCSl AHAIUTUYECKUE HCCIICOBAHUs, HANPaBICHHbIC Ha yCTaHOBJICHHE S(P(PEKTHBHOCTU MPUMEHEHHs TEXHOJIOTHU
THIPOANHAMUYECKOTO BO3AEHCTBUS Ha MpPHU3a0OiHYI0 30HY HE(TSHOrO IUIACTa MpPU HCIOIB30BAHUM B KadecTBE paboueit
JKUJIKOCTH JBYX JKUAKOCTEH C pa3IMYHBIMU BS3KOYNPYTUMH Xapakrepuctukamu. OIpeleneH mepernaj JaBieHus Ha 3aboe
CKBQ)KHHBI, 3aBHCAIINN OT HAYAJIBHOTO MPUKJIAIBIBAEMOTO JaBJICHUS Ha YCThE, CKOPOCTH YAApPHOU BOJIHBI, BI3KOCTH padoucit
U CKB2)KHHHOM YKUAKOCTEH U MX KojudecTBa. McciaenoBanus 6a3upoBaauCh Ha U3BECTHBIX MOJCISIX TEUCHUS BS3KOU XKUIKO-
ctu Tomcona — Tara u Makcsesa. IlonydeHHas 3aBUCUMOCTb JOKa3bIBaeT, YTO NPH YBEIMUYEHUM HMIYJIbCA JABJICHUS,
CT€HEpHPOBAHHOTO HA YCThE CKBKUHBI, PA3BUTHE UMITYJIHCOB ABICHUS HA 3200€ MPOUCXOJNT 10 CTEIICHHOW 3aBUCHMOCTH
NPH 3HAYUTEIbHBIX 00bEMax JKHIKOCTH, KOHTAaKTHpPYIOLIeH ¢ mpru3aboiiHOil 30HO#l miacTa; nepemnaj AaBlICHUs, CO3IaBaeMbIid
Ha 33606 CKBAXXHHbI, 3aBUCUT HEC TOJIBKO OT PIM]'[yJ'IbCOB JaBJICHUA, reHepnpyeMux Ha yCTbe CKBAXXHHbI, HO H OT
JTMHAMHYECKOH BSI3KOCTH 3TOW )HUAKOCTH. [IpoBeIeHHBIE CcCIeJ0BAaHHS JJOKA3hIBAIOT 3P PEKTUBHOCTD MPUMEHEHHS TEXHOJIO-
THH THIPOJNHAMHUYECKOTO BO3/ICHCTBHUS IPHU HCIOIH30BAHUU JBYX JKHUIKOCTEH C Pa3IMYHBIMHU BS3KOYINPYTHMHU XapaKTEpH-
CTHKaMHU U nonyqemde CHHCpFCTH'—[CCKOFO 3(b(1)e1<Ta l'lpl/l OCBOCHHHU U peMOHTe CKBa’>XHH B HI/ISKOHpOHI/lLlaeM])IX KOHJ’ICKTOan.
AHaJ'[I/ITPI'-leCKI/Ie HUCCIea0BaHUsA 6a3np013annc5 Ha JaHHBIX paﬂee HpOBeﬂeHHOFO OHbITHO—HpOMbIUjJ’[eHHOFO HUCIIbITAHUA Ha
JIeficTBYIOLIe HarHEeTaTeIbHONW CKBaXKHHE.

KiroueBbie cj10Ba: UMITYJIbC 1aBICHUS, MHTEHCU(UKALMSA IPUTOKA, THAPOPA3PhIB [UIACTA, CETh TPELMH, MOJeIb ToOMCOHa —
TaTa, Mogens MakcBenia, 3aBUCHMOCTb NEpPENa/ia JaBIeHHs, BA3KOYIPYTUe XapaKTePUCTUKH KUAKOCTH

Joas nutupoBanus: Kynaseix, K. C. Ananu3 3¢ (QeKkTHBHOCTH NMPUMEHEHUS IBYX pabodnX >KHIKOCTEH ¢ pa3IHIHBIMH BSI3-
KOYNPYTUMH XapaKTEPUCTHKAMH MPH TMAPOAMHAMHYECKOM BO3JeHCTBHM Ha mpu3aboiinyro 3oHy miacta / K. C. Kynassix,
A. C. Kynassix, B. A. Mopenos // Hayxa u mexnuxa. 2019. T. 18, Ne 2. C. 164-170. https://doi.org/10.21122/2227-1031-

2019-18-2-164-170

Introduction

Nowadays, many of the world’s oil and gas
fields are in the process of falling production or are
classified as deposits with hard-to-recover reserves
or with complex structured reservoirs. With the
commissioning of new fields, at present it is im-
possible to ensure a stable increase in recoverable
reserves and to compensate for the current decline
in hydrocarbon production at the exploited fields.
The newly developed deposits are usually repre-
sented by low permeability, highly inhomogeneous
and low-productive reservoirs, hydrocarbon re-
serves of which are classified as hard-to-reco-
ver [1]. Currently the main volume of production
falls on the fields commissioned in the XX centu-
ry, where an intensive extraction of fluid was ob-
served, leading to a violation of optimal operating
conditions, high water content of the production
and significant contamination of the bottomhole
zones of producing and injection wells. This forces
specialists in the oil and gas industry to develop
new energy efficient [2—4] and highly profitable
technologies capable of ensuring stable mainte-
nance and growth of hydrocarbon production in
complex geo-logical conditions [5, 6].

Complications at the development of hydrocar-
bon fields are related to the operation of producing
and injection wells:

— the difficulty or inability to develop wells af-
ter drilling or repair, due to the complex physico-
geological characteristics of the deposits, such as

Hayka
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low permeability and high heterogeneity of reser-
voirs, as well as their large depths;

— a significant drop, and sometimes a complete
cessation of fluid extraction from production wells
or water injection into injection wells, caused by
accumulation of polluting particles in the process
of operation at the main filtration fields, which im-
pair the filtration characteristics of bottomhole well
zones;

— high water content in the produced well fluid,
often caused only by the break-through of water in
a high permeable interval, which leads to unprofi-
table operation of the wells and, as a consequence,
to the shutdown of the operating wells [5].

Because of the mentioned above reasons,
in most all oil-producing regions, and especially
in Russia, a large number of wells are in an inac-
tive fund. The restoration cost of inactive and
emergency wells is several times less than the capi-
tal expenditures for the drilling of new wells. Con-
sidering the equivalent production, putting idle
non-profit wells into operation can have a signifi-
cant impact on the efficiency of the oil industry
performance.

Main part

The main object of influence for the most
known methods of well treatment is the bottom-
hole zone [7-9], therefore, measures aimed at
its purification and restoration of natural permea-
bility, contribute not only to the growth of current
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production, but also increase oil recovery [10].
This technology is the most preferable, which can
have a noticeable effect on the improvement of
filtration and reservoir properties, without creating
new heterogeneities, such as, for example, at hy-
draulic fracturing, which can lead both to the in-
tensification of fluid inflow into the well and to the
breakthrough of water [5].

Among the variety of currently used methods,
which can improve the reservoir properties of the
bottomhole zone, hydrodynamic methods are
among most efficient [11, 12]. They are distin-
guished by the relative simplicity of technological
operations, the availability and presence at the
markets of the equipment used, low costs of mate-
rial, labor and energy resources, and are able to act
as operational methods for intensifying the work of
producing and injection wells.

The most effective way is to create pressure
drops that exceed the fracture pressure, although
practice shows that it is not necessary to cause the
hydraulic fracturing, because with a regular hy-
draulic impulse action, a system of existing cracks
develops due to systematic deformation of the
wellbore zone of the formation and new ones are
formed. Pressure pulses at the bottom of the well
must be sufficient to periodically expand the
cracks.

With a qualitative creation of the impulse from
the wellhead, its leading edge acts on the crack
walls like a wedge moving with a high speed [13].
The energy of the impact pulse generated from the
wellhead is expended on deformation of cracks and
repackaging the grains of the rock of the formation
rock. If the pressure generated at the bottom ex-
ceeds the formation pressure, then crack ope-
ning, deformation and development are carried out.
If the pressure of the pumped liquid is reduced
to the level of the formation pressure, the process
of crack opening is stopped [14].

After the maximum expansion of the cracks,
the pressure of the liquid in the formation is re-
duced to the formation layer and gradual closure of
the cracks due to extrusion of liquid from them.
The grains of the formation's matrix, which under
the action of the pressure pulse were displaced or
deformed, completely overlap with the grains on
the opposite side of the crack. In certain zones of
cracks where, under the influence of the hydraulic
pressure pulse, the grains of the formation's matrix
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are reoriented, the fracture walls do not close com-
pletely, leaving interconnected fine pores compa-
rable in size with the cavities between the grains of
the bedrock. The presence of such spacings in-
creases the permeability of the reservoir rock [15].
The proposed method of influencing pressure im-
pulses is similar in its effect to the implosion tech-
nology, with the difference that in this case the
impacts can be alternated an unlimited number
of times with a period of 3-10 s. The creation
of repeated impulses increases the crack opening,
their range and branching. Thus, the application
of the hydrodynamic effect technology creates
a developed network of cracks in the bottom-
hole zone of the productive reservoir, the presen-
ce of which increases the permeability [16—18].
This does not require the introduction of proppant,
because due to reorientation of the grains of the
formation rock, incomplete adjacency of the cracks
occurs.

