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AHHOTALUMNA

BBepeHue. B HacTosiLee BpeMs pasnunyHbie BUAbl 06bI4HbIX cpeacTs nopaxenus (OCIT) aTakytoT cyLiecTByoWMe 30aHUs
1 COOPYXXEHNS Pa3HOro HasHaYeHUst: rpaXkaaHckve u npombilwneHHble. 3avactyto OCIT noBpexaatoT OTAENbHbIE CTPOUTESb-
Hble KOHCTPYKLMK, Tak1e Kak NinuThbl, KONOHHbI, 6anku n npoyee. OTcloAa OLEeHKa KaTeropum TEXHUYECKOro COCTOSIHUSI CTPO-
UTENbHbIX KOHCTPYKLMI SBNSETCS akTyanbHOWN 3aJaven ons nHxeHepos-obcnenosarenen. YkazaHHas npobnema peluaercs
BBeJEHNEeM NMory4eHHbIX AaHHbIX MO pesynbratam obcrnefoBaHus B MOBEPOYHbIN pacyeT. MNpeamer uccnegoBaHs — MeTo-
[VKa CTaTU4YecKoro pacyera no NPOYHOCTU NOBPEXAEHHbIX CTPOUTENbHbLIX KOHCTPYKUMA oT OCIT Ha npuMepe cTep)XHeBo-
ro arieMeHTa C CxaTo-n3rnbaemMbiM HanpsPKeHHO-AeOPMUPOBaHHBIM cocTosiHMeM. Lienb nccnegosanna — onpepenexne
cTenexn Bosgenctana OCIT ykasaHHOrO arieMeHTa C y4eToM (PU3N4ECKON U reOMETPUYECKON HENMHEMHOCTM MaTepuana.
MaTtepuanbl u MmeToabl. PaccMoTpeHa MeToaMKa YMCIIEHHOTo pacyeTa Ha 3anpoekTHoe Bosaencteme oT OCII, koTopas
YUYNTBIBAET HE TONIbKO OCOBEHHOCTM PU3NKO-MEXAHNYECKMX XapaKTEPUCTUK CTPOUTENbHBIX MaTeprarnos, a Takke dusmnye-
CKYI0 M TEOMETPUYECKYO HEMNMHEVHY0 paboTy o6cneayemow CTPOUTENBbHOW KOHCTPYKLUM 3AaHNst (COOpYKeHnst). Pusnyeckas
HENVHENHOCTb Xene3obeToHa yYnTbIBAETCSH Ha OCHOBE TpeboBaHMUI 0TEYECTBEHHbLIX HOPM, Takux kak ClM63.13330 u MNoco-
6ue k CIM 63.13330. B xofe YMcneHHoro pacyeta NpMMEHSATCA MeToA HavanbHbIX napametpos (MHIT) n meToa npocTbix
UTepaumi (MK YUCNeHHbI MeToa utepauuin). MeTop HavanbHbIX NapamMmeTpoB yCTaHaBNMBAET NMHENHbIE U YITOBbIe Nepe-
MeLLEeHMS CTEPXKHEBOrO arneMeHTa. MeTog utepaummn ncnonb3yeTcs Ans pelleHnst CUCTEMbl YpaBHEHUI, KOTOPbIN C 3a4aH-
HOW TOYHOCTbIO BbISIBMSIET MO NPUBNMKEHHOMY 3HAYEHWIO BENMUYMHbI CIIeAYOLLEro NpubnvmKeHns.

Pe3ynbraThl. MNpennoxeHHas mMeToauka No ONpefeneHuio YyCUnuii B Ce4eHUM CTePXKHEBOTO CXaTo-U3rMbHOro anemeHTa
1 MHI no3BonstoT nony4ntb 060CHOBaHHbIE pe3yfbTaTbl YUCIEHHOMO pacyeTa C y4eTOM OCTaTOMHbIX Aedopmaunii 1 ge-
dopmunpoBaHHoi mogenn 6eToHa n ctanu.

