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HAVYYHAS CTATbBA

Pacuer cOOCTBEHHOM YacCTOTHI KOJICOAHU I
3ary1y0J1eHHOr0 (pyHJaMeHTAa NPH UMNYJILCHOM HATPYKEeHUU

A.O. Konecnuxos'*, B.H. ITonos?

"HoBocubupckuii rocy1apcTBEHHbIi apXUTEKTYPHO-CTPOUTENbHbI YHHBEPCUTET
ya. Jlenunepaockas, 113, Hosocubupck, Poccutickas @edepayus, 630008

*MHCTUTYT TeOpeTHYeCKOl 1 mpuKnagHoi Mexanuku um. C.A. Xpuctuanouua CO PAH
ya. Mucmumymckas, 4/1, Hosocubupck, Poccuiickas ®@edepayus, 630090

* ABTOp, OTBETCTBEHHBIN 32 MEPEITUCKY

(nocmynuna 6 pedaxyuro: 09 ntons 2018 r.; dopabomana: 02 oxts6psa 2018 r.; npunama k nyonuxayuu: 10 oxts6psa 2018 r.)

Hesas. PaccmarprBaeTcsi BO3MOXKHOCTh HCIIONB30BaHUS (OPMYJI, NOIYUYCHHBIX B pamMKax BoiHOBoW mogmenu u CII
26.13330.2012, nns onpeaeneHUs] TMHAMUYECKUX JKECTKOCTEH MPU PACCMOTPEHUH BEPTHKAIBHBIX U TOPU3OHTAIBHBIX KO-
nebanuii 3arny0ieHHbIX QYHIAMEHTOB HA OOBIYHOM M CBaiiHOM OCHOBAHHUH.

MeTtoauka uccjeaoBanus. PaccanThIBalOTCS M3MEHEHUS COOCTBEHHBIX YaCTOT KOJIEOAHUI CHCTEMBI B 3aBUCHMOCTH
ot 3army0ienus. [lomydeHHbIe pe3ynbTaThl CPAaBHUBAIOTCS C JAHHBIMH SKCIIEPUMEHTAJIBHBIX HUCCIEIOBAHHUHN, TOTYIEHHBIX
B XOJIe CEpPUU MMIIYJIbCHBIX JUHAMUYECKUX HATrPY)KEHHH, BBIIIOJIHEHHBIX B MOJYHATYPHBIX YCJIOBHUIX Ha Mozaensix (yHia-
MEHTOB. 3HAYEHHUSI CKOPOCTEH MONEPETHBIX BOJH OMPEAEISUINCH HEMOCPEICTBEHHO HA ONBITHOM IOJIUTOHE TI0 Pe3yIbTaTaM
HU3MEpEHUH.

BruiBoabl. OnpeneneHo, 4To 3ariayOeHHe NPUBOIUT K ITOBBIIICHHUIO YaCTOT COOCTBEHHBIX KOJIEOaHMI Kak CBaWHBIX
(hyHIaMEHTOB, Tak U (YHIAMEHTOB Ha €CTECTBEHHOM ocHOBaHuu. [TosHoe 3ariay0ieHue cocoOCTBYET yBEIMYCHUIO YacTOT
MIPH TOPU3OHTAIBHBIX KoJebaHusax Oonee yem B 1,6 pasa, Ipu BepTHUKAIBHBIX KoJeOaHuWsIX 70 1,4 pa3a m ero BIUSHUE Ha
(hyHIAaMEHTHI Ha €CTECTBEHHOM OCHOBAHHH Ooliee 3HAUNTENbHO. [lokazaHO MpenMyIecTBO pe3yabTaToOB pacueToB B paMKax
BOJIHOBOHM Mojenu 1o cpaBHeHHIO ¢ MeTtonoM u3 CII 26.13330.2012 u ux BBICOKOE COBHAJEHHE C BEIMYNHAMH, ITOTyYEH-
HBIMH B XOJI¢ 9KCIIEPUMEHTOB, YTO MO3BOJISET JOCTOBEPHO ONPENEIsTh aMILIUTYJHO-YaCTOTHBIC XapaKTepUCTUKH (DyHIa-
MeHTOB. Pe3ymnbratel, onpenensemsie cormacHo CIT 26.13330.2012, umeroT 3HaYUTENBHO OOjiee HU3KHE 3HAYEHUS YacTOT
COOCTBEHHBIX KOJIEOAHWH M HE B IOJIHOW MEpe YUUTHIBAIOT BIFSHKE 3ariTyoieHns. MakcuMaabHOE pacxXoKACHUE ¢ JKCIIe-
PUMEHTAIBHBIMH JIaHHBIMH COCTABISIET IPU BEPTUKAIBHBIX KOeOaHHsX sl (yHIaMeHTa Ha CBasX M Ha €CTECTBEHHOM
ocHoBaHMU — 33 %. B ciy4yae ropru30oHTaIBHBIX KOJEOaHMI MaKCUMAJIBHBIC PACXOXKACHUS COCTaBILIIOT oT 20 % ans QyH-
JTaMEHTa Ha €CTECTBEHHOM OCHOBaHMH 10 27 % s cBaifHOrO (hyHIaMeHTa.

KaroueBble cioBa: (yHAaMEeHT 10/ MalllWHy, 3ariyOyieHHbIH (YHIaMEHT, BOJIHOBask MOJENb, COOCTBEHHAsI 4acToTa
kosieOaHuii pyHIamMeHTa

BBenenue

B nacrosimmee Bpemsi CymIeCTBYIOT TpeOOBaHUS
K TOYHOCTH PEe3yJbTAaTOB IMPH pacueTax KoeOaHHH
¢ynnamentoB [1-3]. B cBsizu ¢ 3TUM B UCHONB3ye-
MBIX MOJIEJSIX He0OX0qUMO 0oJiee TIOJTHO YUUTHIBATh
TUHAMHYECKHE XapaKTEPUCTUKU CHUCTEMBI «3ariy0-
neHHbll  QyHmameHT — ocHoBaHue» [4-10]. Tax,

360

yBEJIWYEHHUE JKECTKOCTH (yHIaMEHTa 3a CUeT B3au-
MOJCHCTBHUS C OKPYKAIOIIECH Cpesioi 3ariTyOJIeHHBIX
OOKOBBIX TpaHEd MPHUBOAWT K IOBBIIICHHIO YaCTOT
€ro COOCTBEHHBIX KOJeOaHH, YTO MOATBEPIKIACTCS
9KCIIEpPUMEHTAMH, MPOBEICHHBIMA Ha OMBITHOM IO-
JIUTOHE, B Ta0OPAaTOPHBIX M HATYPHBIX YCIOBHSX [3;
5; 10-12]. Takum oOpa3om, y4eT BIUSHUS TUIOTHOTO
KOHTaKTa OOKOBOH MOBEPXHOCTH (PyHAaMEHTa C

DYNAMICS OF STRUCTURES AND BUILDINGS
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OKPYKaIOIIUM IPYHTOM IIPH pacderax ¥ MPOeKTHPO-
BaHWUU (YHJAMEHTOB TOJ MAIUHBI TO3BOJIUT OI-
penenuTh 0ojice TOYHBIC 3HAYCHHUS AMILIUTYIHO-
YaCTOTHBIX XapaKTEPUCTUK KOJEOAHUN CHUCTEMBI B
uenom [4; 6; 12; 13].

Bmecre ¢ Tem mpu TIpoBEICHUU DPACUYCTOB Ha
JTarne MPOCKTHUPOBAHUS WIIM MCCIICIOBAHMS XapaKTe-
PUCTUK OOBIYHBIX W CBAWHBIX 3ariayOJICHHBIX (yH-
JTAMEHTOB HAOIIFOJIAETCsl PACXOXKICHUE IMOTyIEHHBIX
pe3yNIbTaTOB C JaHHBIMH 3KCIEPUMEHTAIBLHBIX HC-
cinemoBanuii [5; 10; 12]. Bo3moxHO, cyIIecTByeT
HEOOXOMMOCTh YUUTHIBATH TEOMETPHIO0 (hyHIaAMCH-
Ta U IPYTUE €r0 WHINBUAYAIbHBIE XapaKTePUCTHKH,
YTOOBI MOBBICUTH TOYHOCTH PACUETOB, OJHAKO 3TO
TpeOyeT netanbHOTO HccnenoBanus [14; 15]. Heob-
XOJIMMO OTMETHUTH, YTO BBIYMCIECHHE TUHAMHYECKOMH
JKECTKOCTH (yHIIAMEHTa SBISETCS Ba)KHOM W aKTy-
aJbHOM HH)KEHEPHOW 3aJayei, TaK KakK IpPaBHJIb-
HOCTb OIIpeJIeNIeHns] COOCTBEHHOW YacTOThI Koseba-
HUH CUCTeMBl «(QYHIAMEHT — MAaIIMHa» TO3BOJISET
MpeIyTpeUTh BOZHUKHOBEHHE PE30HAHCHBIX SIBIIE-
Huil. [Ipu 3TOM Ha MPAKTHKE JKENATEIBHO TOTyYaTh
JIOCTOBEPHBIC PE3YJIbTAThI, UCIIONB3Ys MIPHU pacyeTax
JIOCTATOYHO MPOCTHIE COOTHOIIEHMS. B cBs3M ¢ aTUM
HacTosMIast paboTa MOCBSIIEHA MMPOBEICHUIO HHKE-
HEPHBIX PacueTOB C UCMOJIb30BaHUEM (hopmyi u3 [4;
14] nns ompeneneHHss COOCTBEHHOH 4YacTOTHI TpHU
BEPTHKAJIBHBIX M TOPU3OHTAIBHBIX KOJIeOaHUIX (hyH-
JTAMEHTOB C YYETOM HX 3ariyOJICHHS W COIIOCTaBIIe-
HUIO PE3yJIbTaTOB C JJAHHBIMH, TTOJYYEHHBIMHU B XOJIC
9KCIIEPUMEHTOB Ha OIBITHOM IOJIUTOHE.

MeToanka Hcciae10BaAHUSA

C menplo OLEHKH BIHMSAHHUS 3ariayOJleHHs Ha
COOCTBEHHBIE YaCTOTHI NMPH BEPTUKAIBHBIX U TOPH-
30HTaJBHBIX KONeOaHUAX (yHIAMEHTOB OBLIH TPO-
BEJICHBI HKCIIEPUMEHTAIbHBIE HCCIIEAOBAHMS, CXeMa
KOTOPBIX MpeacTaBieHa Ha puc. 1. McubITeBaINCh
JIBa CIIEIIMAIEHO M3TOTOBJICHHBIX (DyHIaMEHTa, OIIMH
M3 KOTOpBIX cBaiHEIN (D-1), a agpyroil — Ha ecTte-
cTBeHHOM OocHOBaHUM (D-2). OnbITHRINA QyHAAMEHT
@®-1 ObUI BHITIOJIHEH B BHAE MOHOJHMTHOTO JKEJIE30-
OETOHHOTO POCTBEpPKA C TabapUTHRIMU pa3MepamMu
1,0x1,0x1,0 M, onuparomierocst Ha 4 }ECTKO 3aKpen-
JICHHBIE CBaW AuaMeTpoM 114 MM ¢ pabodei TiIrHON
2 M, U3TOTOBJIEHHBIE M3 METAUIMYECKUX TpyO ¢
TOJIIMHON cTeHKH 6 MM. PaccTosiHne Mexay ocsiMu
CBaii, paBHOE NIECTH C TMOJIOBHHON IUaMeTpam, CO-
cTaBsUI0 750 MM M HCKJIIOYAJIO UX B3aUMHOE BIIHSI-
Hue B kKycte [15]. MoHONMUTHBIN (yHIaMEHT Ha

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

€CTECTBEHHOM OCHOBaHWUU D-2 WMeN aHaJOTHYHBIC C
¢yngamentom ®-1 pasmepsr — 1,0x1,0x1,0 M. Oma-
JTyOKOW Tpu OETOHUPOBAHWU OIBITHBIX (PyHIAMEH-
TOB CIIY)KWJIH TIIATEIHHO BBHIPOBHEHHBIE CTEHKHU
KOTJIOBaHa. | pyHT ONBITHOT'O TIOJIMTOHA /IO TITyOHWHBI
9,3 M COCTOSII U3 JIECCOBUIHOM MaJIOBIAKHOHN TBEp-
JIO¥ cymecH ¢ ynenbHeiM BecoM 17,0 kH/™M® u MOJTy-
nmeM nedopmaru E = 14 Mlla, moacTmraemoit mo-
JTYTBEPAbIMH CyTJIMHKaMH. [ pyHTOBBIE BOJIBI Ha TLIO-

1aake OTCYTCTBOBAJIN.
a Q=6 xr Q=6 &r
T ~ 1 Ycrpoficteo ? ~ I Yerpolicto
- H< : / - Q:m< : / N
.

\ 1000 \ ‘ 1000 ‘
o

d
1000
p

d
1000

2000

oL

Puc. 1. Cxema onbITHBIX ¢pyHIaMeHTOB D-1 (@) u D-2 (0):
h — BBICOTA 3aChINKHU; d — ITyOHUHA 3aJI0KEHHS
[Figure 1. Experimental foundation layout F-1 («) and F-2 (0):
h — backfill height; d — foundation depth]

ITo onvHaKOBOW METOAVKE BBINOIHSUINCH CEPUHI
WMITYJILCHBIX JHHAMHYECKUX HarpyxxeHu# (1o 20 paz)
MU pa3iIMYHBIX BapUaHTax 3ariayOneHus. MMmysbe-
Has Harpyska MpHKJIaJbIBajach C MOMOIIBIO CTallb-
HOTO Ipy3a, UMerouero GopMy napauienenunesa,
maccol 6 kr. J[ns mosydeHHs Harpy3Kd B BEpTU-
KaJbHOM HaIlpaBJICHUHU TPy3 CBOOOAHO Majall Ha MO-
BEPXHOCTb UCTIBITYeMOro ()yHIaMeHTa ¢ BBICOTHI 1,0 M.
Jns co3maHust Harpy>KeHHs B TOPU30OHTAIBHOM Ha-
MIPaBJICHUH UCIONb30BAJICS MAsSTHUK, IIOABELICHHBIN
Haja OOKOBOW rpaHbio pyHIaMeHTa Ha BbicoTe 1,0 M,
rpy3 Ha OedeBKe ormyckaics ¢ BeIcoThl 1,0 M 1 yaa-
psUI B BEPXHIOKO KpOMKy (yHmameHTa. llpu nmomHOM
3armyOneHnn QyHmaaMeHTa, YTOObl He CO3/1aBaTh I10-
MeXH, BONM3M TOYKH BO3ACUCTBHSA HE3HAYMTEIbHAS
4yacTh IpyHTa ObLIa yajieHa.

Jns ompeneneHuss COOCTBEHHBIX 4YacTOT KoJie-
OaHuil Mcmonp3oBanack anmaparypa ABM-1, mo3so-
JISFOIAs pETUCTPUPOBATH KOJIEOaHNs U OTHOBPEMEH-
HO 00pabaThIBaTh MONydaeMylo WHGOPMAIUIO, BKITIO-
Yaoas MATh TPEXKOOPAUHATHBIX JaTYUKOB BUOPO-
akcenepomerpoB Mapku ADXL, ananoro-mudpoBoit
npeoOpazoBatens (ALIIT) 1 nmepcoHaIbHBIN KOMIIbIO-
tep. JaTuuk mpeactaBisr co00i MeTalaudecKui
KOPITyC, BBIIOJHEHHBIH B BuAe Ky0a, ¢ BO3MOKHO-

361



Aleksei O. Kolesnikov, Vladimir N. Popov. Structural Mechanics of Engineering Constructions and Buildings, 2018, 14(5), 360-368

CTBIO €T0 3aKpeIUIeHHsI Ha TIOBEPXHOCTH (hyHIaMeH-
Ta, C YCTaHOBJCHHBIMU BHYTpPU IUIaTaMU C HHTE-
TpaTbHBIMA JIBYXKaHAJIBHBIMH aKCEIepPOMETPaAMHU.
OCHOBHBIC XapaKTEPUCTUKHA BHOpOaKceIepoMeTpa —
U3MEPUTENbHBIA AWANa3oH =£5 g, crIeKTpaibHas
IUIOTHOCTh mryma 250 pg/\/Hz rms. JlaTuuku mon-
kimodanuch K ALl ¢ MOMOMIBIO COETMHUTEIBHBIX
kaOener. B kagectBe AL ucnonp3oBaicss BHEITHUN
Moayis E14-140 npoussoactsa L-CARD. /Inanazon
HM3MEpEeHU MPUMEHSIEMOI anmnapaTypsl peacTaBIeH
Ha puc. 2.

RN 2 3
» 0 0 b

A0

A

2nfA, o

M/c

ATATALA

w? 02

0t e /2@‘}«‘

7
X T0-1

10! 1 10 10? 10% 10*

Puc. 2. /Iluana3oH u3MepeHuii npuMeHseMoii anmapaTypsbl:
— 00J1acTh U3MEPSEMBIX TAPaMETPOB; mummmm — BUOpOMeTp ABM-1
[Figure 2. Measuring range of the vibration equipment:
— area of measuring parameters; s — vibrometer AVM-1]

JlaHHBIC M3MEpeHHi I Kaxzaoro u3 (yHnua-
MeHTOB @-1 u D-2 cpaBHUBAIUCH C pe3yjbTaTaMu
HMHXCHCPHBIX PACUYCTOB, IMOJTYUCHHBIX MPU HUCIIOJIb-
30BaHUM AHAJIUTUYCCKUX BBIPAKCHUH, MPEATIOKCH-
HBIX B [4; 14] u CII 26.13330.2012.

CoOcTBeHHBIC 9acTOTHI KoyeOaHWU (QyHIaMEH-
TOB, A; TP BEPTUKAIBHBIX U Ay TIPH TOPHU30HTATH-
HBIX KOJEeOaHUsAX (PyHIAMEHTOB ONPEAEISIOTCS CO-

T 1aCHO
/K /K
7\'22 Za }\‘x: x’
m m

rae K,, K, — BepTHKajlbHas U FOPU3OHTAIbHAL

JKECTKOCTH (PyHIaMEHTa COOTBETCTBEHHO; m — Macca
¢dbyHIamMeHTa.

TToaxona k onpeieieHUI0 TMHAMUYECKOM &KecCT-
KOCTH 3arjyOJICHHBIX (PYHIaMEHTOB, OCHOBAaHHBIN
Ha BOJHOBBIX MOJCISAX, IPEANOaracT CyMMHUPO-
BaHHE 3HAYCHUH, HAWJEHHBIX OTACIBHO I OOKO-
BOIl OBEPXHOCTH, NOAOIIBHI U CBal MPU UX HAIU-
quu [1; 9].

BeprukanbHbIe (z) U TOPU30OHTAIBHBIE (X) XKECT-
KOCTH 3ariTyOJIeHHBIX ONMBITHHIX (PyHAAMEHTOB OTIpe-
JIENAIOTCA CIEeIYIOINUM 00pa3oM:

362

— JUIs CBaifHBIX (DYH/IaMEHTOB CyMMHPOBAHHEM
’KECTKOCTH Ha OOKOBOH MOBEPXHOCTH 3ariayOleHHO-
ro pocteepka K, u xectkocteit K, kaxjaoi nz N

CBall B OCHOBAHUMU:

K, =Kﬂ+ﬁ“1<ﬂ,, K, :Kx1+ﬁ“1<ﬂi; (1)

i=1 i=1

— ansi (yHOAMEHTOB Ha €CTECTBEHHOM OCHOBA-
HUM CyMMHUPOBAHHEM >KECTKOCTEH 10 OOKOBOW MO-
BEPXHOCTH 3ariayOieHHoro ¢gyngamenta K, u mop

ero nogomsoil Kj:
Kz = Kzl + Kz3’ Kx = le + Kx3‘ (2)

BeprukanpHas jKecTKOCTh 10 OOKOBOI MOBEpX-
HOCTH 3ariTyOJICHHOTO POCTBEpKA MM (QyHAaMeHTa
ompeaensercs mo Gopmyie

K, = V;%pOSwlh’

rae p, — IUIOTHOCTh TPyHTa 3achilku; bV, — cko-
pPOCTh TIONEPEUYHBIX BOJH B 3achllKe (QyHAaMEHTa
(pocTBepka); h — BbIcOTa 3achlIKH; S, — K03 du-
LUEHT, OIpeesieMblii 0e3pa3MepHOI 4acTOTO# KO-
nebannit a, = rm/V,, u reomerpuueckoi hopmoii
B IUTaHe 3ariyOiieHHoro ¢yHIamMeHTa (POCTBEpKa);
@® — Kpyrosas 4acToTa KoieOaHUH; r — XapakTep-
HBIH pasmep: » = ro IJIs1 KPYIJIOro B IulaHe (GyHZOa-
MEHTa C paiuycoM ro, ¥ =+/ab/m s npsMOyrob-
HOTO B IJIAHE TeJla CO CToOpoHamu a u b [1; 4; 14].
Hanpumep, 1151 KpyTioro B IuiaHe Tena

Jo(ay)Ji(ay) +Y,(ay)Y (ay)
Jo (ay) + Yy (a,)

S,1(ay) =2ma,

b

rae Jo, Ji, Yo, Y1 — pynkuuu beccens neporo u BTO-
poro poja.

BeprukanbHas )KeCTKOCTbh OAMHOYHOW CBaW OI-
penensercs o ¢popmyie

__pPp
KzZ_ 19.1>

rae E, — Monyib ynpyroctu Marepuaia csau; A4, —

mjiaomanb MmonepeuHoro CCUYCHUsA CBau, l"p — paauyc

KpyTJIoii cBau (M 7, = c/A/T B ciydae KBajapar-

HOM B CE€YEHHMHU CBaW CO CTOPOHOM ¢); fio, — K0OIb-

(ument, onpenenseMerid mo Tabda. 1, cormacHo [7]
3aBUCAIINI OT COOTHOIIICHUN L / r,m E /G ,rae L —

jumHa cBam; G =V’p — MOIYINb CABATA TPYHTA; P —
IJIOTHOCTB TPYHTA, KOTOPBIH MPOpE3aeT cBasl.

DYNAMICS OF STRUCTURES AND BUILDINGS



KonecHukos A.O., Monos B.H. CtpoutensHas MexaHuka MHXeHepHbIX KOHCTPYKLWI u coopyxeHnin. 2018. T. 14. Ne 5. C. 360-368

Tabnuya 1

Ko3¢pdunueHTsl BepTHKAJIBLHOI KeCTKOCTH fi9.l
ISl BUCSIYMX CBaii
[Table 1. Vertical stiffness coefficients ji9.1

for friction piles]
E,/G

10000 2500 1000 500 250

10,8696 0,0021 | 0,0052 | 0,0104 | 0,0187 | 0,0332
21,7391 0,0031 | 0,0083 | 0,0166 | 0,0301 | 0,0509
32,6087 0,0042 | 0,0104 | 0,0218 | 0,0364 | 0,0571
43,4783 0,0042 | 0,0125 | 0,0260 | 0,0405 | 0,0582
46,7391 0,0052 | 0,0135 | 0,0270 | 0,0416 | 0,0582
54,3478 0,0052 | 0,0145 | 0,0281 | 0,0416 | 0,0582
65,2174 0,0062 | 0,0166 | 0,0291 | 0,0416 | 0,0582
76,0870 0,0062 | 0,0177 | 0,0301 | 0,0416 | 0,0582
86,9565 0,0073 | 0,0187 | 0,0301 | 0,0416 | 0,0582
100,0000 | 0,0083 | 0,0197 | 0,0301 | 0,0416 | 0,0582

L/rp

BeprtukanbHast )KeCTKOCTh IO TIOIOIIBONH (PyH-
JaMEHTa orpeeIsieTcs o Gopmyie

Kz3 = szeriz’

rae p — INIOTHOCTb I'PYHTA, K — CKOpPOCTBH IIOIIC-

pPEUHBIX BOJIH B I'PyHTE HM)KE MOAOMIBBI (yHHa-
MeHTa; F_ — kxo3dduuueHT ompenenseMslil co-

riacHo [1]:
F.=5,33-0,9a,.

lopusoHTanbHAs KECTKOCTh MO OOKOBOH TO-
BEPXHOCTH 3ariyOJIeHHOTO POCTBEpKa Wiu (QyHAa-
MEHTa onpezaessiercs no gopmyie

K,= I/sz()pOSulh’

rae S, — kodbdunuent, cornacHo [1; 4; 14] cBs-
3aHHBIA ¢ Oe3pa3MepHOW YacTOTOU KojeOaHui ao
U reoMeTpuyeckoi Gopmoli 3ariayOsieHHoro ¢GpyHa-
MeHTa (pocTBepka). Hanpumep, i1 Kpyriioro B miaHe
Tena

S, (ay) = mal[1 + 2202 (@) + Y@ (@),
‘]0 (a0)+ Yo (ao)

l'opuzoHTanbHas )KECTKOCTh OJUHOYHON CBau
ompenenseTcs no popmyne

K _ EP]P
x2 3 11.1»
I"p

rae [, — MOMEHT MHEPLHH CCUCHHs CBaW; f)

KO3 GUIMEHT, OIpeesieMblil cormacHo [16]:

fii =7,25(V,1V,) +0,38(V, /V,)—0,0013,

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

e V, = /Ep /yp; Y, — YACIbHBIH Bec MaTepuaia

CBam.
l'opuzoHTaNbHAd KECTKOCTh MOJI MOJOLIBOU
(dbyHnameHTa onpezaenseTcs mo Gopmyse

Kx3 = V;zprﬁix’

rae F,, — xo3dduuneHt, onpenensieMblil coraac-
Ho [1]:

_ 2
F,.=4,86-0,2q; .
Pe3yabTaTthl ncejegoBanunii

Pe3ynmbTaTel m3MEpEeHH M pacueTOB 9acTOT CO0-
CTBEHHBIX KoJeOaHud ¢yHaameHToB ®-1 n D-2
npuBeaeHb B Tabm. 2 m 3 cooTBeTCTBeHHO. Jls
KaXKJ0T0 UCIBITYeMOT0 (hyHJaMEHTa IPOU3BOIMIACH
peruCTpaIus 4acTOT COOCTBEHHBIX KOJEOaHUU W
OITHOBpeMeHHbIH pacueT 1o dopmynam (1), (2) ms
Pa3NUYHBIX YPOBHEH MX OTHOCHUTEIHHOTO 3ariyole-
Hus h/d = 1; 0,75; 0,5; 0,25; 0. Berauciienus: mpoBo-
JIWIHACH COTJIaCHO [4] /Ui KpyTJioro B IiaHe GyHna-
MeHTa, [14] nns npsMOYyrojapHOro B IUIaHE Tela U
cormacio CII 26.13330.2012. Ilpu omnpeneneHuun
CyMMapHOHW JKECTKOCTH CBaii B OCHOBaHWH HX B3a-
HMMHOE BJIMSHUE HE YUYUTHIBAJIOCH [15].

Heo0Oxoammo OoTMETHTBH, YTO TPH pacdyerax Hc-
MOJIb30BANIMCH 3HAUYEHUS CKOPOCTEH MOMEepPeYHBIX
BOJIH V,, ompeneileHHBIX HEMOCPEACTBEHHO Ha
OTBITHOM TOJUTOHE C TTOMOIIBI0 METO/a OIMUCAHHO-
ro B [16]. JI;ms 3TOro HCIIONB30BANKCH NIBE, TOTPY-
JKEHHBIE B TPYHT Ha PAacCTOSHUU 2 M JIPYT OT JIpyra
METaJUIMYECKHE CBAaW «UCTOYHUK» U «IIPUEMHUK
auameTpoM 76 MM 1 guHoU 1500 MM, nMeromye Ha
BEPXHUX TOPIAX METANJIMYECKUE IIACTHUHEI C 3a-
KPEIUIEHHBIMHA TPEXKOOPAWHATHBIMH BHOPOIATYH-
kamu. [Ipu ymape mo cBae-MCTOYHUKY PETHCTPUPO-
BaJINCh UMITYJIbCHI HA HEW M Ha cBae-npueMHuke. [1o
BPEMEHU MPOXOXKACHUS HMITYJIbCa MEXKIY CBasMHU
OTIpe/IeTISIach CKOPOCTh MOMEPEUHBIX BOJH B TPYHTE
B 3aBHCUMOCTH OT BEPTUKAJIBbHOTO WU TOPU3OH-
TABHOTO HAIIPABIIEHUS TPHIOKEHUS HMITYIbCHOM
Harpy3ku. 3HAU€HUS CKOPOCTEH A TPYHTa OIBIT-
HOTO TIOJIUTOHA OMPEeENIeHbl Kak V= 146 mM/c — npu
MIPIJIOKEHUH HArpy3Kd B BEPTHKAILHOM HaIpaBJie-
Huu U Vo= 105 M/c — Tipy TPUIIOKESHUN HArpy3KH B
TOPU30HTAIBHOM HalpaBieHUU. Pa3Hble 3HauYeHUS,
MOJIyYeHHBIC B 3aBHCHMOCTH OT HAIIPABJICHUS yapa,
CBUETEIBCTBYIOT 00 aHU3OTPONHU CKOPOCTEH Y-
pyrux BosiH B rpyHTe [17].
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Tabauya 2
YacToThl cOOCTBEHHBIX Kose0anuii pynnamenta ®-1
[Table 2. Natural frequencies of the foundation F-1]
Ne 3arayo0.enue, h/d H3mepennas Pacuernas yacrora, I'y
n/n [Deepening, A/d] yacrora, 'y [Theoretical frequency, Hz
[Measured CII 26.13330.2012 [4] [14]
frequency, Hz] [SP 26.13330.2012]
Top. Bepr. T'op. Bepr. I'op. Bepr. Top. Bepr.
[Hor.] [Vert.] [Hor.] [Vert.] [Hor.] [Vert.] [Hor.] [Vert.]
1 1,00 42,47 54,54 31,04 36,17 39,97 56,59 41,33 59,01
2 0,75 41,43 52,25 30,09 35,46 36,96 54,33 39,57 56,23
3 0,50 38,71 50,00 28,60 34,75 35,92 51,96 37,73 53,29
4 0,25 33,85 47,61 26,48 33,27 34,85 49,49 35,79 50,19
5 0,00 30,03 45,40 24,17 31,72 33,75 46,88 33,75 46,88
Tabauya 3
YacToThl cOOCTBEHHBIX Kose0anuii pynnamenta ®-2
[Table 3. Natural frequencies of the foundation F-2]
Ne 3arayo0.enue, h/d H3mepennas Pacuernas yacrora, I'ny
n/n [Deepening, A/d] yactoTa, 'y [Theoretical frequency, Hz
[Measured CII 26.13330.2012 [4] [14]
frequency, Hz| [SP 26.13330.2012]
T'op. Bepr. T'op. Bepr. Top. Bepr. T'op. Bepr.
[Hor.] [Vert.] [Hor.] [Vert.] [Hor.] [Vert.] [Hor.] [Vert.]
1 1,00 36,10 45,76 28,83 30,30 34,68 44,74 38,27 47,79
2 0,75 32,25 42,30 27,95 29,70 32,08 41,83 35,01 44,29
3 0,50 28,80 39,50 26,56 29,10 29,25 38,70 31,41 40,49
4 0,25 25,45 35,25 24,60 27,85 26,11 35,30 27,34 36,29
5 0,00 22,30 31,15 22,45 26,56 22,55 31,54 22,55 31,54

h/d h/d

Puc. 3. 3aBUCMMOCTb PE30HAHCHBIX YaCTOT Ax, A; OT BeJINYMHBI OTHOCHTEJIBHOIO 3ariyosenus h/d hpynnamenra:
a— ®-1; 6 — ®-2. llItpuxoBble TMHUK — JaHHBIE 3Mepenuid aBTopoB (1) u [3] (0);
CIUIOIIHbIE JTHHUY — Pe3yJIbTaThl pacyeToB coraacHo [4] (e), [14] (H) u CIT 26.13330.2012 (&)
[Figure 3. Correlation of the resonant frequencies Ax, A; from the relative depth of foundation //d:
a—F-1; 6 — F-2. Dashed lines — the results of measurements of the authors (1) and [3] (¢);
solid lines — the results of calculations according to [4] (e), [14] () and SP 26.13330.2012 (4b)]
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W3 pe3ynbTaToB 3KCIEPUMEHTOB, TPOBEIESHHBIX
Ha ONBITHOM IIOJIUTOHE, CJIEeNyeT, YTO YBEIHUCHHE
3aryOJeHus] TPUBOAUT K TOBBIIIEHUIO YacTOT CO0-
CTBEHHBIX KOJICOAHWUW KaK CBaWHBIX (YHIAMEHTOB,
Tak ¥ (YHIAMEHTOB Ha €CTeCTBEHHOM OCHOBaHWH.
W3meneHnue 4acToT OT 3ariayOsieHus uMeet pakTuye-
CKH TUHEHHYI0 3aBUCUMOCTE (puc. 3). IlomHoe 3a-
rIyOJIeHre CIOCOOCTBYET YBEIMYCHUIO YacTOT IPH
TOPU3OHTANBHBIX KOJNEOaHUAX s cBaifHOTO (hyH-
nameHTa B 1,5 pasa, i pyHAaMeHTa Ha €CTeCTBEH-
HOM OCHOBaHHHU Ooiee yem B 1,6 pas, mpu BepTH-
KaJbHBIX KOJIEOAHMSIX U CBAaifHOTO (yHIaMeHTa B
1,3 pa3a, mia ¢yHIaMeHTa Ha €CTECTBEHHOM OCHO-
BaHNU B 1,4 paza. MOXXHO OTMETHTH, 4TO sl QYH-
JAMEHTOB Ha €CTECTBEHHOM OCHOBaHHH 3ariyoJe-
Hue Oollee 3HAYMTENHHO BIMSET Ha M3MEHEHHE dYa-
CTOT COOCTBEHHBIX KOJEeOaHWH, 4eM JUIsl CBAMHBIX.
B kauecTBe MOATBEPkKIEHUS MONYyUYEHHBIX pe3yJbTa-
TOB U3MEpPEHU Ha puc. 3, 6 IPEICTABICHBI JaHHBIC
u3 [3] mig dyHIaMeHTa aHAJTOTHIHBIX Pa3MEepPOB U CO
CXO0XXHMH CBOMCTBaMH TPYHTA.

[IpuBenennsie B TabI. 2 U 3 pe3ynbTaThl, HOIY-
yeHnple coriacHo CII 26.13330.2012, ummoctpu-
PYIOT 3HAUHUTENHHO OoJiee HU3KHME 3HAUYEHUS pacCUu-
TaHHBIX YaCTOT COOCTBEHHBIX KOJeOaHUH, 4eM ObLTH
OmpeneNeHbl B X0J€ OMBITHBIX 3aMepoB. MOKHO
c/IenaTh BBIBOJ, YTO 3ariyOiieHUe B JAHHOM CITydae
YYHUTBHIBACTCS HE B MOJHON Mepe. DTO MOATBEpK/Ia-
€TCs TeM, YTO MaKCHUMaJIbHOE PACXOXKICHUE C IKCIIe-
PUMCHTAJIbHBIMU JIAHHBIMH COCTAaBJISICT MPU BEPTHU-
KaJbHBIX KOJIeOaHUsX JUIs (GyHIaMEHTa Ha CBasX U
Ha ecTecTBeHHOM ocHoBaHHH — 33 %. B cmydae ro-
PU3OHTANBHBIX KOJEOAHHH MaKCHMAJbHEIE PacXOikK-
nenus cocraBisaoT oT 20 % s GyHmameHnTa Ha ec-
TECTBEHHOM OCHOBaHMH 10 27 % Juis cBaiftHOTO (hyH-
JTAMEHTa.

Tabauuel u puc. 3 oTOOpaXKarwT Pe3yJIbTaThl,
MOJy4YeHHBIE MIPU MPOBEACHNH MHXECHEPHBIX pacye-
TOB ¢ ucnojb3oBanueM Gopmy (1), (2) mist onpene-
JIEHUS JKECTKOCTEH 3arinyOieHHBIX (yHIAMEHTOB Ha
CBasX W Ha €CTECTBEHHOM OcHoBaHWU. [Ipu BeIumMC-
JICHUH YacTOT COOCTBEHHBIX KoJieOaHuii (pyHmaaMeH-
TOB K0d(Gdunuentel S, U S, ONpEeAesINCh CO-
rmacHo [4] mias Kpymioro B IutaHe Tema u [14] mis
MPsSMOYTOJILHOTO B IIaHe Tena. Ha ocHoBaHUHM
MpelCTaBIECHHBIX 3HAYEHUH YacTOT MOYKHO YTBEp-
JK/IaTh, YTO PacUeThl B PaMKax HCIOJIb3YEMBIX IMPH-
OJIMKeHHU TIO3BOJISIFOT MOJTyYUTh XOPOIIee COBIaje-
HUE C IKCIIEPUMEHTAIbHBIMH JaHHBIMA. YacTOTHI ISt
NPSMOYTOJIFHOTO B IJIaHE Tejla UMEIOT OoJiee BBICO-
KHE 3HAYeHHUs, YTO OOBICHSAETCS OOoNbIIeii OOKOBOU

LVHAMUKA KOHCTPYKLWIA 11 COOPYXEHUM

MOBEPXHOCTBIO 3aryIyOJICHHOTO (hyHAAMEHTa, B3aHMO-
JelCcTBYIOUIe C TPYHTOM M, KaK CJIEACTBUE, OOJb-
e )KECTKOCTHIO.