The pressure pulse generator placed at the
wellhead must meet the technical requirements for
the rate of buildup and the duration of pressure
maintenance of the borehole fluid. Under these
conditions, maximum deformation and develop-
ment of the fractures occur.

To confirm the efficiency of the described
technology, in June 2016 a test was conducted at
the acting injection well No 1157 of the Tuy-
mazinskoye field to increase the injectivity of the
formation. To assess the parameters and condition
of the bottomhole zone before and after the hydro-
dynamic effect, hydroimpulse studies of the well
were carried out by Bashneft-Petrotest LLC.

In April 2016, based on the results of the studies
following parameters were obtained: bottomhole
pressure 17.2 MPa, formation pressure 15.5 MPa,
specific-injectivity index 0.05 m*/(day-MPa) (tab. 1).
In July 2016 after the well was put into operation
hydrodynamic studies were carried out, conside-
ring the results of the interpretation the following
parameters were obtained: growth of injectivity up
to 75 m’/day (three times as compared to previous
studies), an increase in the specific-injectivity
index up to 0.27 m’/(day-MPa) (five times over
previous studies).

Thus, the results of pilot-industrial tests indi-
cate the efficiency of the proposed technology
of hydrodynamic impact on the bottomhole zone
of the productive formation. The efficiency of the
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effect is confirmed by the conduct of hydrodynam-
ic studies before and after the treatment [19].

Table 1
The summary of the hydrodynamic studies interpretation
Date ;yglz Qinj> Pbtm’ Pf'rm’ Kinj’ Skin
of the study| study m’/day | MPa | MPa |m’/(day-MPa)
08.05.2013| PDC| 69 |17.7]17.0 0.18 —4.5
30.06.2014| PDC | 33 17.2 | 14.9 0.14 -5.1
25.04.2016| PDC | 24 |[17.2|155 0.05 +0.29
11.07.2016| PDC | 75 |17.7|15.0 0.27 -5.0

Carrying out described above technology implies
the possibility of using two liquids with different vis-
coelastic characteristics. It can be an agent fluid (acid
composition, surfactant or polymer solutions) in the
lower part of the wellbore and working fluid (tech-
nical or formation water) in the upper part (fig. 1).
In this case the working fluid perceives the gene-
rated pressure pulses at the wellhead, then passes
them to the agent fluid, through which they are
further transferred to the bottomhole. In this re-
gard, the study of the relationship between the de-
velopment of pressure pulses at the bottomhole
from the ratio of the volumes of agent fluid and
working fluid in the well and their dynamic visco-
sity are of considerable interest.

Fig. 1. Schematic diagram
of the hydrodynamic impact
technology with the use
of two liquids with different
viscoelastic characteristics:
1 — wellhead armature;

2 — buffer valve; 3 — generated
pressure pulses; 4 — contact
point of liquids with different
viscoelastic characteristics;
5 — packer; 6 — productive
reservoir; L — the initial depth
of the well from the wellhead
to the bottomhole;

[ — the height occupied
by the agent fluid, calculated
in meters from the bottomhole
of the well to the point
of contact with the working
fluid

Accordingly, the amount of working fluid in
the well is defined as L—1. These fluids have differ-
rent viscoelastic characteristics (1, — dynamic vis-
cosity of the agent fluid and 1, — dynamic viscosity

P Hayka
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of the working fluid) and can be in the well in dif-
ferent proportions.

The viscous fluid model can be represented
in the form of the Thomson—Tat model or the
Maxwell model [20, 21].

1. Thomson — Tat model

do
T=1,+1,=Go+n e (N
where T — deformation; G — Poisson ratio; | — co-
efficient of dynamic viscosity; o — shear stress.
2. In the Maxwell model, the deformation of

elasticity is considered as the sum of the shear
stresses

. do (daj (docj 1 dt =
a=—-=|— |+ —| =——+—. (2
dt dt ), adt ), G dt nm

In considered case, it is important to determine
the conditions for the development of the pressure
pulse at the bottom of the well, taking into account
the velocity of the shock wave from the mouth and
its connection with the viscoelastic properties of
the medium.

Let us consider the possibility of breaking the
continuity of a viscous fluid

d( du
a(ﬂ;] =0, (3)

where x — coordinate along the length of the well.
The fluid viscosity along the depth of the well
may differ:

x<lym=m; n >>ny,;

x>l m=mn,.

Let us determine the relationship between the

velocity of the fluid and its viscosity:

d_uzﬂ; x=0; u=u,,

dx m
where C; — coefficient of pressure change along
the depth of the well, Pa.

The velocity of the fluid is determined by the
initial velocity set at the wellhead and is the func-
tion of viscosity, taking into account the depth of
the well

T dx

u=uy+C|——.
o N(x)

4)
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The motion of the borehole fluid relative to the
instantaneous position of the shock wave is deter-
mined as follows:

Cx )
u=uy,+—, x<I;

Ui
u=u0+c—ll+m, x>1. &)
uh P
When the bottomhole is reached:
x=L; u=0;
“0 + C_Il + M = 0
n LP)
From here
Uy
Cl L L —l (6)
m P

Substituting equation (6) into (5), the velocity
of fluid in the well is found as

D uyl  (x=Duy,

[ L-1 A
| —+ — N,
L VI P M M
The pressure pulse created at the bottom of the

well, according to Zhukovsky's formula, is deter-
mined by the change in the velocity of the fluid

(7

®)

where p — density of the liquid; ¢ — velocity of the
shock wave.
The change in the velocity of the fluid when
the shock wave reaches the bottom of the well
220

Ap =pcAu,

(L—1Nu,

Au=——7—"—"——, 9
I L-1 ©)
M| —+

M M
where u,, = 2—P
p
Then equation (8) takes the form [12]
L-10- 2P
AP=pc—F——™mmm—. 10
p L (10)
No| —+———
o M

For the technical calculation according to the
formula (10) we accept the following assumptions,
which are at most correspond to the test conditions:
L — depth of the well, 1600 m; / — height of the
agent fluid column from the wellhead, from 1 to
800 m; n; — dynamic viscosity of the agent fluid
from 1.5 to 10.0 MPa-s; 1, — dynamic viscosity of
the working fluid 1.0 MPa:s; P — generated pulse
pressure at the wellhead, from 1 to 20 MPa; p —
density of the borehole fluid, assumed equal to
1050 kg/m’ (since there are two liquids in the well
with densities that differ little from the density of
the technical (formation) water); ¢ — for referent
conditions equal to the velocity of sound in water
1000 m/s (for pipeline systems). Results are shown
in fig. 2.

As seen in the fig. 2, with the increase in the
pressure pulse P generated at the wellhead, the de-
velopment of the pressure pulses at the bottomhole
AP occurs in a power-law manner. For a more de-
tailed analysis, we will expand it into components
depending on the ratio of the filling of the well
with the agent fluid (fig. 3):

AP, MPa-
180
160

+ 1.5MPass,/=1m
= 4 3MPas,/=1m
=+ 10MPas,/=1m

— . 1.5MPas,/=80m

140
120
100

80

+« 3MPas,[=80m
_«—— = 10 MPas, /=80 m
-~ 1.5 MPa-s, /=400 m
— 3 MPa-s, /=400 m

60
40
20

10 MPa-s, /=400 m
+ 1.5MPa-s, /=800 m
+ 3 MPa-s, /=800 m

0 2 4 6 8 10 12

14

10 MPa-s, /=800 m
16 P,MPa 20

Fig. 2. The analytical dependence of the pressure pulses development at the bottom from the generated pulse at the wellhead,
the height of the column and the viscosity of the agent fluid
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AP, MPa-
180
160
140
120
100

0 2 4 6 8
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220
AP, MPa-
160

120
80

40 yd

2 4 6 8

—--1.5MPa-s, /=80 m « 3 MPas, /=80 m

220
AP, MPa-
160

120
80
40

2 4 6 8

12 14 16 P,MPa 20
10 MPa's,/=1m

12 14 16 P,MPa 20
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12 14 16 P,MPa 20
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200

AP, MPa-
160

140

120

100

80

60

40

20

2 4 6 8

12 14 16 P,MPa 20

-~ 1.5 MPa-s, /=800 m -3 MPas,/=800m —= 10 MPa-s, /=800 m

Fig. 3. Dependences of the change in the effecting impulse on the ratio of the fluids' volumes in the well:
a — calculations at a fluid height of 1 m; b — calculations with a height of 80 m; ¢ — calculations at a fluid height of 400 m;
d — calculations with a height of 800 m

Analyzing the graphs in the fig. 3, it can be
concluded that at low altitudes agent fluid pressure
drop created at the borehole bottom is virtually
independent of changes in the dynamic viscosity of
the agent fluid, and depends only on pressure pul-

P Hayka
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ses P, generated at the wellhead. With further in-
crease in height of agent fluid column and decrease
of working fluid column height, differences of
their dynamic viscosities have an increasing nega-
tive effect on pressure's pulse amplitude generated
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on the bottom AP at the same pressure pulses P
generated at the wellhead. At a ratio of the heights
of the agent fluid and the working fluid of 1:1 and
the relatively small difference in their dynamic
viscosities, the efficiency of forming the pressure
pulses at the bottom of the well is almost halved.
To maintain the maximum pressure pulse produced
at the bottom AP, when using a large amount of
agent fluid, it is necessary to increase its dynamic
viscosity relative to the working fluid by several
times.

