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AHAJIA3 KPAEBOI'O D®®EKTA KACATEJIbHbBIX HANPSIKEHUI
IIPU CABUT'E IBYXCJIOUHOU BAJIKA

B.1. AH/IPEEB, H.1O. IIbIBMH, P.A. TYPYCOB

HanmonanbHbii uccienoBarenbckuit MOCKOBCKUI TOCYJapCTBEHHBIN CTPOUTEIBHBIN YHUBEPCUTET
Apocnasckoe wocce, 0. 26, Mockea, Poccus, 129337

(nocmynuna 6 pedaxyuio: 6 mapta 2018 1.; npunama x nyoauxayuu: 5 mas 2018 r.)

B craree mpuBOAMTCS cHCTEMA Pa3pEUIAONIMX yPAaBHEHWH, ONMCHIBAIOIIAS HAIPSDKEHHO-IE()OPMUPOBAHHOE COCTOSHHUE
MHOTOCJIOWHOW OaJIKi ¥ MO3BOJISIOIIAs pellaTh IMPOKUH Psifl 33/1a4, TAKUX KaK CABHI, W3rHO, HOPMAJIBHBIA OTPBIB JUIS JIOOOTO
qycia cioeB. JJIst KayKIIoro U3 CJI0EB BBOSTCS TMITOTE3bI, aHAJIOTHMYHBIE THIoTe3aM Kupxroda — JlsBa. B npemioxxeHHol Moaenu
B3aFMOJICICTBUE CIIOEB OCYIIECTBILIETCS C TIOMOIIBI0 KOHTAKTHOTO CJI0s. KOHTaKTHBIH CITO¥ MpencTaBisieT COO0H aHU30TPOITHYIO
cpeny, KOTOPYIO MOKHO PaCCMAaTPHBATh KAK «IIETKY» YIPYTHX KOPOTKUX CTEpP:KHEN. JUIs IPOCTOTHI MPEATIONAraeTCs, YTO CTEPXK-
HHM OPHEHTHPOBaHbI HOPMAJIBFHO K NOBEPXHOCTH KOHTakKTa. VICroibp30BaHHEe KOHTAKTHOTO CJIOS TIO3BOJISIET M30€rarh TaKUX Hpo-
Ornem, Kak OECKOHEYHBIE KacaTesbHbIe HalPsDKEHHs! Ha TPaHMIIEe paszelia CJI0eB BOJIM3M TOPLOB OANIKH, a TAKKe pellaTh 3a/1aun
OINpENEICHNsT KOHLIEHTPAUH KaCaTENIbHBIX HAMPSHKEHUH, BOSHUKAIOIINX HA TPAHULAX MEXAY CIOSIMHU U B YIJIOBBIX TOYKAX,
U MX W3MEHEHUs, HallpHMEp B MPOIIECcCce MOM3y4YecTH. | TaBHOH OCOOEHHOCTBIO MpeIaraéMoi MOJENH SIBISIETCS] CTPOTOE yIOBIIE-
TBOPEHUE I'PAHUYHBIX YCIOBUM. BBUy CI0KHOCTU pa3pellarolel CUCTEMBI yPaBHEHHUI B KAUECTBE [IPUMEPA paCCMATPUBACTCS 3a-
Jla4a O C/IBHIC CJIOEB JIBYXCIJIOHOM Oasku. [lomyueHo aHamTHIeCKOoe pelieHue, TI03BOIISIOIIee KaYeCTBEHHO aHAIM3UPOBATh BIIHsI-
HHE MEXaHMYECKUX U TEOMETPUUYECKUX XapaKTePHCTHK Ha HANpsDKEHHO-1e()OPMHUPOBAHHOE COCTOSTHUE PACUETHOW MOJIEITH, BBIYHC-
JIATh UCTUHHYIO aATe3HOHHYIO IIPOYHOCTb, & TAKXKE ONPEIEISTh (PU3MIECKUE XapaKTEPUCTUKHA KOHTAaKTHOTO CJIOSl Ha OCHOBE JKC-
MEPUMEHTAIIBHBIX JaHHBIX. [IpOn3Be/IeH YNCIIEHHBIH TPUMeEp pacueTa OANIKK ITPH ABYX BapHaHTaX 3arpyKeHusi MOJIENH, Ha OCHOBE
KOTOPOTO YCTaHOBJIEHA CBSI3b MEX/y UICTUHHOM U CPeAHEN air€3MOHHOM MPOYHOCTBIO B 3aBUCHMOCTH OT Pa3/IMYHBIX IApaMETPOB.

KaroueBble c10Ba: MHOTOCIIONWHBIE OAJIKK, KOHTAKTHBIH CIIOMH, KpaeBoil 3 QeKT, KacaTenbHbIe HANPSHKEHHS

ANALYSIS OF THE EDGE EFFECT OF SHEAR STRESSES
IN THE SHIFT OF A TWO-LAYER BEAM

V.I. ANDREEV, N.YU. TSYBIN, R.A. TURUSOV

Moscow State University of Civil Engineering (National Research University) (MGSU)
26 Yaroslavskoye Shosse, Moscow, 129337, Russian Federation

(received: March 06, 2018; accepted: May 05, 2018)

The paper presents a system of resolving equations describing the stress-strain state of multilayer beams and allowing solving
a wide range of problems, such as shear, bending, and normal separation for any number of layers. For each of the layers, hypothe-
ses similar to the Kirchhoff — Love hypotheses are introduced. In the proposed model, the layers interact with a contact layer.
The contact layer is an anisotropic medium, which can be considered as a “brush” of elastic short rods. For simplicity, it is assumed
that the rods are oriented normally to the contact surface. The use of a contact layer allows such problems as infinite tangential
stresses at the interface between the layers near the end of the beam and also to solve the problem of determining the concentration
of the shearing stresses occurring at the boundaries between the layers and in the corner points, their variation, for example,
in the creep process. The main feature of the proposed model is strict satisfaction of the boundary conditions. In view of the com-
plexity of the resolving system of equations, we consider, as an example, the problem of shearing the layers of a double-layer beam.
An analytical solution is obtained that allows qualitative analysis of the influence of mechanical and geometric characteris-
tics on the stress-strain state of the design model, calculate the true adhesive strength, and determine the physical characteristics of the
contact layer on the basis of experimental data. A numerical example is given for calculating a beam in two variants of model loading,
on the basis of which a relationship was established between the true and average adhesive strength, depending on various parameters.

Keywords: multilayer beams, contact layer, edge effect, stresses
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1. BeiBoA pa3pemaromux ypaBHeHHI

Moenb MHOTOCIIOWHOM OalKu, COCTOSIICH U3
Ha0Opa BHEIIHUX U KOHTAKTHBIX CIIOCB TpPHUBEICHA
Ha puc. 1.

ca0ii 0 Yo ¥y ov oy

/101 \!

croi1 1
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|

cnoii m |

Puc. 1. MHorocJioliHasi 6a/1Ka ¢ KOHTAKTHBIMH CJI0SIMH
[Fig. 1. Multilayer beam with contact layers]

B pabotax [1] u [7] Obuta modydeHa cucreMa
pasperraryx ypaBHEHUHN IJI1 MHOTOCIIOWHON Oai-
Ku. BeImuineM 4acTh JaHHON CUCTEMBI JIJIsl BHEITHUX
CJIOEB.

2 t b
de:dPx,k_dPx,k_
dx2 dx dx

t b (1
d4l)k +h_k dPx,k . dP)C,k

ot 2| dx dx

_pt b
Dy _Py,k _Py,k'

VpaBHEHHs ONUCHIBAIOT HAPSHKEHHO-AE(HOpPMU-
POBaHHOE COCTOSIHME K-TOTO BHEIIHETO CJ0s OalKH.
IIpennonaraercsi, 4YTO BHEIIHUE CIOU MOIYMHAIOTCS
KIIACCUYECKUM THUIIOTE3aM TEOPHUH IIJIACTHH.

B ypaBHEHHs BXOIAT CIACAYIOIINE BENUYUHBL: k —
HOMED BHEIIHETO CIIOA; /, — TONIMHA closd; D, —

UHTETpalbHasg U3rMOHas KECTKOCTh; N, — IPOAO0JIb-

Has Cuia; Uy, — mporud cios; P,

b
ks P,y — HOpMaIIb-

HBIE HATPY3KH; P;k, Rf’ . — KacaTeJbpHble HAarpy3KH;

t, b — unpmexcel, 0003HAYANONINE BEPXHIOK U HUX-
HIOIO [TOBEPXHOCTH CJIOSI COOTBETCTBEHHO.

B o0mem ciyuae cuibl, TEHCTBYIOIIME Ha BHELI-
HUIA CJIOH TPENCTaBISAIOT CO0OW CyMMy Harpysok,
HIPWIOKEHHBIX K CJIOI0, U yCHJIMM, BO3HUKAIOLINX
B KOHTaKTHBIX CIIOSIX.

t _t ., * b _ b,  x
Py k =tk Py g =9k Ok 11 @

y t .k b b
Pk =Skt Dk =Sk Y1

b b
B BbIpaXeHUsAX ¢y; ¢ S;; S, — BHEIIHHME HATPy3-

* * * %
KU, Of; Opy1s Tgs T+ — HOPMAJIBHBIE M KaCaTCIbHBIC

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

HaNpsOKEHUS] B MPUMBIKAIONMINX KOHTAKTHBIX CIOSX.
31eck U janee BCe BETWYMHBI, OTHOCSIINECS K KOH-
TaKTHOMY CJIO10, Oy/IeM ImoMe4yaTh CHMBOJIOM *.

B pabGore [1] ucmonb3yercs ogHOMEpHAs MO-
Jenb KoHTakTHOro cnosl. [logobHas Moaens He mo3-
BOJISIET TIOJIHOCTBHIO YJIOBJIETBOPUTH BCE I'PaHHYHBIE
ycnoBus. B manHo# padoTte MBI OyaeM HCIOIh30BaTh
JIIBYXMEPHYIO MOJIENb, TIPEICTABIICHHYIO B padoTe [§].
Hampspkenus (HopMmallbHBIE W KacaTellbHbIE) B KOH-
TaKTHOM CJIO€ MPH 3TOM ONPEACIAIOTCS U3 CIEaYI0-
IUX YPaBHEHUI:

2
rz (hk) dzr}:
N _ +
GY 12EF ax?

k ko dx

% *#
199, Uy k| 1 « )\
—+— ,k 5

L LI 3
2| dx dx p* Utk D ®)
k
% *
G* __ * d'Ck _E_k(v* _U* )
k="Yk 7, " tk ~Vbk )

B ypaBuenus (3) BxomaT: A, — TONIMHA KOHTAKT-
Horo cnos; G; — Moxymb cxura; E; — Moxyis FOu-
ra; Uy, Up) — HOPMAIbHBIC IIEPEMEIICHHS HA BEPX-
HEW M HIKHEM TPaHAX KOHTAKTHOTO CJosi (mpen-
CTaBJISIIOT COOOH HOPMAJIbHbIC MEPEMEIIECHHUs TIPH-
MBIKAIOIMX BHEUIHUX CIOEB); 1), Uy — OCEBBHIC
nepeMenicHus (BhIPaKEHUS 3allMCaHbl Jajiee B TEK-
CTe); Y — IEpPEMEHHAs, OTCUMTBIBACMAs OT CPEIHeit

JIMHUHU KOHTAKTHOTO CJIOS.

B kauectBe npuMepa paccMOTpUM Oalky, TIpe/-
CTaBJICHHYIO JBYMS «BHEIIHHMW» CJIOSIMU U OIHHUM
KOHTAKTHBIM cjoeM. OOmmi BujA HAaHHON Oaliku
TIpUBEIICH Ha pHC. 2.

4, ‘ Ky coil 0
' RRERREARI AR
e | va
?
|

ho

Konmaxkmmuwlil crou 1 i
il

K~
*l;l/‘l*l*l* NN i

12 2

Puc. 2. /IByxciioiiHas 6ajika
[Fig. 2. Two-layer beam]

IMoacraBum k£ = 0, 1 B ypasHenus (1) u k = 1

B ypaBHeHus (3). B pesynbrare momyuum paspera-
IOIIYEO CHCTEMY IS ABYXCIIOMHOM OaiK.
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Bxopndiiye B JaHHYIO CUCTEMY BEJIMYMHBI 3aIlu-

CaHbl HUXC:
%k
Pﬁo 40: Ppg = G(— /2) PLo=s0: PLo=7"
* .
( /2) o= By =T Bl s 1 (9)
dv Iy dv
i 0 * 1771
= =uy 1 +——.
0,075 T TR T, T

311ech U — MEpEeMEIIeHNs] BHEUIHEro CJIos Ha
ypoBHE HeHTpanbHO# ocu. UHaekc 1 s Benu4uH,
OTHOCAIIUXCS] K KOHTAKTHOMY CJIOHO, OITyIIEH.
[oxcrasmss (5) B (4), moyunm:

d2N0 dt .
2 dx

_qO o (—h*/z);

a*Ny  ar*
A dx
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B pa6orte [1] noy4eHs! cleayromnme COOTHOIICHUS:

alu;k1 hO d2v0 N0+Nf 0 hO d UO
de 0075 2T g 2 42
du_;;_g +ﬁd2vl MNpy iy % -
ax Ol 2 B2 g2
3 Iy )2
By =Ely; Dy =——=3 Npp =Ep hf/ e fr vy
—hy,

Bemmuunel, npuBeneHnbIie B ypaBHeHUX (5) 1 (7):
B, — MHTeTpallbHasl )KECTKOCTb TIPU PACTSKEHUH; Fy —

mozyb FOHra BHEIIHero ciosi; N 5 — OCeBbIE CHIIBL,
CBSI3aHHBIC C BBIHYXKJICHHBIMHU AehopManusMu ¢ £k

(TemneparypHBIMH, yCaJOYHBIMU H T.1I.).
B nanpHeiimem OynemM cuMTaTh, 4TO BHIHYKICHHBIC

,He(bOpMaH,I/II/I BbI3BaHbI TeMnepaTypoi/’I. B sTtom Cliyyac
Sf,k Z(XkATk; Nf,k :Ekhka’kATk' (8)

U3 puc. 2 cnenyer cBs3b MEXIY NPOIOJIBHBIMU
YCHJIMSIMM BO BHEILIHHUX CJIOSIX U NPUIIOKEHHBIMHU

IpoOAO0JJIbHBIMU HAI'Py3KaMu.
Ny+N, =P +P; Ny+N,=P+P,. (9)

CxranpiBast MeXXTy co00it BeIpaxkeHus (9), HaifneM

N =F_ —-N_;
1 P 0 (10)

1
FP:E(Pl +P2+P3+P4).

B mr060om cirydac 1Jisi o0ecrneyeHus CTaTHYECKO-
T'O PaBHOBECHUA NOJIKHO BBIIIOJHATHCSA COOTHOIICHUC

R+P=P+P,
[Ipomuddepenuporas nsaToe ypaBHeHue u3 (6),

TTOJTy9YrM:

(11

Hcnonw3ys nepBoe u BTopoe cooTHorieHus (7),
mpeoOpazyem (11):

2

Y o a o /), 21, )
+— H+—= +—= | l+—||-

2 a0 & 2 et w) et )] gy

Q{NoJfo,o N1+Nf,1J:0
B B

*

h
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HUcnonb3yem nepBoe ypaBHEHHUE (6), TOTYUHM:

2
*[* 4 2
G(h)dNOdNO G*l 1
+

- +N, —| —+—
R ot a? OB, B
G Nf,O_FP+Nf,1J_
) By

r 13
Gt a%vy (. hy) A (. hy (13)
-— 5 1+—* + 5 1+—* =0.
2| dx R ) dx h

[IpeoOpazoBriBasi mecroe ypaBHeHHE H3 (6) U
UCIIOJB3YS NIEPBOE, HAXOIUM

N B )

*
G =)

OKOHYATENEHO pa3pelIaronias CUCTeMa ypaBHe-
HUM IPUMET BU/T

mgg+E (o, )
0 h* 0 1
d*tv, N (h*
_D 1_ 0 _1+_
1,4 212 2|
dx dx
E*
‘_h_*(vo_"l)_qr (15)
+( 5\ 4 2
G (h ) d°N. d*N *
0 0 G| 1 1
- 4 3 N3 s
12F dx dx h 0 1
LG Mo et Npa )
%
n\ By B
2 2
*| d“v h d“v h
G —20 1+—?l< +—21 1+—>1x< =0.
20 h dx h

C ucnosip30BaHNEM cHCTEMBI ypaBHeHUH (15)
TaKKe pelleHa 3a1a4a 0 HOpMalbHOM OTpBIBE CIIOU-
croro komnosura [3], [6].

2. CoequHeHUEe BHAXJIECTKY

[Ipu paccMoTpeHnn Nof00HON 3a1a4i MOXKHO
npeHeOpedyb BEPTHKAIbHBIMHU IEPEMEIIEHUSIMH CIIO-
eB. JlanHoe npeHeOpexeHNe ONpaBIaHHO BBUAY Ma-
JI0M THOKOCTH MCIIONB3yEMBIX 00pa31oB.

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI

B pesynbrare u3 paspematomeir cuctemsl (15)
OCTaeTCsl TOJIBKO OJTHO yPaBHEHHE.

2
G*(h*) AN dPN *
0o Mo, G—[L%}
1

e ot a2 Ot B
N F_+N
G* 0 'p 1
+_*[ ZJ; e A J:o. (16)
h 0 1

3anurem (16) B 6oj1ee KOMIIAKTHOM BHJIE:

4 2

d*N, d*N,
2

0 20 20+x Ng+n=0, (17)

dx4 dx
1/2
6E* RE*[1 1
rac (0:—2, A= 3 -+ —
O I [
n=12E* Nro fp*+Nra | (18)
5 B

]
Oo6mee penrenvie ypasaerus (17) npeacraBisieTcst
B BHIIE

Ny = _}% +Cjexp (\ulx) +Cy exp (—\plx) +

+ C3exp (sz) +Cyexp (—sz) , (19)

rae q — HCU3BCCTHBLIC MHTCTPUPOBAHUSA, OIIPCACIIA-

€Mble U3 TPAaHUYHBIX YCJIOBHUIl; Y, — KOPHHU XapaKre-

PHUCTHUYECKOr0 ypaBHEHUS \414 - 20)\|12 +22 =0. Hixke
NPUBEACHE] NTaHHBIE KOPHHU:

03+(032 —7»2)1/2; v, =,/m—(m2 —7»2)1/2. (20)

VYkaxem T'paHUYHBIC YCIIOBUSA IJId ONPCACIICHUS
HCHU3BCCTHBIX KOHCTAHT MHTCTPUPOBAHUS

r3)ere Aol (B
g 2]

Obiiee pertieHne, TMOMYYSHHOE M3 JAHHBIX TPAHNY-
HBIX YCJIOBHM, BECbMa TPOMO3KO, TIOITOMY 31€Ch HE
MPUBEAEHO.

Janee Oynem paccMaTpuBaTh JBa BapHaHTa 3a-
IPYXKEHHs B COOTBETCTBUH C PHC. 3. JIOMOIHUTEIb-
HBIE BapMaHTHl HATPYKEHUS MOIETH IPEICTaBIECHEI
B [5].

€2y
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a) 6)
P P

Bwie 4
AV

Puc. 3. BapuaHT npuJio:kenusi Harpysku 1 (a),
BApHAHT NPUWJIOKEHHS] HATPY3KH 2 (§)
[Fig. 3. Load application variant 1 (a),

load application variant 2 (6)]

s aHanu3a BAUSHUSA T€OMETPHUECCKUX U (H-
3MKO-MEXaHUYCCKUX XapaKTEPUCTUK HA HAIPSIKEH-
HO-Ie(OpMHUPOBAaHHOE COCTOSTHUE MOJIeNU OyaeM
HCII0Jb30BaTh STAJIOHHBIE 3HAaYeHUs: hy = 10 mmM;

*
hy=10mm; & =1 mm; [ =100 mm; E, =2-10° MIla;
E =2.10° MIla; E* =10° MIIa; P =1 xH/mm.

Pe3ynbTaThl BRIYMCICHUS HPOJOJIBHBIX CHI M Ka-
CaTCJIbHBIX HaHpSI)KeHI/Iﬁ JUISL ODTAJIOHHBIX HapaMeTpOB
MOJICJH MTPUBEICHBI HUXKE.

N/P
1
II

0.75 N A

N A
0.5 = =

s \\
0251

S50 33 a7 0 17 33 50 xowm
Ny/P —--— Ny/P

Puc. 4. IlpogoJbHbIe yCHIUS BO BHEIIHHUX CJIOAX
(BapuaHT HarpyxxeHus 1)
[Fig. 4. Longitudinal forces in the outer layers
(loading option 1)]

N/P

0.5 \

VY

/
-0.5 /

-50 -33 -17 0 17 33 50 x, MM
NyP === Ny/P

Puc. S. IIponoabHble ycH/JIHsi BO BHEIIHUX CJIOSIX
(BapuaHT HArpysKeHHus 2)
[Fig. 5. Longitudinal forces in the outer layers
(loading option 2)]

Ha pruc. 6 MoxHO yBUIETh KpaeBoit 2 deKT, Bo3-
HUKAIOIIUKA B KOHTAKTHOM CJIOE€ B Y3KOU 30HE.

[Ipu ucneiTanuu 00pa3lOB Ha CABHT aJI€3UOH-
Has TPOYHOCTh BBIYHCISIETCS KaK paspyllaroiias Ha-
rpy3Ka, JieJIeHHasl Ha TUIOIIa b CKIeHku. Benmunny, mo-
Jy4EHHYIO TaKUM 00pa3oM, MPaBIJIbHEE HA3BIBATEH CPEI-
HEH MPOYHOCTHIO (Ty,q). VICTHHHON aire3MoHHON Tpod-
HOCTBIO SIBIISIETCSI MaKCUMaJIbHAsl BEJIMYMHA KacaTeb-
HBIX HAIIPSOKCHUH Tp,x B MOMEHT paspymieHus [2].

184

Ha puc. 7 u nanee npezcrapieHa cepus rpauKkoB, OT-
PaKaIOMIMX COOTHOIICHNE MEXIY UCTUHHOW U Cpe-
HeW aJire3MOHHON MTPOYHOCTHIO.

T, MIla
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30 \N—4
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N
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~J
N | —
S0 38 25 <13 0 13 25 38 50y wm
3arpyskenue 1 —--— 3arpyxeHue 2

Puc. 6. Kacarei1bHble HAaNpsiZkeHUs] B KOHTAKTHOM cJ10€
[Fig. 6. Tangential stresses in the contact layer]

me(

Tmid

P L

2o

S

0 20 40 60 80 100 120 140 [ wy
—--— 3arpyeHue 2

3arpysxeHue 1

Puc. 7. CooTHOLIEeHUEe Me:KAY UCTUHHOM U cpeaHeii
a/Ire3MOHHOI MPOYHOCTBIO B 3aBUCHMOCTH OT JJIHHbI CKJICHKH
[Fig. 7. The ratio between the true and average
adhesion strength, depending on the length of the gluing]
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3arpykeHue 1 —--— 3arpyxenue 2

Puc. 8. I'paduku 3aBucumMocTeil uCTHHOT
U aATe3MOHHOI MPOYHOCTH OT AJTUHBI CKJICHKHU
[Fig. 8. Graphs of dependencies of true
and adhesive strength on the length of the gluing]
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Puc. 9. I'padpukn 3aBucUMOCTeii HCTHHHOI M aTre3HOHHOMH
NMPOYHOCTH OT MoAY.Is1 FOHra KOHTaKTHOIO CJI0s
[Fig. 9. Graphs of dependencies of the true and adhesive
strength on the Young's modulus of the contact layer]
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Puc. 10. 'padpuku 3aBucuMocTeil HCTUHHOI M aAre3UOHHOM
NMPOYHOCTH OT TOJIIHHBI KOHTAKTHOIO CJIOSI
[Fig. 10. Graphs of dependencies
of the true and adhesive strength
on the thickness of the contact layer]|
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Puc. 11. I'padpuxu 3aBucumocreit
HCTHHOM U aAre3M0HHOM NMPOYHOCTH
OT cooTHOIIeHUs Moay.ieii FOHra BHeIHHUX cJI0eB
[Fig. 11. Graphs of the dependences
of the true and adhesive strength on the ratio
of Young's modules of the “outer” layers]

Kak BumuM, ¢ yBenTUUeHHEM JUIMHBI CKIICHKH OT-
HOUIEHHE UCTHHOM aAre3MOHHON MPOYHOCTU K Cpel-
Hel yBenuuuBaeTcs. HaunHas ¢ HEKOTOPOro 3Hade-
HUS, JIaHHBIE 3aBUCUMOCTH MMEIOT JIMHEHHBINA Xapak-
Tep. ITO CBSI3aHO € TEM, UTO YBEINYECHUE AJIUHBI CKIICH-
KU IIEPECTaeT BIUATh HA MAaKCUMAalIbHOE 3HAYCHUE Ka-
caTenbHbIX HanpspkeHuil. [Ipu ManmeIx pasmepax uc-
THUHHAs MIPOYHOCTH MPAKTHYECKU COBIANAET CO CPea-
Hel IPOYHOCTBIO.

3aKkioueHne

B crathe monydeHa cucTeMa paspeliaronmx ypas-
HEHUIi U PelieHrns] MHOTOYHCIICHHBIX 33724 TEOPUH
MHOTOCIIOMHBIX Oanok. [TonyyeHHbIe YpaBHEHHUS TIPO-
THO3UPYIOT BO3HUKHOBEHHE KpaeBoro 3¢dexra. [Tomy-
YeHBI PE3YJIbTAThl PEIICHHs 3aa4d O HAIPSHKCHHO-
JeOPMHUPOBAHHOM COCTOSTHUHM COCIMHCHHUS BHAXJIECT-
Ky. [TpoaHaT3UpOBAHO BIMSHHE MEXaHUUECKMX XapaK-
TEPUCTHK HA HCTUHHYIO a/IFe3HOHHYIO IPOYHOCT.

Od4eBuHO, YTO 00BEMa CTAThbU HEIOCTATOY-
HO /ISl TTOJPOOHOr0 aHan3a MOJYYEHHBIX PE3ylib-
taroB. OHAKO MOKHO CKa3aTh, YTO MPEUIOKCHHAS
MOJICJTh AATC3HOHHOTO B3aUMOACHCTBHS C HCIIOIB30-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI

BAHUEM KOHTAKTHOI'O CJIOA OTpPAXAaC€T BJIUAHUE MHO-
Tux (1)aKTOpOB Ha MPOYHOCTb U IMO3BOJIACT Kadc-
CTBCHHO MW KOJMYCCTBCHHO AaHAJIM3HUPOBATHL OaH-
HOC BJIIMAHHUC.

© Anppees B.U., Ipioun H.1O., Typycos P.A., 2018
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OIIPEJIEJIEHUE PACIAJTYBOYHOM MPOYHOCTHA MOHOJIMTHBIX IVIUT U BAJIOK
B.C. KY3HEIOB, I0.A. HIATIOIITHMKOBA

HannonanbsHbli uccienoBaTenbCkuii MOCKOBCKUIN rOCYAapCTBEHHBIN CTPOUTENIBHBINA YHUBEPCUTET
Apocnasckoe wocce, 0. 26, Mockea, Poccus, 129337

(nocmynuna 6 pedaxyuro: 20 nexabps 2017 r.; npunsma k nyoauxayuu: 21 anpens 2018 r.)

IIpoBepka MpoYHOCTH OETOHA MOHOJMTHBIX KOHCTPYKLHUH B CTaJUH BO3BEACHMS SBISIETCS HEOOXOIUMBIM YCIOBHEM
JUTS TaidbHEHIIe HOpMaIbHOW 3KCIDTyaTalluy 3IaHUHA M coopykeHHH. L{enpio paboThI SBIIETCS yTOUHEHHE CPOKOB pactia-
JMyONMBaHUs TUIMT W OQJIOK C Y4ETOM peajbHOro Habopa NMPOYHOCTH. B crarbe paccmarpuBaeTcsi MHXXEHEPHBIH CIIOCO0
OIIpeJIeIeHUs] PacaayO0uHOI IPOYHOCTH OETOHA MOHOJIMTHBIX M3rMOaeMbIX 3JEMEHTOB 0€3 MpeJBapUTEeIbHOIO HarpshKe-
HUst apMatypbl. Criocob orpeaeneHus pacnairyO0YHONW MPOYHOCTH OCHOBAH Ha PABEHCTBE BHELIHUX M BHYTPEHHUX YCHIMH
B HOPMaJIbHOM PacuyeTHOM CEYEHUH B CTaJIMM Pa3pyIICHHs NPH MCUYEPIIaHUK NPOYHOCTH OeToHa. JaHHBIN crocod mpume-
HHUM JUISl IMHEWHBIX JIEMEHTOB U KOHCTpYKLuid. [1o pesynbraTtam paboTs! nomyueHa ¢popmyia Jisi HA3HAYSHUS] MUHUMAJIb-
HOW MIPOYHOCTH OETOHA PH pacanyOInBaHiH U KOd(D(UITHEHT k, KOTOPBIH MOYKHO HCIIOIB30BATh JJIS IIPOCTOTO U TOYHOTO
OTIpeeTIeHNs] pacniary00YHON MPOYHOCTH AJIS INIT | Oasnok. Jlist onpeneneHus pacnaryO0YHOH MPOYHOCTH NP IIPHUMEHE-
HuM padoueit apmatypsl A400 u AS00C mpuBeneHs! rpaduku 3aBHCUMOCTH KO3 GUIMEHTa k OT TOJIIWHBI IUTATHI TIPU JTeH-
CTBMM €IMHUYHOTO MOMEHTa. lIpe/utokeHHbIi croco0 ompeneneHusl pacnaryO0YHOM MPOYHOCTH MO3BOJISIET HA3HA4YaTh
BEJINYMHY PACIaTyO0UHOIN MPOYHOCTH JUIS IUIUT U OAJIOK M yTOUHSTH CPOKH pacHanyOIuBaHUsI KOHCTPYKIHH C y4ETOM pe-
aJpHOT0 Habopa MPOYHOCTH.

KaioueBble c1oBa: MOHOJIMTHBIE KeJIe300€TOHHBIE KOHCTPYKLHH, IPOYHOCTh OETOHA, pacnaily0o4Hasi MPOYHOCTD,
CTaJusl BO3BEICHUS

DETERMINATION OF THE STRIPPING STRENGTH
OF MONOLITHIC SLABS AND BEAMS

V.S. KUZNETSOV, Yu.A. SHAPOSHNIKOVA

Moscow State University of Civil Engineering (National Research University) (MGSU)
26 Yaroslavskoye Shosse, Moscow, 129337, Russian Federation
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Checking the strength of concrete monolithic structures in the stage of erection is a necessary condition for the possi-
bility of further normal operation of buildings and structures. The purpose of the work is to specify the timing of the decou-
pling of slabs and beams taking into account the real strength set. In this article, an engineering method for determining
the form-fitting strength of concrete of monolithic bending elements without a prestressing reinforcement is considered.
The method for determining the form-fitting strength is based on the equality of external and internal forces in the normal
design section in the stage of failure when the strength of concrete is depleted. This method is applicable to linear elements
and constructions. Based on the results of the work, a formula has been obtained for assigning the minimum concrete
strength at decompression and the coefficient &, which can be used to easily and accurately determine the stripping strength
for slabs and beams. The graphs of the dependence of the coefficient k are given for determining the formwork strength
when using working reinforcements A400 and A500C, on the thickness of the plate under the action of a single moment.
The proposed method for determining the form-fitting strength makes it possible to designate the size of the form-fitting strength
for slabs and beams and to specify the timing of the decoupling of structures, taking into account the actual strength set.

Keywords: monolithic reinforced concrete structures, strength of concrete, formwork strength, stage of erection
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BBenenue. OcoOCHHOCTBIO TTPOCKTUPOBAHUS
MOHOJIUTHBIX JKEJIe300€TOHHBIX KOHCTPYKLHH, BO3-
BOJUMBIX Ha CTPOUTEIBHOU IUIOMIANKE, SBISETCS
o0s3aTenpHas MPOBEpKa MPOYHOCTH B CTAIHH BO3Be-
nenus [1-2]. HeBbimonHnenue TpeOOBaHMI TPOYHOCTH
B MPOMEXYTOYHOM BO3PACTE MPUBOIUT K TSHKEIBIM
MOCJIEICTBUSM, CBSI3AHHBIM HE TOJNBKO C MaTepHallb-
HBIMHU TTOTEPSIMH, HO U C YEJIOBEYECKUMU KEepPTBa-
M [3-5]. [losTomMy npoBepka mpoYHOCTH OETOHA MO-
HOJIUTHBIX KOHCTPYKIIMI B CTaJlUM BO3BEICHUS SIBIIS-
€TCsl HeOOXOMMBIM YCIIOBHEM JJIs JalibHEUIIIeH HOp-
MaJbHOM 3KCIUTyaTalluy 31aHui U coopyxkeHuii [6—9].

Heas padorsl. Llensio paboTel sBIsSETCS YTOU-
HEHUE CPOKOB paciaayOIuBaHus JIMHCHHBIX U3rH0a-
€MBIX 3JIEMEHTOB (TUTUT U 0aJ0K) C YUYETOM peabHO-
ro Habopa OETOHOM IPOYHOCTH.

Marepuanbl M MeToabl. [Ipu npoBepke MPOYHO-
CTU B CTa/IMU BO3BEJICHUS JIOJDKHBI YUUTHIBATHCS Clle-
JyIOIIUe OOCTOSTENBCTBA: MOHWKEHHAs! IPOYHOCTh
OeToHa, CBs3aHHAs CO BPEMEHEM W YCIIOBUSIMHU TBEp-
JIeHHs1, CHIDKEHHE TIPOYHOCTH OETOHA TIPH JTUTEIEHOM
nevicteun Harpy3ku [10-13]. IIpu 3TOM mHpOYHOCTH
HOPMAJIGHBIX CEUYEHH OIPENeIsIeTCS TOMBKO CKATHIM
0eToHOM, TaK KaK KOJIMYECTBO MPOAOIBHON apMaTyphl
Ha3HavYaeTcsl U3 YCJIOBHA MPOYHOCTH dJIeMEHTa B CTa-
JiH 3Kcrutyatanuu (puc. 1) [14-16].

a

Puc. 1. Cxema Kk pacyeTy NpO4HOCTH
ceyeHMii ¢ OIMHOYHOI apMaTypoii
[Fig. 1. Scheme for calculating the strength
of sections with a single armature]

(>l

PaccmarpuBaercs ciiyyaii, Korna CxMMaroIiye Ha-
NPSOKCHUST BOCIIPHHUMAIOTCS TOJIBKO OETOHOM, ap-
MaTypa B CXaToH 30HE He yuuThiBaercs, T.e. 4’ = 0.

VYpaBHEHHE MPOYHOCTH HOPMAJIBHOTO Cede-
HHS 110 OETOHY

M = Rybx/(hy — 0,5%). (1)

VYuureBas, uro x = &/hy, Bepaxenne (1) mocne
HEKOTOPBIX Pe0Opa3oBaHUil MPUMET BU

M = Rybh’§(1 - 0,5). )
Wy, yanteiBas, uro &(1 — 0,58) = a,,:
M = 0,,Rybhy’. (3)
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MakcuManbHOE ycuine, BOCIIpUHUMaeMoe Oe-
TOHOM, JOCTUTAETCS MPU BHICOTE CXKATOM 30HBI OETO-
Ha IpH X = X Wik § = g U 0, = O ¥ HACTYTAET MIPH
JOCTIDKEHHHU B CXKAaTOM OETOHE HaIpsDKEHHH, PaBHBIX
YCTaHOBJIEHHOM pacnaay004HON MPOYHOCTH Rp pac.

['panuuHOE MoNOXKEHUE HEUTPaIbHOM OCH OI-
penensercst 3KCIEPUMEHTAJIbHbIM IIyTeM U IHpPHUHH-
MaeTcs PU UCTIOIB30BaHUU apMaTyphl kiacca A400
& = 0,531 u az = 0,390. IIpu apmatype AS00C
Er=0,493 u oz = 0,372 [1].

[Ipunnmas B Beipaxkenuu (3) o, = 0,80z, HaX0AUM
MHUHUMAJILHOE 3HAUYCHHUE PACIay00YHOH IPOYHOCTH:

Rb,pacn = M/(O,g(lehoz). (4)

Pe3yabTaThl U 00cy:kaenne. /s mmmT npu pac-
YeTHOW mupuHe cedueHus b = 1 M BeIpaxkenue (4)
NPUHUMAET CIICTYIOIINI BUI.

Hns apmatypst A400

Ry pacn = M/(0gbhy’) = M/(0,8 - 0,390 - 1,0 - hy’) =
= M/(0,312hy%). (5)
Just apmatypst AS00C
Riypaen = MI(0,8 - 0,372 - 1,0 - hy®) = MI(0,298h¢). (6)

JlanHas popmyna MOXET OBITH PEKOMEHIOBaHA
JJI1 Ha3HA4YCHUA MUHUMAaIbHONU IMPOYHOCTHU Oerona
Y pacnaiyOIUBaHUM TLUIHT.