PaccmatpuBas pe3yibTarhl, MOIy4YEHHBIE C UC-
HOoNb30BaHUEM S, U S, OIpelenseMbIM 1o (op-
MysaM [4] Ans KpyTiioro B IUIaHE TeNa, pa3iuyHe C
OTIBITHBIMHU JAHHBIMH IIPH TOPH3OHTANBHBIX KOJeOa-
HHSIX OICHHBaeTcsa OT 6 jmo 12,5 % nns cBalHBIX
¢byHnameHToB u 10 4 % ans QyHIAMEHTOB Ha ecTe-
CTBEHHOM OCHOBaHHUH. bosblias BelIWYMHA PacXok-
neHust 3aduKcupoBana npu 3arnybieHun h/d = 0
KaK CJIEICTBHE IOIPEIIHOCTH BBIYMCICHHUS CyM-
MAapHOU ’KECTKOCTU CBail B ocHoBaHuU. [Ipu BepTu-
KaJlbHBIX KOJICOAHUSAX pa3uyuve C ONBITHBIMHU JaH-
HBIMH MEHbIE — 10 4 % nnsa cBallHBIX (yHIaMEH-
TOB, OKoJo 2 % nans (yHIaMEHTOB Ha €CTECTBEH-
HOM OCHOBaHHH.

[Ipu oueHke pe3ynapTaToB, MOITYUYEHHBIX CO 3Ha-
yeHusmMu S, ¥ S, PaCCYMTaHHBIMU Ha OCHOBA-
HuH [14] 1 mpsIMOYTOJIBHOTO B IUIAHE Tela, TIOJy-
yaeM, YTO NPH TOPU3OHTANBHBIX KOJEOAHUSIX paz-
JMYUE C ONBITHBIMU JaHHBIMHM COCTaBJIs€T OT 3 110
12,5 % nns cBaitHbIX QyHAaMEHTOB U 6 % amst GyH-
JAMEHTOB Ha €CTECTBEHHOM OCHOBAaHHMHM. 311€Ch TaK-
e MaKCUMaJbHOE PACXOXKICHUE TOIYyYeHO IpPH 3a-
riyOnennn h/d = 0 B Xolle BEIYUCIICHHUS KECTKOCTEH
cBail B ocHOBaHUH. [Ipy BepTHUKAIBHBIX KOJEOaHUIX
pas3nudre ¢ ONBITHBIMHU JaHHBIMHM HE IpeBbIaeT & %
IUTS CBaHBIX (QyHIaMeHTOB W 4 % s dhyHmameH-
TOB Ha €CTECTBEHHOM OCHOBaHUH.

wl

BriBoabI

ITo pesynpraTaM NpPOBEOCHHBIX HCCIEIOBAHHUN
MOJKHO CJ/IeNaTh CIIeAyIoIue BhIBOBI. OmnpeleneHo,
YTO COOTHOIICHUS U GopMyIsl [4; 14], monmydeHHBIC
B paMKax BOJHOBOW MOJENN W TPUMEHSEMbIE IS
pacuera JUHAMHYECKUX KECTKOCTEH NpH PaccMoT-
PEHUU BCPTHUKAJILHBIX W TOPU3OHTAJIBHBIX KOJIC-
OaHmit 3ar1yOJIeHHBIX (YHIaMEHTOB Ha OOBIYHOM
¥ CBalHOM OCHOBaHWU, MO3BOJSIOT MOJIydaTh 00-
jee TOYHBIE PE3yNbTaThl IPH ONpENeIEHUU Pe30-
HAHCHBIX YacTOT 10 CPaBHEHHIO C METOIOM Hpe-
noxkeHHbIM B CII 26.13330.2012, 9ro moarBepkaa-
€TCsl CPABHEHUEM PE3yJIbTaTOB C TaHHBIMU KCIIEPH-
MEHTAIILHBIX MCCIIEIOBAHUH, BBIMIOJHEHHBIX B IOJY-
HATYpHBIX yclioBHAX. YacToThl KoneOaHMi, HalieH-
HBIE C HCIIOJIb30BAaHUEM PACCMOTPEHHBIX (OpPMYIL,
MOKa3bIBAIOT JIydlllee MPUOIMKEHUE K YacTOTaM,
OTIpEJICICHHBIM ONBITHBIM IIYTEM, 110 CPAaBHEHUIO C
CYILIECTBYIOIIMMHU METOaMU JAEHCTBYIOUIUX HOPM.
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CpaBHeHUE pe3yJbTaTOB IO OMPENEISHUI0 4acTOT
COOCTBEHHBIX KOJ€OaHWI HE BBISBHIIO SIBHOTO Ipe-
MMYIIECTBA B UCTIOJIB30BaHUU (POPMYIT IS KPYTIIOTO
WM KBaJIpaTHOTO B TUTaHE Tella, YTO JeJaeT >KeJa-
TEJBHBIM JNaJbHEUIINe HCCIIeIOBAHMS 3arTyOJICHHBIX
(YHIaMEHTOB MO/ JMHAMHYCCKUMHU Harpy3KaMu Mpu
SHAYUTCIIbHOM pa3jIn4uy B COOTHOUMICHNU UX CTOPOH
Y aHAIU3 aMIUTUTYTHOW XapaKTePUCTHKH KOJIeOaHUH
CHUCTEMBI.

© Konecnukos A.O., [Tonos B.H., 2018
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Abstract. The aim of work. To determine the dynamic stiffness at considering vertical and horizontal vibrations of
embedded foundations on a conventional and pile base, the possibility of using formulas obtained within the framework of
the wave model and SP 26.13330.2012 is considered.

Solution technique. Depending on deepening changes, the natural-vibration frequencies of the system oscillations are
calculated. The obtained results are compared with the experimental data obtained in a series of impulse dynamic loads per-
formed on foundation models in semi-real conditions. The values of the transverse wave velocities were determined directly
on the experimental range from the results of measurements.

Results. 1t is determined that deepening leads to an increase in the frequencies of natural oscillations, both pile founda-
tions and shallow foundations. Full penetration helps to increase natural-vibration frequencies. For horizontal oscillations
more than 1.6 times, for vertical oscillations up to 1.4 times. The influence of deepening on shallow foundations is more
significant. The advantage of the calculations results and their high agreement with the values obtained during the experi-
ments in the framework of the wave model in comparison with the method from SP 26.13330.2012 is shown. It allows
to reliably determining the amplitude-frequency characteristics of the foundations. The results determined in accordance
with SP 26.13330.2012, have significantly lower values of the natural-vibration frequencies and do not fully take into ac-
count the influence of deepening. The maximum difference with the experimental data for vertical vibrations for a founda-
tion on piles and for a shallow foundation is 33 %. In case of horizontal fluctuations, the maximum differences are from
20 % for a shallow foundation and up to 27 % for a pile foundation.

Keywords: foundation under equipment, embedded foundation, wave model, natural-vibration frequency of

the foundation
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HAYYHAS CTATbA

CpaBHeHne PeE3YJAbLTATOB pacdueTra coopymennﬁ Ha 3aJaHHbIC aKCEJIeporpaMmMbl
HeJIMHEHHBbIM CTaATHYEeCKUM M HeJIMHEHHbIM ANHAMHAYECCKUM METOAaMHU

C.B. byayuies

Hanunonanbnblil uccnenoBaTenbckuil MOCKOBCKUN TOCYAapCTBEHHBIN CTPOUTENbHBINA YHUBEPCUTET
Apocnasckoe wocce, 26, Mockea, Poccuiickas @eodepayus, 129337

(nocmynuaa 6 pedaxyuro: 21 asrycra 2018 r.; dopabomana: 17.09.2018 r.; npunsama x nyoauxayuu: 28 cenrsops 2018 r.)

AKTyajabHOCTb. COBpeMEHHbIE HOPMBI IPOSKTHPOBAHMS 31aHUN U COOPY)KEHHH C YIeTOM CEHCMHUYECKHX BO3IEHCTBUIA
MIPEANoaraloT pacueT KOHCTPYKLUMNA B HEIUHEWHOHN nmoctaHoBKke. OIHOTO JMHEMHO-CIEKTPaIbHOIO METOJa, KOTOPBIA MpH-
MEHSUICS ¥ TIPUMEHSETCSI IO CUX TOp, [UIA pacdeTa yKe HeJOCTATOUYHO. JTO CBA3aHO C TEM, YTO OH HE MO3BOJISIET HAIPAMYIO
Y4eCTh HEJIMHCHHYIO PaboTy KOHCTPYKIUMH. J[JIsl pelieHns MOCTaBICHHOM 3a1a4l MOTYT OBITh UCIIOJIB30BaHbl HEJIMHEHHbBIC
TUHAMIYECKHE METOIBI pacdyeTa BO BpeMeHHOH oOmacTi. Ha maHHEBII MOMEHT Takie METObl PEeaT30BaHbI JIUIIH B CIICIHA-
JIM3UPOBAHHBIX MMPOIPAMMHBIX KOMIIUICKCAX U B 6OHbHJl/lHCTBe CJIy4acB HEC MOI'YT 6I)ITb HCITI0JIb30BAaHbI O6])ILIHI)IMI/I IMPOCKTHU-
poBmukamu. Takum 0Opa3oM, MOSIBHIACH HEOOXOMMOCTh B IPUMEHEHUN 0OJIee MPOCTHIX METOAOB HEIMHEHHOTO pacyera.
B 3apy0e)xHBIX HOpMax AJIs pacdeTa CeHCMOCTOWKOCTH 3aHUNA U COOPY)KEHHH y)Ke JaBHO MPUMEHSIOTCS HelNWHEHHbIe cTa-
TUYECKHE METOMBI, W «IIylIoBep aHamu3y» (pushover analysis). Ho B oTeuecTBeHHOW NpaKTUKE MPOCKTHPOBAHUS JI0 HE-
JIABHET'O BPEMEHU 3TUM METOJAM HE YAEISUIOCh JAOJDKHOTO BHUMAaHMs. TeM camMbIM aKTyaJlbHOCTh HCCIEI0BAHUSI BO3MOXK-
HOCTU NPUMCHEHUS 3TUX METOI0B B MH)KeHepHOﬁ MPAKTUKE HE BbI3bIBACT COMHCHUA.

Ieas. Lenbio JaHHON CTAaThU SBJSETCS OLIEHKA TOYHOCTH HEIMHEWHOIO CTaTHYECKOI0 METO/1a [0 CPABHEHHUIO C HEJIU-
HEHHBIM JUHAMHYECKUM METOJIOM IIPU PACUETE COOPYKEHUH Ha 3aJaHHBIE AKCEJIEPOTPAMMBI.

Mertoasnl. B cratbe paccMOTpEHBI TP CTAJBHBIC paMbl: OJHO-, TPEX— U ceMU3TaxHas1. [1on00p cedeHuii BHITOIHEH B
COOTBETCTBUH C TPEOOBAHUSAMH HOPM IO CEHICMOCTOIIKOMY CTPOMTENBCTBY Ha celicMuueckue Harpysku ypoBHs [13. Taxxke
paMbl pacCYMTaHbl Ha CEHCMHUYECKOe Bo3aeiicTBrue ypoBHs MP3 Ha Habop akcejaeporpaMM pa3Ii4HOrO 4aCTOTHOTO COCTa-
Ba. Pacuer mpom3BOaMIICS HEIMHEHHBIM TUHAMUYSCKHM METOIOM B mporpaMMHOM Komruiekce LS-DYNA u HelmnHeHHbIM
CTaTUYECKUM METOAOM B IporpaMMHbIX koMiiekcax «JIMPA 10.6» u MATLAB.

BoiBoabl. PacueTsl mokaszanu, 4To BO BCEX paCCMOTPEHHBIX CIIy4asiX, KpOME OJIHOT0, HEJTMHEWHBII CTaTUYECKUN METO
[10Ka3aJl KOHCEPBATUBHYIO OLIEHKY PEaKLUU CUCTEMBI 10 CPAaBHEHUIO C HEJIMHENHBIM TUHAMU4ecKuM MeTogoM. Ho B Heko-
TOPBIX CIYYasiX MOJYYHIACH CIUIIKOM OOJIBbINAast HOTPEIIHOCTb.

KiroueBblie cjioBa: celicMOCTONKOCTb, HETMHEHHBIN METO/ pacyeTa, HeJIMHEHHBIN CTaTHUeCKUI MEeTOJT pacyera, Helu-
HEHHBIA JUHAMHYECKUI METOJ pacueTa, IyLIOBEp aHaIu3, aKCeleporpaMma

BBenenune

B coBpeMEHHBIX POCCHICKUX HOpPMax IO CceHCMO-
CTOMKOMY CTPOMTENBCTBY' TIPH MPOEKTUPOBAHUH 3/1a-
HHUH B COOPYXEHUII HEOOXOIUMO BBINOJIHATH PacyeT
Ha JIBa YPOBHS CEHCMHUYECKUX HArpy3oK: ypoBeHb [13
(mpoexTHOE 3emieTpsceHne) U yposenb MP3 (makcu-
MaJlbHOE pacueTHoe 3emierpsicenue). C pacueToMm Ha
13 Bce mocTaTouHO MOHSATHO M MTPOCTO. B 3TOM Citydae
UCTIONB3YyeTCs IMHEHO-CrieKTpabHbIi Metos (JICM),
KOTOpBIN SIBISIETCS HOPMATUBHBIM U NMPHUMEHSETCS B

! CIT 14.13330.2014. CTpouTenbCcTBO B CEHCMUYECKUX Paii-
oHax. AxryamusupoBanHas pemakiust CHull I1-7-81*. M., 2014.

LVHAMUKA KOHCTPYKLWIA 1 COOPYXXEHUM

CII 14.13330.2014". Onnako npu pacuete Ha MP3 st
0oJiee aeKBaTHOM OICHKY TPeOyeTCsl HAIPSMYTO YUH-
THIBAaTh HEJIMHEHHYIO paboTy KoHCTpykimid. Hambomnee
TOYHO 3TO MOXHO CHI€JIaTh C MTOMOIIBI0 HETUHEHHBIX
mHamMrdeckux metonoB (H/IM). B atom ciygae mpo-
eKTHPOBINMKY, KaK MIPAaBUIIO, IPUXOJUTCS 00pamaThest
B CICIUATIM3UPOBAHHBIC OPraHU3AIMH I pacdeTa 3/1a-
Huil U coopyxenuid Ha MP3. 910 cBA3aHO ¢ Tem, 4TO
HEeNMHEHHbIe JUHAMHYIECKHEe METONBI pacdeTa BO Bpe-
MEHHOMW 00JIaCTH PeaTi30BaHbI JIUIIb B CIIOKHBIX MPO-
rpaMMHBIX KOMIUIEKcaxX. B To ke Bpemsi HeluHEHHbIe
cratryeckue Metoasl (HCM), xoTopbele mocTaToYHO
JTABHO Pa3padOTaHBI U MPUMEHSIOTCS 3a pyoeskom [1-7],
a TaKKe BKJIIOYEHBI B MHOCTPAHHBIC HOPMBI MPOEKTH-
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POBaHMS’, HE TONYUHIIH JO/DKHOTO Pa3BUTHS. JIumib B
MOCIIEIHEE BPEMS HETMHEHHBIC CTATUYCCKUE METOBI
CTaM aKTUBHO HcciaenoBathes [8—20].

ean uccaeqoBanus

Panee B pabore [7] Oblia mpeaioxkeHa METOIHU-
Ka HEJIMHEHHOI'O CTaTHYECKOro aHajM3a 3JaHUi U CO-
OpyXEHHUI Ha ceilcMUYecKue BO3ACHCTBUSA HAa OCHO-
Be FEMA 440. B pa6otax [8—9] 6bu1a mpoBezieHa OIeH-
Ka TOYHOCTU HEMTMHEWHOrO CTaTUYECKOTO0 METOoJa MpU
pacueTe Ha MPOEKTHBIN CHEKTpP 3eMIIETPSICEHUS B CO-
otBetctBuu ¢ CII 14.13330.2014.

Ienbio maHHOM pabOTHI SBISIETCS OIIEHKA TOYHOCTH
HEJMHEHHOr0 CTaTUYeCKOTO0 METO/a M0 CPaBHEHUIO
C HETMHEHHBIM JUHAMHYECKUM METOJOM IIPH pacye-
T€ COOpPY>KCHHI Ha 33JJaHHBIC aKCEIEPOTPAMMEL.

MarepuaJjibl U METOABI

B pabote paccMOTpeHBI TpH OTHOTIPOJIETHBIC JKECT-
KHE paMbl U3 CTAJIBHBIX JBYTAaBPOB: OJHO-, TPEX- H
cemudTaxHas. Ha puc. 1 npuBeneHa pacyeTHasi cxema
TPEX3TAXKHOU pambl. PasMepsl OCTAIBHBIX PUHSTHI 110
aHajoruy. Matepuan KoJoHH — ctanb C345, 6anok —
C255 B cootBerctBun ¢ CIT 16.13330.2011°. Tua-
rpaMMBl paOOThl CTAIM MPUHATHl YIPYTO-TIacTHYe-
ckumH (puc. 2).

Ceuenust paM ogoopansl B coorBercTBuu ¢ CII
14.13330.2014 npu pacuere Ha cCEHCMHYECKOE BO3-
nericteue ypoBHs [13 mHTEHCHBHOCTBIO § 0ayuloB B
IIK «JIMPA 10.6». YacToTsl miepBoii GopmbI KoJIe-
Oanwmit pam pasubl 1,521, 0,702 u 0,375 I't cooTBeT-
cTBeHHO. [TapameTp 3aTyxaHus I KOHCTPYKIUN
& =3 % OT KPUTHUYECKOTO.

Pacuer pam Ha celicMuueckue BO3IEHCTBUS YPOB-
Hs MP3 npousBouicsa B HENUHEHHON TOCTAHOBKE C
MPUMEHEHNEM CHHTE3UpPOBAHHBIX akceneporpamm. s
pacuera OBIJIO CHHTE3UPOBAHO 5 aKCeJIeporpamMm ¢

2 Applied Technology Council (ATC). Seismic Evaluation
and Retrofit of Concrete Buildings. Rep. No. ATC-40, Volumes
1 and 2, Redwood City, CA, 1996.

European Standard. Eurocode-Basis of Structural Design:
EN 1990: 2002(E). April, 2002. 87 p.

FEMA 273. Federal Emergency Management Agency. NEHRP
Guidelines for the Seismic Rehabilitation of Buildings, Washing-
ton, D.C. October, 1997.

FEMA-274. Federal Emergency Management Agency. NEHRP
Commentary on the Guidelines for the Seismic Rehabilitation of
Buildings, Washington, D.C. October, 1997.

FEMA 356. Prestandard and commentary for the seismic
rehabilitation of buildings. American Society of Civil Engineers
(ASCE), Washington, D.C. November, 2000.

FEMA 440. Improvement of nonlinear static seismic analy-
sis procedures. Rep. No. ATC-55, Redwood City, CA, 2005.

3 CII 16.13330.2011. CTanbHble KOHCTPYKIMH. AKTyau-
supoBanHas penakius CHull 11-23-81*. M., 2011.
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JoMHHAHTHRIMU yacToTamu 0,25, 0,5, 1,0, 1,5u2 I'g
(puc. 3—7 cooTBeTCTBEHHO). Bee akceneporpaMmbl
HOPMHPOBaHbI Ha yCKopeHue 2 M/c?.
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Puc. 1. PacyeTHas cxema TPeX3Ta:KHOI paMbl
[Figure 1. The design scheme of the three-storey frame]
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Puc. 2. O6mmii Bua q1uarpammbl 1e)OpMHPOBAHMS CTAJIH
[Figure 2. General view of steel deformation diagram]|

Pacuer HenMHENHHBIM AMHAMUYECKUM METOAOM
(HAM) npoBozumiicst B IporpaMMHOM Komrutekce LS-
DYNA myteM HEnocpeACTBEHHOI'O PELICHUS YpaBHE-
HUI BUKEHHUS BO BPEMEHHOW OOJIACTH C TTOMOIIBIO
SBHBIX CXeM MHTerpupoBaHus. Bo Bcex pacuerax yum-
TBIBAIUCH (DM3MUYECKAs U TCOMETPHYECKAs HEJMHEHHO-
ctr. OHO3TaXKHAS paMa pacCUUTHIBANIACh Ha aKcelie-
porpammbl Ne 3—5. TpexaTaxkHasi U CEMUITaKHasl Ha
akceneporpamMmbl Ne 1-3.

AHaNoruyHele pacdyeThl MPOBOAWINCH HEIMHEH-
HBIM CTaTHYECKUM METOJIOM Ha OCHOBAaHHH METOJH-
KH, NIPEJIOKEHHON paHee B [7], B mMporpaMMHBIX
komiuiekcax «JIMPA 10.6» u MATLAB. Pacuetst
BBITIOJTHEHBI KaK C Y4eTOM (PU3UYECKOW M T€OMETPH-
geckolt HenmuHenHoctel (['H), Tak u ¢ yueTom ToJb-
KO (M3HYECKON HEIMMHEHHOCTH.

DYNAMICS OF STRUCTURES AND BUILDINGS
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[Figure 3. Accelerogram Ne 1: a — accelerogram; 6 — spectral composition]
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[Figure 4. Accelerogram Ne 2: g — accelerogram; 6 — spectral composition]
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[Figure 6. Accelerogram Ne 4: a — accelerogram; 6 — spectral composition]
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Puc. 7. Akceneporpamma Ne S: g — akceneporpamma; 6 — CIIEKTpalIbHBIH COCTaB
[Figure 7. Accelerogram Ne 5: a — accelerogram; 6 — spectral composition]

PesyabTarsl

Pe3ynprarsl mokaszanu, yTto npu pacuere Ha MP3
HH OJTHa pama He 0OpyIInIIach, 32 UCKITIOUYCHHEM CITydast
pacueTa HEJMHEHHBIM CTaTUYECKHM METOAOM OIHO-
3Ta)XHOM pambl Ha akceneporpammy Ne 1. B kadectse
CpaBHEHUs HENMMHEIHOTO CTaTUUECKOr0 U HEJIMHEIHOTO
JUHAMHYECKOT0 METOAOB UCIOIb30BAIACH BEIHMUNHA
MaKCHMAaJIbHOTO TEPEMEIECHUS BEpXa KOHCTPYKIUH.
Ha puc. 8-10 npuBeneHs! pe3yibTaTsl pacyera Tpex
pam. OcTanbHbIe pe3yNbTaThl CBEICHHI B Ta0m. 1-3.

Ob6cyxneHue

B pa6ortax [8-9] npu pacueTe HeTMHEWHBIM CTa-
TUYECKUM METOJIOM Ha MPOEKTHBIN CIEKTP B COOTBET-
crBun ¢ CIT 14.13330.2014 ObutH MOTyYeHBI 3HAYH-

372

TEJBHBIC PACXOXKICHUS C HEJIMHCWHBIM JTUHAMUYECKAM
METOJIOM KaK B OOJIBIIYIO, TAK U B MEHBIITYIO CTOPOHY.
B npoBeneHHOM HCCIE0BaHWN HETMHEUHBIN CTATH-
YECKUI METOJl TI0Ka3all KOHCEPBAaTHBHBIC pPe3yJIbTa-
THI BO BCEX CIIyYasiX, KpOME€ OJHOTO — IpU pacueTe
OJHO3TaXXHOU pambl Ha akceneporpammy Ne 1. Pas-
HUIIa B IEPCMCIICHUAX IO CPAaBHCHUIO C HEJIMHEH-
HBIM THHAMHUYECKUM METOJ0M cocTasigeT 1o 50 %,
3a UCKITFOUYEHHEM CITydasi pacdeTa TPeXdTaKHOU pambl
Ha akceneporpammy Ne 1.

B pabotax [1; 2; 7] uccienoBaiuch pa3uvHbIC
MOAN(PUKAINN HETUHEHHOTO CTaTHIECKOT'0 METO/Ia.
bruto mokaszaHo, 4TO IPU pacueTe TOIBKO MO OJHOU
(opme cOOCTBEHHBIX KOJICOAHUIA B ONPECICHHBIX CITy-
Yasgx pe3ylbTaThl MOTYT JOCTATOYHO CHIIEHO Pacxo-
IUTHCS TIO CPAaBHEHUIO C HETMHEWHBIM THHAMHUYE-

DYNAMICS OF STRUCTURES AND BUILDINGS
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cKkuM MetozioM. [Ipu 3ToM B 1Ie7I0OM METO/T OIICHUBACTCS
KaK 10cTaTo4HO 3()(PEeKTHBHBII MPHU OLIEHKE PEaKIHH
COOpYKeHUI Ha ceficMudeckue BozaecTus. s mo-

JIy4CHUA 00J1ee TOYHBIX PE3YJIbTATOB NPEAJIAracTCsa nUc-
110JIB30BaTb MO,I[aJ'IBHLIﬁ «IIyHIOBEP aHAJIN3», KOTOpBIfI

TTO3BOJISIET YIUTHIBATH BBICIITHIEC (POPMBI KOJICOAHHIA.

= CIEKTP HeCYLUEH crocoBHOCTH
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~—— Reduced response spectrum -
— Initial response spectrum ¢=3%
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Puc. 8. Ilepemenienusi Bepxa 0JHOITA:KHOI paMbl IIPH pacyeTe Ha akcejeporpammy Ne 4: ¢ — HCM ¢ T'H; 6 - HIM
[Figure 8. Displacement of the top of a single-story frame when calculating for an accelerogram Ne 4:
a — nonlinear static method with accounting geometric nonlinearity; 6 — nonlinear dynamic method]
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[Figure 9. Displacements of the top of the three-story frame when calculating the accelerogram Ne 2:
a — nonlinear static method with accounting geometric nonlinearity; 6 — nonlinear dynamic method]
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[Figure 10. Displacements of the top of a seven-story frame when calculating for an accelerogram Ne 2:

a — nonlinear static method with accounting geometric nonlinearity; 6 — nonlinear dynamic method]

Tabauya 1
Pe3yabTaThl AJ151 0AHOITAKHON pamMbl
[Table 1. Results of calculation for one-story frame]
BosaeiicrBue Jomunupyromast Paznuna MaxkcumanbHoe | Pasnuna, % | MakcumansHoe | Pasnuua, %
[Impact] 4acToTa ¢ OCHOBHO¥ nepemeleHue [The diffe- nepeMenieHue [The diffe-
Bo3jaeiicTBus, I'y CcOOCTBEHHOI Bepxa pambl, M rence, %] Bepxa pambl, M rence, %]
[Dominant 4acToTOM [Maximum [Maximum
frequency of KOHCTpYKIMH, %o displacement of displacement of
impacts, Hz| [The difference the top of the top of
with the basic the frame, m] the frame, m]
natural
HCM HCM
frequency of HIM HIM
the design, %] Ges I'H cI'H
Axceneporpamna N 3 1,00 34,25 0,099 | 0071 2828 | 0,099 | 0,073 26,26
[Accelerogram Ne 3]
Axceneporpawiva No 4 1,50 1,38 0,092 | 0,119 2935 | 0092 | 0,118 28,26
[Accelerogram Ne 4]
Axceneporpamna N2 5 2,00 31,49 0,055 | 0,058 545 0,055 | 0,058 545
[Accelerogram Ne 5]
Tabauya 2
Pe3yabTaThl 1JIsl TPEXITAKHOM paMbl
[Table 2. Results of calculation for three-story frame]
BospeiicTBue Jlomunupyromast Pazanna Maxkcumanbnoe | Pasauna, % | MaxkcumanbHoe | Pasnuna, %
[Impact] 4acTora ¢ OCHOBHOI1 nepeMenieHne [The diffe- nepeMenieHne [The diffe-
Bo3aelcTBUsA, ['11 COOCTBEHHOI Bepxa paMbl, M rence, %] Bepxa paMbl, M rence, %]
[Dominant 4acToToit Maximum Maximum
frequency of KOHCTPYKIMH, % displacement of displacement of
impacts, Hz] [The difference the top of the top of
with the basic the frame, m] the frame, m]
natural frequency HCM HCM ¢
of the design, %] HIM 0es TH HIM I'H
Axceneporpamma No 1 0.25 64,39 0392 | D844 11531 | 0392 | 16l 706,38
[Accelerogram Ne 1] (pasp,) (pasp,)
Axceneporpavia N> 2 0,50 28,77 0,617 | 0,626 146 | 0617 | 0,667 8,10
[Accelerogram Ne 2]
Axceneporpanma Ne 3 1,00 42,45 0249 | 0332 3333 | 0249 | 0344 38,15
[Accelerogram Ne 3]
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Tabauya 3
Pe3yabTaThl A/18 CEeMHITAXKHOIN paMbl
[Table 3. Results of calculation for seven-story frame]
Bo3zaeiictBue Jdomunupyomas Paszuuna MaxkcumanbHoe | Pazauna, % | MaxcumaiabHoe | Pashuuua, %
[Impact] 4acToTa ¢ OCHOBHOIi nepemerneHne [The diffe- nepemerneHne [The diffe-
Bo3jeiicTBus, Iy CcOOCTBEHHOI Bepxa pambl, M rence, %] Bepxa pambl, M rence, %]
[Dominant 4acToTOoM [Maximum [Maximum
frequency of KOHCTpYKIMH, % | displacement of displacement of
impacts, Hz| [The difference the top of the top of
with the basic the frame, m] the frame, m]
natural
frequency of HAM 6Ie{3CllyI[-I HIM HIC_II\LI/I ¢
the design, %]
Axcereporpamna Nel 0,25 3333 1,780 | 2,429 3646 | 1,780 | 2393 34,44
[Accelerogram Ne 1]
Aiceneporpamna No2 0,50 33,33 0.541 | 0,766 4159 | 0541 | 0772 42,70
[Accelerogram Ne 2]
Axcerieporpamma No3 1,00 166,67 0251 | 0,266 5,98 0251 | 0,256 1,99
[Accelerogram Ne 3]

B pabotax [17; 18] npemnaraercsi HCHOJIB30BaTh
HEJTMHEHHBIM CTATUYECKUN METOJ I PACUETOB 3AaHUIM
u coopyxenuit B coorperctuu ¢ CIT 14.13330.2014.
HecmoTpst Ha cymiecTBeHHBIE AOMYIIEHUS, TPHMEHS-
€Mbl€ B HEJIMHEWHOM CTaTMYECKOM METOJIE B OTIMYHE
OT JIMHEHHO-CHEKTPAJIbHOIO0 METOJa, OH HAIpPsIMYIO
YUUTHIBACT MOBPEXICHNUS KOHCTPYKIHMA. TeM cambiM
MO3BOJIAA O0TKa3aThCs oT Koaddummenta K1. YTBep-
JKIAETCs, YTO METOJI SIBIISIETCSl JOCTATOYHO MPOCTHIM
Y HarJIIOHBIM, U MOXKET MPUMEHATHCS MPU IPOEKTH-
POBAHMHU 3/1aHUI U COOPYKEHUI C IIPOrHO3UPYEMBIM
YPOBHEM HOBPEXKACHUN UX HECYIIMX KOHCTPYKLHM.
OpHaKo aBTOp HE MPHUBOIUT OIIEHKY MOTPENTHOCTH He-
JMHEWHOT'0 CTaTHYECKOT0 METO/Ia Ha OCHOBE OoJee
TOYHBIX AHAIUTUYECKUX WJIM YHCIECHHBIX METO/]OB
(HarmpuMep, ¢ MPUMEHEHWEM HEJIMHEWHOTO IHHAMI-
YECKOTO METOIA).

3akioueHne

HennHeiiHplil cTaTHUECKUN METOJ, HE NIPOTHBO-
peduT TpeOOBaHUSIMHU POCCUUCKUX HOPM M MOXKET
MPUMEHSTHCA TIPU pacueTax 3/JaHUM U COOpYXKEHUU
Ha celicCMHYeCKHe BO3eiCcTBUs. Tak WM UHa4e, ITOT
MOJXOJ] y’K€ Hadall HCIOJIb30BaThCs B MHKEHEPHOU
npakTuke. ONHAKO Ha JaHHBII MOMEHT eJuHas Me-
TOIMKA pacyeTa OTCYTCTBYET.

B nacrosimieit paboTte npousBeeHa OlleHKa TOY-
HOCTHU TPEJIOKEHHOW paHee METOANKH HEITMHEHHO-
T0 CTaTHYECKOTO aHaJN3a MO0 OTHOIIEHUIO K HEIH-
HEHOMY IHHAMHYECKOMY METOIy IpH pacuere Ha
CHUHTE3UpPOBaHHBIE aKkceleporpammsl. s paccMoT-
PEHHBIX 3a7a4 B OOJIBLIIMHCTBE CIy4YaeB METOIMKA
Jlaja KOHCEPBATUBHYIO OIIEHKY PEaKIUH CHCTEMBI.
OpnHako B HEKOTOPBIX CIydasX pacxoXKICHHsS UMEIOT
CYIIECTBEHHYIO BEIMYMHY JaKe IJIS MPOCTBIX pacyer-
HBIX CXEM.

Taxum 06pa3oM, HEOOXOIUMO MPOBEICHHUE alTb-
HEHIINX UCCIEOBAHUI M COBEPIIEHCTBOBAHUE HEIH-

LVHAMUKA KOHCTPYKLIWA 1 COOPYXEHUM

HEUHOTO CTaTHYECKOr0 METO/a, B TOM YHUCJIE Pa3BU-
THE MOJIAJIFHOTO «ITyIIOBep aHanmu3a». Tpedyercs Be-
pubHUKaIFsI 3TOro METoa TS 3MaHWH U COOPYKCHUH
Pa3HBIX KOHCTPYKTHUBHBIX CXEM U 3TAXKHOCTH, a TaK-
K€ ISl pa3nYHBIX MaTepuajoB KOHCTpykiui. He-
00X0JIMMO ONpeAeNuTh 001acTh MPUMEHEHUS HEJH-
HEHHOTr'0 CTaTU4YEeCKOI'0 METO0/1a, B KOTOPOii OH OyJeT
JaBaTh MPAKTUYECKU IPUEMIIEMbIE PE3yIbTaThI.

© Bbymymes C.B., 2018
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Attribution 4.0 International License

bnazooapnocmu. Cratbs OCBAIIAETCS CBETIION MaMsi-
1 ['ypama ABranamnosuya J[xuHuBenamBmwim. OH ObLI
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Abstract. Relevance. Modern national standards for the design of buildings and structures for seismic impacts suggest
the calculation of structures in a nonlinear setting. Only linear-spectral method, which has been used and is still used, is not
enough for calculation. This is due to the fact that it does not allow directly taking into account the nonlinear work of
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the structures. To solve the problem, nonlinear dynamic methods of calculation in the time domain can be used. At the mo-
ment, such methods are implemented only in specialized software complexes, and in most cases cannot be used by ordinary
designers. Thus, it became necessary to apply simpler nonlinear calculation methods. In foreign standards for calculation of
seismic resistance of buildings and structures, nonlinear static methods, or pushover analysis, have long been used. But in
the national design practice until recently, these methods have not received due attention. Thus, the relevance of the study of
the possibility of using these methods in engineering practice is beyond doubt.

The aim of work. The purpose of this article is to estimate the accuracy of a nonlinear static method in comparison
with a nonlinear dynamic method when calculating structures for given accelerograms.

Solution technique. In the article three steel frames are considered: one-, three- and seven-story. The selection of sec-
tions was made in accordance with the requirements of the national standards on earthquake-resistant construction for seis-
mic loads of the basic safety earthquake (BSE) level. Next, frames are designed for the seismic loads of the maximum con-
sidered earthquake (MCE) level on a set of accelerograms of different frequency composition. The calculation was per-
formed by a nonlinear dynamic method in the LS-DYNA software package and a nonlinear static method in the LIRA 10.6
and MATLAB software complexes.

Results. Calculations showed that in all the cases considered, except for one, a nonlinear static method showed a con-
servative estimate of the response of the system, in comparison with the nonlinear dynamic method. But in some cases
the reaction was greatly overestimated.

Keywords: seismic resilience, nonlinear calculation technique, nonlinear dynamic calculation technique, nonlinear
static calculation technique, pushover analysis, accelerogram
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Abstract. The aim of the work is to identify and analyze errors in the field of creep theory, where, as indicated by
the leaders and authors of this theory, there is an “established consensus”. Here we are not talking about a different point
of view or simplifications in standardization, since the elimination of the identified errors will significantly
simplify the theory of longterm resistance of reinforced concrete. The analysis presented below is important not only for
scientific theory, but also for the vast international practice of reinforced concrete construction.

On the inconsistency of the theory of creep of reinforced concrete: this system arose and develops because of
the construction of the theory on a set of erroneous principles, rules and unauthorized methods; it is aggravated by
the numerous changes (random or deliberate) of the fundamental experimental properties of concrete; it is based on
the inheritance of the principles of the inappropriate theory of Boltzmann elastic aftereffect.

About the inconsistency of the theory of versatile and comprehensive evidence of: the presence of a system of gross
mathematical errors; violations of the principles and rules of classical mechanics and Eurocodes; inconsistencies with well-
known experimental data; negative results of design practices, including world experience in designing unique structures by
Ramboll institutions (UK). The main results were reported by the authors at the Sixth International Symposium on Life —
Cycle Civil Engineering in Ghent (Belgium), IALCCE 2018, October 28-31.

Keywords: clastoplastic deformations of concrete, creep theory of concrete, long-term resistance of reinforced
concrete, modern building codes

Introduction code system, as a rule, leads to errors in the scientific and
normative theories, additionally accompanied by a viola-
tion of the rules of mechanics and mathematics.