CONCLUSION

The conducted analytical studies prove the effi-
ciency of applying the hydrodynamic technology
with the use of various liquids with different vis-
coelastic characteristics and obtaining a synerge-
tic effect in the development, repair and operation
of wells in complex geological conditions.
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Pedepar. B cratse 1i1s nccneqoBaHus KOMIIO3UIIMOHHOTO MaTepuaa, MOX0XKero Mo CTPOSHHUIO Ha ac(anbToOeTOH, pacCMOT-
peHa MaTeMaTH4YecKast MOJIeNb, KOTOpast IBHO YYHUTHIBACT HAJMYHME TBEP/BIX YaCTHI[ PAa3HBIX pa3MEPOB U MATKOTO M INTACTHI-
HOTO CBS3YIOIIEro. MeTOoI0M IMCKPETHBIX JIEMEHTOB B JBYMEPHON MOCTaHOBKE UCCIIEOBAHO paspyleHHe ac(anbToOeToH-
HBIX 00pas3IloB MPHU OJHOOCHOM CXKaTHH, PACTSDKEHHH INPU Packose M CKAaTHUM 1o MeToxy Mapmamma. YuciaenHas Mozens
YUYHUTBIBAET HAJIMYHE KPYIMHBIX YACTHI] MEOHs, achatbTOBON MACTHKH, 3alOJIHSIONEH MOPHI B IeOHe, U JINIKOH (CIIocoOHOM
BOCCTaHABJIMBATRCA TIOCIE Pa3phiBa) CBSI3M MEXIY YacTHUI[aMH IeOHs. CHIoBoe B3aMMOAEHCTBHE MEXKAY Pa3NUUHBIMU KOM-
TIOHEHTaMH ac(arbTOOETOHA OIMCAHO C MTOMOIIBIO YIIPYTOro OTTAIKUBAHMS MEXKIY YacTHI[AMH IIeOHs, CHIIBI TPEHHS U CHJIBI,
OTBeHaromleil 3a NpHINIaHue YacTHUIl, BBUAY HAIMYHS BSDKYIIEro. JTa MOJENb JaeT NMPaBIIbHYIO, COBIAJAIONIYIO C peajb-
HBIM 3KCTIEPUMEHTOM KapTUHY Pa3pyLIeHHs s OAHOOCHOTO CXAaTHs, PACTSHKEHHS NPU PAcKoJIe U CKaTus Mo MeTtogy Map-
mamta. ViMeHHO TpaBrIiIbHAsI KapTHUHA pa3pyIICHUs IS TPEX Pa3IMYHBIX CXEM HarpyXXeHHs MaTepualia II03BOJISIeT OIEHUTh
aJIEKBaTHOCTb HCIIOJIb30BAHHON MaTEeMaTHYECKOi MOZENH. Y CTaHOBJICHBI OCHOBHbIE (PM3UKO-MEXaHUUECKHE XapaKTePUCTHKU
BSDKYILIET0, KOTOPBIE ONPEENSIOT IIPOYHOCTD U AeopMaTHBHOCTH achanbrodeToHa. [Ioka3aHo, 4To Ul aAeKBaTHOTO OITHCa-
HUSI PU3NKO-MEXaHNIECKUX XapaKTepHCTHK achanbToO0eToHa HeoOX0JUMO U3ydaTh M U3MEPSTh CBOMCTBA achabTOBSIKYyIIe-
TO — cMecH OMTyMa M MENKOIHCIEPCHOTO MUHEPATbHOTO HAMOIHHUTENS, ONPEICIAIOIIETO MapaMeTPhl B3aUMOASHCTBUS MEX-
Iy 4acTuiamu meOHs. Ha oCHOBaHMY BBIIOJTHEHHBIX aBTOPAMH YUCIEHHBIX SKCIEPUMEHTOB MOXKHO IIPE/UIOKHTH HOBBIE JIa-
OopaTopHbIE METOABI HUCIBITAHMHA CMECH KaMEHHBIX MaTepUalioB M OPraHMYECKHX CBS3YIOIINX, KOTOpBIE HaMHOTro Oolee
HpPOCTHI U, CIEN0BATENbHO, ACIIEBHI, YeM CTaHAApTHbIE HMCHBITaHUS achamprodeToHa. Kpome Toro, 3TH HcHbITaHUS OymyT
TOYHEe NPeJICKa3bIBaTh I0BEIeHHE ac(haabToOETOHA B PEUTBHBIX YCIOBHSIX.

KitoueBble c10Ba: METOJ| MCKPETHBIX AJIEMEHTOB, acaibTo0eToH, acdalbTOBIKYIee, pa3pylIeHHIE, IPOYHOCTh, Aedop-
MAaTHBHOCTb, OJHOOCHOE CXKaThe, PACTSHKEHHE MPH PAcKoJIe, CKaTHe o MeToay Mapuianna

Jns uuTupoBaHus: AnekceeHko, B. B. MonenupoBanue acgaabrobeToHa METOIOM IMCKPETHBIX 31eMeHToB / B. B. Aunek-
ceenko, K. 10. Babumesuu, E. B. Bepxoryposa / Hayxa u mexuuxa. 2019. T. 18, Ne 2. C. 171-180. https://doi.org/10.21122/
2227-1031-2019-18-2-171-180

Modeling of Asphalt Concrete While Using Discrete Element Method
V. V. Alekseenko”, K. Yu. Vabishchevich”, E. V. Verkhoturova”

DIrkutsk National Research Technical University (Irkutsk, Russian Federation)

Abstract. The paper considers a mathematical model which is used to study a composite material similar in structure to as-
phalt concrete and it takes into account presence of solid particles of different sizes and a soft and plastic binder. The two-
dimensional method of discrete elements has been applied to investigate destruction of asphalt-concrete samples under uniaxi-
al compression, tension during splitting and compression by the Marshall method. The numerical model takes into account
presence of large particles of rubble, asphalt mastic filling rubble pores and sticky (capable of recovering after rupture) com-
munication between rubble particles. The force interaction between various components of the asphalt concrete has been de-
scribed with the help of elastic repulsion between rubble particles, friction force and force responsible for sticking of particles
due to presence of a binder. This model gives a correct fracture pattern for uniaxial compression, stretching during splitting
and compression according to the Marshall method and this pattern coincides with the real experiment. It is the correct picture
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of destruction for three different schemes of material loading which makes it possible to assess the adequacy of the mathema-
tical model which has been used. Basic physico mechanical characteristics of the binder which determine strength and de-
formability of asphalt concrete have been established in the paper. It has been shown that for an adequate description
of physico mechanical characteristics for asphalt concrete it is necessary to study and measure properties of an asphalt bin-
der that is a mixture of bitumen and fine mineral filler which determines parameters of interaction between rubble particles.
The numerical experiments serve as a basis and make it possible to propose new laboratory methods for testing a mixture
of stone materials and organic binders which are much simpler and, therefore, cheaper than standard tests on asphalt concrete.
In addition these tests will more accurately predict behavior of asphalt concrete in real conditions.

Keywords: discrete element method, asphalt concrete, asphalt binder, fragmentation, strength, deformability, uniaxial com-

pression, indirect tensile test, Marshall compression

For citation: Alekseenko V. V., Vabishchevich K. Yu, Verkhoturova E. V. (2019) Modeling of Asphalt Concrete While
Using Discrete Element Method. Science and Technique. 18 (2), 171-180. https://doi.org/10.21122/2227-1031-2019-18-

2-171-180 (in Russian)
Bgenenue

AchanbTo0CTOH — OMH W3 CaMBIX PacIpOCT-
PaHEHHBIX KOMITO3MIIMOHHBIX CTPOHUTEIBHBIX Ma-
TEpUAJIOB, U TEM HE MEHEE TEOPETHYECKHE OCHO-
BbI, ONKCHIBAIOININE €r0 TOBEJCHHUE, elle IalICKH
oT 3aBepmieHus. CBS3aHO 3TO C T€M, YTO OH CO-
CTOHMT M3 CHJIBHO DPA3IMYAIOIIUXCS MO CBOMCTBAM
U pa3MepaM KOMITOHEHTOB: TBEpJbI IIeOCHb H
IUIACTUYHBIH OUTYM, KaMHH Pa3MepOM B JICCSTKH
MHIJUTUMETPOB M MHHEPAJIbHBIA MOPOIIOK pa3Me-
POM B JECATKH MHUKpPOH. B Takoil cuTyanmu Kom-
NBIOTEPHOE MOJICIIMPOBAHHE SIBIISIETCS MpPaKTHYe-
CKH E€IMHCTBEHHBIM HHCTPYMEHTOM, C ITOMOIIBIO
KOTOPOTO BO3MOXHO M3Y4€HHE MOBEICHUS JaHHO-
ro MaTepHuaja BO BceM ero MHoroobpasuu. Hanbo-
Jiee TEePCIEeKTUBHBIA CIIOCO0, TTO3BOISIONINN H3Y-
4aTh W MPOTHO3UPOBATH pa3UyYHbIE (HUHKO-
MEXaHMUYECKHE XapakTepUCTUKH acdanbTodeTo-
Ha, — METOJ] IUCKPETHBIX 3nemenToB (MID) [1-5].
B nocnieaHue oAbl OH MOMYYHI IIIMPOKOE PaCcIpo-
CTpaHEHHUE TIPU PEIICHUH 3a]1a4 MEXaHUKH TOPHBIX
HOpPOJI, CHIMYyYHX Cpe/d, TPYHTOB, KOMIIO3HIIHOH-
HbIX MaTepuayioB [6—13].