Takum 00pa3oM MOXKHO TTOTYYUTEH KOS PHIHEHT £,
paBusiit 0,312h,> ipu rcronb3oBaHm apMaTypst A400
1 0,298h,> s A500C, KOTOpBIil MO3BOJISAET MPOCTO
OTIPEIENUTh PacTaTyO0UHYIO POYHOCTH B 3aBUCHMO-
CTH OT TOJIIMHBI TIUTHL. Ha puc. 2 mpencraBiieHbl
rpadpuku koadduimenta k g onpeaeneHus pacra-
JTyOouHO# pouHocTH 0T M = 1 kHM/M.

0,131 [

"

——-A400
==A500

3nauenna KoahhuunenTa k
The values of the coefficient &

0,22 0,24 0,26 0,28 03

Tonmwuna naure: ki, cm
Plate thickness /, cm

=
%]

Puc. 2. 3nayenus xko3ppuuuenta k 1Js1 onpeaesieHust
pacnany0o4Hoii npouHocTy iUt ot M =1 kHm/m
[Fig. 2. The values of the coefficient & for determining
the stripping strength of slabs from M =1 kNm/m]

Hanpumep, mpu tonmuae miuTel 200 MM,
ho~ 160 MM 1 pac4eTHOM MOMEHTE OT COOCTBEHHOTO
Beca M = 55,0 kHm/M mo rpaduky (puc. 2) MUHH-
MaJbHOE 3HAYCHHE MPOMEKYTOYHOU MPOYHOCTH CO-
CTaBJISAET:

ANALYSIS AND DESIGN OF BUILDING STRUCTURES
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— npu apmamype A500C: Ry o0 = 0,131 - 55,0 =
= 7,21 Mlla, uro nmpu kiacce 6etona B20 cocrasmus-
er 7,21 - 100/11,5 = 62,7%. Takum obpazom, mpo-
MEXKyTOYHasl MIPOYHOCTh R pacn AOJKHA OBITH HE Me-
nee 0,63R;, knacca berona B20;

— npu apmamype A400: Ry, pocn = 0,125 - 55,0 =
= 6,88 MlIla, uro npu OGerone B20 cocramuser
6,88 - 100/11,5 = 59,8%. [IpoMesxkyTO4Has! MPOYHOCTH
Rp pacn MOKHA ObITH He MeHee 0,6R, kmacca Gero-
Ha B20.

BrInomHUM MPOBEPKY MPOYHOCTH HOPMAIBHBIX
CEUYEHUI NP BBIYUCICHHON MPOMEXYTOYHOU MpOd-
Hoctu M = 55,0 kHwm/M, Ay= 0,16 M, apmatype AS00C
U pacnaay004HOi NPOYHOCTH Ry pacn = 7,21 MITa.

0, = M/Rybh,” =55,0/721-10° - 1,0 - 0,16°=
=0,298 < og = 0,372.

Taxk kak o, = §(1 — 0,5&), TO 3HAYEHUE OTHOCH-
TETLHOW BBICOTHI CKATON 30HBI & HAXOIUTCS U3 W3-
BECTHOTO KBaJpaTHOro ypaBHenus 0,58 — E+a,, = 0,
otkyaa & = 0,364.

IIpu a,, = 0,298 abcormoTHAS BBICOTa CKATOM 30HBI

x =&hy=0,364 - 0,16 = 0,058 m.

Meeq = Rp pacn bx (hg— 0,5x) =
=721-10°-1,0 - 0,058 (0,16 —0,5 - 0,058) =55 kHm.
M=55=M_.,=55 xkHm/m.

Takum 06pa3oM, MPOYHOCTH HOPMAIBHBIX CEUCHHUI
TUTMTHl B CTAaUM pacranyOivBaHus 10 OETOHY IpH
YCTaHOBJICHHOM TIepeIaTOTHON IPOYHOCTH 00ecTieUeHa.

AHaJIOTHYHO BBIYMCISIACH pacHaayOouHas Mpod-
HOCTb R} pacn TIpH apmatype AS00C fu1st IpyTHX IIAT.
Pe3ynmbTaThl BEIMUCIICHHUH TIPEACTABIICHEI B Ta0M. 1.

Tabnuya 1
[Table 1]

BennmunHbl pacnany004Hol MPOYHOCTH NPH Pa3JINYHBIX
TOIIIMHAX IUIHT U COOTHOIIEHUSX MOMEHTOB
[The values of the formwork for different
thicknesses of the plates and moment ratios]

Ton- [Koappu Tlpou- | Ry pacn/ |Buemmmmill M, | Moo/

muHa | eHT k| Hocth | Ry, % | moment | kHm M
ikl | [Coeffi- | Ry pac M, kHm | [Section

hym | cientk] | MIla [External | moment
[Plate [Form- moment | M,

thick- work M, xNm] | xkNm]

ness strength

h9 m] Rb,pacm
MPa]

0,2 0,131 7,210 62,69 55 55 1
0,22 | 0,104 6,214 54,04 60 60 1
0,24 | 0,084 5,453 47,42 65 65 1
0,26 | 0,069 | 4,853 42,20 70 70 1
0,28 | 0,058 4,369 37,99 75 75 1
0,30 | 0,050 3,971 34,53 80 80 1

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

W3 Tabnuubl BUAHO, YTO MPUHATHIE B COOTBET-
ctBuM ¢ popmymnamu (5) u (6) unu rpadukom puc. 1
3HQYEHUS NPOMEKYTOUHOH MPOYHOCTU Rjpacn 0OEC-
MeYMBAIOT MPOYHOCTh HOPMAJBHBIX CEUEHUIl B pac-
YETHOM CUTyallUH, COOTBETCTBYIOLIEH CHATHUIO OMa-
myoxu [9-11].

Takum o0Opa3om, MpenIoXKeHHbI crocol ompe-
JieNIeHns pacnaayO0yHOi NPOYHOCTH R ey JUIS TUIAT
MO3BOJIAET HE TONBKO HA3HAYUTH BENMYHHY Rjp pacn,
HO M YTOYHUTH CPOKH pactatyOIMBaHNs KOHCTPYKIIHI.

JaHHBIM cioco0 MPUMEHUM TSl JIMHEHHBIX 3Jie-
MEHTOB U KOHCTPYKLIMH.

/na 6anox pu OTHOUIEHWM LIMPUHBI CEYEHUS
6anku k ee BeicoTe b = 0,4 /1 BepaxkeHue (4) npuHu-
MaeT CJEeAYIOUN BU.

Apmamypa A400

Rb,pacn = ]\4/(1Rbh()2 =
=M/0,8 - 0,390 - 0,4k, - hy’= M/0,125h,>.  (7)

Apmamypa A500C

Ry pacn = M/0,8 - 0,372 - 0,4k - hy’ =
= M/0,119h,’. (8)

Hampumep, s MOHOTUTHOTO 0ajJOYHOTO Tepe-
KpeITHS U3 OeToHa Kitacca B20, apmatypsr AS00C
BbIcOTa Oanku £ = 600 mm, iy = 560 MM, pacuer-
HBIE MOMEHT OT COOCTBEHHOI'O BeCa OAIKU U IIIHTHI
M = 72,0 xHM. Ilo dopmyne (8) mpodHOCTH
Ry pacn = 0,119 - 72,0 = 8,6 MIla, uro npu GeToHe
B20 cocrasiger 8,6 - 100/11,5 = 74,5%. Cnenosa-
TEIBHO, MPOMEKYTOUHAS MPOYHOCTD Rj paen AOJDKHA
on1Th HEe MeHee 0,75R;, kiacca 6erona B20.

[IpoBepka MPOYHOCTH HOPMAITBHBIX CEYCHHI TIPU
BBIYMCIIEHHOW PacnaayOO0YHOH MPOYHOCTU Rppacn =
= §,6 MIla nmoka3zama, uto d,, = 0,0268 < az= 0,372.
AOCOIIOTHAs BBICOTA CXKATOM 30HBI

x=E&hy=0,272-0,56=0,015 m.
YcnoBue npoyHOCTH 1O OETOHY

Mceq = Rb,pacn bx (hO - O,SX) =
=8,6-10°- 0,24 - 0,015 (0,56—0,5 - 0,186)=17,3 xHwm.

M=17,3 < M., = 80,0 kHm.

[TpouHocTh HOpMANBHBIX CEYEHUH OaKH B cTa-
UM pacnanyOnuBaHus 10 OETOHY NPH YCTaHOBJICH-
HOM mepeaToOYHON MPOYHOCTH OOecTeyeHa.

3axumouenne. [Ipeanoxennslil cnocod ompene-
JeHHs PacnamyOOouHO MPOUYHOCTU Rj pacn MO3BONSAET
HA3HA4aTh BEUYUHY R} pacn UL IUIAT M OATOK M yTOY-
HATH CPOKHM pacmnaiyOiuBaHHsA KOHCTPYKIMH C yue-
TOM PEaJIbHOT'0 Ha0opa MPOYHOCTH.

© Kysnenos B.C., [Hanommnkosa FO.A., 2018
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SECOND ORDER STRUCTURAL THEORY FOR THE STABILITY ANALYSIS OF COLUMNS
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Stability analysis in civil engineering is traditionally centred on the stability of individual components of a structure,
rather than on the stability of the assemblage of structural components. This may be explained by the lack of adequate tools
for the stability analysis of complete structures in the past. Recently, the necessity of the development of general rational
methods of stability analysis with a model of the complex structure is widely recognized. These methods should reliably
predict the overall stability of the structure, the interaction between the components of the structure in providing restraint
against instability of individual members, and the local stability of each individual member. Development of such theories
and corresponding algorithms require a thorough investigation. The aim of this paper is to investigate the instability of
single columns without large deflections by means of the second order structural theory and to study the influence of
imperfections on the behaviour of such structural elements.

Keywords: columns, stability of the structure, investigate the instability, structural elements

TEOPHS BTOPOI'O IOPSIIKA B PACUETAX YCTOMUYUBOCTH KOJIOHH
B.B. TAJIMIIHUKOBA, T.X. 'EBPE, C.A.M. AJIb-CABPU, O. CAODUA-JIOE

Poccutickuii yHUBEpCUTET NPY>KOBI HAPOIOB
yi. Muxnyxo-Maxnas, 6, Mockea, Poccus, 117198

(nocmynuna 6 pedaxyuio: 4 suBapst 2018 r.; npunama x nyoauxayuu: 5 anpens 2018 r.)

AHanu3 ycTOWYHMBOCTH B CTPOUTEIBCTBE TPAAUIMOHHO OPHEHTHPOBAH HAa yCTOWYMBOCTH OTJAEIBHBIX KOMIIOHEHTOB
KOHCTPYKIIMH, 8 HE Ha YCTOWYMBOCTh KOHCTPYKTHBHOW CHUCTEMBI B IIEJIOM. DTO MOXET ObITh OOBSICHEHO OTCYTCTBHEM ajie-
KBaTHBIX MHCTPYMEHTOB JUISl aHAJIM3a YCTOWYMBOCTH CJIOXKHBIX CTPYKTYp B MpOIUIOM. B mocnenHee BpeMs MIMPOKO MpHU3HAHA
HEOOXOANMOCTh Pa3pabOTKH OOMIMX PAallMOHAJIBHBIX METOAOB aHAJIM3a YCTOWYMBOCTH IIPH TOMOIIM MOJIEIMPOBAHUS KOH-
CTPYKTHUBHOM CHCTEMBI. DT METOIBI JOJDKHBI HAJEKHO IPOrHO3MPOBATH OOIIYI0 YCTOWYHBOCTH CTPYKTYPHBI, B3aUMOJICH-
CTBHE MEX]y €€ 3JeMEHTaMH IpH 00eCIICUeHHN YCTOHYMBOCTH OT/EIBHBIX IEMEHTOB M YCTONYMBOCTD Ka)KAOTO OTAENb-
HOTO 3JIeMeHTa. Pa3paboTka Takux TEOpHil 1 COOTBETCTBYIOIINX AITOPUTMOB TPeOYeT TIATENbHOTrO HccnenoBanus. Llensio
HacToAmIeH pabOTHI SABJISETCS HCCIEIOBAaHUE MOTEPH YCTOWYMBOCTH OTIAEIBHO CTOSIIMX KOJOHH B OTCYTCTBHUH OOJIBIINX
MEPEMEIECHUI C MOMOILBI0 KOHCTPYKTUBHON TEOPHH BTOPOTO MOPSJAKA, a TAK)KE M3Y4YECHUE BIMSIHUS HECOBEPIICHCTB Ha
MOBEJIEHHE TAKUX KOHCTPYKTHUBHBIX JIEMEHTOB.

Keywords: K0JI0HHBI, yCTOMYHUBOCTh CTPYKTYPBI, IOTEPS] YCTOMUNBOCTH, KOHCTPYKTHUBHBIE 3JIEMEHTHI

Introduction ring capacity of a structure in compression can be li-

mited either by the strength of its material or by in-

The behaviour of structures in compression dif-
fers significantly from their behaviour in tension.
The load bearing capacity of a structure in tension is
limited by the strength of its material. The load bea-
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stability.

An equilibrium configuration of a structure is
singular if the structure can be displaced to a neigh-
bouring equilibrium configuration without change in

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



lamwHukosa B.B., Febpe T.X., Anb-Cabpu C.AM., Cacbcpra-Loe O. CpouTensHas MexaHyka MHKEHEPHBIX KOHCTPYKLMIA 1 coopyxeHuit. 2018. T. 14. Ne 3. C. 192-197

the applied loading. The displacement is assumed to
be infinitesimally small. If the load on a structure that
is in a singular configuration can be reduced by dis-
placing the structure by a finite increment to a neigh-
bouring equilibrium configuration, this structure is
called unstable. If no neighbouring equilibrium con-
figuration with reduced load exists, the structure is
called stable even though the configuration is singular.

The order of a theory specifies the approximation
that is made in the formulation of the equilibrium
equations of a structure. If the equilibrium equations
are derived for the reference configuration, the formu-
lation is called a first order theory. If the equilibrium
equations are derived for the instant configuration,
the formulation is called a second order theory. The go-
verning equations of both first order and second order
theory can be either linear or nonlinear, depending on
additional assumptions made in the formulations.

First order theories are usually formulated with
assumptions that make the theory linear. The soluti-
on of the linear governing equations of first order
theory for given loads and supports leads to a unique
displacement vector. This is illustrated in this paper
for a straight bar subjected to an axial load. Because
the displacement for given loads and supports is
unique, a neighbouring equilibrium configuration with
different displacements but equal loads and supports
cannot exist. The necessary condition for instability
of the structure thus cannot be fulfilled. It is not pos-
sible to study the stability of structures with a linear
first order theory.

Second order theories can be linear or nonlinear.
Nonlinear second order theories are sometimes called
third order theories. If the displacements of a struc-
ture prior to instability are small relative to the di-
mensions of the structure, it is sufficient to analyse
their stability with a linear second order theory. Such
cases are treated in this paper. If the displacements
prior to instability are large, the structure must be
analysed with a nonlinear second order theory.

The following three cases can be distinguished in
second order theory if the governing equations are linear:

(a) The equations are homogeneous: they have
nontrivial solutions (solutions that are not null) only
if the determinant of their coefficient matrix is null.
It is illustrated herein that this approach leads to the
Euler buckling load for columns.

(b) The equations are inhomogeneous and the de-
terminant of their coefficient matrix is not equal to
null. The structure does not become unstable but un-
dergoes large displacements that limit its serviceabi-
lity. This is illustrated for columns with imperfections.

(c) The equations are inhomogeneous and the de-
terminant of their coefficient matrix is null. The struc-

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW

ture is not in equilibrium for general loadings, but can
be in equilibrium for specific loadings. Small geometric
imperfections or load perturbations trigger instability
under these specific loadings.

Second order theory with nonlinear governing
equations is not treated in this paper.

First Order Theory
for an Axially Loaded Bar

Figure 1 shows a straight prismatic bar with
modulus of elasticity £, whose cross-section has area
A. The bar is subjected to an axial load P at node A4.
It is supported by a roller in the axial direction at 4
and by a pin at B. The displacements and stresses of
the bar under the axial load are to be determined.

P
e HM
A y A y
a a
B B
T A A

Fig. 1. Reference bar configurations for first order theory

The equilibrium equation is formulated for the
bar in its reference configuration: the axis of the bar
is considered to be a straight line segment of length a
as in the reference configuration on the left of figu-
re 1. Let the axial force in the bar be N (tension posi-
tive). The forces applied to node A are in equilibri-
um: N=-P.

Let the displacement of point x on the axis of
the column in the direction of the x-axis be u(x).
The axial strain € on the cross-section of the column
is assumed to be constant over the cross-section and
equal to the derivative of the displacement u with
respect to x. The nonlinear terms in the strain-
displacement relationship are thus neglected. The axial
force in the bar is given by:

N:AES:AEQ. (1)
dx

The axial force N is replaced by —P and the resul-
ting differential equation is solved for the displace-
ment: u =— (P/AE) x + c.

The integration constant ¢ follows from the boun-
dary condition that # = 0 for x = a:

u=(P/AE) (a —x). (2)
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The bar fails when the stress reaches the yield
strength of its material. The example shows that linear
first order theory does not predict singular configura-
tions of a bar.

Second Order Theory
for Euler Columns

Figure 2 shows a straight prismatic bar with
modulus of elasticity £, whose cross-section has an
area A and a moment of inertia /. The bar is subjec-
ted to an axial load P at node B. It is supported by
a pin at B and by a roller in the axial direction at A4.
The displacements and stresses of the bar under
the axial load are to be determined.

X X

Fig. 2. Reference and instant bar configurations
for second order theory

The origin of the Cartesian coordinate system is
chosen at node A of the bar. The x-axis is directed from
node A4 to node B. The y-axis is rotated anti-clock-
wise through an angle of 90 degrees from the x-axis.
The z-axis is orthogonal to the x- and y-axes so that
the three axes form a right-hand system. This coordi-
nate system will also be used in the following sections.

The equilibrium equation is formulated for the bar
in its instant configuration. The axis of the bar in
the instant configuration on the right hand side of
figure 2 is a curve: the points on the axis of the bar
have displaced from their reference location by u(x)
in the direction of the x-axis and by v(x) in the direc-
tion of the y-axis.

In the general nonlinear theory, the governing
equations for the displacements u and v are coupled
because the nonlinear strains are functions of u
and v. The analysis is simplified by assuming that
the displacements are small compared to the dimen-
sions of the column and its cross-section. Separate
governing equations can then be formulated for
the two displacements.

Additional assumptions are made in the formula-
tion of the governing equation for the axial direction.
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The area of the cross-section changes under load due
to the Poisson effect. This change is not taken into
account. The axial strain ¢ is a nonlinear function of

the derivatives of displacements u and v:

du l(duj l(dvj
e=—4—| — |[+—| —|. 3)
dx 2\ dx 2\ dx

The quadratic terms on the right-hand side of (3)
are neglected so that the strain is a linear function of
the displacement. Due to these assumptions, solution (2)
for the axial displacement « remains valid for second
order theory.

Due to the transverse displacement v of the bar,
the axial load P causes a bending moment M in
the bar. The bending moment acting on a cross-
section, whose normal points in the direction of
the positive x-axis, is considered positive if its vec-
tor points in the positive direction of the z-axis.

M=—Pv. 4)

The general relationship between the bending
moment M and the displacements u and v is highly
nonlinear. It is approximated by the relationship be-
tween M and v that is formulated in first order beam
theory: M = EI (d*v/dx?).

Substituting the moment M into equation (4) yields:

EI (d*v/dx*) + Pv=0. (5)

The differential equation (5) is solved with the trigo-
nometric sine function. The integration constants are
chosen so that the boundary conditions v=0atx =0
and x = a are satisfied:

y=v, sin = ne{l2,.}. (6)

a

Substitution of v from (6) into (5) yields a linear
homogeneous equation:

2
Vo Sin@[—ﬂ(ﬂj + PJ =0. (7)
a a

Equation (7) is solved by setting either the displace-
ment or the coefficient of the displacement to null:

solution 1:
vo=0; 3
solution 2:
2
P, =(ﬂj El ©)
a

It follows from solutions (8) and (9) that the load
path of the bar contains bifurcations. The trivial solu-
tion v = 0 is valid for all values of the load P.
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The specific values of P, in (9) permit additional
equilibrium configurations in which the lateral dis-
placement v is not null. There is a bifurcation in
the load path for each value of n.

Due to geometric imperfections of the column
and perturbations of its loading, the load path in na-
ture will consist of a principal branch with v = 0 for
P < Py, and a secondary branch with displacement v
given by (6) with n = 1. The displacement amplitude
v 1s indeterminate. The load P, is called the Euler
buckling load Py for simply supported columns:

2
nEl
po= T (10)

The example shows that the approach of Euler
leads to a linear homogeneous equation for the late-
ral displacement v that predicts several singular
points (9). The point with the smallest absolute value
of the load controls the buckling of the column.

P
PC
| ¢
d primary 12 e
secondary secondary
0.8
0.6
primary
0.4
0.2
a 0
-40 -20 0 20 40

Fig. 3. Bifurcation of the load path of the bar in figure 2

Figure 3 shows the load path of the bar in figure 2.
Point a corresponds to the reference configuration.

Behaviour of
Geometrically Imperfect Columns

Assume that the axis of bar 4B in figure 2 is not
straight in its reference configuration, but has a geo-
metric imperfection given by the following curve:

g=g,sin, (11)
a

where g, — specified amplitude of the imperfection.
The equilibrium equation (4) and the governing
equation (5) are replaced by:

M=-P(g+v), (12)
d*v

E]E-I-PV:—Pg. (13)

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLW
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a a
% 9(x) v(x)
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— —
X X

Fig. 4. Column with geometric imperfection

Substitution of the displacement (6) and the im-
perfection (11) into (13) yields:

2
—EI (ﬂ) v, + Py, =—Pg,. (14)
a

The governing equation remains linear, but is no
longer homogeneous. Consider the special case n = 1
and define the sum #(x) of the imperfection g(x) and
the displacement v(x). Equation (14) leads to:

t v+ 1 P
=R TE o yith s=——. (15)
8o 8o l-s P,

0.8

06

0.4

0.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 80

P
Fig. 5. Load ratio s = ry as a function of
E

t
the displacement ratio —
&o

Solution (15) shows that the load path of the co-
lumn in figure 4 does not contain a singular point.
The axis of the column displaces laterally at all load
levels. The displacement tends towards infinity as
the load on the column tends towards the Euler buck-
ling load Pj. Figure 5 shows the variation of the dis-
placement ratio #/go in (15) with the load ratio s.
The displacement ratio reaches the value 2 for a load
ratio of 0.50, the value of 5 for a load ratio of 0.80
and the value 10 for a load ratio of 0.90.
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Behaviour of Columns
with Load Perturbation

Assume that the column in figure 6 is subjected

to a sinusoidal transverse load ¢ in addition to
the axial load P:

. X
qg=4q,sm—,
a

where g¢ — amplitude of the perturbation load.

X X
Fig. 6. Column with perturbation load

The equilibrium equation (4) and the governing
equation (5) are replaced by:

2
M:_pv_qo(ﬂj sin ™. (16)
T a
2 2
Eld—f+Pv=—q0(3j sin =X, (17)
dx s a

Substitution of the displacement (6) into (17)
yields the displacement amplitude:

1 4
= [ A) im s=L as)
I—s EI\n P,

The amplitude v, of the displacement due to
the transverse load without axial load is:

g (aY
v, = E[(ch . (19)

The amplitude v, is substituted from (19) into (18):

L. (20)
v, l-s

Solution (20) shows that the load path of the co-
lumn in figure 6 does not contain a singular point.
The axis of the column displaces laterally at all load
levels. The lateral displacement tends towards infini-
ty as the load on the column tends towards the Euler
buckling load Pr. The ratio of the displacement am-
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plitude v, with axial load to the displacement ampli-
tude v, without the axial load in (20) varies with
the load ratio s like the ratio of the lateral displace-
ment v, to the amplitude g, of the geometric imper-
fection in (15). The displacement tends towards in-
finity as the load ratio s goes to 1.

Conclusions

The study of Euler columns shows that their sta-
bility can be studied with two significantly different
approaches.

(a) A singular configuration is determined for
the column without geometric imperfection and
without load perturbation. The load for which this
configuration occurs is the buckling load of the co-
lumn. The column does not displace laterally until
the buckling load is reached.

(b) The column is subjected to a geometric im-
perfection or to a perturbation load in addition to
the axial load. The column displaces laterally at all
load levels. The displacements cause moments in
the column. As the load tends towards the buckling
load determined in (a) above, the lateral displacement
tends to infinity.

Most of the building codes permit modified forms
of both of these approaches to stability theory. In ad-
dition, the codes account for the initial stresses in steel
members, yielding of the material of the column be-
fore it buckles and large displacements that limit ser-
viceability.

© Gebre T.H., Al-Sabri S.A.M., Saffia-Doe O., 2018
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B macrosmee Bpems MUPOKOE PacIpOCTpaHEHHE MOIY9IaeT METOA YCHICHHS JKeIe300€TOHHBIX KOHCTPYKIIMH CHCTe-
MaMH BHEITHEr0 apMHPOBAaHUS HAa OCHOBE YIJIEPOJHOTO BOJOKHA. HaKOIUIeH 3HAYUTENBHBIN ONBIT B MPOMBIIUIEHHOM M
IPaKAaHCKOM CTPOMTENBCTBE, & TAKIKE ONPEEIICHHBIN OMBIT YCUIICHHS KeIe300€TOHHBIX KOHCTPYKIMH THAPOTEXHUIECKUX
coopyxeHuii. BMecte ¢ TeM notpeboBajIoch POBEAECHHE SKCIIEPUMEHTAIBHBIX HCCIEA0BAHU 115l 00OCHOBAHUS TEXHHYE-
CKHUX PEIIEHHH 110 YCUICHHIO KeJIe300€TOHHBIX KOHCTPYKIMH THIPOTEXHUUECKUX COOPYKeHUI. XapaKkTepHas 0COOEHHOCTh
JKeJIe300€TOHHBIX KOHCTPYKLUUH T'MIAPOTEXHHUUYECKUX COOPYXKEHHH 3aKiIrodaeTcsi B 005S3aTEIbHOM HAJIMYMH MEXOJIOUHBIX
CTPOUTEIBHBIX IIBOB, KOTOPOE BHI3BAHO HEOOXOJMMOCTBIO BO3BOJUTH MAaCCHBHBIE THIPOCOOPYKEHHUS sIpycaMy 1 OJIOKaMH ¢
nepepeiBaMH B OETOHHUPOBAaHWU. PaHee MpoOBOAMINCH MCCIEIOBaHUS KEJIe300€TOHHBIX KOHCTPYKIMH, YCHICHHBIX KOMIIO-
3UTHBIMH MaTepuaixamu, 0e3 ydeTa OJIOYHOTO CTpOeHHWs. B HacTosmeil craThbe MPUBOAITCS PE3yNbTaThl KCIIEPHMEHTAIb-
HBIX HCCIIEOBAaHUN XKele300eTOHHBIX 0alOYHBIX KOHCTPYKLIUH THAPOTEXHUIECKUX COOPYKEHUH, YCHICHHBIX YTIEPOIHBI-
MU JICHTaMH, UMEIOIINX TOPU30HTAIFHBIC U BEPTUKATBHBIC MEXKOJIOYHBIE CTPOUTEIHHBIC IIBEI. BRUIH BHITIOTHEHBI SKCIIEPH-
MEHTAJIbHBIE WUCCIICIOBAHMS CEPUN KEIe300€TOHHBIX OAOYHBIX MOJIENel, N3rOTOBIEHHBIX M3 OeToHa Kiacca B15 ¢ mpo-
JIOTBHBIM PabOYrM apMHPOBaHUEM M3 JIBYX crepxHer nuamerpoM 10 mm kmacca A500C (mpouent apmuposanus 0,39%) u
n3 6eroHa kiacca B25 ¢ mpogonsHeIM paboyuM apMHpPOBAHHEM M3 Tpex cTepkHel auamerpom 12 mm kimacca AS00C (po-
ueHt apmupoBanus 0,84%), ¢ MeKOJIOUYHBIMU CTPOUTEIBHBIMH IIBAMH JI0 U [10CJIE UX YCUIJICHHS MPOJIOJIBHBIMU U MOTIEpey-
HBIMU YTJIEPOJHBIMH KOMITO3UTHBIMK JICHTaMH. 3aUKCHPOBAH OCOOBIN XapakTep TPEIIMHOOOpa30BaHUs, MPU KOTOPOM
TPEIIMHBI PaCIPOCTPAHSIOTCS MO BEPTUKAIBHBIM U FOPU30HTAIBHBIM MEXKOJI0UYHBIM CTPOUTEIbHBIM IIBaM. 3a CUET YCHJIe-
HUSI JKeJIe300€TOHHBIX KOHCTPYKIUH YIJIEpOJHBIMH KOMIIO3UTHBIMU JICHTAMH IPOYHOCTh KOHCTPYKIHWII NOBBICHIIACH B
cpenseM B 1,78 pa3za.

Ki1roueBble c10Ba: xejIe300€TOHHBIC KOHCTPYKIMH THIPOTEXHHYECKHX COOPYXECHHUH, MEXOIOUHBIE CTPOUTEIbHBIC
IIBBI, yCHJICHNE BHEITHIM apMHUPOBAHNEM, JICHTHI U3 YTIEPOAHOTO BOJIOKHA, SKCIEPHUMEHTAIBHBIC HCCIIEIOBAHMS
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EXPERIMENTAL INVESTIGATIONS OF REINFORCED CONCRETE STRUCTURES
OF HYDRAULIC STRUCTURES WITH BLOCK SEAMS,
ENHANCED BY THE EXTERNAL REINFORCEMENT SYSTEM
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A method of strengthening reinforced concrete structures by external reinforcement systems based on carbon fiber is
widely used. Significant experience is accumulated in industrial and civil construction; there is also a certain experience of
strengthening reinforced concrete structures of hydraulic structures. It was necessary to conduct experimental studies to jus-
tify technical solutions for strengthening the reinforced concrete structures of hydraulic structures. A characteristic feature
of reinforced concrete structures of hydraulic structures is the mandatory availability of inter-block construction joints,
which are caused by the need to build massive hydraulic structures with tiers and blocks with interruptions in concreting.
Previously studies of reinforced concrete structures strengthened by composite materials were conducted without taking into
account the block structure. The results of experimental studies of reinforced concrete beam structures of hydraulic struc-
tures reinforced with carbon strips having horizontal and vertical inter-block building seams are presented in the article.
Experimental studies of a series of reinforced concrete beam-type models made of concrete of class B15 with longitudinal
reinforcement from two bars. Their diameter is 10 mm and class is AS00C (percentage of reinforcement 0.39%). The used
concrete class is B25 with longitudinal reinforcement of three bars of diameter 12 mm and class A500C (percentage of rein-
forcement 0.84%). Their inter-block construction joints is before their strengthening and after reinforcement by longitudinal
and transverse carbon composite tapes. In this case, a special type of cracking was recorded, in which cracks propagate
along vertical and horizontal inter-block building seams. Due to the strengthening of reinforced concrete structures with
carbon composite strips, the strength of the structures has increased, on average, by 1.78 times.

Keywords: reinforced concrete structures of hydraulic structures, inter-block building seams, strengthening by external

reinforcement, carbon fiber tapes, experimental research

B Hacrosimiee Bpems pacipOCTpaHSETCS METOI
YCHJICHUS XKeJIe300€TOHHBIX KOHCTPYKIWI CHCTEMaMu
BHEIIHETO apMHPOBAHMSI HA OCHOBE YTJIEPOTHOTO BO-
JIOKHA. B TOM 4mCIie TOSBWICS OIPEACICHHBIA OIBIT
YCHJICHUSI JKeNe300€TOHHBIX KOHCTPYKIMH THAPOTEX-
Hudeckux coopyxenuit (I'TC). JIns obocHOBaHUS TeX-
HUYECKHUX pEIICHUH IO YCHJICHHUIO KEJIe300€TOHHBIX
KOHCTPYKIIMI THIPOTEXHUYECKUX COOPYKEHUH ObLI
TIPOBEZIEH KOMIUIEKC SKCIIEPUMEHTAIBHBIX HCCIIEI0Ba-
Huii [1; 2].

CrnenyeT OTMETUTh, YTO XapaKTEPHYH OCOOCH-
HOCTh MacCHBHBIX TupoTtexHudeckux [ TC npencras-
JISTIOT c000H MEKOJIOUHBIE CTPOUTEIBHBIC IIBHI, KO-
TOPBIC SBISIOTCSA HEOTHEMIIEMOW COCTABHOUM YacThIO
YKa3aHHBIX KOHCTPYKIIH, BEI3BAHHOW HEOOXOIMMO-
CTBIO BO3BOJUTH MX B HECKOJIKO ITAIOB C TE€PEPHI-
BaMH B OETOHHPOBAHUMU.

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

Hammune MexOI04YHBIX CTPOHUTENBHBIX IIIBOB HALLIO
CBOE OTPKCHHE B HOPMATUBHBIX JOKyMEHTAX IO POEK-
THPOBAHUIO JkeJie300eTOHHbIX KoHcTpykiwii ['TC [3; 4].

[otpeboBanock mpoBeneHNE UCCIEAOBAHUM sKe-
ne300eToHHbIX KoHCTpYKImi ['TC ¢ 6109HbIME TIBA-
MH, YCWICHHBIX BHEIIIHUM apMHUPOBAaHHEM Ha OCHOBE
KOMITO3ULIMOHHBIX MaTepHajoB C yYeTOM OTEUECTBEH-
HOTO ¥ 3apy0exXHOTOo ombITa [5—8].

Jlis 3THX Tienelt Oblila M3TOTOBJICHA CEpPHS JKEe-
300€TOHHBIX Mojienell 0alo4yHOro THMA C TOPH30H-
TaJbHBIMU U BEPTUKAILHBIMH MEKOJIOYHBIMH ILIBAMHU.

[IpoexTHBIE pa3Mepbl ONMBITHRIX OaloK: JJIMHA —
2150 mMm; BbicoTa — 300 Mm; mmpuHa — 150 M.

Jse 6amku b-115-2.1 u B-U15-2.2 usrorasnuBa-
nwck u3 OeroHa kiacca B15 ¢ pabounm mpo1oibHBIM
apMHUPOBAHHUEM U3 JIBYX CTepkHEW auamerpom 10 Mm
kiacca A500C (mpoment apmuposanus 0,39%).
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Tpetbst O6anka b-U25-1.1 usroraBnmuBanace u3 Oe-
ToHa Kiacca B25 ¢ paGouum npoaobHBIM apMHUPO-
BaHUEM M3 TpeX cTepkHEl nuameTpoM 12 MM Kiacca
AS500C (mpouent apmupoBanus 0,84%).

Bo Bcex Oankax Ha pacctosHuH 425 MM OT TOp-
LIOB yCTPaMBaINCh BEPTUKAIbHBIE MEKOIOUHBIC IIIBBI.

Taxke BO Bcex Oalikax ycTpawBajcs TOPH30H-
TaTbHBIA MEXXOJIOUHBIN 1I0B Ha paccTostHuH 90, 70 u
110 MM oT BepxHeil rpaHH COOTBETCTBEHHO.

ITonepeunas paGodast apMaTypa BBIIOJIHAJIACH
u3 crepxkHed auamerpom 8§ Mm kjacca AS500C Ha
y4acTKe MEXIY OMOPOH M BEPTUKAIBHBIM ILIBOM Ta-
KAM 00pa3oM, 4TOOBl YYacTOK MEXIy CHUIIOW U Bep-
TUKAJIGHBIM IIIBOM HE UMEIl TIONIEPEYHON apMaTyphl.

KoHcTpyKIus ONBITHRIX 6aJIOK MpeacTaBiIeHa Ha
puc. 1.
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Puc. 1. KoHCcTPpyKIMHY U CXeMBbI HCIIBITAHUMH
ONBITHBIX 0AJIOK
[Fig. 1. Constructions and testing schemes
of the experimental beams]

[Ipu ucTbITaHUAX OMBITHBIE OAJKK OMMPATHCH HA
TIOABMKHYIO (KaTKOBYIO) M HETIOJBIKHYIO (HOXKEBYIO)
OTIOpHI, pacroyiokeHHbIe Ha paccrosand 100 MM ot
TOPLIOB.

Harpy3ka npuxianpiBanachk BEpTHKAIBHO ITOCPE-
CTBOM THIPOAOMKpaTa € MaKCUMAIbHBIM YCHUIHUEM
500 xH u nepenaBanach uepe3 TOPH3OHTAIBHYIO Tpa-
BEpCy B JIBYX TOUYKax Ha paccTosHuU 450 MM OT LIeH-
Tpa Ganku. [Ipu 3TOM paccrosHre MeXIy CHIIaMH (30-
Ha «9IHCTOrO» M3rmba) coctaBmwio 900 MM, a paccros-
HHE MEXKIy CHJIaMHU M OIopaMH (IIpOJIeT Cpe3a) cocTa-
B0 525 MM. Cxema UCTIBITaHUH MTOKa3aHa Ha puc. 1.