BbiBoabl. Pa3paboTaHHas MeToavka NPOYHOCTHOIO pacyeTa ABNSeTCs NOBEPOYHbIM PacHeTOM CYLLECTBYIOLLMX CTPOUTENb-
HbIX KOHCTPYKLUMIA. NSt NpOCTOThI U yA06CTBa BbINOMHEHUSI MOBEPOYHOIO pacyeTa anropMTM AaHHOW METOAVKV aBTOMaTu3un-
poBaH Ha s3bike VBA (Visual Basic for Applications).

KIMKOYEBBIE CJIOBA: »xene3o6eToH, husnyeckas HENMHENHOCTb, reoMeTpuyeckas HenmMHenHOCTb, METOA UTepauumn, me-
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ABSTRACT

Introduction. Currently, various types of conventional means of destruction (CMD) attack buildings and lead to varying
uses: civil and industrial. CMD often damages individual building structures, such as slabs, columns, beams, etc. Hence,
assessing the category of technical condition (TC) of building structures is an urgent task for survey engineers. This problem
is solved by introducing the data obtained from the survey results into the verification calculation. The subject of the study
is the method of strength calculation of damaged building structures from CMD using the example of a rod element with
a compressive-bending stress-strain state (SSS). The purpose of the study is to determine the degree of impact of the CMD
of the specified element, taking into account the various nonlinearities of the material.

Materials and methods. The paper discusses a method of numerical calculation for beyond design impact from conventional
means of destruction, which takes into account not only the features of the physical and mechanical characteristics of building
materials, but also the physical and geometric nonlinear work of the building structure being examined. The physical nonlinear-
ity of reinforced concrete is considered in this article on the basis of the requirements of building codes of the Russian Federa-
tion, such as CP 63.13330 and the Manual for CP 63.13330. During the numerical calculation, the following methods are used:
the method of initial parameters and the method of simple iterations (or the numerical iteration method). The initial parameters
method determines the linear and angular displacements of the rod. The iteration method is used to solve a system of equa-
tions, which, with a given accuracy, determines the value of the next approximation based on the approximate value.
Results. The proposed method for determining the forces in the cross-section of a bar compression-flexural element and
the method of initial parameters make it possible to obtain reasonable results of numerical calculations taking into account
residual deformations and the deformed model of concrete and steel.

Conclusions. The developed method of strength calculation is a verification calculation of existing building structures. For
simplicity and convenience of performing verification calculations, the algorithm of this technique is automated in the lan-
guage VBA (Visual Basic for Applications).
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BBEJAEHUE

B xo1e mocneaHuX COOBITHH pa3IU4HBIC BUIBI
0OBIUHBIX cpencTs nopaxenus (nanee — OCII) ara-
KyIOT CYLIECTBYIOIINE 3AaHUsI U COOPY)KEHUSI pa3HO-
ro Ha3HAUEHUS: I'pa)kJaHcKue (KUIIbIe JoMa, olrie-
CTBEHHBIE COOPYKEHUS U MPOYee) U MPOMBIIIJICHHBIE
(3aBombl, pabpuku) Ha Tepputopuu Poccutickoir de-
Jiepaiuy. YKa3aHHbIE DKCIUTyaTHPYEMble 31aHus H CO-
opyxenust nocie nospexaenus OCII npenctaBasoT
c000# 0OBEKT C Pa3HO CTENEHBIO Pa3pyILEHHUsI, KOTO-
past knaccudurmpyercst mo TOCT P 42.2.01': cnabas,

'TOCT P 42.2.01-2014. T'paxaanckas obopona. OmeHka co-
CTOSIHUS IOTEHIIAIBHO OMACHBIX 00BEKTOB, 00BEKTOB 000PO-
HbI 1 OE30ITaCHOCTH B YCJIOBHSX BO3JCHCTBHS ITOPAKAIOLINX
(hakTOpPOB OOBIYHBIX CPEICTB MOPaKEHUS. METONBI pacyeTa.
M. : Craagaprundopm, 2019.