Ilenp wccneaoBaHuii aBTOPOB — OOOCHOBaHME
NPUMEHUMOCTH JByMepHoro MJID, paspabotaH-
HOro B [6, 7], mnsa omucanus (QU3HKO-MeXa-
HUYECKUX XAPAKTEPUCTUK TaKOTrO IUIACTHYHOTO
Marepuaia, kak achanprobeToH. OYeBUAHO, YTO
K (DU3MYECKOMY OKCIICPUMEHTY OoJjiee mNpuOIn-
JKEHa ero YHUCICHHAs TpEeXMEpHas MOJIENb.
Kpome Toro, HEKOTOpbIe MEXaHU3MbI pa3pyIICHUS
MOTYT NPUHLIHUIHAAIGHO OTJIHYAThCS TPH  JIBY-
U TpeXMepHOM MojenupoBannd. OgHAKO OOIbIIas
YacTh COBPEMEHHBIX pabOT MO YHCICHHOMY WC-
CJICIOBAaHHIO CBOMCTB ac(aibTOOSTOHA BhIMIOJIHCHA
B paMKax AByMepHoH Mojenu. CBsi3aHO 3TO € TeM,
YTO TPU TPEXMEPHOM MOJCIUPOBAHUU W3-32
0onpIIoro 0OBEMa BBIYHCICHHNA HCCIEIOBATENN
BBIHY)K/JICHBI JIeJIaTh YIPOUIAIOIINE MPEINOI0NKe-
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HUSI, a Pe3yJIbTaThl 3TUX YHPOLICHUH Yalle BCEro
HaXOJATCS HA CTaAWW MpoBepkH. Ilpu nBymMepHOM
MOJICJIMPOBAaHUM BpEMsI CU€Ta COKpaIlaeTcsi Kak
MUHMMYM Ha JiBa nopsiaka. OrpaHuyeHHEM IBY-
MEpPHOTO MOAEIUPOBAHUS SIBIAETCS TO, YTO MOXK-
HO pemiaTh TOJBKO T€ 3aJaud, OTBETHl Ha KOTO-
pele OyoyT MMEThb 3HaueHHE W AJSl TPEXMEPHBIX
MOJEIEH.

B mporuecce nccrnenoBaHuil pelIeHbl CIenylo-
LIME OCHOBHBIC 33/1a4H:

a) CpaBHCHME MEXaHU3Ma pa3pylICHUs peab-
HBIX U MOZEJIBHBIX 00pa3ioB achaibTo0eTOHA,;

0) olleHKa BIUSHUS MOIYJISl YIPYTOCTH YacTHUI]
1IeOHsT Ha MPOYHOCTH ac(abTOOETOHA;

B) OIpeJielieHHEe B3aUMOCBS3N MEX/Ty MapameT-
pamMM MHAMBUAYAJIBHOIO B3aWMOJCHCTBUS MEXKAY
YacTUIIaMH IIeOHSA U (PU3NKO-MEXaHUIECKUMH Xa-
pakTepucTUKaMu acaabToOETOHA;

r) BEIOOp MOAENH Ui ONUCAaHUs ac(aabTOBON
MacTUKH (cMecH OuUTyMa M MEIKOAUCIEPCHOrO
3aIOJHUTEIS).

Merton ucciae10BaHus —
AUCKpPeTHAast MoJeb acabTo0eTOHA

[Ipemmaraemas Momens acanmbrodbeToHa SBIIS-
eTcst MoaupuKanyued Moaeau AMCKPETHOM Cpepl,
MpUBEICHHOW B [6, 7], T/Ie 1aHO MOAPOOHOE OTH-
CaHHE aJrOpUTMa BBIYUCICHUM, BHIA CHJI U CHO-
co0a y4yeTa 5THUX CHJ IMPH PEalbHOM B3aUMOJCH-
CTBUU TBepAbIX 4actull. Jlamee mpuBeneM HawnOo-
Jiee BaKHbIE OCOOCHHOCTH MMEHHO HaIlle MOJIEIH,
KOTOPBIC IMMOMOI'YT IOHATH MEXAHHU3M B3aI/IMOJIeI71-
CTBUSI TBEPABIX yacTuil. Mccnepyemplii KOMIoO3u-
LMOHHBIM MaTepual COCTOMT U3 KaMEHHOro
HamoJHUTeNs U acdanbroBsikyliero. K nepomy
OTHOCATCS MeOeHb U TIeCOK, KO BTOPOMY — OUTYM
¢ MOJIUPUIMPYIOIUMH €r0 CBOWCTBa MHUHEpAb-
HBIMU MOPOILIKAMU U HEOPTaHUYECKUMHU WM Opra-
HUYCCKUMH KOMIIOHCHTaMU THIIA IIOJIMMCPOB,
pe3unbl U ap. CkenerHas 4acTh achanbToOeTOHA
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COCTOWUT M3 3€peH IMEeOCHKH, TOpPhl KOTOPHIX dYa-
CTHUYHO WJIM IIOJIHOCTBIO 3aIlOJHEHBI IUIACTUYHOM
MAaCTHKOW — CMECBhIO ac(alIbTOBSDKYIIETO C Tec-
KoM. 3epHa IIeOHs, uMeromnue GopMy, Kak IOKa-
3aHO Ha pwuc. |, HEMOCPEACTBEHHO HAa CBOMX KOH-
TaKTaxX CKJICCHbI TOHKUM CJI0eM ac(haabTOBKYIIC-
ro, T. €. MaCTHKOH 0e3 mecKa WM C €ro MaJou
noiei (puc. 2).

Puc. 1. dopma Hepa3pyIIaeMbIX YacTHI] MEOHS

Fig. 1. Form of non-destructive rubble particles

Macruka I1le6enn

AchansToBsDKyIIee

Puc. 2. Ctpykrypa peanbHOT0 ac(aabTobeToHa

Fig. 2. Structure of real asphalt concrete

B nBymepHO# Mojenu 3epHa MEOHS MOJICITH-
PYIOTCS Hepa3pyllaeMbIMH 3JIEMEHTAMH — IHCKa-
MH €OUHUYHON TONmuHBl (puc. 1); MomembHBIE
YACTHIIBI MECKa MPEJICTABISAIOT COOOH OTAEThbHBIC
JUCKH CIMHUYHON TOJIIUHBI; ac(halbTOBSIKYIIES
B MOJICJIA MPUCYTCTBYET TOJBKO B BUJC BUPTyallb-
HBIX MIPYKHH, CKIIEUBAIOIINX TUCKPETHBIC SJICMCH-
Thl. B3anMoelcTBUS MEeXKAY MMOCISTHUMHY, BO3HH-
KaoIIUe B Pe3y/IbTaTe MPHUJIOKEHUS K HUM BHEIII-
HUX HArpy30K, OCYIIECTBISIOTCS IIyTeM BBOJIA
YETBIPEX THUIIOB CWII. OTTAJKWBAHUS, TPEHUS, MIPH-
JUNaHusd W TOpUTDKeHUsA. CHIIbl  OTTaJKUBaHUS
MEXy AMCKaMH BO3HHMKAIOT IPU UX MEPECCUCHUU.
IIpu 3TOM 3HaYeHHWs 3TUX CHJI, HAIPaBICHHBIX
K IEHTpAaM KOHTaKTHUPYIOIIMX JHUCKOB, JUHEHHO
3aBUCST OT MX MOAYJISI YIIPYTOCTU M BEIMYUHBI X
nepekpbiBanus. B pe3ynbTare CMEIeHUs KOHTaK-
TUPYIOIIUX SJIEMEHTOB OTHOCHUTEIBHO JPYT JApyra
MEXJIy HUMHU BO3HUKAIOT CHJIbI TPEHUs, IEHCTBY-
IONIKE MO KacaTeIbHOW K JIUCKaM U HalpaBJICHHBIC
MIPOTHB MX OTHOCUTEIIEHOTO IBMKCHHS. DTH CHIIBI
MIPOMOPITUOHATBHBI MOJAYJIIO CHJIBI OTTAJKUBAHUS
¥ K03 UIMEHTY TPEHUS JIEMEHTOB.
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[TmacTryHOE MOBEJICHNE PACTIONOKEHHOH B TMO-
pax Mexay 3epHamMH IIeOHS MAcTUKHA MOACTHPY-
€TCsl BBEJIEHMEM HANpaBICHHBIX K IIEHTpaM B3aW-
MOJICHCTBYIOIMX JTUCKOB — YacTHIl TecKa CHII
MPUTSDKEHUSI, KOTOPBIE BO3HUKAIOT MPU COMPHKOC-
HOBEHHMH YaCTHI[ TIECKa ¥ MIPOMAIAIOT MPH TPEBHI-
IIEHAH 33JJaHHOW BEIMYUHBI 3a30pa MEXIYy HUMHU.
OTU CUJIBI MOJIEIHMPYIOTCS PACTSHDKEHHEM BHUPTY-
ANBHBIX TIPYXUH TPHUTDHKEHUS, KOHIBI KOTOPBIX
3aKpeIUISIOTCS B IEHTPaxX B3aMMOEHCTBYIOIINX
nuckoB. CkienBaroliee BO3ICHCTBHE CBS3YIOIIETO
Ha KOHTaKTax 3epeH LIeOHS MOJEIUpPYeTCsl BBele-
HUEM BUPTYAIbHBIX TPYXWH Tpuiumanus. Beo-
ISTCS. OHU TPU CONPUKOCHOBEHUH JTUCKA OAHOTO
KJlacTepa ¢ TMCKOM JIPYroro kinactepa. B mpomecce
CMEIIEHUsI W BPAIIeHHUS AUCKOB KOHIIBI MPYKIHBI
MIPWIHIAHMS PACXOISATCS, ¥ MEXIy JUCKAMU BO3-
HUKAIOT CHJIBI MPWIKNAHUS, MPOMOPIUOHAILHBIC
ee JIMHE W 3a]aHHOW KECTKOCTH, MPYXHHA pa3-
pBIBae€TCA TpH JOCTIKEHWH €10 33/JaHHOW IIpe-
JICJIbHOM BeNWYHHBI, [Ipu TOBTOPHOM KOHTAaKTe
JAHHBIX JIUCKOB MEXIy HHMHU CHOBa BBOJUTCS
MPYKUHA MPHITUTIAHMS.