200

HcnprTanus 0anok NpoBOIWINCH B 2 JTama.

Ha srane 1 ucnbitanmii sxene300eTOHHBIE OaIKH
Harpy’kKajauch CTyNEeHSIMHU 10 YPOBHSI, COCTABIISAIONIE-
ro okoso 70% OT Harpy3Kku, BBI3BIBAIOIIEH HAYaso
TEKy4YeCTH B IPOJIOJILHOM paboueii apmatype. [Ipu 3Tom
MIPOMCXOIMIIO PACKPBITHE BEPTUKAIBHBIX U TOPU30H-
TaJIbHBIX MEXOJOYHBIX CTPOUTENBHBIX IBOB M Pa3-
BUTHE CHCTEMBl BEPTUKAJIBHBIX (HOPMAJBHBIX) Tpe-
LIVH B 30HE JIEHCTBUS «IHCTOTO U3THOa».

Ha osrane 2 mpoBOAMINCH HCHBITAHUS TEX XKe
KeJIe300€TOHHBIX MOJieNel, YCHUIICHHBIX BHELITHUM ap-
MHPOBAaHHUEM, 10 UX pa3pylCHHUS.

Oxeiika ’kene300eTOHHBIX MOJEeNel deMeHTa-
MU yCUJIEHHUS (JIEHTaMH U3 YTJIEPOJHOr0 BOJOKHA)
MIPOM3BOMIIACK TTOCJIE TIOTHOTO CHATHS Harpy3KH.

IIpu 3TOM CiemyeT BBLIENMTH TPU IPYNIBI 3je-
MEHTOB yCHJICHHUSI MoJieJiel (BHEILIHEr0 apMUPOBAHHS).

[lepByio rpynmy BHELIHETO apMHUPOBAHMS CO-
CTaBJISUIM IPOJOIBHBIE YTIIEPOJHbIE KOMIIO3UTHBIE
nentel tuna FibArm 530/150 mupunoii 150 mwm,
HaKJIeeHHbIE Ha HIDKHUE PacTSHYThIE TPAHU OITBITHBIX
Oanok B aBa cios. IlpononpHast BHEHIHAA apMaTypa
aHKepOBaJlach MONEPEYHBIMU XOMYTaMHU U3 YIJIEpO.-
HBIX KOMIIO3UTHBIX JIEHT upuHoi 150 MM y TOpHOB
Oalox.

Bropyto rpyniy BHEIIHEro apMHpPOBAHUA CO-
CTaBJISUIM TOMEPEYHbIE XOMYTHI H3 YTIEPOIHBIX
KOMITO3UTHBIX JIEHT mupuHoi 50 MM, ycTaHaBIUBa-
€Mble B KOJIMYECTBE 3-X IITYK PABHOMEPHO C IIaromM
250 MM Ha CpeJHEM y4acTKEe MOJEICH MEXAy NByMs
CHJIaMHU.

TpeTbio TpymITy BHEIIHETO apMHUPOBAHUS COCTaB-
JISUT TIOTIEPEYHbIE XOMYTHI M3 YIJIEPOAHBIX KOMIIO-
3UTHBIX JIGHT Ha Y49acTKE cpe3a MEXIy ONOpoH u
CUJIOH.

B 6ankax b-M15-2.1 u b-115-2.2 (c mponieHTaMU
apmupoBanus 0,39%) B mposiere cpe3a ycTaHaBIMBa-
JIUCHh TIONEpPEYHbIE XOMYThI U3 YTJIEPOJHBIX KOMIIO-
3UTHBIX JIGHT mupuHON 60 MM Ha ydacTKe MEXIY
CHJION U BEPTUKAJILHBIM MEKOIOUHBIM IIBOM.

B Ganke b-M15-2.2 B mpoinere cpe3a nobapms-
JIUCh XOMYTBI U3 YTICPOOHBIX KOMIIO3UTHBIX JICHT
mupuHOH 150 MM Ha pacctosgHuu 120 MM OT Topiie-
BBIX XOMYTOB, aHKEPYIOIIUX MPOJOIbHYIO BHEIIHIOKO
apMaTypy Ha HUKHEH rpaHu 6ajok.

B 6amke b-125-1.1 (¢ mporieHTOM apMHUpPOBaHUS
0,84%) B mponere cpe3a yCTaHABIMBAIMCH IOTIEPEU-
HBIC XOMYTHI U3 YIJIEPOAHBIX KOMIIO3UTHBIX JICHT -
puHoit 375 MM Ha paccrostHuM 100 MM OT TOpLEBBIX
AHKEPYIOIIMX XOMYTOB, BIUIOTHYIO MPHUMBIKAIOIINE K
BEPTHKATBHOMY CEYEHHIO O] CHIIOH.

CxeMbl OKJIEHKU ONBITHBIX 0alI0K yIiIepOAHBIMU
KOMITO3UTHBIMHU JICHTaMU IIPEICTaBICHbI HA pUC. 2.

EXPERIMENTAL RESEARCHES
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Puc. 2. CxemMbl yCHJIEHHSI ONBITHBIX 0AJI0K
KOMIIO3UTHBIMH yIJ1€POJIHBIMH JTEHTAMM:
a—b-NU15-2.1; 6 — b-U15-2.2; 6 — b-1125-1.1;

1 — MexOnoYHbIe BB, 2 — YIJIepo/IHast JieHTa mpuHoi 150 MM (2 cros);
3 — aHKepYIOLMe XOMYThI U3 YIIIEPOAHOH JIEHTbI LIUPUHOH 150 MM;
4 — XOMyTHI U3 YIIICPOTHON JICHTHI IIUPUHOH 50 MM;

5 — XOMYTBI U3 yIJIEPOAHOM JIEHTHI B IPOJIETE cpes3a
[Fig. 2. Schemes of amplification of experimental beams
by composite carbon strips:
a—b-N15-2.1; 6 — b-115-2.2; 6 — b-125-1.1;

1 — interlocking seams, 2 — carbon tape 150 mm wide (2 layers);

3 — anchoring clamps made of carbon tape 150 mm wide;

4 — clamps from carbon tape with a width of 50 mm;

5 — clamps from the carbon tape in the shear span]

OnbiTHBIE OAKK OCHAIAINCH KOHTPOJIBHO-U3MeE-
PUTENBHON amnmapaTypol AJsl U3MEPEHUs] MPOruOoB,
PacKpBITHS MEKOJIOUHBIX MIBOB, AchopManuii 6eTo-
Ha U 3JIEMEHTOB YCHJIEHUS KOHCTpyKuuil. IIpu sToMm
HCIOJIb30BAIMCh HHANKATOPHI YaCOBOTO THUIIA, TE€H-
30pPE3UCTOPBl OMHYECKOTO COINPOTHUBICHHUS C Oa-
3011 20 u 50 MM.

B xozme srana | ucnblTanuit (10 ycuiIeHUs] KOH-
CTPYKLIMH) OBUIN TOJy4YCHBI CIEYIOIINE OCHOBHBIE
pE3yIIbTaTHI.

Bo Bcex ombITHBIX Oankax ObUT 3aUKCHPOBAaH
oco0bIi xapakTep TpemmHooOpaszoBanus. [locie pac-
KPBITUS BEPTUKAJIBHBIX MEXKOJIOYHBIX IIBOB CO CTOPO-
Hbl HWJKHEW pacTSHYTOW I'PaHU BEPTUKAIBHBIE TPEILU-
HBI 110 1IIBaM JTOCTHUIJIM TOPU30HTATIBHBIX IIIBOB U CTaJIU
MIPOJIBUTaThCsSl TOPU30HTAIBHO MO IIBY B HAIPaBICHUU
cuibl. BOmu3u cuiibl TpenyHb! BBIKIMHWINCH HAKIIOH-
HO BBEpPX WJIM BEPTHKAIBHO (pHC. 3).

Ha yuactke mMexny cunamu oOpa3oBajiach CHCTe-
Ma BEPTHKAJIBHBIX HOPMAIIBHBIX TPEIIHH.

OKCNEPUMEHTAILHBIE UCCNEROBAHMA
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Puc. 3. Cxema xapaKTepHBIX TPeLIMH
B ONBITHBIX 0aKax Ha 3Tane 1 ucnbITAHUIA:
a—b-U15-2.1; 6 - b-1U15-2.2; 6 — b-125-1.1
[Fig. 3. The scheme of the specific cracks
in the experimental beams at the stage 1 of the test:
a—b-115-2.1; 6 — B-U15-2.2; 6 — B-125-1.1]

[Ipu makcumanpnoit Harpys3ke 50 xH (yuuTsi-
Basl, UYTO HAYaJIO TEKYyUYECTH B CTCPIKHEBOU apMaType
OXKHIa10ch mpu Harpys3ke 75 kH) packpeitre ropu-
30HTaJIBHOTO MBa cocTaBuiio 0,8 MM B TiepBoii Oake
(b-115-2.1) u 1,6 mm Bo BTOpOIi Oanke (b-M15-2.2).
PackpblTe HaKJIOHHON TpPEUIUMHBI, HAIIPABICHHOU K
cuie, coctaBmio 0,5 MM B mepBoit 6anke u 0,9 MM BO
BTOpOoi Oanmke. MakcuMmanbHOE PacKpBITHE BEPTHU-
KaJIbHBIX HOPMAJIBHBIX TPEIIUH cocTaBuio 0,28 MM B
riepBoit 6anke 1 0,2 MM BO BTOpOit Oaike.

I'paduku nporn6oB onbITHBEIX O0anok b-M15-2.1
n b-N15-2.2 B uenTpe nposera U MUPHUHBI PacKpbl-
THSl HOPMAJIBHBIX BEPTHKAIBHBIX TPEUINH Ha IIEPBOM
JTare UCIBITaHUM MpeJICTaBIeHbI Ha puc. 4 1 5.

AHanornyHasi KapThHa TPEIMHOOOpa30BaHUs OT-
Medanack B Oamke b-M25-1.1, xotopas moBoaunach
no Harpy3ku 120 kH (yuuThiBas, 9T0 Ha4ajao TeKyde-
CTH B apMarype OXUAaIoch mpu Harpyske 160 kH).
PackpeiTre ropusoHnTansHoro mga coctasuiio 0,9 M,
PAacKpbITHE HAKJIOHHOW TPEIIMHbBI, HAIIPABIEHHON K CH-
ne, coctaBwio 0,7 MMm. MakcuMaimbHOE pacKpbITHE Bep-
THKAIBHBIX HOPMAIBHBIX TpelwH coctaBuio 0,25 mm.
I'paduku mporuboB ombiTHOM Oanku b-NM25-1.1 B uen-
Tpe MpoJieTa U MIUPUHBI PACKPBITHS HOPMAIBHBIX BEp-
TUKAIBHBIX TPEIIMH Ha 3Tane | HCHBITaHWM mpen-
cTaBJeHbI Ha puc. 4 u 5.
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Puc. 4. Ilporudsl onbITHBIX 0AJI0OK B LIEHTPE MpPoJieTa
Ha JTane 1 ucnbITanuii
[Fig. 4. Deflections of the experimental beams
in the center of the span at the stage 1 of the test]
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Puc. 5. MakcumajibHasi LIMPUHA PACKPBITUS
BEPTUKAJILHBIX HOPMAJILHBIX TPEIUH
B Cpe/IHeii YacTH mpoJjieTa Ha Tane 1 ucnbITaHuii
[Fig. 5. The maximum width of the opening
of the vertical normal cracks in the middle part
of the span at the stage 1 of the test]

Ha stane 2 ucneiTanuii nocie CHATUS Harpy3Ku
M OKJICHKH MOJEJICH dJIeMEeHTaMH yCUJICHUS OBLIH
MOJTyYeHB! CIEAYIOLINEe OCHOBHBIE pe3yabTaThl. Cie-
IyeT OTMETUTh, YTO IOCIE CHATHS Harpy3Kd Ipo-
M30IIUI0 YaCTUYHOE WJIH MTOJIHOE 3aKPhITHE TPELIHH.

IIpu mocnemyromeM HarpyXeHUH 3JIEMEHTHl YCH-
JIEHUs! TIPETISITCTBOBAJIN PACKPBITUIO IIIBOB U TPEIIHH.

B mnepsoii (b-M15-2.1) u Bropoii (b-MN15-2.2)
OTIBITHBIX OalKax Harpy3KH pa3pylleHHUs COCTaBHIU
125 u 100 xkH cooTBeTcTBEeHHO (TIpH Harpy3ke Hava-
Jla TEeKy4ecTu B Oankax Oe3 ycuneHus, papaoit 75 kH),
4yto B 1,67 u 1,33 pa3a npeBbICHIIO HArPY3Ky Havasia
TEKy4YeCTH B ONBITHBIX Oankax 0e3 yCHIICHHS.

B nponete cpesa nepBoii 6anku oOpazoBanack
HAKJIOHHAs TPEIMHA, [I0 KOTOPOH BIIOCIEACTBUH
MpoOM30MUIO pazpyiieHue (puc. 6, a). Ilpu sTom
IIMPUHA PACKPBITHS HAKJIOHHOW TPEIIMHBI COCTa-
Bunaa 1,5 mm.

B nposere cpesa BTOpoii Oaku B MPOCBETE MEXK-
Iy BEPTUKaJIbHBIMA XOMYTaMHU BO3HHKJIA HAKIIOHHAS
TPEIIMHA IUUPUHONU PacCKphITUA 1,2 MM, IO KOTOPOM
BITOCJICICTBHH TIPOM3OIILIO paspyieHue (puc. 6, 6).

I'paduku mporn6oB onbITHEIX Oanok b-1M15-2.1
u b-N15-2.2 B ueHTpe nmposneTra U WHUPUHBL PACKPHI-
TSI HOPMAJIbHBIX BEPTHKAJIbHBIX TPELIVH Ha 3Tane 2
WCIIBITAaHHUM IIpeICTaBIeHbI Ha puc. 7 u 8.
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Puc. 6. Cxembl TpelIuH pa3pyllieHHs1 ONBITHBIX 0a10K
Ha 3Tane 2 HCNbITAHUIA:
a—b-115-2.1; 6 - b-115-2.2; 6 — B-N25-1.1
[Fig. 6. The scheme of the cracks of the experimental
beams destruction at the stage 2 of the test:
a—-B-W15-2.1; 6 - B-U15-2.2; 6 — B-125-1.1]
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Puc. 7. IIporudsl onbITHLIX 0aJI0K B LEeHTPe MpoJieTa
Ha 3Tane 2 HCHBITAHMIT
[Fig. 7. Deflections of the experimental beams
in the center of the span at the stage 2 of the test]

Cremyer oOpaTUTh BHIMAHUE Ha PACIIONIOKEHHIE TO-
PH30HTAJIBHOTO IIBa BO BTOPOH Oaske (Ha paccTOSHUU
70 MM OT BepxHel rpaHH) MPaKTHIECKU Ha yPOBHE Hell-
TPaJIbHOM OCH, I IEUCTBYIOT MaKCUMaJIbHbIE BTOPHUY-
HBIE BEPTHKAIbHBIC paCTATMBAIONME HAmpshkeHus [3;
4]. O1uM 00ycioBIUBaeTCSl OOJbIIEEe PACKPHITHE TO-
puzoHTansHOrO mBa (1,6 MM) Bo BTOpOIi Oalke, yem
B iepBoii 6anke (0,8 MM) Ha TIEpBOM dTaIle UCTIHITAHMS.

YuuThIBas NPUBEAEHHOE BHIIIE OOCTOSATENHCTBO,
a TaK)Ke MEHBIIYIO MMPOYHOCTh HA pacTshKeHHE OeTo-
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Ha BTOpoii O6anku (1,49 Mlla) o cpaBHeHuro ¢ Oe-
ToHOM TiepBoii Oanku (1,74 Mlla), MoxHO 00BsC-
HUTH MEHBIIYIO HArpy3Ky pa3pylieHHs] BTOpPOH Oa-
ku (100 kH) mo cpaBHeHMIO ¢ HArpy3Koil paspyiie-
Hus iepBoit 6anku (125 kH).
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Puc. 8. MakcumaabHasi LIMPUHA PACKPBITUS
BePTHKAIBHBIX HOPMAJILHBIX TPeLIMH
B CPe/IHeil YacTH IPOJIeTa HA JTale 2 UCIbITAHMI
[Fig. 8. The maximum width of the vertical normal
cracks opening in the middle part of the span
at the stage 2 of the test]

Paspymenne tperneii 6anku b-M25-1.1 mpouso-
nuro mox Harpys3kout 375 kH (mpm Harpys3ke Hadaia
TeKkyuecTd B Oanke Oe3 ycwieHus, paBHoi 160 kH)
BCJIE/ICTBUE pa3pblBa T'OPU3OHTAIBHOM YTIEpOIHON
KOMITO3UTHOM JICHTHl YCWJICHHMS Ha HU30BOW TpaHH,
4yTO B 2,34 pa3a NpeBbICWIIO HArpy3Ky Hadaja TeKyde-
¢t B Mozensix 6e3 ycwienus (160 kH).

[lepen paspyuieHreM IPOU30NLIO 3HAYUTEIBHOE
PacKpbITHE HAKJIOHHOHN TPEIIUHbI U OTCIOeHHE Oe-
TOHA moj cujoi (puc. 6, ¢). [Ipu 3TOM mupUHA pac-
KPBITHS HAKJIOHHOH TPEIIMHBL, 00pa30BaBIICHCs B TIPO-
CBETE MEXIy XOMyTaMH, cocTaBuia 2,15 MM, a Bep-
THKQJIBHOM HOPMAJIbHOM TPEIIMHBI B CPEIHEH 4acTH
nponera — 0,56 Mm.

I'pacdmku mporuboB omeiTHOM Oanku b-M25-1 B
LEHTpPE MPOJIETa U IUPUHBI PACKPHITHUS HOPMATbHBIX
BEPTUKAJIBHBIX TPEIIMH Ha BTOPOM JTare HUCIbITa-
HU npeacTaBieHbl Ha puc. 7 u 8.

Takum 00pa3oM, pe3ysbTaThl IPOBEAEHHBIX 3KC-
MepUMEHTANBHBIX HCCIIeI0OBaHUH TOKa3alu, YTO YCH-
JieHue kene300eToHHbIX KoHeTpyKimii ['TC, ocnabnen-
HBIX MEXOJIOYHBIMHU CTPOUTENBHBIMH [IIBAMH, BHELITHUM
ApMUPOBAHUEM U3 YIJIEPOIHBIX KOMIIO3UTHBIX JIEHT IIO-
3BOJIMJIO TIOBBICUTB NIPOYHOCTH B CpeiHEM B 1,78 pasa.

Taxoke OB BBISIBIECH OCOOBIN XapaKTep TpeILu-
HOOOpa30oBaHMUs, 0OYCIIOBICHHBI HATUIHEM BEPTH-
KaJbHBIX U TOPU3OHTANBHBIX MEXOIOYHBIX CTPOH-
TEJIbHBIX IIBOB.

[Ipu sToM OBITO 3a)UKCUPOBAHO BIMSHHUE pac-
MOJIO’KEHUS] TOPU30HTANBHBIX IIBOB B TIEPBOIl U BTO-
poii Gankax Ha ITUPUHY PACKPBITHS ATHX IIBOB U HA
HECYyILYI0 CIIOCOOHOCTHh OMBITHBIX Oanok. Pacmoo-

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

KCHUE TOPU3OHTAIBHOTO 1IBa OJIMKe K HEHTpaIbHON
OCH BO BTOPO# Oaike 00yCI0BUIO OOMbIlIee PacKphl-
THE TOPH30HTAIBEHOTO IIBA U CHIDKCHHE pa3pylIaio-
el Harpy3Kd BTOPO# Oalku MO CpaBHEHUIO C Iep-
BOH OaKO.

N3ydgenne ocoboro xapakrepa TPENHO00pas3o-
BaHHS IPU HAJTMYUH MEKOJIIOUHBIX [IBOB Pa3IMYHOTO
HAaIpaBJICHUs] TTO3BOJISIET YIPABIATH MPOLIECCaMH pea-
JM3alUM TEXHUYECKUX PEIICHUN TPH yCUIICHUH, pe-
MOHTE, PEKOHCTPYKIMH YKEIe300€TOHHBIX KOHCTPYK-
LU THAPOTEXHUUECKUX COOPYKECHHUH.

© Py6un O.J., Jlucuukun C.E., ®ponos K.E., 2018
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OB30P METOZ10OB U PE3YJIbTATOB S9KCHEPUMEHTAJIbHBIX HCCHEI[QBAHHfI
CTAJIBHBIX U CTAJIEBETOHHbBIX KOHCTPYKIHUMU ITPU OCOBBIX BO3JEUCTBUAX

A.B. AJIJEKCEMLEB', H.C. KYPUEHKO?

lHaLII/IOHaHLHHﬁ HCCIIEI0BATENbCKU MOCKOBCKUM TOCYJaPCTBEHHBI CTPOUTEIBHBIN YHUBEPCUTET
Apocnasckoe wocce, 0. 26, Mockea, Poccus, 129337

*BpSIHCKHUI TOCY JapCTBEHHBIH HHKEHEPHO-TEXHONIOTHYECKUH YHUBEPCUTET
npocnexkm Cmanxe fumumposa, 0. 3, bpanck, Poccus, 241037

(nocmynuna 6 pedaxyuro: 26 nexabps 2017 r.; npunama x nyoauxayuu: 21 anpens 2018 r.)

B craTtbe BbINONHEH 0030p COBPEMEHHBIX IKCIIEPHMEHTANIBHBIX HCCIIEIOBAaHMH CHIIOBOTO CONPOTHUBIICHMSI Hamboiee
pacnpocTpaHEHHBIX CTAJIBHBIX U CTaJeOSTOHHBIX CTPOMTENIFHBIX KOHCTPYKIHH B 3alpeleibHBIX COCTOSHUSX. BBISBICHBI
OCHOBHBIE HAIpaBJICHHUS TTOCTAHOBOK SKCIIEPHUMEHTOB IPH HEKOTOPHIX TUIIAX OCOOBIX BO3JCHCTBUI, BIUIOMINX Ha oOecIre-
YeHHE MEXaHMIECKOW 0e30MacHOCTH COOpYKeHHH. PaccMOTpEeHBI M3TI0KEHHBIE B COBPEMEHHOW HAYYHOU JHTEpaType dKC-
MepUMEHTAIbHBIC MCCICIOBAHUS KUBYIECTH CTABHBIX M CTAIEOCTOHHBIX IIACTHHIATO-CTEP)KHEBBIX DIIEMEHTOB COOpYKe-
HUH [IPH JOKAIBHBIX TOBPEKICHUAX KOIOHH. ONHUCHIBAIOTCS UCTIBITAHUS IIACTUHYATHIX U JIETKUX CTAJIBHBIX TOHKOCTEHHBIX
KOHCTPYKLMH Ha JEHCTBUE LUKIMYECKON 3HAKOIIEPEMEHHOM Harpy3ku. [IpuBoadrcs NaHHbIE 110 MIPENEIbHBIM CTATUYECKUM
HATrpy>XEeHUSAM OaJloOK M MPOCTPAHCTBEHHBIX PAMHBIX CHCTEM. Y IeIEHO BHUMAaHHUE HCIBITAHUAM KOHCTPYKIIMHA Ha KOMOWHU-
pOBaHHBIE yJapHbIE W B3pbIBHbIE Bo3leicTBHA. VccnenoBanus WLTIOCTpUPYIOTCs (oTorpagusiMu U cxemamu Jjraboparop-
HBIX 00pa3loB M HAaTYpHBIX 00BEKTOB. [1o pe3yabpraTam 0030pa JiesiaeTcsi BBIBOJ O MEPCHEKTUBAaX ajJbHEHIINX UCCIenoBa-
HUH J)KUBYYECTH CTAJIbHBIX KOHCTPYKIHH MPH 3aPOEKTHBIX BO3/AeHCTBUsIX. OTMeUaeTcsi HEOOXOAMMOCTh PACIIUPEHUST HO-
MEHKJIaTypbl HOPMUPYEMBIX THUIIOB 3aIPOEKTHBIX BO3/EHCTBUI, YTO MO3BOJUT Ooiiee 3((EKTHBHO BBINOJIHATH KOMIUIEKC
NIPEBEHTUBHBIX MEPONPHUATHH, 00ECIIeUnBaIOIMX MMOBBILICHHYI0O MEXaHUUECKYI0 0€30MacCHOCTh COOPYKEHUH M MUHUMH3a-
U0 TIOTCHIMAIBHBIX PUCKOB MaTePHAIFHBIX U COIIMATBHBIX IOTEPh PH BOSHUKHOBCHHUU aBAPUIHBIX CHUTYalHH.

Ki1roueBble €j10Ba: 3KCIIEPUMEHTAIBHBIE HCCIIEIOBAHNS, 3alIPOCKTHBIC BO3JICHCTBHA, B3PHIB, yaap, YAAIEHHE OIOD,
IpelieNbHOE HarpyXKeHHe, HaTYPHBII SKCIIEPUMEHT, JIab0OpaTOpHbIE UCIIBITaHU

REVIEW OF METHODS AND RESULTS OF EXPERIMENTAL INVESTIGATIONS
OF STEEL AND STEEL CONCRETE STRUCTURES UNDER SPECIAL IMPACT

A.V. ALEKSEYTSEV', N.S. KURCHENKO?

'Moscow State University of Civil Engineering (National Research University) (MGSU)
26 Yaroslavskoye Shosse, Moscow, 129337, Russian Federation

*Bryansk State University of Engineering and Technology
3 Stanke Dimitrov Prospekt, Bryansk, 241037, Russian Federation

(received: December 26, 2017; accepted: April 21,2018)

The modern experimental studies review of the resistance of the most common steel and steel-concrete building struc-
tures in emergency conditions is performed. The main directions of experimental design are revealed under certain types of
special influences that affect the mechanical safety of structures. An overview of the experimental studies of steel and steel-
concrete lamellar-structural elements survivability in local damage to columns, described in the modern scientific literature
is presented. Tests of lamellar and light steel thin-walled structures on the effect of cyclic loading are described. Data on
the limit static loads of beams and spatial frame systems are given. Attention to testing of structures for combined impact
and explosive effects is paid. Photos and diagrams of laboratory samples and objects are given. As a result of the review,
a conclusion is made about the prospects for further studies of the survivability of steel structures under emergency actions.
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It is noted, that now there is a need to expand the nomenclature of standardized types of emergency actions. That will allow
to more effectively carrying out a complex of preventive measures that let us to increase the mechanical safety of structures
and minimize potential risks of material and social losses in the event of emergencies.

Keywords: experimental studies, emergency actions, explosion, impact, removal of supports, limit loading, full-scale

experiment, laboratory tests

Beenenmne. [IpoGirema obecriedeHUs )KUBYUECTH
HECYIIMX KOHCTPYKLMM 30aHUN U COOPY>KEHHUM SBIISI-
€TCsl OHOM M3 LIEHTPAJIbHBIX B COBPEMEHHOW CTpPOHU-
TenpHOUM Hayke [1-4]. s pemieHus psma 3amad 1o
JTAHHOMY HalpaBJIeHUIO pa3paldaThIBalOTCSI HOBBIE Me-
TOZBI pacyeToB, OCHOBOM BepH(MKALMK KOTOPBIX 4a-
CTO SIBIISFOTCS TaOOpaTOpHbIE WIH HATYPHBIE HCIBITA-
HUS. JIa mOocTaToyHO pacmpoCTpaHEHHBIX JKene300e-
TOHHBIX KOHCTPYKIMH B HACTOsIIIee BpeMsi B JaHHOM
HAIpaBJICHUH MIPOBEJCH 3HAYUTENBHBIN 00BEM DKCIIe-
PUMEHTAITLHO-TEOPETHUCCKUX HCCIIeAOBaHuH [1; 5; 6].
HanmMenee u3y4eHHbIMU TIPENICTABIISIOTCS BOMPOCHI
9KCTIEPUMEHTANBHBIX HCCICIOBAHUN CTaJIbHBIX KOH-
CTPYKUHMI TIPH BO3JCUCTBUAX, HE TPEITYyCMOTPEHHBIX
HOPMAJIbHBIMH YCJIOBUSIMU JKCITTyaTaluu (3arpoeKT-
HBIX BO3/CHCTBUSAX). B 94acTHOCTH, MMEIOT Ba)KHOCTB
OTIBITHI, U3YYAIOIINE JUHAMUYECKOE TIOBE/ICHHE CTab-
HBIX W CTaICOCTOHHBIX KOHCTPYKIWH. B Hacrosiei
CTaThe MPHUBOIUTCSA KPAaTKOE OMMCAHHWE SKCIIEPUMEH-
TAJILHBIX MCCIICOBAHUIM OalOYHBIX, PAMHBIX W ILIa-
CTHHYATHIX OOBEKTOB CO CTAIBHBIMH KOHCTPYKIIHSIMHU
IIPY MCIBITAHUSIX HA 3aIIPOEKTHBIE BO3eiicTBYs. Llenbro
paboTHI SIBIISIETCS AKTyaln3alysl OCHOBHBIX HarpaBe-
HUH OIBITHOTO M3yYEHHS )KUBYYECTH TAKHX OOBEKTOB.

HampaBiennsi 3kcnepuMeHTAIbHBIX HCCIIEN0-
Banui. Kak mis Mmozeneit (;maboparopHbix 00pasuos),
TaK U JUI1 HATYPHBIX COOPYKEHUH paccMaTpUBAIOTCS
CIIeIyFOIre OCHOBHBIE BU/IbI HATPY KEHUH:

— JIOKaJIbHOE MOBPEKACHNUE OJJTHON M HECKOJIBKUX
OTIOp, B TOM YKCIIE U € TIOCTEAYIOIUM B3aUMOJICHCTBY-
€M TIOBPEXKIEHHOM KOHCTPYKITHH C ITPerpaiaMu;

— HUKJIMYEcKas 3HaKOIepeMeHHasi TOPU30HTaNb-
Hasl Harpy3Ka, UMUTUPYIOLLIAs HICATU3UPOBAaHHOE Celic-
MHYECKOE BO3/ICHCTBHE;

— y/IapHBIE HArpy3KH, BKITIOYAOIIHE JIOKAJIbHOE -
HaMHU4eCKO€ BO3JIEUCTBHE OT pa3rpy3KH, OBPEXKICHUS
OT HEYNpYyTroro yiapa, B3aUMOJEHCTBHE C B3PBHIBHOM
BOJIHOW, KOMOMHHUPOBAHHEIC YIapHBIC BO3ICHCTBUS;

— cTaTUYecKas paspyllaiolias Harpyska Ipuy mpo-
CTBHIX JeOpMaIHAX U CIIOKHOM COTIPOTUBIICHHH.

I[HHaMH‘IeCKI/Ie HCNbITAHUSA
Ha JIOKAJIbHBIC MIOBPEKIACHUSA OIIOP

DKCTHO3UITHS HEKOTOPBIX CXEM Ja00opaTOPHBIX
CTEHJIOB U O00BEKTOB, Ha KOTOPBIX U3Yy4alOCh JIO-
KaJbHOE TIOBPEXKJICHUE OTIOp, MPHUBECHA Ha puc. 1-7.
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Jamum KpaTkoe OonrcaHue 3THX SKCIEPUMEHTATBHBIX
pabor.

B crarbe [7] paccmMaTpuBaeTCsi CONPOTHUBIIsAC-
MOCTh MOJIEIH TPEXMEPHOH IJIaCTHHYATO-CTEPKHE-
BOM KOHCTPYKIIMH (HECYLMI CTAILHONM KapKac U mepe-
KpPBITHE) 3aPOEKTHOMY BO3JCHCTBHUIO B BUIE yaae-
HUS KOJIOHHBI. [lepeKxphITHe BBIIOJHEHO OETOHHBIM
C BHEIIHUM apMHPOBAHWEM CIUIOIIHBIM CTATHHBIM JIH-
CTOM U COEJIMHEHO CBAapKOU CO CTEPIKHEBOM CUCTEMOM
Kapkaca. B xoze sxcnepuMeHTa U3MEPSUTUCH Jedop-
Malnuu U nepemenieHus. [ ananmza mepepactpe-
JIeTICHHUsI CHJIOBBIX TOTOKOB HaNpsHKEHHO-Ie(OpMH-
POBaHHOE COCTOSIHUE Ka)KIOr0 KOHCTPYKTHBHOTO 3Jie-
MEHTA HCCIIEI0BATIOCH AOTOMHUTENBHO. CrcTemMa Oblia
JIOBEJIeHa IO MCYUEPIaHHs HeCyIled CIoCOOHOCTH C
00pa3oBaHMEM 30H JIOKAIBHBIX Pa3pyILICHUH ITUTHI
Y TUTACTUYECKUX IAPHUPOB B CTEPIKHAX.

B crateax [8; 9] uccnemonaics s dexT obmeit
CONPOTHUBIISIEMOCTH MHOTOIIPOJIETHBIX TIPOCTPAHCTBEH-
HBIX paM 3JaHU{ BO3JEHCTBHIO B BUAE YIAJCHHSI
cpenHel konoHHEL. B pabote [10] cTaBuimch dKcie-
PUMEHTBHI MO0 aHAIN3Y >KUBYUYECTH pPaM IPH pa3iind-
HBIX KOHCTPYKIHSIX OOJTOBBIX CTHIKOB. B skcmepu-
MeHnte [11] uccnenyercst COMPOTUBISIEMOCTb IPOTpec-
CHUPYIOIIEMY pa3pymIeHHIO ABYXIPOJIETHOW paMbl
MOBBIILICHHON >KUBYYECTH, 00OpYyIOBaHHOW CTpaxo-
BOYHBIMH TsDKaMHU. DKCIIEPUMEHTAIBHBIM ITyTEM IS
JMAHHOW KOHCTPYKITHH OBLI ompeneneH KodhhUIIMeHT
KOHCTPYKIMOHHOTO eMidupoBanus mo Penero. Cmex-
HBIM HAalpaBJICHUEM JTHUX HMCCIEIOBAHUU SIBISETCS
y4eT B3aUMOJICHCTBUS MTOBPEKACHHON KOHCTPYKITUU
¢ Hepaspymaemoi mperpagoi [12]. Takoit Tum Bo3-
JEWCTBUM SBIISIETCA XapaKTEPHBIM IS psAa aBapHii-
HBIX CUTYyaIllii Ha 00BEKTaX CTPOUTEIHhCTBA. Llenbro
JMAHHBIX HSKCIEPUMEHTANBHBIX HCCICIOBAaHHUHA SBIIS-
Jlach TIPOBEpKa TOYHOCTH METOJUK pacyera IMoBpe-
JKTaeMbIX CHCTEM Ha 3TOT THIl HATPYy>KEHUS.

Pa6oTsr [13—18] mocBsImeHbl yIaIeHHIO KOJIOH-
HBI 00pa3ia B BUJIE KOMITO3UTHOW PaMBbl C PUTEIISIM,
COCTOSIIIMMH M3 CTalbHBIX MPOKATHBIX MpoQuiIed u
JKECTKO COCTMHEHHOM ¢ HUMH XKeJIe300€TOHHOW TIIH-
Tol. CTBIKM pUreNieil ¢ KOJOHHaM{ OCYILECTBIIINCH
OontoBeIM coeauHeHueM. B pabore [13] uccnenosain-
cst 9pPEeKT OT YyCHIICHHUS Y3IIOBBIX COSAMHEHUH TMOJ-
KPEIUIAIOINMY IJIaCTUHKaMU. BBISIBIEHO, 9TO paMel
XOPOILIO COTPOTHUBISIOTCS TAaKUM BO3ACHCTBUSM,
OlpelieNicHbl  PalOHANIbHBIE YTl YCTaHOBKH IUIA-
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CTHHOK, MO3BOJIsIIOIIUE OoJiee 3((EKTUBHO pactpe-
JIENIATH CHIIOBBIE TIOTOKU TPU JHHAMUYECKHX JIOTPY-
JKEHUSIX.

B cratbe [19] paccmarpuBaeTcst sKCIepUMEHTATb-
HOE MOJICNTMPOBaHNE HATIPSDKEHHO-1E(OPMHPOBAHHOTO
COCTOSIHHSI (pparMeHTa MIECTHITAKHOTO 3IaHUS MPH
yaaieHun KoJoHHbBI. KoloHHa ynanseTcs ¢ TOMOIIHI0
MEXaHWYECKOT'0 aKTyaTopa, CIBHUTAIOIICr0 KOJOHHY.
Y3110BbIe COEAMHEHHs BHIOMHEHBI HA O0NTax, COenu-
HSIOIIMX (pJIaHLBI OAJIOK U TMOsica KOJIOHH. Y CTaHOBIICH
XapakTep H3MCHCHUA BCPTHUKAJIIBHBIX HepeMEIlIeHI/Iﬁ
BO BPEMEHH W XapakTep AchOpMUPOBAHHUSI OAlIOK U
Y3JI0BBIX COCTUHEHWH. BBIICHEHO, 9TO OONTOBEIE CO-
€IMHEeHUS TIPY 33/IaHHOM BHUZE BO3/ICHCTBUU IMO3BO-
JSOT 3QPEKTUBHO pacpeAesTh CHIOBbIC TOTOKU U
HE JOMYCKAaTh MPOrPECCUPYIOIIETO pa3pyILICHHS.