The requirements for computational models of

reinforced concrete to consider instant nonlinear

Eurocode is a system which includes scientific de-
velopments and experience of outstanding scientists
from various countries, motivated formulation of

the main Principles and Rules, the classical mechanics
and general theory of computing of elastoplastic sys-
tems, detailed and numerous experimental data. Non-
linearity of deformational properties of reinforced con-
crete at short and long term loadings is the basis of
standards of Eurocode 2 [1]. Dependence “strain —
deformation” of concrete has a descending interval
and limited extension creep deformations are nonlinear
from the very low levels of strain. Violation of the Euro-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLIN

properties are not met in current normative and tech-
nical documents of many countries, international
institutes for standardization [2-5], Principles and
Rules of Eurocodes, despite the prohibitions of
methods by the Eurocode:

— the theory of long-term resistance of reinfor-
ced concrete is built on an irrelevant computational
model containing errors that cause fundamental de-
fects in the theory;
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— short-term nonlinear properties of concrete are
substituted by linear creep properties, causing gross
errors in the evaluation of the bearing capacity of
reinforced concrete, also leading to a violation of
the principle of independence of the action of forces;

— short-term nonlinear deformations of reinforced
concrete are not taken into account in calculations of
the bearing capacity. A jump occurring from the elastic
stage of deformation to the missing plastic hinge,
which is accompanied by the disappearance of
the length of the structure is considered normal. These
errors that we discovered are not a simplification of
standardization. For example, in [2] it is reported that
the developed theory is “on an international scale
the basis of a new advanced format for calculating
creep”, Gordon Clark, director of Ramboll, president
FIB 2014 [13], warned designers about failure of
the theory of creep in real design. We have identified
and analyzed this inconsistency, the errors of theory
and international standards, in particular [2—4]. This
will be shown below in the materials of the article,
at the end of which numerical errors of error are pre-
sented, which only amount to taking into account
the instantaneous deformations in the creep theory of
300% [7].

Basic errors

We investigate the fundamental errors of the nor-
mative theory of long-term resistance of reinforced
concrete. The managers of its creation specify that
this theory was coordinated and promoted by inter-
national standards institutes within the framework of
the global harmonization scenario. It is implemented
in the standards of a number of countries and now
proposed for inclusion in Eurocode 2 [2]. Conside-
ring the ageing and the dependence of modulus of
elasticity on time (non-stationary properties) of con-
crete are considered as the main achievements and
distinctive features of these standards. However these
major achievements are errors.

The principle of superposition is the basis of
both the modern scientific creep theory of concrete,
which is called the “world harmonized format”
by foreign scientists, and the developments “in re-
cent decades of international standardization institu-
tions... for recommendations, norms and technical
guidance documents” [2—4]. These works also indi-
cate that McHenry in USA (1943) “substantiated this
trend by experimental studies of the creep of her-
metic specimens using the principle of superposition
which is characteristic for the theory of Volterra”.

We give the basic law of creep of concrete in
the original notation [2]:
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where ¢ (¢) is the complete strain from stress o(?);
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E_(¢') is nonstationary modulus of elasticity; ¢(z,z')

J(t,t")= compliance function;

is nonstationary creep characteristic considering ageing.
In scientific publications (1) is usually integrat-
ed by parts, thus obtaining

o(.1')

_o(f) a0l 1 D
so(t)—E (t)_);c(t)g[Ec(t’)+Ec(t’)}dt' (1"

o(t.1')

E.(t')
concrete C(z,¢") used in publications in our country,
which is preferable to application of the creep
characteristics in the processing of experiments.

We emphasize that ageing of concrete is taken
into account in ¢ (¢,¢') and C (z,#'), and the modulus of
elastic-instantaneous deformation E.(#') essentially
depends on the age of the concrete.

Equations (1), (1') are substantiated by two fun-
damental assumptions: the principle of linear con-
nection between stresses and strains

eg(t,1")=0(t")(t,1'); (1)

the principle of superposition, verbally formulated
in various versions in numerous well-known publica-
tions on the theory of creep of concrete, reference
books, for example in [9].

Serious mistakes in (1) make the normative theory
inconsistent with Eurocode, unreliable and unecono-
mical. Losses from such norms and calculations are
significant as annual global volume of usage of con-
crete and reinforced concrete is 4 billion m®. Let us
also recall the tragedy of the collapse of the Trans-
vaal Park (Moscow, 2004), caused by creep problems
in concrete.

We note that the article has no relation to
the “ongoing disputes, ...discrepancies and uncertain-
ties” existing in this section of creep of reinforced
concrete. Also, in this paper we do not discuss a dif-
ferent point of view. We, using the Eurocode system,
identify and analyze the errors in that area of creep,
where, as the leaders and developers of norms indi-
cate, there is a “steady consensus” [2—4].

The main mathematical error in (1) lies in its basis —
the principle of superposition, which appeared in
the theory of reinforced concrete after the work of
McHenry. This principle incorrectly builds the core of

The term

is a measure of the creep of
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creep, incorrectly describes the processes of changing
instantaneous deformations and creep strains. The errors
in the principle of superposition can be determined in
various ways: for example, by constructing and solving
a differential equation corresponding to a linear con-

v, (,0')=6(t")-J(t,8')+0o(1)

aJ (t,1') .

nection (1"); solving the inverse problem of classical
mechanics; analysing the value of the total strain rate
corresponding to (1").

Applying the last method the following is
obtained:

o(r) oJ (1.t )
Ot ot

From this formula it is clearly seen that four terms, caused by the rate of change in the compliance factor,

are lost in the main law (1):

op(1,1")

1 do(t,t')

NAGYN
R
<)ol 12 5

and the value of these terms is comparable with that
of the remaining term. These losses cause considera-
ble discrepancies between the theory and the expe-
riments described in the scientific literature, e.g. [8].

Opposite mathematical actions, first differentia-
tion and then integration, are performed (and without
any need) over the known result (1") of the classical
theory in the principle of superposition.

One term for instantaneous deformations and se-
veral terms for creep deformations are lost in the pro-
cess of differentiation. After integration, the losses
are included into the values of deformations, and then
into the theory of design calculations.

The principle of superposition distorts the classi-
cal linear connection (1"), causing three types of er-

Integrating the first term by parts, we find

o ()5, (1) =i o) o,

E(1) E.()

Hence the short-term deformation equals

ot

+c5(t') -
(2

rors [8; 10; 11], distorting the theory of creep of
concrete:

1. incorrectly determines the values of short-term
linear strains;

2. incorrectly finds the expression of a nucleus
describing the process of changing linear creep strains;

3. erroneously classifies as instantaneous elastic
deformations to creep strains.

Let us consider them in more detail.

1. The rate of elastic deformation equals

coen e 1 NG, 1
&y (t)=06(r") +o(r )gm

Integrating, we obtain

o 0 1

dc(t') + J‘G(t')gmdt

o 1 0 o 1
. ! ! . d'.
o E(7) ”{ U)o g™

o(t)
e, (t) T(f)

It is also clear that the first term under the integral sign (1') is superfluous, and the use of the overlapping
principle in (1) and (1')

“)

is strongly erroneous.
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The principle of overlapping erroneously recon-
structs the actual, real elastic linear model of con-
crete with the E.(f) module; the prinicple attaches to
it a non-existent and unreal model of a linear viscous

fluid with a viscosity coefficient K, (t') = 2 (t') ,

thus forming Maxwell's scheme.
Let us consider an example, putting

o(t)=0,=const in (3), (4), we will receive

e, (1)= Efzt) and ¢, (1,) = Ecc(oto)

parison of these deformations is shown in figure 1.

= const. Com-

SN

__according to the principle of superposition

|
2
Eef10 , ,
the real elastic strain

€ef)
o L
o= "7 days 1 =360 days

Figure 1. Comparison of &,(to) and &(¢)

Curve 2 in figure 1 corresponds to the VNIIG
data on the changing of modulus of elasticity with
time. Errors in the value of elastic deformation are
about 300% at ¢ = 360 days.

1. In the region of creep deformations, the num-
ber of additional (fictitious) bodies arising due to
an incorrect scheme for constructing the creep kernel
(hereditary function of type I) increases substantial-
ly. It depends on the form of the function ¢(z,¢")
describing the nonstationary creep characteristic in
the main law (1). We write this function in a well-
known, widely used in the scientific literature form

o(tr') 0. ()[1-¢""]

E (1) E.(1') ’

c c

&)

where ¢, (¢') is a function considering the ageing of

concrete.

In the famous monograph of L.LE. Prokopovich
the creep behavior ¢(z¢") used by foreign scientists
has the designation C(t,1), these are identical quan-
tities.

In case (5) the fundamental law (1) forms four
extra (fictitious) bodies: two Foigt type bodies and
two viscous elements connected in series with each
other. Deformations of these bodies are equal

382

t 1 o
e, (1)=[o(r gy,
1f() i ( )Thf(f')
E (')
N, (1) =—"% (6)
lf() (Pw(l)
e, (1)=Jo(r)——ar.
% Ny (t)
B(0) 1
Mo, (7)== ; (7)
O e, @)
t 1 o
g, (t)=|o( e "y’
3f() t'[ ()nsf(t!)
EXNf) 1
Ny, (t)=——7— (8)
O e 0)
e, (1)= [o(¢)——ar
4f ; n4f(t') >
E_(t')
MNys t’ = .c N (9)
4.f( ) (Poc(t)
where 71, ... , f4p are the viscosity coefficients or

the coefficients of internal resistance of the fictitious
bodies; moreover, the bodies (8) of Voigt and (9) of
the viscous element expand under compression.

The creep deformations (6) — (9), caused by
the effect of the superposition principle on the classi-
cal bond (1"), are a fiction; they are also summed up
with a short-term fictitious deformation

( ! a 1 !
£y (1) =—[ (¢ )7 (t’)dt: (10)

ch)(f)=é€iq)(f)a

and introduce large errors in the value of the total
deformation &4(f) determined by the creep law (1').
For example (Recommendations, 1988), at con-
stant stresses, the error from applying the super-
position principle for creep strains reaches 100%:

[0(e) £(t-1)ds
Q(t,) f(t—t,)dn’

800 (t)mistakes — 1 _
800 ( 4 )principle
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where Q(t) is “the function of the effect of ageing
on the measure of creep”; f(¢t-t) is — “a function
that takes into account the increase in time creep
measure”.

1. The fact of appearance of a single short-term

1
E.(¢)

equation (1'):

strain

in the nucleus of creep of the integral

—[s N+C(tr)]= ;t, %:))vLC(t,t’) ,

led to the temptation of erroneous substitution of
the properties of short-term deformation &.;(z') by

A

o 3./

/

the properties of deformations of the hereditary type
€e1(L,1).

The error is corrected by making new mistakes.
Concrete has essentially non-linear properties at short-
term and long-term loading. The short-term load dia-
gram has a falling section and a limited extent, see fi-
gure 2. In the main law (1), (1) only linear deformation

g,(t)=¢,(t) is taken into account, and the nonlinear

deformation &,(¢) is ignore, see figure 2. S.V. Alek-
sandrovsky indicates the reason for this circumstance:
“It is very difficult to take into account the dependence
of the modulus of elasticity on stresses and age of
concrete simultaneously. Therefore, the modern theory
of creep of concrete takes into account only a change in
the modulus in time...”

/\'\ fictitious diagram

]
|
i
i
1
|
3 : R, real diagram
1
Ry 0 / : < Eurocode
]
i
1 M |
ol c[ .
f | ' |
I : |
? | as,, +0¢;, |
‘ = _ 9y |
/ ! i o= ﬁ (8_” ) |
/ j : 6+ 8&y :
] 1
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e 18 & £p1 £
e o o——p
&
gl gn \ll’ M

Figure 2. Distortion of the ¢-¢ diagram of concrete

Let us consider two types of such substitution.

The first substitution. A representative forum
poses the erroneous task of “taking into account
the influence of the pre-history of deformation on
the modulus of elastic-instantaneous deformations”.
The basic equation of the creep theory takes the form
(in the original notation):

t

g(r)= j “_) +C(4,7) |de. (11)

[
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An “experimentally valid” expression appears
for the modulus of elastic deformation of concrete

An “experimentally valid” expression appears
for the modulus of elastic deformation of concrete

Eir=E;+a,.9:E;,

where ¢ is characteristic of creep of concrete.
And other erroneous forms of the main creep
law appear
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e(r) = ;((tt)) + jc(t)a%x(t,r
where %C*(t,r):§{$+ C(t, r)}; x(¢,t) has

the name “reducing correction... to the current spe-
cific elastic-instantaneous deformations”.

The second substitution. The nonlinear short-term

strain g,(¢) is erroneously attributed to the deforma-

t

e, (1)=[o(r)

ty

0 g, (1)
or o(t')

where C,(2,t') is called the measrue of fast-flowing creep.

C(t,0")+C,(1,1") =

taken into account in (1'). The gross errors in the theory
from such a substitution of the short-term nonlinearity
of concrete we considered in [10] and [8].

Famous foreign scientists renamed “fast-flowing
creep” into “minute creep”, and the erroneous idea of
the Second substitution is presented as their im-
portant achievement.

The principle of superposition in the theory of
creep of concrete is a mathematical error committed
in the exptensive interpretation of the principle of
the linear superposition of Boltzmann. In internatio-
nal norms of reinforced concrete, it is estimated in-
correctly: it is supposedly “a tendency to study creep...
according to the principle of superposition peculiar
to Volterra's theory”. Let us consider this in more
detail.

We investigate the essence and the secondary na-
ture of the Boltzmann scheme for the theory of creep
of concrete on the example of concrete considered in
the well-known paper of G.N. Maslov No. 4. Here
the concrete has stationary properties corresponding to
the classical theory. In the notation of G.N. Maslov
the compliance function has the form

Unlike (15), the compliance function is used in
the transformation (15'), which attracted the attention
of scientists. However, the transformation (15") is pos-
sible only with substantial and very strong restric-
tions. In the exptensive interpretation of compliance,

384

1
E (t

(12)

tion properties of the hereditary type e.(2,¢'), the er-
roneous overlapping principle is used, and, instead
of the simple algebraic formula €, (t) =B, (t)02 (t)
(B2 is a known coefficient), the integral following is

contrived:

’=jc(t')§cn (¢,¢")dt’, (13)
[o(t.t")+9,(.0)], (14)

)

J(t—t’) = F(t—r) =a—be P,

+E . .
where azw; Ey is an elastic modulus;
CoEo
1 Co . . -
b=—/; n=—,n is a stationary coefficient of
Ey p

linear viscosity.
In the theory of creep, the fundamental solution
of the corresponding differential equation is known
to have the form
t ’
olt N1 ooplt—t
ool0)= 2 Jo(r) L2
0 4
0

dt',
EO ot'

(15)

where ¢(t —1')= E, CL [1 - e—B(t—;')] is characteristic
0

of creep.

The Boltzmann case is obtained from the solu-
tion of (15) by means of a number of its transfor-
mations mathematically valid only under the condi-
tions of stationary properties

1 1
I

0 0

(t—t')} do(1'). (15"

these restrictions were not taken into account, and
the theory of creep of concrete proved to be deeply
erroneous.

Here, firstly, the property of the process that creates
the temptation to expand the theory and transforms
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into the above-mentioned gross error for nonstationary
E(#") accompanying the normative linear creep theo-
ry of concrete is imposed on instantaneous deforma-
tion with an extremely simple physical meaning for
an arbitrary ¢. In scientific literature there is even
an authoritative statement that “elastic-instantaneous
deformations strictly obey... the principle of super-
position”.

Secondly, it is necessary to integrate (15) by parts,
that in the exptensive interpretation of the compli-
ance function under the conditions of ageing of con-
crete (1) creates another temptation, traditionally
leading to another gross error in finding the core of
the integral equation. As it is known, for non-statio-
nary properties of concrete, the creep strain is ob-
tained from another solution of differential equation,
a solution written in a more complex form

e (t)=e "0 e + [olt) 2Pt |,

n(t)

F(0)= B,

where the parameters n(¢) and B(¢) in (15) are func-
tions of time.

In the concrete of G.N. Maslov the rate of de-
formation degenerates due to the difference kernel.
In the case of an extensive interpretation of the comp-
liance factor, the application of the Boltzmann prin-
ciple usually becomes incorrect. The nonstationary
model of Maslov concrete with a coefficient of vis-
cosity n(t)=Cy(¢)/p and a time-dependent module
Eo(f) demonstrates this:

— it satisfies experiments with simple loading at

low levels o ~ O,lRHp;

where 1 is a stationary coefficient of viscosity.
With a variable viscosity coefficient ()= TO) ,
o\t
we obtain the theory of ageing of concrete
(Dischinger, Whitney); (p(t) = (1 —e ), which

by series expansion gives the function of Freudenthal

1

b
Davis and Glanville.

t . .
(p(t)z(Pi, substantiated by the experiments of
t
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— it satisfies the requirements of classical me-
chanics;

— it does not satisfy the conditions of the Boltz-
mann principle.

The Boltzmann principle distorts the essence of
the nonstationary Maslov model. It replaces one clas-
sical body of creep of concrete with a chain model of
successively connected bodies with a set of errone-
ous properties.

In the theory of creep of concrete, there is a case
when extensive interpretation of the compliance func-
tion is unacceptable even with a difference kernel.
For example, the nucleus of creep in a number of
known works is represented in the form (the second
case)

Lo Bl=1)
(c—t) 1

Certain forces correspond to this kinematic equa-
tion of motion in connection with the solution of
the inverse problem of mechanics. The analysis
of the differential creep equation reveals that in
this nucleus there is a resistance force with a coef-
ficient of viscosity of the linear model equal to

K(t—1t)=

n(t,t')zi(t—t')a_l, which is impossible by the

same reasons as in the above-mentioned case of
applying the hereditary properties of the elastic
modulus E(z,t).

The third case corresponds to the extensive in-
terpretation of the compliance function in the “chain
model”. This case is present in theoretical rheology,
and as a repetition — in the norms of reinforced
concrete.

We preliminarily write the Boltzmann scheme
for the Maxwell body in the form

| {L+l(t—t')}do(t’), (16)

E,

In the “chain model”, by successively con-
necting bodies (15) and (16), we have an extension
record of the compliance function

J(t—t')=EL+L(p(t—t')+%(t—t'). (17)

A pair of integral equations corresponding to
the expansion hypothesis (17), and solved either with
respect to deformations &4(¢), or relative to the stres-
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ses o(?), in theoretical rheology are called “Boltzmann —
Volterra equations”. It is also indicated that this pair
“represents a complete mathematical formulation of
the principle of linear superposition”.

However, such a chain model, with its extensive
interpretation of the compliance coefficient, is essen-
tially erroneous. This is evidenced by its reduction to
a differential form:

.. n . .. n . n 1 n
SG(I)—+SG(1)HZG(f)—+0(f)(—+—+—j+0(l)- (17"

p Eyp E, B G
It can be seen from (17') that there is a resistance lished the unacceptability of such forces in both

n

force € (t)g proportional to the acceleration, which

is incompatible with classical mechanics, and, in con-
nection with Art. 5.1.1(3)P Eurocode 0, the chain
model is an inappropriate design model.

The components of the force of the computa-
tional model can be a function of position & (z),
speed ¢,(¢), time and other quantities. If there is
(among others) a force proportional to acceleration
g4 (r), then the fundamental principle of mechanics
about the independence of the action of forces is vio-
lated. The well-known scientist L. Pare has estab-

1)+ B (1) = (0 (t>[

If another viscous element (with viscosity n(t) =Ae M)
is added to this chain in order to take into account
the rapidly flowing creep, that was previously assu-

B

| R
—+6
EO

1

E

0

£(t)+Pe(t)=5(7)

When Eurocode 2 was adopted, the theory of
ageing and the viscous element were removed from
this model, the error was annulled. In the Eurocode
rules, only classic concrete G.N. Maslov is left; from
its creep characteristics, a normative coefficient of
creep development is obtained

:|0,3

B. (t’to) :{
v (.t Fln(r)a J =6 (1) Fu(

where B, =1/B.
8F|:u(t'),t':| 1

t—t,
B,+t—t,

' . ] y ,
+0(t)£%+E—+w}+c(t)[%+ BZ;P, +

problems of mechanics and in applications [6].

Unfortunately, in the scientific literature on
concrete, in international norms, there are a number
of errors analogous to those described, and con-
sisting in an extensive interpretation of the comp-
liance function in the form of a chain model [2],
including for taking into account the rapidly flowing
creep.

Thus, in the case of consistent merging of
Maslov's theory and the theory of ageing of concrete
(D. McHenry, A.V. Yashin, T. Hansen, L.LE. Pro-
kopovich and L.I. Ulitsky), the creep equation has the
form

2y

BB +o(t) RN
EO EO C'O EO EO
med by the Eurocode developers before its approval,
then we get another erroneous version of the theory
()

(written without averaging)
() (o) ]

p

It is obtained by decomposing e_B(t_tO) in a se-
ries using two terms. The exponent 0.3 of the power
function takes into account on average the ageing of
the concrete.

In the case of nonlinear creep and short-term
non-linearity in Eurocodes, the use of the Boltzmann
scheme is also erroneous. For nonlinear creep of
concrete of G.N. Maslov (the fourth case) within
the framework of generally accepted hypotheses,
the rate of deformation is

*)

! ! 1 !
t'),t ]E(p(t—t )+
0

8F[u(t'),t':| 1

+o(t')-n(7") o —EO(p(t—t)+cs(t)- pw —Eo(p(t—t)+
, N o 1] oe(t—t") oo(r-1)
+o(t)-F|p(t),t |-— + - ,
() [ () ] E, ot ot
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which is not taken into account in the traditional
theory. Here F|[u(¢').¢'] is a non-linearity function,
in which the voltage p(t') = o(¢') is usually taken (after
the work of Leaderman) as a nonlinearity parameter,
which is incorrect: the methods of classical mecha-

t t t

nics show that such an assumption is a very super-
ficial assumption. We will devote a separate article
to this problem.

For example, under this assumption, a series of
multiple Volterra — Frechet integrals

e, (t)= [ J,(t=t)do(¢')+ [ [ J,(e~t t=1")do(¢)do(¢")+...

—00 —00 —00

g, (1)=J,(t)o+J,(t,0)6” + J;(1,1,1)0° +...

is a nonintegral form [12]. Recently, some papers have appeared that develop “a modification of the principle
of superposition of deformations for nonlinear creep” in the form

s(t,to)zs(to)_pj'{El

)

" c(z,r)}zcc (2). (18)

where G (1:) =S [G(T)] is the known stress function o[t].

The error of this formulation is similar to that used in (1). The total strain rate here is

1 09) =S[00 510 [+ 5[ae)

1
E(1)
From this it is clear that the last three terms in (18')
are lost in (18). The significance of these terms is
identical to the significance that we described in items
1-3 above. We must additionally pay attention to
the fact that the identity of the nonlinear function
S[o(t)] for short-term and long-term deformations is
also incorrect. But even if another function S,[o(t)] is
used for creep strains, then, as it is noted above, this
assumption is a very superficial assumption that does
not correspond to the real nonlinear creep theory of
concrete, which will be published later. This theory has
nothing to do with the principle of superposition.

Conclusions

In conclusion, we will estimate the errors of
the considered models of standards. From formulas
(1", (2), for example, it follows that the superposi-
tion principle complicates and distorts the classical
elastic model of concrete; adding to it an unreal
model of a viscous fluid with a viscosity coefficient

E (t')/Ef (t') , forming a Maxwell scheme.

In the numerical example c(t) =0, = const, let
us find the theoretical value of elastic deformation
€, (t) =g, (to) = (SO/EC (to ) . Next, we eliminate the
error caused by the loss of the first term in (2), and find
the actual elastic deformation ¢, (t) = GO/EC (t) .

Comparison of these deformations is shown in figure 1.
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d
dr E(7)

1

+S[0(r)]§€(t,r)+S[c(t)]%C(t,r). (18)

Curve 2 in figure 1 corresponds to well-known
data (RRIHE) on the modulus of elasticity in time.
The error in the value of elastic deformation reaches
at t = 360 days, =~ 300%.

© Sanzharovsky R.S., Ter-Emmanuilyan T.N.,

Manchenko M.M., 2018
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* ABTOp, OTBETCTBEHHBIH 32 HEPENUCKY

(nocmynuaa 6 pedaxyuio: 05 centsiopst 2018 r.; npunama x nyoauxayuu: 15 Hos6pst 2018 r.)

Leapio padoThI ABISIOTCS BBIABICHHE W aHAIN3 OMIMOOK B TOH 00OJACTH TEOPHHU ION3YUYECTH, TNe, KaK CBHICTEIh-
CTBYIOT PYKOBOIHTEIH M aBTOPHI dTOH TEOPUH, €CTh «YCTAHOBUBIIUICS KOHCEHCYC». 31eCh He UIET pedb 00 WHOU TOUKe
3peHus Wik 00 YIPOMICHUAX B CTaHAAPTH3ALWH, T.K. YCTPaHCHHUE BBIBICHHBIX OIIMOOK CYIIECTBEHHO YIPOCTHUT TEOPHIO
JUTUTENHHOTO COMPOTHBIICHHS Kele300eToHa. V3/I0KEeHHBIH B CTaThe aHAJN3 Ba)KEH HE TOJBKO ISl HAYYHOH TEOpHH,
HO U 7151 OTPOMHON MEKIYHAPOIHON MPAKTHKH JKEIe300€TOHHOTO CTPOUTEIHCTRA.

O HEcoCTOSATEIHHOCTH TEOPHH IOJI3YUYECTH JKelle300eTOHA MOXKHO CKa3aTh Cieyolee. JTa CHCTeMa BO3HUKIIA U pa3-
BUBACETCS M3-32 NOCTPOSHHSI TEOPUH HAa COBOKYITHOCTH OIIMOOYHBIX MPUHIMIIOB, MPABWI U CAMOBOJIbHBIX ITPUEMOB; YCY-
ry0JssieTcst M3-3a MHOTOYMCIICHHBIX TOJMEH (CIy4alHBIX WM NpEeJHAMEPEHHBIX) (YHAaMEHTAIBHBIX OIBITHBIX CBOMCTB
0eToHa; OCHOBBIBAETCS Ha HACJIEJOBAHUH IIPUHIIMIIOB, HECOOTBETCTBYIOIINX TEOPUH YIIPYroro rnocieneicreus bonbumana.
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Yder HanmoJIHEeHUs BOJOXpaHUJIHNIIA
nmpu pacuerte Hal'[pﬂ)l(eHHO-I[e(l)OpMl/IpOBaHHOFO COCTOSIHUSI 0€TOHHOM MJIOTHHBI

N.B. BakjabIkoB

AQO «IIpoeKTHO-U3BICKATENBCKUM U HAYYHO-UCCIIEeA0BaTENbCKUN HHCTUTYT “['uaponpoext” um. C.A. Kyxkay
Bonokonamckoe wocce, 2, Mockesa, 125080, Poccuiickas @edepayus

(nocmynuna 6 pedaxyuro: 02 anpens 2018 r.; dopadbomana: 05 cenrsops 2018 r.; npunama xk nybauxayuu: 15 centsops 2018 r.)

Hean. B paboTe paccmaTprBaeTcst BOIPOC yUeTa BOJOXPAHIIIMINA IIPH pacdeTe HalpsHKeHHO-1e(OPMUPOBAHHOTO COCTO-
STHUSL OETOHHOH IDIOTHHBI B €€ OCHOBAHMSI.

MeTonpl. Kak mpaBuiio, BOJOXpaHIIHINA B TIO0ATBHOM MacIITa0e MPEACTABIIIOT cO00H OOJBIIYI0 TPABUTAIIMOHHYIO Maccy
B BHJIE BOJIBI, KOTOpas OKa3bIBAeT BO3ICHCTBHE HA HEYKCHEPHO-TEONIOTUYECKYI0 00CTaHOBKY B OOJIBIIION TOJIIIE TIOPOZ OCHOBAHWUSL.
J1ist mccnemoBanust JTaHHOTO (paKTOpa MPOBEEHBI MCCIIEIOBAHMS CHIIOBOI COCTABIIIONIEH BOAOXPAHIIIMILA HA OCHOBAHUH CHCTEMBI
«BOJOXPAHIUIAIIE — COOPY>KEHHE — OCHOBaHKe». /11t pacueroB ObLT BEIOpaH ruzapoysen borydanckoii '9C, KoTopelii BXOAUT B AH-
rapckuii Kackaj u pacrionaraercsi B Cubupi. [Ijis BBINOIHEHHs pacueToB Ae(OpMHUPOBAHHOTO COCTOSIHUS CO3/IaHa TPEXMEpHast Ma-
TeMaTHYeCKasi KOHEUHO-DJIEMEHTHAs! MOJIEIb CUCTEMBbI «BOJIOXPAaHUIIMILIE — COOPY)KEHHE — OCHOBAHME» Ha OCHOBE KOTOPOI1 orpere-
JIEHBI TIPOTHO3HBIE 3HAUCHHMS PACUETHON OCa/IKi OETOHHOM IUIOTHHBL. MaremaTruyeckasi MOJIENIb COCTOUT M3 (pparMeHTa OCHOBAHWUS,
TIPE/ICTaBIIEHHOTO JIMTOC(HEPOr 1 BepXHEH yacThio acteHocdepbl. J{ist Bepudukamm npeyioKeHHOTo yueTa BOIOXPaHHIIIIIA [1Po-
THO3HBIE BEJIMYMHBI 0CA/IKH OBUTH CpaBHEHBI C HATYPHBIMH I€0Ie3MYECKMMH TAHHBIMH, TIPH 3TOM PE3YJIbTaThl CPAaBHEHHS! MTOKa3aIN
BBICOKYIO CTETIeHb KOPPEJIIIN. BrIcoKast cTerneHb KOppessiliy MO3BOJISIET MPE/IIONIOKHTh, YTO MPEIOKEHHBIN METO/] JOCTAaTOYHO
XOpOLIO MPOTHO3UPYET OCaIKy OCHOBAHHS M COOPY>KEHUSI IPH HATIOJTHEHUH BOJIOXPaHMIIMIIA.

BsiBoabl. Pe3ynbraTsl IpOBEIEHHBIX UCCIICIOBAHUN M COTIOCTABICHUI PACYETHBIX M HATYPHBIX TAHHBIX TOKA3aJll HE0O-
XOIMMOCTh y4eTa BOJOXPAHUIIUINA TIPH PACUSTHBIX TPOTHO3aX BEIMYMH OCAJIKU THAPOTEXHIMUYECKUX COOPYKEHHH U MX OCHO-
BaHMUU. J|aHHBIN MPOTHO3 Ba)KEH MPHU ONpPEIEICHUN KPUTEpUaIbHBIX 3HAUEHUN THarHOCTUYECKUX TOKa3aTesen Al KOHTPOJIs
6€30IacHOCTH COOPY>KEHHS.

KiroueBble c/10Ba: BOZOXpaHWINIIE, OCaAKa OCHOBAHMS, HANPSIKEHHO-AE(POPMUPOBAHHOE COCTOSHUE IUIOTHHBI, KO-

HCYHO-2JICMCHTHAas MOACJIb

BBenenue

Bonoxpanminina, co3gaBaemMble MpU COOpPYKe-
HUU THUAPOY3Ja, SIBISIOTCS UCTOYHUKAMH CUIBHBIX
TEXHOTEHHBIX BO3JICUCTBUIA Ha T'€OJIOTHYECKYIO Cpe-
ny [1-6]. Co3znaBaemble BOIOXpaHUIUINA (HOPMHUPY-
10T Ha OOJIBIION TEPPUTOPUU TEXHOTCHHYIO THUIPO-
Te0JIOTHYECKyI0 00cTaHOBKY. Co3/aHie BOAOXpaHH-
JIUII IPUBOIUT K HEYCTAaHOBHBIIMMCS (PIIIBTpPAIU-
OHHBIM IIpo1reccaM B OOJBIINX MAacCHBaX OCHOBAHHUH
TUTOTHH, TPOSIBIAIONINXCS B U3MEHEHUU CHUJIOBBIX H
TeMIepaTypHbBIX BO3JIEUCTBUI Ha TOPHBIE TOPOJIbI.

Ha mnotnaax IPpOBOAATCA MHOT'OYMCIICHHBIC Ha-
TypHBIE UCCIIEIOBAHUS, B YACTHOCTU BEJCTCS MOHHU-
TOPUHT 33 OCaIKOH COOPYXEHHH KaK B CTPOUTEIb-
HBIN Neproa, Tak U B II€PHUOJ HAITOJHECHUA U DKCILITY -
aTaluu coopykeHus. MHOTHE aBTOpHI, BeAyIllIUe Ha-
OJro/IeHNs 32 OCaJKOW, OTMEYAIoT, YTO MPH HAMOJ-
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HEHUH BOJOXPAaHWIHINA TUIOTUHBI MMPHOOPETAIOT J0-
TTOJTHATENBHYI0 ocanky [7—11].

CunoBoe BO3AEHCTBHE Ha CHCTEMY «BOJIOXPaHU-
JIMIIIE — COOPY’KEHHE — OCHOBAHUE» CO CTOPOHBI BOJIO-
XPaHWIINIIA TIPOSIBIISIETCS Yepe3 HECKONBKO (hopM, cpe-
I KOTOPBIX MOXKHO BBIIEIIHTH OCHOBHBIC, MPOSIBIISIO-
myecs: BCleACTBIE (QUIBTPALIMOHHBIX BO3/ACHCTBUI Ha
MacCHB OCHOBaHHS M OEPEroB, a TAKXKe OCTABIIIHICS B
BepXHEM Obede «HEM3PACXOMOBAHHBIN» Ha (OpPMHUPO-
BaHue QuibTpanuy Harop. OUIBTPalOHHBIE BO3/ICH-
CTBHS Ha TIOPOJILI OCHOBAHMSI TIPOSIBIIAIOTCS B BUZE TIO-
BEPXHOCTHBIX H OOBEMHBIX CHII.

HeJ'IH HCCJIeJ0BAHUA U MOCTAHOBKA 3aJJaYH

Lenbto HacTosmIel paboTHI SIBISIETCS ONpe/ieieHne
peabHOM 0CaIKH JI0’Ka BOJOXPAHIIMILA C YUETOM JIaB-
JIeHUs1 Beca BOJOXpaHWIMIIA. B craTbe B KauecTBe mpu-
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Mepa OMHCHIBAIOTCS UCCIICNOBaHMUS BIMSHUS BOIOXPa-
HWINILA Ha HAIIPSHKEHHO-1€(OPMUPOBAHHOE COCTOSIHUE
mnoTuHbl borywyanckoit I'DC Ha ocHOBe mpocTpaH-
CTBEHHBIX KOHEYHO-3JIEMEHTHBIX MOJENIEH CHCTEMBI
«BOZOXPAHWIHLLE — COOPYKEHHUE — OCHOBaHHEY.

B uccnenoBanusx MCNONb30BaNach MaTeMaTH-
YyecKass KOHEUHO-3JIEMEHTHasl MOJIE]Ib CUCTEMBI «BO-
JOXPaHUJIHILE — COOPYKEHNE — OCHOBAHUE» B TPEX-
MEPHOH NMOCTaHOBKE.

Pa3paboTka MaTeMaTHUECKUX MOJIENIeH Benach C
Y4eTOM peKoMeHIaui 1 HapaboTok [12—16], koTopbie
MO3BOJIMIIM JOCTHYb BHICOKOH TOUHOCTH PaciyeToB.

B cBs3u ¢ TeM, 4TO, KaKk MPaBUIIO, BOJAOXPAHU-
mue ['DC pacnpocrpaHsieTcs Ha MHOTHE KMIIOMET-
PBI, UCCIIeOBaHUS OBUIM NMPOBEICHBI AJS ABYX Ma-
TEMaTHUYECKUX MOJEIIEH:

® 00111ast MOJIEJb, BKIIOUYAIOINAst TEPPUTOPHIO B
HECKOJIBKO JIECATKOB KUIIOMETPOB, ISl OTpEAeIICHIS
o01IIei 0caaKy JI0Ka BOJOXPAHIUTUIINA;

® JIOKaJIbHAs MOJIEIh, TO3BOJIAIONIAs POAHAIIH-
3WpOBaTh BO3JEHCTBHE BOJOXPAHUIUIIA HA OETOH-
HYIO TUIOTHHY.

Pe3yabTarhl HCCe10BaHU

3ona Bomoxpanwmiia boryudanckoit 'DC 3arpa-

THBAaeT OTPOMHYIO TEPPUTOPHIO, IIPEICTABICHHYIO
Ha puc. 1.

O06mas Mozieh BKITIOYaeT (pparMeHT OCHOBAHUS
(;muTocdeps! n BepxHeil wacTu acTeHochepsl), Moa-
BEP)KEHHBIN Harpy3Ke, BBI3BAaHHONW BECOM BOJBI B
BogoxpaHwimimie (puc. 2).

Puc. 1. Kapra pacnonosxenus boryyanckoro BoaoxpaHuauima
|Figure 1. Location map of the Boguchansky reservoir]

ocb pekk AHrapa
Axis of the Angara river

Puc. 2. O6mas Mozeib CHCTEMbI «BOOXPAHUIULIE — OCHOBAHHE»
[Figure 2. General model of the “reservoir — foundation” system]|
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OcHOBaHHWE TPEACTABICHO MPOYHBIMUA MaTepHUa-
JIaMH, B CBSI3U C 3TUM B pacyeTax NMPHHATHI JTMHEHHO-
yrIpyrue Mojenu mMatepuanoB. OJHAKO, KaK U3BECT-
HO, YeM IIIy0Ke OT JHEBHOH MOBEPXHOCTH PACIIOJIO-
JK€H TPYHT, TeM OH OoJiee IMPOYHBINA, COOTBETCTBEHHO,
¢ TITyOMHOM JOMOHUTENBHBIE AehopMaIliH OT Harpy3-
KH YMEHBIIAIOTCS. J{J1s1 3TOr0 OCHOBAaHHWE MO BBICOTE
OBLIO Pa30HMTO HA CIIOW C Pa3HBIMH MOJYJSAMHU JIC-
dbopmarun.