B3anMopeiicTBue MeXIDy 3epHaAMU IIEOHS H
MacTHKOM MOJENUpPyeTCsl BBEIACHHEM TPYKUHBI
MPWINIAHAS MEXIY KIaCTEPHBIMH JHCKAMHA —
3epHaMH IeOHST M JTUCKaMU — YaCTHIIAMH I1eCKa.
OTnYaroTCsl 3TH MPYKUHBI MIPWIWNIAHUS OT MPH-
BEJCHHBIX BBINIE TOJBKO TEM, YTO OHM CYIle-
CTBEHHO MeHee IpouHble. Cxema cuil, AeHCTBYIO-
IIMX B paccMaTpUBaeMOW MOJIENH, IMpPE/CTaBICHA
Ha puc. 3. Ha pucyHKe HCTOIB30BaHBI OOIIETIPH-
HATBIE 0003HaueHus [14]. OpurnHansHOE 0003Ha-
YECHHUE UMECT TOJIbKO CUJIa IMPUJINIIaHHA.

Takum 00pa3om, npuBeAEeHHas MOJENb B3au-
MOJIEHCTBUST MEXTy deMeHTaMu achanprobeToHa
obnagaer cieqyloUMMU cBoiicTBamu. MacTuka,
COCTOSAIIAs M3 YacTHULl IECKa, B3aMMOJACHCTBYIO-
X MEXKIY COOOH M ¢ ac(alIbTOBSDKYIIUM IIyTEM
OTTAJIKUBAHUA, TPCHUA U NPUTIKCHHUA, 6YIICT I1a-
CTUYHA M OTHOCHUTEJIBHO JIETKO HM3MEHSTH CBOIO
¢dbopmy mox neiictBueM BHemmHuX cuil. Ckener ac-
($hanbTOOETOHA, COCTOSAIIMIA U3 3€PEH IEOHSI, CKIIe-
€HHBIX ac(aTbTOBKYIUM TIOCPEICTBOM BBEJIE-
HUS TIPYXUH TPWINIAHUS, TTPHOOPETAET CHBUTO-
BYI0 IIPOYHOCTH U IIPOYHOCTH HA pPaCTKECHUE.
Crnenyetr oOpaTuTh BHUMAHUE HA TO, YTO XapaKTe-
PUCTHKA TPYKUHBI MPWIAIIAHUS Ha Pa3pbiB OIpe-
JeNsieTcsl CBOWCTBAMU acQalbTOBSIKYILETO, a He
ouryma. @DusMKO-MeXaHUYECKHUE CBOWCTBa ac-
(hanbTOBSIKYIIIETO MOTYT KapJUHAIBHO OTINYATH-
Cs OT XapaKTePUCTHK OWTyMma, OCOOEHHO TIPH HC-
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MOJTb30BAaHUM aKTHBHPOBAHHBIX M MOAM(PHUIIUPO-
BaHHBIX MHUHEPAJIHHBIX TTOpOIKoB [ 15-20].

[Ipu wuccnemoBanny (PU3NKO-MEXaHMUYESCKUAX Xa-
pPaKTEepUCTUK achaIbTOOCTOHA, KaK IIPaBHIIO, HC-
TIOJTB3YIOT TPU CXEMBI OTPENEICHHUs IPOYHOCTH IH-
JIMHIPUYECKUX 00pa3loB: OJHOOCHOE C)KaTue, pac-
TsDKeHue Tpu packone (indirect tensile test), cxarue
1o Mapmamiy (puc. 4-6). UtoObl onpeneuTs IpH-
MEHUMOCTh TOH WM UHOM YHCIIEHHOW MOAEIU I
ormcanus ac(harbToOETOHA, HCIOJIL3yeM J[BA KPHUTE-

pust. IlepBblii, KaYECTBEHHBII, — 3TO CPABHEHUE MeE-
XaHU3Ma pa3pylieHns: 00pasoB B YHCIEHHOM U pe-
IBHOM JKCIIEpUMEHTax. Ecim yuuTeIBaTh BCE OC-
HOBHBIC B3aUMOJICUCTBUSI W TPABWILHO BBIOPATH
rapaMeTpsl, TO MEXaHU3MBI Pa3pyIICHUS B YHCIIEH-
HOM H peajbHOM 3KCHEPUMEHTAX JOJDKHBI OBITH MO-
X0XKH. BTOpOH, KONMMYECTBEHHBIM, KPUTEPHH — 3TO
YIOBJIETBOPUTENIHHOE COBMAJCHUE 3HAYCHUH MpodY-
HOCTH W PabOoThl paspyllieHus] 00pa3LoB B YHCIICH-
HOM U (PM3UYECKOM 3KCIEPUMEHTaX.

b
Fy
T Ha
ken kes F

Puc. 3. Cxema cuil, ICHCTBYIOIMX B MOJICIIN: & — BA3KOYIPYrOr0 KOHTAKTHOTO B3aUMOJIEHCTBUS MEXK Y dacTunamu €, u €,
KOHTAaKTHPYIOIUMH B TOUKe Pj; b — KOHTaKT «MaCTHKa—MaCTHKa»; ¢ — KOHTAKThl «4aCTHI[A—MACTHKa» U «J9aCTHIa—4acTHIIa»;
Wans s — AeMIIQUPYrOIIUE (haKTOp UIT HOPMATBHBIX ¥ CABHTAIONINX CUIT; @, — HAJTMYHE )KECTKOTO KOHTAKTA IIPH CTOJIKHOBEHHUH
4acTu; k,,, k., — JKECTKOCTB MPYKUHBI IIPH HOPMAJIBHOM KOHTAKTE U CIBHUTE; G, T, — )KECTKOCTh MPYKIHBI IPUITATIAHAS
B HOPMAJILHOM U KacaTelbHOM HanpapieHUsX; Fg — K03 OULUCHT TPEHUs, HAMIOJIOBUHY 3a4ePHEHHbI KBapaT — CHJIa MPHINIIaHHs

Fig. 3. Scheme of forces acting in model: a — viscoelastic contact interactions between particles ©; and Q ; contacting in point Py;

ijs

b — “mastic—mastic” contact; ¢ — “particle-mastic” and “particle—particle” contacts;
Mans Las — damping factor for normal and shear forces; a, — presence of hard contact at collision of particles;
kens kos — spring stiffness when in normal contact and shear; o, t, — stiffness of spring sticking in normal
and tangential directions; Fs— friction coefficient; half-blackened square — adhesion strength

Puc. 4. KapTuna pa3pymeHns pu oJHOOCHOM CXKaTHH peabHOro o0pasia (a) 1 KoMnbioTepHoi Moen (b)
JUTSL JIITKOM CBSI3M MEX/y YaCTHIIAMU IIeOHS

Fig. 4. Fragmentation pattern at uniaxial compression of real sample (a) and computer model (b)
for adhesive bond between rubble particles
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Puc. 5. KapTrna pa3spyIieHns Ipy pacTsDKECHHH TP PAacKoJIie peasibHOro obpasna (a) 1 KoMmibioTepHoit Mogenu (b)
JUTSL JIUITKOH CBSI3M MEXTy YacTHIIAMU IIeOHS

Fig. 5. Fragmentation pattern at indirect tensile test of real sample (a) and computer model (b)
for adhesive bond between rubble particles

Puc. 6. KapTuna pa3pyiieHusi py UCIBITAHUSIX 110 Mapiuamty peanbHoro oopasia (a) u komisiotepHoit Mmoaenu (b)
JUTSL JITTKOH CBSI3M MEX]y YacTHIIAMU IIeOHS

Fig. 6. Fragmentation pattern at Marshall testing of real sample (a) and computer model (b)
for adhesive bond between rubble particles

OnHa W3 BaXHBIX XapaKTEPUCTUK, BIHSIIO-
IIMX Ha MPOYHOCTh acanmproberoHa, — dopma
U TPaHyJIOMETPUIECKHI cocTaB (hpaKkiuy MeOHs.
Kpome Ttoro, Oonbpiioe BiusHHE Ha MPOYHOCTD
U MEXaHU3M pa3pylIE€HUs OKa3blBaeT IUIOTHOCTH
ynakoBku [21, 22]. B nBymepHOM ciydae 3aBU-
CUMOCTHb TPOYHOCTH OT T'PaHYJIOMETPHUYECKOTO
COCTaBa M OT IIOPUCTOCTH MOXET OBITh HHOM.
[MoaTOMy Ha maHHOM STame HMCCICAOBAHMH HET
HEOOXOJUMOCTH MOAOHpaTh (GOPMY H COCTaB
TBEPIBIX YaCTHIl B CTPOTOM COOTBETCTBHH C pe-
aJbHBIMU TpPEXMEpHBIMH OOpa3namu. bonbmuH-
CTBO 3KCIIEPUMEHTOB NPOBOIUIOCH Ha OJAHOM H
TOM e 00pasie, U3 KOTOPOTO BBIPE3ATUCH HYX-
Hble 110 (OpMe 3K3EMIULIPBI IS PA3HBIX CXEM
ucnbeiTaHuid. MojenbHbI  o0Opaser] acganbro-
0eTOHa W3rOTAaBIMBAJCSA IIyTEM HACBHIIKH B
€MKOCTb, OTPaHUYEHHYIO C OOKOB M CHHU3Y XKECT-
KAMH BEPTUKAJIBHBIMH CTCHKAMU W TOPH30H-
TaJbHBIM OCHOBAHHMEM, KJIACTEPOB Pa3IUYHBIX
pasMepoB, MOICIUPYIOIINX 3€pHa LIeOHS, U Ha
MOPSAJIOK MEHBIINX JIUCKOB, C TMOMOIIBIO KOTO-
PBIX MOJIEIUPOBATINCH YaCTULBI TTECKa.