B pabotax [20-22] uccienyrorcsi Hepa3pe3HbIe
CTanbHBIC OATKHU TIPH YAAJICHUN OJHOU w3 omop. Ore-
HUBaeTcsA d(QPEKT TMHAMUYIESCKOTO JOTPYKEHUS B 3a-
BHCHUMOCTH OT YPOBHSI HAIPSHKEHHO-/Ie(hOPMHUPOBAH-
HOT'O COCTOSTHUS KOHCTpYKUuU. [Ipu 3ToMm yaaneHue
OTIOp MOJIEIUPYETCS HE OOBIYHBIM MEXAaHUYCCKUM
CIIOCO0OOM, a C MOMOIIBIO 3JICKTPOMArHHUTA.

Oco060r0 BHUMAaHUS 3aCTyKABAIOT SKCIIEPUMEH-
Thl Ha PC€aJIbHbBIX COOPYXKCHHUAX U CTAJIBHBIX paMax
B cocTaBe uX kapkacoB [23-27]. Tak, B pabote [23]
MccIeoBalcs mporecc aeGopMHUPOBaHUS PEabHOTO
3[aHMs, TIOJUIEKAIIETO CHOCY, TIPH MOCIIEIOBATEIBHOM
yAaJeHUH JI0 4-X KpallHUX KOJIOHH IMOTIEPEYHOH pa-
MBI 37aHus. V3MepsuInch repeMeleHust 1 Harpys>KeH-
HOCTh cTepkHel. [Ipu 3ToM AJi OLlEeHKH YpOBHS Ha-
MPSDKEHHOTO COCTOSIHHS BBIUMCISIICS KO3 UIMEHT
K = Muw/M, <1, Tne M,, — MOMEHT, IpH KOTOPOM B
CEUYCHHUH CTAIILHON paMbl 00pa3yeTcs IIaCTUISCKUN
apHup. C IOMOUIBIO BBIITOJTHEHHBIX 3KCIIEPUMEHTOB
MPOBEPSIACh KOPPEKTHOCTh WCIIONIL30BaHHS JIBYMEp-
HBIX ¥ TPEXMEPHBIX MOJEIEH ISl KOHEYHO-DJIEMEHT-
HBIX PacyueToOB MPOCTPAHCTBEHHBIX OOBEKTOB MPH OBICT-
POM yJlaJIEHUH CTOEK U3 pacueTHOU cxeMbl. [loka3bl-
BaeTCs, UTO /I YAAICHUs] KpaifHNX KOJIOHH KaK JIBYX-
MEpHBIE, TaK ¥ TPEXMEPHBIE MOJIENN TIPH CPaBHEHHUH
C 3KCIICPUMEHTAIBHBIMHU JITAHHBIMHU JIAIOT yJIOBJIETBO-
pHUTENBHBIE Pe3yIbTATHI.

B paborte [28] mccnemyercss Hecymias criocod-
HOCTh PaMHBIX TOHKOCTEHHBIX CTaJIBbHBIX KOHCTPYK-
U TIpU Tpocajikax TPYHTOBOTO OCHOBaHUS. Bo Bcex
paccMaTpuBaeMbIX CHCTeMax cOOp SKCIEepPUMEHTab-
HbIX JaHHBIX BBIMOJHACTCA C IOMOLIBIO COBPEMCH-
HBIX MPOMBIIIICHHBIX CUCTEM cOOpa JaHHBIX, OCHO-
BaHHBIX Ha MIPUMEHEHWH KPEHTOB C aHAIOTOBO-IIH(}-
POBBEIMH TIpe0Opa3oBaTeNs MK, YHUBEPCATBHBIX MHO-
TOKaHATBHBIX MOJyJIEH, COSAMHEHHBIX C TMHEWHBIMU
CTepP>KHEBBIMHU, TPOCOBBIMU WJIM JIa3¢PHBIMH JIaT4H-
KaMH nepeMereHnid. 3Mepsuinch npenMyIecTBEHHO

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

nepeMeneHuss U JepopMaluy BO BPEMEHU JIS TIO-
BpEKIAEMBIX cUCTEM. B pesysnbTaTe mpoBeneHHs Ta-
KOT'O POJIa UCCIIEIOBaHMM ObLTH BBISBIICHBI XapaKTep-
HBIE 3aKOHOMEPHOCTH JUHAMUYECKOTO IOBEICHMUS
CTAJIHBIX PaM MPH YIAJTICHUN OJHON MM HECKOJIBKUX
CTOEK.

Puc. 1. Ynanenue cpeaneii KOJIOHHbI
NMPOCTPAHCTBEHHOI PaMHOIi cMCTeMBbI
¢ KOMIO3HTHBIM NepPeKpbITHEM
[Fig. 1. Removing the middle column
of a spatial frame system with a composite overlap] [7]

Puc. 2. JlokanabHOe MOBpPEKIeHNE
NonepevHoii paMbl NOBBIIIECHHOI JKUBY4eCTH
[Fig. 2. Local damage to the transverse frame

of increased survivability] [11]

Puc. 3. BoIki1loueHue onopol B pame,
B3auMojeiicTByIOLIeil ¢ nperpaaoi
[Fig. 3. Disconnection of the support in the frame,
interacting with balk] [12]
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Puc. 4. Ynanenue cpeaHeii KOJIOHHBI IIOCKOM PAMHOIi CHCTeMbI
[Fig. 4. Removing the middle column of a flat frame system] [13]

Puc. 5. ITocienoBaTe/IbHOE y1ajieHUe KOJIOHH B 3IaHHH
[Fig. 5. Consecutive removal of columns in the building] [23]

Puc. 6. Boiki1ioueHue cpeneii onopsl B siueiike 31aHus
[Fig. 6. The disconnection of support
in the middle of the building cell][19]
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Puc. 7. Beixinoyenne onopsl B [1-o0pa3Hoii pame
[Fig. 7. Disconnection of the support in a U-shaped frame] [20]

HcnbiTanusa
Ha KBa3HcelicMHUYecKHe BO31eiCTBUA

HcnpiTanusi KOHCTPYKIMH Ha MUKJINYECKYIO TO-
PHU3OHTAIBHYIO Harpy3Ky u300pakeHsl Ha puc. 8—10.
[IpuBenem kpaTkoe ONMCAHUE TAKUX IKCIICPUMEHTOB.

B crarbe [29] skcriepuMEHTAIBHO UCCIISI0BATICS
CIBUT IUIACTHHOK, OMEPTHIX O JBYM CTOPOHAM IIpH
TUHAMUYECKUX HATrpPYKCHUSX, B BHIC LUKIMYECKHU
TTOBTOPSIFOLIIMXCS TOPU30HTAIBHBIX CHIIOBBIX BO3JIEH-
CTBUM, AQHAJIOTMYHBIX HICATU3UPOBAHHBIM CEUCMHU-
yeckuM. M3mepsuch aedopmanmu BO BpeMEHH IS
CIUIOIIHBIX W TePPOPUPOBAHHBIX OOpA3IOB Pa3IIN-
HO# ToMMHEL [lomydeHHbIe pe3yapTaThl MOTYT OBITH
WCTIONB30BaHbI TIPH TPOEKTUPOBAHUM OaJlOK CO CIUIOII-
HOHM ¥ mep¢OpHUPOBaHHON CTEHKOH B 3AaHUSX, pac-
ITOJIO’KEHHBIX B CEICMUYECKH OTACHBIX pallOHAaX.

B paborax [30-32] paccmaTpuBaeTcsl moBene-
HUE MJIACTUH, MOAKPETIEHHBIX CTEPKHSIMU MPU CEH-
cMuyeckux Harpyskax. CtaTes [33] mocBdileHa Hc-
CJICIIOBAHUIO COTPOTHBIICHUS OOKOBOH ITUKIMYECKOH
Harpy3ke paMHOW KOHCTPYKIIMH C TOHKOCTCHHBIMU
IJIacTHHAMHU, pPabOTAarOIUMU Ha CABHT. Takke UCTIBI-
THIBAJIMCh HA CEHCMHUYECKUE BO3JECUCTBUS U TOHKO-
CTCHHBIC CTep)KHEBbIC cucTeMbl [34—37]. Ha nabopa-
TOPHBIX 0oOpasiax [34] uccrnenoBanach Hecylnas CIo-
COOHOCTh TIPU KPYUYEHUH TOHKOCTEHHBIX Mpoduiei
Pa3NUYHBIX CEYEHWH MPH MEPUOTUIECKH TTOBTOPSIO-
LIUXCS TOPU3OHTANBHBIX HArpy3Kax, MOJCIHUPYIOIIUX
celicMuyeckue BozzaercTBus. MccnenoBanock Bius-
HUE TIOCTAaHOBKH pedep KECTKOCTH Ha CHIIOBOE CO-
MIPOTUBJIEHNE CTepPKHSI. B pe3ynbTaTe yCTaHOBIEHO,
YTO TIPH TAKWX BO3JCHCTBHSX MOCTAHOBKA pedep kKecT-
KOCTH TIO JUTMHE TIPO(UIIS HE BCeT/Ia MPUBOIHUT K yBE-
JIMYEHHIO TIPOYHOCTH 00pa3IoB.

PaGoter [35-37] mocBAIIEHBI HCIBITAHUSAM PaMHBIX
TOHKOCTEHHBIX JJIEMEHTOB U PaM B IEJIOM, TIPH 3TOM
U WICCIIeZIoBaTeNIed 0COOBIi MHTEpPEC MPEICTABIIICT
JWCCUTIAIHS SHEPIHU TP Ae(hOPMAITUSIX TAKUX CHCTEM.

OtnenbHO Ha CEMCMUYECKUE BO3ACHCTBUS HCCIE-
IyroTcst y3noBele coequaeHus [38—40]. B atux pabo-
Tax ynemnsercs BHUMaHUE y3JIaM, COCTOSIIIIUM M3 CTajlb-
HBIX CBapHBIX KOHCTPYKIIHMH, YCUJICHHBIX JXene300e-
TOHOM. B cratbe [38] UCIBITHIBANICS y3€ COMPSLKEHUS
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CTaILHOM OaJIKM U KOJIOHHBI, YCHJICHHOW KeJIe300€TOH-
HOU o6oiiMoi. [Ipu 3TOM coeriHEeHHsT KOJIOHHBI ¢ Oa-
KOW — CBapHbBIC Yepe3 CIUIONIHYIO COCAMHUTEIbHYIO
TUTACTUHY, MPOXOJAIIYIO0 B TEJIC KOJOHHBL. Y3€Il JI0BO-
IIcs 10 paspyiueHus. [IpuBeneHp! 3aBUCHMOCTH Jie-
(dhopMaItiii omacHBIX TOYEK BO BpeMeHH. Llenb akcre-
pPHMEHTA — OMBITHAS MIPOBEPKA MPUMEHUMOCTH TAKOT'O
TUMA y3JI0BOTO COEAWHEHUS JUIS TOBBIIICHUS COIPO-
TUBJSIEMOCTH 3/1aHUS1 CECMUYECKAM BO3ICHCTBHSM.

Puc. 8. UcnbITaHus CTAJbHOM IJIACTHHBI
[Fig. 8. Testing of a steel plate for shear in its plane] [29]

Puc. 9. UcnibiTanus koJaoHHbI n3 JICTK
[Fig. 9. Tests of a light steel thin-walled column profile] [34]

OKCNEPUMEHTAILHBIE UCCNEROBAHMA
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Puc. 10. Pazpymarouue ucnbITaHus
CBApPHOro GIaHLEBOr0 y3J1a ONMPaHus 0aJI0K
[Fig. 10. Destructive testing
of a welded flange support unit for beams] [38]

Hccaenopanus
npeaeabHON CTATHYECKOH HATPY/KEHHOCTH

Ha puc. 11-14 mpencraBieHbl 3KCHEPUMEHTHI
[0 ONpPEAENICHUIO MPEACIbHON CTATUUYECKOW Harpys-
KU Ha OaJIKél TIPH MX CJIO)KHOM COIIPOTHBIIEHHUH U TIPO-
CTPAHCTBEHHYIO pamy.

Puc. 11. Kocoii u3ru6é Tpy04aTbix cTep:KHei
[Fig. 11. Skew bending of tubular bars] [41]
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Puc. 12. U3ru6 ¢ kpyyeHuem Tpy04aThIX CTep:KHeMH
[Fig. 12. Bending with torsion of tubular bars][41]

Puc. 13. [lonepe4nsplii U3rud AByTaBPOBBIX 0JI0K
[Fig. 13. Transverse bending of I-beams] [42]

Puc. 14. IlpenenbHoe Harpy:KeHHe NPOCTPAHCTBEHHBIX pamM
[Fig. 14. Limit loading of spatial frames] [43]

B sxcniepumenrax [41-43] uccnenoraiock aedop-
MHUPOBaHHUE CTEPIKHEN MPU CI0KHOM COIPOTUBIICHUN.
B pesynprare ycTaHOBIEHO, YTO MEXaHM3M pa3pyIie-
HUSL UCCIIETyeMBIX CHCTEM aHaJIOTHUEH cxeMe o0pa3o-
BaHUS IJIACTUUYECKOTO LIApHUPA MPH IUIOCKOM H3TH-
0e. DxcnepuMeHTHI [42; 43] BBINOIHSIIUCH C IIENBIO
BepU(HUKAIH METOJANKHA pacdyeTa, OCHOBAHHOW Ha
CXeMe IBOJIOLMOHHOTO MOJEIUPOBAHUS C OIpaHU-
YEHHUSIMHA CTaTHYECKOH TEOpEMBI METO/1a MPeIeThbHO-
TO paBHOBECHS. DTH HCCIIEOBAHNS OATBEPAMIH, YTO
MIPOCTPAHCTBEHHBIE CTalbHbIE paMBbl MPH JTOCTHXKe-
HUH UMM [IpeJeNbHON HeCcylel ClIOCOOHOCTH HMEIOT
CXEMBI JIOKAITbHBIX Pa3pyIIeHUH B BUIE CUCTEMEI TIPO-
CTPaHCTBEHHBIX TUIACTUYECKUX IIapHUPOB. [Ipn sTOM
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nedopMupyemasi cucteMa o0JanaeT CBOMCTBOM KH-
BYYECTH IO TEX IOp, IOKa HEe MPOU30UIET Hepexol B
COCTOSIHHE, COOTBETCTBYIOIee OOpa30BaHUIO Me-
XaHW3Ma, YTO OTMEUaJIOCh paHee I KeJIe300eTOH-
HBIX KOHCTPYKITHH.

Kom0uHnpoBannbie ynapHbie
¥ B3pbIBHbIE BO3/1€HCTBHS

Ha puc. 15-18 npencraBneHsl HEKOTOpEBIE McCie-
JOBaHUs Ha yJapHBIE U B3phIBHBIC BO3ICHCTBUSL

B pabote [44] nzyueHn xapakrep U3MEHEHUs He-
cymieil cnocoOHOCTH 00pa3oB TPyOUaTHIX KOJIOHH
MIPU JIOKAJIbHOM TOBPEXKIECHUU yAapHBIM BO3[cH-
CTBHEM. Yaap HAaHOCHJICA MEPHEHAUKYISIPHO MPO-
IOJTBLHOW OcH TpyOBl. Bo3aelicTBHE MPUBOAMIO K
HE3HAYUTEIHHOMY JIOKATbHOMY CMATHIO YacTH CTEH-
ku. [anee oOpaseln HCIBITHIBANICS HA CKaTHE IO TO-
TEePU YCTOHYMBOCTH. YCTAHOBJECHO, YTO TaKHE BO3-
JIEHCTBHA MPUBOIAT K MOTEpe HECyIIed CIIOCOOHO-
ctu Oonee yeM Ha 40%, pu 3TOM OOJBIIAsS HECYIIast
cocoOHOCTH HaOmIogaeTcss y oOpa3uoB OombLIei
TOJIILIMHBI.

OKCIepUMEHTANbHO UCCIEAYyeTCs] Ha COMPOTHB-
JIeHHE B3pBIBY 3alllUTHAs COHABMY-TaHENb [45], co-
CTOAIIAs U3 IBYCTOPOHHEH CTAIBHOM OOIIMBKY U aJTiO-
MHHHEBBIX THYTHIX JINCTOB, 00Pa3yIOLIHUX MIPH COCIH-
HEHHU APYT C APYTOM CTPYKTYpPY, aHAIOTUYHYIO sTYei-
KaM ITYeIMHBIX coT. Takas maHens oGiamaeT cylie-
CTBEHHOH COIPOTHBIIAEMOCTBIO B3PBIBY IIO CpaBHE-
HUIO CO CIUIOIIHOM maHensbto. Llenp skcnepuMeHTa —
pa3paboTka W BepuUHKaUUs MIACTUHYATHIX 3aILUT-
HBIX TIaHeJIedl AJsl MOBBIIIEHUS YCTOHYMBOCTH 37a-
HUI K TEPPOPUCTHYECKUM aKTaM, CBS3aHHBIM CO
B3pBIBAMH CaMOJICIBHBIX YCTPOHCTB.

Kpome toro, uccienyercs CTOMKOCTb B3pPBIBO-
3alIUTHBIX COHIBHY-TIAHENEH MPU KOHTAKTE C JKUJI-
KMMHM B3pBIBYATHIMM BelllecTBaMH [46] U ¢ BO3AyII-
HOH B3pbIBHOU BonHOU [47; 48]. Ha Bo3neiicTBue
B3pPBIBOM HCHBITHIBAJIHNCH TAKKe TPyOOOETOHHBIE KO-
JIoHHHI [49].

Puc. 15. YaapHble Bo3/ieiicTBHSI Ha pamy
[Fig. 15. Shock impacts on the frame] [50]
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Puc. 16. UcnbiTanue ¢gepMbl B cOCTaBe KapKaca 31aHus
HA JIOKAJbHYI0 AHHAMHYECKYIO Pa3rpy3Ky
[Fig. 16. Testing the truss as part of the building frame
for local dynamic unloading] [51]
18365

e ] —=
3 B, \3‘

IN/NLNL N1

Henbimanne Ne 2 A-A B-B

o

2000
r

Henrrranne Ne |

T3 Th4
A3 T 5 T3 | TAs
6L

%0
)
100,

A A N
TA1 TA2 |
140

# # &

Puc. 17. CxeMbl HCIIBITAHUH
[Fig. 17. Testing schemes] [51]

Material flow direction

Puc. 18. UcnbiTaHue 3alIIUTHON MaHeIH
HA B3PbIB 0T CaAMOJIeJILHOTO 3apsaa
[Fig. 18. Testing the protective panel
for an explosion under a self-made charge] [45]

OxcnepumenTsl [50] u [51] mocBsieHs Uccie-
JIOBaHUSAM JWHAMUKU KOHCTPYKIIMH TP yIapHBIX
BozzaeiicTBUsX. [IpocTpaHCTBEHHAs paMa U3 UCTIBITA-
Hus [50] moBepranach cepuy HEYNPYTrUX yIapoB Mac-
CHUBHBIM TEJIOM, CBOOOJIHO IMAJArOIIAM C Pa3INIHBIX
BbICOT. llpu 3TOM HKCHpoBaIack TMHaAMHYECKas pe-

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

aKIysg Ha yjgapHoe BozjelcTBue. B pesynbrare ycta-
HOBJICHO, YTO JIJISl MPOCTPAHCTBEHHBIX paM 3HAYEHUS
MaKCHUMaJIbHON aMITUIMTYII HaOIIOZaeMBIX XapaKTe-
PHUCTHK JOCTUTAlOTCA B MEPBOM YETBEPTH IEpHONA OC-
HOBHOM 4acTOTHI KOJeOaHuii cucreMbl. OOBEKTOM IS
ucteITanus [51] ABisiack CTpONIIIbHAS depMa Tpo-
getoM 18 M, ycTaHOBJIEHHass B KapKace IMPOMBIII-
JICHHOTO 3JaHus. JTa epMma MmoABepragach UCCIen0-
BaHUIO MIPH HEHOPMUPYEMOM yIaPHOM BO3/ICHCTBUH,
KOTOpPOE BKJIOYANIO JUHAMUYECKYIO pasrpy3Ky (epMbl
MPY MOJEIMPOBaHKH 00pbIBa noaseca K, (cM. puc. 17)
BEHTHIAIIMOHHO-0XIaauTeIbHOr0 KomMiniekca (BOK),
3aKpEIUICHHOTO B HIKHUH y3el depMbl. [Ipu 3ToM ma-
JIEHHEe Tpy3a B II€X MPeIoTBPAIlaIOCh CTPAXOBOYHBI-
MU KaHaTaMH, CBS3bIBarOIIUMU Tpy3 (Mogens BOK)
1 JIB€ COCEAHMX (ePMBI, PACTIOJIOXKEHHBIE TI0 Pa3HBIM
CTOpPOHAaM OT UCIBITYEMON KOHCTPYKLIHHU. B pe3yib-
TaTe OblJa ompezaesceHa MakcuMaibHas Macca BOK,
KOTOPBIA MOXKHO Pa3MecTUTh Ha (hepMme Tpu obdecrie-
YeHWH HEJOIYIISHNUS TOSBICHNS 3HAYUTENBHBIX TITac-
THYECKUX AeOopMalnii B CIIy4ac BOSHUKHOBEHHUS TaKO-
rO poJia 3alpOEKTHBIX BO3IecTBUIA. B KauecTBe npy-
TOr0 BO3JIEHCTBHS Ha KOHCTPYKITUIO PACCMaTPHUBAJICS
00psiB Tpoca BOK, compopoxmaromuiicss yaapom 1o
CTPaxOBOYHOM TpaBepce, 3aKPEIUIEMOM B HIDKHUI y3ell
(dhepmel. Takoe BO3ICHCTBHE MOICITHPOBATIOCH BBEIC-
HUEeM IBYX KaHatoB K u K, (cM. puc. 17). Iocne pas-
pBIBa KaHata K C Tpy30M MOCIEAHUI COBEPILIAET CBO-
0o/HOE TajieHNe W TiepeaeT yIapHbIii UMITYJIbC C TIO-
MoOIIBIO KaHaTa K, B y3elI HIDKHETo Tosca (hepMel.

BeiBoa. OneHka cTeneHH CHUIIOBOTO CONPOTHB-
JIEHUsI CTAJIbHBIX KOHCTPYKIMM aBapuiHBIM BO3IEH-
CTBHSAM, B TOM YHCIIE€ HX JKUBYYECTH, HamOojee J0-
CTOBEPHO MOXKET OBITh BBIMIOJIHEHA TP BeprduKaru-
OHHBIX SKCIEPUMEHTAIBHBIX HCCIEJOBAaHUIX, MOJIE-
JUPYIOIUX 3TH Bo3neicTBusa. HeoOxomumo paciim-
pATH 00JIacTh HOPMHUPOBAHUS 3alPOEKTHBIX BO3JEH-
CTBUH Ha CTaJbHBIE KOHCTPYKIHH C LEJbI0 Oosee
BCECTOPOHHEH OIEHKH Oe30MacHOCTH OOBEKTOB IPHU
BOZHUKHOBEHHH DAa3IMYHBIX aBapUHHBIX CHUTYaIlni.
OcCHOBBIBAsICH Ha pe3yibTaTax 0030pa, MOXKHO OTMe-
TUTh, YTO Majo BHUMAaHHS YAESIETCS SKCIEepHUMEH-
TaJIbHBIM HCCIIEIOBAaHMSIM, BKITFOUAIOIINM JIOKAJTFHBIE
pa3pylIeHus Y3J10B COSIWHEHUsI CTAIBHBIX OajloK ¢
KOJIOHHaMH TpY 3alpOoeKTHHIX BO3AEHCTBUSX, a Tak-
e HarpsHDKEHHO-IeOPMUPOBAHHOMY COCTOSIHUIO paM-
HBIX CHCTEM TPH JIOKAJTFHBIX TIPOCajKaxX TPyHTA.

© Anexkceiiues A.B., Kypuenko H.C., 2018

bnazooapnocmu

ABTOpBI CcepaeUHO OarogapsAT MOYETHOro PabOTHH-
Ka Hayku U TexHuku Poccuiickoit denepanuu, 3aciyxeH-
HOTO yueHoro bpsiHcKoi 00acTH, pyKOBOJAMTENS HAYyYHOMH
Koutbl «[loBbIIIEHNE MIPOYHOCTH, KOHCTPYKTHBHOW Oe30mac-

211



Alekseytsev A.V., Kurchenko N.S. Structural Mechanics of Engineering Constructions and Buildings, 2018, 14(3), 205-215

HOCTH, BUOPO3AIIHMIIIEHHOCTH U CPOKa CITy>KObI CTPOUTEIb-
HBIX CHCTEM M MaIlIMHOCTPOHUTENBHON MPOIyKINN», 3aBe-
Iyromero kadeapoil MexaHHWKH BpsHCKOTO rocynapcTBeH-
HOTO WHKEHEPHO-TEXHOJOTMYECKOTO YHHUBEPCHUTETA IOK-
TOpa TEXHWYECKHX Hayk, mpodeccopa Urops Hadromse-
Brua Ceprrka 3a 100poxenaTebHOe OTHOIIEHHE W TTIOMOIIIb
B Hay4YHBIX UCCIICIOBAHUSIX.
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CREEP OF POLYTETRAFLUOROETHYLENE UNDER VARIOUS LOADING CONDITIONS
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This article contains results of experimental research of polytetrafluoroethylene (PTFE) deformation and creep under linear
and plane stresses. During the tests predetermined values of real stresses considering current deformation were constant.
The equation of mechanical states considering instant elastic, viscoelastic, instant plastic and viscoplastic components of total
deformation was obtained. The equation is used for the description of PTFE deformations (F-4, F-4D, F-4D0) under stationary
and non-stationary cyclic loads in flat stress condition with an application of material constant volume condition, condition
of similarity of deviators of stresses and deformations and with the input of parameters which are functions of the form of
stress deviators. The results of PTFE creep investigation under real stresses reaching ultimate values are relevant and unique.

Keywords: creep, polytetraftorethylene, mechanical equation of states, static loadings, cyclic loadings, flat stress state,
ultimate deformations

HOJIBYYECTD HOJIUTETPA®TOPITUJIEHA ITPU PA3JIMYHBIX YCJIOBUAX HAI'PYKEHUSA
JLU. OI'OPOIOB, 1.I1. HUKOJIAEBA, E.JI. IKOBJIEBA, O.B. D°OMUHBIX

Cankr-IletepOyprekuii monutexHuueckuii yausepcutet [lerpa Benukoro
ya. Honumexnuueckas, 0. 29, Canxkm-Ilemepoype, Poccuiickaa @edepayus, 195251

(nocmynuna 6 peoaxyuio: 14 mapra 2018 r.; npunama x nyoauxayuu: 27 anpens 2018 r.)

B craree mpencraBiieHbl pe3yJbTaThl SKCIHEPUMEHTAIBHBIX MCCIEIOBAaHMN IeOopMaluy M IOJI3Y4YEeCTH IMOJIUTETpa-
¢Topatmnena ([ITOD) mpu TUHEWHBIX W TUIOCKUX HAINPSDKEHHBIX COCTOSHUSX. Bo BpeMs MCTIBITAHWH 3aaHHBIC 3HAYCHUS
WCTHHHBIX HaNpsHKEHHH ¢ ydeToM Tekymed nedopManmu ObUIM NMOCTOSHHBIMHU. IloydeHO ypaBHEHHE MEXaHHYECKHX
COCTOSIHUH, YYMTBIBAIOILI[e€ MIHOBEHHOYIIPYTHE, BS3KOYIPYIrHe, MTHOBEHHOIIIACTUYECKUE M BS3KOIUIACTUYECKHE KOMIIO-
HEHTHI IOJIHOM nedopmanuu. YpaBHEHHE HCIosb3yercst ais onucanus nedopmaununii [1TOD (F-4, F-4D, F-4D0) mpu
CTALMOHAPHBIX W HECTAlMOHAPHBIX NUKIMYECKUX HArpy3Kax B YCIOBHAX IUIOCKOTO HANpPsDKEHHOTO COCTOSHHS C TIPH-
MEHEHHEM YCJIOBHSI IIOCTOSIHCTBAa 00bEMa MaTepuaa, yCJIOBUs MOA00Us AEBUATOPOB HANPsDKEHUH u AedopManuii 1 BBoAa
rapameTpoB, KOTOPbIE SBISIOTCS (QYHKUMSMH BHJA JCBUATOPOB HAaIpsHKEHWH. Pe3ynbTaThl HMCClieNOBaHHS IOJI3YyYECTH
I[IT®D npu peanbHbIX HANPSKEHUSIX, JOCTUTAIONINX MPEAEIbHBIX 3HAUCHUH, SIBJIAIOTCS AKTYaJIbHBIMU M YHUKAIBHBIMH.

KaroueBble ciioBa: 1oj3yuecth, NONMUTETPA(QTOPITUIICH, MEXaHUYECKOE YPABHEHUE COCTOSIHUI, CTATUUECKUE HATPY3KH,
[UKJIHYECKHE HArPY3KH, IJIOCKOE HAPSHKEHHOE COCTOSIHNE, KOHEUHBIE Je(opManuu

Introduction. One of the directions of the deve- kinematic equation of damages should be used in

lopment of engineer durability calculations of struc-
tural elements theory is consideration of their rheo-
nomous properties in order to describe the processes
of long-term deforming and destruction. From the one
hand, for calculating creep and long-term durability
of structural elements it is necessary to use the equa-
tion of mechanical states which describes complica-
ted deformation processes. From the other hand,
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deformation type. The materials show rheonomous
and hereditary features in deformation processes as
well as in long-term destruction. Despite of the fact
that there are a lot of theoretical and experimental re-
searches, the question of choosing adequate descrip-
tion method of deformational processes for different
classes of polymer materials under non-stationary
loading and complex stress cannot be finally solved,
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especially in the most complex thermomechanical
loadings [1-7]. The requirements of practical ap-
plicability for the resulting mechanical state equation
in some cases of cyclic loading makes us to make
a compromise in accuracy while describing complex
deformation processes. The task is to reduce this com-
promise to the logical minimum.

The development of cyclic creep model provides
new opportunities for experimental research task for-
mulation, makes experiment purposeful and allows
to choose test program for checking the theory.

Research targets. Studies of creep of partially
crystal polymer and composite materials on polymer
base remain topical. The influence of complex static
and cyclic stress state and non-stationary loading con-
ditions on deformation process mostly remains unclear.

Research targets are:

1. According to the short-term monotonic loading
tests data, to make up an equation of mechanical states
in terms of real stresses and deformations under comp-
lex stress state for direct and reverse creep for three
modifications of tetrafluoroethylene.

2. To research and to describe creep of the same
materials under non-stationary static and cyclic sta-
tionary and non-stationary loading

3. To make a conclusion about the possibility of
formularization of destruction deformation criteria for
studied materials.

Materials and testing method with predeter-
mined intensity of real stresses. The samples were
made of pipe blanks of polytetrafluoroethylene F-4,
F-4D by turning on the lathe tool and part of F-4D
blanks were annealed; F-4D, blanks were heated until
80 °C with the following cooling in the heating stove.
The degree of materials’ crystallinity was detected by
German — Weidinger’s method and it is: 30% for F-4,
45% for F-4D, 38% for inner surface of F-4D,, 25%
for outer surface of F-4D,. The densities of these
materials are: for F-4 — 2.25 g/sm’, for F-4D and for
F-4Dy— 2.23 g/sm’.

The samples were thin-walled tubes with the wall
thickness 7, = 1.0 mm in working part and the length
of working part /, = 120 mm. The outer diameter (D)
of F-4 and F-4D working parts is 23.5 mm, for F-4D,
26 mm. The wall thickness fluctuations along the
working part did not exceed 0.05 mm. The fluctua-
tions of working parts lengths were within £ 1 mm
and the fluctuations of outer diameter — within + 0.1 mm.
The samples were fixed in special sealing caps.

Sample tests were held on equipment [25; 26],
which allow to study mechanical properties of materials
under biaxial stress state with static and cyclic loading.

Lateral sample deformation was measured on
the base /y = 50 mm by optical system with the value
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of division 0.01 mm. Transverse deformation was mea-
sured by arrow indicator. Temperature was 22 £ 1 °C.

The intensity of real stress values for tubular
sample under flat stress state with static loading was
obtained by formula:

0 =5V -G +5 +3. (1)

Under cyclic loading the intensity of maximum
stress value per cycle was obtained by formula:

max —
o; =

= V@ =g+ (G + G ()

Real stress components (axial o, and tangential
Og) were measured with considering current values
of outer diameter (D) and thickness of the wall (7).
The thickness of the wall was measured from the con-
dition of constant value. The ratio between main stress
components n = 0,,/0g was established by choice of
equipment plunger pair [25]. The delay time of
equipment adjustment was not exceed 2 minutes,
besides the fluctuations of stress intensity were not
exceed 5% from set value of stress intensity o; or
0,;M3 and fluctuations n were not exceed 6%.

Obtained experimental data under short time
loading and creep with static loading are presented
in the form of deformation curves in coordinates
0; —¢&; and creep curves in coordinates ;™ — 1.
The intensity of real (logarithmic) stresses were ob-
tained by formula:

&= 2 f(ex — o)+ (59 — €02 + (&r — )2 (3)

Real deformation components €, g, £; Were ob-
tained by following dependences, considering current
sample dimensions D, ¢ and current base / (the sam-
ple length):

bt ; & =1In L 4)

g, =In; €g = In——
* lo’ Do—to to

Lode’s parameter for stresses is calculating:
Hs=zz_j_1lls=zz_i—1» (5)

where 0, and o, — the main stresses.

Tests results. Polytetrafluoroethylene deforma-
tion under short time loading. Short time loading
PTFE deformation tests were held under linear and
flat stress states with various ratios of axial and
tangential stresses (n = 0,,/0g) in conditions of pro-
portional loading. For PTFE there is an influence of
stress state type on deformation curve, besides the
material shows the highest rigidity when the ratio
0, /0g is close to equiaxial tension and the lowest —
when it is under linear stress state. The variation of

217



Ogorodov L.I., Nickolaeva I.P., Yakovleva E.L., Fominykh O.V. Structural Mechanics of Engineering Constructions and Buildings, 2018, 14(3), 216-225

the loading speed from 0.03 MPa/sec. to 0.3 MPa/sec.
influences on the deformation curves insignificantly.

The law of immediate deformation was studied by
tests on the fast sample unloading from the fixed level of
stress intensity under various types of stress state. Non-
linear dependences of instantly elastic deformation from
stress intensities for studied fluoroplastics are presented
in an article [26]. According to the results of the
measurements, the transverse deformation coefficient
values under axial tension are vary from 0.3 to 0.48.

For the selection of the law of instant plastic
deformation (the term is conditional) the data of
the tests on the multiple loading with the speed
doi/dt = 0.1-0.3 MPa/sec., with the registration of
the o; and ¢; levels and further instant sample unloa-
ding was used. After exposure of at least one hour,
permanent (instant elastic) deformations were mea-
sured. The dependence of instant plastic fluoroplas-
tics deformations from the stress intensity is presen-
ted in the article [27]. Instant plastic deformations of
fluoroplastics depend on the type of the stress state.

Direct and reverse creep under static loading.
Direct creep is the increase of deformations in time
under permanent real stresses (i.e. under constantly
decreasing loads) (fig. 1-3). Complete deformation
is the sum of four components: instant elastic, instant
plastic, viscoplastic, viscoelastic [7—13]. To study visco-
elastic creep deformation the tests on reverse creep
(fig. 4-6) were held (returning after loading).