Tak Kkak TITyOMHBI pacueTHOH 00JIaCTH J0CTaTOY-
HO OonblIne, GU3NKO-MEXaHHIECKUe HapaMeTpsl Ui
HUX OBUIH OIpeAeNIeHbl UCKIIOYUTEIFHO MaTeMaTH-
YecKH (Ha OCHOBE 3aBUCHMOCTH MOZIYJIS ehopMarini

OT CKOPOCTH TPOXOMKICHUS CEUCMHUUYCSCKUX BOJIH), UC-
XOZsI M3 pacIpelesieHHs CKOPOCTEH MPOAONBHBIX CEl-
cMudecknx BomH [17]. 3HaueHus Qu3mKo-MeXxaHUIe-
CKUX TIapaMETPOB CBEJICHBI B TAOJIHIIE.

PesynbTarh pacdera neopMUPOBAaHHOTO COCTO-
STHASL OCHOBAHUS TIPE/ICTABIICHEI HA PHC. 3.

Kax BugHO U3 prc. 3, mocie Hadaiga HamoOJIHECHUS
BOJIOXPaHUJIMINA TOCTEIIEHHO MO ACHCTBHUEM Beca
BOJIBI OCHOBaHHE HAYWHAET MPOTHOaThCS.

3aMeTHO, YTO TPY HAMOJTHEHUU BOJIOXPAHMIIHINA
BeIcOTOH 73 M 10 orMetkd HITY momonaHuTenbHEBIE
BEPTUKAJILHBIE IEPEMEILECHUS JI0KAa BOJOXPAHUIIUIIA
cocTaBisIIoT 143 MM.

Tabnuya

Du3HK0-MeXaHHYecKHe NapaMeTphl
[Table. Physico-mechanical parameters]

Ne MaTepuaiia E, MIla v ¥, T¢/M3 ¢ C, MIla HasBanmue
[Item no.] [E, MPa] [y, tf/m?] 8¢ [C, MPa] [Name]
! 16 000 0.20 - - - [1st layer of the carths prust]
2 55 000 0.20 - - - 20t layer of the eartis epust]
3 100000 | 020 - - - [31d Tayer of the carths prust]
4 100 000 0,20 - - - [;Sctfgg;‘?ﬁgg]

Vertical displacement, mm

D ePTHKAIEHEIE
MepeMEMELICHIA, MM

3%
143
127
95
79
47
e

fiiomaom

15
.36

Puc. 3. lonoHuTe/IbHAS 0CAAKA JI0KA BOAOXPAHIIMILA IIPH €r0 HANOJIHEHUH 10 OTMETKH HOPMAJIBLHOI0 NoAnopHoro yposHsi (HITY)
|Figure 3. Additional sediments of the reservoir bed when it is filled to the normal retaining level]

IIpu paccMoTpeHuH IJlaHa MepeMeIIeHrH, a Tak-
JKe paspesa BIoib pycia peku Bommsu ['9C (puc. 4.),
MOYKHO YBUJIETh, YTO BOKPYT BOJIOXPAHWIIUINA 00pa3y-
€Tcs TaK HazbIBaeMasi KBOPOHKA TIPOCENAHUSD, KOTOpast
pacmpocTpaHsieTCsl Ha paccTosiHUE mmopsiaka 90 k.

Hatyphbie reone3nyeckue n3MepeHus, Kak mpa-
BUJIO, TIPUBS3BIBAIOTCS K (PYHIAMEHTAIBHOMY perie-
Py, U BCC HU3SMCPCHUA OTCUHTBLIBAIOTCA HCXOIAA U3
TOTO, YTO PEIIeP HEMOIBUKCH.

OnnHako, Kak BUIHO U3 puc. 4, GyHIaMeHTaNb-
HBIA pemep, KOTOPBIH OOBIYHO OTHOCHTCS IIO-
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JaJbIIe OT COOpYXKeHUs (Mopsaka 2 KM) U CUH-
TacTCd HCIMOABHUXKXHBIM, B CBOIO OUCpECAb, IIOIa-
IaeT B Ty CaMyl «BOPOHKY IpPOCENaHUN», TeM
caMbIM TNpHOOpeTas JNOMOJHUTEIBHOE MepeMe-
LICHHE.

B cBs3u ¢ 3TUM mpuU CpaBHEHUHM PacCUYETHOU
OCaJIKM ¥ HM3MEPEHHOU reonxe3ueldl HeEoOXOIUMO
YUYUTBIBATh UMEHHO OTHOCHUTCIBHYIO PACUCTHYIO
ocaaky (OTHOCHTENbHO (yHAaMEHTAIBHOTO pe-
nepa).

CpaBHeHHUE 0CaJIKH ITOKA3aHO Ha PUC. 5.
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Fundamental reference Dam of Boguchanskaya HPP
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Puc. 4. BepTuka/ibHble iepeMeLlleHUs HA pa3pe3e B10Jb PycJia peKd
[Figure 4. Vertical displacements in the section along the river bed]
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Puc. 5. CpaBHeHHe pacyeTHOMH 0CaAKU U HATYPHBIX reoje3nyecKuX Ha0I101eHHit
[Figure 5. Comparison of calculated sediment and field geodesic observations]

BruIBOABI

Pacuersl nmokaszany, 4TO HaNOJIHEHWE BOJOXPAHU-
JIMIIA BIUSET Ha OKPYXKAIOIYI0 HHKEHEPHO-TE0I0-
THMUYECKYI0 00CTaHOBKY. B 4acTHOCTH, CO31aHME BORO-
XpaHWIUIL IPUBOJUT K IIPOCENaHHUIO, IIyCTh JAaXe He-
0onpIIOMY, IOBEPXHOCTH BOKPYT CaMOT'0 BOIOXpa-
Huuima. Ho 4ro camoe BakHOE, HaloJIHEHUE BOJO-
XpaHWININA BIUSIET Ha II00anbHbIE NepEeMeIIeHUs
TUIOTHHEI.
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Accounting for the filling of the reservoir
when calculating the stress-strain state of a concrete dam

Igor V. Baklykov
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Abstract. The aim of work. The paper considers the issue of reservoir accounting when calculating the stress-strain
state of a concrete dam and its foundation.

Solution technique. As a rule, reservoirs on a global scale represent a large gravitational mass in the form of water,
which affects the engineering-geological situation in a large deep of rocks foundation. To study this factor, an investigation
was made of the power component of the reservoir on the basis of the “reservoir — structure — rock foundation” sys-
tem. For the calculations, the hydro power plant of Boguchanskaya HPP was selected, which is part of the Angara river
cascade and is located in Siberia. To perform the stress-strain state calculations, a three-dimensional mathematical finite
element model of the “reservoir — structure — rock foundation” system was created on the basis of which the predicted val-
ues of the calculated draft of the concrete dam are determined. The mathematical model consists of a fragment of the rock
foundation, represented by the lithosphere and the upper part of the asthenosphere. To verify the proposed reservoir account,
the predicted sediment values were compared with geodesic data, while the comparison results showed a high degree of
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correlation. A high degree of correlation suggests that the proposed method predicts the rock foundation and structure sedi-

ments quite well when filling the reservoir.

Results. The results of the conducted investigations and comparisons of calculated and field data have shown the necessity
of reservoir accounting when calculating predictions of sediment values of hydraulic structures and their rock foundation. This
forecast is quite important in determining the criterial values of diagnostic indicators for the safety control of the structure.

Keywords: reservoir, rock foundation sediments, stress-strain state of the dam, finite element model
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HAVYYHAS CTATbBA

dusnko-MexaHuvYecKHe CBoMcTBA
0a32J1bTO-BOJIOKHHUCTOI'O BBICOKOIIPOYHOTO OeToHA

M. Xapyn*, JI.J1. Kopotees, I1. Ixap, C. Knepo, LLI.M. Eapoba

Poccuiickuii yHuBepcUTET IpyKOBI HAPOJOB
ya. Muknyxo-Maxnas, 6, Mockea, Poccuiickasi @edepayus, 117198

* ABTOp, OTBETCTBEHHBIN 32 MEPETTUCKY

(nocmynuna 6 pedaxyuro: 03 aBrycra 2018 r.; npunama x nyoauxayuu: 17 oxtsi6ps 2018 r.)

AKTyanbHOCTb. bazabTOBBIE BOJIOKHA BCE YAIlE U3y4alOTCA UL IPHMEHEHHS B POMBIIIIEHHOM U IPaXJaHCKOM CTPOHU-
TEIIbCTBE Oaroziapsi XOpOILINM MEXaHHIECKAM CBOWCTBAM, TEPMHUUECKON M XUMHIECKOW CTOMKOCTH, a TAKXKE SKOJIOTHIHOCTH.

Hean. MaccoBoe MPOU3BOICTBO BHICOKONIPOYHOTO OeToHA B Poccuy BO MHOTOM CBSI3aHO C ITPUMEHEHHEM OpPTaHOMH-
HepalbHbIX MoauduKaTopos cepuu Mb, conepkamux B pa3HbIX HPOMOPLUSX MHUKPOKPEMHE3EM, 30JIy-yHOCA, PETYISTOP
TBepAcHUs U cynepiactuduxarop C-3. Llenpro 3KCIeprUMEHTaIBHOTO UCCIIEAOBAHUS SIBIISICTCS] M3YUEHHE BIUSHUA 0a3aiib-
TOBBIX BOJIOKOH B BEICOKOIIPOYHOM OETOHE.

MeTtoasnl. MccnenoBanusi GU3HKO-MEXaHHYECKUX CBOWCTB 0a3alibTO-BOJIOKHUCTOTO BBICOKOIPOYHOTr0 OETOHA MpoBe-
JieHbl Ha oOpasnax ¢ pazmepamu 100x100x100 n 100x100x400 mm ¢ npumenenreM moaupukaropa Mb10-30C. B pamkax
WCCJIEJOBAHMs OIpeJIeNIeHbl: NPOYHOCTh Ha CXKaTHe, MPOYHOCTh Ha PacTsHKEHHE P U3rube, MPOYHOCTh Ha OCEBOE PacTs-
JKEHHWE U MOMEHT TPEIIMHOOOpa30BaHMs B pa3iIMuHble IEPHOAbI TBepAeHHs OeToHa (nocie 7, 14, 28 u 60 cyTok TBEepAcHUS).

BeiBoabl. VccrenoBanus mokasand, 4yTo J00aBiIeHHE 0a3anbToBOH (HOpPHI B BHICOKOIIPOYHBIH OETOH CHIDKAET IpOd-
HOCTb Ha cxkarue Ha 18-20 %, o1HaKo MO3BOJISIET OBBICUTH €T0 MOBEJACHUE P pacTsbKeHUU Ha 4248 %.

KaroueBbie ciioBa: 6asanbroBas (prbpa, BEICOKOIPOYHBIA OETOH, IPOYHOCTh HA CXKATHE, IIPOYHOCTh HAa PACTSKEHHE

npu I/IBFI/I6€, IMMPOYHOCTHL Ha OCEBOC PACTAKCHUC, MOMCHT TpeIIII/IHOO6pa3OBaHI/I${

BBenenue

ba3ansToBBIE BOJIOKHA MPEICTABISIOT HHTEPEC UL
MPUMEHCHHS B CTPOUTEIIBCTBE OJ1aroiapsi UX MexaHH4e-
CKMM XapaKTepPHCTUKaM, OCHOBHBIE M3 KOTOPBIX: Ha-
MeTp BoJIOKOH oT 10 1o 20 MkM, TemriepaTypa mpuMe-
Henust oT —200 10 +600 °C, mwiotHOCT 2800 KI/M>, MO-
ayns ynpyrocts oT 9100 10 1100 kr/mMm® [1]. B Hacto-
sAmee BpeMs 0a3aJIbTOBOE BOJIOKHO MPUMEHSETCS VIS
W3TOTOBJICHUSI 0a3aIbTOBBIX CETOK M apMaTypbl, KOTO-
pble HCIOMB3YIOTCS MPU OLITYKATYyPUBAHUK MOBEPXHO-
CTEH CTPOMTENBHBIX KOHCTPYKLHH, apMHUPOBAHUH CTS-
KEK I110J1a U KPOBJIH, COSANHEHUN MHOTOCTIOMHBIX CTEH
U TIEPErOpOJIOK U3 Pa3IMYHBIX MaTepHATIOB, KaMEHHOU
Knazke [2], a Taxke B kauecTBe QUOpPHI (pyOIeHBIX BO-
JIOKOH Pa3INYHON [UIMHBI U AWaMeTpa) A1 00beMHOro
apMHUPOBaHMsI OETOHHBIX KOHCTPYKUHU B JOPOYKHOM,
MPOMBIIITIEHHOM U FPayKTaHCKOM CTPOUTENLCTBE [3].

[lepcneKTHBHBIM, HO TOKa HEJOCTAaTOYHO H3Y-
YEHHBIM, SBJISICTCS BOIIPOC NMPUMEHEHHS 0a3anbTo-
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BOH (pUOPHI TP U3TOTOBIEHUH BHICOKOIPOYHBIX Oe-
TOHOB. YUeHBIMU B PoccHU IIPOBOISATCS MCCIEN0BA-
HUS BIUSHUSA 0a3aIbTOBON (PUOPHI HAa CBOMCTBA pas-
JMYHBIX THIIOB OETOHA.

ABTOpEHI paboTH [4] MpoaHaTU3UPOBAIH TIENIe-
coobpa3HocTh Ao0OaBieHus 0a3zanbToBOW (GHOPHI B
ra3o0eToH aBTOKJIABHOT'O TBEPACHHUS W MPULLINA K
BBIBONY, UTO Oa3zanpToBas ¢ubpa pacTBOpsieTcsS B
mpoliecce aBTOKJIABHOW OOpabOTKH M HE OKa3bIBaeT
MIOJIOKUTEJIBHOTO BIMSHUS HA TPELIMHOCTOMKOCTD U
JOJITOBEYHOCTD Ta300€TOHA.

B paborte [5] uccrnenoBansl (pu3NKO-MeXaHIIECKHS
cBolcTBa OeTOHa, MpeIHa3HAYEHHOTO IS a3POIPOM-
HBIX TIOKPBITHH, ¢ JOOaBleHHEeM 0a3anbToBoW (HUOPHI
UHOM 6 MM (2 % oT Macchl BxyIuero). Ilpounocts
Ha CKaThe 00pasIioB B 28-CYyTOYHOM BO3PaCcTe COCTABHU-
na: 6e3 modaenenus ¢pudper — 51,2 Mlla, ¢ ¢ubdpoit —
52,6 Mma; IpoYHOCTh Ha PaCTsHKEHHE TPU M3THOE CO-
craBuna: 6e3 puopsr — 4,69 Ml1a, c pubdpoii — 5,2 Ml1a.

EXPERIMENTAL INVESTIGATIONS
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B pabore [6] uccnenopano BnusiHue 0a3a1bTOBOM
¢ubpb! mHOH 12 MM 1 uamerpoM 10 MKM Ha TpoyY-
HOCTh MEJTKO3EPHHUCTHIX (HUOpoOeTOHOB. McbITanus
MPOBEJICHBI Ha oOpasiax-0anoukax 4x4x16 cm. Hau-
JydIlde TO0Ka3aTeNH MPOYHOCTH OBUIM IMOJIY4CHBI
TIPU KOHIICHTpAIuu 0a3aIibTOBOI GUOpHI B OETOHE B
KonuuecTse 1,4 KI/M°, Ipu 5TOM MPOYHOCTh HA CKa-
THe coctaBmia 42,86 MIla, Ha pacTspkeHue npu u3-
rube — 2,7 MIla.

3a pyOexoM Takke MPOBOMASTCS HCCICIOBAHUS
cBoicTB pudpoderonoB. /1. BpaHctoH [7] oOHapyxuIL,
gro go0apeHre 0a3aIbTOBON PUOPHI B OSTOH SIBISETCS
3¢ GEKTUBHBIM CPEACTBOM IS TIPEIOTBPAIICHUS Tpe-
HMIMHOOOPa30BaHUs B pe3ysibTaTe CHIDKEHHSI CBOOOTHOM
ycaaku OeToHa, a TakkKe 3aMeIJICHHS POCTa TPELIVH,
€CJI OHH BCE )K€ BO3HUKAOT. HekoTopble creruanycTs
OTMEYAIOT, 4TO J00aBlieHHEe 0a3aIbTOBON (DHOPHI B BBI-
COKOTIPOYHBIN OETOH MOBBIIIACT MPOYHOCTH Ha PacTs-
JKEHHE W KPUTUYECKHH KO3((UIMEHT MHTEHCHBHOCTH
Hanpspkernit [8; 9]. Mccnenoranms C. Xaiira [10] cBu-
JETENBCTBYIOT, YTO Ho0aBieHne 6a3anbToBOd (hUOpHI
B JKeJ1e300€TOHHbIE KOHCTPYKIMH TOBBILIAET UX MO-
IyJb yIPYrocTH. DKCHEPUMEHTAIbHbIE HCCIECA0BAHUS
C. JIxunanra [11] nokasanm, 4ro go0aBiIeHre 0a3aIbTo-
BOM (UOpPBI B OETOH YIyUILIIN €r0 IPOYHOCTh Ha pac-
TSDKEHHE, IIPOYHOCTh HA M3THO U YIAPHYIO BSI3KOCTb.

3.0. IlexnmuBannu [12] uccnenosan apMUpPOBaH-
HBIH 0a3aJIbTOBOJIOKHHUCTBIN JICTKHUI aBTOKIIABHBIHN Ta30-
0eToH M OOHapyXWII, 94TO JA00aBlIieHUE 0a3aTbTOBOM
(uOpEI B aBTOKIIABHBIN Ta300€TOH MOBHIIIACT €T0 MPOU-
HOCTb Ha C)KaTHe U U3THO.

MaccoBoe pOM3BOACTBO BEICOKONPOYHBIX OETO-
HOB B Poccun Bo MHOroM CBSI3aHO C NPHMEHEHHEM
OpraHOMUHEpaJIbHBIX MOTU(HKaTOpoB cepuul Mb, co-
JeprKalliX MHUKPOKPEMHE3EM, 30JIy-yHOCa, PEryIIATOp
TBepIeHus U cynepruiactTudukarop C-3 B pa3HbIX Ipo-
nopuusx. MHorue uccienoBareN u3ydand (Qu3nko-
MEXaHWYECKHE CBOMCTBA BBHICOKONPOYHBIX OETOHOB C
ucnoip3oBanreM MoxaudukaropoB cepuu Mb [13;
14], omHako BIWSHHE HA 3TH CBOMCTBa 0a3aIbTOBON
(GHUOPBI 10 CUX TTOP MAJIO UCCIICAOBAHO.

B cBs3M ¢ 3TUM 1ENBbIO TAaHHOTO MCCIIEIOBAHUS
SIBJIACTCSI OlpeieNieHNe (PU3NKO-MEXaHMUECKUX Xapak-
TEPUCTHK, TAKUX KakK: MPOYHOCTh HA C)KATHE, MPOY-
HOCTh Ha pacTsOIKeHHe MpH u3rude, MPOYHOCTH Ha
0CEBOE PacTsHKEHHE U MOMEHT TPEIIMHOOOpa30BaHUs
0a3aJIbTO-BOJIOKHUCTOI'O BBICOKOIIPOYHOr0 OETOHA C
nobasnenneM moaupukatopa cepun Mb.

MartepuaJibl 1 METOANKA MCCIET0OBAHUS

J71st N3roTOBIICHUST BEICOKOIIPOYHOTO OETOHA MpU
MPOBEICHUH AKCIIEPUMEHTAIBHBIX MCCICAOBaHUN ObLT
BbIOpan Momudukarop mapku Mb10-30C. Moandu-
KaTopbl cepun MbB 4BIAI0TCS KOMIO3UIIMOHHBIMU

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

MaTepHajaMyd Ha OPraHOMHHEPaJbHOH OCHOBE, MH-
HepalibHas 9acTh KOTOPBIX COCTOUT M3 MUKPOKpEM-
He3eMa W KHUCJIOH 30JIbI-yHOCa, & OpraHr4ecKasi 4acTh
npezncrasieHa cynepruactugukatopom C-3 u pery-
JSTOPOM TBEPCHUSL.

OKCIepUMEHTAIBHBIE UCCIIEIOBAHUS TTPOBEACHBI
Ha CJIETYIOIIEM COCTaBEe BBICOKOIPOYHOr0 OETOHA: TIOPT-
na"aueMeHT mapku M500 = 500 Kr/M, MOTUPHKATOP
MB10-30C = 125 kr/™M’, IECOK ¢ MOIYyJEM KPYIHO-
ctu 2,7 = 585 xr/m’, mebens ppaxiun 5-20 MM =
= 1005 kr/™’, Boma = 187,5 w/M’, st 6a3anbTo-BOJIOK-
HHUCTOTO BBICOKOIIPOYHOTO OeToHa — pyOieHHas Oa-
3anpToBas Gubpa mmHHON 12 MM = 24 kr/M° (B KO-
muaecte 1 % ot Beca OeToHa).

OKCIepUMEHTAIBHBIE UCCIIEOBAHUS TTPOBEACHBI
B coorserctsun ¢ FOCT 10180-2012."

B pamkax uccnenoBanust ObUTH M3TOTOBJIEHBI 16 ce-
puii 00pa3oB BBHICOKONPOYHOTO OETOHA BBIILICYKa3aH-
HOTO COCTaBa, U3 HUX 8 cepuii (1o 4 cepun ¢ OazabTO-
Bo pudpoii u 6e3 Hee) ¢ pazmepamu 100x100x100 Mmm
u 8 cepuii ¢ pazmepamu 100x100x400 mm.

B cooTBercTBUM C TIIaHOM 3KCIIEPUMEHTa KaXK-
Jast cepusl cocTosuia u3 3-X o0pasios, mo 12 obpas-
OB Ka)KJIOT'O THIIa, BCETO OBLIO U3rOTOBJICHO 48 00-
pasuoB. Bce oOpasiel TBepaenu 10 UX pacrainyOim-
BaHUS B T€UCHHE MEPBBIX 48 4acoB, YKPHITHIC TICH-
KOH JIJIsl IpeIOTBpAICHHsI HCIIAPEHUS U3 HUX BIIATH,
nocJje pacnanryOiauBaHus — MOJ CIIOEM CHCTeMaTHye-
CK{ YBIQXHIEMBIX OMWIOK B MMOMEIIEHUH TPU TEM-
neparype 19-22 °C u Bnaxkaoctu Beie 50 %.

JlaGopatopHble UCTBITaHUST 00pa3LOB MpoBee-
Hbl niocnie 7, 14, 28 u 60 cyTok TBEpACHUS B TUAPAB-
nryeckoM mpecce ¢ Harpyskoi g0 1500 xkH nHa cxa-
tre u 10 150 kH Ha u3ru6>.

[IpouyHoCcTh Ha cxkaTHe ompeaensaaack o Gop-
mymne (1)":

R =a-

c

, (1

A [

rae o — MacimTaOHBIH KO3 GUIUEHT U TpHUBEe-
HHS TIPOYHOCTH OETOHA K MPOYHOCTH B oOpasiax
0a30BbIX pazmepa 1 Gopmsl (o = 0,95 11t 0Opas3noB-
KyOoB ¢ pasmepamu 100x100x100 mm); F. — pa3py-
maromas Harpyska, H; 4 — miomaas padbodero cede-
HUs 00pasna, My,

[IpouHocTh Ha pacTshHKEHHE NPH M3THOE ompe-
nensiachk mo gopmye (2)

; 2)

I TOCT 10180-2012. Bertonsl. MeTtomsl OIpeNeIeHUs
MIPOYHOCTH MO KOHTPOJIBHBIM o0Opaszuam. M., 2013.

2 CII 63.13330.2012. BeToHHBIE U KEI€300€TOHHBIE KOH-
cTpykuun. OcCHOBHbIE ooXKeHHus. M., 2015.
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rae 6 — MacmTaOHbI KOA(DQOUIIUCHT Ui MPHUBEC-
HUS TPOYHOCTH OETOHa K TMPOYHOCTH B 00Opasnax
0a30BBIX pazmepa u dhopmbl (6 = 0,95 st mpu3m ¢
pasmepamu 100x100x400 mm); F; — paspymiaromas
Harpy3ka, H; / — paccTosHue Mexay omopamul MpH
WCIIBITAHAK O0Opa3IlloB Ha pacTsHKEHUE TPH H3THOe,
MM; g, b — IMPUHA U BBICOTA MONEPEYHOIO CCUCHHUS
MIPU3MBL.

[IpodHoCTh Ha OCEBOE pacTshKEHHE OIperersiuiach

o popmyie (3)

R
R, =—=. 3
ctf 1,75 ( )

MoMeHT TpemuHO0Opa30BaHus OIpEeNIeH I10
bopmyue (4)°
2
bh @
ct ' >
3,5
rae b, i — mMpHUHa U BHICOTA MOIEPEYHOTO CEUCHUS
o0pasia COOTBETCTBEHHO.

MFC:R

C

Pe3yJ’leaTLI H UX 06cym;1elme

B pamxax uccnemgoBaHusi ObUIH OIpeeeHBI
Han0Ooyee BaXHbIC (PU3MKO-MEXaHUYECKUE XapaKTe-
PHUCTHKH, 2 UMEHHO: MIPOYHOCTH Ha CXKaTHe, Mpod-
HOCTh Ha PacTSIKEHHE MPH U3THOE, MPOYHOCTh Ha
0CEBOE PACTIKCHUE M MOMEHT TPEIIMHOOOpa30BaHuUs
BBICOKOIIPOYHOTO OeToHa ¢ Moaupukaropom MB10-
30C ¢ nobasnennemM 6azasToBOH (hrdps! (1 % OT Beca
00pas31ioB) u Oe3 Hee.

Bo Bpemsi 3KcrepHMEHTANBHBIX HCCIIEIOBAHUIA
OBLTH MICTIBITAHBI CIIEAYIOIINE THITHI 00Pa3IIoB:

1. 8 cepuii 0Opa3ioB-kyooB (1o 4 cepuu ¢ Oa-
3anpTOBOM (uOpolr m 0Oe3 Hee) ¢ pa3Mmepamu
100x100x100 MM nnst ompeneaeHusl IPOYHOCTU Ha
cxatue (Tabi. 1).

2. 8 cepwmii oOpasnoB-npusM (mo 4 cepuu ¢ Oa-
3anmpTOBOM (mOpolr m 0Oe3 Hee) ¢ paszMepamu
100x100x400 MM uist onpenefeHus] MPOYHOCTH Ha
n3ru6 (tadm. 2).

Tabnuya 1°

Pe3yabTaThl 1a60paTOPHBIX HCNILITAHMI 00Pa3L OB U3 BHICOKONPOYHOIo 6eToHa ¢ pa3mepamu 100x100x100 mm
[Table 1. Results of the laboratory tests of high-strength concrete specimens of 100x100x100 mm]

Bpems TBepaeHus,
CYTKH
[Curing Period,
Days]

CpenHee 3HaueHue R. o0pa3unos
0e3 nodaBieHns 0azanbToBol pudpe1, MIla
[Average R. of specimens without basalt fiber, MPa]

Cpennee 3HaueHue R. o6pa3unos
¢ nodasienuem 1 % Oa3anbToBoii pudpel, MIla
[Average R of specimens with 1 % basalt fibers, MPa]

7 69,68

56,73

14 86,45

69,86

28 100,23

80,52

60 102,72

82,21

110,0

[N
o
(=]
o

]

—»

90,0 //
80,0 4

70,0

[IpoyHocTh Ha c:xaTue, MIla
Compressive Strength, MPa

60,0 /
w

50,0

20

30

40 50 60 70

Bpemsd TBepAeHUs, CYTKU
Curing Period, Days
be3 6a3abTOBON PUOPHI
—o— Without Basalt Fiber

C 1 % 6a3anbTOoBOM GUOPHI
—8—With 1% Basalt Fibers

Puc. 1. IIpounocts Ha cikaTHe 00PA3LOB U3 BHLICOKONMPOYHOTo 0eToHa ¢ pazmepamu 100%100%x100 MM B 3aBUCMMOCTH OT BpeMeHH TBep/IeHUsl
[Figure 1. Compressive strength of high-strength concrete specimens of 100x100x100 mm depending on the curing period]

3 CIT 63.13330.2012. BeTOHHBIC U 5Kene300eTOHHbIE KOHCTPYKITHH. OCHOBHBIC HOMOKeH:s. M., 2015,
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Ha puc. 1 mokazana amarpamMma HU3MEHEHUS
MIPOYHOCTH Ha CXaThe 00pa3LioB U3 BBICOKOINPOYHO-
ro 6eTOHa B 3aBUCUMOCTH OT BPEMEHHU TBEPACHMUSL.

AHanu3 nquarpaMMbl Ha puc. | MOKa3bIBaeT, 4To
MPOYHOCTH 00Pa3L0B U3 BEICOKONIPOYHOTO OETOHA
pacTeT IIaBHO U PaBHOMEPHO, HE3aBUCUMO OT TOTO,
nobasneHa 6a3anbpToBast GuOpa WK HeT.

UccnenoBanns 00pa3noB U3 BHICOKOIMPOYHOIO
Oerona (Tabm. 1 u puc. 1), mpoBeAEHHBIE C UCTIOIB30-
BanueM Monudukaropa MB10-30C, cBumeTensCTBY-
10T, 4TO A00aBieHne B HUX 0a3anbToBOI GHOPBI CHU-
JKaeT MPOYHOCTh Ha cxkartne Ha 18-20 %. Pe3ynbraTsl
UCTIBITaHUH TaKXKe [T0Ka3aIx, YTO IPOYHOCTh Ha CXKa-

THe 00pa3oB B Bo3pacte 7 cyTok gocruraet 70 % ot
MIPOYHOCTH B 28-CYyTOYHOM BO3pAacTe, HE3aBUCHMO OT
Toro, foOaBiIeHa OazanpToBas huOpa MM HET. ITO
JaeT BOBMOXXHOCTh Harpy>kaThb KOHCTPYKIHHU, TAKUE
KaK KOJIOHHBI M CTEHBI M3 BBICOKOIIPOYHOTO OETOHA,
Ha PaHHMX CTAAMAX TBEPICHUSI.

JlaGopatopHble UCTIBITAHUS TaK)Ke MOKa3aIH, YTO
y BBICOKONPOYHOTO OETOHA, M3TOTOBJIEHHOTO C TPH-
MeHeHrneM Mmoaugukatopa MbB10-30C, cpemuss npod-
HOCTb mociie 60 CyTOK TBEpAEHUS YBEIUYHUIACh UyTh
Oonee yem Ha 2 % MO CPaBHEHHIO C MPOYHOCTHIO B
28-cyTOYHOM BO3pacTe, HE3aBUCHMO OT TOro, 100aB-
nieHa 0azanbpToBas (GuOpa WK HET.

Tabnuya 2

Pe3yabTaThl 1a60paTOPHBIX HCNILITAHUI 00Pa310B U3 BBICOKONPO4YHOro 0eToHa ¢ pasmepamu 100x100x400 mm
[Table 2. Results of the laboratory tests of high-strength concrete specimens of 100x100x400 mm]

Bpems

TBEp/AEeHMs, [Specimens without basalt fiber]|

O0pa3zusl 0e3 1o0aBaeHns 0a3a1bTOBOM (pUOPHI

O0pa3usl ¢ no6assienneM 1 % 6a3anbToBoil GuOpLI
[Specimens with 1 % basalt fibers]

CYTKH Cpennee Cpennee
[Curing 3Ha4yeHue R, MIla

Period, Days] | [Average R, MPa] |[Average R, MPa]

Cpennee
3HaveHue Rq;, MIla (3Hauenue Me, H-M|3Hauenne R, MIla
[Average Mc, N'm]

Cpennee Cpennee Cpennee
3HaueHue Ry, MIla 3Hauenue Mo, H-m

[Average R+, MPa] |[Average Ry, MPa]|[Average Mo, N-m]

7 6,73 3,84

1099,46

9,83 5,60 1605,21

14 7,19 4,12

1216,80

10,35 5,93 1752,19

28 7,57 4,32

1236,69

11,13 6,35 1817,93

60 8,16 4,66

1332,30

11,99 6,85 195921

_
n
o

11,0

/./

10,0

9,0

8,0

A

7,0

p=g

[IpoyHOCTB Ha pacTsKeHHe Npu u3ruoe, Mlla
Tensile Strength at Bending, MPa

6,0

0 10 20

30

40 50 60 70

BpeMms TBepeHUs, CYyTKU
Curing Period, Days
Bes 6a3anbToBOM GUGPHI
—o— Without Basalt Fiber

C 1 % 6a3anbToBbIMU PUOPAMU
—&—With 1% Basalt Fibers

Puc. 2. IIpoyHOCTh Ha pacTs:KeHHe NPU U3rude 00pPa3LoOB U3 BHLICOKONPOYHOro feToHa ¢ pazMepamu 100x100%400 mm
B 3aBHCHMOCTH OT BPEME€HH TBEPIeHUs
[Figure 2. Tensile strength at bending of high-strength concrete specimens of 100x100x400 mm depending on the curing period]

Juarpammsl Ha puc. 2, 3 1 4 noka3bIBalOT KUHE-
TUKY TIOBEJCHHS IPU PACTSHKEHUH 00pas3IoB U3 BhI-

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

COKOITPOYHOT'O 0eToHa B 3aBHCHMOCTH OT BpCMCHU
TBCPACHU.
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Pesynbrate! ucnbiTanuii 00pasnos (Tabm. 2, puc. 2
U 3) MOKa3bIBAIOT, YTO BBICOKOIIPOYHBINA OETOH, M3ro-
TOBJICHHBIN ¢ TpuMeHeHneM Mmomudukaropa MB10-
30C, mpuoOperaeT Kk 28 cyTkaM TBEpACHHs MpOU-
HOCTb IIPH pacTsKEHUH npuMepHo 7,5 % oT mpou-
HOCTH Ha C)KaTHe, He3aBHCHUMO OT TOro, A00aBjeHa
OazanbToBast Gudpa MK Her.

AHam3upys quarpamMMel Ha puc. 2, 3 1 4, a Takke
TabJ1. 2, MOXXHO TIPUITH K BBIBOLY, 4TO noOasneHue 1 %

0a3abTOBOM (MOPBI OT MACChI BBICOKOIIPOYHOTO OETOHA
TIOBBILIAET €0 MOBECHHUE IIPH PacTshKEHNN Ha 42-48 %.
Anammu3 puc. 1-4, a takxke Ta0iI. 1 1 2 mMoKa3bl-
BaeT, YTO PU3NKO-MEXaHUUECKUE XapaKTEPUCTUKH
BBICOKOIIPOYHOT'O0 OETOHA, U3TOTOBJIECHHOTO C IPH-
MmeHenneM Monudukaropa Mb10-30C, He3aBuCHMO
OT TOTO, AoOaBieHa 6a3anpToBas Gubpa wiIM Her,
IUTAaBHO M PAaBHOMEPHO MOBBIIIAIOTCS B TEUECHHE MEp-
BBIX 7 CYTOK TBEpJICHUS, KaK ¥ B OOBIYHOM OETOHE.
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2. -
Q —
o
m
§§ 5,0
o
n oo
55 40 e
o =
z &
o
2.
= 3,0
0 10 20 30 40 50 60 70

BpewMs TBepAeHUs, CYTKU
Curing Period, Days

Be3 6a3abToBON GUOPHI

—o— Without Basalt Fiber

C 1 % 6a3anbTOBBIMU GUOGPAMHU
—&—With 1% Basalt Fibers

Puc. 3. IIpouHoCcTh Ha OCeBOe pacTsiakeHHe 00pa3L0B U3 BLICOKONPOYHOro 0erona ¢ pasmepamu 100x100x400 mm
B 3aBHCUMOCTH OT BpeMeHH TBepAeHUs
[Figure 3. Strength at axial tension of high-strength concrete specimens of 100x100x400 mm depending on the curing period]
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—o— Without Basalt Fiber

Puc. 4. MomMeHT TpemnHo00pa3oBaHusi 00pa3noB U3 BLICOKONPO4YHOro 6eToHa ¢ pasmepamu 100x100x400 mm
B 3aBHCHMOCTH OT BPeMeHH TBepeHus
[Figure 4. Cracking moment of high-strength concrete specimens of 100x100x400 mm depending on the curing period]
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3akiouyenne

1. OCHOBBIBasICh HA IKCIIEPUMEHTAIBHBIX UCCIIE-
JOBaHUSIX BBICOKOPOYHOTO OETOHA ¢ TIPUMEHEHHEM
monupukaropa Mb10-30C ¢ no6asnennem 1 % Oa-
3aIIbTOBOM (UOpPHI 1 0e3 Hee, onpeaeieHbl (GHU3HKO-
MEXaHUYECKHE XapaKTEPUCTHKH, TAKUE KaK: IPOYHOCTh
Ha c)KaTue, MPOYHOCTh Ha pacTsHKEHUE NMPH H3TUOe,
MPOYHOCTh HA OCEBOC PACTSHKECHHE, MOMEHT TpEIIIU-
HOOOpa30BaHUsl.

2. lo6aBnenue 1 % Ga3anbToBO# GUOPHI OT Mac-
ChI BBICOKOIMPOYHOr0 OETOHA CHIXKAECT MPOYHOCTh HA
coxatre Ha 18-20 %, HO B TO e BpeMs MO3BOJISET TO-
BBICUTD €TO0 MOBEJICHUE TIPH pacTsxeHun Ha 42—48 %.