P Hayka
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Ha nepBoM sTane uccnenoBaHui onpenessics
XapakTep B3aMMOJICHCTBUS, OTBETCTBEHHOIO 3a
MPWIKNIIAHUE 3E€PEH IeOHS, U OIICHUBAJIOCH BIIHS-
HUE MOJyJNs YNPYroCTH 3€peH IMIeOHS Ha Mpod-
HOCTHBIE XapaKTEepPUCTHKH oOpasna. Jlexo B ToM,
YTO BO3MOJKHBI /1B MPHHIIUIIHAIBHO Pa3HBIX OIH-
CaHWs B3aUMOJICHCTBUS MEXIY 3C€pPHAMH IICOHST —
XpyTKas ¥ JIUIKas CBsA3U. B citydae Xpynkoi cBsizu
MEX]y 3epHaMH MIeOHS MOcie ee pa3pbiBa OHA HE
BOCCTaHABIUBACTCS TPU HMX TOBTOPHOM COMPH-
KOCHOBCHHH, NIPH JIMIIKOH — BOCCTAHABJIMBACTCS U,
Oonee Toro, B mpouecce AehopMupoBaHus odopasia
00pa3ylTcs HOBBIC JIUIIKAE CBSI3M IIPU KOHTAKTE
3epeH, paHee He COMPUKACABIINXCS MEXKIY COOOM.
WHTYUTHBHO MOHSATHO, YTO JJIsl OMUCAHUS ac(alib-
TOOETOHA OOJIBIIIE MOAXOIUT JIUIIKASL CBSI3b, HO JJIS
CTPOTOCTH TOAXOAa HEOOXOOUMO ObUIO YBHIETH
pasHHIly B MeXaHH3Max pa3pyuicHus. YucieHHoe
MOJICTTUPOBAHKE MOKA3aj10, YTO MPH XPYIKOH CBs-
3M MEXaHHW3M pa3pyllcHus ObLT MOXOXK Ha MeXa-
HU3M PEaJbHOTO Pa3pyIICHUS IIEMEHTOOETOHHBIX
00pa3ioB (puc. 7), a NP JUIKOH CBS3HM MPOUCXO-
mto pasdyxanue oOpas3ioB (puc. 4), 4yTo xapak-
TEPHO s achabTOOETOHA.
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Puc. 7. KapTuna pa3pyIieHusi mpyu oJHOOCHOM CXKaTHH peajbHOro obOpasia (a) u koMmnbiotTepHoit Monenu (b)
JUISL XPYIKOH CBSA3M MEXY YaCTHIAMH 11eOHS

Fig. 7. Fragmentation pattern at uniaxial compression of real sample (a) and computer model (b)
for brittle bond between rubble particles

ITosTOMy B HanbHeHIIEM YUCIECHHBIE IKCIIEPU-
MEHTbl IPOBOAMJIMCH TOJBKO C JIMIKOH CBS3bIO
MEXIy 3epHamMu mieOHs. PacueTsl mokasanu Takxe,
YTO NPU OJHOOCHOM CKaTWH 00pasel] ¢ XpyNKOH
CBSI3bI0 MEXKIY 3€pHaMM IIEOHS UMEET IPOYHOCTD
Ooiee "eM B JBa pa3a MEHBIIYIO, YE€M C JIMIKOH
CBSI3bI0 IIPH OJTHOM W TOH € NMPOYHOCTH OTHAEIb-
HOM CBA3H.

Hanee uccnenoBajicst BOIPOC O BBIOOpE BeEIH-
YHHBI MOJYJIsSl YIPYrOCTH 3epeH wmebHs. [Ipu unc-
JICHHOM DELICHUH JaHHOW 3a/a4d BO3HMKAET IIPO-
Onema, 3aKIIIOYaroLIascsa B TOM, YTO CKOPOCTh cye-
Ta TporpammMm, wucnois3ytommx MJID, obpatHo
MIPONOPIMOHATbHA KBaJIpaTHOMY KOPHIO M3 MOJIY-
ns ynpyroctu. [losTomy >kenaTenbHO BBIOMpATH
HaVMEHbIIIee 3HAUCHUE MOAYJISI YIIPYTOCTH, HO IPU
3TOM HE OKa3bIBAIOLIEE CYIIECTBEHHOTO BIMSHUS
Ha TPOYHOCTHBIE XapakTepucTuku. IIpoBeneHHbIe
YHCJICHHBIE SKCIEPUMEHThl Ha OJHOOCHOE C)KaTHe
M PACcKOJI MOKAa3aJH, YTO W3MEHEHHE MOIYJIS YIpy-
TOCTH 3€peH IeOHs ke Ha JIBa MOpsiIKa HE IpH-
BOJHT K 3aMETHOMY M3MEHEHHIO MPOYHOCTH 00pas-
1OB. B nanpHeWImux skcniepuMeHTax MOAYJb YOpy-
TOCTH 3epeH 11eOHs BeiOupacs pasubiM 5 ['Tla, uro
B JIECATKM pPa3 MeEHbIIE peaJbHbIX 3HAYCHUH.
B ompasnanue Takoro BbiOOpa OTMETHM, YTO Ha-
JMYUE TOHKOTO CJIOA ac(aibTOBSIKYILEro BOKPYT
3epeH MIeOHs MPUBEAET K 3aMETHOMY pealbHOMY
YMEHBIIEHUI0 MX Monyis ynpyroctd. Kak mo-
Ka3bplBae€T OMBIT MozenupoBaHus mo MJID [7],
OCHOBHBIM KpUTEpHEM IpH BBIOOpE JaHHOW Xapak-
TEPUCTUKH SIBIIETCS TO, YTO KECTKOCTh MNPYKHUH
OTTAJIKUBaHUs JA0JKHA OBITh KaK MUHUMYM Ha TIO-
PsioK OoiblIe KECTKOCTH NPY)KMH BCEX OCTallb-
HBIX B3aHMOJECHCTBUM.
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Bropoit sran wccinemoBaHWil OBLT MOCBSIICH
ONKCAHMIO B3aWMOJEWCTBUs, OTBETCTBEHHOI'O 3a
npuwinnanue 3epeH mebHs. Kak nokaszanu pesyins-
TaThl YMCJIEHHOTO 3KCIIEPUMEHTA, pa3pyllaroias
Harpyska u aedopmanus obpasna npu 0IHOOCHOM
CKAaTUM CBSA3aHBI C IPOYHOCTHIO M MaKCUMAaJIbHOM
nedopmaneil paspbiBa BUPTYalIbHOM NPY>KUHBI
equHUIHON cBsizu (puc. 8, 9). M3 puc. 8 cuenyer,
YTO MPOYHOCTH 00paslia Ha C)KaTHE B 3HAUYMTEIIb-
HOW CTENEHH ONPENEeNeTCs] MIPOYHOCTHIO INHIY-
HOW CBSI3U Ha CABUI M Pa3phlB, TPEHHE BHOCUT
HeOobImIoi Bkiaag. OTMETHM, YTO B IIMPOKOM
IMana3oHe 3HAYEHUHM MPOYHOCTh oOpasla Ha Ol-
HOOCHO€ C)KaTHe JIMHEHHO 3aBHCUT OT IPOYHOCTH
CBSI3U MEXIY 4acTUlaMu 1eOHs Ha CIOBUT U pas-
puIB. edopmarus oOpasia B MOMEHT pa3pyLICHUs
TaKKe JIMHEWHO 3aBHCHT OT MaKCHMAaJBHOHN He-
(dbopmanuu pa3pbiBa eAMHUYHON cBsi3U (puc. 9), HO
HE TaKk CWIBHO, KaK MPOYHOCTb. DTO CBA3aHO
C TE€M, 4TO B IIPOLECCE PA3PYLICHUS 3a CUET MpH-
TUNaHusS 00pa3yroTCsl HOBBIE CBS3M, W OO0paser
B 11eJIOM OoJiee MIacTHYeH, YeM eTMHUYHAS CBSI3b.