CpemHss, CHJIbHAS CTEICHH U IOJIHOC pa3pyIICHUE.
3auacTyro paspylieHusl 3MaHuil (COOPYKEHHI) Xapak-
TEPU3YIOTCS cIa00i WM CpeHEeH CTETICHBIO pa3pyIie-
HUS, T.€. TOBPEKICHA YaCTh HECYIIUX CTPOUTEIHHBIX
KOHCTPYKITUH, TAKMX KaK IUIUTHI, OAJIKU, PUTEITH, KO-
JIOHHBI, CTEHBI U MIpOYee, MIPHU ITOM OMACHOCTh UX 00-
PYILICHHUS OTCYTCTBYET. B 9TOM ciIydae S5KOHOMHYECKH
1eIecoo0pa3HbIM CUUTACTCS TIOTHOE BOCCTAaHOBJICHHE
YACTHYHO Pa3pyMICHHBIX CTPOUTCIBHBIX KOHCTPYKITHIA
3[aHUI 1TOCIIE OCHOBHBIX CPEJICTB MOPAKEHHS C MUHU-
MaJbHBIMH 3aTparamu. OTCIom1a HEOOXOJUMO OIICHUTD
U TIPUCBOUTH KAaTETOPUI0 TEXHUYECKOTO COCTOSHUS
(TC) Hecymux CTPOUTENBHBIX KOHCTPYKIUH 3/1aHUs
(coopysxkenusi) cormacao TOCT 319372

2TOCT 31937-2011. 3nanus u coopyskenust. [Ipasuna o6cie-
JIOBaHHsl 1 MOHUTOPHHIA TEXHUYECKOTO cocTosiHus. M. : CraH-
nmaptuadopm, 2014.

(9G) Z HOAUITG "GL N0 Jioeuesraqtsuken
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[ToBpex/ieHHbIE CTPOUTEIIbHBIE KOHCTPYKIIUU He-
3aMeJUIMTEIBHO 00CIIEeYIOT 110 OOIIMM ITPaBUIIaM ITpO-
BesieHHs1 o0cneoBanust 1 MoHuTOpuHra TC KOHCTPYK-
IUI ¥ COOpPYKEHUIl 10 yKa3aHHOMY HOPMaTHBHOMY
nokymenty 'OCT 31937. B pesynbrare o0ciieoBaHus
OTIPENEISIOT 00BEMHO-TUIAHMPOBOYHBIE PEIICHHS 3/1a-
HUA (COOPYXKCHHS), aHATUIUPYIOT COSAMHUTEIHHBIC
y3JIbI HECYLIUX CTPOUTEIBHBIX KOHCTPYKIHH, (haKTH-
YECKYIO MPOYHOCT CTPOUTEIBHBIX MaTEPHUAIIOB, Peajb-
HBIE SKCIUTyaTHpyeMble Harpy3KH U BO3/IEHCTBHUS C yue-
TOM (paKTHUECKOM KapTHHBI Je(EKTOB U IOBPEKIACHUH
CTPOUTEIBHBIX KOHCTPYKIIHH.

B xoze o0cienoBanus Bce NOMyYEHHBIE Pe3yIIbTaThI
(PUKCHPYIOT B TEXHUYIECKOM OTUETE JJIS AAJIbHEHIIETO
BBITIOJTHEHNUS TIOBEPOYHOTO pacdeTa, KOTOPBIi ABIAeTCS
OIHUM M3 OCHOBOMOJAraroIux (hakTopoB Ui IPUCBO-
€HHUS KaTeTOPUH TEXHUYECKOTO COCTOSHUSA HECYLIUX
cTpoutensHbix KoHCTpyKiwid (eM. CIT 13-102-2003%).
JlJ1g TOYHOTO M MPaBUJIBHOTO MOBEPOYHOTO pacyeTa
[0 YCTAHOBJICHHUIO MPOYHOCTH IMOBPEXKICHHBIX KOH-
crpykimit or OCII HeoOxoauMo pa3paboTaTh METOIUKY
pacueTa Ha NpUMepe CTEP>KHEBOIO IEMEHTa C CHKaTo-
n3rubaeMbIM HarpsHKeHHO-/1e(OPMUPOBAHHBIM COCTO-
ssaneM (HJIC). HeoOxonumo BEISBUTE CTEIICHH BO3/ICH-
ctBust OCII yka3aHHOTO 3I€MEHTa ¢ YYeTOM Pa3InIHON
HEJIMHENHOCTH MaTepualla.