© Xapys X., Kopotees I.1.,
Hxap I1., XKnepo C., Expob6a III.M., 2018

This work is licensed under a Creative Commons
&Y Attribution 4.0 International License
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Abstract. Relevance. Basalt fibers are increasingly studied in structural applications due to its environmental friend-
liness, good mechanical properties, thermal and chemical resistance.

The aim of work. Mass production of high-strength concrete in Russia is mostly associated with the use of orga-
nomineral modifiers of the MB series, which consist of composition microsilica, fly ash, hardening regulator and superplasti-
cizer C-3 in various proportions. The purpose of the experimental research is to study the effect of basalt fibers in high-strength

concrete.

Solution technique. The research of physical and mechanical properties of basalt-fibered high-strength concrete was
made on samples with detentions of 100x100x100 and 100x100x400 mm with the use of modifier MB10-30C. The compres-
sive strength, the tensile strength at bending, the strength at axial tension, and the cracking moment in various periods of curing
(after 7, 14, 28 and 60 days of curing) were determined under the research.

Results. The research results show that the use of basalt fibers in high-strength concrete resulted in a decrease
in the compressive strength about 18-20 %, however, enhance the tensile behavior about 42-48 %.

Keywords: basalt fiber, high-strength concrete, compressive strength, tensile strength at bending, strength at axial ten-

sion, cracking moment
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Hean. PaboTa mocesmeHa H3y9eHUIO PaCIPOCTPAHEHUS! OCECHMMETPHUYHBIX MPOJOIBHBIX BOJH B COCTAaBHOM ITVUITHH-
JIp€ C Ha4aJIbHBIMHU KPYUEHHSIMH.

Metoapl. HayanbHble HanpspkeHUsS B HUIMHIPE OMPEESIOTCA C NPUBJICYEHUEM KJIACCUYECKOUN JIMHEHHOW Teopuu
ynpyroctu. [IpeanaratoTcst METOIBI peIIeHHs] COOTBETCTBYIOIMINX 3a/1a4 O COOCTBEHHOM 3HaueHHH. [IprBeeHbI YncIeHHbIe
pe3yNbTaThl U IPOBEJEH UX aHaiu3. [Ipu 3TOM yCTaHOBIIEHO, YTO HAJIMYUE HAYAIBHOIO KPYUYEHUS B LIWJIMHAPAX HE UCKIIIO-
Y4acT MOsIBJICHUE B OTACJIIBHOCTHU OC€CHMMCTpM‘-IHOI>i HpOHOﬂbHOﬁ 1 OCECUMMCTPUYHBIX BOJIH B COCTaBHOM ILUWJIMHIAPE.

BeiBoabl. IlonyuyeHo, 4TO IpU OTCYTCTBUU HAYAJIBHOI'O KPYYEHUS B COCTABHOM IWJIMHIPE MEXAY AUCIEPCUOHHBIMU
KpPUBBIMH, COOTBETCTBYIOLIUMHU MOJIaM OCECUMMETPUYHBIX MPOJOJIbHBIX U KPYTHJIbHBIX BOJH, UMEIOTCS TOUKH Nepeceye-
Hus. [lokazaHo, 4To B ciaydae, KOraa XOTs Obl Ha OJHOM IIMUTHHIPE MMEET MECTO Ha4aJdbHOS KPYUCHHE, OCECUMMETPHYHAS
MPOJI0JIbHASL M KPYTHIIbHASL BOJIHBI HE MOTYT PacHpOCTPAHSTHCS B OTHEIBHOCTH, T.€. UMEET MECTO B3aUMOBIIUSHUE MEXY
STHMH JBYMS THUTIAMH OCECHMMETPUYHBIX BOJH B COCTABHOM IHJIMHIpPE. Pa3BUTHI METOIBI peIICHIS TIOCTABIICHHOM 3a1a4um
U TIOJIy49EHBI COOTBETCTBYIOIINE AMCIIEPCHOHHBIC YPaBHEHHUS ISl COCTaBHOTO IMmHApa. [IpuBeneHo pemeHne aucrepcu-

OHHBIX YPaBHEHHH M TOJyYCHBI UCIIEPCHOHHBIC KPUBBIE, pa3pab0oTaH aIrOpPUTM IS IOCTPOCHUS THX KPHUBBIX.

KiroueBble ciioBa: ynpyrue BOJIHbIL, KpydeHHe, HalpspkeHue, GyHkuus beccens, GyHkus MaknoHanbaa

BBenenue

3ajgauu, OTHOCSIIHECS K 00JaCTH TCOPHH pac-
MPOCTPaHEHUS YIPYTUX BOJIH, UMEIOT MECTO BO BCEX
00TaCTSIX €CTECTBO3HAHUS U COBPEMEHHOM TCXHUKH.
OTHUM U OOBACHSETCS MOBBIIICHHOE BHUMAaHHUE K Ta-
KOTO PoJia UCCIICAOBAHUSAM CO CTOPOHBI MPEICTABH-
TeJel Pa3InYHbIX HAyYHBIX HAPaBJICHUH (DyHIaMEH-
TAILHOTO W MPHUKJIAAHOr0 xapakTtepa. OJXHOW U3 WH-
TepeCHLIX 158 aKTyaIII)HLIX HpOGHeM, KOTOpre OTHOCAT-
Csl K HENIMHEHHBIM JAUHAMUYEeCKUM d(hdekram, sBis-
€TCs TEOpHsl PaCIpPOCTPAHCHUS YIIPYTUX BOJH B Te-
JlaX ¢ HayvaJbHBIMHU HampspkeHusMu. Kpyr npukiia-
HBIX aCMEKTOB 3aj[ay4, OTHOCSAIIUXCSA K 3TOW IpoodJie-

404

Me, BecbMa mupok. K 4uciy 3TUX acreKTOB MOKHO
OTHECTH TaKWe HaydJHbIC HAIpaBJICHUS, KaK MEXaHH-
Ka MaTepHaJIOB W DJIEMEHTOB KOHCTPYKIHUH, reodu-
3UKa, MEXaHHKa KOMIO3UTHBIX MAaTepPHAJIOB, MEXaHU-
Ka TOPHBIX TMOpoJ, OMOMEXaHWKa, Hepa3pyIIalolue
METOBI OTpe/eNeH s HanpshkeHui u ap. CymiecTBy-
€T pan HBHeHHﬁ, OTHOCAIIINUXCA K BIWAHHUIO Ha4daJlb-
HBIX HaNpsDKEHUH Ha paclpOCTpaHEHUE YIPYTUX BOJIH,
K HCCIIEZIOBAaHUIO KOTOPBIX MOXHO IOJOUTH B pam-
Kax JIMHEAPU30BAHHON TEOPUHU PACIIPOCTPAHCHUS yII-
PYTHX BOJIH B TeJlaX ¢ HauaJIbHBIMU HAMPSHKCHUSIMU.
Yka3zaHHas TeOpUsl CTPOUTCS B pe3ysbTaTe MOCIea0-
BaTeJILHOM JIMHEeapU3aluy HeIMHEeWHoU Teopud. [Tpu-
MCHCHUC BBLINICHU3JIOKCHHBIX JIMHECAPU30BAHHBIX YpaB-

PROBLEMS OF THEORY OF ELASTICITY
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HEHUI TPOBOJUTCS B paMKax NPUOIMKEHHBIX U TOY-
HBIX T0AX010B. [lom mpuOIMKEeHHBIM TIOIXO0M I10-
HHUMAETCs MCIOJIb30BAHUE HEJIIMHEHHBIX ypaBHEHUU
B paMKax pazIHYHBIX YIPOLIAOIIUX THUIIOTE3 TeOMET-
pHYeCcKOro U GU3NIECKOTO XapakTepa. ITH THIIOTE3HI
TO3BOJISTIOT YTIPOINATh MaTeMaTHYECKHe PElIeHus 3a-
nad. BMmecre ¢ TeM MpUOIMKEHHBIC TTOIXOIBI, OCHO-
BBIBAIOIIMECA HA 3TOM TUIOTE3€, UMEIOT ONpe/IeIcH-
HBbIe orpaHnveHus. Hampumep, ¢ mpuMeHEHHeM Ipu-
OJIMKEHHBIX TTOTXOJIOB HEBO3MOXKHO HCCIIEIOBATE TIPH-
MOBEPXHOCTHBIC JUHAMHUYCCKUE SIBICHHUS, PACIPO-
CTpaHEHHE BOJIH B MACCUBHBIX TEJIaX C HAYAIbHBIMH
HANPSKEHUSIMA | T.11. V3710’keHHOE BBI3BIBAET HEOO-
XOJIMMOCTh TIPUMEHEHUSI TOYHOTO TPEXMEPHOTO JTH-
HEapu30BaHHOTO MOJX0/a, T.€. MOJIX0Ja B paMKax
TaK Ha3blBAEMOW TpeXMEpHON JIMHEapU30BaHHOU
TEOPHUH PACHPOCTPAHCHUS YIPYTHX BOJH B Telax ¢
HavyanbHbIMU Hanpspkenusimu (TJITPYBTHH). Hc-
ciaenoBanus B pamkax TJITPYBTHH npuBenensl
crathsax [1-7]. B manHo# paboTte mcciemyeTcs 3ana-
4a 0 pacHpOCTPAHEHUU MPOJOIBHBIX OCECUMMETPUY-
HBIX BOJIH B COCTaBHOM IHJIHWHJPE C HAYAITHHBIMU
Kpy4YEHHUSIMIL.

ITocTanoBKa 3axauu

PaccMoTpuM cocTaBHOM HMIMHIpP ¢ KPYTOBBIMHU
MOTIEPEUHBIMHU CEUEHUSIMH, CXEMaTU4YEeCKH MOKa3aH-
HBIH Ha puc. 1.

C nunMHApaMH CBSDKEM LMIMHAPUIECKYIO CHCTE-
My koopmuHaT Or 0z ¥ TOJOXKEHHUS TOYEK LIHJINH-

JIPOB OIIPENIEITIM JIarPaHKEBHIMUA KOOPJMHATAMH B 3TOH
cructeMe. BenmnuuHbl, OTHOCSIIHECS K BHYTPCHHEMY
CIUTOITHOMY IWJIMHAPY C PaauycoM R , OTMETHUM BEpX-
HUM WHIEKCOM (2), a BEJIMYHMHBI, OTHOCSIIHECST K
BHEIITHEMY IIOJIOMY HWJIMHIPY C TOJIIMHON /1, BepX-
HUM HHAEKcoM (1). [IpriMem, 9TO 10 KOMITOHOBKH IIH-
JIMHJPOB OHU OTJICIILHO CKPYYEHBI, IPUYEM K -bIi 1U-
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BaeTcs IOCNIE MX COeAMHEHWs. B aTux cimydasx Ha-
YajbHOE HaNPsHKEHHO-1e(OPMUPOBAHHOE COCTOSIHUE B
LHWIAHAPaX ONPEAEsIEM B PAMKAX KIIACCUYECKOW JIU-
HEIHOH TeopuH ynpyroctd. IIpu 3ToM mosydaem, 4to
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Puc. 1. 'eomeTpus cOCTAaBHOT0 IMJIMHIPA
[Figure 1. Compound cylinder geometry]
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MPOJOJLHONW BOJHBI B COCTaBHOM IMJIHUHJIpPE C
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a TaKiK€ TCOMECTPHUUICCKNUEC COOTHOLICHUA:
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B ypaBaenusx (1) — (3) ucrons30BaHbI 001IEH3-
BeCTHbIe 0003Ha4YeHus. ByaeM npeamonaraTh, 4To Ha
MOBEPXHOCTH KOHTAKTA IWJIMHIPOB, T. €. MpU 7 = R,

HMEET MECTO YCJIOBHE HJICANTBHOIO KOHTAKTa. JTO
YCIIOBHE B PacCMaTpPHBAEMOM CIllydae MOXKHO 3aIlu-
caTh B CJICIYIOIIEM BUJC:

o] =] [o o2 ]| —fal o2l
r=R r=R 0z Oz
r=R r=R
oo || o) ot @
r r
r=R r=R
Y Y R /R T R T
r=R r=R r=R r=R r=R r=R

KpOMe TOTO, HA CBO60HHOﬁ IMOBEPXHOCTHU BHCIIHEIO LUIMHIApPA, T. €. IIpH V' = R+ l’l , BBIIIOJITHAKOTCA CJIC-

AYHOIUC YCIIOBUA:

Taxum o0pa3om, UCCIIEIOBAHUE JTUCTIEPCHH OCe-
CUMMETPUYHON MPOJOJIBbHON BOJHBI B COCTAaBHOM
LUWIMHAPE ¢ HAYAJIbHBIMU KPYUYEHUSIMU CBOIUTCS K
peIIeHnI0 3a/1ad 0 COOCTBEHHOM 3HAUCHUH, 3aKITIO-
yarouieM B ceOe ypaBHeHHs ABwxkeHus (1), MexaHu-
yeckue (2) u reomerpudeckue (3) COOTHOIICHUS
C KOHTaKTHBIMH (4) ¥ TPaHUIHBIMH (5) yCIIOBHSMH.
OTMeTuM, YTO yKa3aHHBIE YPaBHEHHUS M COOTHOIIIE-
HUS TaKXKe SIBJIIOTCS YPABHEHUSMU U COOTHOIICHU-
svu TJIITYBTHH. Omnako 3Tv ypaBHEHHS U COOT-
HOIIICHHUE TOJIYYAarOTCSl B CiIy4ae, KOrja HadalabHBIC
nedopmanuu sBisoTcs manbiMu. [Ipudyem Hamps-
KEHHO-/Ie()OPMUPOBAHHBIE COCTOSHUS, OTHOCSIIHE-
¢S K HAYaJIbHOMY COCTOSIHHIO, OTIPEIICIISIFOTCSI B PaM-
Kax KJIaCCUYECKOW JINHEUHOU TEOpUHU YIIPYTOCTH.

OTrMeTuM, 4TO B cilydae, KOrja HayallbHbIE
Kpy4YEHUs B LUIMHIApPAX OTCYTCTBYIOT, T.€. NPHU
g
JTlag¥l TIEPEXOUT K TIOCTAHOBKE COOTBETCTBYIOIIMX 3a-
Jlad B paMKax KJIaCCUYECKOW JTMHEHMHOW TEOpUH 3Ja-
croquHamMuKu. Kak M3BECTHO, B KJIACCHUECKOM CITy-
4ae OCECUMMMETpPUYHasl MPOAO0JIbHASA U OCECHUMMET-
pUYHAs KPYTUIbHAS BOJHBI PACIPOCTPAHSIOTCS B CO-
CTaBHOM NWIMHAPE OTAEIBHO, T.€. 03 B3aHMOCBSI3H.
OnnHako, Kak OyJeT Ioka3aHo HIDKE, B CIydae, Korma

= 3(2) =0, W3I0KEHHas BBINIE ITOCTAHOBKA 3a-
b

406

ot

)

o},

{3(1) =0; 9 O} , OCECHUMMETPHYHBIE TIPOJI0JThb-

=0, ol -

r=R+h r=R+h

{9(]) #0; 9 =O} WM {9“) #0; 9

Hasl U KPYTWIbHAs BOJIHBI HE MOTYT PACIPOCTPAHSATHCS
B OTACIBHOCTH, T. €. UMEET MECTO B3aUMOBIUSHUE
MEXIy 3TUMHU ABYMs THIIAMH OCECUMMETPUYHBIX BOJTH
B COCTaBHOM LIMIMHJPE.

Merton pemieHus

Hauynem c mpencraBienus nepememienuid. Co-
TJIACHO TIPEAIIOJIOKEHUIO O TOM, YTO BOJIHBI IBUTAIOT-
Csl BIIOJIb IATMHJIPOB, T. €. BIoab ocu OZ, 3TH npen-
CTaBIICHUSI MOKEM 3aMHCaTh B CIIEAYIONIEM BHIE:

ul" =U" (r)cos(kz—ot),
ul" =V (r) cos (kz-wt),
ul =) (r) sin(kz—-wt). (6)

[oacrasnss (6) B coorHomenus (3), u3 (2), (1)
MoJTy4aeM cJenyroliee YpaBHeHHE JIJTsl HEU3BECTHBIX

byHKIMi U(n) (l’), V(n)(r) u W(n) (r):
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27 7(n) n (n) 2
<2+a<n>){dU i(U }(Ha(n))dW LU _oopt) € )

2 + 2 ’
dri dp\ 7 dr, ()
d dy" _ﬁ 2 dv' _m Ly _ ) — c’ o,
dr| dn n | | dn o7 ()
Al | L e |
dri| dn nlodn
() ) 2
o {dU v +W(”)}2W<”) —— (c) -, (7)
dr, &)
(n)
e n=kr, o = A ) ®)
H(")
B (8) k — BonHoBOE umcIO, Ay u(n) — To- e J, (X(")rl) u J1(X(n)7”1) — ¢yukiuun Beccenst

crosHHbIe Jlame wacTHOTO perieHust ypaBHeHus (7)

IMEPBOro poJa HyJCBOTO U NEPBOTO IMOPAAKa COOT-
IMpUMEM B CJICAYIOIIIEM BUC:

BeTCcTBeHHO. IloacTaBisis gacTHbIe pemeHus (9) B

U(”) (7’) — A(") Jl (X(n)l”l>
ypaBHeHUE (7), ToJlydyaeM CIEAyIONINE YpaBHCHUS
y = g J, (X(")rl), OTHOCHUTEIBHO HEU3BECTHBIX IOCTOSHHBIX A(n),
W(”)(,,): C(")JO (X("),,l ), (9) B(”) u C(”):
2 2 " "
ye [ (2+0)(~") +( (s) _1) }+c<n>(1+a<n>)(_x( )-8 220,
2 2

— A" 4 gt [—(X(")) +(s(")) —1} =0, (10)

_ A(n)(1 +a("))x(") el [_(Xm)z_a(n) +(s("))2—2}20,

W3 ycrnoBus cyuiecTBOBaHUS HETPUBHAIBHOTO PEIISHUS MONTydaeM CIeQyIollee YpaBHeHHE ISl Onpeerie-

HUS 3HAUYCHU A napaMeTpa X(n)
DY (N 1) ) (), ()
(xl )+(X1 )a4 +y a,’ +a,’ =0, (11
riue

2 (n) (n) (n) (n)
R

€ €
(n) (n)
n + n n
a(()):eo e(n)o ’ eé)=—(2+oc()),
6

e’ =( 3+ oc(”)) ((s("))2 —1)+(2+ oc("))(—oc(”) +(s(") )2 —2),
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eg")

fo(n) _ _2(0511) )2 (—Ot(n) + (S(n) )2 ~ 2)’

—(@“Qz—q{(ﬁ“f-4+(3+awﬂ(—aw4{s“ﬁ2—2ﬂ,
o :((s<n>)2_1)(_a<n>+(s<n>)2_z),

.ﬁ”z—@+a“ﬂ1(§”f-ﬁ+2@ﬁ

fi= (1+0c(") )2, (12)

n))2,

sW=c/d”, 0

U3 (11), npumenss usBectHble Gopmynsl Kapaana mist pemeHus KyOMYecKOro anre0panyeckoro ypaBHe-

HUA, IOJIyYacM:

xg'f) = qzn) > J=-P" /3 cos(@(”) /3)—a£”) /3, ¢ = arctan(2\/—D" /(—Q(”))),
¢
(n)
2\ (P(n) —-P" /3 (—cos((p(") /3)—\/3—sin((p(") /3))—a£”) /3,
¢
(n)
xg) (P(n) -P" /3 (—cos((p(") /3)+\/3_sin((p(") /3))—a£") /3, (13)
¢
2 3
P = () /34, O =2(d0)] /27— /3w
2 3
D" =(Q") /4+(P") /27.
byziem pacemarpusarth ciyyan, Koria ng) =0  COOTBETCTBYIOT HEIMCIIEPCHOHHOMY

(ng) )2 >0 wm (thn))z <0. (14)

n
OTMeTI/IM, 4YTO Clydau, Koraa Xgl) ABIACTCA

KOMIUIEKCHBIM YHCJIOM, pealibHas 9acTh KOTOPOTO
OTJINYHA OT HYJs, He OyAyT paccMOTpPEHBI B Ha-
crosimeit pabore. Kpome Toro, mockonbky ciydau

2
Cuyuaii, korna (XE?)) >0.

MOy, AJsl MPOCTOTHl HM3JI0XKEHUS pPEIIeHUs, CO-
OTBETCTBYIOIIHUE AITOMY CJIydal, Takxe He Oy-
OyT paccMOTpeHbl. Takum o0Opa3oM, 4YacTHBIE
peumenust ypaBHeHus (7) (00o3HAYUM HX dYepes

U(Z)’ V(Z)’ W(Z)

pes UY, UG, V) V8, Wi, ) ans seme-

ro OIUTMHIPA) TOIy9aeM B CIEIYIOIIEM BUIE.

AJIA BHYTPEHHECTO HUJIIMHApPA U Y-

U@=L(x94} K@=L(x94} W@=%(x9n)
U?=L(XQH} KP=A(X94} WW=%(XWH) (15)
U9=K(x94} K9=K(x9n} W@=%(X94)
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2
Cuyuaif, koraa (X17)) <0.

n) (16)

(1) _ (1) 1) _ (1) 1
Us _Kl( Xii ’”1)’ Va _Kl( ‘Xli ’1): 0( Xlz ’”1)
e Yo( yan rl) ]( AR’ ) ¢ymawn Bee- K, ( | j n K, ( \x??)\n) ~ dynuun
C€JI1 BTOpOro poJia HyJIEBOIO U IIEPBOTO MOpAAKa MaxknoHanbia HyJI€BOTO M IEPBOTO MOPSJKa CO-
(n) (n) OTBETCTBEHHO. OTMETHM, YTO HpPH MaTeMmaTh4e-
COOTBETCTBEHHO; /|, ‘X” nolw LAl n ] -
CKHMX NpeoOpa3oBaHUAX, IPOBEIEHHBIX BBIIIE, HC-

MOJIb30BaHbl U3BCCTHBIC PCKYPPCHTHBIC COOTHO-

¢bynkuuu beccenst yncTo MHUMOTO apryMmeHTa
LICHUS THIIA

HYJIEBOIro M HIEPBOro mopsaiaka COOTBETCTBCHHO,

()= (). K+ L7, (x)=1,, () a7

3
wh =3 (e m -l ml) (18)

IToncrasmsis (18) B ypaBHeHue (7) morydaeM CIETYIOININE COOTHOIICHUS MEXKTYy HEM3BECTHBIMHU IMTOCTOSH-
mevu A2, B @4l 40, BY, Y W u V)

1

)’
Jns ciydas, Korzaa (xh. ) >0, n=12

(2) @)
1(2) - (2) Xll(()lJr( ()))2 2Ai(2)’ BZ(Z) N (2) 0(5212) )2 lAl(z)o
—Xii s - X -
(19)
i(kl) = Xgl) (1+a( ))2 Ai(kl)’ :(kl) = UEI) 2 Ai(kl)'
XE,) (1)+(S()) ) ng) ( (1)) -1
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2
Jusa cirydas, koraa (Xj:’)) <0, n=12:

\/Xf)(lﬂx(z))

,-(2)=‘ ( )2 40, BY) :‘ l(% )2 o,
(o + (2] —2 O+ (s ) -1
(20)
oo V) g
10—t +(s0) -2 L]+ (s0) -1

TakM 00pazoM, MOITHOCTBIO OTIPEIENIeM PELICHHUST
MOCTABJICHHOH 3a1auu O PaclpOCTPaHEHUH BOJH C
Ha4YaJIbHBIMU KPYYEHHUSIMU B COCTABHOM LIMJTMHIIPE.

IToacrasmsisa pemenue (18) B cootHomenue (6),
TIPOBESI COOTBETCTBYIOIINE MAaTEMaTUIECKHE BBIKJIA/I-
ku, u3 (3), (2) u (6) momy4yaem BBIpaKCHHE AJIS
HaMpsIKEeHUW U TTepeMeEIeHU yepe3 HEU3BECTHBIE
MOCTOSIHHBIE, BXoAsue B ooiiee perienue (18). [a-
Jiee, yA0BIETBOPSSI KOHTaKTHBIE (4) 1 rpaHnyHbIe (5)
YCIIOBHS, MOJIyYyaeM CHCTEMY OJHOPOAHBIX airebpa-
WYECKUX YPaBHEHUH AJIS 3TUX HEU3BECTHBIX MOCTO-
SHHBIX. M3 yCIIOBHS CyIIeCTBOBaHHsI HETPUBUAIBHO-

T'o pCIICHUA CUCTEMbI IPUPAaBHUBACM K HYJIIO ACTEP-
MHHAHT 3TON CHUCTEMBI. HonyqaeM AUCTICPCUOHHOC
YpaBHCHUC B CICAYIOLICM BUAC:

detH o, (S(l), S(Z),kR, 9(1),9(2)) H: 0
i;j=12,3,4,5,..09.

(e2y)

2 1
CreflyeT OTMETHTB, YTO HpPU 9@ =g =0
JHCIIEpCUOHHBIE ypaBHeHHsA (21) MOXHO mpencra-
BUThH B CIICAYIOIINM BHIE:

( detor, (s kR) | )(det‘ o, (s, kR) H) =0,i;/=1,2,3,4,5,6, I;n=1,2,3, 22)
rie det|a.,, (s(l),s(z),kR) H =0 (23)
i det|oty, (5,5, kR) H =0 (24)

SABJAOTCA AUCHEPCUOHHBIMU YPAaBHCHUAMU IS IIPO-
I[OJ'IBHOI‘/'I nu KPYTHHBHOﬁ OCCCUMMETPHUYHBIX BOJIH B
COCTAaBHOM HUJIMHAPEC COOTBECTCTBCHHO.

YuciaeHHbIE pe3yJbTaTbl H UX AaHAJIU3

YuclieHHbIE PEe3yNbTaThl MOJIYYalTCs IS CO-
CTaBHOTO IIWJIMHApPA W3 PELIEHHs IUCIIEPCHOHHOIO
ypasHenus (20) (mis ciayuas, xorma 3 =0). Ilpu
00CYXI€HNH YHUCICHHBIX PE3y/IbTaTOB BEPXHHE WH-
JeKcHl (2) u (1) OyaeM MeHSTh ¢ BEpXHUMH MHIEKCa-

MU ( f ) " (m) cootBeTcTBEHHO. Kpome Toro, Gymem
npernoaraTh, 4To v =y = 0,3, p(f) = p(m),

EV) /g™ = 5,0, ./ R=0,5. IIpu 5T0M B OCHOB-
HOM OyJeM paccMaTpuBarh Cly4aii, Korjaa 9\ =

=9 =0,05. Beemem o6o3HaueHms 9= 9l —
-9V
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JlucnepcroHHBIe KPUBBIE, MOIYyYCHHBIC IPHU
81 = 0,0, mpuBeaeHsl Ha puc. 2 I CiIydvas, Koraa

E) /) E™ = 5,0. Ha pucyHKe NpHUBEIEHBI qHUCIIEP-
CHUOHHBIC KpI/IBbIe, COOTBeTCTBYIOHII/Ie HepBOﬁ AaUC-
MIEPCUOHHON MOJIe KPYTHIIEHOM BOJHBI (KpUBasi 000-
3HadeHa 4epe3 TW), mepBoil MTUCIIEPCHOHHON MoJe
MPOIOJILHON BOJIHBI (KpHBasi 0003HaueHa yepe3 LW)
U NEPBOM HEAUCIIEPCUOHHON MOJE, OTHOCSUIEHCS
OJIHOBPEMEHHO K 00ouM Tumam BoyH. Kpome Toro,
Ha PUCYHKE OTMEUEHA TOYKA MEPECCUCHHs KPUBBIX,
COOTBETCTBYIOLIUX MEPBON AUCIEPCUOHHOU MOJE
KPYTHJIBHBIX BOJIH W TIEPBOW AMCIIEPCHOHHON MOJe
TIPOJTOJTBHBIX BOJIH.

Kak BunmHO u3 puc. 2, mjisi MOJ MPOJOJIBHBIX
U KPYTHIBHBIX BOJH CKOPOCTb PacIpOCTpaHEHUSs
BOJIH TIOJTyYaeT KOHEYHO-TIPEAebHOE 3HAUCHUE TIPH
kR—0.

st HaxoAeHUs 3TUX MPEJIETbHBIX 3HAUEHUH B
pabotax [3; 4] 3amaHbl aHAIUTHYECKUE (POPMYITHL.

PROBLEMS OF THEORY OF ELASTICITY



lyrves M.C., Ceitcpynnaes A.W., Aboynnaesa [Ix.H. CtpontenbHas MexaHnka NHXeHepHbIX KOHCTPYKLWIA 1 coopyxeruni. 2018. T. 14. Ne 5. C. 404-413

Kpome Toro, npu kR —> 00 CKOpPOCTb pacIpoCTpaHe-

HUA BOJIH IO IMOBCPXHOCTU BHCIIHCTO HUJIMHIpA,
m

COOTBETCTBYIOIAs CKOPOCTH BOJHBI Panest ( Cz(a ) ),

M CKOPOCTH PacupoCTpaHEeHHs] KPYyTHIHHON BOJHBI
MPHOTIKAIOTCS K CKOSOCTI/I pacmpocTpaHeHus Mo-

HePeYHOi BOJTHBI (Cg’")

clcf
1.20 —
] h/R-05
] cPfew .
100 — 2/ cy=2236
] the dispersion curves
7 arising under v = 0.0
0.80 —- LW
-
0.60 — /
0-40 T ) T l T T Ll I 1 1 1 I T L) T I kR

0.00 2.00 4.00 6.00 8.00

Puc. 2. lucnepcuoHHble KpUBbIE
JIUISI COCTABHOI0 IMJIMHIAPA NPH C:“/C:m’ ~ 2,236

W NP OTCYTCTBHH HAYAJIBLHOTO KPY4eHHs:
intersection point — TO4Ka II€PECEUCHUS
[Figure 2. Dispersion curves for a compound cylinder
for with and without initial torsion]

Tenepp paccCMOTPUM JUCICPCUOHHBIE KpH-
BBIC, TOJyYCHHBIC W3 pelIeHus ypaBHeHHs (21)
npu v = 0,05.

) [ o)
c©) /¢l
120 =
4 h/R=0.3
- e/ ctm 5 05,
1.00 — the dispersion curves

arising under v = 0.05

0.80 —

0.60 —

040 J{’Y,I T l T T T I L] T T [ T T T 'I kR
0.00 2.00 4.00 6.00 8.00

Puc. 3. IlucnepcoHHble KpUBbIE
[Figure 3. Dispersion curves]

[TPOBNEMbI TEOPUM YMPYTOCTY

Ot kpuBble 0003Ha4YeHHl Ha puc. 3. Kpusbie
J,1J; TOKa3bIBalOT KPYTHWIIbHBIE BOJHBI IEPBOU
MOJBL, @ KpUBas J, MOKa3bIBAET NIPOLOJIBHBIE BOJIHBI
nepBoit Moabl. Kak BUIHO U3 pHc. 3, KpUBBIE B OT-
nmnune ot coctosuus L #0. Jns kR cymectByroT
pa3phIBHBIC 3HAYCHHS W TPH ycIoBUU kR — 0 oOT-
CYTCTBYET KOHEUYHOE IIPENEJIbHOE 3HAYEHUE CKOpO-
CTH pacrpocTpaHeHus BoiaHbl. Kpome Toro, aucmep-
CHOHHBIE KpUBBIE J, U J, HUTJIE HE IIEPECEKAIOTCA.

3akjaouenune

Kak BHIHO M3 NOIYyYEHHBIX MAaTEMaTHYECKHUX
pe3yabTaToB, ACHCTBUE HAYAIBHOIO KPYyYEHHUS B LU-
JMHAPE Ha BEJMYMHY paclpOCTpPaHEHUs BOJIHBI B
OWIMHIPE HOCHT HE TONBKO KOJIWYECTBEHHBIN, HO U
Ka4yeCTBEHHBIN XapaKTep.
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Abstract. The aim of work. The work is devoted to the study of the propagation of axisymmetric longitudinal waves in
a compound cylinder with initial torsion.

Solution technique. The initial stresses in the cylinder are determined using the classical linear theory of elasticity.
Methods for solving corresponding problems of intrinsic significance are proposed. Numerical results are given and their
analysis is carried out.

Results. It was found that the presence of initial torsion in cylinders does not exclude the appearance of an axisymmet-
ric longitudinal and axisymmetric waves in a compound cylinder separately. It is found that, in the absence of initial torsion
in the compound cylinder, there are intersection points between the dispersion curves corresponding to the modes of axially
symmetric longitudinal and torsional waves.

It is shown that in the case when initial torsion takes place on at least one cylinder, the axisymmetric longitudinal and
torsional waves can not propagate separately, i.e. there is an interference between these two types of axisymmetric waves in
a composite cylinder. Methods for solving the problem are developed and corresponding dispersion equations for a com-
pound cylinder are obtained. Dispersion equations are solved and dispersion curves are obtained, an algorithm is developed
for constructing these curves.

Keywords: elastic waves, torsion, stress, Bessel function, MacDonald function
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Abstract. Subject. Analysis of applicability and effectiveness of various complexity level models in design of rein-
forcement of stretch elements by gluing on their surface high-strength fiber reinforced polymers (HSFRP).

Research objectives. Determine the necessary level of complexity of the calculation model based on the comparison of
calculation results obtained on models of various complexity within the elastic behavior of the reinforced element and anal-
ysis of features of its elastoplastic behavior in case of its overload.

Materials and methods. Few relatively simple variants of HSFRP-reinforcement structures with application of four Fi-
nite Element Method (FEM) simulation models of varying complexity and an analytic approach. Plane and spatial Finite
Element (FE) models with PC LIRA (SCAD) and FEMAP (NASTRAN) apply in considered series of numerical experi-
ments. Comparative analysis of results of elastic FEM calculation based on various FE models with the results obtained
using analytical expressions. A number of diagrams and tables represent the results of calculations. Nonlinear FEM analysis
reveals some features of the reinforced elements response under extreme loads.

Results. The effect of various factors on the bonded joint behavior observed, the equations and formulae for the analy-
sis and design are applied, the analytical approach based numerical results well correspond with those obtained using FEM.
A number of nonlinear FEM calculations discover some features of elastic-plastic response of joints.

Conclusions. All the considered here FE models within the limits of elastic design are quite compatible mutually and
with an approximate analytical approach as well. The least time- and effort-expensive for the stage of preliminary assess-
ment of the various parameters effect on the glued joint behavior in the elastic design of the stretched elements reinforce-
ment is an analytical approach allowing instantaneously obtain the resulting main components of stresses and forces
in the components of joint to scroll through parameter values. FEM simulation for elastic calculation is expedient for verifi-
cation of results. The simplified plain FEM simulation seems to be quite reliable here. In inelastic state of the reinforced
element material yet, the features of its stress-strain distribution not observable in the elastic stage of its loading and requi-
ring special attention and refined FEM simulation may dominate.

Keywords: bonded connection, adhesive layer, shear strength, shear modulus, analytical solution, FEM

General

HSFRP-reinforcement of steel elements (by
high-strength fiber reinforced polymeric materials)
using the adhesive and combined joints can radically
simplify and accelerate the technology of reinforce-
ment operation for steel structures in many cases
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without interrupting the process of their normal ser-
vice.

The implementation of HSFRP-reinforcement
with adhesive joints involves the reinforced element
surface preparation for gluing. Allowing for the real
dimensions of building structures, an important pa-
rameter is the area of gluing contact surfaces value
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that may the dimensions of glue layer dictate. In case
of rod elements reinforcement, the rational length of
the bonding area may be dominant parameter, since
the shear stress distribution in the adhesive layer may
be extremely uneven along its length. This is espe-
cially true for adhesive joints when reinforcing
stretched elements. Surface preparation, as the fo-
reign experience of strengthening steel elements of
bridge structures shows, is the most labor-intensive
taking a lot of time operation of the reinforcement
process.

Carbon high-strength fibers, having a tensile
strength many times exceeding the ultimate tensile
strength, have a modulus of elasticity close to the
elastic modulus of the metal of the reinforced ele-
ments. However, the total cross-section of high-
strength fibers in the reinforcement elements is very
insignificant in comparison with the cross-sectional
dimensions of the reinforced elements of building
structures, and therefore such reinforcement elements
can be significantly included in the work of the rein-
forced element only under pre-tension, which in case
of glue joints is highly problematic. Yet, with signi-
ficant plastic deformations, the polymer elements
can be actively involved in the work of the main ele-
ment, redistributing a significant part of the acting
force, while remaining in the elastic state, thus pre-
venting the transition of local damage of elements in
the global destruction of the structure.

Allowing for the noted problems, one of its solu-
tion factors is the development of a technique for
analyzing the polymer reinforcement structure response
at the stages of preliminary assignment of parameter
values and evaluation of the so obtained layout solu-
tion (search through the permissible parameter val-
ues for the joint components) and at the stage of tak-
ing the final constructive solution. At the first stage,
it is reasonable to use the least labor-intensive and
time saving FEM and analytical elastic models.
The second stage realization may need more accurate
calculation methods based on nonlinear models.

Publications review

Along with traditional methods of reinforcing
elements of steel structures using welded and bolted
joints, the use of high-strength fiber-reinforced poly-
mer materials (for example, carbon fiber reinforced
polymers (CFRP)) can be quite effective, providing,
with an insignificant increase in the weight of the
structure, that there is no weakening of cross sec-
tions, additional stress concentrators or additional
potential areas of corrosion, as well as a less labor
intensive reinforcement process than traditional ones.