&
*
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NOWDNOWnh OWnNnO Wn
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IIpounocts o6pa3ua, Mlla
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0,5 1,0 1,5 2,0 25
IIpounocTs cBsA3U
Mexay 3epHamu 1meons, MIla

Puc. 8. 3aBucUMOCTb IPOYHOCTH 00pa3La Npyu OAHOOCHOM
CKaTUH OT TIIPOYHOCTH CBSI3U MEX/Y 3epHAMH IICOHS

Fig. 8. Dependence of sample strength at uniaxial compression
on adhesion strength between rubble particles
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JedopMaTHBHOCTL 00pasiia onpeaessieTcs: Kak
M3MEHEeHHE [UIMHBI 00pasla, JAeJIeHHOE Ha ero
HayanbHyl0 AMUHY. TakuM oOpa3zoM, XapakTepu-
CTHKH TPOYHOCTH M MaKCHMalbHOU aedopmanuu
paspbiBa BUPTYAIbHOW NPYXKUHBI CBSI3H, HCHOJb-
3yeMbIe B YHCIEHHOM JKCIEPUMEHTE, MOTYT OBITh
M3BJICYCHBI M3 PEAIbHOTO DKCIEPUMEHTa IO pas-
pyueHuto acanbTo0eTOHHBIX 00pa3uoB. Koneu-
HO, HY’)KHO TIOMHHUTB, 9TO U (pOopMa HacTHI], U KO-
3¢ duMeHT TpeHUS OKa3bIBAIOT ONPEICIICHHOS
BIIMSIHHE HA TIPOYHOCTH 00PAa3IIoB.

Ha Tperbem sTame pemancsi BOIpoc BbIOOpa
MOJENU UIsl OMHCaHWA ac(ajbTOBOW MAaCTHUKH.
OCHOBHBIE CBOWCTBAa MAaCTHUKH: IJIACTHYHOCTH, HE-
C)KMMaeMOCTb, OTpe/IeieHHasi KOre3uOHHas Mpoy-
HOCTh W aATre3us K JacTumam meOHs. Bce atu xa-
PaKTEPUCTUKN YAOOHO MOAETUPOBATH C TIOMOIIBIO
HAOOpa TBEPHBIX MEJKHX YacTHI] (YTOOBI MOTJIA
MTOMECTUTHCS B MOPHI IIeOHs), 00J1aIalomuX B3an-
MOJICHCTBUEM TPHUTSHKCHUSI U HEOONMBIINM TPUITU-
maHueM. ATTpakiusi 00ecredynBaeT IMPOYHOCTh
MAacCTHKHU Ha Pa3pbIB, TIO3BOJSSA €i MpH 3TOM IuIa-
CTHYHO }:[C(i)OpMI/IpOBaTBCSI; IIPpUJINIIaHNUE — CBA3b
MAaCTHKHU C YaCTUIAMH IIEOHS; TBEPIOCTh MEIKHX
YaCTHI], BXOAIIMX B COCTAB MACTHKH, 00eCIeUH-
BaeT HECX)KUMAEMOCTh. YacTHIlbI MacTHKH 00Jama-
I0T 3aMETHO MEHBIIINM TPHIUNAaHAEeM, YeM YacTH-
bl MEeOHs. ITO CBA3aHO C TEM, YTO MEX/Y YacTH-
maMu  MeOHS HAXOAWTCA  ac(albTOBSDKYIIES
(cMech OMTyMa ¥ MUHEPAJILHOTO MOPOIIKA), a, KaK
M3BECTHO M3 peajbHOro dKcrepuMmenTta [15], men-
KOJMCIIEPCHBIH MOPOIIOK CUIIBHO U3MEHSIET CTPYK-
Typy OUTYMa M YBEIMYUBAET €T0 KECTKOCTb.
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-«
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JHedopmaruBaocTth 00pasia

0
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MaxcumansHas geopmariys paspbisa
BHUPTYaJIbHOI NIPYXKHHBI CBA3H MEXTy 3ePHAMU IECOHS

Puc. 9. 3aBucuMocTb 1eopMaTHBHOCTH 00pasna
IIPY OJTHOOCHOM CXATHH OT Ae(OPMAaTHBHOCTH CBS3U
MEXy 4acTHLaMH 1eOHs: 1 — nedopMariust Ipu pa3pyLIeHUH;
2 — nedopmariysi, IpH KOTOPOH MOSABIISETCS NEPBast TPEIUHA

Fig. 9. Dependence of sample deformability at uniaxial
compression on connection deformability between rubble
particles: 1 — deformation at fragmentation;

2 — first split deformation

Hayka
wTexHuka. T. 18, Ne 2 (2019)

[IpaBuiBbHOCTL MOJIETHM OINMUCAaHUS ac(hanbTo-
BOI MacTHKH OOOCHOBBIBAETCS CIIEAYIOIUMH UHC-
JICHHBIMU JKCHepUMEHTaMu. Bo-mepBbIX, wuccie-
IYIOTCS KapPTUHBI pa3pylIeHus: 00pas3IoB MPU TPEX
cxeMax HarpyxeHus (puc. 4—6), U3 KOTOPBIX ClIe-
JyeT, 4TO paccMaTpuBaeMas MOJCNh JTOCTATOYHO
KOPPEKTHO OIKCKHIBAET BCE TPU CXEMBbI HCIIBITAHUN
ac¢hanbTo0eTOHHBIX 00pa3ioB. Bo-BTOpHIX, ompe-
JEJSIOTCST IPOYHOCTh 00pasiia U paboTa paspyiie-
HUS MPH pasHbIX CXxeMmax Harpyxxenus. [Ipu sTom
Ba)KHBI HE a0COJIFOTHBIC 3HAYCHUS XapaKTEPUCTHUK,
a OTHOCHTEJbHBIE 3HAYCHUsS IMPH PA3HBIX CXeMax
HarpykeHus. Jero B ToM, 4TO B HACTOSIIIEE BpeMs
HE W3BECTHBI peallbHbIe 3HAYEHUS JKECTKOCTU
1 1ehOpPMATHBHOCTH CBSI3EH MEXIy YacCTHIIAMH,
a OHH SIBJIAIOTCS NapaMeTpaMy YMCIICHHON Moje-
qu. Ho mpu 3amaHHBIX NapaMeTpax CIuHHYHOU
CBS3HM TIOJYYArOTCS ONPECIICHHBIC COOTHOIICHUS
MEXTy IPOYHOCTBIO 00pasiia u paboToit paspyiie-
HUS TIPYA Pa3HBIX CXeMaX HarpyKeHus. 3HadYeHUs
MPOYHOCTH, pPabOTHl paspymieHuss U Aedopma-
1ust 00pa3oB B MOMEHT Pa3pyIICHUS TIPUBEICHBI
B 1abm. 1. Ilpm 3TOM NPOYHOCTH CBS3H, OTBET-
CTBCHHOM 3a NPWIMIIAHWUE YACTHIl IICOHS, paBHs-
nacek 1 Mlla, koaddunueHT TpeHns: MeXy 4acTu-
namu 1mebus — 0,3, MPOYHOCTH CBS3U, OTBETCTBEH-
HOM 3a aTTpaKUUIO0 4acTHull achajibTOBOW MacCTH-
kn, — 1 MIla.

Tabauya 1
DuU3NKO-MeXaHUYECKNEe XaPAKTEPUCTHKH
acaJbTO0EeTOHA B MO/I€JIM IMCKPETHBIX 3JIEMEHTOB

Physical and mechanical characteristics
of asphalt concrete in model of discrete element method

OTHOCUTENbHAS
Pabora
Cxema |IIpounocTs, nedopmarys
paspymieHus,
HarpyxKeHust Mlla o B MOMEHT
T paspyleHus

Packon 0,5 0,007 0,028
OnmHOOCHOE
cKaTUe 1,5 0,020 0,030
Cokarue 1o
MeTony
Mapiuania 2,6 0,040 0,035

J1st cpaBHEHMSI YUCICHHBIX PE3YyIbTaTOB C pe-
aNBbHBIM JKCIEPUMEHTOM yI00HO BBIPA3UTh pa-
00Ty paspylicHus B OTHOCUTENBHBIX CIUHUIIAX,
T/Ie B KQ4eCTBE €IMHUIIBI U3MEPEHHS BBEAEM Clie-
YOIy BETUYHHY:
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A, = PSL, (1)

rae P — npouHocTs 00pasna; S — miomaas ce4eHus
o0pasia, MeprneHAnKYISIPHOTO K cuiie; L — BICOTa
oOpa3sra.

PaccMoTpuM peanbHBIN SKCIEPUMEHT MO Of-
HOOCHOMY CXKaTHIO ac(albTOOETOHHBIX 00pa3iioB
nuametpom U BeicoTor 71 mMm mpu 50 °C u ckopo-
ctu 50 mm/mMuH ('OCToBckHMe HCHBITAHHS TPH
OTIpEJICICHNH yTiia BHYTPEHHETO TPEHHs U CIIell-
nenwst); mist Outyma mapku bHJL 90/130 mpou-
HOCTh TpuMepHo paBHa 2 MIla. Torga ang srano-
Ha paboThI MOTy4aeM

A4,=2-10°-40-107*-0,071=568 JIx.  (2)

Pabota paspyiieHust peanbHBIX 00pa3IoB MpH
omHoocHoM cxkatmu npu 50 °C paBHa mpumep-
HO 15 JIx, mmu 0,026 o. e. Pabora paspymienwus
peanbHBIX achanbTOOETOHHBIX 00pa3LOB MPH CxKa-
TUU TI0 MeTO Iy Mapinaiia oObIYHO B JBa-TPH pa3a
OompIie, 4eM TpH OMHOOCHOM cxkatuu. Jledop-
MaTHBHOCTh 00pasuoB acganbroderona tuma b
mo 'OCT 9128-2013 mpu OZHOOCHOM CXKATHUHU
mpu 50 °C cocrasmster 0,026. [lomygaercs Hemo-
XO0€ COBIAJIEHNE YUCIIEHHBIX PACYETOB C DKCIIEPH-
MEHTaMH, TIPU YCJIIOBUH, YTO HCIOJB3YETCS IBY-
MepHasi MOJIEIb.