81
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Fig. 1. Rheonomic F-4D, creep dependence (n = 0.5)

under various intensities of real stresses o;:
o — experimental curves; A — calculated curves
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Fig. 2. Rheonomic F-4D, creep dependence (n = 1.15)
under various intensities of real stresses o;:
o — experimental curves; A — calculated curves
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Fig. 3. Rheonomic F-4D creep dependence (n = 0.5)
under various intensities of real stresses o;:
o — experimental curves; A — calculated curves
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Fig. 4. Reverse F-4 creep curves (n = 0.5)

under various intensities of real stresses o;:
o — experimental curves; A — calculated curves
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Fig. 5. Reverse F-4D creep curves (n = 0.5)
under various intensities of real stresses o;:
o — experimental curves; A — calculated curves
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Fig. 6. Reverse F-4D creep curves (n = 0.5)
under various intensities of real stresses o;:
o — experimental curves; A — calculated curves
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As a result, the complete equation of mechanical
states in stress and deformation intensities (o;, €;)
under stationary loading was obtained, besides the
condition of deformation speeds and stress deviators
similarity is observed [27]:

= 2000 by [ - Buge™ @) — 1] +

(150

+ for(a - bUS)CZ—i [1‘116_E + Aze_E] de +

+ I3 — gk (2 - ) [4;e72] ar. (6)
Table 1
Constant equations of mechanical states
Parameters Studied materials
F-4 F-4D F-4D,
Eo, MPa 800 900 615
0.., MPa 27.5 28.5 225
v 0.48/0.50 0.48/0.50 0.48/0.50
Y 11072 11072 1-107
a 0.05 0.20 0.25
B 0.03 0.06 0.08
m 2.80 1.65 2.20
., MPa 10 10 10
1 1 1
b 0.1 0.1 0.6
c 0.30 0.08 0.26
n 32 3.7 2.8
A 55107 11-107 95107
A, 1.7-107 1.8-107 1.8:107*
Ly, Sec. 110 110 85
112, Sec. 2475 3200 3000
d 1 1 1
1 0.3 0.3 0.5
3 1.05 1.18 1.17
k 3.95 1.89 4.00
A 7:107 14-10°° 26:107°
2, sec. 14.0-107 14.1-1072 1.5:107

Non-stationary static loading modes of studying
materials. Non-stationary static loading modes are
presented on the fig. 7-10. Here also the dependen-
ces of real deformations from time are shown. Accor-
ding to the comparison of experimental and calcula-
ted data, generally, the calculation reproduces the creep
process under complex loading mode with satisfacto-
ry accuracy. The experiment showed, that the diffe-

rences are mostly connected with insufficient accura-
T

T
cy in approximation of functions A;e "1 + Aje ¥z,
To describe viscoelastic component of the complete
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deformation in this function, it is necessary to take
more than two exponents. One of the additional ex-
ponents has to have the relaxation time in the fol-
lowing interval: 10-10” sec. < < 15-10° sec.
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Fig. 7. Non-stationary static loading mode
and creep curves F-4D (n = 0.5):
o — experimental curves; A — calculated curves
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Fig. 8. Disproportional static loading mode
and creep curves F-4D:
o — experimental curves; A — calculated curves
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Fig. 9. Non-stationary static loading mode

and creep curves F-4 (n = 0.5):
o — experimental curves; A — calculated curves
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Fig. 10. Non-stationary static loading mode
and creep curves F-4 (n = 0.5):
o — experimental curves; A — calculated curves

Creep under cyclic loading with various frequ-
encies. Fluoroplastics F-4, F-4D, F-4D, creep under
cyclic loading with the frequencies 2.4 Hz, 5.0 Hz
and 10.0 Hz were tested in the conditions of maxi-
mum per cycle intensity constancy with the cycle asym-
metric coefficient T = o — ¢ = 0.5 and tempe-
rature 22 + 1 °C (fig. 14-16). The form of the cycle
is sinusoidal. To compare creep complete deformati-
ons under static and cyclic loadings, isochronous de-
pendences were made o; — g; and o] — £"%* while
obtaining the creep time ¢ = 5-10 sec. (fig. 11-13).
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Fig 11. Creep curves F-4 (n = 2.8)
under cyclic loading with the frequency of 10 Hz
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Fig. 12. Creep curves F-4D, (n = 1.15)
under cyclic loading with the frequency of 5 Hz
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Fig. 13. Creep curves F-4 (n = 1.25)
under cyclic loading with the frequency of 10 Hz
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Fig. 14. The maximum stress intensity dependence
from the maximum deformation intensity F-4
with T, = 5000 sec. (n =1.25):
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Fig. 15. The maximum stress intensity dependence
from the maximum deformation intensity F-4D
with T, = 5000 sec. (n =1.25):

o f=0;0-f=2.5Hz;0-f=5Hz
A—-f=10Hz; V- f=5Hz withn=0.88
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Fig. 16. The maximum stress intensity dependence
from the maximum deformation intensity F-4D
with T, = 5000 sec. (n = w):

o f=0,0-f=0Hz; ¢ -f=1.2Hz
A—f=10Hz; V- f=5Hz withn=2.8

Thus, experimental points of the same material
and type of stress state under frequencies of 2.5 and
5.0 Hz do not completely match to the experimental
ones under stationary static loading. It is also notice-
able that the material rigidity tends to increase under
cyclic loading in comparison with static one, if the
maximum variable stress intensity during the cycle
equals to the intensity of permanent stresses under
stationary loading. Besides, in comparison with static
loading and frequencies of 2.5 Hz and 5.0 Hz, under
frequencies of 10 Hz there is a significant rigidity
increase. The most valuable increase of the material
rigidity is when n = 6, / 6y is close to n = o« (linear
tension), i.e. under conditions, when under static loa-
ding there is the most intensive development of visco-
plasic deformations.

The examples of the creep curves under cyclic loa-
ding are presented on the fig. 11-13, 17, 18. The na-
ture of the curves differs from one for the static loa-
ding. Let us apply for cyclic loading the same equa-
tion as for various cases of static loading from the
previous section. The instant elastic and instant plas-
tic intensity deformation components are calculated
from the maximum stresses per cycle and viscoelastic
component is calculated directly by substitution of
a variable o; values in the equation:

e/F = (a — bug) [} ¢ (SN b p)de. (7)

The calculation of the first three complete defor-
mation components does not occur logical issues, but
the calculation of viscoplastic component is not so
obvious. After drafting series of attempts, the following
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empirical dependence for that component under cyclic
loading was suggested:

simax — % + y[(oc _ Bus)em(gimax_o*) _ 1] i
i
o max n . _T _T
+(a = bushye (=) [7 [Ale W+ Age uz] do +
+(d - Ik (2= = 8) [ Agewdr, (8)

where A, — is an empirical coefficient (for F-4
A, = 0.58, for F-4D A, = 0.65, for F-4Dy A, = 0.5).
The calculated according to this equation creep curves
are presented on the fig. 20, 21.
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Fig. 17. Creep curves F-4D (n = 1.25)
under cyclic loading with the frequency of 10 Hz:
e — experimental curves; A — calculated curves
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Fig. 18. Creep curves F-4D (n = 1.25)
under cyclic loading with the frequency of 2.5 Hz:
e — experimental curves; A — calculated curves

Moreover, there was made an attempt to use that
empirical dependency also for creep deformation
presentation under non-stationary modes of cyclic
loading as a several cycle blocks with variable values
of 6;M3*[30].

Discussions. Ultimate deformation of fluoro-
plastics under static and cyclic loading. First of all,
studying of ultimate deformation is important from
an opportunity of formulation some deformation de-
struction criteria for polymer materials [7]. Experi-
mental data about ultimate material deformation al-
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lows to estimate objectively admissible creep defor-
mation of structural elements. For the fluoroplastics in
wide range of n there is no ultimate deformation con-
stancy [30]. In whole series of non-stationary loading
cases the current deformations g; (™) already reach the
ultimate value zone on the first loading steps (fig. 19).
That also attests against deformation destruction criteria.
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Fig. 19. Creep curves and loading mode (n = 1.25)
of cyclic loading with the frequency of 5 Hz

The study of PTFE F-4 sample failure mode is
interesting. Under static loading with mostly tensile
axial stress the destruction occurs along the transver-
sal section of the tubular sample without visible loca-
lization of viscoplastic deformation (with the main-
taining the assigned real stress considering the defor-
mation changes). Under biaxial stress state, when
n =1.25, in the destruction place pores occurs, which
means that the material is strongly loosened. Some-
times pores occurs in samples under axial tension.
Probably, the loosening precedes the sample disrup-
tion along the plane of transverse section. Under cy-
clic loading the same material loosening occurs and
only in some cases when n = 1.25 the failure mode
differs from described. Under that conditions before
the pores appearance a small bubble occurs on the
surface of the damaged sample.

Experimental results can be used for estimation
of structural elements rigidity.

Conclusion. Creep deformation of fluoroplastics
(F-4, F-4D, F-4D,) under stationary and non-statio-
nary loading is satisfactory described by the equation
of mechanical states, which considers instant elastic,
viscoelastic, instant plastic and viscoplastic deforma-
tion components with the use of the volume constan-
cy condition and the condition of stress and defor-
mation deviators similarity. Also that deformations
can be described with addition of special parameters,
which are functions of the stress deviator form.
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The speed of creep under cyclic loading with the
constant sign of real stress intensities is lower, than
the one under the same static loading when the inten-
sity of permanent stresses o; equals to the intensity
of the maximum variable stresses o;"". Frequency
changing from 2.5 to 10 Hz does not cause any signi-
ficant changing of polytetrafluoroethylene deforma-
tion properties, except the case of uniaxial tension
with the frequency of 10 Hz, when the increase of
the material rigidity occurs, in comparison with other
frequencies and n = o, / oy values during the expe-
riment.

An application of the mechanical states equati-
on, based on results of statistical test results, to the cyclic
loading mode gives quite lower results of designed
deformation creep values. Thus, an empirical amend-
ment was suggested to that equation of mechanical
states.

For fluoroplastics in quite wide range » there is
no constancy in ultimate deformations. The current
deformations already reach the ultimate value zone
on the first stages of loading, however, destruction
does not occur. That also attests against deformation
criteria of failure.

© Ogorodov L.I., Nickolaeva I.P.,
Yakovleva E.L., Fominykh O.V., 2018
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B crarbe mpesacTaBiIeHBI HEKOTOPHIE PE3yJbTaThl KOMIUIEKCHOTO HCTOPHKO-apXMBHOTO, IPOHM3BOACTBEHHO-TEXHO-
JIOTHYECKOT0 U PACUETHO-TEOPETUIECKOTO UCCIECOBAHNS KyIIOJIbHO-KOHUIECKOH KOHCTPYKINH 31aHusa KazaHcKoro mupka.
[TpuBogUTCS OIEHKA COCTOSIHUS KOHCTPYKIMHI 10 ricTeueHnH 50 JIeT HenmpephIBHOH 1 Oe3aBapHitHO# SKCcIuTyaTarun. [1poBee-
HO IIPOCTPAHCTBEHHOE MOJIEIMPOBAHNE U OCYIIECTBICHBI IOBEPOYHBIE UHCIICHHBIE PACUETHI C HCIIOJIb30BAHMEM OOBEMHBIX
KoHe4HBIX AreMeHToB (MKD) Ha 06a3e mporpammuoro xomiuiekca «MicroFey. [Ipu 3TOM ydTeHBI: MCTOPHS 3KCILUTyaTaluu
KOHCTPYKIIMH, BKITIOYAs JaHHbIC HH)KEHEPHBIX U YMCICHHBIX pacyeToB (1976 r.); 0cOOEHHOCTH KOHCTPYHPOBAHHUS M TEXHOJIO-
TUsl BO3BEACHUS; PE3YJIbTaThl HATYPHBIX MCIIBITAHUA U (M3NUECKUH M3HOC KOHCTpYKIMid. Ha mepBoM stame npousBeneH pac-
4eT MPOCTPAHCTBEHHOM MOJENU BEPXHEW KyNOJIBHOM KOHCTPYKLUM, ITO3BOJIMBIIMN OLEHUTb U YCTAHOBUTH HAIIPSKEHHO-
nedopmupoBannoe cocrosiune (HJIC) kapkaca m3 senectkoB-pedep Kak OCTaBIISIEMOW OCHACTKH KYHOJIbHO-PEOPHUCTOrO TO-
KpbiTUst. Ha BTOpOM 3Tane HpHHSTHI pacyeTHbIE MPOCTPAHCTBEHHBIE CXEMBI C YYETOM COBMECTHOW pabOTHI OCHOBaHUS U
HaJ[3eMHBIX KOHCTPYKIMH. B pacdere ydTeHbI BepTHKaAIbHBIC ¥ TOPU3OHTAIBHBIE HATPY3KH OT BCEX PErMOHAIBHBIX TPUPOIHO-
KJIMMaTHYECKUX BO3IEHCTBHH, a TAKKe TEXHOJIOTHMYECKHE Harpy3Ku P LUPKOBBIX NPEACTaBIeHNsIX. Ha ocHOBaHMM pe3yJib-
TaTOB KOMILJIEKCHBIX pacueTHO-TeopeTndeckux uccnenoBannii HJC KymonbHO-KOHMYECKOH KOHCTPYKIMH 30aHus Kasanckoro
IHpKa, 00JI/TAI0MIETr0 CTaTyCOM YHHKAJIBHOTO 00BEKTa, pa3paboTaHbl MEPOTIPHATHS IO YCTPAHEHHIO Ae(hEeKTOB.

KioueBble clioBa: KyIHOJIbHO-KOHHUYECKHE KOHCTPYKIIUH, OMOPHOE KOJIBIO, JICTIECTKOBBIH ASJIEMEHT, paauaibHO-
KOJIBIIEBOE apMHPOBaHHE
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Some results of the complex historical-archival, production-technological and computational-theoretical study of
the dome-conical structure of the Kazan circus are presented. The state of structures after 50 years of continuous and trouble-
free operation is evaluated. Spatial modelling was carried out and numerical verification was carried out using volumetric
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finite elements (FEM) based on the software package “MicroFe”. This takes into account: the history of operation of
the structure, including the data of engineering and numerical calculations (1976); the features of construction and technol-
ogy of construction; the results of field tests and physical depreciation of structures. At the first stage, the spatial model of
the upper dome structure was calculated, which allowed to estimate and establish the stress-strain state of the frame made of
petals-ribs as the left snap of the dome-ribbed coating. In the second stage adopted the estimated spatial scheme with the col-
laboration of the foundation and superstructure. The calculation takes into account vertical and horizontal loads from all re-
gional climatic influences, as well as technological loads at circus performances. On the basis of complex computational and
theoretical studies of stress-strain state dome-conical structure of the building of the Kazan circus, which has the status of

a unique object, made conclusions and developed measures to eliminate defects.

Keywords: dome-conical constructions, support ring, petal element, radial-ring reinforcement

Hcropuxo-apxuBHbIe JaHHBIE

[areaecst net Tomy Hazan (7 HostOps 1967 1.) B
Kazanu ObUT BO3BEJICH YHUKAIBHBIN MO apXUTEKTYP-
HO# (hopMe M KOHCTPYKTHBHBIM PEIICHISIM 00BEKT —
31aHue TocyaapcTBeHHoro nupka Ha 2000 mect B
BUJIC «IETAIOUIeH Tapenkm» (puc. 1).

Puc. 1. O6mwuii Bug (@) u paspes (0)
3ganus KazaHckoro rocyiapcTBeHHOro upKa
[Fig. 1. General view (a) and section ()
of the building of the Kazan state circus]

OO0BEeMHO-TIPOCTPAaHCTBEHHAS CTPYKTypa O0BEK-
Ta ObUTa chOPMUPOBAHA CHEITHATACTAMH TIPOEKTHO-
ro uHCcTUTyTa «Tartaprpaxnannpoext» (apiHe ['YII
«TaTHHBECTTpaXXIAHIIPOCKT») 3a CUET COUWICHCHHUS
JIByX TPOCTPAaHCTBEHHBIX TEJ BPAIICHUS — yCEYeH-
HOT'O KOHyCa B HWKHEH 4acTH U MOJIOroro cdepude-
CKOT0 KyIojia B BEpXHEH 4yacTH 3/[aHUA, KOTOpPbHIE
00BeTMHEHBI MEXY COOO0M TIPEeBAPUTENHHO HAIIPsI-
YKEHHBIM PaCIOPHBIM KOJIBIIOM JUAMETPOM 62 M.

Wnes crpoutenscTBa 3qaHus 1upka B Kazanu Bos-
HUKJIA TIOCJIE TOro, KaKk B 1961 r. cropen crapelii LUPK,
BO3BEICHHBIN U3 JICPEBIHHBIX KOHCTPYKIHA [1]. Mecto
JUTSL pa3MeIeHHs 3aHisI HOBOTO LIMpKa BHIOpAHO B
HCTOPUYECKOM LIEHTPE rOpoAa, B MPUOPEKHOH 30HE

PACYET TOHKVIX YMPYTMX OBOMOYEK

pexu Kazanku, uMeromeil 0cooble HHXEHEPHO-TE0II0-
TUYECKUE U TUIPOTCOIOTUIECKUEe yCIIoBuUs [2].

Oco0eHHOCTH COOPYKEeHHUS
H TEXHOJIOTHHU BO3BEJICHUSA

[IpoekTupoBaHue KyNnOIbHO-KOHUYECKOW KOH-
CTPYKTHUBHOM CHUCTEMBI 3/IaHMS IIUpKa B CEMMIECA-
ThIX ToJax XX BeKa sl OTEUECTBEHHBIX HHIKEHEPOB
OBLIO HEMPOCTOU 3aIaueH.

31aHye BO3BEICHO HA HACBIMHBIX IPyHTaX, MOJCTH-
JIAEMBIX BOJOHACBHIIIEHHBIMU MIECKAMHU, C PACUETHBIM
conportusieHreM R = 250 kIla. YpoBeHb Moa3eMHBIX
BOJ KojiebaeTcs B auamazone WL = 3,50-4,20 m
(50,64-50,98 m BC). B cBsa3u ¢ 3tM OBUT TIpemy-
CMOTpPEH KOMILUIEKC WH)KEHEPHBIX MEPONPUATUNA st
MOA3EMHOM YacTH 3/1aHUs, BKIIIOUYas: KOJBLEBOW CBall-
HeId QyHmameHT 3 cBah Cy-8-300 u Cy-10-300,
3a6uthix ¢ marom [ = 3d M (d — nuametp cBaii) ¢
oTMeTKu nHa koTinoBaHa (52,0 m BC); cuctemy ro-
PU30HTAIBHOTO CAMOTEYHOr'O IPEHAXKa; OKJICCUHYIO
BEPTUKAIBHYI0 M TOPU3OHTAJIBHYIO THIPOU3OJILIHIO
KOHCTPYKLIMI MOABAJIBHBIX NoMeleHui. JlocTtosep-
HOCTb BBIIIOJIHEHHBIX MIPU CTPOUTEIBCTBE KOHCTPYK-
THUBHBIX, THIPOU30JISILIMOHHBIX U BOJIOIIOHU3UTEIIBHBIX
paboT, a TaKKe UX TEXHHYECKOE COCTOSIHUE, ObLIH yC-
TAHOBJICHBI IIPU IIPOBEICHUN aBTOPAMH KOMILIEKCHO-
T'0 WH)XKEHEPHOTO 00CIIeI0BaHusI.

I'maBHBIMU HeCyLIMMHU 3JEMEHTAMHU HaA3€MHOU
YacTH IUpKa SBISIOTCSA: CHU3Y — Yala aMmpuTearpa ¢
MeCTaMH JIJIs 3puTeliel, BeIoIHEHHas B popme yce-
YEeHHOTO KOHyCa C MEHBIIINM OCHOBaHHEM, OOparieH-
HbIM BHH3; CBEPXY — HOJOTHHA chepruueckuil Kymod,
HMEIOLLINN BEpXHEE U HUYKHEE OMOPHBIE KosbLa. Huxk-
HSs, KOHMYECKAsl YacTh 3[aHUsl, BOCOPUHHUMAET IO-
CTOSIHHYIO M BPEMEHHYIO HarpysKy, IepefaBas ee ye-
pe3 NWJIOHBI Ha IUIUTY KOJIBLEBOIO JEHTOYHOTO PO-
CTBEpPKa U OTAEIBHO CTOSIIINE POCTBEPKH CBAWHOIO
(ynnamenTa. BepxHss 9acTh IUpKa pemieHa B BUIE
TOHKOCTEHHOTO KyIOJa U3 MOHOJUTHOTO JKeje300e-
TOHA, KOTOPBIM OMHUPAETCs Ha pEUIeTYaTyl0 KOH-
CTPYKLIMIO C PETYJIIPHBIM PACIIOIOKEHUEM pagualib-
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HBIX U KOJIBLEBBIX AJIEMEHTOB U3 MIPOKATHBIX IPOQH-
neil. PannanbHO-KONBIIEBOE apMUPOBAHHUE KENE30-
OCTOHHOTO KyIoJia M JICTIECTKH-peOpa M3 CTaTbHBIX
crapeHHbIX mBesuiepoB Ne 27, Ne 20 u AByTaBpoB
Ne 20 oObenmuHEHBI B EAMHYIO MPOCTPAHCTBEHHYIO
pereTyaTyo KOHCTpyKuuto (puc. 2, a). JKecTkocTh
KOHCTPYKIIUH KaXKJIOTo JierecTka-pedpa obecriedeHa
3a CUeT KPECTOBBIX CBA3EH M3 CTaJbHBIX MPOKATHBIX
nByTaBpoB No 20, CBSI3YIOIIUM IIEHTPaJbHBIM 3Ji€-
MEHTOM M3 CIapeHHBIX miBessiepoB Ne 20 3aMKHYTO-
T'O TIONEPEYHOTO CEUCHUST U OOPELIETKH.

2 weennepa Ne 20

'1.._\.

",
ko S RS,

Puc. 2. Bo3BeieHue KynoJbHO-KOHMYECKHX KOHCTPYKIUH
3nanus Kazanckoro uupka (moHp 1966 r.):

@ — KOHCTPYKIHS OLIOPHOT0 JIENEeCTKa-pedpa, H3roTOBICHHOTO
U3 CTAJIBHBIX MPOKATHBIX MPOQUIEH; 6 — MOHTAX JIETIECTKOB-pedep
C LEHTPAIBHOI OIIOPOi U OMOPHBIMH KOJIbLIAMH;

6 — MOHTa)K OCHACTKH /ISl JKeNe300€TOHHOTO KyIoJia
[Fig. 2. Erection of dome-conical structures
of the building of the Kazan Circus (June 1966):

a — the construction of a supporting lobe-rib
made of steel rolling profiles; 6 — assembly of petal-ribs
with central support and support rings;

B — installation of equipment for reinforced concrete dome]
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TexHoMOrNYeCcKOl 0COOEHHOCTRIO MPU BO3BE/IE-
HUU KeNe300€TOHHON CKOPITYIIBI KYTIOJIa SIBISUIOCH TO,
YTO apMHUPOBAHME M YKJIaJKa OETOHA OCYIIECTBICHBI
Ha OCHAcCTKy 0e3 yCTaHOBKHM MHBEHTAPHBIX CTOEK.
brima mcmonbp3oBaHa TEXHOJNOTHYECKAas CHUCTEMa
«OCTaBIISIEMON OMIOPHO-TIPOJIETHON OCHACTKH C BPEMEH-
HOHM LEHTPAJIBLHOM ONOPOW» U3 COWICHEHHOH CTallb-
HOM TpYOHI (pHC. 2, 6).

Jlenectku-pedpa ycTaHOBIEHBI BIUIOTHYIO APYT
K JIpyTY TIO BCEMY MEPUMETPY, MOCIeI0BATENBHO CO-
YJICHEHBI Ha 3JIEKTPOCBapKe ¢ 00pa3oBaHUEM 3aMKHY-
TBIX TIOTIEPEYHBIX CEUYCHUN M3 CHapeHHBIX IIBEIe-
poB Ne 27.

K pemeryaToii onopHoit ocTaBiasieMoil OCHaCTKe
MOJBEIIECH CheMHBIH AEPEBSIHHBIA HACTHI ONairyOKu
(puc. 2, 6, 8). CTep»HHU KOJBIIEBOH apMaTyphl JKeJe30-
OETOHHOTO KYTIOJa IMPUBAPEHBI AIEKTPOCBAPKON K BEpX-
HEeMY TOSICY JIEIECTKOB-pedep.

B oOnactu conpspkeHUs HU)KHEH — KOHHUYECKOM
U BEpXHEH — KYIOJBbHON YacTeil KyIOJIbHO-KOHUYE-
CKOTO 3JaHHs BBINOJIHEHO TPEIBapUTEILHO HAIPSKEH-
HOE JKeJIe300€TOHHOE KOJBIO d,, = 62 M, BOCIpH-
HUMAIOIIEe OCHOBHBIE PACTATHUBAIONINAE YCHIHS OT
TOPU30HTAIBHBIX PACIIOPHBIX HAarpy3ok Kymnoia. Ha-
TSODKEHUE apMaTyphl MPOU3BOIMIOCH HA OETOH AJIeK-
TPOTEPMUYECKIM METOJOM. B pe3ymbTaTe mpensa-
PHUTENBHOTO OOXKaTHUsI IO Hapy>KHOMY MEpUMETPY Ke-
71€300€TOHHOTO PacIOPHOTO KOJbIla JJIMHONW OKPYX-
HOCTH L, = 194,7 M mpon3onuIO yMEHbBIIEHHE 00-
et amuaet 10 L, = 194,4 M. [Ipu 5TOM B KOHCTPYK-
TUBHON CHCTEME KYTIOJIbHO-KOHUYECKON KOHCTPYKLHUH
c(hOpMUPOBAIHCH CKUMAIOIIHE HAPSKEHUS BMECTO
HarnpshKEHUH pacTsHKEeHHs1, BBI3BIBAIOIINE 00pa3oBaHIe
TPELIUH B OETOHE, TO €CTh MOAy4YeH 3PPEKT npe/Ba-
pUTENBHOTO HampsbkeHHs. Beuto 3aduKcupoBaHO, YTO
o0>kKaTHe PaclOpPHOTO KOJIbIa MPUBENIO K €CTECTBEH-
HOMY TIPOIIECCY OTCJIOEHHSI OCHACTKHU KYTOJIbHOW KOH-
CTPYKIIMH ¢ 00pa3oBaHUEM 3a30pa 10 50 MM MexIy
MTOBEPXHOCTBIO JKeNle300€ToHa U onanyOKu.

Uepes miecTs JeT 1ociae BBOAA B IKCIIIyaTaIHI0
3IaHUI0 IUpPKa MPHCBOEH CTAaTyC MaMATHUKA apXu-
TEKTYpbI pErHOHAIBHOIO 3HaYeHu4 [3].

00 ucnpITAaHUAX
1 00cJIeIOBAHNH COOPY KeHUsI

Y4uThIBas ypOBEHb OTBETCTBEHHOCTH M YHHKAJIb-
HOCTh KOHCTPYKTHUBHOW CHCTEMBI 3[IaHHA, KPOME pac-
YeTOB OBLIO BBITOJHEHO MAcIITA0OHOE MOJICITUPOBAHNE
KYTOJIbHO-KOHMYECKOTO 3JIaHUS C HCIOJB30BaHHUEM
Metona nonobus. Ilpeasapurensno 8 KHUMCull
MIPOU3BEIN MOJICIBHBIC, a Mepe cladeii B HKCILTya-
TaINI0 — HaTypHBIC HCIIBITAHUS HECYIIUX KOHCTPYK-
it 31aHus nupka (puc. 3).
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Puc. 3. UcnpiTaHue 31aHUS HUPKA
HA CTATHYeCKHe HATPY3KHU:
a, 6 — MaciitabHble MOJEIH; 6, 2 — HATYPHBIC UCIBITAHUA
[Fig. 3. Circus building static load test:
a, 6 — scale models; 6, 2 — full-scale tests]

B 2009 u nosTopHO B 2017 IT. aBTOpamMu cTaThu
MPOBENICHO MHXEHEPHOE O0CIe0BaHNE HECYIIUX U
OTpaKIAIOIINX KOHCTPYKITUH 31aHuUs.

YcraHOBNIEHO, UTO TPH MIPOSKTHON Mapke OeTo-
Ha M300 ocBuIETENbCTBOBAHHAS [0 COCTOSHHUIO Ha
27.10.2009 r. mapka cocrtaBisier M318...M378,
TO ecTb Ha 6—/3% TpeBbIIAaeT MPOEKTHYIO MapKy.
OcBHIETENBCTBOBAHNE IPOYHOCTH OCYILECTBIEHO Me-
TOJAMM HEepas3pylLIaouero KoHTpoius (puc. 4, a, 6).

PACYET TOHKVIX YMPYTMX OBOMOYEK

BckpriTHEM yCTaHOBJIEHO, YTO PUOPOIUT TOIIUHON
180 MM ynoskeH 1O €010 mapou3oniauuu (puc. 4, 8).
[IpoBeneHs! UCHBITAHNS KPENEKHOIO aHKEPa Ha BbI-
nepruBanue (puc. 4, 2).

Puc. 4. UHcTpyMeHTA/IBHBIE HCCTET0BAHUS
KOHCTPYKIMH KYIIOJIa IHPKa:

a — 1ipu noMouu u3Mepurens npouHocru UIIC-MI'4.03;
6 — npudopom IlImMuzra; 6 — UccIeJOBaHUE KPOBIU
13 BCKPBITOI'O myp(ba, 2 — UCIIBITAaHUEC aHKEpa
[Fig. 4. Instrumental investigations
of the design of the circus dome:

a — with the aid of measuring the strength IPS-MG4.03;
6 — device of Schmidt; 6 — investigation of a roof
from the opened hole; 2 — anchor test]

HOBepO‘lHLIe pacueThbl

Pacuer Hecymmx KOHCTPYKUUH IPOU3BOIMIICS
WH)XEHEPHBIMH, a TaK)K€ YHCICHHBIMH METO/JaMH Ha
6aze DBM. BbIJI0 OILICHEHO COCTOSIHHE KOHCTPYKLIUHU
o ucredeHuu 50 et HenpepbIBHOM 1 6e3aBapuiHON
JKcIITyaraimu. [IpoBeneHo MpocTpaHCTBEHHOE MOJIe-
JIMPOBAaHWE U OCYIIECTBJIEHBl NMOBEPOUYHBIE UUCIIEH-
HBIC PAacyeThl C HCIIOJIb30BaHUEM OOBEMHBIX KOHEY-
HBIX 35eMeHToB (MKDJ) Ha 6a3ze mporpaMMHOTO KOM-
mwiekca «MicroFey. Ilpu 3TOM ydTeHBI: UCTOPUS JKC-
IUTyaTalud KOHCTPYKLUH, BKIIOYas IOaHHBIC HHXKe-
HEpPHBIX W YHCICHHBIX pacdeToB (1976 1.); ocobeH-
HOCTH KOHCTPYHPOBAHHS W TEXHOJOTHS BO3BEACHUS;
pe3yabTaThl HATYPHBIX MCOBITAHUH M (QU3HYECKUN
HU3HOC KOHCTPYKIUH.

Ilepeoni sman. Ilpon3BeneH pacueT MpOCTpaH-
CTBEHHOM MOJIENIM BEpXHEH KyNOJIbHOW KOHCTPYKIIMH,
MO3BOJIMBLIMK OLIEHUTh M YCTaHOBUThH HANPSKECHHO-
nepopmupoBannoe cocrosaue (HJC) xapkaca u3
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JIeTIECTKOB-pedep Kak OCTaBIsIEMOM OCHACTKH KYIOJb-
HO-peOpHUCTOro NOKPHITHSA (pHC. 5).

Ilo pe3ynpraTaM HOBEPOUHBIX PACUETOB MOKHO
KOHCTaTHPOBATh CIEAYIOIIee.

1. MakcuMasbHBIH pacyeTHBIH MPOTHO Kene30-
0ETOHHOTO MOHOJIUTHOTO KyTIONia TOJNIMHOW 60 MM
(mapka 6erona M300 — B25) ¢ onopHbIMU JieriecTka-
MH-peOpaMi U3 CTANBHBIX MPOKATHBIX MpoQuiel co-
craBui 3,618 MM — uist cranbHBIX pedep u 3,980 MM —
IUISL JKeTe300eTOHHO#M JacTu Kymnojia. CienoBaTeib-
HO, pacueTHble 3Ha4YeHHS NPOrHOOB OT BHEIIHEH
Harpy3ky He MPEBBILIAIOT BEIWYHMHBI BeIrHOa 50 MM
KOHCTPYKTHBHOM CHUCTEMBI peOpPHCTOrO Kymoja, 00-
pas3oBaBIIerocs Moclie MPeJBaApUTEIHLHOTO HATsKe-
HUs Ha OETOH CTaJbHOW apMaTypbl HUKHETO OMOPHO-
TO TO5ICa, COEANHSIOMIETO KYIIOJIbHBIN U KOHUYECKUI
AJIEMEHTHI KYNOJIbHO-KOHMUYECKOH KOHCTPYKIIMU 312~
HUSI LUPKA.

2 wsennepa he 20
Amyraep el

Puc. 5. Cxembl MojIeJI€ii CTATBHOTO KapKaca
U3 JIenecTKOB-pedep:
@ — TpeXMepHasi pacyeTHas MOJIeJIb JIeTecTKa-pebpa
13 IPOKATHBIX LIBEJIJIEPOB U IByTaBPOB;

0 — IPOCTPAaHCTBEHHAsI MOJIENb U3 JIEMeCTKOB-pedep;
6 — CXeéMa IPOCTPAHCTBEHHON KOHEYHO-3JIEMEHTHOM
mozenu (ITKOM) kynona u3 nenectkoB-pedep;

2 — HCXOaHad u ned)opanOBaHHa;{ MOJ€CIb KyIoJa
[Fig. 5. Schematic models of the steel frame
of the petal-fins:

a — three-dimensional design model of the petal-rib
from rolling channels and I-beams;

o0 — three-dimensional model of petals-ribs;

6 — the scheme of the 3D finite elements model (FEM)
of the dome of petals-ribs;

2 — the original and deformed model of the dome]
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2. YCTaHOBJIEHO, YTO apPMUPOBAHKE KyIIONa 10CTa-
TOYHO JUIsl HAAEKHOH paboThl KOHCTPYKIHMHU: 110 pac-
4eTy TpeOyIoTCS paawaibHas M KOJbIleBas paboune
apMaTypsbl B KeNe300€TOHHOM YacTH KyIoja JuaMeT-
pom 6 MM kiacca A-III (A400); ckanupoBaHue ap-
MaTypbl I0Ka3aJI0, YTO B KyIOJI€ YCTAHOBJIEHA apMa-
Typa nuameTpom 10 mm kiacca A-III (A400).

Bmopoii sman. Ha BTopoM 3Tamne NpuHATHI pac-
YeTHBIE IPOCTPAHCTBEHHBIE cXeMbl (puc. 6). B pac-
YeTe YUYTEeHBl BEpPTHUKAJIbHbIE M TOPHU30HTAJIbHBIE
Harpy3ky OT BC€X PETMOHAJBHBIX MPHPOJHO-KINMa-
TUYECKUX BO3ACHCTBUH, a TAKXKE TEXHOJIOTMYECKHE
Harpy3KH IpU OUPKOBBIX NMPEICTABICHUSAX.

[lo pe3ympTaTaM KOMIUIEKCHBIX HCCIIEIOBAaHHI
HAC Monenn KynonbHO-KOHUYECKONW KOHCTPYKIUHU
31aHMS LMpKa IPOBEAEH IIOBEPOUYHBIM pacdeT
BCEX KOHCTPYKTHUBHBIX 3JIEMEHTOB KapKaca 3JaHWUs.
Ha puc. 7 npuseneH npuMep CUCTEMHOIO pacyera co-
CTABHOTO CEUCHHUSI JICTIECTKOB-peOep 3AaHusL.
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Puc. 6. HexoTopble pe3yJbTaThbl HCCIe10BAHUMT
HJC mopesn 31aHus HUpPKA:
a — KyTOJIbHO-KOHUYECKasi MOJIENb; O — 3D-Mozens;
6 — KOHETHO-DIIEMEHTHASI MOJIENb; 2 — HCXOIHAS
1 1ehOpMHUPOBAHHAS CXEMBI; € — MO3aHKa HePeMEICHH;

0 — ycunust S, B KOHCTPYKIHSAX; o — YCUIHUS Sy B KOHCTPYKLHMSIX
3 — yeunust My,; B KOHCTPYKIUSAX; U — yemtust O, B KOHCTPYKIUSX
[Fig. 6. Some results of investigations
of the stress-strained state of the circus building model:
a — dome-conical model; 6 — 3D-model;

6 — finite elements model; 2 — the original and deformed scheme;
e —— isofields of displacements; 0 — the efforts S, in structures;
orc — the efforts S, in structures; 3 — the efforts M,,, in structures;
u — the efforts Q, in structures]

PACYET TOHKVIX YMPYTMX OBOMOYEK

Puc. 7. Pe3y1bTaThl IOBEPOYHOI0 pacuera:
@ — pacpesieIeHHe PaCYETHBIX IIPOAOJIBHBIX yCHIHid N
B CTEPIKHEBBIX dJIeMeHTax pedep Kymomna (Nm.x = 3097,35 xH);
6 — 10 xe, monepevHbIX O (Omax = 101,36 kH);
6 — TO e, N3ruOarOIUX MOMEHTOB M (M =—94,173 kHem)
[Fig. 7. The results of calibration calculation:
a — distribution of the design longitudinal forces N
in the bar elements of the dome ribs (Npyax = 3097.35 kN);
0 — the same transverse Q (Omax = 101.36 kN);
6 — the same bending moments M (M. = —94.173 kNem)]

BriBoabI

Ha ocHoBaHMM KOMIIJIEKCHBIX pacyeTHO-TEOpe-
trueckux uccnenoBanmii H/IC kynonbHO-KOHHYECKOH
KOHCTpyKUuM 31aHus Kasanckoro nupka, obyanaro-
LIEr0 CTaTyCOM YHHKaJIbHOTO O0BEKTa, MOXKHO CHE-
JIaTh CIeAYIONIHe OOIIIE BEIBOIBL.