PACYETbI HA YCTOMYMBOCTb

In [1] the authors consider the application of
carbon polymers in building structures. The [2] and
[3] present the recently obtained results of experi-
mental studies of the behavior of adhesive joints in
the strengthening of damaged steel elements working
in tension. The work [4] considered principal aspects
of ensuring the structure reliability level control by
incorporating reserve (intercepting) elements that do
not take on the loads in normal service conditions
but become active in emergencies and start working
as bearing in the overall structure at load level when
some elements lose their bearing capacity. Polymer
materials, due to their unique properties, are ideal for
such applications in stretch zones.

Steel reinforcement elements increase the weight
of structures, are prone to corrosion, and lead to
the forming of additional zones of stress concentra-
tion in the base metal resulting from welding or dril-
ling [5]. Welding may involve additional problems
of quality control of welded joints, welding in hard-
to-reach places, welding residual stresses, cracking
in welded zones subject to heating, and a significant
decrease in fatigue strength [6].

Welding in an explosive atmosphere is possible
only with long breaks in normal operation of the fa-
cility and strict safety measures, which significantly
increases the cost of repairs [7].

Polymers have high strength and wear re-
sistance, as well as resistance to aggressive environ-
ment. The weight of polymer reinforcement system
is several times lower than that of steel of similar
reinforcement [8]. At the same time, the resistance of
a high-strength fiber to stretching can be many times
higher than that of steel, and the modulus of elastici-
ty may be close to or even much higher than that of
steel [9]. In [10-18], various aspects of use of poly-
mers in the repair and strengthening of building
structures for improving fatigue strength, stability
with the use of adhesive and mechanical connections
are considered.

Materials and methods

The use of adhesive joints in bearing structures,
for all its attractiveness due to a number of features,
causes plausible doubts in designers, as a little-
studied field.

For the confident use of glued joints, the condi-
tion is the reflection in the normative documents of
the requirements for the physical and mechanical
properties of the materials used and rules and recom-
mendations for design of glue joints. The perfor-
mance of the bearing glue joints that the application
of existing and/or development of new adhesive

415



Aleksandr |. Danilov, lvan A. Kalugin. Structural Mechanics of Engineering Constructions and Buildings, 2018, 14(5), 414-426

compositions must provide should be regulated as
well.

The analysis of various parameters and proper-
ties of the adhesive layer effect on the adhesive joint
response and the structure reinforcement effect on
structure resistance forecast is possible on the basis
of a comparison of the results of numerical and phy-
sical experiments with approximate calculations on
the basis of analytic relations allowing at relatively
little time and effort to consider any required number
of different combinations of joint parameters, espe-
cially when planning an experiment.

For numerical realization and comparison of
the results, let consider a steel strip 10 mm width and
6 mm thick. For a strip of greater width, say 100 mm,
nothing fundamentally changes, except for some un-
even stress distribution over its width. The thickness
of the element increase leads to increase in the length
of the gluing according to increase of the element
limit load. The assumed reinforcement length of
100 mm is convenient for FE modeling and may be
quite realistic for local compensation for “point”
damage. The reinforcement length increase, as will
be discussed below, increases the shear stress in
the adhesive layer and the longitudinal force in
the CFRP. Nevertheless, one can adequately project
the presented numerical results onto the symmetric

NN

L.

FE model 1 FE model 2

Figure 1. 2D (1 and 2)

Due to the double symmetry of the joint, its up-
per left quarter with corresponding boundary condi-
tions is considered. At the free end of the steel strip,
an axial force of 10 kN is applied. Allowing for
the adhesive layer analysis features, it is simulated in
1 and 2 models by flat elements (in the screen plane),
and in 3 and 4 models by 3-dimensional solid type
FE (1x1x1 mm).

Fragments with glue layer 1 mm depth. Top line
on the model 1 — CFRP, bottom — steel with applied
10 kN tension force on the free end (10 mm long),
the bold dark nodes have no in plane horizontal con-
straints. The opposite ends (50 mm from the end of
the glue layer) of steel and polymer are both fixed.

Here the choice of FE type for modeling is ob-
vious in figures 3 and 4. Also the figure 4 represents
the bonded joint structure (1 mm node step).

Model 5 — analytic.
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reinforcement of any cross section shape element
under axial tension.

The main attention concentrates, first, to a com-
parative analysis of the calculation results based on FE
models of different complexity level and, respectively,
time and resource expensive, as well as using analytical
expressions. The effect of the length of the reinforce-
ment section and the thickness of the adhesive layer is
also considered. The second issue is the reinforcement
assembly response to the tension force, much higher
than the plastic cross-section tension resistance in
the reinforcement region, with the steel transition to
the elastoplastic stage of the material response.

Five (four FE and analytic) models of the CFRP
reinforcement joint:

1. the steel strip and reinforcement tape are both
modeled by rod elements with a section of 10x3 and
10x1 mm, respectively (figure 1, model 1);

2. the steel strip and CFRP reinforcing tape are
modeled by flat shell elements 10 mm thick oriented
in the plane of the screen (figure 1, model 2);

3. the steel strip and CFRP reinforcing tapes are
modeled by flat shell elements 10 mm thick, oriented
along the normal to the screen plane (figure 1, model 3);

4. steel and CFRP tape are modeled by 3-dimen-
sional solid type FE (1x1x1 mm);

5. analytical expressions.

FE model 3

and 3D (3 and 4) FE models

The equilibrium conditions of the adhesion layer
element of glued joint lead to the differential equa-
tion in the form (1)

v -p%t=0, (1)
2=6ay (1 1
p" = ta by (A,,A,, + ASAS)' )

where 1 — shear stress in the adhesive layer; G, - ad-
hesive shear modulus, R, — shear strength; ¢, _ adhe-
sive layer thickness; b, — width of the adhesive layer
and CFRP tape; d — length of the adhesive layer on
one side of the joint; E, — elasticity modulus of
the tension element material; A; — cross-section area of
tension element; E, — elasticity modulus of the CFRP
material; 4, — cross-section area of CFRP material.
The solution of this equation follows

t(x) = P(B115h(3x) + Bz1Ch(Bx)): 3)
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g __ Ga 1
n B "ty AsAs’
_ £ 1 _1—ch([3d)
B2 = b, sh(Bd) +B1y sh(Bd) )

The tension force in the CFRP reinforcement
tape at the gluing length may be defined from

N, ) =
= P22 ((Byych(Br) — 1) + Baash(8)). (5)

The x coordinate is measured from the left end
of the gluing length on the left side of connection.

From the condition of limiting shear stresses in
the adhesive, it is easy to obtain a constraint on
the applied force P.

t©(x) = P - [By;5h(Bx) + By1ch(Bx)] < R,. (6)
Results

Joint fragment model parameters:
e strip 60 mm long, steel (in nonlinear design
later will be C255 from GOST RF), cross section

Load case 1 Load case 1
Diagram N Diagram N
8.92

Units of measurement - £H
04 3.7

10 995
1. Tension force in the beam FEs modeling
steel plate. Tension normal stress:
8700/ (10 x 3) =290 MPa

Units of measurement - xH

13 13
M
0.

2. Tension force in the beam FEs of CFRP
plate. Tension normal stress:
1300/ (10 x 1) = 130 MPa

10x3 mm. The yield stress tension resistance for
steel 1s 10x3x250 = 7500 N = 0.730 ton;

e the top (and bottom) CFRP tape 50 mm long
is of 10x1 mm cross-section (£, = 200 GPa, R,, =
= 2000 MPa). Then 2000 MPa x 10 mm?=20000 N ~2 t
is the ultimate tension force for one tape;

e the adhesive layer length on one side of the joint
is 20 mm, the total cross-section is 10x1 mm?
(the shear module G, is taken 200 MPa (Poisson
factor 0.20), the shear strength R, supposed about
15 MPa or so;

e the tensile force applied to the steel strip is
7500 N.

The adhesive layer depth is 1 mm allowing for
the conventionality of this quantity. With an increase
in thickness of the glue layer, the guarantee of its
strength is supposed to reduce due to an enhanced
probability of internal defects occurrence. At the
same time, its total compliance to shear strain, allo-
wing reducing shear stresses in glue layer with leng-
thening it.

Figures 2-8 present some FE modeling results
using PC LIRA, showing adequate mutual affinity.

3. Glue layer shear stress diagram,
MPa (diminish 8.79 to 4.55)

Figure 2. Tension and shear results in FE model 1 (figure 1)

The effect of reinforcement may be estimated as 13% ((10 — 8.7) / 10). The diagrams are shortened by cut-

ting off their long right hand regions.

2. Tension stress in CFRP. Tension:
128.9/(10 x 1)=1289 N = 1.29 kN

1. Tension stress in steel. Tension:
290.3 x (10 x 3) =8709 N =8.71 kN

Glue layer shear stress diagram, MPa
(8.53t0 4.44)

Figure. 3. FE results for model 2 (figures 1-2)

The effect of reinforcement may be estimated as 13% ((10 — 8.7) / 10). The diagrams are shortened by cut-
ting off their long right hand parts with constant force values.

333.7 - 129
TR T T T e e 290 pur
| il
] il
- \“. il
444

1. Tension stress (333 + 290) in the steel strip.
Tension force: 290.3 x (10 x 3) = 8709 N =8.71 kN

2. Tension stress in the plate FEs of CFRP.
Tension force: 129 /(10 x 1) = 1290 N = 1.29 kN

Figure 4. FE results using model 3 (figures 1-3)

PACYETbI HA YCTOMYMBOCTb
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Both diagrams have the right hand region cut off.

3.67 431 495 559
Load case 1

Stress mosaic plot for Txy

Units of measurement - MITa

6.78
6.78

632/ 611, 3% 3T/ 551/ 533/ 515/ 498/ 486/ 368
.6
632 | 611 | 59 SEO 551 ( 533 ‘ 515 ‘ 498 | 486 | 368

Figure 5. Glue layer shear stress contour plot for solid FE, MPa:
FE group along the glue layer in the middle of its width, values in the left second and third FEs are about 8.6

Model 4 (figures 1-3) type application in LIRA for the same sample and 3D FE dimensions gives very close
results to those above and they are not presented here to save the paper space.
All presented above data result from using the PC LIRA-SAPR 13. Very close results supplies the using

FEMAP with NASTRAN PC for the same 3D model.

3853 3342 1445
2808 2758 133
206 4 82.96
1319 g2

57.45 21.05

7o 354

8.

1918 102 043

73 \
o

4.402
1672
1164
-2.244
4.0 T T T T 1
2E45 2413 747 1253 17659 2254

T T T T 1

1245 053 1351 2643 3547 5245
' Conidinate Spstem O

1o N NASTRAN Case 1, Solid ¥ Mormal Stress

1. Tension stress in steel plate

T T T T T 1
-4.645 7213 19.07 3092 4279 5465

1o NANASTRAN Case 1, Solid v Momal Stress

2. Tension stress in CFRP

v Coordinate Sypstem 0
¥ Coordinate System 0 10 M NASTRAN Case 1. Solid 2 Nomal Stress

2 NX NASTRAN Caze 1, Solid V2 Shear Shess
3. Vertical tear and shear in bond layer

Figure 6. FEMAP (NASTRAN) — for the same 3D model as in LIRA (on 3 tear stress — bottom curve, shear — top)

The results (MPa) in figures correspond to solid
FE middle points. The FEMAP results are very close
to previous.

Analytic model 5 results using eqv. (1) — (6):

For above input data the formulae give the fol-
lowing values: in steel 8.696 kN (290 MPa tension
stress); in CFRP 1.304 kN (130 MPa tension stress);
in glue 9.079 MPa to 4.531 MPa shear stress.

So, very close results may be obtained through
absolutely incomparable expenses (time and effort).

These analytical expressions, though being con-
strained in application, if programmed using any avail-

able means (Excel, MathCad or any alike) allow to
obtain immediately the above results for any number
of design cases just by varying input parameters (ma-
terials, geometry, properties, applied tension load).
It facilitates analyzing the effect of various parame-
ters values and their combinations on the reinforce-
ment structure behavior and to select the most effec-
tive combination.

As a sample one may analyze the effect of rein-
forcement length (L, mm) on the shear stress (7%,
MPa) in glue and tension reduction in steel (%). All
the rest input parameters are as in previous samples.

Table 1
Glue layer length Lg and the reinforcement length effect on the glue shear stress and tension reduction (%)
Lg, mm L 50 100 200 300 500 1000 1500 2000 3000
To 9.079 11.154 12.573 13.112 13.569 13.931 14.055 14.118 14.182
20 T2 4.531 7.219 8.999 9.681 10.264 10.725 10.884 10.964 11.045
% 13.0 17.6 20.7 21.8 24.3 23.6 23.9 24.0 24.2
To 8.439 9.032 9.224 9.279 9.319 9.348 9.357 9.362 9.367
50 Ts0 0.000 1.876 2.483 2.655 2.784 2.875 2.905 2.920 2.934
% 16.7 21.6 23.2 23.6 24.0 242 233 243 24.4
To - 8.883 8.902 8.905 8.906 8.907 8.907 8.907 9.367
100 Thoo - 0.000 0.367 0.412 0.438 0.454 0.459 0.462 0.464
% - 23.2 24.2 243 24.4 24.4 24.4 24.4 24.4
418 BUCKLING ANALYSIS
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These values correspond to applied tension 10 kN.
Elastic calculation mode.

These data are the result of model 5 (analytic)
approach numerical realization tested partially on FE
models approaches and allow concluding in particu-
lar that the rational glue layer length value is around
100-150 mm if possible.

The applied load is much greater than the rein-
forced part of steel element tension resistance.

The CFRP reinforcement task here is to provide
the structure resistance even if it cannot be provided
for the steel element.

Let the strip is twice as wide outside reinforcement
length as inside. The applied load is twice higher
than needed to reach the yield stress in the reinforced
steel part. The CFRP must compensate and provide
structure resistance.

Depth: steel — 3 mm, glue — 1 mm, CFRP — 1 mm.
Length: CFRP — 200 mm (total reinforcement length
400), glue layer — 50, 60, 100, 150 mm. Materials: glue
and CFRP elastic — as before, steel — nonlinear S255
(GOST RF), stress-strain diagram — SP 16.13330.2017.
10 mm distance between left steel and polymer ends.
On the left end the steel strip is 20 mm wide and di-
minishes to 10 mm on the length 50 mm. The table 1
represents the analytic model 5 results for applied
force 7.5 kN (stress 7500 / 30 = 250 MPa).

Figure 7. FE model type 2. 3D presentation.
Left top quarter of the total structure shown

Table 2
Glue layer length Lg and the reinforcement length effect on the glue shear stress and tension reduction (%)
Lg, mm L 50 100 200 300 500 1000 1500 2000 3000
To 6.33 6.77 6.92 6.96 6.99 7.011 7.02 7.02 7.03
50 Tso 0.00 1.41 1.86 1.99 2.09 2.16 2.18 2.19 2.20
% 16.7 21.6 23.2 23.6 24.0 24.2 23.3 24.3 24.4
To - 6.66 6.68 6.69 6.68 6.63 6.68 6.68 6.68
100 Thoo — 0.00 0.28 0.31 0.33 0.34 0.34 0.35 0.35
% — 23.2 24.2 24.3 24.4 24.4 24 .4 24 .4 24.4
To - — 6.67 6.67 6.67 6.67 6.67 6.67 6.67
150 T150 — — 0.04 0.05 0.05 0.06 0.06 0.06 0.06
% — — 24.4 24 .4 24.4 24.4 24.4 24.4 24.4
These results show that here the most effective
glue layer length value is 150 mm where possible. M319 | [ "jz'i I |
In nonlinear analysis below after a number of tests, = i | | | |
the tension forces 1.6 x 7.5 = 12.24 kN applies. Divi- 277 | | | | |
ded by steel section it gives 12240 / (10 x 3) =408 MPa. #%1 | | | | |
It is much higher than yield and just a little lower than L B 013 02Es 09

ultimate stress. It may be a kind of overload or on
the contrary damaged steel element (cross-section reduc-
tion). Anyway some extraordinary situation is meant
and the CFRP reinforcement must save the situation.
The key factor here is obviously the strength of
glue layer translating the exhaust tension portion from
steel to polymer reinforcement. Assuming carbon fiber
total section 10 x 1 mm and ultimate stress 2000 MPa
it must bear 20000 N = 20 kN = 2 ton. Therefore,
the plasticity or even breakdown of steel in this case
doesn’t mean the total reinforcement structure collapse.

PACYETbI HA YCTOMYMBOCTb

Figure 8. Steel strain-stress diagram (SP 16.13330)

Sample in PC FEMAP (Nastran): reinforcement
(half-length) 200, glue 60x10x1, steel S250 (diagram
from SP 16.13330.2017, Application, f,= 255 MPa),
steel strip quarter cross section 10x3, corresponding
load 7500 H (7500 / 30 =250 MPa).

Longitudinal coordinate x = 0 is assumed at
the left end of CFRP (and glue layer). Left end of
steel element — x =—10 mm and the right —x =200 mm
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Figure 9. Model 4 (in NASTRAN) results. Load 7500 kN, results (stress) — MPa

Compare with table 2 (50-200).

2657 2618
2515
2374
2232
2031

1495,

190 Y

1808 T T T T T T T 184
-19.95 5634 14 GE.E2 8223 1ore 1323 16849 184.4

¥ Coordinate System 0

1: Caze 20 Time: 1., Solid X Nomal Stress

1. Steel tension stress 190 MPa — reduced

1
208.3

187.7 1789

185.4 173

1231
3076
58.45
2614

51732435 !

T
18681 2094
' Coordinate Spstem 0

T T T T T T T
-5.45 14.87 3919 E3152 27.84 nzz 1365 160.2

1: Case 20 Time 1., Solid % Momal Stress

2. CFRP tension stress 179 MPa — max.

Figure 10. (Cont.) Model 4 (in NASTRAN) results

Reinforcement effect: 187 x 30 = 5610 N,
1789 x 10 1789 N, total nearly 7500 N,
1789/7500 => 23.85%. Compare with table 2 (50-200).

So the model 5 (analytic), model 2 (LIRA) and
model 4 (NASTRAN) provide close enough results.

In the next series of samples, the glue layer
length Lg is 200, 150, 100, 50, 40, 30, 20 mm and
the steel strip width varies: for x = —10 to x; = 0
is taken b = 17 mm, x> = 50 to 200 mm — » =10 mm.

Sample Lg =200 mm

In effect this is just 1/4 of total symmetric reinfor-
cement structure: 420 mm steel, 400 mm CFRP,
20 mm width in the middle part and 34 mm at
the ends (10 + 50 = 60 mm).

Let consider the results for load level 255 x 30 x
x 1.6 = 7650 x 1.6 = 12 240 kN for a number of Ly
values.

All parameters are the same but glue layer is 200 mm
long. Therefore, it has no gap on the total length.
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Figure. 11. Stress distribution in the joint components (Lg = 200, x2 = 50):
1 —steel (o, = 284.5); 2 — CFRP (o, = 370.5); 3 — glue (tear o, = 4.638, shear 1y, = 8.767 + 0.4);
o, — tension stress in steel (reduced); o — tension stress in CFRP (same section); o,. — glue vertical tear stress (top)

Sample Lg =150 mm
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Figure 12. Stress distribution in the joint components (Lg = 200, x> = 50):
1 —steel (o, =283.6); 2 — CERP (0, = 372.5); 3 — glue (tear o, = 4.638, shear 1y, = 8.767 + 0.0)
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Sample Lg =100 mm
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Figure 13. Stress distribution in the joint components (Lg = 100, x> = 50):
1 —steel (o, =284.2); 2 — CFRP (5, = 371.3); 3 — glue (tear o, = 4.64, shear 1y, = 8.77 + 0.46)

Sample Lg =75 mm
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Figure 14. Stress distribution in the joint components (Lg = 75, x2 = 50):
1 —steel (o, =285.4); 2 — CFRP (0, = 367.7); 3 — glue (tear o, = 4.66, shear 1y, = 8.803 + 0.71)
Sample Ly =50 mm
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Figire 15. Stress distribution in the joint components (Lg = 50, x2 = 50):
1 —steel (o, =290); 2 — CFRP (0, = 356.6); 3 — glue (tear 6. = 4.943, shear t,,, = 9.308 + 5.757)
Sample Ly =40 mm
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Figure 16. Stress distribution in the joint components (Lg = 40, x2 = 50):
1 —steel (o, =292); 2 — CFRP (o, = 348.5); 3 — glue (tear oy, = 5.445, shear 1,,, = 10.19 + 7.987)
Sample Lg = 30 mm
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Figure 17. Stress distribution in the joint components (Lg = 30, x2 = 50):
1 — steel (o, =296); 2 — CFRP (0, = 338); 3 — glue (tear oy, = 6.558, shear 14, = 12.12 + 10.74)
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Sample Lg =20
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Figure 18. Stress distribution in the joint components (Lg = 20, x2 = 50):
1 — steel (o, =300); 2 — CERP (0, = 324); 3 — glue (tear oy, = 8.964, shear 1,,, = 16.27 + 15.62)

In figures 13—16 (1) there are splashes (o, = 305 MPa) at the point x, = 50 where the steel width b, becomes
equal 10 mm. It results from the discontinuity of second order derivative of edge of steel strip curve just
at the points x; = 0 and x, = 50 mm. However, the splash is much less than ultimate stress of steel.

Below are a few sample results for the case. The splash is again at the point of the jump point of second de-
rivative of the steel plate width x, = 100 mm. For cases where Ly < x, there are no splashes on tension diagrams.

303 5 451 53063353
S R - - o
278 3234 —— 0.393-—
/ /——\T//‘ 0421
263 135 4524——
i -6.662 ‘
229 gal | 34374 1
204 s 5 2508 | -9.45 2702 6352 100, 165 173, 209.4
178 1943 56.47 935 1305 1678 46 3243 171 55.85 100 1481 18 2324 * Coordinate System (1
¥ Coordinate System 0 ¥ Coordinate System 0 1: Case 20 Time 1., Solid Z Momal Stress
1: Case 20 Time 1.. Solid X Nomal Stress 1: Case 20 Time 1., Selid X Normal Stress 2 Case 20 Time 1., Soid 2% Shear Stress
1 2 3

Figure 19. Stress distribution in the joint components (Lg =200, x> =100):
1 — steel (o, = 285); 2 — CFRP (0, = 369.2); 3 — glue (tear oy, = 3.453, shear 1y, = 6.662 + 0.421)

The splash moved to x = x; = 100 mm, where now the starts b = 10 mm.
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Figure 20. Stress distribution in the joint components (Lg =150, x> =100):
1 — steel (o, =285); 2 — CFRP (0, = 370.4); 3 — glue (tear oy, = 3.453, shear 14, = 6.662 + 0.235)

Next case is Lg = x> = 100 mm.

032 sa34 451
3571 5308
3487
765 234
0333
253.8 1958 2555 147
6814 e
2292 b
2834 E
20451 T T T T T T d 59,49 T T T T T T 1 945 27 6152 10 135 17 204
176 14.14 46.89 T3 109.4 11 1729 2048 3243 5.404 4324 a1 a3 1568 1946 2324 f Caordinate System 0
' Coordinate System 0 *f Coordinate Spstem 01 T: Case 20 Time 1., Sofid Z Nomal Stress
1: Case 20 Time 1., Solid % Nomal Shess 1: Case 20 Time 1., Solid X Nomal Stress 2 Case 20 Time 1., Solid 2% Shear Siress

Figure 21. Stress distribution in the joint components (Lg = 100, x2 = 100):
1 —steel (o, =289); 2 — CFRP (o, =357); 3 — glue (tear 6. = 3.487, shear 1y, = 6.723 + 1.47)

The splash now disappeared and it won’t appear again while L, < x; takes place.
At the load levels lower than plastic resistance of 10x3 cross section this effect does not work. For parame-
ters of figure 34 (glue 150, x> = 100) and load 7500 the result is in figure 36 with no splashes.
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Figure 22. Stress distribution in the joint components (Lg = 100, x> = 100) at 7500 kN tension load:
1 —steel (o, =193); 2 — CFRP (5, = 176)

Thus, the results showed that elastic-plastic re-
sponse of joint may be quite unlike the elastic one
and it needs a special attention in design.

Conclusions

1. The high strength polymer glued reinforcement
joint response and its efficiency determine such para-
meters as the glue shear modulus, strength and thick-
ness of the adhesive layer and its length, reinforce-
ment region length etc.

2. The FEM modeling in specialized PC with
relatively acceptable accuracy is a time- and effort-
consuming procedure. Therefore, at least at the pre-
paratory stage, one should keep in mind the expedi-
ency of simplified models application to ride through
the variety of the joint parameter combinations to
select their initial values.

3. The analytic approach facilitates the process
of varying the reinforcement joint parameters yet
providing acceptable accuracy of results for further
design.

4. The most rational approach seems to select
the effective values of geometry and the material
parameters of the reinforcement joint using analytic
expressions, followed by a possible numerical FEM
and, if necessary, an experimental verification.

5. The most effective application of the reinfor-
cement structures under consideration can be in case
of the danger of a material of the reinforced elements
transition into an inelastic state.

6. The design of reinforcement taking into account
the physical nonlinearity of the material of the rein-
forced elements can lead to specific results not typi-
cal for linear design.

7. Specific qualities of high-strength polymeric
materials and glue joints determine the prospects for
the development of effective reinforcement design
variants for multi-purpose application in building
structures.

© Aleksandr I. Danilov, Ivan A. Kalugin, 2018
This work is licensed under a Creative Commons
v Attribution 4.0 International License
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AHaJIMTHYECKOE U KOHEYHO-3JIEMEHTHOE MO/Ie TUPOBaHMe
NPHU pacyeTe U MPOCKTUPOBAHNH YCHJICHUH PACTAHYTHIX 3JIEMEHTOB
(pudpoapMupPOBAHHBIMHU MOJTUMEPAMH HA OCHOBE BHICOKONPOYHOI0 BOJIOKHA
¢ IPUMEHEHNEM KJeeBbIX COeUHeHUIl
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"HammonanbHbli HecnenoBaTenbeknii MOCKOBCKHIT TOCY1apCTBEHHEIH CTPOUTETBHBIH YHHBEPCHTET
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TTIAO PKK «DHeprus»
ya. Jlenuna, 44, Kopones, Mockosckas obnacmo, Poccutickas @edepayus, 129337

* ABTOp, OTBETCTBEHHBIH 32 MEPEITUCKY

(nocmynuna 6 peoaxyuio: 10 cenrsiops 2018 r.; npunama x nyoruxayuu: 12 oxtsops 2018 r.)

IIpenmer wuccaenoBanusi. AHajIM3 NPUMEHUMOCTH M 3(P(QEKTUBHOCTH NPUMEHEHHUS MOJENel pa3IM4yHOrO YpPOBHS
CJIOKHOCTHU IJIA pacde€Ta U NPOCKTUPOBAHUA YCUIICHUA PACTATUBACMBIX 3JIECMCHTOB ITYTEM HAKJICUBAHUA Ha UX MMOBEPXHOCTU
MOJUMEPOB HA OCHOBE BBICOKOIIPOYHBIX BOJIOKOH.

Heas uccaenoBanusi. OnpeneseHne HEOOXOAMMOTO YPOBHS CIOKHOCTH pacdeTHON MOJAENHN IyTeM CpaBHEHHS I10JTy-
YEHHBIX Ha MOJEISIX Pa3IMIHON CIIOKHOCTH YHCIICHHBIX PE3yJIbTaTOB B PaMKax YIPYToro MOBEICHHUS MAaTEPHAJIOB U aHAJIN3
0COOEHHOCTEH yIPYToINIaCTUIECKOH PabOTHI B CITydae IMOBBIIICHHONW HATPY3KH.

MaTtepuanbl U MeToAbl. PaccMaTpuBaeTcs HECKOJIIBKO OTHOCHTENBHO MPOCTBIX BAPHAHTOB KOHCTPYKIIUH yCHICHHUS
BBICOKOIIPOYHBIMH BOJIOKHAMH C NMIPHIMEHEHHEM 4YeThIPEeX KOHEUHO-3JIeMEHTHBIX Mozaenel (KD-moneneit) pa3nudHoi crox-
HOCTH U aHAJIMTHYECKOTO MOAX0/Aa. B mpeacTaBneHHON cepur YHCIEHHBIX 3KCIEpUMEHTOB ¢ nmpuMeHeHneM [1K «JIPAy
(CKA) u FEMAP (NASTRAN) ucnonp3oBanucek AByMepHbIe U TpexmepHble KO-monenu. CpaBHEHHE pe3yIbTaTOB YIIPY-
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roro pacdera paznuaHbIx KO-mozeneil ¢ pe3ysnpratamMu, MOTyYEHHBIMU C MIOMOIIBIO AaHATUTHYECKUX BBIpAXEHUH. Pe3yib-
TaTBl pacyera IPeACTaBICHB B Tpaduueckoi U TabnuaHoil Gpopme. HenmHelHbIi aHanm3 oOHApYKXUBaeT HEKOTOPBIE OCO-
OCHHOCTH TIOBEJICHNS YCHIICHHBIX 3JIEMEHTOB IIPH 3alpeebHbIX Harpy3Kax.

Pe3yabTarbl. PaccMoTpeHO BinsSHHE pa3inWYHBIX (AKTOPOB HAa pabOTy KIEEBOTO COCIMHEHHS, IPUMEHEHHE ypaBHE-
HUHA 1 HOPMYIT UIs pacdeTa U MPOEKTUPOBaHUs. Pe3ynbTaTsl HA OCHOBE aHATMTUYECKOTO MOAXO0a XOPOIIO COTJIACYIOTCS C
pe3ynpTaTaMu pacdeTa MEeTOJOM KOHEUHBIX dreMeHToB (MKD). Pacuerst MKD B ¢u3udeckn HeNWHEHHOI MOCTaHOBKE 00-
Hapy>XHUBAIOT HEKOTOPbIE OCOOCHHOCTH YIPYTOIUIACTHIECKON pabOThl COSTMHEHHH.

BsiBoabl. Bee paccmoTpennsie B cratbe KO-Momenn u mpuONIMKeHHBIA aHATUTHYSCKHIHA MTOIXO B MPeeNiaX YIpyroro
pacdera maroT OMM3KHE pe3yabTaThl. Hanbonee SKOHOMUYIHBIM I10 3aTpaTaM yCHJIMH M BPEMEHHU Ha CTAAWU MPEABAPHUTEIb-
HOM OLIEHKH BIIMSIHUS PA3IMYHBIX [TApaMeTPOB Ha padOTy y3Jia B yNPYTroOHd CTaauy SBIAETCS aHATMTHUeCKHi noaxon. [Ipu-
mereHne MKD B ynpyroii craauu 1neiaecooOpasHO UId YTOUHEHHUS PE3yIbTaTOB. YTIPOIIEHHBIE INIOCKHE MOIEIH 3/1€Ch J10-
CTaTOYHO HamexHbl. OIHAKO 3a IpeeslaMH yIIPYTOCTH MaTepHaIa yCHINBAEMOTO JIEMEHTA MPOSIBISIFOTCSI HEKOTOPBIE 0CO-
6ernoctn HJIC, He HaOmomaemMple B yIIPYTOH CTaJWN €0 HArpy>KeHUs W TpeOyIoImme 0co00ro BHUMAHUS H YTOYHEHHOTO
pacueta MKD.

KiroueBble ci10Ba: KJIeeBOe COSANHEHHE, aATe3NOHHBIN CIIOH, CABUTOBask IPOYHOCTh, MOAYJIb CABHUTa, aHAITUTHIECKOE
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Y CcTOMYHUBOCTD CTEH HHAUBUAYAJBHBIX KHJIBLIX TOMOB C 1€PEBAHHBIM KapKaCcoOM
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HamaHraHCKuil HH)XEHEPHO-CTPOUTEIbHBIH HHCTUTYT
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* ABTOp, OTBETCTBEHHBIH 32 HEPENUCKY

(nocmynuna 6 pedaxyuro: 18 despans 2018 r.; dopabomana: 22 cenrsdps 2018 r.; npunama x nybauxayuu: 07 oxtsiops 2018 r.)

Henb. VccnenoBanne yCTOWYMBOCTH CTEH MHAMBUIYAIBHBIX KIUIBIX JOMOB C JEPEBSHHBIM KapKacOM M HAIPsDKEHHO-
Je(OpPMUPOBAHHOTO COCTOSTHUS OHOITAXKHOTO CTPOEHHS, a TAIOKE PACCMOTPEHHE MPOOIIEMBI MX IIPOYHOCTH M CEHCMOCTOMKOCTH.

Metoabl. H3noxena pa3paboTka METOJUKH pacyeTa HeOOJIBLIMX, MPOCTHIX MO (OpME MHIUBHUAYAIBHBIX JOMOB C
YCUIICHHEM HECYIIUX CTEH KapKacoM. MeToauKa BKJII0YaeT B ceOs ClIeyIOIHe dTalbl: CO3AaHNe MaTeMaTHUECKONH MOJIEIH
CTpOEHHH; BHIOOP YHMCIEHHOTO METOJa — METoJa KOHeuHbIX 3eMeHToB (MKD), 103BOJSIONIEro YUuThIBaTh KOHCTPYKTHB-
HBbIE 0COOCHHOCTH CTPOCHUS; IPOBEJCHUE PACUETOB CTPOSHUH Ha 33/laHHbIE Harpy3ku. BeIOOp MeTo/1a KOHEUHBIX 3JIeMEH-
TOB 0OOCHOBAaH BO3MOXHOCTBIO IPOHU3BOJUTH PacyeThl IIPOCTPAHCTBEHHON MOJIEH, YUUTHIBAIOIIEH PEealbHYI0 TeOMETPHIO
1 KOHCTPYKTHBHBIE OCOOEHHOCTH CTPOEHHUSL.

BriBoabl. Vcrionp30BaHne MPOCTPAaHCTBEHHON MOAEIH TO3BOJIWIIO AETAIbHO yUECTh HAIMYHNE KapKaca, a aHaJIN3
HaIpspKeHHO-1e()OPMUPOBAHHOTO COCTOSIHUSI BBISIBUJ YBEIIMUCHUE JKECTKOCTH KOHCTPYKIIMH C KapKacoM, YTO CBHUJIETENb-
CTBYET O MOBBIIIEHUH €€ IPOYHOCTH, YCTOWINBOCTH, CEHCMOCTOMKOCTH. BBIABIEHa CBSA3yIOMIast poJib KapKaca, COCTOAIIAs B
00BEIMHEHNH JIEMEHTOB KOHCTPYKLHUH B €IMHYIO POCTPAHCTBEHHYIO cucTeMy. Cratudyeckuil 3¢ dexT 3akimodaercs B
BOCITPUSATHH JKECTKUMH 3JIEMEHTaMU KapKaca MPUIOKECHHON CTaTHYECKOW HAarpy3KH, BEI3BIBAIOLICH B HUX HE3HAYUTEIIBHYIO
nedopmanuio, nepesarouIyocsi Ha IPOCTEHKH MEKAY 3JIEMEHTaMH Kapkaca. OTO IPUBOAUT K PABHOMEPHOMY pacIpesiene-
HUIO U 00LIEeMY CHM)KEHHIO YPOBHSI HAIPSDKEHU I B CTEHAX 110 CPAaBHEHUIO C TEMH e HaIPsHKEHUsIMU B CTeHaX 0e3 Kapkaca.

KiioueBble ciioBa: WHAWBUAYAJIbHBIC )XWUJIbIC JOMA, CTCHA, ,HepeBHHHLIﬁ Kapkac, Harpy3ka, Hallpsi’>KCHUeE, ,He(l)OpMI/IpO-

BaHUE, IPOYHOCTD, yCTOﬁqHBOCTL, CEeMCMOCTONKOCTD

BBenenue

Ha ceropusinmii feHb B MUPOBOM IIPAKTUKE CTPO-
UTENIBCTBA BEAYILYIO POJb UTPAIOT BOIPOCH! HUCIIONB30-
BaHUS SKOJIOTMUECKU YHCTHIX MaTepuaioB, 3hpeKTrB-
HOE WCIIONIH30BaHNE YHEProcOeperarommx TeXHOIOTHi
1 PECypCOB, a TakKe BOIPOCH 00ECTIeUeHN s ceficMITe-
CKOHM Oe30MacHOCTH WHAVWBUIYAIBHBIX KIJIBIX JIOMOB.
B mepuox HMHTEHCHBHOIO pPa3BUTHA COBPEMEHHOIO
CTPOUTENHCTBA M aKTUBU3ALMU CEHCMHYECKHX TpoLec-
COB BOIIPOCHI CEHCMOCTOMKOCTH, OOecrieueHne ycTou-
YUBOCTHU W OlIEHKa KOHCTPYKIIMOHHOW M CECMUYECKOI
0€30ITaCHOCTH CUHTAIOTCS HAHOOJIEe aKTyTbHBIML.