OrMernM, 4to B oTimune oT [8, 11-13] B
Haiieil paboTe Takoe IIACTHYECKOE BEIIeCTBO, KaK
OWTYyM, ONKCHIBAETCS YNPYrOH CHIIOH, KOTOPYIO
MBI Ha3blBaeM NpriumanieM. OTINYre CHITBI TIPH-
JUMaHUsl OT YHCTO YIPYTo# 3aKI0YaeTcs B TOM,
YTO MpPU ONPEACICHHOM PacTSHKEHUH OHA PBETCH,
a mpu 00paTHOM CONMYKEHHUH YacTHI 3Ta CHJIa BOC-
craHaBiuBaeTcs. CBOWCTBA CBS3YIOIIETO — MapKa
OuTyMa, TeMIiepaTypa, HaJIM4ue MOJUMEPHBIX J0-
0aBOK W IpyTHe — YYUTHIBAIOTCS ITyTeM U3MEHEHUS
apaMeTpoB ke,, Kes, Gy Ts. DTO CBOWCTBO MOCIH
MO3BOJIAET MIPOBOJUTD HCCIEeNOBaHus acdaabTode-
TOHA TMPH Pa3TUYHBIX TEMIIEpaTypax U ¢ pa3HbIMU
CBSI3YIOMIMMH. YUYeT IUTAaCTHYECKON medopmariiu
OuTyMa MpU YUCICHHOM MOJCIUPOBAHUM 3aCTaB-
JISICT BBOAWTH B MOJECINb JIONOJHUTEIbHBIC IMapa-
METpbI, 3HAYCHHUS KOTOPHIX HE OIMpE/eJIeHBI B pe-
aNbHBIX dSKcnepuMeHTtax. [lostomy Mopaenu, wc-
moyib3oBanubie B [8, 11-13], HeoOXOmUMBI U
OTIpaBIaHbI NP OMHUCAHUHN AWHAMUYECKHX JKCIIe-
puMeHTOB. J[J1sl omucaHMs CTaTUYECKUX DKCIEPH-
MEHTOB, 10 HaIllEMy MHEHHIO, BO3MOKHO HCIIOJb-
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30BaTh TOJIBKO YHPYTHE CHJIBI, 3HAYUTEIBHO yCKO-
PSIOIINE BHIYHCIICHHE.

AJBTEpHATUBHBIM METOAY IOUCKPETHBIX 3Je-
MEHTOB TOAXOXA UId omnucaHus achaaprobeToHa
ucnonb3oBaics B [23]. Tam onpeneneHsl cBOWCTBA
CBSI3YIOIIETO U3 PEAIBHOIO 3KCIIEPUMEHTA 110 pa3-
pyieHuo 06pa3oB acganbTo0eTOHA P PA3INI-
HBIX TEMIIepaTypax M MEXaHHMYECKHX Harpyskax.
3areM MONIyYeHHbIE XapaKTEPUCTUKU CBS3YIOLIETO
WCTIONB30BaHbl ISl aHAIUTHYECKOTO OMHCaHUs
acdanbToOeTOHAa ¢ MPUMEHEHUEM MOJIeNH (paKTa-
noB. OcHOBHAas npobyemMa Ipu TaKOM HOAXO0E 3a-
KITIOYaeTCs B TOM, YTO B SKCIIEPUMEHTAaX C acgalib-
TOOETOHOM OYEHb TPYIHO KOPPEKTHO BBIYMCIUTH
napameTpsl ces3ytouiero (M9 kak pa3 mo3BOJIsIET
OLICHUThH B3aMMOCBSI3b XapPAKTEPUCTUK CBA3YIOILE-
T'0 ¥ MPOYHOCTHBIX XapPaKTEPUCTHK ac(harbTodbeTo-
Ha). Kak mnokazano B [23], cBOMCTBa CBA3YIOIIIE-
0 OYeHb CHJIBHO (JKCIIOHEHIMATBHO) 3aBUCST
OT TEMIIEPaTyphl U OPYTUX MapaMeTPOB, MOITOMY
IUIl TIOJMYYeHHUsS] JOCTOBEPHBIX IaHHBIX HE00Xo-
MO TpoBelleHHE OOJBIIOr0 YUCIa TPOMO3IKHX
(3aTpaTHBIX) M TOYHBIX IKCHEpUMEHTOB. Ecim Obl
aBTophl [23] cMorim OBl HAJEKHO YCTAHOBUTH
XapaKTepUCTUKN CBS3YIOUIETO, TO OTH JaHHBIC
C yCIIEXOM MOIJIM HCIIONb30BaThCSI HpPU MoOJe-
JUPOBAaHUM METOAOM JHCKPETHBIX 3JIEMEHTOB
0e3 HeoOXOUMOCTH TPHUBIICYEHUS MoJen (pak-
TaJoB.

Eme ogauM (hakTopoM B MOIB3Y JAHHOTO BbI-
0opa MoJIeJI IPEACTABICHUSI MACTUKH CITY>KHUT TO,
YTO OHAa ONKCHIBACTCS NapaMeTpaMH, KOTOpbIE
MOKHO OTPENENIUTh JKCIepuMeHTanbHo. [lpou-
HOCTh MAacTHUKM Ha pa3pblB M €€ PaCTSDKUMOCTD
OJHO3HAYHO ONPEACISIIOT XapaKTepUCTUKU B3au-
MOJICUCTBUSL TPUTSDKEHUs. B3aumoneiicTBue ma-
CTMKM M IIeOHS, ONMCBHIBAEMOE NPWINIAHUEM,
TAKXe MOYKHO ONPEAETUTH SKCIIEPUMEHTAIBHO.

Takum o0Opa3oM, eciid U3 MPOCTOr0 PealbHOro
SKCIEPUMEHTa ONPEAEIUTh XapaKTEepPUCTUKU €Iu-
HUYHOU CBSI3H, TO C MOMOILBIO YUCIEHHOTO MOJie-
JIMPOBAHUSI MOXHO OIIPENENIUTh NIPOYHOCTHBIE Xa-
paKTepucTUKU 00pa3noB 000 ¢popmel. OauH U3
HanOoJee BayKHBIX JUIS MPAKTUKK BBIBOJOB 3aKIIIO-
4Jaercsi B CIEAyIoIIeM: Uil Oosee aIeKBaTHOTO
onucanusl (PU3MKO-MEXaHUYECKUX XapaKTEPUCTUK
acdanbTobeToHa HEOOXOAUMO U3y4aTh U U3MEPSThH
HE CBOHCTBa OMTyMa, a CBOWCTBa ac(haabTOBKY-
mero (cMecu OUTyMa ¢ MENKOAMCIEPCHBIMH MH-
HEpPaTbHBIMH 3aTIOJTHUTEIISIMHI).
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BbIBO/IbI

1. C moMomp0 METO/a MUCKPETHBIX dJIEMCH-
TOB TNPOAHAJIM3UPOBAaHA BO3MOXKHOCTH MOJAEIHPO-
BaHHUS Pa3IMYHBIX CXEM HarpyxeHus acgaibrole-
TOHHBIX 00pa3noB. I MOAENMPOBAHUS HCIIONb-
30BaHa JBYMEpHas MOJeNb, KOTOpas MO3BOJISET
YCTaHOBUTH OCHOBHBIE (H3MUECKUE TapaMeTphl,
OTIpEACIAIONINEe TPOYHOCTh M JAe(OPMATHBHOCTH
peanbHOro acanbToOEeTOHA.

2. Ipeanoxena Mo/Eb OMMCAHUS B3aMMOJICH-
CTBHS MEXAY pPa3IMYHBIMH KOMIIOHEHTaMH ac-
¢danprobeTona. HambGonee moxoxyio Ha peab-
HBIH SKCIIEPUMEHT KapTUHY €ro pa3pyLICHHUs JaeT
JWIKas, a HEe XPYIKas CBS3b MEXIy YacTHUIIAMH
11eOHsl.

3. IokazaHo, 4TO MPOYHOCTH U jAedopMaTHB-
HOCTH 00pas3IloB OJHO3HAYHO 3aBUCST OT XapaKTe-
PUCTUK eI[I/IHI/I‘IHOI‘/'I CBA3HM MCXKIY KOMIIOHCHTaAMH
ac¢anpTodeToHa.

ABTOpBI BBIp@KAIOT HCKPEHHIOK Onarojap-
HocTh I'. H. XaHy, KOTOpBIH HE TOJBKO IIpEenoCTa-
BWJI IIPOTpaMMy II0 METOAY AUCKPETHBIX JJIEMEH-
TOB, HO W MPOM3BOJIMI HEOOXOIUMbIe MouduKa-
MM TPOrpaMMBl IO TPOCKOE aBTOPOB M BHEC
HEOIIEHNMBIH BKJIQJ B HAIMCAHUE CTAThU.
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