®dusnueckas HenuHeiHOCTH (DPH) kene3o00eToHa
XapakTepu3yercs: Heynpyrumu aedopmanusiMu OeToHa
W apMarypbl B CTEPIKHEBBIX IEMEHTAX U UX Y3JIOBBIX
COIPSDKEHMSIX, @ TAK)KE BOBHUKHOBEHUEM U Pa3BUTH-
€M B HHUX TpeIlUH. YuuTeiBaeTca u npuHumaercs ©H
no crpourtenbHbiM HopMam: CIT 63.13330* u IToco-
6ue x CII 63.13330°. ['eomeTpuyeckasi HEMUHEWHOCTb
(F'H) — 10 HenmuHEiHas 3aBHCHMOCTH MKy BHEIII-
HHUM BO3JICHCTBHEM M NTEPEMEIICHNEM, KOTOPOE BbI3Ba-
HO JIOMOJTHUTENBHBIM YCUIIHEM Ipu Ae(opMupoBaHUH
HECYILUX CTPOUTENILHBIX KOHCTPYKINH.

Lenp mcciaenoBanus — ompeaesacHne CTEHNeHU
BO3JICHCTBHSI OT OOBIYHBIX CPECTB MOPAKEHHS CIKATO-
n3rnbaeMoro MEMEHTa C y4eToM (BPU3HMYECKON U reoMe-
TPUYECKON HEIMHEWHOCTH MaTepHuaia.

B Hacrosiee BpemMst BONpocamMy THHAMUKH COOPY-
JKEHWH TIPY aBapUIHBIX BO3JECHCTBHSIX, CBS3aHHBIX C BO3-
JIEUCTBUAMH B3PBIBOB M PACIPOCTPAHEHUEM BO3IYIITHBIX
YAApHBIX BOJH Ha 371aHHUS, B TOM YHCJIE C UCTIOJIB30BaHU-
€M HEJIMHCHHBIX TOAX0M0B, 3aHuMaroTcs: [1.A. AkumoB
[1], B.X. Pummun [2], B.M. Komuynos [3], O.B. Ka-

3 CIT 13-102-2003. IpaBuia 06CIeR0BaHus HECYIIIUX CTPOU-
TEJIbHBIX KOHCTPYKLUH 31aHui 1 coopyxkenuit. M. : [occTpoit
Poccun, I'YIT LIIIII, 2004.

4 CIT 63.13330.2018. BetoHHbIe U *Kene300eTOHHBIE KOH-
cTpykuun. OCHOBHBIE MOJIOKEHHUS. AKTyalTW3UpOBaHHAs
penakius CHull 52-01-2003. M. : AO «HUL «Ctpoutemns-
ctBOY, 2019. 124 c.

5 TTocobue x CIT 63.13330. Meroauueckoe nocodue. Pacuer
JKeJIe300€TOHHBIX KOHCTPYKIUI 0e3 mpeaBapuTeNbHOrO Ha-
TPSDKEHUS apMaTyPHI.
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6annes [4], 3.H. Kogsimn [5], O.B. MxkpTsues [6],
B.JI. Monnpyc [7], A.I. Tampassu [8], H.H. Tpexusn [9],
I'I1. Tonkux [10], B.. Tpasym [1] u ap. Caenyet oT-
METHUTh 3HAYNTEIbHBIE CIOKHOCTH B MOJICIIMPOBAHUU
B3PBIBHOTO BO3/ICHCTBHSI.

MATEPHAJIBI U METO/JAbI

B kadecTBe MarepHanoB JUIsl HCCIEJOBAHUS HC-
MOJIB3YIOTCS. HOPMAaTUBHO-TEXHHUYECKHE JOKYMEHTHI
P®, nayunsie kHUTY U cTaThbu. s onpeaeneHus ae-
(hopmaruii xene300€TOHHBIX JIEMEHTOB ITPUHST METOJ
HayanbHbIX mapaMeTpoB (MHII) kak anpTepHaTHBHBIN
BapHaHT PacyeTa BEPTUKAIBHOTO CKATO-U3rHOaeMo-
TO CTEP)KHEBOTO 3JIEMEHTa METOJOM HHTEIPHUpOBa-
HUs AU depeHanbHOro ypaBHEHNsT H30THYTOH OcH
CTEP)KHEBOT'O JIEMEHTA 10 ONPeJIeNICHUIO AeopMaliny,
ykazanHoro B [Toco6un x CIT 63.13330.