B 3TOM HampaBieHUU JOCTUTHYTHI ONPEICICHHBIC
ycrexu, 0co00e BHUMaHHE NPH IPOSKTUPOBAHUH Y/Ie-
JsieTcst pa3paboTKe KOHCTPYKTHBHBIX PEILICHUH, aHTH-
CEHCMUYECKUX MEPOIIPUITHUMNA, & TAKKE COBEPIIEHCTBO-
BaHMIO METOJIOB pacdeTa, 00eCTeYNBAOIINX MPOU-
HOCTb, YCTOMYMBOCTh U CEUCMOCTOMKOCTh IOMOB. [Ipu-

PACYETbI HA YCTOMYMBOCTb

CTaJIbHOE€ BHUMAaHHWE YIEJeTCs] BOIPOCaM COBEpIIEH-
CTBOBAaHUS METOJIOB pacdera Ha CTAaTHYECKHE U Ceii-
CMHYECKHE BO3ACHCTBHS KOHCTPYKUWI MHAWBUIYaIb-
HBIX JKWJIBIX JOMOB, BO3BEJCHHBIX U3 MECTHBIX, 9KO-
JIOTHYECKH YHCTHIX, MaJIOMPOYHBIX MaTepHaJIOB, OIl-
pEeAeNeHNI0 HaNpPsHKEHHO-1e(OPMHUPOBAHHOTO COCTO-
SHUS UX KOHCTPYKIMH, Pa3padOTKA METOJOB pacde-
Ta, OCHOBaHHBIX Ha BHIOOpE MPOCTPAHCTBEHHBIX MO-
JeNiei JOMOB, YUUTHIBAIOIIMX UX PeajbHyI0 TeOMEeT-
PHIO B pEaIbHBIX YCIOBHAX pabOTEHI.

Lean ncciieIOBaHUSA U MOCTAHOBKA 321241

Pa3paboTka MeTOMUKHN pacdyeTa HEOOIBIIHX,
MPOCTHIX 1O (hOpMeE UHITUBUAYATBHBIX KHIIIBIX JJOMOB
C YCUJICHUEM HECYIIIUX CTEH KapKacOoM.

PacueTHbIil MeTON BKIIIOYAET B ce€0s CIICTYTO-
Y€ 3TAIBbIL:

— CO3/IaHUE MaTeMaTHUYeCKON MOJIENTN CTPOCHHUH;
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— BBIOOp YHCIIEHHOTO METO/a, MO3BOJIAIOLIETO
YUUTHIBATH KOHCTPYKTHBHBIE OCOOEHHOCTH M TIPOCTPaH-
CTBEHHOCTb CTPOECHUS;

— IPOBEICHNE PACUETOB CTPOCHUI Ha 3ajaHHbIC
Harpys3Ku.

Kapkac, mpencrapisomuid coboil cucteMy
CTEpPXKHEBBIX AJIEMEHTOB, OJKEH CIY)KUTh yKperie-
HUIO CT€H MHJIUBUAYaNbHBIX HOcTpoeK. OHAKO MpH
JIOCTATOYHO OOJIBIIION Macce BBIIIENEKAINX KOHCTPYK-
LU, & TaK)KE TP UHTEHCUBHOM CEHCMUYECKOM BO3-
JIeHICTBUM CTOMKH KapKaca MOTYT, H30THYBILHUCH, 110~
TEpSITh MPAMOJMHEHHYIO (hOPMY, YTO TIPUBEAET K BbI-
MaJICHUIO KJIAJKU U pa3pylieHuto crpoeHud. Iloato-
My TeOMeTpHUsl M MaTepualn CTOeK Kapkaca JOJIKHBI
OBITH TTOIOOPAaHBI TAKUM 00pPa3oM, YTOOBI MPEAOT-
BpaTUTh MOTEPIO UX YCTOWUYMBOCTH MO IEHCTBUEM
KaK BEpTHKAJIbHBIX — OT Beca BBIIIETEKAIINX KOH-
CTPYKIUH (CTEH, NEPEKPBITUI), TaK U TOPU3OHTAIb-
HBIX Harpy30K.

Jnst onpeneneHuss KPUTUUECKON HArpysKH,
BBI3BIBAOILEH MTOTEPIO YCTOMUMBOCTH 3JIEMEHTA Kap-
Kaca, UCIOJb3YETCS AHEPTeTUUYECKUH METOH, CO-
TJ1aCHO KOTOPOMY IPU NEPeXoJie OT MPSAMOIUHEUHON
(hopMBbI paBHOBECHS K KPUBOJIMHEHHON JeHCTBYIOIIAs
cuiia coBepuraeT paboTy, B pe3yJbTaTe Yero yBelu-
YUBAETCs MOTCHUHAIbHAS SHEPrUsl CTEP)KHS. YpaB-
HEHHE DHEPreTUYECKOro OajaHca CTEpX HS OyaeT
HUMETb BU]T

U =P 1)

use kp" 72

rae U, — nmoTeHIuanbHas dHeprus U3ruoa; PKp -
KpUTHYECKasl BEJIMUYMHA TPOJOJIBLHON CokMMarolei
CHIIBI; A — TIEpEMENEHNE TOYKU MPHIIOKEHHS CHJIBI;
Pxpk — IpeICTaBIsCT pabOTy ATON CHIIBL

OHeprus U3ruda cTepKHs IJIUHOM / 1 MOMEH-
TOM HMHepIHU cedeHus [(Xx) BBIpakaeTcs 4depes u3-

rubaronuii MomenT M,

. CIEYIOIIHM 00pa3oM:

] 2
U L[ g .
" 29 EI(x)

Yuureisast, uto M, = EI(x)y", a y — mpo-

THO CTEPKHS, TTOJTyYUM
1!

Upe = [ EIC)(Y" P dx. 3)
0

Ilepemenienue A ompenensercs Kak pa3HOCTb
MEXIy HauaJIbHOW AJTMHOM CTepXHA [ M MpoeKuuen
W30THYTON YNPYroW JMHHH Ha NPAMYIO, COESIUHSIO-
LIYIO OIOPBI, WM B MPUPAIEHHUIX 3TO MOYKHO 3aIlH-
caTh KaKk
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dhA=dz—dz cos 0, )]

rae 6 — yroj HaKJIOHA KacaTeIbHOU B TaHHOW TOYKE
nporuoa.

[Ipu manbix mporubax, BOCIOIb30BABIINCH
paznoxeHneM (HyHKIUH cos O B cTeeHHON P

2 2n
cos@=1—e—+...+(—l)” 0 +
2! (2n)!

)

W OTPaHWYUBAsACH NBYMS wWieHaMH psga (5), momy-
quMm u3 (4)

2
d\ = %dz. 6)

Ipu manbix nporubax O = y'. Torma nomHoe

[IPONOJIbHOE TEPEMEIEHNE KOHIA CTEP>KHS MOJy-
yaercd u3 (6) MHTETpUpPOBaHUEM IO Bceil JIMHE
CTEPIKHS —

11 12
>»=5£y dz, (7)

a KpUTHYeCKas cuiia u3 Beipaxkenus (1) Oyzner ompe-
TEATHCS OpMYITON

l

IEIy”zdz
P — use O[ . (8)
J‘yrzdz
0

Ecnu npojonbHas cuiia MEHbIIe KPUTHYECKOM

P<P,, To cTolika Kapkaca COXpaHseT BepTHKAllb-

Hoe nonoxenue. [Ipu P> P, kapkac TepsieT yCToi-

YHBOCTB, €r0 OCh M3rH0AeTCs, YTO BHI3BIBACT BHITIA-
JICHUE KJIAQJKH U Pa3pyIICHUE CTCHBI.

[Torepst ycTOWYHMBOCTH, KaK 3TO CIENyeT W3
MIPUBENCHHBIX (HOPMYII, 3aBUCUT OT BEIMYHHBI MPO-
nonbHOHM cuitel (P) (T.e. OT MpUXOIAIIEHCS Ha JaH-
HYIO CTOMKY Harpy3KH — Beca BBIIIEJICKAIIEH YacTh
KOHCTPYKIIUH), Marepuana (MOAyib ymnpyroctu FE),
TEOMETPHUH CEYEeHUs OalKH KapKaca, a TakKe OT YCIo-
BUI 3aKperieHusI KapKaca, OIpeeIIionuX ero mpo-
rud y (8).

Ecnu Oanka kapkaca 3akperjieHa IIapHUPHO,
poru0 y onpenenseTcs ypaBHeHueM [1]:

y=C sin kz. 9)
Y4uuTteIBas TpaHUYHBIE YCIOBHS ILIAPHUPHOIO
3aKperuieHns — npu z = 0 u z = [, y = (), nony4um

kl = tn . Torma mpomoibHas cuna P, BBI3BIBAKOIIAS
MOTEPI0 YCTOMYUBOCTH CTEPIKHS, OyIeT
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2.2
nn EJ
p=—""" (10)
12
31ech n — MPOM3BONIEHOE TIeNToe Yuciio. HanveHs-
11asi ke KpUTUYECKas cuja PKP Oyner ipu n = 1:

T EJ
P, = o (1)

Ecnn Ganka kapkaca jKeCTKO 3aKpeIuieHa B
dynnamente (mpu z = 0, y = 0, y' = 0) u umeer mo-
JIBWKHBIA MIapHUDP BBepxy (NpH z =
nporud y onpeaessieTcsl ypaBHEHUEM:

y=C(sinkz—kl cos kz+k(I-z)). (12)

I,y =0), 10

B 3TOM ciiydyae HaumeHbIIas KpUTHYECKas CH-
T1a, BBI3BIBAOIIAS IOTEPIO YCTOWYHBOCTH, Oy et [1]:

T’ EJ

P ==
v 0,71) (13)

Taxkum 00pa3oM, OITyYeHbI KPUTHUYECKUE CHITBI
JUIS1 )KECTKOTO M IIAPHUPHOTO 3aKPETUIEHUS] CTOEK
Kapkaca B (pyHIamMeHTe, 1, Kak ObLIO YKa3aHO BBILLE,
MIPEBBIIICHNE Beca MePEKPHITUS TOMYCTUMBIX 3HaYe-

HUN PKp MOXET BbI3BATh MOTEPIO YCTOMYUBOCTH 3Jie-

MEHTa KapKaca, ero u3rud u, Kak CIeACTBUE, BhIMa-
JICHUE 3aIMTOJTHUTEINS — KIJIAJIKU.

PazpadoTka MaTeMaTH4eCKOIl Moe/ I
U BBIOOP MeTo/a pacyeTa

Bmmsiane xapkaca Ha nedopMario 1 HanpsoKeH-
HOE COCTOSIHHE paccMaTpHUBaeTCsl Ha MpUMepe KBaj-
patHOrO (4x4 M) B TUTaHe cTpoeHUs. J[Be mpoTHBO-
TIOJIO’KHBIE €TO CTEHBI YCHIICHBI KapKacoM C IIaroM
1 M, ABe apyrue BBINONHEHBI 0e3 ycuinenus. Kon-
CTPYKLHS MOCTPOMKH MoKa3zaHa Ha puc. 3. [TocTpoii-
Ka HaXOJAUTCS TOJIBKO MOJ ACHCTBHEM COOCTBEHHOTO
Beca, B pe3yJbTaTe Yero OHa IMOJBEpPraeTcsl BEpPTHU-
KaJIbHOM OcaJKe.

Mopenbs mpencTaBiseT coboit KopoOKy, B KO-
TOPOY HECYIIIE CTEHBI — 3TO IIOCKO HANpsKCHHBIE
IUTACTHUHBI, & MIEPEKPBITHI — KECTKHE TUCKH, OTHpa-
forrecst Ha Hecyme creHbl. CTeHbl YCHUIIEHBI BEpPTH-
KaJIbHBIM JIEPEBSHHBIM KapKacoM, MPEeICTaBISIONIIIM
c000ii BepTUKAIbHBIE CTOWKH, COCTMHEHHBIE TIO Tpa-
HSIM TUTACTHHBI, 00pa3ysl KOPOOKY ¢ TOPU3OHTAIILHBI-
MH JUCKaMU MepeKkpbITuil. M3rub miactul He pac-
CMaTpHUBaeTCA.

HcxonHbM ypaBHEHUEM ISl PELICHUsI TIOCTaB-
JICHHOH 3a/1a41 METOJIOM KOHEUHBIX 3JIEMEHTOB SIBIISI-
eTCsl BapUAIMOHHOE ypaBHEHHE, BHIPAKAIOIIEE PaBEH-
CTBO HYJIIO CYMMBI pa0OT BHYTPEHHUX HaNpPsOKEHUH
(045), paboTs! MaccoBBIX cui (Beca) (0A4,) M CHII HHEp-
1mH (0A4,) Ha BO3MOKHBIX ITEPEMEIICHISX

84 =54, +34, +84, =—[c,5¢,dV — [ p,ii dii dV + [ p,& diidV =0, (14)
V V V

riae i, €;, O, — BEKTOP MEPEMELICHUH, TEH30PbI

nedopMariii 1 HanpsHKEHUH COOTBETCTBEHHO, a if ,
884./. — MX H30XPOHHBIE BapHallMM;, p — IUIOTHOCTh

MaTrepHalia JIEMEHTOB CHUCTEMBI (KJIAIKHA U KapKaca).
['pannuHbIC YCIOBUS Ha KECTKOM OCHOBAaHUU
3aHUN TPUHSTHI OTHOPOAHBIMU:

z=0:0u=06v=0w=0. (15)

Tpetwe cnaraemoe B ypaBHeHuu (14) — padora
WHEPLUHOHHBIX CHJI — YUYUTHIBACTCS B CIIydae, eCIIH pe-
maeTcsl AMHaMHUYecKas 3aj1a4a 0 COOCTBEHHBIX KoOJle-
6aHI/I$[X; B CTaTHYeCKOu 3aJa4c — B HaIIPAXKCHHO-
Ie(OpMHUPOBAaHHOM COCTOSIHMH 3TO CllaraeMoe OT-
CYTCTBYET.

MeToa KOHEYHBIX 3JIEMEHTOB IO3BOJISIET yUH-
THIBAaTh PEANbHYIO0 TEOMETPHIO, PA3IIUUNE T€OMETPH-
YECKHUX M (PU3HKO-MEXaHHIECKUX MapamMeTpoB, COCTaB-
JSIOIIMX KOHCTPYKITHIO 3JIEMEHTOB, HAJTMYNE B HUX

PACYETbI HA YCTOMYMBOCTb

MPOEMOB, T.€. (AKTHYECKH NMPOU3BOIAUTCS pacyeT
peaapHOM YIIPYTOo# (B ’TOM CMBICTIE, KOHEYHO, Uea-
JIM3UPOBAHHOM) NMPOCTPAHCTBEHHONW KOHCTPYKIIHH
[9; 10; 12]. IIpu 3TOM ee mpOCTPaHCTBEHHOE IOBE-
JEHHUE CO3JAETCSA 3a CUET TPEX BO3MOXKHBIX IIEpeMe-
IIEHUH TpaHel U AJIEMEHTOB KapKaca KOHCTPYKIIUH,
0e3 yueTa u3ruda MiocKux 3JeMEHTOB (CTEH).

Pacuer koncTpykuuu nmo MKD Bkiroyaer B
ce0sl CITeIYTOIIHE ATAIThI:

1. Pa3buBka paccmarpuBaeMoll KOHCTPYKIHMU
Ha ONpEAEIEHHOE YUCIIO KOHEUHBIX JJIEMEHTOB, CO-
€IMHCHHBIX B Y3IIOBBIX TOYKaX.

2. [lony4yeHnue MaTpHULBI )KECTKOCTH U Macc
(mpn AMHAMUYECKOM Harpy>KeHMH KOHCTPYKLUH) AJIS
3JIEMEHTOB, COCTaBIISIOIINAX KOHCTPYKIHUIO.

3. ®opMupoBaHUE OOIIUX MATPHI] KECTKOCTH,
Macc ¥ MaTpHULbI HArpy3KH JJIs BCEil KOHCTPYKLIUU.

4. PemeHne CUCTEMBI airedpandeckux (IpH
CTaTUYECKOM Harpy>XKeHHH) YpaBHEHHH AJISI onpene-
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JICHWs] HEM3BECTHBIX IMEPEeMEIICHU WIH pPEeIleHHE
anreOpanveckol 3ajauu Ha COOCTBCHHBIC 3HAYCHHS
MIpH OTMPEACICHUN YacTOT U (POpPM COOCTBEHHBIX KO-
ne0aHui KOHCTPYKITHH.

5. Onpenenenre KOMIIOHEHTOB AedopMaIuit
IO MOJTyYEHHBIM NIEPEMEIICHUSIM Y3II0B.

6. OmnpenencHre HANPSHKCHUN 110 MOy YeHHBIM
KOMITOHEHTaM e opMaItii.

Peanmzanus yka3aHHBIX 3TaloB HAUHMHAETCS,
KaK OTMEUEHO BHIIIIE, C TIONYYSHHS TUCKPETHON MO-
JIeNY 3aHMs.

JuckpeTHas MOJENb 3MaHUSI MOXET BKIIIOYATh
MJIOCKHE MPSAMOYTOJbHBIE U MOAKPEILISIONINE UX
CTEpKHEBbIC KOHEYHBIC 3JieMeHTHI. llocnennue yuu-
TBIBAIOTCS B TOM CJIy4ae, €CJIM CTCHBI 3/IaHHS yCHUIIe-
HBI KapkacoM. [Ipy 5TOM HeM3BECTHBIMH, KaK U B Me-
TOJle TIEpEeMEICHUH, SBISIOTCS MepeMeIIeHUs Y3I0-
BBIX TOYEK: 0 2 (BEPTHUKAILHOE ¥ TOPH30HTAIBHOE) —
JUTS yIJIa 3JIEMEHTa, HaXOJSAIIErocs B INIOCKOCTH CTEH,
1 110 3 (1Ba TOPU3OHTAIGHBIX W BEPTUKAILHOE) — IS
YTJIOB, IPUXOIAIINXCS HA TPaHb KOHCTpYKIuU. [lepe-
MEIIEHUS U, U V, TOUYCK BHYTPU e-TO ILIOCKOTO 3Jie-
MeHTa (puc. 2) anmpoKCUMHUPYIOTCS JIMHEHHBIMU (PyHK-
IIUSIMH, OTKY/1a BBITEKAeT YCIOBUE HENPEPHIBHOCTH
MepeMeIeHnd BJIOJb OOIIUX CTOPOH (X = const HIIH

b a 3 b a 3
4Z2:28(1- 24 22-24(1-
Sr2o(t-w) S PG A
a b 3 a
424221 -2(1-3 —<42:20-
S rao(mw) S (1=3w) A —(1-)
b a
4242%(1-
—+2(1-n)
a
[k:}: Eh x b

rae a, b — pa3Mepsl e-ro MpsIMOYTOJbHOTO KOHEYHOTO
3NIeMeHTa, OIpeielisieMble BHIOPaHHON CeTKOH pazoue-
HUSI TIAaHENW CTEeHBI; /i — TONIIMHA CTEHBI; £ — MOIyIh
YIPYTroCTH MaTepuasa KIaJKy CTEHbI, BRIOUpaeMblil 13
9KCIIEPUMEHTANBHBIX MM CIPABOYHBIX JAHHBIX; WL —
ko3¢ uiment [lyaccona MaTeprana CTCHBI.

31ech Noy4yeHHas MaTpuIia OTJIMYAEeTCs OT MaT-
PHILIBI XKECTKOCTH JJIA DJIEMEHTa CTEPXKHS IIPU COBMECT-
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y = const) CMEXHBIX TPSIMOYTOIBHBIX JIeMeHTOB (14)
[2-3; 11; 13]:

u,=a,+a,x+ay+a,xy,
v, =as+ax+a,y+axy. (16)

[epememienust w. TOUEK e-ro OATIOYHOTO dJie-
MEHTa Kapkaca (puc. 3) B HalpaBICHUH OTHOH M3
ocell, MepNeHIANKYISIPHONH OCH X, TMPEACTABISIOTCS
¢ynkuueit (17):

w, =B, +B2X+B3x2 +B4X3, (17)
a B HarpasyieHuu ocu x (18):
u, =7 +7y,Xx. (18)

Ormnyckas u3noxeHne 00bMHOM mporierypsl MKD
JUTSI TOCTPOCHUSI MATPHUIL )KECTKOCTH U MacCC AJIEMEH-
ToB [2-3; 11; 13], npuBeneM OKOHYATENbHBIC (oOp-
Myasl MKD tst 9THX MaTpuIl, a Takyke KOMITOHEHTBI
nedopManvii ¥ HapsHKeHUH TS e-To SJIEMEHTa, He-
00XOJIMMBIE JIUISl paCUETOB.

Marpuria )keCTKOCTH TUIOCKOTO dJIeMeHTa [k;i°]
(puc. 1) mMeeT BOCEMOMN MOPSIOK U OMPEAEIAeTCS
o popmye (19) [13].

22-50mw) S ATef(ow) -2(1-3)
—50+n) 72%75(17@ %(ksp) 2%725(17@

SZeS) S0h) 22-20-w) S0
%(Hu) 725723(17}1) %(Hp) 4%7%(17;1)

4§+2£(17}1) 2(1+p) 2272%(17;1) %(173;1) (19)

4%+2§(1—u) —%(1—3;1) —4%+§(1—u)

4£+2%(1—p) —%(Hu)
4%+2§(17u)

HOM y4eTe nedopManuii u3ruda U pacTsHKEHUS — CKa-
Tus [13] TeM, 4TO B HEll YUUTHIBAIOTCS TOJNBKO JIMHEH-
HbIe 1e(hOpMaIiH.

Marpuiia >KecTKOCTH 0aJ04YHOTO 3JIeMEeHTa TPH
COBMECTHOM yUYeTe TpeX IOCTYMAaTeIbHBIX TepeMe-
LIEHUH IS KOKJIOTO y3Jia B HaIllpaBJICHUH Ocei x, y,
z (puc. 2.) UMeeT IIeCTON MOPAJOK M OIMpPEeIaeTcs
o dopmyiie (20).
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v, i\

\ 4

uy

v

u

K 2

Puc. 1. IIpsiMOyroJibHBIH 3J1€MEHT CTeHbI,
padoTaomuii B yCJ10BHAX MJIOCKOT0 HANPSKEHUsI
[Figure 1. Rectangular wall element,
working under flat stress condition]

£F 0 0
a
12EJ,
0 2
=
o 0 122/,
[4]- “
_EE 0
a
12EJ,
0 - 0
a
o o 12
L a

rae £ — MOAyJib YIPYroCTH APEBECUHBI BAOJb BOJIO-
KOH, UCIOJb3yeMON B KauecTBE Kapkaca; F' — Iuio-
aab MOMEPEYHOTO0 ceueHus Oanku; J,, J. — MOMeH-
THl MHEPIIUA OTHOCUTEIBHO OCEH y M z; a — JUIHMHA
3JIEMEHTA.

YuuTeiBaeMas Mpu PEIICHUN TUHAMHYIECKUX
3aJa4 MaTpHIla Macc e-TO TUIOCKOTO 3JIeMEHTa UMEET
Bun [13]

[my]=R22L el

O N O — O N o K
N O — O N O KO
SO = O N O O
—_ o N O b O O
O N O h OO —
N O R O N O — O
O h O N O~ O N
DO N O —~ O o

rlie p — IUIOTHOCTh MaTepuaa; /s — TONIIMHA TaHeIH.

Marpuia Macc 6aJOYHOro dJIEMEHTA JIJIsl aHa-
JU3a TUHAMHUYECKUX 3a]1a4 C YYETOM IMONCPEYHBIX U
MPOJOJBHBIX JTHHEHHBIX MEePEMEIICHUI MTPUHUMACT
BHI (22)

PACYETbI HA YCTOMYMBOCTb

u, .
“y' Uy ]/
z

Puc. 2. IlpocTpaHCTBEeHHBIH 3JIeMEeHT KapKaca,
padoTaommii B yCJTOBUSIX PACTSIAKEHUSI — CHKATUS
W JIMHEIHOT0 NepeMeleHusi B ABYX B3aMMHO
NepHeHANKY/JIAPHBIX K 0CH CTeP:KHsI HalpaBJIeHHsIX
[Figure 2. The spatial element of the framework,
working under conditions of tension — compression
and linear displacement in two directions
mutually perpendicular to the axis of the rod]

et

_EF 0
a
12EJ,
0 0 712€Jz
-
, (20)
EF 0 0
a
12EJ .
0 - 0
a
0 0 12E3J:
a J
l 0 0 l 0 0
3 6
0 2 0 0 i 0
35 70
0 0 % 0 0 79—0
[m; ]=mal | | L@
- 0 0o — 0 0
6 3
0 i 0 0 2 0
70 35
0 0 i 0 0 E
L 70 35 ]

OObeauHEeHe MaTPUI] )KECTKOCTH M MacC BCEX
3JIEMEHTOB, coriacHo npoueaype MKD, npusoaur k
obmumM Matpuiiam xectkoctu [K]| m Mmacc [M] mus
BCETO 3/IaHUS U TIONYYCHHUIO Pa3periaroiuX ypaBHe-
HHUM IIOCTaBICHHOM 3amadyd. B 3aBHCHMOCTH OT Xa-
pakrepa 3aJa4d 3TO MOTYT ObITh anreOpanyeckue
YpPaBHEHHUS OTHOCHUTEJIbHO HEU3BECTHBIX Mepemelie-
HUH Y3JIOBBIX TOYEK {u;} MPH 33JaHHON CTATHYECKOI
Harpyske {P} —

[K]{u ) =P}

(23)
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WM CUCTEMA OJTHOPOJHBIX TU(DPEPCHIMATBEHBIX YPaB-
HEHUH (JMHAMIYecKas 3aa4a O COOCTBEHHBIX KOJIe-
OaHmIX) —

o’u,
ot’

[M] +[K {u, g =0,

KOTOpasi B KOHEYHOM CUETe CBOJIUTCS K OIPEEICHHIO
COOCTBEHHBIX 4acToT (®) U GopM Koyiebanuit {X}
OTHOPOAHOM anreOpanvecKoi CHCTEMBbl YpaBHEHHMI:

([&]-o' [])x) -0,

rae ® u {X} — UCKOMbIe 4acTOTa U BEKTOP (hOPMBI
COOCTBEHHBIX KOJIEOAaHUN 31aHMs, T.€. THHAMUUECKHE
XapaKTEPUCTHKU IIOCTPOUKH; {P} — BEKTOp MAaCCOBBIX

24

(25)

. 2 0
e ax a ab
ol 20 s
& &) Lb a a a

[To momy4yeHHpIM HedopmarisiM (26), HCHONB3YS
3akoH ['yka, BBIpaXKaroluii 3aBUCUMOCTh MEXy Ha-
MPSOHKCHUSAMU | AeQopMaIusIMu, HANPSHKCHUS B KaxkK-
JIOM DJIEMEHTE OTPEACISIOTCS 110 hopMyiam:

. I p 0 €,
E
c, Z—l—uz no1 0 €, (27)
Txy 0 0 1_“’ ’nyl»

2

[Mocne vero mony4yeHHbIE HANPSDKCHUS B KaXK-
JIOM 3JIEMEHTE CPABHUBAIOTCS C PACUETHBIMH, HA OC-
HOBaHUM YETO JENaeTCs] BHIBOA O MPOYHOCTH KOH-
CTPYKILIHU.

3anavya 0 coOCTBEHHBIX 3Ha4YeHUAX (25) pera-
€TCsl METOJIOM OJJHOBPEMEHHBIX uTepaunuid Pyrtuc-
xay3epa [14], yUuThIBaAIOIIUM JICHTOUHYIO CTPYKTY-
py matpu [K] u [M].

ABTOpaMHu OBUTH pa3pabOTaHbl aJTOPUTMBI U
MIPOTpaMMBI CTAaTHYECKOTO pacueTa (23) HalpsKeHHO-
e OpMUPOBAHHOTO COCTOSIHUS M OTIpeieTICHHs TuHa-
MHUUYECKUX XapaKTepUCTUK (25) mpoCTpaHCTBEHHBIX
MoJieIeH MHIUBHY aTbHBIX KHUJIBIX JOMOB C KapKac-
HbIM ycuiienueM. Hipke Ha npumepax mokasasa pea-

432

CHJI — BeC MOCTPOIKH, paclpeAesIeHHbIH M0 y31am
KOHEYHO-3JIEMEHTHOH MOJEIH.

B mepBom ciyuae cuctema (23) pemaercs ¢
HCIOJIb30BAHUEM CXEMBI XO0JIEIKOr0, KOTOpas 0co-
0eHHO 3 deKxTHBHA I TOIOKUTEIHHO ONPEIeIICH-
HBIX JICHTOYHBIX MaTpHIl, T.K. B IPOIIECCE BBIYUC-
JIEHUH COXpaHsieTcsl ICHTOYHAsl CTPYKTypa MaTpH-
usl [K]. [Ipu 5TOM cHayana BBIOJIHIETCS TPEYTrOb-
HOE€ pa3JIoKEHHE MAaTPHLBl U BBIUUCISETCS €€ OIpe-
JeNTUTeNb, 8 3aTeM HAaXOJHUTCS pEHICHHE MCXOIHOM
CHCTEMBI YpaBHEHHH, T.e. HEM3BEeCTHbIE {u;}, 63 00-
paienus MaTpuusl [K].

TTocne HaxoxaeHUs y3JIOBBIX MepeMenIeHu
{u;} mpum momomu ypaBHenuit Komwu ompenens-
IOTCSI KOMITOHEHTHI AedopManuil B KaxAoM 3Je-
MEHTE:

o 2o lly
ab a ab
a x 1 X
—+= 0 - 0 — 26
Xy Xy x 1y
ab b ab ab a ab|

TU3aus pa3paboTaHHBIX alTOPUTMOB H IIPOTPaMM
pacuera.

Pe3yabTarthl pacuyera
NOCTPOMKH C JePEeBAHHBIMH KapKacaMu

Pesynpratamu cratmueckux pacuetoB (3) sB-
JSIFOTCSL IEpEMELICHUs {u} Y3JOBBIX TOYEeK KOHEUHO-
JJIEMEHTHOU JHUCKPETU3AIMH, 110 KOTOPBIM OMpeze-
JSAIOTCS KOMITOHEHTHI aedopMmaruii (popmynsr Ko-
M) 1 HanpsbkeHu# (3akoH ['yka). CpaBHeHHE moITy-
YEHHBIX HAMpPSKEHUH C pacuyeTHBIMH JaeT OCHOBa-
HHE JeNIaTh BBIBOJA O MPOYHOCTU KOHCTPYKIHH [8].
IIpu pacderax OBIIM HCITONB30BAHBI (HPH3UKO-MEXAHH-
YyecKkue xapaktepuctuku (Moxynb FOHra, koadduiu-
ent IlyaccoHa, MIOTHOCTB) IS KIaIKu U3 HEOOOX-
KCHHOTO KHPIHYa U COCHBI B MPOJIOIILHOM HaIpaB-
JICHWH.

Ha puc. 3 npencraBieHbl BepTUKAIBHOE TIEpe-
MeIlleHHe OCaJK{ M BO3HUKAIOIIEE B CTEHaX SKBHBa-
JICHTHOE HAIIPsDKEHHE, TTOTyYeHHbIE METOIOM KOHEY-
HBIX 3JIEMEHTOB C AMCKPETU3AIMeH CTePKHEBBIMH
(mns xapkaca) W TUIOCKAMU (IUTA KITAJKH) DIIEMEHTa-
mu [4-7].
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R‘\_______,———

Ilepemernienus no Beprukany 0 < ‘z‘s 3 MM

[Vertical movements 0 < |z|£ 3 mm]

o

OksuBanenTHble Hanpsuxenus 0,14 <o, <42 Klla

[Equivalent stresses 0.14 <o <42 kPa]

Puc. 3. BepTukanasHas ocaaka (¢) M 5KBUBAJIEHTHbIE HANIPSIZKeHUs (0)
B CTEHAX MOCTPOIiKH ¢ HEPABHOMEPHBIM KapKACOM 10 ePUMETPY
[Figure 3. Vertical sediment () and equivalent stresses (b) in the walls of
the building with an uneven framework around the perimeter]

NHTEeHCHBHOCTH 3aKpacKku Ha PHCYHKE COOT-
BETCTBYET MHTEHCHUBHOCTH HCCIEAyeMOro MapameT-
pa: BepTUKaibHOTO cMmemienus (a) — ot 0 (BHU3Y) 10
3 MM (BBepXy) W SKBUBAJEHTHOI'O HampsoKeHUs (6)
ot 0,14 KIla (BBepxy) mo 42 Klla (BHM3y). TemHas
00J1aCTh B LIEHTPAJIbHON BepXHEH yacTy OOKOBOM Ma-
HEJIM yKa3bIBaeT, UYTO MO CPABHECHHUIO C JPYTUMH Ya-
CTSIMH TIOBEPXHOCTH 3Ta 00JIACTh MOJBEPKEHa 0OIb-
eMy BEpPTUKAJFHOMY CMEIIEHHIO, TOT[a KakK YCH-
JIeHHas KapKacoM Iepe/HsAs MaHenb 0ojiee ycToiuu-
Ba (puc. 3, a). Obnactp HanOOIBIINX SKBUBAICHT-
HBIX HaNpsDKEHWW (TeMHas OKpacka Ha puc. 3, 6)
PacIoyIOKEHa B HIDKHEW 4acTu NOCTpoiiku. Pacmpe-
JeNieHHEe 3TOM 00JacTH Mo MepUMeTpy HepaBHOMEP-
HO: Ha (acaje OHa 3aHMMAeT HUKHIOIO TPETh, a B 00-
KOBBIX TAHENSX OHA JOCTUTAET TOJIOBHHBI BBICOTHI
MOCTPOWKH, T.€. 3HAYUTEIIbHbIE HAIPSDKEHUS B HEYCH-
JICHHBIX KapKacoM OOKOBBIX MaHEINSAX pacIpeeieHbl
1Mo OOJBIIEN TUTOIIAIH, TTOABEPTas STH ITaHEIH PHUC-
Ky pa3pyLieHHs..

BriBoabI

TakuM 00pa3oM, CpaBHUTEIBHBIE NCCIIETOBAHNS
HaIpsHKEHHO-e(OPMUPOBAHHOTO COCTOSIHHSI CHMMET-
PUYHOTO B MJIaHE MHAWBHIYAIbHOTO XHIIOTO A0Ma
MoJlT CUMMETPUYHON Harpy3koil (COOCTBEHHBIN BeC)
TIO3BOJIMJIM BBISIBUTH BIMSHHUE KapPKAaCHOTO YCHIICHUS
CTeH Ha AedopMalHio U BO3HUKAIOIIUE B CTCHAX Ha-
HPSOKEHHUS.

Cratnuecknir dPpQPexT oT KapKacHOTO yCHIIe-
HUSI 3aKIIFOYAETCS B BOCTIPHATUH KECTKUMH dJIEMEH-
TaMH KapKaca IPUIOKEHHOH CTaTHYeCKOi Harpy3KH,
BBI3BIBAONICH B HUX HE3HAUMTENBbHYIO Iedopmanuio,
nepealonIyocsl Ha MPOCTEHKH MEXIY 3JIEMEHTaMU

PACYETbI HA YCTOMYMBOCTb

KapKaca, IpUBOJIA K PABHOMEPHOMY PacIpeIeICHUIO
1 00IIeMy CHIDKCHHIO YPOBHS HAIIPsDKCHHM B CTEHAX
10 CPaBHEHHUIO CO cTeHaMM 0e3 kKapkaca. JTO JaeT
OCHOBaHUE PEKOMEH/IOBATh YCTAHOBKY KapKaca B CTe-
Hax TIOCTPOEK M3 MECTHBIX MaTepHaJIOB.

ABTOpaMI/I BBIIIOJTHCHBI MHOT'OYHUCJICHHBIC Ha-
TYpPHBIC HCIIBITAHUS U TEOPETUUCCKHE HCCIICIOBAHM
HEOOJBIINX MOCTPOCK M3 MAJOMPOYHBIX MECTHBIX
MaTepHayioB [4—8], B KOTOPBIX MPEIIOKEH IKCIIEPH-
MEHTAJIbHO-TCOPETHUCCKUN TIOJX0 K ONPEACICHHIO
(hM3UKO-MEeXaHUUYECKUX XapaKTePUCTUK MaTepuaa
TTOCTPOEK U PacCMOTPEHBI MPOOJIEMBI HX TIPOYHOCTH
M CEHCMOCTOMKOCTH.

© PazzakoB C.XX., Xypaes b.I'., Kypaes 3.C., 2018

This work is licensed under a Creative Commons
Attribution 4.0 International License
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Sustainability of walls of individual residential houses with a wooden frame

Sobirjon J. Razzakov*, Baxtiyor G. Juraev, Elyorbek S. Juraev

Namangan Engineering Construction Institute
12 I.A. Karimov St., Namangan, 160103, Republic of Uzbekistan

*Corresponding author

(received: February 18, 2018; revised: September 22, 2018; accepted: October 07, 2018)

Abstract. The aim of work. The stability of the walls of individual houses with a wooden frame and the stress-strain
state of a single-story structure are investigated, and also problems of their strength and seismic resistance are considered.

Solution technique. The development of a methodology for calculating small, simple in form individual houses, with
the reinforcement of load-bearing walls by a frame, is described. The methodology includes the following stages: the crea-
tion of a mathematical model of structures; choice of the numerical method — the finite element method (FEM), which al-
lows to take into account the structural features of the structure; carrying out calculations of buildings for specified loads.
The choice of the finite element method is justified by the possibility of calculating a spatial model that takes into account
the real geometry and structural features of the structure.

Results. Using the spatial model allowed to take into account in detail the presence of the framework, and analysis of
the stress-strain state revealed an increase in the rigidity of the structure with a skeleton, which indicates an increase in
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strength, stability, and seismic resistance. The connecting role of the skeleton is revealed, which consists in combining
the elements of the structure into a single spatial system. The static effect consists in the perception of the rigid elements of
the framework by the applied static load, which causes in them a slight deformation transferred to the piers between
the frame elements. This leads to a uniform distribution and a general reduction in the level of stresses in the walls in com-

parison with the same stresses in walls without a frame.