1. lna A0CTOBEPHON OLIEHKU COCTOSIHHS 3IaHUS
HEOOXO0AUMO y4YecTh UCTOPHIO €r0 CO3AaHMs: (opMH-
POBaHUE U pealn3alfIo UIEH apXUTEKTYPHO-KOHCTPYK-
TUBHOU ¥ 00BEMHO-TIPOCTPAHCTBEHHOH CTPYKTYPHI
KapKaca; ONTHMM3ALMI0 PABHONPOYHOTO pacrpe-
JICJICHUS] OCHOBHBIX HECYIIMX KOHCTPYKTHBHBIX 3JIe-
MEHTOB Ha 0a3e CHCTEMBI «pacueT — MOJEITUPOBa-
HUE — UCIBITAaHHE»; CTPOUTEIBHO-TEXHOIOTHYECKUE
METOJIbl U MPUEMBI, BIUAIONINE Ha HECYIIYIO CIIO-
COOHOCTB M HAJIEKHOCTh KapKaca; MpeIBapuTeIHHOe
00>kaTHe KOHCTPYKIMW HIDKHETO OTIOPHOTO KOJIbIIA,
BOCHPUHUMAIOIIETO PACTATUBAIOIINE YCUIIHSL.

2. Pesynprarel nccnenoBannii H/IC mpu momo-
Y IIPOrPaMMHOI0O KoMiuiekca «MicroFe» Juist KOH-
CTPYKTUBHOH CHCTEMBI KyHOJIbHO-KOHUYECKOTO Kap-
Kaca C BapHaHTaM{ MOJEIHPOBAaHUS €ro padOThl Ha
Pa3HBIX 3Tamax CTPOUTENHCTBA U IKCIUTyaTalllH, a TaK-
e C yUETOM pPe3yJIbTaTOB MHKEHEPHOTo 00cie0Ba-
HUs, (U3MYIECKOr0 M3HOCA W MCTOpUH (HOpMHUPOBa-
Hus HJIC, mo3BONMIOT ¢ ONpeneracHHOW CTETCHBIO
JOCTOBEPHOCTH OLICHUTh (PaKTUYECKOEe HANPSKEHHO-
neOpMUPOBAHHOE COCTOSHIE KOHCTPYKIMH 3JaHusl.

3. Ilo pe3ynbTaTamM MpOBEACHHBIX aBTOPAMH U JIPY-
TUMH ClICUaJIMCTAaMU MHKCHEPHBIX HHCTPYMCHTAJIb-
HBIX 00CJIEIOBaHHI CTPOUTEIBHBIX KOHCTPYKIUI
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KYIIOJIbHO-KOHUYECKON KOHCTPYKIIUU 3AaHUS LUPKa
MO>XHO KOHCTAaTHPOBaTh, YTO TEXHHUUYECKOE COCTOSI-
HUE BCEX HECYIIMX M OrPa)KIAOIIMX KOHCTPYKTHB-
HBIX 3JIEMEHTOB 37aHUS B LIEJIOM, B COOTBETCTBUU C
na. 3.11, T'OCT 31937-2011, ouenuBaetcs Kak pa-
b6orocmocobHoe. Takmm 00pa3oM, SKCILTyaTaIus 3a-
Hus Kazanckoro mupka B TeueHue 50 JIeT CyIiecTBeH-
HO HE U3MEHWIA MPOYHOCTh U YCTOMYMBOCTH KOH-
CTPYKIWU: 3/IaHue MPHUTOTHO K JajbHeIe Oe3aBa-
PUHHON JKCIUTyaTaIlH 110 CBOEMY (DYHKITMOHATLHO-
My Ha3HAYCHUIO.

© Mycrakumos B.P., Skynos C.H., 2018
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MNPOBJEMA YUCJIIEHHOI'O AHAJIM3A )KECTKOCTH
N3T'NBAEMBIX KEJE3OBETOHHBIX 3JIEMEHTOB

A.C. MAPKOBUY, M.U. ABY MAXAJIU, I.A. MUJIOCEPJIOBA, K.C. AKUDBEBA, M. ACA/]

Poccutickuii yHUBEpCUTET NPY>KOBI HAPOIOB
yia. Muxnyxo-Maxknas, 0. 6, Mockea, Poccuiickas @edepayus, 117198

(nocmynuaa 6 pedaxyuro. 12 sasaps 2018 r.; npunama k nybauxayuu: 5 mapta 2018 r.)

B 1938 r. ObuIH IPUHATEI HOPMBI IPOSKTUPOBAHUS, B KOTOPBIX IS pacueTa Kejie300eTOHHBIX KOHCTPYKIIMHA PEeKOMEH-
JIOBAJICSI METOJ TIpeNebHOro paBHOBecus, pazpaborannbiii B [[HUIIC A.A. I'Bo3neBeiM u B.M. Mypamessim. C camoro
HauaJla IpejyiaraemMasl TEOpHus BbI3Bajla B HAyYHBIX KPyrax OCTPYIO AMCKYCCHIO, BBUAY TOTO, YTO COAEpIKajia psij MPOTHBO-
peantii. [TocKONBKY 10 CHX TIOP METOJ MPEAEIFHOTO PaBHOBECHS OCTAECTCS OCHOBHBIM METOJIOM pacdeTa JKelIe300€TOHHBIX
KOHCTPYKIMH Ha MPOYHOCTH, OOJBIIMHCTBO MPOTHUBOpeunii Teopun A.A. ['Bo3neBa yHacieqoBaiIl COBpEMEHHBIE HOPMEI.
[MocnenHue HECKOIBKO AECATKOB JIET aKTHBHO Pa3BHBAETCs AMCKYCCHSI OTHOCUTEIBHO Mepexo/ia Ha 1e)OpMallMOHHYI0 MO-
JIellb COIPOTHUBIICHUS JKene300eToHa, HcIobp3yeMyto EBponelickumu cranaapramu. I1o 3Toii mpuunHe akTyann3upoBaHHAas
pemaknrs OTEYECTBEHHBIX HOPM JOIMYCKAET BBITOIHATH PAcUeT JKeJle300eTOHHBIX KOHCTPYKIUM 10 HeJTMHEHHOH nedopma-
UOHHOM Mojenu. OIHAKO UCCIIENOBaHUM, MOATBEPIKAAIOIINX COrJIACOBAHHOCTD Je(hOPMALIMOHHON MOJIENN C TeopeTHYe-
CKHMMH MOJIOKCHHUAMU HOPM IMPUMEHHUTECIILBHO K pacucTaM H3Fl/l6aeMbIX QJICMCHTOB, UMECTCSA OIrpaHUYCHHOC KOJIHNYCCTBO.
B cBs13u ¢ 3TMM HamK ObLIA BBIIIOJIIHEHA CEPHSI PACUYETOB JKECTKOCTH IIAPHUPHO ONEPTOH IUINTHI MIEPEKPHITHSI HA OCHOBAaHUU
TeopeTHYecKor u Ae(opMaIioHHONH MoJeneld OTE€YeCTBEHHBIX HOPM. PacdeT IIMTHI MPOU3BOAMICS METOIOM KOHEYHBIX
3JIEMEHTOB IO HEJMHEIHOW JedopMalnoHHOI MOIeNn, 3aTeM BBIMOJIHSIICS aHAIN3 MOJTYUYEHHBIX Pe3yJIbTaTOB U CPaBHEHHE
C pe3yJibTaTaMH pacdeTa COrJacHO TEOPETUUECKHM TOJIOKEHUSIM HOPM.

Ki1ioueBble c10Ba: 5xe1€300€TOHHBIE KOHCTPYKIIMH, METOJI TIPEIEIIBHOTO PAaBHOBECHS, TEOPHs Ae(hOPMUPOBAHUS Oe-
TOHA, (pM3HUecKas HEIMHEHHOCTh, METO/] KOHEUHBIX 3JIEMEHTOB, H3THOAEMBbIE 3JIEMEHTBI

PROBLEM OF NUMERICAL ANALYSIS OF DEFORMATION
OF BINDED REINFORCED CONCRETE ELEMENTS

A.S. MARKOVICH, M.I. ABU MAHADI, D.A. MILOSERDOVA, K.S. AKIFEVA, M. ASAD

Peoples’ Friendship University of Russia (RUDN University)
6 Miklukho-Maklaya St., Moscow, 117198, Russia

(received: January 12, 2018; accepted: March 5, 2018)

In 1938 standards were adopted in which the method of limiting equilibrium, developed by prof. A.A. Gvozdev and
V.1. Murashev, was recommended for the calculation of reinforced concrete structures. From the very beginning, the pro-
posed method caused a sharp discussion in the scientific community, since it contained number of contradictions. Most of
the contradictions in the theory of A.A. Gvozdev became part of modern Russian standards. Until now the method of limit-
ing equilibrium remains the main method for calculating reinforced concrete structures for strength. In recent years, a dis-
cussion has been developed on the transition to the deformation model of reinforced concrete resistance used by the Europe-
an codes. In view of this, the updated version of domestic regulations allows the calculation of reinforced concrete struc-
tures using a nonlinear deformation model. However, there is a limited number of studies confirming the consistency of
the proposed deformation model. In this regard we performed a series of calculations of rigidity of hinged supported on
the basis of the theoretical and deformation models of the Russian standards. The calculation was carried out by the finite
element method using the model of nonlinear deformation of concrete.

Keywords: reinforced concrete structures, limit equilibrium method, theory of deformation of concrete, physical non-
linearity, finite element method, bending elements
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Ho cepeaunsl 30-x IT. MPOLLIOr0 BEKa pacuer
JKeJ1e300€TOHHBIX KOHCTPYKLHHA BBIMOIHSIICS COTTIACHO
KJIACCUYECKON TEOPUH B MPEAIIOI0KECHUN JTUHEUHON
3MIOPHI paciipeeseHns HOpMaIbHBIX HaNpPsKEeHUN
II0 BBICOTE M3rubaeMoro 3siemenTa. PaccmarpuBanocs
NpUBEACHHOE K OCTOHY CeueHHe, a pacueT MPOU3BO-
Juicst 1o ¢popMysaM CONPOTUBICHUS MaTePHAOB,
B TOH WJIM MHOH CTENEHH OTPAKAIOLMIMM MEXaHUKY
CTPOUTENBHBIX KOHCTPYKIUH.

B 1938 r. 6bUIM PUHATHI HOPMBI IPOEKTHPOBA-
HMS, B KOTOPBIX ISl pacyeTra >Kesie300eTOHHBIX KOH-
CTPYKLHMH PEKOMEHIOBAJICSI METO[ MIPEACIBHOIO PaB-
HoBecus, paszpaborannblii B [IHUIIC Beimarommmcs
uHxeHepoM A.A. I'BO37€BBIM U €ro COPaTHUKOM
B.1. MypaiueBbiM. B TOM %€ rosy OCHOBHBIE ITOJIO-
>KEHUS 3TOT0 MeTo1a ObLTH U3JI0KEeHBI B paboTte [1].

I'naBHOE OTIMYME OT KJIACCUYECKON TEOpHUH 3a-
KJIII0YaIOCh B TOM, YTO PacyeT KeJIe300€TOHHBIX
3JIEMEHTOB BBIIIOJHSJICA B IJIACTUYECKON CTaAnH pa-
0O0TBI, PEIIECCTBYIONIEH pa3pyIICHUIO KOHCTPYKLIUH.

C camoro Hawana npemmraraemas A.A. I'Bo3ne-
BBIM TEOpPHS BBI3BaJla B HAYYHBIX Kpyrax OCTpPYIO
JCKYCCHIO, BBUIY TOTO, YTO COJEpIKaja psii MPOTH-
BOpEUMUi, OHAKO MPUHATHIO MOCIEIHEH BO MHOT'OM
Croco0CTBOBaJIA MPOCTOTA TEOPETUUECKONH MOAETH.

Beenennsiii B 1938 1. B HOpMBI IIPOEKTHUPOBA-
HUS METOJ| MPEeAeTbHOr0 paBHOBECHS IO HACTOAIIe-
rO0 BPEMEHHU OCTaeTCsi OCHOBHBIM METOJIOM pacueTa
KEJIe300€TOHHBIX KOHCTPYKIMH Ha NMPOYHOCTH, IIO-
3TOMY OOJBIIMHCTBO MPOTUBOpeurid Teopun A.A. I'Bo3-
JieBa yHacllelIoBaJll COBpeMeHHbIe HOopMbl. Hambo-
Jiee TIOJHO STH MPOTHUBOPEYHUS M3JI0KEHBI B padoTax
P.C. Camxapogckoro, A.W. 3sezmosa, T.T. Mycaba-
€Ba U APYTrux ucciemoBareicit [5—8].

Tax Kak pacder 0 METOAY NPENENIbHOTO PaBHO-
BECHSI BBIIIOJIHACTCA B IUIACTHYECKOM cTaanu paboThI
Marepraia, MUHYsI YIPYT'YIO U YIIPYTro-TNIaCTUYHYO CTa-
T, Pean30BaTh TeOpeTHYecKyto Mozenb A.A. I'Bo3-
JieBa s pacuera »Kelle300€TOHHBIX KOHCTPYKLHUI Me-
TO/IOM KOHEYHBIX AJIEMEHTOB BeChMa 3aTpyIHUTEINb-
HO. BBuny 3TOro y pacuerdukoB BO3HHMKAIOT OIpe-
JIeJICHHbIE TPYAHOCTH B JOCTOBEPHOM OLIEHKE JKECT-
KOCTH M3TM0AEMBIX JIEMEHTOB.

B 2007 r. BeIIUIM B CBET HOPMBI MPOEKTUPOBA-
HUA [2], TOe TPUMEHHUTETHHO K pacdyeTy KOHCTPYK-
LU YHCICHHBIMU METOJAaMH YKa3bIBaJoCh: «B nep-
60M NPUOTUICEHUU 3HAYEHUS NOHUNCAIOUWUX KOIGh-
Qduyuenmos OMHOCUMENLHO HAYANLHO2O MOOYIL V-
pyeocmu 6emoHa ¢ yuemom ONUMeIbHOCmU Oetcmeust
HAZPY3KU PEKOMEHOYEeMCs NPUHUMAMb. OJisl 6epmu-
KanbHblx Hecywux snemenmos — 0,6, a 0na nium ne-
pexpvimuii (noxpoimuii) — 0,2 npu Haruuuy mpeujun
unu 0,3 — npu omcymemeuu mpewjuny.
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[NocnenHne HECKOIBKO AECATKOB JIET aKTHBHO Pas-
BUBAETCS IUCKYCCHsI OTHOCUTEJILHO Tepexo/ia Ha fedop-
MaIlMOHHYIO MOJIEJIb COTIPOTUBIICHUS )Kee300eToHa,
rcnosbzyemyto EBponeiickumu ctannapramu [9; 10].

ITo »TO¥ mMpUYMHE aKTyaJM3WpOBaHHAS pelak-
uusg HOpM [3] AOmycCKaeT BBIIOJHATH pacyeT Mpod-
HOCTH M JKECTKOCTH >KeJIe300€TOHHBIX JIEMEHTOB 110
HeJIMHEeWHOW eopMalMoHHON Moaenu. B kayecTse
auarpamMm  1eOpMUpOBaHHs OETOHA M apMaTypbl
HOPMBI PEKOMEHAYIOT UCIIONb30BaTh OMIMHEHHbIE U
TPEXJMHEHHbIE TUarpaMMBbl.

Amnanu3zy HeyIpyroro neopMupoBaHus OeToHa,
a TaKKe pacyery >KeJe300eTOHHBIX IJIMT METOAOM
KOHEYHBIX 3JIEMEHTOB C YYeTOM (DPU3NYECKOH U Teo-
METPUYECKON HETUHEHMHOCTH, MOCBALICHBI pPaOOTHI
B.II. Aranosa, A.B. bennna, A.C. CemeHoBa u apy-
rux aBTopos [11-14].

OnHako B II€JIOM, MCCIENOBAaHHM, MOATBEP)KIa-
IOLIMX COIVIACOBAHHOCTH IpeliaraeMoi nedopma-
LIMOHHON MOJENU C TEOPETUUYECKUMHU MOJIOKEHUSAMHU
OTE€YECTBEHHBIX HOPM NPHUMEHUTENHHO K pacdyeTram
U3ru0aeMbIX HKeIe300€TOHHBIX JIEMEHTOB, UMECTCSI
OTPaHMUYCHHOE KOJINYECTBO.

B cBsi3u ¢ 5TUM Hamu ObUIa BBINOJHEHA CEpHS
pacyeToB KECTKOCTH IapHUPHO ONEPTOH IUIUTHI Iepe-
KpBITHS HAa OCHOBaHMM TEOPETHUYECKOM (ITOTyIMITH-
puueckoil) u aedopManmoHHol Moseneii HopM. Pac-
4eT 1o AeGopMaIllMOHHOW MOJEIH BBITIONHSICS Me-
TOJOM KOHEYHBIX 3JIEMEHTOB.

PaccmaTpuBanach IIIMTa MEPEKPBITHS CIEAYIO-
LIIMX TEOMEeTpUYecKuX pasmepoB (puc. 1): mpoxer
[ = 5600 MM, mupuna b = 1000 MM, ToimIMHA
h =200 mm (hy= 173 mm). beron npunsT kinacca B15
(E»=24000 MIla, Ryser= 11 MIla, Ry ser= 1,1 MlIla).
PactsayTas apmarypa xiracca A400 (E5,=200 000 MITa)
C IUIOLIAJBIO0 MOIMEPEYHOro ceueHus A, = 769 MM
(514 mm). [Tmura Obuta 3arpy’keHa JIMTENBLHON paB-
HOMEpHO PAaCIpeelIeHHON Harpy3koil MHTEHCHBHO-
cTBIO ¢ = 6,5 KH/M’.

Ay
S / 1\

Puc. 1. PaccMaTpuBaemMasi INIMTa NMePeKPbITHS
[Fig. 1. The studied slab]

B kadecTBe pacueTHBIX TUarpaMM COCTOSIHUS Oe-
TOHA, ONPEACISIFONINX CBSI3b MEXKAY HaNpsDKSHHSIMHU
U aedopManusIMu, UCIIOJIB30BATUCh YIPOLICHHBIC
KyCOYHO-JIMHEHHbIC AMarpaMMbl: IBYXJUHEWHas W
TpexyiuHelHas (puc. 2).

IMpu 3ToM 3aKkOH JeGOPMHUPOBAHUS APMATYPHI
onpenesuics quarpammoit [pannris (puc. 3).
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Puc. 2. lepopmannonHasi MoJe/1b OeToHA:
a — IByXJIMHeWHasl UarpaMma; 6 — TpeX/IMHeHHas JuarpaMma
[Fig. 2. Deformation model of concrete:
a — a two-line diagram, 6 — a three-line diagram|
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Puc. 3. Tluarpamma neopMupoBaHusi apMaTypbl
[Fig. 3. Reinforcement deformation diagram]|
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Puc. 4. IIporu6és! NINTHI NPH AUATPAMMAX COCTOSTHUS 6€TOHA, MM:
a — IByXJIMHEWHas TuarpaMma; 6 — TpexJIMHEeiHas JuarpaMmma
[Fig. 4. Slab deflections for diagrams of the state of concrete, mm:
a — a two-line diagram; 6 — a three-line diagram]
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e M = 25,444 Hm
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Puc. 5. 3nayeHus n3ruda0mUX MOMEHTOB IIPH AUArPaMMax coCTossHUsA OeToHa, kHm:
a — IByXJIMHEWHas TuarpaMma; O — TpexJIMHEeiHas JuarpaMmma
[Fig. 5. The values of the bending moments for diagrams of the state of concrete, KNm:
a — a two-line diagram; 6 — a three-line diagram]
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Puc. 6. IIporudn! niauThl (MM), COOTBETCTBYIOIIME HAYATY 00pPa30BAHUS TPEIIUH, IIPH AHATPAMMAX COCTOSIHUS OeTOHA:
a — IByXJIMHEWHas TuarpaMma; O — TpexJIMHEeiHas JuarpaMmma
[Fig. 6. Deflections of the slab (mm), corresponding to the beginning of the formation of cracks, for diagrams of the state of concrete:
a — a two-line diagram; 6 — a three-line diagram]

a M. = 12,449 kHm
0.873
087
0.868
0.87
0.873
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Puc. 7. 3nauenus nsrudéaromux momenToB (kHM), cooTBeTcTBYIOIIME HAYATy 00pPa30BAHUSA TPELIUH,
NpHU AUarpaMMax cocTosiIHAs 0eToHa:
a — IByXJIMHeWHas UarpaMma; 6 — TpeX/IMHeHHas JuarpaMma
[Fig. 7. The values of the bending moments (kNm), corresponding to the beginning of the formation of cracks,
for diagrams of the state of concrete:
a — a two-line diagram; 6 — a three-line diagram]
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Puc. 8. lllnpuna packpbITHs TPelMH (MM) IIPU AHMArPaMMax COCTOSIHUS OeToHA:
a — IByXJIMHEWHas TuarpaMma; O — TpexJIMHEeiHas JuarpaMmma
[Fig. 8. Width of opening of cracks (mm) for diagrams of the state of concrete:
a — a two-line diagram; 6 — a three-line diagram]
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O Qere = 0,0526 MM
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Puc. 9. lllnpuHa packpbITUs TPELIHH B MOMEHT TPeLeH000pa3oBaHus (MM) IIPH AHArPaMMax COCTOSIHUS OeToHA:
a— I[ByXJ'II/IHef/'IHaﬂ JuarpamMma; 0— TpeXHHHeﬁHaﬂ JAuarpaMma
[Fig. 9. Width of crack opening at the moment of cracking (mm) for diagrams of the state of concrete:
a — a two-line diagram; b — a three-line diagram]

Pemienne mocTaBlieHHOW 3aJa4d BBIIOIHSAJIOCH
METOJIOM KOHEYHBIX 3JIEMEHTOB B IMPOrPAMMHOM KOM-
mwiekce Lira-Sapr 2017 [15]. [dns MoxenupoBaHus
TUTHTHI TIEPEKPBITUS UCTIOIB30BAUCH (PU3UUECKHU He-
JIMHEWHBIC 000JI0UeYHbIe KOHEUHBIE A7IeMeHTHI (No 241).
IIlar xoHe4YHO-3JIEMEHTHOM ceTKu cocTaBisaa 0,2 M.
OO111ee KOIMYECTBO HIIEMEHTOB ObLIO paBHO 136, unc-
JIO Y3JIOBBIX HEM3BECTHBIX CHUCTeMbI ypaBHeHH MKD
coctaBisuio 840. I'paHNYHBIE YCIOBUS — MIAPHUPHOE
ONUPAHUE TUTUTHI IO KOPOTKUM CTOPOHAM.

st pelieHus: 3aayu MCIMOJIB30BANICA IIArOBO-
UTEPAIlMOHHBIN METOJ] C pABHOMEPHBIM IIaroM Ipu-
JoxxeHus: Harpysku, paBHbiM 0,01 ¢. Bcero Obuio
3agano 100 maroB. AHaIN3 HaNpsHKEHHO-IEOPMH-

YNCNEHHBIE METOZbI PACYETA KOHCTPYKLIWIA

POBAHHOTO COCTOSIHUS IUTUTHI TMPOBOJMIICA Ha Ka-
JIOM II1are Harpy KeHHs1 KOHCTPYKITHH.

Ha puc. 4-8 mokazaHbl pe3ylbTaThl pacuera,
MIOJTyYeHHBIE TI0 HETMHEHHOH e opMannoHHONH MO-
JeITH.

OcHOBHBIE pPe3yJbTaThl pacyeTa IUIUTHI TIepe-
KPBITHS 110 HETMHEHHON neOpMaloHHON MOIeNn
MIpUBEACHHI B Ta0II. 1.

i1 OLEHKH JOCTOBEPHOCTH IIOJyYEHHBIX IO
neGopMaOHHON MOJENH Pe3yNbTaToB ObLT OIpe-
JeNieH Mporu0 TUIMTHL M BBHIMOJIHEH pacyeT Ha pac-
KpBITHE TPEUINH COTJIAaCHO TEOPETHUUYECKUM MOJIOkKe-
HUSIM HOPM.
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Tabnuya 1
Honst Juarpammsl coctosinusi 6etoHa [Concrete state diagrams]
rl;;;_ [eyxnuneinan [Two-line] | Tpexnuneinan [Three-line]
K, Iporu6| [Tponer- | upuna | Ilpo- | IIponer- | Hlnupuna
o4 | /iMM | HbIf U3- |packpbITHs| THO | HbIH U3- |paCKpBITHS
[Load [Deflec-| rubato- | TpemwH | f,MM | THOaO- | TpELWMH
share, tionf, | it dge, MM |[Deflec-|  tmmit Ugrey MM
%] mm] | moment | [Width tion | momenr | [Width
M, xHwm | ofcrack | f,mm] | M,xHm | of crack
[Spanning opening [Spanning| opening
bending | @, mm] bending | ag., mm)|
moment moment
M, KNm] M, KNm]
10 | 2,047 | 2,548 — 1,505 | 2,548 —
20 | 4,080 | 5,095 — 3,010 | 5,095 —
30 | 6,114 | 7,643 - 4,554 | 7,642 -
40 | 8,155 | 10,190 — 6,226 | 10,189 —
50 10,409 | 12,729 | 0,0569 | 7,982 | 12,734 —
60 |13,350| 15,270 | 0,0848 | 10,139 | 15,288 | 0,0695
70 |16,616| 17,810 0,106 | 12,806 | 17,826 | 0,0895
80 [20,018| 20,353 0,126 | 15,654 | 20,370 0,107
90 |23,486| 22,898 0,144 | 18,594 | 22916 0,125
100 | 27,000 | 25,444 0,163 | 21,578 | 25464 0,140

C y4eToM mepeMEeHHOMN KECTKOCTH Ha YYaCTKE C
TPENHMHAMH MPOTUO TUTUTHI BBIYHUCIUICS MO (opMy-
ne (4.33) vopm [4]:

f= %[G)max (5+3m+3mk)(1—m) + 4m> GLJ (1

rie lj :9,99.10*"L — TOoJHas KpUBU3HA
r max MM

B CEUYCHHMH C H3TUOAIOIMMUM MOMEHTOM M,

(lj :2,28.10*GL
r crc MM

MomMeHTa M = M, ¢
[lj =2,68-10"° L 10 xe 6es y4eTa TPELIUH.
el

r MM

— KpPUBH3HA MpU JAECUCTBUU

Y4€TOM  TPCIIUH;

KoaddummenTsr m u k onpenenstoTcss BRIpake-
HUSMU:

cre

M 25.50

kz(lj /(lj =0,228.
r crc r max

Torma mporu® MINTH paBeH

M, 10,24

=0,4019;

2
=20 (9991095 +3 04019+
48
+3-0,4019 - 0,228) (1 —0,4019) +

+4-0,4019% - 2,68 - 10°) =276 mMm.

238

[IupuHy pacKpbITHS TPEIIUH, HOPMAJIBHBIX K
MPOIOJILHON OCH 3JIEMEHTA, OMPEeNIUM 110 hopmyie
(4.10) mOopM™ [4]:

Qe = 0.9,05Y, 1, 2
cre 123SES ()

s

rae ¢; = 1,4 — KoahUIMEHT, YIUTHIBAIOIINAN TIPOIOJI-
KHUTENBHOCTh NIeHCTBUS HArpy3KH; ¢, = 0,5 — k0ag-
(PUIUMEHT, YYUTHIBAIOIMI TPOGUIb TPOI0JIBHON ap-
MaTypbl; @3 = 1 — K03QHUIMEHT, YIUTHIBAIOIINN Xa-

M
pakTep Harpyxenus, vy, =1-0,8 A/;” =0,679 — Ko-

3¢ (UIUEHT, YYUTHIBAIONIMIA HEPAaBHOMEPHOE pac-
MIpelelIeHne OTHOCHUTEIBHBIX JehopMaIiii pacTsHY-
TOM apMaTypbl MEXK]ly TpPEIIMHAMHU.

HopMmanbHoe HampsikeHue B pacTAHYTOH apma-
Typ€ ONpPEIEIETCS BRIPAXKECHUEM
G, = M =239,6 Mlla,

K
ZS s

TJIe IIevo mapsl cui zg = 0,84 = 138,4 Mmm.
Paccrosinue Mexny TpelmHaMu PaBHO

I = O,SEdS =800,4 MM,
AS
re Ay =87 930 Mm’; A, = 768 Mm’; dy = 14 mm.

Tak kak cornacHo 1. 4.12 HopMm [4] paccTosiHuE
MEXIy TpeIWHaMH He IODKHO TpeBwimath 40d; n
400 MM, mpuaumaeMm /; = 400 mMm.

Torna mmupuHa pacKpbITHS TPEILIMH paBHA

239,6
2-10°

a, =1,4-0,5-1-0,679 400 = 0,228 mm.

CpaBHeHHE pE3yNBTAaTOB, MOJTYyYEHHBIX IO Je-
(hopMaIiOHHOW MOJIENH, C TEOPETUUYECKOH METOAM-
KOW HOPM TPEJICTaBICHO B Ta0I. 2.

Tabauya 2
Teoperu- | Hesmueiinas | Pacxox-
yeckast neopma- JaeHus,
MeTOIUKA LMOHHAsA %
HOPM Moje/b [Discre-
[Theoretical HOPM pancies,
methodology | [Nonlinear %]
of norms] | deformation
model of
norms|
Tporu6 £, MM 27,00 2,174
SO 27,60
[Deflection f, mm] 21,578 21,819
[IponerHslii u3ru-
OaroLii MOMEHT 25,444 0,212
M, xHm 25,50
[Spanning bending 25,464 0,141
moment M, kNm]
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Okonuanue maoba. 2

Teoperu- | Heauueiinas | Pacxox-

yeckas nedopma- JIeHMl,
METOANKA HUOHHAA %
HOPM Mojaelb [Discre-
[Theoretical HOPM pancies,

methodology | [Nonlinear %]
of norms] | deformation

model of
norms]

Usrubarommii
MOMEHT 00pa30BaHus 12,449 17,744
TpewuH M., KkHMm
[Bending moment of 10,24
crack formation M, 13,723 25,381
kNm]
ig?gi’:{aapac’;p;”“ 0,163 28,509

. e 0,228
[Width of crack 0.140 38,596

opening d., mm]

IlpuMeuyaHnue: HaI 4epTOd NPUBEIEHBI PE3yJIbTa-
TBI, OTHOCSILIMECS K ABYXJIMHEIHON anarpaMme coCTosHUS 6eTo-
Ha, a [10J1 4epTOH — K TPEXJINHEHHOH uarpamme.

[N o te: above the line are the results relating to the two-
line diagram of the concrete state, and below the line — the three-
line diagram.]

BoIBOaBI

Pacuer mauThl EPEKPHITHS METOIOM KOHEUHBIX
3JIEMEHTOB I10 HEJIMHEHHOHN e(opMaliMoOHHON Mo/Ie-
JU U TOCIEAYIOUIee CPAaBHEHUE MOIYYEHHBIX PE3yJib-
TaTOB C pe3yJIbTaTAMHU pacueTa COrjacHO TeopeTHYe-
CKOM MOJIEJIM OTEYECTBEHHBIX HOPM IO3BOJIIIN CHE-
JIaTh CJIEIYIOUINE BBIBOBI.

1. IIporu0bI IIMTHI, ONIPENEICHHbIC TI0 HeJTMHEH-
HOM 1edopMallMOHHONW MOJIENH, HETJIOX0 COTJIAaCyIOT-
Cs C TEOPETUYECKON MOJeIbi0 HOpM (IIPU ABYXJIH-
HellHOW muarpamme aedopmupoBaHus OeToHa pac-
XO0XIEHHUS COCTaBMIIN OKOJIO 2%, IPH TPEXITHMHEHHOM
nmuarpamme — 6oinee 21%).

2. 3HaueHUs M3rHOAIONIer0o MOMEHTa 00pa3oBa-
HUS TIEPBBIX TPEIINH, TOTYISHHOTO 10 Iedopmaru-
OHHOM MOJENN HOPM, OTJIMYAIOTCSI OT TEOPETUYECKOU
Mozenu Ha 18% B ciyyae ABYXJIMHEHHOW nuarpam-
MBI 1ehopMupoBaHus OeToHa 1 Ha 25% TIPH UCIIONB-
30BaHUM TPEXJIMHEHHON THarpaMMmBl.

3. JJOCTOBEPHOCTH IIKUPHUHBI PACKPBITUS TPEIINH,
OTIpeIeTICHHO! TI0 HETMHEHHOU 1e(OpMaIIMOHHON MO-
JIeTiv, B MOJIHOW Mepe HE MOATBEPXKIAETCS TEOPETH-
YECKOM METOAMKOM HOPM (PacXoKICHUS COCTABUIU
28 u 38% cooTBeTcTBeHHO). JlaHHBIA QakT 00BIICHS-
eTCsl OIpeAeNICHHON MpoOIeMOi pealn3aluy JHC-
JIEHHBIMH METOJIaMHU TIOJI0KEHUH HOPM, B YaCTHOCTH
KOPPEKTHOTO yuYeTa SMIUPUICCKUX K03(DPHIIMEeHTOB
@1, P2, (3, Y ¥ BBIIOTHEHUS TPEOOBAHUS HOPM «...J;
npuanMaioT He Menee 10d; u 100 MM u He Ooree
40d; n 400 Mmm».

YUCNEHHBIE METObI PACYETA KOHCTPYKLWIA

[IpoBeneHHbIe UcCEAOBAHUS TTOKA3aJIM, YTO MPO-
OneMa rapMOHH3AIUH TEOPETUIECKHUX MOJIOKEHUH OTe-
YECTBEHHBIX HOPM C HENMHEWHOU Momensio medop-
MHUpPOBaHUsl OETOHA 0CO00 OCTPO CTOUT JUIs pacyeTa
CIIOKHBIX CHCTEM, UMEIOIINX OOJIBIIIOE KOJIUIECTBO Y3-
JIOBBIX HEW3BECTHBIX, YUCIEHHBIMHA METOaMu. Takke
3Ty NpobiieMy ciIeayeT paclpoCTPaHUTh U Ha IpyTHe
KJIACCHI KEIe300€TOHHBIX KOHCTPYKIIH.

© Mapkosuu A.C., A0y Maxamu M.U.,
Murnocepnosa JI.A., AkudreBa K.C., Acax M., 2018
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SIU-T'NITOUUKJIONAbI
N IMU-TUTTOIUKIIONJAJIBHBIE KAHAJIOBBIE IIOBEPXHOCTH
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B cratbe paccMaTpuBarOTCs KPUBBIC — SIK- W THITOIUKION B, 00pa3yroIHecs IBHKCHHUEM TOUCK, CBSI3aHHBIX C OKPYXK-
HOCTSIMU OJJUHAKOBOT'O pajinyca, KaTSIIUMHUCS OJHOBPEMEHHO 10 BHEIIHEH U BHYTPEHHEW CTOPOHAM HETOJIBUKHOM OKPYKHO-
ctu. [Toka3biBaeTcsi B3aMMOCBSI3b 3TUX KPUBBIX. PaccMaTprBaeTcsi KaueHUE OKPYXKHOCTEH C MOCTOSHHBIM YIJIOM HaKJIOHA K
IUIOCKOCTH HETOABHKHON OKPY>KHOCTH. [Ipy MOJHOM BpallleHUH MOJBUYKHOM OKPYKHOCTH BOKPYT KacaTelbHOM K HEMOABHXK-
HOW OKPYXHOCTH TOUKA, CBSI3aHHAsI C MOABHKHOW OKPY>KHOCTBIO, OIIMCHIBAET OKPY>KHOCTb BOKPYT' KacaTelIbHOM K HEOABHK-
HOM OKpyxHOCTH. [Ipr 3TOM HayaibHas TOYKA B TOPU3OHTAIBHOM MJIOCKOCTH, MIPUHAMJIEKAIIAS SMMUUKIONIE, IPU TOBOPOTE
Ha 180° mepexoauT B TOYKY THIOIMKIONIBL. [Ipn KaueHNH MOIBIDKHON OKPYKHOCTH ¥ TIOJTHOM BpPAIIeHHH BOKPYT KacaTelb-
HOH B Ka)KIOH TOUKEe KacaHHs K ITOIBIKHON OKPYKHOCTH 00pa3yroTCsl AMU-THIIONUKIONJATBHBIEC IUKINIECKUE TOBEPXHOCTH.
B crarbe noka3plBaeTCsi, YTO OKPYKHOCTH 3MU-TUMOLUKIOUAAIBHBIX HUKIMYECKUX TOBEPXHOCTEN SBJIAIOTCS JIMHUAMMU IJIaB-
HBIX KPUBM3H, U, CIEIOBATENBHO, IOBEPXHOCTU OTHOCATCS K KJIAacCy KaHAJIOBBIX MOBEpXHOCTEH. [IpUBOAATCA PUCYHKH 3IU-
TUNOLMKIION ¥ SNU-TUIOLMKIONAAIBHBIX [IMKIMYECKHUX MOBEPXHOCTEN C PA3IMYHBIMU NTapaMeTpaMu — OTHOLIEHUEM paJny-
COB TOJBUKHOU M HEMOJBUKHOU OKPYHOCTEH, MOJI0KEHUEM TOUKH, OMUCHIBAIOIIEH STTU-TUITOLIMKIOUIBI.