[IpuBeieHHBIE METOBI MIMEIOT CBOU JOCTOMHCTBA
U HEJOCTaTKH, MOAPOOHO PacCMOTpPEHHBIC B Hayd-
HbIX kHHrax «ConporuBieHue mMarepuanony. OnHaKo
JUIsL IPUMEHEHMsI YKa3aHHBIX METO/O0B UMEIOTCS CXO-
KM€ OTPaHUYCHUS:

* paccMarpuBaeMasi KOHCTPYKIIHUS — CTEP)KHEBOM
JJIEMEHT;

e MaTepuan KOHCTPYKIUH OJHOPOJHBIN MO Bcel
ee JuTuHe (BBICOTe);

* CTECp)KEHb SIBISACTCS MPSIMOTUHEHHBIM;

* TIONEPEYHOE CEUCHHE KOHCTPYKIIUU UMEET T10-
CTOSTHHYIO (pOpMY.

* CIpaBe/UIMBa FUIOTE3a MIOCKUX PEIIeHUH, T.€.
CEUEeHHMs IUIOCKHUE J10 J1e(hOpMaIH OCTAFOTCS TUIOCKH-
MH 1focie gedopMann, a HarpsHKSHUS PacIipelesisroT-
Csl PABHOMEPHO B ITPEIEIax CCUCHUH.

WNuxenep-pacdeTuUK UCHOJIB3YET METOJ UHTE-
TPUPOBAHUSA U METOJ HaYaJbHBIX apaMETPOB HUCXOAS
M3 MCXOJHBIX JAHHBIX 3a7a4uu (TPOEKTa), MPOAOTIKH-
TEJILHOCTH BPEMEHH YHCIICHHOTO PacdeTa, CPOKOB IIPO-
eKTHpOBaHus u npodyero. Oda MeToaa pacyera 1o ycra-
HOBJIEHUIO BTOPOM T'PYIIBI MPEAEIbHbIX COCTOSHUN
(o medopmanysiM) MOXKHO NMPUMEHSThH B Ka4€CTBE I10-
BEPOYHOTO pacueTa. VMI3BeCTHO, YTO METOJl HadyalbHbIX
MapaMeTPoB ABISETCS OJHUM M3 OTHOCHUTEIBHO IPO-
CTBIX CIIOCOOOB pacyeTa yIIIOBBIX M JIMHEHHBIX Tepe-
MEIICHUH TPy U3rude, CXKATUN CTEP’KHEBBIX JIEMEHTOB
C JIIOOBIM KOJIMYECTBOM HPUHSTHIX YYaCTKOB IO €ro
quine. M3navansao B MHIT HeoOx0oquMo onpeaenuTh-
sl ¢ BBIOOPOM Hauasna KOOPAMHAT B PACUETHON CXeMe,
YCIIOBHUH 3aKpETUICHHsI PACCMaTPUBAEMOTO CTEP’KHEBO-
TO 2JIEMEHTA.

B crarbe npuBeaeHa MeTOMKA YUCIEHHOTO pac-
YyeTa 10 OMpeesIeHuIo qehopMaIiiii 11 CKaTo-U3TH-
06aeMBbIX IIEMEHTOB C YIeTOM (PH3UUIECKOI M TeOMETPH-
uveckoil HenuHeHoctn oT OCII. Anroput™m pacuera
yKa3aHHOH 3aJjaudl MPOBOJUTCS B HECKOJBKO ITAIOB.
B kadecTBe rpaHUYHBIX YCIOBUIl sl CoKaTO-n3rubae-
MOTO CTEp KHS IPUMEM HIAPHUPHbIE 3aKPETIICHUS, BHU-
3y — IMIaPHUPHO-HEOIBIKHAS OMIOPa, CBEPXY — IIap-
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Puc. 1. PacueTHble cXeMbl BEPTHKAIBLHOTO CTEP’KHEBOTO AJIe-
MEHTA: @ — W30THYTBIH CTeP)KEeHb; b — CIKATBIN CTEPIKEHD;
M — wsrubarouuii MomeHT; O — nonepednas cuia; N —
IpoJoJbHAA CUJla; ¢ — u3rudaroimuii MoMeHT; L — oOmas

JUTMHA CTEPIKHS; f, — HPOTHO CTEPKHs

HHUPHO-TIO/IBI)KHASI OIIOPA C KOHIIAMH U Harpy»XKEHHBIMU
yemmusivu (puc. 1).