Keywords: individual residential houses, wall, wooden frame, load, tension, deformation, strength, stability, seismic

resistance
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AKTYaJIbHOCTB. BOTBIIMHCTBO Pyl IBETHBIX METAILIOB JOOBIBACTCS MAIOTIPOU3BOAUTEIIEHON M OIIACHOM TEXHOJIOTHEH
B YCJIOBHSIX, KOT/Ia BBICOKOIIPOU3BOAUTEIBHYIO TEXHOJIOTHIO IPUMEHHUTD HEMb3S.

Heab 1aHHON PabOTHI COCTOUT B IOMCKE PE3EPBOB MOBBIIIEHHS IPOU3BOIUTEIBHOCTH U 0€30MIaCHOCTH TPyAa MPH pa3-
paboTKe TAKUX MECTOPOKACHHUHN 3a CUET UCIIOJIb30BAHUSI CKPBITBIX BO3MOXKHOCTEH TEXHOJIOTHHA.

MeToa mccnenoBaHusl — CpaBHEHHE TPAJULMOHHOTO BapHaHTa OTOOMKM pyA ¢ HOBBIMH BapHMaHTaMU B paMKax Ipo-
MBIIIJIEHHOT'O HATYPHOI'O 3KCIICPUMEHTA C HHTepnpeTauneﬁ IMOJYUYCHHBIX PE3YJIbTATOB.

Pesyabratsl. [TonydeHsl KoJIMYeCTBEHHbIE 3HAYCHUS ITOKa3aTeleil 3(PEKTUBHOCTH OTOOMKH Pybl U3 OYpOBBIX BbIpa-
0OOTOK 1O CpaBHEHHIO C TPAIUIMOHHBIM BapHaHTOM C OTOOMKOHM ycTymamu M3 BhIPaOOTaHHOTO IPOCTpaHCcTBa. JlokaszaHo,
YTO NPUMEHEHHE HOBOM TEXHOJOIMH, HECMOTPSI Ha TPYJOEMKOCTh ITPOXOJKH OypOBBIX BBIPAOOTOK, HE YXYALIA€T TEXHUKO-
HKOHOMHYECKHE IOKa3aTean pa3pabOTKH, paauKaibHO yiydinas Oe3onacHocTh padot. I[lomydeHHbIE pe3ysbTaThl alpoK-
CHUMHUPOBaHBI Ipaduiecku.

BsiBoapbl. [lokazarenn oTOOMKN U3 OYPOBBIX BEIPAOOTOK IMPEBOCXOIAT TPAIUIMOHHBIA BapUaHT OTOOWKHU 3a CUET He-
HCTIOJB3YEMBIX paHee 0COOEHHOCTEH OTOOWKH M pa3MElIeHUs B BHIPAOOTaHHOM IMPOCTPAHCTBE PYyIbI, N30aBIsis paboTaro-
XX OT ONACHOCTH HAXO0XKJCHUS B OTKPHITOM BBIPAOOTaHHOM ITPOCTPAHCTBE.

KuaroueBblie ciioBa: pyaa, ot0oiika, OypoBbie BBIPaOOTKH, TToKa3arenu 3(h(GeKTUBHOCTH, TEXHOJIOTH, 0€30aCHOCTD

BBenenue

Pa3paboTka MecTopokIeHHH pya peakux, Oma-
ropoOAHBIX W HBETHBIX METAJJIOB, CJIOXCHHBIX II0JIO-
TO3AJICTAIOIUMY PYIHBIMH TETaMH MaJIOM MOIIHO-
CTH, XapaKTepUu3yeTcsi CTaOMIbHBIM YXyAIICHUEM
TEXHUKO-I)KOHOMUYECKUX II0Ka3aTenel, CHIKEHHEM
KadecTBa J0OBIBAEMBIX Py B MIEPBYIO OUepe/lb 3a CUET
pa3yOOoXHBaHUS M YBEJIMYEHHUs ONMAacHOCTH paboTa-
romx. OrpaHUyYeHHbIE pPa3Mepbl OYUCTHOTO IIPO-
CTpaHCTBa U MOP(OJIOTHYECKHE O0COOEHHOCTH OpYy-
JEHEHUS MPEeMNsSTCTBYIOT NPUMEHEHUIO COBPEMEHHON
TexHukKH [ 1-3].

B Taxux ycnoBUsIX TpaaULMOHHO MPUMEHSIOT OT-
pabOTKy pYOHOTO Teja CIUIOIIHBIM 3a00eM Ha TOJ-
HYIO MOIIHOCTb, & ONACHOCTh PaOOTAIOIIUX CHHKa-
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FOT OTPAaHUYECHUEM BPEMEHH HAXOXJIEHUS B OTKPBITOM
OUYHCTHOM IIPOCTPAHCTBE.

K monorum oTHOCAT pyAHBIE TE€la MOLIHOCTHIO
1o 15 M u yrimom manenus 0 25°.

CocTossHMEM pPYAOBMEIIAIOIIET0 MAacCHBa, OIpe-
JEeTSIeMBbIM TUTOIIA/IBI0 OOHaKEHUST TOPOJT KPOBIIH,
YIPAaBJSIFOT OCTaBJIEHUEM PYIHBIX LEIUKOB U TOAJEP-
JKaHUEM IIOPOJ| KPOBIHU Kpenbio. BrICOKMI ypOBEHb
HaIPsLKEHUH B PYJIOBMEILAIOLIEM HAKIIOHHBIE PYyIHBIE
3aJ7e)KH MacCHBe OOBACHSETCS CIIOKHBIMH W3MEHSIO-
LIMMHCS BO BPEMEHH YCIOBUAMH OTPAOOTKH.

MecTopoxaeHus pyJ UBETHBIX METAIUIOB Yalle
BCET0 MPEJICTABISIOT COO0I H30METPHUYECKYIO 3aJIekKb
B TEKTOHWYECKH HAPYIICHHBIX BMEIIAOLIUX IOPOaax
C THIPOTEPMaNBHON 00paboTKOW. MecTopoXKIeHUS
paccMaTpuBaeMoro TUMa pa3padaTbIBalOTCS ¢ 00py-

ANALYSIS OF UNDERGROUND STRUCTURES
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HIEHUEM PYABI M MOPOJ M C €CTECTBEHHBIM TOAIEP-
>KaHUEM OYMCTHOTO MpOCTpaHcTBa [4—6]. YnpasieHue
TOPHBIM JIaBJICHUEM OCYILIECTBIISIETCS IIyTEM OCTaBJIe-
HUSL LIETMKOB Pa3INuHOrO Ha3HAYECHUS], YTO CHUKAET
SKOHOMUYECKYIO 3 pexTuBHOCTh H0OBHH. Mcxons
U3 ONACHOCTH BO3HMKHOBEHMS KPUTUYECKUX HAIpA-
JKEHUH B MaccuBe, HAIIPABJICHUEM ITTOBBIIICHUS 0e3-
OMAacHOCTH PadOoT SBJIETCS CIUIOIIHAS BbIEMKa PYy-
Horo Tena. OJHUM U3 Ba)XKHBIX HAINPABJICHUI MOBBHI-
HICHUS TOKa3aTeneld pa3pabOTKH SBISETCS HCIOIb-
30BaHUE DHEPTUU B3PHIBA IJIsl MEPEMCELICHHS OTAe-
JICHHBIX OT MaccuBa pyI.

ITockonpKy Kpemnb B BbIpaOOTAHHOM IIPOCTPAHCTBE
HE BBITIOJHSAET CBOCTO HAa3HAUCHHS U SIBIISICTCS MpPU-
YMHOW TpaBMaTH3Ma, MOJIy4al0T paclpoCcTpaHeHHE
BapUaHThl CIUIOIIHON BBIEMKH C OypeHHUEeM Hu3 clie-
[IUAJIbHBIX BBIPAOOTOK YMEHBIIEHHOTO CEYCHUSI.

Hean paGoTsl

Jlnst obecrieueHusl MaKCUMAIBHOM TPOM3BOTUTEITh-
HOCTH TPYJa KOHCTPYKIIMU JOJDKHBI UMETh OOJbIINE
CEUYCHHS, OJTHAKO TPeOOBaHUS OE30IMACHOCTH U KO-
HOMMKH TIPEINHUCHIBAIOT UX Pa3yMHOE OTpaHHUYCHHUE
[7-9].

Ienpio uccnenoBanuii mpobiaem pa3pabOTKH Ma-
JIOMOIIHBIX PYIHBIX TEJ ¥ HACTOSIICH CTaThH SBJISCT-
Csl ONTHMU3AIMSI 3aTPaT Ha YIPaBJICHUE PYIOBMEINa-
IOIIMMHM MacCUBaMHU ¢ 00ECTICUCHUEM OJTHOBPEMEHHO
1 DKOHOMHYECKHX ITOKa3aTejeld MpOIeCCOB IMOA3EM-
HOU JI00bIYH, U 0€30MIaCHOCTU PaOOTHHUKOB.

MeToabl Uccae10BaHUA

HCJIB JOCTUTaCTCA NMPUMCHECHUEM METOIOB CTPO-
UTEIbHON MEXaHWKU JUIs TOBBIEHHUS 3(H(HEKTHBHO-
CTH SKCIUTyaTalluy HEJIP 3a CYET PallMOHATBHOTO KC-
MOJIb30BaHUsI PE3EPBOB YIPABJICHUS T€OMEXaHUKOM
pyzaoBMeraromero maccusa. CpaBHHBaeMble BapHaH-
TBI B PaMKax MPOMBIIIICHHOTO SKCIIEPUMEHTA OIICHH-
BAaIOTCS C TOYKU 3PCHUSI TPYAOBBIX 3aTpaT U KauecTBa
JIOOBIBaEMBIX Py U oOecIieueHusi 6€30macHOCTH pa-
OoTatomux. BeIOOp onTHMATBEHOTO BapraHTa CUCTEMBI
pa3pabOTKH MPOU3BOUTCS MyTEM CPABHEHHS ANbTEp-
HATUBHBIX BApHAHTOB, PA3JIMUYAIONIMXCS PACIIONIONKE-
HUEM CKBRXXMHHBIX 3aps/IOB B3phIBUaThIX BellecTB (BB)
JUTSL OTJIENICHUS OT MacCHBa M JAPOOJICHUS PY/I C LETBIO
YBEIMYCHUS PAallMOHAIBHOCTU HCIOJIb30BAHUS CH-
JIbI B3phIBa.

IonyuyeHHbIe pe3yabTaThI

BapuaHThl CIUTONIHON CHCTEMBI Pa3pabOTKH Olle-
HUBAIOTCS IO TIOKa3aTento 0e30MacHOCTH Tpyjaa pa-
0ounx. B paBHBIX yCIOBHSX TPAAUIIMOHHBIN BapuaHT

PACYET NOA3EMHbIX COOPYXXEHUN

C OTOOMKOM pyABbl yCTYNIaMU M3 OYHCTHOTO TPOCTPAH-
CTBa CPAaBHHMBAETCS C BapUaHTaMH OTOONKHU U3 Oypo-
BBIX BEIpa0OTOK (puc. 1, 2).

=
J ;
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"2 C/],_,—-"\
Puc. 1. Ilian 3xcniepuMeHTAIBHOrO 0J10Ka ¢ 0T00M KO0
M3 NOMITAKHBIX IITPEKOB:
1 — Boccraromuit; 2 — NO3TaXKHbIE IITPEKH; 3 — pyAHbIE NAHEIN
[Figure 1. The plan of the experimental block

with the breaking from the sub-floor drifts:
1 —revolting; 2 — sub-floor drifts; 3 — mining panels]

T
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"h.._/\

Puc. 2. IliaH 3xcniepuMeHTAIBHOrO 0J10Ka ¢ 0T00N KO0
13 OYPOBBIX BOCCTAIOIINX:

1 — mrtpeku; 2 — BoccTaromue; 3 — pyJHbIC HaHEIN
[Figure 2. The plan of the experimental block
with the breaking of the drilling uprising:

1 — mine tunnels; 2 — revolting; 3 — mining panels]
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U3 BoccTaromero npoiaeHsl MOA3TaKHBIE MITpe-
KA pasMepamu 2X3 M, oOpasyloliue MaHeln MIAPH-
HO1 6 M.

W3 mTpeka ckpernepoBaHus IPOXOIUiIu Oypo-
BBIe BOCCTAIONIME TaK, YTOOBI OJHAa MaHEeNb ObLIa
B 0TpaboTKe, a BTOpas — TOTOBUJIACH K OTPabOT-
ke. lllupuHa 1METNKOB MEXIy OypOBBIMH BOCCTa-
IOIUMHU — 6 M, BBICOTa BOCCTarOMMUX — 1,7 M, mu-
puHa — 3 M.

[epBas monoBuHa LENHMKa OTOMBaIACh U3 OAHO-
ro OypoBOro BOCCTAIOLIEr0, & OCTABIIASCS — U3 APY-
roro. PazBopor mmnypos 1o najgeHuro odecrneuynBai
HaTpaBJICHHYIO OTOOHKY.

B Tabn. 1 u 2 npuBeneHsl oka3aTenu oTpadoT-
KM PYJHBIX TeEIL.

B cpaBHUMBIX yCIOBHSIX OTOOMKA U3 IITPEKOB
HMeeT Jyullne MoKa3aTeldu, YeM OTOOoiKa M3 Boc-
craromux (Taor. 3).

Tabnuya 1
Iloka3aTeju BapuaHTa CIJIOMIHON BbIEMKH € 0T0OIKOIi pyabl U3 MOIITAKHBIX IITPEKOB
[Table 1. Indicators with a solid groove with the breaking of ore from the sublevel drifts]
Baok Bupn pa6or O6nem, m> | Ilmomans, M?| MolHoCTh Pa3zy0o:xxuBanue, % IIpou3BoaUTEILHOCTH
[Block] [Type of work] [Volume, m®] | [Area, m?] pyaHasi, M [Impoverishment, %] 3a00iimuKa, M3/cM
[Mining [Productivity of
height, m] the miner, m%/ cm]
Otb6oiika nenuka
[Whole breaking] 1300 1000 1,1 15 3,5
1 Il
pOXOJKa IITPEKOB
[Passage of drifts] 1000 600 L1 33 3,9
Bcero [Total] 2300 1600 1,1 22 3,7
Ot06oiika nenmnka
[Whole breaking] 3300 1800 1,6 13 44
2 IIpoxoaka mTpexkoB
[Passage of drifts] 1300 800 1.4 21 4.6
Bcero [Total] 4600 2600 1,5 15 4,5
Otb6oiika nenuxa
[Whole breaking] 2200 2200 0,7 27 34
3 IIpoxoaka mTpexkoB
[Passage of drifts] 900 >00 0.9 46 2.8
Bcero [Total] 3100 2700 0,7 35 3,0
Tabauya 2
IToxa3aTe/n BapuaHTA BbIEMKH C 0TOOHKOM Py/Abl U3 0yPOBBIX BOCCTAIOIIMX
[Table 2. Indicators of the option of excavation with the breaking of ore from the drilling rebels]
Baok Bup pador Oo6bem, m* Iliowaas, M2 | Momuocts | Pasyboxusanue, % IIpousBoauTebHOCTH
[Block] | [Type of work] | [Volume,m?] [Area, m?] pyanasi, m | [Impoverishment, %] | 3aGoiimuka, M3 /cMena
[Mining [Productivity of
height, m] the miner, m*/shift]
Or6oiika nenuka
[Whole breaking] 1000 700 1,2 18 3,1
1 IIpoxonka
BOCCTAOIINX 600 300 1,1 32 34
[Raise driving]
Bceero [Total] 1600 1000 1,2 22 4,2
Or6oiika nenmka
[Whole breaking] 700 800 0,5 40 4,9
5 IIpoxonka
BOCCTAOIINX 1300 800 0,7 52 4,6
[Raise driving]
Bceero [Total] 2000 1600 1,2 22 4,9
Or6oiika nenmka
[Whole breaking] 1300 1600 0,6 30 3,0
3 IIpoxonka
BOCCTAOIINX 1800 800 0,6 65 34
[Raise driving]
Bceero [Total] 3100 2400 0,6 49 3,0
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Tabauya 3
ConocraBuMble NMOKa3aTeJ Il BAPMAHTOB OTOOHKHU PyabI
[Table 3. Comparable indicators of variants of breakage of ore mineral]

Bapunanrt Buoku Yroa Pa3mepsbl, M | MomHoCTh Hoas Pazy6o:xnBanue, % | Ilpon3BognTeILHOCTD

0TOOHKHN [Blocks] | mapenus, ° | [Size, m] pyanasi, M | Hapesubix |[Impoverishment,%]| 3a0oiimuka, M3/ cm

[Option [Angle of [Mining padot, % [Productivity of

breakings] incidence, °] height, m] [Share of the miner, m%cm]

rifled
works, %]
" 1 12 40x40 1,1 45 22 3,7
3 rl‘li’ﬁ;f:;“""‘ 2 30 45%55 1,5 28 15 4,5
[From the sub- - 3 30 50x55 0,7 40 35 4,4
floor drifts] pejee — — 1,1 37 23 3,7
[Average]
1 10 45x%35 0,7 47 47 4,7
5 Bocer X 2 15 40x25 1,2 32 22 3,2
3 POCCTAIONI 3 30 55%50 0,6 34 49 3.2
[From rising] C
peaee - - 0.7 38 42 3,8
[Average]
N3 ounctHOTO
HPOCTPAHCTBA Cpennee B B
[From [Average] 1.0 >0 41 37
the treatment space]

IIo mpou3BOAUTENBHOCTH TPyJa BAPUAHTHI OT- PazyboxuBanue pynbl Mopogoil mpu oTOO-
0OMKHU 6J'II/13KI/I, YTO OOBICHAETCS MNpeBaAJIMPOBAHUCM K€ Oompeacia€T Kadye€CTBO TOBapHOﬁ OpoAyKIHH
nonu OypeHus B Tpyno3arparax (puc. 3). (puc. 4).

=
L2 38
g%
>
E . 3,78 -
ﬁ B
2 g
z é’ 3,76 -
=}
5 9
£ &
= § 3,74 -
/M
Gl
52 3,72 -
= =
=35
s 37 4
3,68 -
3,66 -
3,64 T r 1
1 2 3

Puc. 3. IIpon3BoauTeIbHOCTD TPY/A NPH ATbTEPHATHUBHBIX BAPHAHTAX O0TOOIKHU pyA:
1 — 13 IOAPTAXKHEIX IITPEKOB; 2 — U3 OyPOBBIX BOCCTAIONINX; 3 — YCTyIaMH
[Figure 3. Labor productivity in alternative types of ore separation:
1 — from sub-floor drifts; 2 — drilling rising; 3 — terraces]
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40 -
35 -
30 -
25 -

Dilution, %

20 -

Pazy6oxuBanue, %

Puc. 4. Pa3y6o:xuBaHue Npu aa1bTePHATHBHBIX BADHAHTAX OTOOWKH py.a:
1 — M3 MOAPTAXKHBIX IITPEKOB; 2 — U3 OYPOBBIX BOCCTAIOLINX; 3 — YCTyHaMH
[Figure 4. Disintegration in alternative types of ore caving:

1 — from sub-floor drifts; 2 — drilling rising; 3 — terraces]

Ot6oiika U3 OypOBBIX BBIPAOOTOK HE TOJBKO YC-
TpaHsieT He0OX0ANMOCTb HaXOXXICHHUS PabOTaroLINX
B OTKPBITOM BBIPAaOOTAaHHOM IIPOCTPAHCTBE, HO U (-
@eKTHBHee IO MOKaszaTeJIsIM MPOU3BOAUTCILHOCTHU
TpyZAa 1 KadecTBa 100BIBAEMBIX PY/I.

Bospacraromyro ¢ yBemuueHHeM III0Maau o0Ha-
JKCHUSI KPOBJIM OIACHOCTh OOpYIICHHS MOPOJ C PHUC-
KOM /1 pabOvrX M yBEITMYEHHEM Pa3yO0KUBaHHUS Py
CHIDKAIOT OTpaHWYeHHEM BPEMEHH HaXOXJEHHUE pa-
OoTaronx B BHIPAOOTAHHOM IPOCTPAHCTBE IS BbI-
TIOJTHEHUS TIPOU3BOJICTBEHHBIX OMepaIuii (Hampumep,
00CITyKMBaHHs CKPETICPHON YCTAaHOBKH).

IIpu omeHke cTemeHn prcka pa3pylIeHUsT Hecy-
el TOpOJHON KOHCTPYKLMU B KpPOBJIE OYMCTHOH
BBIPAa0OTKM MCXOMAT U3 TOTO, YTO CKAIBHBIE TOPOIBI
pasOuTHl TpeIMHAMH Ha CTPYKTYypHBIE OJIOKH, KOTO-
pBIE TIPH OIPEJIENIEHHBIX yCIOBHIX 00pa3yroT Hecy-
HIyI0 apKy, HECYIIyI0 MPUTPY3KY MOpoJaMH B Mpe-
Jefiax CBOJa €CTECTBEHHOI'O PaBHOBECHSI.

[Ipu HETOCTATOYHOM 3aKIIMHUBAHHUH ITOPOJ apKa
MOYKET pa3pyIIUThCs, U KPOBJIS M3 TUIOCKOH 10 (op-
Me MpeBpaTUTC B cBoavaryro. HamexHoe 3akIuHU-
BaHME IOPOJ B MpeAesax CBOJa ECTECTBEHHOIO PaB-
HOBECHI 00eCTIeYrBACTCSI IIPH YCIOBUH

o
L paxm < L o’
rae quam — (pakTHUeckoii mposIeT KPOBIU BEIPabOT-

KU, M; L — MPEeNeNbHO TOMYCTHMBIN MPoJIeT 00Ha-
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JKEHHUS TIIOCKON KPOBIIM MPU JAHHOM HAKJIOHE BbIpa-
0O0TKH, M.
CBsI3b MEKILy pa3Mepamu MpoJIeTOB MOPO KPOB-

o

JI (Lu) B PYAHBIX TCJIaX C YIJIOM MaACHUS O BbIpa-
KaCTCsAa 3aBUCUMOCTBIO

L=K.L"

rae L - IIPEICIIbHBIN SKBUBAJIEHTHBIN IPOJIET IIOPOJ

KPOBJIM TOPH30HTAILHON BBIPAOOTKH; K. - Ko3(-
(UIMEHT yueTa yriia HaKJIOHA BEIPaOOTKH:

1
K(,z 2 L2
cos ¢*Msin ¢
rae O — yroJs majeHusi pyJHoro tena, °; 1 — Koagd-
¢unHreHT 60KOBOT0 Pacropa MOPOAHBIX OJIOKOB:

v
n=-—o.
l-p
rae | — koadduuuent Ilyaccona.

Bemmanna K. 3asucur ot yria majieHus pyn-
Horo Tena. [Ipum n3meHenuu yria mageHus ot 0 1o
50° ko3¢ ¢punmenT ysenuuusaercs ot 1 1o 1,5.

Pacuer 6e3omacHOCTH HECYIINX KOHCTPYKITHM
13 3aKJIMHUBIINXCS B KPOBJIE MOPOJ MCXOAMUT U3 THU-
MOTETUYECKOTO BPEMEHHU HACTYIJICHUS! OOpYLICHUS

ANALYSIS OF UNDERGROUND STRUCTURES



lomvk B.W., Benogenos AA., INorayes A.B., Wypbiruk [1.H. CTpouTensHas MexaHuka MHXEHEPHbIX KOHCTPYKLA 1 coopyxweHiin. 2018. T. 14. Ne 5. C. 436445

KPOBJIM B TIpe/ieIaX CBOJIa €CTECTBEHHOTO PAaBHOBECHSI
MIPY HAPYIICHUH yCIOBUS MPOYHOCTH.

IIpu oTOoOliKe pyIBI B YCTyIIE pabOTAIOIIHE OKa3hI-
BalOTCS B CAMBIX OMACHBIX YCIIOBUSX, TOCKOJIBKY 0(hop-
MJICHHE YCTYMOB MPOU3BOIUTCS B TO BpeMs, Korma

L paxm  JJOCTUTACT MAKCHMAJBHOW ISl TaHHBIX YC-
JIOBUH BENUUYUHEI (pUC. 5).

TpanuuMoOHHBIA BapHaHT XapaKTEPH3YyeTCs II0-
BBIIIEHHON OTTACHOCTHIO IS pabodnX, HaXOSMIINXCS
B OTKPBITOM BBIPAa0OTaHHOM MPOCTPAHCTBE IJIs Op-
TaHU3AIUU JOCTaBKH pa30OpOCaHHON B3PHIBOM PYIbI.

AJbTepHATUBHBIC BAPHUAHTHI C OTOOMKOW pPyIBI W3
TOZPTAKHBIX IITPEKOB U BOCCTAIOIINX XapaKTEPH3YIOTCS

HaXOKJICHUEM pa0OTaoIIMX B MPE/IeNax BhIPaOOTOK Ma-
JIOTO CEYEHHUs], UTO CHIDKAET BEPOSTHOCTh TPaBMaTH3Ma.
[Ipu oTOO¥KE M3 TOIPTAKHBIX MTPEKOB YCIOBHE

L,..=< L. voxer 6ors HapyLICHO UCKITIOYUTEITh-
HO Ha 3aKJIIOYUTEIbHOM cTaguu 0TpabOTKU MaHeNeH.
OmacHocTb 111 padovnX MOKET IPECTaBIATh TOJIBKO
B3pBIBHAS BOJIHA IIPU THUIIOTETHYECKH MAacCOBOM 00-
pYyLIEHUH KPOBIH (pHcC. 6).

[Tpu oTOoliKe U3 OYPOBBIX BOCCTAIONIUX OMac-
HOCTh TPaBMAaTH3Ma IIPH THIOTETHYECKOM 00pyIe-
HUHM MOXET BO3HUKHYThH TAKXKE TOJBKO Ha 3aKIIIOUYH-
TEJNILHOW CTaJuy IMocje OTPaOOTKU PYAHBIX LIETHKOB

(puc. 7).

Puc. 5. Bapuanr ¢ ordoiikoii ycrynamm:
1 — nanpasneHue ¢ppoHTa padoT; 2 — pacIoI0KEeHHE OTOUTON PybI
[Figure 5. Variant with rebind steps:
1 — the work front direction; 2 — the location of the broken ore]

Puc. 6. BapuaHT ¢ 0T00iiK0Ii U3 MOJ3TA’KHBIX IITPEKOB:
1 — 6ypoBble mTpeKH; 2 — 0TOHTAs pya
[Figure 6. Option with a breakdown from the sub-floor drifts:
1 — drilling drifts; 2 — repulsed ore]
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Puc. 7. BapuanT ¢ 0160iiKk0ii U3 0ypOBBIX BOCCTAIOINHX:
1 — pynHbIit MaccuB; 2 — BEIpaOOTaHHOE NMPOCTPAHCTBO
[Figure 7. The option of breaking from drilling rising:
1 — ore massif; 2 — mined-out space]

AHanum3 BapraHTOB OTOOWKY PyJI IO3BOJISET OIIe-
HUTH NPOYHOCTH KOHCTPYKIUU IO YBEJIIMYCHHUIO OIlac-
HOCTH ISl pabOTalOMMX: U3 BOCCTAIOLINX, U3 IITpe-
KOB, 13 BBIPa0OTaHHOTO MPOCTPAHCTBA.

CoBMeCTHOE pacCMOTpPEHHE TTapaMeTPOB OTOOM-
KH Py ¥ YCTOWYMBOCTH HECYIIUX TMOPOJHBIX KOH-
CTPYKIWH U3 3aKIMHUBIIMXCS TOPOJ] TIO3BOJSIET YT-
BEpXKIaTh, YTO JIYUIIHE TOKA3aTelIH O0OECIeYHBAIOT
BAapUaHTHl ¢ OTOOWKOW W3 OypOBBIX BBIPAOOTOK,
MPU ATOM SIBIISSICH MEHEE OMACHBIMU IS pabouyux
M0 CPaBHEHUIO C TPATUIIMOHHBIM BapHAHTOM OTOOI-
KU U3 BRIPaOOTaHHOTO MTPOCTPAHCTRA.

Jlns Hax oK JIeHHs TPUEMIIEMOTO KOMIIPOMHUCCA
MeXIy TpeOOBaHUSIMHU HAICKHOCTH MOPOJHON KOH-
CTPYKIWUU U S3KOHOMHYHOCTH TOOBIBAEMBIX PY[ B TIPO-
1[eCCe MPOCKTHPOBAHUSI M YKCILTyaTallud TOPHBIX BbI-
paboTOK 11eIeco00pa3HO UCTIOIH30BATh TOTYUYSHHBIE
3akoHoMepHocTH [10-13].

BbiBoabI

1. IToka3zaTenu pa3pabOTKH MECTOPOXKAECHUH pyA
PEIOKHX, OJaropoIHBIX M IBETHBIX METAJLIOB, CJI0KEH-
HBIX TIOJIOTO3AJICTAIOIIMMHU PYJHBIMU TEJIAMH MaJIOH
MOIIHOCTH, MOTYT OBITh YJIy4IIEHBI IIPH KOMILIEKC-
HOU OIICHKE MapaMeTpoB 00OHKH Py/I.

2. HecMOTps Ha IOBBIIEHHYIO TPYAOEMKOCTB IIPO-
XOIKH OypPOBBIX BBIPAOOTOK, MPOU3BOAUTEIIHHOCTE TPY-
Jla 3a00UIIMKa HE YMEHbBIACTCs, TIOTOMY YTO 3aTpa-
THI HA MPOXOAKY KOMIIEHCHUPYIOTCS YOOOCTBOM J0-
CTaBKH PYAbI IIPH CO3JaHHU PYIHOTO Baja, a pasy-
0OXMBaHWME YMEHBIIACTCS.

3. BapuanTsl 0TOOHKH U3 OYpOBBIX BBIPaOOTOK
NPEBOCXOAST BapUaHT OTOOWKU M3 BHIPAOOTaHHOTO
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MIPOCTPAHCTBA 3a CUET CO3MaHus 0oyiee KOMGPOPTHBIX
YCIIOBHM IS pabOTHI B3PHIBA.

4. Ot0Ooiika u3 OypoBBIX BEIpabOTOK mpH Oojee
BBICOKHX TIOKa3aTelsX JOOBYU pyabl H30aBIseT pa-
0oTaromux OT HEOOXOAMMOCTH OIACHOTO HaXOXKIe-
HUS B OTKPBITOM BBIPa0OTaHHOM MIPOCTPAHCTBE.

© TI'onuk B.1., benoxgenos A.A.,
Jloraues A.B., lypserrun [[.H., 2018
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Abstract. Relevancy. Most of the non-ferrous metal ores are produced by low-productivity and dangerous technology

in conditions when high-performance technology cannot be used.

The aim of many studies and this work is to find reserves for increasing productivity and safety in the development of

such deposits through the use of hidden technology capabilities.

The method of investigation is a comparison of the traditional version of ore breakage with new variants of ore brea-
king in the framework of an industrial field experiment with interpretation of the results obtained.

Results. Quantitative values of the efficiency indices of ore breakage from drilling workings are obtained in compari-
son with the traditional version with the breakage of the ledges and the worked out space. It is proved that the application of
the new technology, despite the laboriousness of penetrating the drilling workings, does not worsen the technical and eco-
nomic performance of the design, radically improving the safety of work. The results obtained are approximated graphically.

Conclusions. The indicators of the breakage from the drilling workings outstrip the traditional version of the breakage
due to the previously unavailable features of the breakage and placement in the worked out space of the ore, saving
the workers from the danger of being in the open worked-out space.

Keywords: ore, underground mining, drilling, labor productivity, explosive rebound, ledges, drilling, drifts, rising
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OT13bIB Ha yueOHOe mocooue
«CrnpaBo4Hoe mocodue 1Mo CTPOUTENbHON MEXaHUKEe»

(Beprooawcckuui FO.B., I'onvtues A.b., Konuynos BnU., Knoesa H.B., Jlucuyun b.M.,
Mawxoe U.JIL, Axosenxo U.A. CipaBoyHOe OCOOHE 110 CTPOUTEIBHON MEXaHUKE:
yaeOHoe mocobue: B 2 T. M.: U3matensctBo ACB, 2014. T. 1. 640 c.; T. I1. 432 ¢.)

Bepiocind H0.B. Tonbiuues A.B.
HKonuywos Ba.H. Hnioesa H. B.
Nucuust 5.M.  Mawxos M.  fxosexxo K. A.

CNPABOYHOE NOCOBUE
N0 CTPOMTENbHOA MEXAHWHKE

B 2014 r. B m3narensctBe ACB omy6aukoBaHo
y4eOHOE TIOCOOHe B IBYX TOMaX, IOCBSIIEHHOE CTPOU-
TENFHOM MeXaHWKe Kak MPUKIAIHONW HayKe, NMPU3BaH-
HOH o0ecIieunBaTh CTPOUTECIILCTBO MHKXCHCPHBIX CO-
OpYy’KE€HUH COBPEMEHHBIMH METOIaMHU CTaTHYECKOTO
W TUHaMUYecKoro pacuera. [lomyepkHyTo, 4TO pazpa-
00TKa 1 TOBE/IeHNE HAyYHBIX UCCIIEIOBAHMUI 10 Pe3yib-
TaToB, MPHUTOIHBIX JIJISl HETTOCPEACTBEHHOTO HCIOIb-
30BaHUS NPU MPAKTHYECKUX pacueTax, MoxeT obec-
TMEYUTHh HAJCI)KHYIO CBA3b HAYKU C IIPOU3BOJACTBOM.

[IpakTiueckyro HarmpaBIeHHOCTH MTOCOOHS MOYKHO
OTHECTH K 0COOEHHOCTIM Kypca «CTpouTenpHas Me-
XaHUKa» C MMOJ00POM MPUMEPOB 10 BCEM paszeiaM,
KOTOpBIE METOJMYECKH B 3HAYUTEIFHON CTETICHH I10-
MOTAIOT YCBOCHHIO TEOPETHUECKOTO MaTepHara.

BrI3BIBaIOT HHTEpEC M MPUBEIICHHBIE B TOCOOUH
MIPUMEPHI, CBSI3aHHBIE C aKTYaJIbHBIMH IPOOJIeMaMu
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COIPOTHBIICHUS B 00JIACTH CTPOUTENBHBIX KOHCTPYK-
nuii: BriepBele B Kypc «CTpouTenbHas MEXaHHKa»
BKJTFOUEHBI CIICIIMAIbHBIC Pa3/ielibl, 03HAKAMITUBAIOIINE
YHUTATENS C COMPOTHBIICHUEM KeJIe300€TOHHBIX KOH-
CTPYKIIUH B CIOXXHBIX WHXKEHEPHO-TEOJIOTHIECKHX yC-
JIOBUSIX C y4eTOM (pH3MUECKON HEMMHEHHOCTH HX CO-
MPOTHUBJICHUSI U TIPOCAJIKH TPYHTOB, a TaKXe C MPO-
OnmeMHON 3amadeil jkere300eTOHa — aHaIM30M CO-
MIPOTHUBJICHUS B 30HE HAKIIOHHBIX TPEIINH.

VY eneHo JOMKHOE BHUMAHUE PEHICHHUAM 3aJaun
YCTOMYHNBOCTH KeITe300€TOHHBIX CTEP)KHEH TIpH ydeTe
HE TOJILKO (PM3MYECKON HETMHEHHOCTH, HO U JTUTEIb-
HBIX TIPOIIECCOB; TAaKMM 00pa3oM 3aj1ada MaKCHMAIlb-
HO TIPHONMKEHA K AEHCTBUTENBHBIM yCIOBUSAM HX pa-
00TsI. [Ipn 3TOM, OE3yCIIOBHO, BaYKHO, YTO 00yYaeMbIit
HE MPOCTO pelraeT TeCTOBBIE MPUMEPHI, & HAYHMHAET
3aIyMBIBATHCS O PEaJbHBIX IPUYHUHAX COMPOTHBIICHUS
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CTPOUTENBHBIX KOHCTPYKIIUN 3TaHUN U COOPYKEHUM
TIPH UX pacuere.

ABTOpBI, YUUTHIBAS aHANN3 MOCIEACTBUI aBapui,
MPOU3OIIEININX ¢ HEOPIAUHAPHBIMU 3TAHUSIMH U CO-
OPYKECHHUSIMH B TIOCJIEIHUE NECATUIIETHS, 0coboe
BHHUMAaHUC YACIIAIOT JJIMTCIBHBIM IIponeccam, Impouc-
XOJISIIIIM B JKeNIe300€TOHE, OCTAOIIMMCS JI0 HACTOSIIIE-
T'O BpEMEHH OCHOBHBIM CTPOUTEIHLHBIM MaTEPHAIIOM.

[ToxpITOXKKMBAsI, OTMETUM, YTO B Y4EOHOM I1OCO-
OuH, OT MPOCTOTO K CIO)KHOMY M OT OOIIETo K JacT-
HOMY, JOCTYITHBIM SI3IKOM, METOINYECKH H3JI0KEHBI
BCce 0a30BBIE TEMBI, HCOOXOIUMBIC CTyJASHTAM JJIs

U3yUYCHHS MaTepHaia 1o AuciuIumHe «CTpouTeNs-
Hast MEXaHUKay.

YyeOHOe mocobue MmpeaHa3HayeHo i CTyIeH-
TOB BY30B HampasiieHHs «CTPOUTEIbCTBOY, HHXKeE-
HEpOB, aCIIMPAHTOB, ITPENOAaBaTeNIeii 1 HayYHBIX pa-
OOTHUKOB.

Ilpedcedamens sxcnepmuoco cosema BAK
1O CIPOUMENbCMEY U apXumexmype,
ynen-koppecnonoenm PAACH,

OOKMOP MEeXHUYEeCKUX HaYK,

npogheccop B.J1. Monopyc
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