KioueBble ciioBa: SMU-TUIIOIUKIIONABI, IIUKIIMYECKUE IMOBEPXHOCTH, KAHAJIOBBIC ITIOBEPXHOCTH, SITU-TUITOTUKIONTAIIBHBIC
KaHaJIOBBIC IMOBEPXHOCTHU

EPI-HYPOCYCLOIDS AND EPI-HYPOCYCLOIDAL CANAL SURFACES
V.N.IVANOV

Peoples’ Friendship University of Russia (RUDN University)
6 Miklukho-Maklaya St., Moscow, 117198, Russia

(received: January 12, 2018; accepted: March 05, 2018)

In the article are regarded the curves — epi- and hypocycloids, which are formed by the moving of the generating points, linked
with the circles of the same radius and which are at the same time outside and inside of the unmoving circle. There is shown
the relation of those curves. The moving of the circles with constant angle to the plane of the unmoving circle is also regarded.
At full rotation of the moving circle the generating point linked with moving circle described a circle around the tangent of the un-
moving circle. And the initial point laying in horizontal plane on epicycloid moving to the point on hypocycloid when the moving
circle rotates on around the tangent of the unmoving circle. When the circle made a full rotation around the unmoving circle with full
rotation around the tangent to the unmoving circle the epi-hypocycloidal cyclic surfaces are formed. In the article is proofed that the
circles of the epi-hypocycloidal cyclic surfaces are the coordinate lines of the main curvatures of the surface and so the surfaces be-
longs to the class of canal surfaces. The drawings of the epi-hypocycloidal canal surfaces with different parameters — relation of
the radius of the moving and unmoving circles A, the position of the generating point jL — are shown.

Keywords: epi-hypocycloids, cyclic surfaces, canal surfaces, epi-hypocycloidal canal surfaces
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[Ipu xavyeHWUU OKPYKHOCTH pajanyca a To He-
MOJIBUXKHON OKPYKHOCTH pajuyca b Touka, CBsI3aH-
Hasl C MOJBIKHON OKPY>KHOCTBIO, OITUCHIBAET SITUIIMK-
JIOUJY, €CITH TOJBIKHASI OKPYKHOCTh KaTUTCS C BHEIII-
HEel CTOPOHBI HEMOJABUKHOW OKPYKHOCTH, M THIIO-
LUMKJIOUAY NPH KaY€HUH ¢ BHYTpEeHHEH cToponsl [1-3].
OOBIYHO B JNHUTEPATypE MPUBOAATCS OTIEIBHO YpaB-
HEHHMs SMUALUKION 1 runonukions [1] ¢ obpasyro-
el TOYKOM, HaxXo[sAlencs Ha MOABUKHONW OKPYX-
HocTu. B MoHOrpaguu [3] nokasaHa B3auMoCBs3b ypaB-
HEHUH 31H- ¥ TUTIOIUKIION]T ¥ TIOJY9IEeHO MX 0000IIIeH-
HOe ypaBHeHHWe. Hmke mpuBeneHO ypaBHEHHE SITH-
THITOIUKIION/T TIPH TIPOU3BOJIEHOM TIOJIOKEHUU 00pa-
3yIOlLIed TOYKH B TIOCKOCTH MOJBUKHON OKpY>KHO-
ctH (puc. 1).

[Tyctb oOpasytronue Touku 1, 2 HaXOAUTCS Ha
paccTOSHUM [la OT LEHTpa MOABIKHON OKPYKHOCTH
pamnyca a. Ilocne xaueHUS TOIBMKHBIX OKPYXKHO-
CTe 10 TOYKHM KacaHUsl C HEMOABIKHON OKpPYKHO-
CTBIO ¢ 00pPa3yIoIINe TOUYKU TIEPEXOAT B MOJOKECHHUE
1’, 2°. Tlonoxenue Touek 1°, 2’ ompenensierca cyM-
MHpPOBaHHEM BEKTOPOB (puc. 1, 6):

oc = bh(u); od = —aT(u)n(u);

dl' = aR(u)n(u); d2' = —aR(u)n(u),

rie h(u)=icosu+ jsinu; n(u)=—isinu+ jsinu —
eIIMHUYHbBIE OPTOTOHAIBHBIE BEKTOPA B TOPH3OHTAIIb-
Hoit mmockocTH; T'(u)=psindu, R(u)=1-pcoshu .

CrenoBarenbsHO, 0000IIEHHOE BEKTOPHOE YpaB-
HEHHE SU-TUITOLUKIION]T OTydaeM B BUJIE

ru)=a[rh(u)-Tw)n(w)+ pRw)h(u)], A=b/a, (1)

TJIe p — SAUHUYHBIN MapaMeTp: mpu p = 1 moaydaem
YpaBHEHHUE JMHIMKIOUILI, MpU p = —1 moiydaem
YpaBHEHHUE THUITOITUKIIONIBI. DU~ W THITOIMKIOUIBI,
MOJTyYeHHbIE KaueHUEM OKPYKHOCTEH OJWHAKOBOTO
paanyca a, TOYKaMH, pacrooKeHHBIMHA Ha OJIMHAKO-
BOM PacCTOSHHUHM [la OT LIEHTpa, OyJeM Janee Ha3bl-
BaTh UICHTUYHBIMH DITH- ¥ THIOLIMKIONUIAMHU.

W3 puc. 1, 6 BUAHO, 9TO TOUKHU MHUITMKIOUIBI
Y TUTIOITUKIION/IBI IPY KAYSHUH MOABHKHBIX OKPYXK-
HOCTEH OJMHAKOBOTO pajinyca HaXOAATCS Ha OJlMHA-
KOBOM paccTosHUM — aR(u) oT kacarenbHOW K He-
MOABIKHOMY Kpyry. Kpuas

re(u) = a[hh(u)—T(u)n(u)] 2)

SIBTSIETCS CPEIMHHON JIMHUEH OMHOTHITHBIX SMH- U TH-
ITOIAKJIONI,.

h(u)=icosu+ jsinu;

n(u) =—isinu + jcosu.

Puc. 1. O0pa3oBaHue 3MU-THNOLMKION/L
[Fig. 1. Formation of epi-hypocycloid]

ONu- W TUNOUWKIIOWIBl OTHOCATCS K KIIaccy
KJIACCUYECKUX KPUBBIX, KOTOPHIM MOCBSIIIEHO MHOT'O
paboT, comepKalux PUCYHKH W OMHCAHUS OCOOCH-
HOCTEH 3THUX KPWBBIX NPU H3MEHEHHWH IapaMeTPOB.
[Toatomy nasiee OyJieM paccMaTpuBaTh [UKIAYCCKUES
MOBEPXHOCTH HA OCHOBE HJICHTUYHBIX JMH-THUIOLM-
KITOH]T.

YunteiBas paBHOYAAJICHHOCTh TOUCK JMH-TUIIO-
LUKIOUJ OT CPEIMHHOMN TUHUH (2) U IpUHUMAs Cpe-
JTUHHYO JIMHHIO 32 JIMHUIO [IEHTPOB IIUKIMYECKON I10-
BEPXHOCTH (2), ITOJTy9YaeM YpaBHEHUE STIH-THUTIOIUKIIOHN-
JIaJIbHOM [TUKIJIMYECKOUW MOBEPXHOCTH C IEPEMEHHBIM
paguycoM aR(u)

p(u,v)=rc(u)+aR(u)e(u,v)=
:a[kh(u)—T(u)n(u)—i—R(u)e(u,v)]a (3)

rae e(u,v) = h(u)cosv+ksinv — ypaBHEHHE OK-

PYKHOCTH €IMHUYHOTO PaJiiyca B BEPTHUKAITHLHOM TII0C-
KOCTH ¢ Ha9aJIbHBIM HaIPAaBJISIONINM BEKTOPOM A1 (11).

OTMETUM HEKOTOPHIE YaCTHBIE CITyYau.

Ecmu oOpasyromiye TOYKH COBIAAAIOT C IICH-
TPOM MOJBUXKHBIX OKpYykHOCTeH (| = 0), To 3mu- u
TUIOIUKIIONIB! SBISIOTCS OKPYXHOCTSIMH pajanyca
b + a g SUUMUKIONIB! U b — a IUISL TUIIOIMKIION-
Ibl, 8 IIUKJIMYECKON TOBEPXHOCTBIO OYAET TOD.

Ecmu pamnyc moaBmKHOW OKPYKHOCTH paBeH
pagnycy HETOABMKHOU OKPYKHOCTH A = 1, TO BHYT-
PEHHSIST OKPYKHOCTh HE IepeMeniaercs (He KaTUTcs)
Y TUTIONWKIION]IA BBIPOXKAaeTcs B Touky. [lukmimue-
CKasl TIOBEPXHOCTh 00pa3yeTcsl BpalleHHeM IepeMeH-
HOTO pajuyca BOKPYT KacaTeJlbHOW, MPOXOAAllei
4yepe3 TOUKY (BBIPOXKACHHYIO THIOUMKIOny). [To-
Tydaemas IUKIMYECKash MOBEPXHOCTh OTHOCHUTCS K
KJIacCy KaHaJIOBbIX MOBepXHOcTe Moaxumcrans —
LUKIAYECKUX TMOBEPXHOCTEH C OKPY>KHOCTSIMHU, SIB-
JSIOMIMMUCS JIMHUSMU TIIABHBIX KPUBH3H MOBEPXHO-
CTH M JISKAIIHUX B INIOCKOCTAX Myd4Kka. Pagmyc Toukn
IuaMeTpa o0pa3yromiel OKpyKHOCTH, MEPHEHIUKY-
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JISIPHOW OCH BpAIlleHUs, OMUCHIBACT SMUTPOXOUAATb-
HYI0 KPHBYIO M IHUKINYECKas MOBEPXHOCTh HA3bIBa-
€TCsl AMUTPOXOUIATILHON KaHAJIOBOW MOBEPXHOCTHIO
[5; 6].

Ha puc. 2 npuBeneHs! BUIBI SITUTPOXOUIANTH-
HBIX MTOBEPXHOCTEH C Pa3iMYHBIM TOJOKEHHEM 00-
pasytromeit Touku (L= 1; 0,75; 2,75. B HuxKHeM psgy
MOKa3aHbI AIUTPOXOUIBI, HETIOABIKHAS OKPY>KHOCTD
Y CpeMHHAS KPHUBas — JIMHUS LEHTPOB OKPY>KHOCTEH
[MUKITAYECKON OBEPXHOCTH. J{JIs1 ST TPOXOHIATEHBIX
TIOBEPXHOCTEW CpeANHHAS JTMHUS aHAJIIOTHYHA 10 (op-
Me armtpoxouzae. Ilpu p > 1 (oOpa3syromas Todka
PacCIOJIOKEHA C BHEIIHEH CTOPOHBI MOABM)XKHON OK-
PYXHOCTH) SIHULHUKIONIA OMMCHIBAET CaMoIepeceKa-
IONIYIOCST KPUBYIO (QHAJIOTWYHO W CPEIUHHYIO KpH-
By10). lluknieckue moBepXHOCTH 00pa3yIoTCs ABY-
MA OTCEKaMH IHNHUKINYCCKUX HOBerHOCTeﬁ — BHCII-
Hell 1 BHYTPEHHEH, CONPUKACAIONUXCs HA OCH Bpa-
meHns obpasyronx. Ha pucyHke mokasaHbl IMOJIO-
BUHBI OTCEKOB B MHTCPBAJIC U3MCHCHUA YIJTIOBOI'O I1a-
pametpa 0 <v <.

%!
O
S T
‘é«g!u,unuf'

K a

Puc. 2. DnuTpoxonianbHble KPUBbIe U OBEPXHOCTH A = 1
[Fig. 2. Epitrochoidal curves and surfaces A = 1]

[Ipu paauyce MOABMKHOM OKPYKHOCTH, paB-
HOM MOJIOBHHE paguyca HEMOJABUXKHOU OKpPYKHOCTH
A = 2, ¥ MOJIOXKCHNUHU 00pa3yroIleil TOUKH Ha O BIIK-
HOM OKPY>KHOCTH [l = | TUIOLMKIION A BBIPOXKIACTCS
B OTPE30K MPSIMON — JUaMeTp HEMOJBMKHOU OKPYXK-
HocTh. [Ipu W # 1 rUMOUMKIONIa ONMUCHIBAET OBAJIb-
HyI0 KpuByto. Cpeaunnas kpusas npu (L < 1 oTkJ0-
HSETCS OT HETMOJBM)XKHON OKPYXHOCTH Ha HE0OJb-
IIFe paccTosHUs, pu | > 1 — oOpasyeTcst camore-
peceKaroIascst KpuBasi CJI0KHON (HhOPMBI.

Ha puc. 3 mpeactaBiieHBl 3MU-TUMNOLUKION-
JTAbHBIE IMKITNYeCKUEe TOBEPXHOCTH U KPUBBIE C 00-
pasyrolel TOYKOM B Mpefenax MOABUKHOU OKpYX-
HOCTH.

Ha puc. 4 nokasaH puCyHOK 3IU-TUIIOLUKIOU-
JaTFHOM TTOBEPXHOCTHU C 00pa3yromieit TOUKOi BHE
MIPEIENOB MOABMKHOM OKPYXHOCTH [ = 2,75 U KpH-
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BBIE: O — DMULMKIONIA C THIIOUMKIOUION, 6 — CUIIO-
LIUKJIONNA, 2 — CPeAWHHAs KpuBas. PucyHKkH Kpu-
BBIX ITOKa3aHBI COBMECTHO C HEMOJBIKHON OKpYXK-
HOCTBIO.

Puc. 3. Dnu-runonuKJIouaaabHbIe
IMKJINYeCKHe MOBEPXHOCTH A =2
[Fig. 3. Epi-hypocycloidal cyclic surfaces A = 2]

Puc. 4. Dnu-runouuKI0uIaIbHAST HHKJIHYECKast
MOBEPXHOCTH A = 2 ¢ 00pa3yolieil TOUKOH
BHE NpeesIoB MOJABHKHOM OKPYKHOCTH P = 2,75
[Fig. 4. Epi-hypocycloidal cyclic surface > =2
with a generating point out of the limits
of the moving circle p = 2.75]

Ha puc. 5. npeacTaBneHs! 3NU-TUOLUKIONATb-
HbIC LIUKJIMYECKHE MOBEPXHOCTH C LIETOUYUCICHHBIM
OTHOIIIEHUEM PAJNyCOB MOJABUAKHON U HEMTOABUKHON
OKPYKHOCTEH ¢ 00pa3yIoliei TOUKOH Ha IMOIBHIKHOM
OKPY>KHOCTH. B HUXHeEM psiy MOKa3aHbl COBMECT-
HBIC PUCYHKH SIULUKIOWABI, TUIOLMKIONIBl HEMO-
JBUKHOM OKPYXHOCTH U CpEeAMHHOM KpuBoil. OTiu-
4yre CPeIUHHON KPHUBOHW OT OKPY>KHOCTH MpH A > 3
Ha PUCYHKE MacIITaOHO HE3aMETHO, HO 3TO pa3iiny-
HBIE KPUBBIE.

Puc. 5. Dnu-runonukjaonJajibHble IHKIHYeCKHe
NMOBEPXHOCTH ¢ oOpa3yrouleii TouKoii
HA MOJABUKHON OKPYKHOCTH
[Fig. 5. Epi-hypocycloidal cyclic surfaces
with a generating point on a moving circle]
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Ha puc. 6 nzo0paxkeHbl SU-THIIOUUKIONAATb-
HBIE [IMKJIMYECKUE ITIOBEPXHOCTH ¢ 00pa3yromeii Tou-
KOM BHYTpH MOJIBUKHOM OKpyxHOCTH [ = 0,65. B HIXK-
HEM psNy PUCYHKA — SMULUKIONUBI, THIOLHKION B
HEMOABW)XHOU OKPYKHOCTH U CPEIUHHON KPUBOIL.

Puc. 6. dnu-runonyukiIonJajJbHble NIHKJINYECKHE
TMOBEPXHOCTH ¢ 00pa3yoleil TouKo
BHYTPH NOJABHKHOI OKpY:kHOCTH 1 = 0,65
[Fig. 6. Epi-hypocycloidal cyclic surfaces
with a generating point inside the moving circle p = 0.65]

Puc. 7. Onu-runonyukiIonajJbHble NHKJINYECKHE
TMOBEPXHOCTH ¢ 00pa3yoleil TOUKon
BHE IOJABMKHOM OKPY:KHOCTH B = 2,65
[Fig. 7. Epi-hypocycloidal cyclic surfaces
with a generating point outside the moving circle p = 2.65]

W3 npuBeneHHBIX PUCYHKOB BUIHO, YTO OITH-
TUMOLMKIOWAATIbHBIC IHKINYECKHE MOBEPXHOCTU C
[EJIOYHCIICHHBIM OTHOIIIEHHEM PaJinyCOB HEIOJIBUXK-
HOH ¥ TIOJBIDKHOMN oKpykHOCTeH( A = b/a = n) dop-
MUPYIOTCS. M3 # OJHOTHITHBIX OTCEKOB C YTJIOBBIM
nmuana3zoHoMm 27/n. [Ipu p = 1 (oOpa3yromas Touka Ha
MOJIBMKHON OKPY>KHOCTH) OTCEKH COIIPHKACAIOTCS B
KpalHUX KOHHUYECKUX TOYKax OTcekoB. Ilpm p < 1

(oOpasyromias Touka BHYTPH HOABHXKHOH OKPY>KHO-
CTH) OTCEKH COIIPSTAIOTCS B CEUSHHSIX C MHUHUMAJb-
HBEIM pamuycoM R = b (1 — p). Kak oTMedanocs BbI-
me, npd | = 0 SMU-TUHOLUKIONJANbHAS LHUKINYe-
CKasl IOBEPXHOCTH SBIISIETCS TOPOM paamyca R = b.

IIpu p > 1 (oOpa3yromiast TOYKa BHE ITOIBHXK-
HOM OKPY>KHOCTH) 31IH- U TUMTONUKIIONIBI UMEIOT 30HBI
nepeceueHus1, Te OTCEKH MULUKION]] OKa3bIBAIOTCS
BHYTpPHY HETOJBUXKHOI OKPY>KHOCTH, & OTCEKH THIIO-
LMKJIOW/T — BHE TIOJIBIYKHOM OKpY>KHOCTH. OTCEKH d1H-
THIOUMKIIOUAATBHBIX HUKINYECKUX MTOBEPXHOCTEH B
ATHX 30HaX B3aUMHO IMEPECEKAIOTCS M Pa3IeisSoTCs
Ha OTCEKHU BHENIHEH W BHYTPEHHEN MOBEPXHOCTEH
(puc. 7). OueBUIHO, 30Ha MEPexo/a BHYTPEHHETO OT-
ceKa MOBEPXHOCTH BO BHEIIHHUI OINpenesseTcs TOY-
KaMH TPeceveHus dMr- U Turnonukionasl. [Ipupas-
HuBas ypaBHeHud (1) amu- (p = 1) ¥ THMOLMKIIOUIBI
(p = -1), momyuyaem ¢GopMyIiy Ui OTpEeIICHUS yT-
JIOBOTO NapaMeTpa U, TOUeK NePeceyeHus:

R(up) = l—pcoshu, =05 u, :iu0+k%,

", = larccos[lj k=0..\
A
n

Takum o0Opazom, 1-if BHyTpeHHHI OTCEK IIO-
BEPXHOCTH ONPEIEISETCS KOOPANHATHBIM JIUaNla30HOM
u = (—ug, Up), JJ1s1 BHEIITHETO OTCeKa u = (U, /A — Ug).

Ha puc. 8. mpencraBieHsl BHyTpeHHUH (a) #
BHEITHUH (6) OTCEKH IMMOBEPXHOCTH, a TAKXKE MTOKa3a-
HbI OTPE3KU SIU- U TUTONHKIIOU], CPSIUHHON KpH-
BOH M HETIOJIBIKHOW OKPYXHOCTH B COOTBETCTBYIO-
[IUX AWana3oHax mapameTpa u.

63"0‘3;““!}\
s
{' : R

i i
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Puc. 8. OTcekn 3NU-rUMONHKIOUAATBHBIX
HHUKJINYeCKUX 000/104€eK L = 2,65
[Fig. 8. Compartments of epi-hypocycloidal
cyclic shells p = 2.65]

Kak BuaHO 13 pUCYHKOB, (pOpMa BHEIITHETO OTCe-
Ka aHAJIOTUYHA OTcekaM mpu | = 1. dopma BHyTpeH-
HEro OTCEKa OTIMYaeTCs OT (POPMBI BHEITHUX OTCEKOB.

Brlillie paccMOTPEHBI SMU-THITOIUKION1AITb-
HbIC IUKIMYECKUE TMOBEPXHOCTU C IEIIOYHCICHHBIM
OTHOIIIEHUEM A PaNyCOB HETIOJBIKHOW U TIOJIBUXK-
HOHM OKpYXHOCTEH. YpaBHEeHHE moBepxHOCTEH (3)
MPUTOJIHO IS TIOBEPXHOCTEH ¢ MPOM3BOJIbHBIM I1a-
pameTtpoMm A. M3 reoMeTpur SMU- W TUTIOUUKIIOHT C
JIPOOHBIM ITapaMETPOM A U3BECTHO, YTO ITH KPHUBBIC
SIBJISIIOTCSL CJIOKHBIMHM B3aMMHO TE€PECEKAFOIIUMUCS
kpuBbiMu [3, 4]. B manHOll pabore orpaHHYUMCS
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PacCMOTPEHHUEM SIU-TUIIONUKIOUIABHBIC [TUKIIHU-
YECKHX TOBEPXHOCTEH C IEIOYMCIICHHBIM TapaMeT-
poMm A.

Beiie Obuto oTMedeHo, 4to mpu A = 1 mo-
BEPXHOCTH OTHOCSTCS K KJIACCY KaHaJOBBIX MOBEPX-
HocTe Moaxmmcrans. UToObl BBISICHUTH K KaKOMY
KIIaCCy OTHOCSATCS 3IU-TUMOIHUKIONIATbHBIE ITHKITH-
YECKHE MMOBEPXHOCTH OOIIETro THIA, TOTYYHM KOd(-
¢unenTsl kBanpatndHbix ¢GopM. [IpenBapurensHO
paccMOTpUM CBOKMCTBa (PYHKIIMOHAJIBHBIX IapaMerT-
poB ypaBHeHHs MmoBepxHOCTH (3). YacTHbIE Tpou3-
BOJHBIC (DYHKIMH B BEKTOPOB Oy1eM 0003HAaYaTh CO-
OTBETCTBYIOIINM HHIEKCOM.

h,=—isinu+ jcosu=n;

n,=—icosu—jsinu=—h;
e,=ncosu; e, =—hsinv+kcosv=_g(u,v);

g,=—nsinu; g =-hcosv—ksinv=-e;
h=ecosv—gsinv,;
R, =Musinku=AT ; T, = Aucosu ;
A-T,=AR. 4

Y4uTBHIBAEM TaK)K€ OPTOTOHAJIBHOCTh €IUHUY-

HBIX BEKTOpOB: h, n, kue,n, g.
Y4uTsiBas COOTHOIIEHUS (4), TIOTyInM:

P, :a[Th+R(k+cosv)n+kTeJ; p, =aRg;

P :a{[T'—R(X+cosv)]h+T(1+ZXcosv+X2)n+kT'e};
p,, =a[-Rsinvn+ATg]; p, =—aRe. (5)

KoadduimenTs! kBagpaTHIHBIX HOPM:
E=a[(1+2hcosv+22)7% + B (+cosv)’ |
F=—-a’RTsinv; G= a’R>.
L=VEG-F? =a’R(\+cosv)c;
c :\/(T2 +R2) :\/(I—Zucosku+u2);

m =%(puxpv):é[Re7Tn].

L=(mp,)=

_a _ _ 72 2)\].
_G{R(1+cosv)[K R(1+cosv)] T (1+2kcosv+k )},

M :(mpw):gTRsinv; N=(mpw)=—§R2. (6)

U3 Gopmyn BUAHO, YTO BBITIOJHSIETCS PABEHCTBO
MG = NF v MG — NF =0. 310 sB1sI€TCA yCIOBU-
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€M, 4TO CHUCTeMa KOOpIMHAT # = const (cuctema
OKPY>KHOCTEH) SABJISETCS CHCTEMON JTUHUI KPUBU3HBI
noBepxHocTH [3; 7; 8], u, ceaoBaTensHO, MH-TUIIO-
LUKJIOUAAIBHBIE IUKINYECKUE TMOBEPXHOCTH OTHO-
CATCS K KJIaCCy KaHAJIOBBIX MOBEPXHOCTEH.

© HBanos B.H., 2018

CnHcoK JTuTepaTypsbl

1. Bponwmeiin U.H., Cemenoses K.A. CnpaBodHUK
[0 MaTeMaTWKe: JUId WH)XKeHepoB W ydamuxcs BTY3os.
M.: TU®usMarnut, 1962. 608 c.

2. Cmupnos B.H. Kypc Beicmeit matemaTuku. T. 1.
M.: U3n-Bo «Hayxkay, 1965. 480 c.

3. Hsanos B.H., Pomanosa B.A. KoHCTpyKIMOH-
Hble (DOPMBI POCTPAHCTBEHHBIX KOHCTPYKLUMA. Busyanu-
3anus moBepxHocTed B cuctemMax MathCad, AutoCad:
MoHorpadus. M.: Uzn-so ACB, 2016. 412 c.

4. Lawrence J. Dennis. A catalog of special plane
curves. Dover Publications, 1972. Pp. 161, 168-170, 175.

5. Krivoshapko S.N., Ivanov V.N. Encyclopedia of
Analytical Surfaces. Switzerland: Springer International
Publishing, 2015. 752 p.

6. Hsanose B.H., Maxmyo X.C. KoopauHaTHas ceTh
JIMHAH KPUBU3HBI JIIUTPOXOUIAIBHOM moBepxHocTH // Mc-
CJIC/IOBaHUSI IO CTPOUTEIBHON MEXaHHKE NMPOCTPAHCTBEH-
HbIX cuctem. M.: M3a-Bo Y/IH, 1990. C. 38—44.

7. Ulynuxoeckuui B.M. Knaccuueckas nuddepen-
uuaibHas reomerpusi. M.: TUDOMIIL, 1963. 540 c.

8. Hsanos B.H., Kpusowanko C.H. AHanutudeckue
METO/IBI pacyeTa 000JI04eK HEKAHOHMIECKOH (hOPMBL: MOHO-
rpadus. M.: Mzn-Bo PY/IH, 2010. 540 c.

References

1. Bronshtain I.N., Semendyaev K.A. (1962). Spra-
vochnik po matematike [Reference book of higher mathe-
matics]. For engineers and students of the VTUZes. Mos-
cow, GIFizMatlit Publ., 608. (In Russ.)

2. Smirnov V.I. (1965). Kurs vysshei matematiki
[Course of higher mathematics]. Moscow, Nauka Publ., 1,
480. (In Russ.)

3. Ivanov V.N., Romanova V.A. (2016). Konstruk-
tsionnye formy prostranstvennykh konstruktsii. Vizuali-
zatsiya poverkhnostei v sistemakh MathCad, AutoCad
[Constructive forms of the space constructions. Visualiza-
tion of the surfaces in the systems of MathCad and
UutuCad]. Monograph. Moscow, FSV Publ., 412. (In Russ.)

4. Lawrence J. Dennis. (1972). A catalog of special
plane curves. Dover Publications, 161, 168170, 175.

5. Krivoshapko S.N., Ivanov V.N. (2015). Encyclo-
pedia of Analytical Surfaces. Switzerland: Springer Inter-
national Publishing, 752.

6. Ivanov V.N., Mahmud H.S. (1990). Koordi-
natnaya set' linii krivizny epitro-khoidalnoi poverkhnosti
[Coordinate system of the curvature lines of the epitro-
choidal surface]. Investigation of structural mechanics of
the space systems. Moscow, UDN Publ., 38-44. (In Russ.)

GEOMETRICAL INVESTIGATIONS OF MIDDLE SURFACES OF THIN SHELLS



WBaHoB B.H. CtponTtensHas MexaHuka UHXeHepHbIX KOHCTPYKLMA 1 coopyxeHni. 2018. T. 14. Ne 3. C. 242-247

7. Shulikovskiy V.I. (1963). Klassicheskaya differ-
rentsial'naya geometriya [Classic differential geometry].
Moscow, GIFML Publ., 540. (In Russ.)

8. Ivanov V.N.., Krivoshapko S.N. (2010). Analiti-
cheskie metody rascheta obolochek nekanonicheskoi formy
[Analitycal methods of analyses of the shells of non-
canonical form]. Moscow, RUDN Publ., 540. (In Russ.)

06 asmope

Heanoe Bauecnae Huxonaeeuu — NOKTOP TEXHUUYE-
CKHUX HayK, podeccop aernapraMeHTa apxuTeKTypbl U CTPOU-
TenbcTBa MHkeHepHOU akagemuu, Poccuiickuil yHHBEp-
cUTeT ApYXObl HaponoB. Obracmes HAYYHBIX UHMEPECOS:
reoMeTpus, HopMooOpa3zoBaHNE TOBEPXHOCTEH U METOIBI
pacdeTra TOHKOCTEHHBIX KOHCTPYKIHH CIOXHBIX (GopMm.
Koumaxmmnas ungpopmayusa: e-mail — i.v.ivn@mail.ru.

About the author
Ivanov Vyacheslav N. — Doctor of Technical Scien-
ces, Professor of the Department of Architecture and Civil

Engineering, Engineering Academy, Peoples' Friendship
University of Russia (RUDN University). Scientific inte-
rests: geometry, surface shaping and methods for calcula-
ting thin-walled structures of complex shapes. Contact:
e-mail — i.v.ivi@mail.ru.

Jna yumuposanusn

Heanos B.H. DNHA-TUIOLNUKIONIB U SIH-TUIIOLMKIION-
JAJTbHBIC KaHAJOBBIC MOBepXHOCTH // CTpoWTENbHAS Me-
XaHWKA MHXEHEPHBIX KOHCTPYKIMH U coopyxkeHuil. 2018.
T. 14. Ne 3 . C. 242-247. DOI: 10.22363/1815-5235-2018-
14-3-242-247.

For citation

Ivanov V.N. (2018). Epi-hypocycloids and epi-hypo-
cycloidal canal surfaces. Structural Mechanics of Engi-
neering Constructions and Buildings. 14(3), 242-247.
DOI: 10.22363/1815-5235-2018-14-3-242-247.

"EOMETPUYECKVE UCCNELOBAHWSA CPEAVHHBIX MOBEPXHOCTEW TOHKNX OBONOYEK 247



C/ N CTPOUTENLHAS MEXAHUKA MHXEHEPHBIX KOHCTPYKLIMI 1 COOPYXEHMIA 2018. 14 (3). 248-257
MKW

HTTP://JOURNALS.RUDN.RU/
STRUCTURAL MECHANICS OF ENGINEERING CONSTRUCTIONS AND BUILDINGS STRUCTURALMECHANICS

Teopus yripyrocru

VJIK 539.375
DOI: 10.22363/1815-5235-2018-14-3-248-257

MOJEJNPOBAHUME TPEHIMHOOBPA3OBAHUS
B BOJIOKHUCTOM KOMIIO3UTE IIPU U3T'UBE

.. TACAHOB

AzepbaliKaHCKUH TEXHUYECKUH YHUBEPCUTET
np. I'. [locasuoa, 0. 25, bBaky, Azepbationcan, AZ 1073

(nocmynuna 6 pedaxyuro: 4 suBaps 2018 r.; npunama k nyoauxayuu: 30 anpens 2018 r.)

[TpoekTupoBaHre apMUPOBAHHOTO BOJIOKHAMH KOMIIO3MTa MHUHUMAaIbHOW MaTEepUaIOEMKOCTH MPU TapaHTHPOBAHHON
HAJICKHOCTH ¥ JOJITOBEYHOCTH TPeOyeT ydera CiydaeB, KOrJa B CBSA3YIOIIEM MOTYT BO3HHKATh TpeHIMHBL. UTOOBI 3HATH
npe/ebHbIe U3rnodaroIIne Harpy3Ku, MPpU KOTOPBIX B CBSI3YIOIIEM IPOM30WAET 00pa3oBaHKe TPELINH, HEOOXOIMMO TIPOBO-
JIUTH TIpeNIeNIbHBIA aHau3 KoMro3uTa. Ha ocHOBe npeio)KeHHOH pacyeTHON MOJIeNH, YUUTHIBAIONIEH B BOJIOKHHCTOM KOM-
MIO3UTE HAIMYKME TMOBPEXICHUH (30H OCllabIeHHBIX MEXYacTHYHBIX CBS3eH MaTepHaia), pa3padoTaH METO]| pacuera napa-
METPOB KOMITO3UTA, IPH KOTOPBIX MOSBIIIOTCS TPEIIMHBL. PaccMOTpeHa TOHKas IUIACTHHA M3 YIPYTOH M30TPONHOW Cpejibl
(MaTpuIbl) U pacmpeeNeHHbIX B Hell BKIFOUEHHH (BOJIOKOH) U3 IPYTOTO YIPYToro Marepuana mpu u3rubde. Canraercs, 9To
NPY Harpy>EeHHHU IPOUCXOJHT 3apOXKACHHE TPEILH U pa3pyLIeHHe KoMIIo3uTa. i IPOrHO3UPOBaHUS MOSBICHUS TPEILHH
B BOJIOKHHCTOM KOMIIO3HUTE IPU U3rHOE B 3aBUCHMOCTH OT F€OMETPHYECKHX M MEXaHHMYECKHX XapaKTEePHCTHK CBS3YIOIIETO
Y BOJIOKHA ITIOCTPOCHA 3aMKHYTasl CHCTeMa HENMHEHHBIX anredpandeckux ypaBHeHHH. CHOpMyIHpoBaH KpUTEpHUil 3apoxk-
JEHUS TPELIMH B KOMIIO3UTE TIPH ACHCTBUN M3rHOAIOINX HATrpy30K. PasMep mpenenbHbIX MUHUMAIBHBIX 30H 0CIAa0IeHHBIX
MEXYaCTHYHBIX CBSI3€i MaTepHaia, pU KOTOPBIX MPOUCXOIHUT TPEIIMHOOOpa30BaHUE, PEKOMEH/IyeTCsl paCCMaTpPUBAaTh KakK
MIPOEKTHYIO XapaKTePUCTUKY MaTepHaja CBI3YIOLIEro.

KuroueBble ciioBa: cBs3yloliee, BOJIOKHO, M3THO, 30HBI MPepa3pyLIeHs], KOMIO3UTHAs IIACTHHA, TPELIMHOOOpa30BaHHe
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Design of fiber-reinforced composite of minimum material consumption at guaranteed reliability and durability requires con-
sideration of cases when cracks may appear in the binder. To know the limit bending loads at which cracks will occur in the bin-
der, it is necessary to carry out the limit analysis of the composite. Proposed design model takes into account the presence of da-
mages (zones of weakened inter-particle bonds of the material) in the fiber composite. Based on this design model a calcula-
tion method has been developed for composite parameters at which cracks appear. A thin plate of elastic isotropic medium (ma-
trix) and inclusions (fibers) of another elastic material distributed in the matrix is considered. The plate is bending. It is assumed
that at the loading of composite, the cracks initiation and fracture of the composite occur. A closed system of nonlinear algebraic
equations is constructed. Solution of the obtained system allows to predict the cracking in composite under bending, depending on
geometric and mechanical characteristics of the binder and fiber. A criterion of the cracks nucleation in the composite under
the action of bending loads is formulated. Size of limit minimal zones of weakened inter-particle bonds of the material
at which the cracks nucleation occurs is recommended to be considered as a design characteristic of the binder material.

Keywords: binder, fiber, bending, prefracture zones, composite plate, cracking
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Beenenue. Co3gaHue HOBBIX KOMIIO3UIMOH-
HBIX MaTepHaJIOB, 00JIaAAIOINX BEICOKOH IIPOYHOCTBIO,
JKECTKOCTBIO M HaJle)KHOCTBIO, OTKPBIBAET OONbLINE
BO3MOXKHOCTH MX LIMPOKOTO IIPUMEHEHUS B Pa3iIny-
HBIX 00JAaCTSX CTPOUTENHCTBA U MAITMHOCTPOCHHSI.
TakuMu MaTepuanamMH, B YaCTHOCTH, SIBISIFOTCS BO-
JIOKHUCTbIE KOMIIO3UTHI.

Penrenne pa3nmuyHBIX 3a/1a4 TEXHUKH TpeOyeT
00beKTHBHON MH(OPMAIMK O HalpsHKEHHO-Ie(opMHu-
POBAaHHOM COCTOSIHUM B 3JIEMEHTAaX KOHCTPYKLUH U3
KOMITO3HIIMOHHBIX MaTepHaIOB. DTy HWH(OpMAITHIO
MOYKHO MOJYYHUTH TOJBKO MPH y4eTe OCHOBHBIX OCO-
OeHHocTel 3TUX Marepuanos. [Ipu npoekTupoBaHuU
HOBBIX KOHCTPYKLHUI W3 KOMIIO3UTHBIX MaTe€pHasIoB
HEOOXOMMO YYUTHIBATh BO3MOXKHOCTH IOSIBIICHHS B
Marepuaie TpemuH. [loaToMy HE00X0AMMO MpPOBO-
IUTH TPEAEIbHBIA aHaliu3, YTOOBl YCTAaHOBHUTH, YTO
MpEAIoIaraeMble HCXOIHBIC TIOBPEXKACHHS, PacIo-
JIOKEHHBIE MaKCUMallbHO HeOIarompustHo, He Oy-
IOYyT pacTu 10 KPUTHYECKUX PAa3MEPOB U HE BBI3OBYT
paspylICHNus B TEUEHHE PACUETHOI'O CPOKA CIIyXKOBI.
OnHO M3 OCHOBHBIX MECT B MEXaHUKE KOMITO3UTHBIX
MaTepHanoB 3aHUMAOT MPOOIEMBI, CBSI3aHHBIE C OCO-
OEHHOCTSIMH M3 CTPYKTYpbl. B uwactHOCTH, mpH HC-
CJIEIOBAaHUN PA3TUYHOTO POJa BOIPOCOB MEXAaHUKU
COCTaBHBIX TeJl BAKHO YUUTHIBATH MOBPEXKICHUS B UX
cTpykTypax. Takue moBpexIeHHs MOTYT OBITh BBI-
3BaHbl CAMHUM IIOCTPOEHHEM KOMIIO3UTHBIX MaTepHa-
JIOB, TEXHOJIOTUYECKUMH IPOLIECCAaMH WA ACUCTBH-
eM paznuuHbIX (akTopoB. Ciemayer OTMETUTb, UTO
YCIIEIIHOE NPUMEHEHNE Ha MPAKTHKE KOMIIO3UTHBIX
MaTepualioB B 3HAUUTENIBHON Mepe CBA3aHO C pelle-
HUEM 3a7ad ONpeCNICHHsS UX HaIpshKeHHO-AepopMu-
POBAaHHOI'O COCTOSIHHSI C YYETOM CTPYKTYPHBIX OCO-
OeHHOCTEH, B TOM YHCIEC MOBPEKICHUN B CBA3YIO-
meM U BoJiokHax. [1o3ToMy MccnenoBaHus HanpsHKEeH-
HO-1e()OPMHPOBAHHOTO COCTOSIHHSL B BOJIOKHHCTBIX
KOMIIO3UTaX C IOBPEXICHUAMHU CIELyeT NPU3HAThH
BEChbMa aKTyaJbHBIMH. DTHM BOIPOCAaM IOCBSILIEHO
Oompimoe yrcno pador [1-27] u ap. Pa3paborka ma-
TEeMaTUYECKOW MOJIeINH, MO3BOJISIONIEH MPOrHO3UPO-
BaTh HaIpsKEHHO-IeHOPMUPOBAHHOE COCTOSTHHE
KOMITO3UTa B CTaJUH Mpeapa3pylieHus (o00pa3oBaHus
TPEIIVH), UMeeT OOJBIIIOe 3HAUCHHE.

Lenb paboTBI COCTONT B pa3pabOTKe pacYETHOU
MOJENHU ISl COCTAaBHOTO TeJla «CBA3YIOLIEE — BOJIOK-
HOY, TTO3BOJIIIOLIEH paccunTaTh NpeACibHbIC BHEIIHIE
n3rubaroliee Harpyskd, HPU KOTOPBIX IPOHCXOIUT
00pa3zoBaHKe TPEIIUH B BOJOKHUCTOM KOMITO3UTE.

ocTranoBka 3apaun. IlycTs HeorpaHuueHHas
COCTaBHas IIACTHHA (BOJIOKHUCTHIN KOMITO3HT) TTOA-
Bepraercsi U3rudy CpeHUMH MOMEHTaMHu (M3rud Ha

Geckoneuroctn) M, =My, M, =M}, H,, =0.

TEOPUA YMPYFOCTU

[Ipu Harpy>xeHMH KOMIIO3UTa B MaTE€PUAIC CBA3YIO-
miero OyayT BO3HHKATh 30HBI MIPeApa3pyIICHHs. 30HBI
npeapaspylieHuss MOJAEIUPYIOTCA Kak o00JacTu
0CnabJIeHHBIX MEKYACTUYHBIX CBA3EH MaTepuaia, rue
[IpU Harpy>KeHWH KOMIIO3UTa UMEET MECTO IlacTH4e-
CKO€ TeueHue. 30HbI Npepa3pyLIeHUs] OpUEHTUPOBA-
HBl B HalPaBJICHUU MaKCHMAaJbHBIX PACTATMBAIOIIUX
HanpspkeHuil. MccnenoBanns [28—30] mokxas3siBaroT,
YTO B HAYAJILHOM CTaJMU HAarpyKeHHI 30HBI MpeApa3-
PYLICHUSI TIPENCTABISIOT COOOW Y3KHH BBITSHYTHIN
CJIOM, a 3aTeM C pOCTOM BHEIIHEN Harpy3Ku BHE3AIMHO
MOSIBIIAICTCS. BTOPUYHAS CHCTEMa 30H OCIA0JIeHHBIX
MEKYaCTUYHBIX CBsI3el MaTepHaa.

[Iycts BHemHssA U3rubaromas Harpys3Ka u3me-
HSIETCS TakKUM 00pa3oM, YTO B 30HAX OCJIAOJICHHBIX
MEXUYaCTUUHBIX CBs3€ll MaTepuaa CBA3YIOLIEro ocy-
LiecTBIseTCs MactTuueckoe aedopmuposanue. Ilo-
CJie HEKOTOPOTO YHMCIIa ITUKIOB HArpy>KeHHUsI KOMIIO-
3UTa BO3MOXHOCTH IIACTUYECKOro ae(opMHpoBa-
HUSL B 30HaX OCJIAOJICHHBIX MEXYaCTHYHBIX CBS3EH
MaTepHaja UCUEpPIBIBACTCA U PE3KO BO3pacTaeT pac-
KpbITHE O€peroB 30H MmacTuyeckoro teyenus. Korna
pacKpeITHEe OEperoB 30HbI MPEApPa3pyLICHHUS B TOUKE
MaKCHUMaJbHOM KOHLIEHTPAlMU JOCTUTHET IPEAEib-
HOTO 3Ha4eHUs J, JJsl TaHHOTO MaTepuala CBS3YIo-
LIETr0, B 9TOH TOYKE 00pazyercs TpemurHa (MPou30ii-
JIET pa3phIB MEXKYACTHYHBIX CBsI3el MaTepuaina) [31].

B mpouecce Harpy>keHus KOMIO3WTa H3ruda-
IOUIMMH MOMEHTaMHU B MaTepuaie cBS3ylolero Oy-
JeT BO3HUKATh 30HA MpeapaspyiieHus. g marema-
THUYECKOI'O ONHUCAHUS B3aUMOACHUCTBHS OEperoB 30-
HBI TIpeApa3pylIeHsl TPUHATO, YTO B 3TOI 30HE MEX-
Iy OeperaMy UMEIOTCS CBSA3H, KOTOPBIE CIEPKUBAIOT
pacKphITHE OEpPeTOB 30HBI OCITA0ICHHBIX MEKUACTHI-
HBIX CBs3eil Marepuana. BzammoneiicTBue Oeperos
30HBI MPEAPa3pyIIEHUs MOIEIUPYETCS C MOMOIIBIO
BBEJICHUSI MEXIy OeperamMu JHHUAH IUIAaCTHYECKOTO
CKOJIBKEHHSI (BBIPOXKAEHHBIX II0JIOC IUIACTHYECKHUX
nedopmanumii). MecTomonoxxeHHe W pa3Mepbl 30H
IUTACTHYECKOT0 TEUECHHUS 3aBUCST OT BUJa MaTepuana
CBSI3YIOLLETO U HarpykeHus. CuuTaercs, 4To B 30HaX
Ipepa3pyIIeHns UMEeT MECTO IUIaCTHYECKOoe Teue-
HUE TpU TOCTOSHHOM HampspkeHuu. [lpu stom me-
CTOIOJIOKEHHE M pa3Mep 30H IpeApa3pyllieHHs H3-
HAvaJIbHO HEM3BECTHBI U JIOJDKHBI OBITH OIPEICIICHbI
B IIPOLIECCE PEILIEHU 3a1auH.

AHanu3 B3aMMOJCHUCTBHUS CBSI3YIOIIEIO U BOJIO-
KOH IIPOBOJUTCS HA OCHOBE MOJIENH C OJHUM BOJIOK-
HOM. OcTasbHBIE BOJIOKHA «pa3Ma3bIBalOTCs», a Ma-
Tepuall BHE BBIIEICHHOTO BOJIOKHA IPHHUMACTCSI OHO-
POIOHBIM U HM30TPOIIHBIM C COOTBETCTBYIOIIUMHU 3(-
(EKTUBHBIMU YIPYTUMH ITOCTOSTHHBIMU (TI0 TIPaBUITY
cMmeceil). BzaumopeiicTBue pazMa3zaHHBIX BOJOKOH U
30H NpeApaspyllieHHus OCYLIECTBISETCS 4epe3 COOT-
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BETCTBYHOIIUE 3()()EKTUBHBIC YIIPYTHE HOCTOSHHEIC.
ITpu >TOM HET OTpaHUYCHHI Ha PACTIOIOXKCHHE U
OTHOCHUTEJIbHBEIE Pa3Mephl BOJIOKOH M 30H IPeapas-
pYILICHHUSI, HO MPHUHSATO, YTO 30HBI MPEapa3pyIICHUSI
HE MEPECEKA0TCS MEXKAY COOOM U BOJIOKHOM.

Hauano cuctemsl koopaunat Oxy COBIIaJaeT ¢
TEOMETPUYCCKUM IIEHTPOM BOJIOKHA B CPEAMHHOM
TUIOCKOCTH KOMITO3UTHOM TutactuHsl (puc. 1). B kpy-
TOBOE OTBEPCTHE CBA3YIONIETO BCTABICHO BOJOKHO
U3 JIPYroro, Takxke ympyroro marepuana. [IpuHsaro,
YTO BCIOJly Ha rpanulle coequHenus L (T = Rexp(if))
HUMEET MECTO JKECTKOE CLEIUICHUE Pa3IHYHbIX MaTe-
pHaJIoB.

Mw
¥
alile M. e e BT
2 e E E e Y E
y N X
(N T o, 7 R
(N -_ 21, [N
Mw(N L % —&
x x Mz
(N Y > K
(N &P
N 7 N
(N \ N,

A A A A A A 7
L L LU L LU L U
My

Puc. 1. PacuyeTrHas cxema 00pa3oBaHus TPelMH
B CBfI3yIOIIleM KOMIIO3UTa NP H3ruode
[Fig. 1. Design diagram of cracks nucleation
in the composite binder subject to bending]

PaccMoTpuMm ciydail, korna B CBS3YHOIIEM
BONIM3W BOJIOKHA B mporecce u3ruda mmeercs N
MIPSMOJIMHEHHBIX 30H TpeIpa3pyIieHus THHONW 2/
(k = 1,2,...,N). B menTtpax mnpsSIMOIUHEHHBIX 30H
npeApa3pyIIeHH pa3MEeCTHM Havayia JIOKATbHBIX CHC-
TeM koopauHaT Oy OCH X; COBIANAIOT C JIMHMSI-
MU 30H MpeApa3pylICHUs U COCTaBJISIFOT OChIO X YT-
nel 0. Ha koHType pasgena cpei JOJKHBI BBION-
HSTBCS YCIIOBUS:

W=W0,7:777:73 (1)

o*w _ 82w0 o%w B 82w0 02w B 62w0

on’ on> ’ o2 a or? " onot  omot

TZIe W U Wy IPOTHUOBI CBA3YIOLIETO W BOJIOKHA COOT-
BETCTBEHHO; 7 ¥ ! HAaTypaJIbHbIE KOOPIUHATHI (HOP-
MaJjb ¥ KacaTelbHAas K KOHTYpY L).
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CootHomenus (1) ABIAIOTCS CIEACTBUEM He-
MIPEPHIBHOCTH MPOTHOOB B KOMITIO3HUTE, YTIIOB HAKIIO-
Ha KacaTebHOW M BEJIMYHH N3THOAIOINX MOMEHTOB.

[Ipu Harpy>XeHWU KOMIIO3UTa BHEIITHUMH H3-
ruOaloIMi MOMEHTaMH B CBSI35X, COCIMHSIFOIINX
Oepera 30H Ipepa3pymeHus, Oy IyT BO3HUKATh HOP-

MAaJIbHBIC G}’k =GS U KaCaTCJIbHBIC HAIPSAXKCHUA

T,, =T, (O, —Tpenen TeKy4ecTH MaTepuasia Ipu

pacTsiKeHMH, T, — Ipejiell TEeKYy4ecTH MaTepuasa Ha
CIIBUT).

I'panuunbie ycrnoBus Ha Oeperax 30H Tpea-
paspyieHus OyayT UMeTh BULL:

oH
M,=Mg, N +Zm=H, 2)
ot
2 2
o,h th ; h — TONIMHA KOMIIO3UT-

rae Ms ZT’ Hs =

HOH TacTwHel, M,, H, — ynenbHBIC H3THOArOIINAN
1 KPYTAILUMNA MOMEHTHI; N, — yJeiabHas MOoNepedHas
CHIIA.

Hns onpeneneHuss 3HAUYCHUN BHEIIHEW W3CH-
Oarorreil Harpy3Ku, Ipu KOTOPOH TIPOU3OUICT MOSIB-
JICHWE TPEIIUH B CBS3YIOIIEM, HEOOXOAMMO TOCTa-
HOBKY 3aJ[add JOTIOJIHUTH yCIIOBHEM TPEINHOOOpa-
30BaHM (pa3phiBa MEXTIACTUYHBIX CBS3EH MaTepwa-
7a). B xadecTBe Takoro yCIIOBUS MPUHUMACTCS KPH-
TEepUl TPEACIFHOTO PACKPHITHSI OEPEroB 30HBI OCIA0-
JICHHBIX MEXKYaCTUUYHBIX CBSI3€i MaTepuania:

|(v;—v,;)—i(u,:—u,;)|:66 (k=1,2,...,N). 3)

31ech O, —XapaKTepUCTHKa COTIPOTHBIICHUS MaTe-
pHaia CBA3YIOLIEro TPEHIMHOOOPa30BaHHIO, (v;g -V ) -
HOpMaJIbHas COCTABIISIONIAst PACKPBITHS OeperoB A-TOM
30HBI Mpeapaspymenus; |u; —uj | — KacaTenbHas
COCTaBIISIIOIIASl PACKpPBITUS (caBHUra) OeperoB k-Toi
30HBI IPeIpa3pyLICHHUS.

JomomauTensHoe yemoBre (3) MO3BOJISET yCTa-
HOBHUTbH IapaMeTPhl KOMIIO3UTHOM IITaCTHHBI, IIPU KO-
TOPBIX MPOU30MIET MOSBICHNE TPEIINH B CBA3YIOLLEM.

Mowentsl M., M,, H,,, monepednsie CUIbI N,
N, v mporu® w B TEXHUYECKOHW TEOpUM U3ruda Ia-
CTUH MOXHO TNPEACTAaBUTH C MOMOUIBI0 KOMILIEKC-
HbIX noteHuuanoB KomocoBa — MycxemumBunu [32].
Ha rpanune paszaena cpen uMeem

O(1) + TD(1) + Y(T) = 0, (1) + 1D, (1) + v, (1) >  (4)
n.p(t) + T0(7) + y(1) =

_Dy(1-vy)

D(—v) {no(Po(T) +1D,(7) + \Vo(T)}~ (5)
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3necs 9(1), W) 1 9y(1), V(1) — Kow-
IUIEKCHBIE TOTEHIUANBI JJIsI CBSI3YIOIIETO U BOJIOKHA
COOTBETCTBEHHO; T =exp(if) — mepemenHas Touka
Ha rpanune pasuena cpex; n. =—(3+v)/(1-v);
D u Dy — nunuHApuYecKas )KeCTKOCTh CBA3YIOLIETO
¥ BOJIOKHA COOTBETCTBEHHO; V H V() — K0P HUIH-
enthl [Tyaccona marepuaia CBS3YIOIIEr0 U BOJIOKHA;
ngo Z—(3+V0)/(1—V0) .

PaccmarpuBaemasi KpaeBasi 3ajiaya MEXaHUKU
KOMIIO3UTHBIX MAaTEPHAIIOB OKAa3bIBAETCS 3a/[@4eil Teo-
pUH YIIPYrOCTH C HEW3BECTHOM IPAHHUICH U ee Tpe-
OyeTcsi OIpeeNnTh B MPOILECCEe PELICHHS] KPacBol

3agaun. Ha 6eperax HpﬂMOHHHCﬁHLIX 30H IIpeapas-
pyuIieHruda UMEEM CJIICAYIOIINEC YCIOBUA

ns®(xg )+ OOy )+, @' (g )+ P (g ) = £ +iCy
(k=1,2,...,N), (6)

rae f, kO =M, —iH g ; x; — abdukc Touek k-Toil 30HbI

npenpaspymenusi; C, —IeHCTBUTEIbHBIE IMOCTOSH-
HBIE, OTIpEeeNIeMble B X0/I€ PeIIeHNs 3a7a9i U3 yC-
JIOBUH paBeHCTBAa HYJIO CKayka Mporuda B BEpIIH-
HaX 30H MpeApa3pyLIeHNUS.

B npuHATHIX npeanonoxkeHusx Teopun Kupx-
roga paccMaTpuBaeMas 3aJ1a4a orpeesieHus Hanpsi-
JKEHHO-IIe(hOPMHUPOBAHHOT'O COCTOSIHUSI KOMIIO3UTHOM
TUTACTUHBI CBOAMTCS K OTBICKAHMIO NBYX map (yHK-
mit ©y(z), ¥Yo(z) u ®(z), ¥Y(z) KOMILIEKCHOH
MEpEMEHHON z = X + iy, aHAJIUTUYECKUX B COOTBET-
CTBYIOIINX OONACTSAX M YIOBIETBOPSIONINX KPAEBBIM
ycaoBusiM (4)—(6).

KomiuiekcHele nmoteHmmansl @,(t) u Yy, (1),

OIMKMCBIBAIOIIIHEC Hal'[pi[)KeHHO-):[C(l)OpMI/IpOBaHHOC
COCTOAHHUE BOJIOKHA, UIIIEM B BUC

0,(2) = iakz", W, (2) = Zbkzk. (7)

O003HaYMM JIEBYIO YacTh KpaeBoro ycioBus (4)
Kak f; + if, ¥ IpuMeM, 4TO Ha KOHType L 3Ta KOM-
IIeKkcHast PyHKuus pasiaraercs B psn Oypee:

fivif=Y e (8)

k=—0
Ha ocnoBanum kpaeBoro ycioBus (4) u cooT-

HoueHuit (7), (8), ucmonb3ysi METoH, CTETIEHHBIX Psi-
noB [32], naxoguMm kodhUIMeHTH @,, b, QyHKIHI

0o(2) my,(2):

y 4
a,=—" (n>1), Rea, zﬁ, 9)
b, =y A2 (> 0).
R" R"
TEOPWA YNPYFOCTH

Bennunasl koaQGUUNEHTOB A4, HIIEM B X0A€
peleHunst 3a1aun Uist CBszyromniero. C moMompo KoM-
IUIEKCHBIX MOTEHIMANoB ¢ (z) u y,(z) mocne He-
KOTOPBIX 3JIEMEHTAPHBIX MPeoOpa3oBaHUl TPaHHIHBIC
ycnoBust Ha Koutype T = R exp(if) pasumena cpen 3a-
MHIIEM B BUJIE

(1) + 10 + y() = 3 A", (10)

k=—0

np(t) + (1) + y(t) =

D ,(1- kel . _
_ h( Vo){nozakRkerko +a Re® +
D(1-v) k=1

k=0

+i (k+2)a, ,R*?e™ + iz?kRke*'“ } (11)
k=0
Pemenne rpannunoii 3apaun (6), (10), (11) umem
B BUJIE
O(z) = (pl'(z)+CI)2(z), Y(z)= \|Ji(z)+‘P2(z), (12)

o0 o0
M, +My ©

—k
=——z+ ) ¢,z
() 41+v)D ,; «
St et SP 3 dz ", 13
Wi 20+v)D kzz; “ (13)
Nl
®,(2)= @@y (4
2wi(1+ K) %=1 ) t—z,
\Pz(z):
Nk 1) Te™
_ ' 1 e—21ak ng( )_ k€ 5 gl(t) dl, (1$
27i(1+K) =1 S R " (t—z;)

e T, = 1™ +20; 2, =e”“k(z—z,‘j); K=G-v)/1+1);

gi(x) — UCKOMBIE (QYHKIIMH, XapaKTePU3YIOIINEe pa3-
PBIB YIJIOB ITIOBOPOTa CPEIMHHOM IUIOCKOCTH ILIa-
CTHHBI TIPH TIepexoJie Yepe3 JIMHUIO 30HBI Mpeapas-
pyLIeHus

tg,(1)= di[—aw" i % )
t\ Ox, oy,

YnosnerBopsist pynxmmamu (12), (13) u (14)
rpannvHbM ycnoBusM (10), (11) u cpaBHUBas Ko-
s dunmenTsr npu oanHAKoBBIX creneHsx exp(if),
HOTy4UM ajreOpanyeckue ypaBHEHUs AT HaXOXK/e-
HUA KOdQPUIEHTOB ¢, d; U Aj . DTH COOTHO-
IIEHHs O3BOJISIOT MOTY4UTh (GOPMYIIBI U1 ¢, d,
U Aj B SBHOM Buje yepe3 QyHKIHMU g (xj ).

YoBneTBOpsisl KpaeBbIM YCIOBHSM Ha Oepe-
rax 30H npeapaspymienus (6), MoIyduM cuctemy N
KOMILUIEKCHBIX CUHTYJIAPHBIX UHTETPAIbHBIX YpPaB-
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HEHUI OTHOCHTEIBHO HEU3BECTHBIX (DYHKIMH gi(Xy)

(k=1.2,....N):
N
2
k=1

b
[ [ Rt 6008500+, (025 0) | de = wF, (), (16)

,[k

X<, m=12...3,

0
rae ly, t, x u z, — Oe3pa3MepHbIEe BEIUUMHbI, OTHECECH-

HbIE K R; gZ(t):gk—(t); R
i(1+x%)

0 W3BECTHBIM cooTHomeHnsM [33, dopmynsr VI. 62];

nk » S nk OTIPEICTIAOTCSA

F,(x) = £, +iC, -
[ @, () + D, (x,) + 3, @1 (x,) + ¥ (3,) .

K cucreme CHHTYJIApHBIX MHTErPAIbHBIX YpaB-
HeHu#t (16) ans BHYTPEHHHMX 30H MpeApa3pyLIeHHS
JOOABIISIFOTCS] PABEHCTBA, KOTOPBIE 00ECIEUNBAIOT OJI-
HO3HAYHOCTD YTJIOB IIOBOPOTA CPEIMHHOMN MIOCKOCTH
KOMIIO3UTHOM IJIaCTHHBI TPU 00X07le KOHTYpPOB 30H
Mpepa3pyIeHus

lf
fg,’;(z)dz=o (k=12,....N). (17)

,lk

st onpenenenus nmoctostHHbX Cy (k= 1,2,...,N)
UMeeM CoOTHOIeHus [34], obecnieunBaromiye paBeH-
CTBO HYJIIO CKauyka Mporuda B BEPIIMHAX 30H Mpe-
paspyuicHus

lk
Re [ tg,()dt=0 (k=12,...N). (18)
,lk

Cucrtema KOMIUIEKCHBIX CHHTYJLIPHBIX HHTE-
TpalbHBIX ypaBHeHUH (16) Tpu AOMOTHUTETHHBIX
yenoBusix (17) cBomutcst [28; 33] Kk KOHEUHOU CH-
creme N X M anreOpandeckux ypaBHEHUH OTHOCH-
TEJIHO MPUOIMKEHHBIX 3HAYeHUH HMCKOMBIX (DYHK-

*
i gy (X)) B y3JIOBBIX TOUKAXx:

>

1
M =

M=

lk I:g/: (tm )Rnk (lktm ’ In > Xy ) + g/t (tm )Snk (lktm ’ In > Xy ):| =

3
I

=F,(x,),
M
Zg:(tm) =0 (r=12,...M-1;n=12,...,N). (19)
m=1

Ecmu B cucreme (19) mepeliT K KOMIUIEKCHO
COTIPSKEHHBIM BEJIMYMHAM, TO TMOJYYUM €eIlle OJIHY
cucremy N x M anreOpanveckux ypaBHEHUH.

Pemenne cUCTEMBI CHHTYISIDHBIX WHTETPallb-
HBIX YpaBHEHHUI WIIETCS B Kijacce BCIOAY OIpaHH-
YeHHBIX QyHKIMI (HanpspkeHuit). [Toatomy Kk cucre-
Me (19) HeoOXonUMO T0OABHUTH YCIOBUS OTPaHHYEH-
HOCTH HAIpsDKEHHN Ha KOHI@AX 30H IIACTHYECKOTO
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teuenus x; ==l (k= 1,2,....,N). Otu 2N ycnoBuit
HUMEIOT CJICAYIOIINHN BHT

f(—nM*'” ()t Zml 0 (k=12....N) (20)
~ g/( m g 4M et AR s
M * 2m_1
-)"gi(t,)etg=——n=0-
S E et

2N KOMIUIEKCHBIX ypaBHeHui (20) ciryxaT 1uist
OIIpeeNICHU KOOPAMHAT BEPIIMH 30H IUIACTUYECKO-
ro teueHus. Anredpandeckas cucrema (19), (20) us-
3a HEM3BECTHBIX pa3MEpOB 30H INpeApa3pyLICHUs
siBisieTcsl HenuHenHo. [lonyueHHble pa3pematonye
CHCTEMBl ypaBHEHHUH OTHOCUTEIBHO cj, dj, Ay,

gr(ty) (k= 12,..N; m =
JUIS 3aJIaHHOW BHEIIHEHW M3rudaroliell Harpy3Kd HUc-
CJIeIOBaTh HaNpsDKEHHO-IE(OPMUPOBAHHOE COCTOSI-
HHE KOMIIO3UTA MIPU HAJIMYUKU B MaTepUaje CBA3YIO-
IIErO IIPOU3BOJIBHOIO YMCJIA 30H IPEApa3pyILICHHUS.
Hns pemienns: HelnMHEHOH 00beqMHEHHOH anrebpa-
MYECKOM CHUCTEMBbI UCHOJB3YETCS METOH IOCIeA0Ba-
TEIBHBIX TpHOMMKeHN. Ee dmcienHoe permreHne
[I03BOJIIET HAWTH KOOPAMHATHI BEPIIWH (MECTOIO-
JIOKEHHE) W pa3Mepbl 30H NpeApa3pylIeHns, 3Hade-

1,2,...,M) mO3BOJISIIOT

*
Hus ¢y, dy, Ay, g4 (t, ). OueBunHO, 4TO, OMpE-

JeTTMB KOOPAWHATHI BEPLIMH BCEX 30H IMpenpaspy-
LIEHUs, 110 U3BECTHBIM (OpMyJaM aHAIUTHYECKON

. 0
T€OMCTPUN MOXHO HAUTH KOOPAUHATEHI Zk LCHTPOB

30H NpeapaspylIeHus ¥ YTkl 0, C OChI0 X (puc. 1).
[Tocrme HaxokaeHWs] 3HAYEHUH HCKOMBIX (DYHKITUI

*
gy (¢,,) BBIUUCISIIOCH pacKpbITHE OeperoB 30H Npen-

paspymenus. C TOMOIIBIO KpUTEPHS MPENEIBHOTO
pacKpeITUsl OeperoB 30H IpeApa3pyLICHUs HaHAECHO
YCJIOBHUE, ONPENCILIIOIIEE KPUTHIECKUM YPOBEHDb BHEILI-
Hell n3rubaromeil Harpy3KHl B CBSI3YIOILEM UL KaX-
JIO¥ 30HBI TIpenpa3pyIeHns. 3HaUeHIE BHEITHEH 13-
rubaroleil Harpy3KkH, BBI3BIBAIOLIEH MOABIECHHE Tpe-
LIMHBI B k-TOMH 30HE NpeApa3pyleHHs, ONpeaeseTcs
13 CIEIYIOIIEro COOTHOIIEHHUS

0
Xk

—J g;:(xk)dxk =58, (k=12,..,N), (21)

YA

0
e X, — KOOPJMHATHI TOYKHM 30H MPEAPa3pyLICHNUS,

B KOTOPBIX MPOUCXOTUT Pa3pbIB MEKIACTUYHBIX CBS-
3eil MaTepuaa CBA3YIOIIETO.
KputnueckumM 3HauCHUEM M3THOAOIICH HArpys3-
KH B CBS3YIOIIEM OYyJIeT MHHUMAJIBHOE CPEIH BEIU-
YUH, OTPEAETIIEMBIX cOOTHOIEeHHeM (21).
PesynbTarhr pacueToB MpuBeNEHBI Ha pUC. 2.
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Puc. 2. 3apucumocTsb JJIMH 30H Npeapa3pylIeHus
OT BHelIHel u3rudaoueii Harpy3Ku
[Fig. 2. Dependence of the prefracture zones lengths
on external bending load]
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Puc. 3. Pacnpenesnenne HOpMAJILHBIX (@) U KacaTeJbHBIX (0)
OCTABJISIIOIIMX BEKTOPA MepeMeleHni
JJI1 yrjia opueHTanuu o = 11°
[Fig. 3. Distribution of the normal (a) and tangential (6)
components of displacement vector for orientation angle a; = 11°]

Ha puc. 2 npencraBiieHbl 3aBUCUMOCTH JJTHHBI
30HbI ipeapaspymenns [, /R (k=1,2,3) ot Gespas-

TEOPUA YMPYFOCTU

MEPHOTO 3HAYCHUS M3rHOaroIero MoMmenta M ;O / M
VTS Pa3IMYHBIX YTIIOB opuenTamyu (o, =117, o, =36,

o, =48"). B pacuerax 6but0 npunsto M = 30.
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Puc. 4. Pacnpenesienne HOpMaJbHBIX (@) H KacaTeJbHBIX (0)
COCTABJISIIOLIMX BEKTOPA IepeMeleHui
IJIsl YIJ1a OpUeHTaluu o = 36°
[Fig. 4. Distribution of the normal (a) and tangential (6)
components of displacement vector
for orientation angle a; = 36°]

Ha puc. 3—5 npexacrasiens! rpaduku pacrpe-

+ —
JIeNleHUst HOPMANBHBIX (v, — Vi ) / R u xacarenbHBIX

(u;{r —uy ) / R cocrapisronmx BEKTOpa nepeMereHuUi.

IIpu pacderax OBUIM HCTOJIL30BaHEI Oe3pazMepHBIC
KOOPIMHATHI X}, =X} /[ .

CyiiecTBeHHOE BIMSHHE HA PacKpbiThHe Oepe-
rOB 30H IUIACTHYECKOTO TEUCHHS HMIPAET MECTOIO-
JIOXXEHUE 30H mpeapaspyuieHus. Korma 30HBI mia-
CTHYECKOTO TEUYEHHUS PaCIIOJIOKEHBI OJM3KO APYT K
JPYTy, TO pacuyeThl MOKAa3bIBAIOT KaK yBEIUUCHUE pa3-
MEpOB 30H TpeApaspylIeHHs U PaCKphITHE MX Oepe-
rOB, TAK M YMEHBIICHUE PacKphITUS OEperoB u pas-
MEpOB 30H TpeapaspyineHus. Paznuuue BUIOB B3a-
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WMHOTO BIIMSIHUSL TIOBPEXIEHUH (30H OCIAOJIEHHBIX
MEKYaCTUYHBIX CBSI3EH MaTepualioB) OOBICHSIETCS pas-
JUYUSMH X PACIIONOKEHUSI.

[Nomy4gennast oObeqHEHHAs aNredpandecKas Chc-
TeMa ypaBHEHH 3a7]auy MMO3BOJISACT MIOJIYIUTh pellle-
HUE ¢ JIF000H Hamepe 3aITaHHOi TOYHOCTEIO.

Avy —v3) //R
ol 2
@) 006 - 77

[PERN

VvV =

0,06

0,04

Y

i

10 05 0 05 10

Puc. 5. PacnipeaesieHne HOpMAJIbHBIX (@) M KacaTeJbHBIX (0)
COCTABJISIIOIIMX BEKTOPA NepeMenieHuii
JJISl YIJ1a OpHEeHTAuHu 0 = 48°
[Fig. S. Distribution of the normal (a) and tangential (9)
components of displacement vector
for orientation angle a; = 48°]

AmnHanm3 monenn oOpa3oBaHuUs TPELIMH B CBS3Y-
IOIIEM BOJIOKHHUCTOIO KOMITO3UTA B TIPOLIECCE HArpy-
JKeHUs1 N3ruoarolieii Harpy3koi CBOANTCS K MapameT-
PUUECKOMY COBMECTHOMY HMCCIIEHOBAHUIO OOBEIUHEH-
HOW paszpemiaromiell anredpandeckoil cucTeMbl 3aja-
YUl U KpPUTEpUs TOsSBJICHUS TpemuH (21) mpu pas-
JMYHBIX 3HAUYEHHUAX CBOOOJHBIX IMapaMeTPOB KOMIIO-
3UTHOH IUTACTUHBL. DTO pa3IHYHbIE TEOMETPHUECKUE
U MEXaHWYECKUE XAPAKTEPUCTHUKU MAaTEpHUAIOB CBsl-
3YIOLIET0 U apMUPYIONIUX BOJIOKOH.

Ha HexkoTopoMm sTane HarpyXeHHs IUTaCTUHBI
BO3MOKHO OZJHOBPEMEHHOE CYIIECTBOBAHHE B MaTe-
puasie CBSA3YIOLIETO 30H IUIACTHYECKOTO TEUEHHUS U

254

00pa30oBaBIIMXCS TPEIUH. MeToJ| pelieHHs 3aJadyu
TEOPHUH W3ruda TUIACTHHBI B 3TOM CiTydae OOBEIUHSET
OJIHOBPEMEHHBIM yYEeT MOBPEXKACHUN W TPEIIUH C
KOHIIEBBIMU 30HAMH TUIACTUYECKHX JiehopMaruii.

BeiBogapbl. [IpakTrka ncnoias30BaHusS apMHPO-
BaHHBIX BOJIOKHAMH KOMITO3HUTOB TTOKA3bIBAET, YTO HA
CTaauM IMPOCKTUPOBAHUA CICAYCT IPUHUMAThL BO BHU-
MaHH€ BO3MOXHOE TMOSBJICHUE B CBSI3YIOLIEM TPEIIHH.
CymiecTByoIye METOABI IPOYHOCTHOTO pacdera BO-
JIOKHHUCTOTO KOMITO3UTA, KaK MPaBUJIO, UTHOPUPYIOT
3TO 00CTOATENLCTBO. Takoe IMoJIoKEeHUE JeNiaeT He-
BO3MOXKHBIM TPOEKTHPOBAHUE KOMITO3UTA MHUHUMAJIb-
HOW MAaTepHalOEMKOCTH IPU TapaHTHUPOBAHHOW Ha-
JCKHOCTH U HOJITOBCYHOCTH. HOBTOMY HGO6XOI[I/IM
MIpeIebHBIN aHAIM3 KOMITO3UTa, YTOOBI 3HATH TIpe-
JeNTbHBIE M3THU0aroIIie Harpy3Ku, IPH KOTOPBIX B CBSI-
3YIOIIEM MPOUCXOANUT 00pa3oBaHue TpelrH. Pazmep
MpeIeTbHBIX MHHUMAJIBHBIX 30H OCIA0JICHHBIX MEX-
YaCTUYHBIX CBSI3€H MaTepuaa, MpH KOTOPHIX IIPOHC-
XOIUT TPEeINHOOOpa30BaHMe, PEKOMEHIYEeTCsl pac-
CMaTpHUBaTh KaK MPOCKTHYIO XapaKTEPUCTUKY Marte-
puala CBS3yIOMIETO.

Ha ocHoBe npejuioXKeHHOW pacyeTHON MOJIENH,
YYUTHIBAIOIIEH B ApMUPOBAHHOM BOJIOKHAMH KOMIIO-
3UTE HAJMYKE MMOBPSKIACHUN (30H OCIIA0IICHHBIX MEX-
YaCTHUYHBIX CBS3€H MaTepmana), pa3paboTaH METO.H
pacdeTa mapameTpoB KOMIIO3UTA, MPU KOTOPHIX IIO-
SIBJISIFOTCSL TPEUIUHBL. 3Hass OCHOBHBIC 3HAUCHHUS Ipe-
JENBHBIX TIapaMeTpoB (DOPMHUPOBAHHUS TPEIIMH U BIIH-
SHUE Ha HUX CBOMCTB MaTepHAJIOB, MOKHO OOOCHOBaH-
HO YTPaBJIATH SBICHHEM O0pa30oBaHHS TPCIIUH ITy-
TEM KOHCTPYKTOPCKO-TEXHOJOTHYECKUX PEIICHUH Ha
CTaJIN¥ TIPOCKTHPOBAHUS KOMITO3UTA.

© TI'acanos II1.T"., 2018
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