Pa3o0beM jke1e300e TOHHBII BEPTHKAIBHBIA CTEPIK-
HEBOM 3JIEMEHT JUIMHOM L Ha OTAEbHBIE 71 YUaCTKHU paB-
HOH mymuHbl [ . Koo QuimeHTh! )eCTKOCTH Kax10ro 7
y4acTKa, C’KaToro B INIOCKOCTH CUMMETPUH MOTIEPEYHO-
IO CEYCHHs HKEeNIe300€TOHHOTO JIEMEHTa U PACIIONOKe-
HUH OCH X B 9TOH IIOCKOCTH, HAXOIUM U3 O0IIEH crcTe-

MBI ypaBHeHuit (1) u (2):

Dyy-1/py +Dy3- 89 = My; (1)

Dy -1/py +Ds3-89 =N, ()

rae 1/ p, — KPUBH3HA CXKaTO-U3rMOAEMOro 3JIEMEHTa;
D, D,=Dg,D,,

11° 13
y‘IaCTKa nonepeqﬂoro CeYeHHS JKeIe300€TOHHOTO BEp-

— KECTKOCTHBIC XapaKTCPUCTUKU

THUKAJIBHOTO 3JIEMEHTA.

B o0miem Bujie penieHre Ha KaKI0M k mare Mox-
HO 3amucarb B BHJIE TOCICAYIONINX UTepanuil (3arpy-
xenuit) [11-13]:

(/o)) =
4 (k=1 3)
M, D _
B (’k],l) - 13,](“) (So)gk )
Dll,j D 5_]

e (k) — HOMep UTepaluy; j — IIar 3arpyKeHUs.

VYpaBuenus (1)—(4) pemarorcs maroBo-uTepa-
IUOHHBIM MeTOJOM [14—19] ¢ KOPPEKTUPOBKOM KECT-
KOCTHBIX XapaKTEPUCTHK D 1 YIETOM JONOTHUTEIHHBIX
MOMEHTOB M TIpH MPOJIOIBHOM H3THOE.

JluHeliHbIe U YIJIOBBIC IEPEMELICHNUS CKIIAIbIBa-
F0TCS U3 IPOTUOOB OT NEWCTBUS M3TUOAIOIINX MOMEH-
TOB M IPOTHOOB CTEPIKHS OT CKUMAIOIIEH HAarpy3KH N.
B o0miem Bue BRIYACICHUE TUHEWHBIX ) U YITIOBBIX @
NepeMenIeHnil Ha KaXJIOM k I1are MO>KHO PELINTh Me-
TOJIOM HauaJlbHBIX T1apaMeTPOB:

Y 1 I el P
k k k k k k
0/ = 4% - 50+ B 0+ ¢ (6)

Koaddummentsr ypasaenuii (5) u (6) BeIpaxkaroT-
Csl CIIEAYIOINMH 3aBUCUMOCTSIMHU:
* JUISL IMHEWHBIX NIEpEMEICHHH V:

k k k k
WA A0 B o
K ok k) gk
B,(v,i) = B(,i)—l (gz)l =t ()
k k k k
i = Oy + Gyl L 9)
* IS YIJIOB TIOBOpoTa ©:
k k
(,i) = (,i)—l; (10)
k k
By = By (i
k) _ ok
é i 9 l) 1’ (12)

rae A}(,]fl-) C(k) HHJIEKChl METO/la MepeMeleHUN
MID), OHI/ICLIBaIOI_HI/Ie JINHEHHBIE IEPEMELLEHUS U YIVIb
IIOBOPOTa B PEKYPPEHTHOH (opme.

Jiist mpomonbHOTO M3rnba BEMUUNHY TepeMerie-
HUH BBIMYYMBAHMS HaXOAMM U3 CIEIYIONINX 3aBHCH-

MOCTEIL:
2
Jo) _
L

(13)
2 2.2 3 ’
XL 2— 3005( XL +| cos XL]
4 2 2
2 Ncr
= s 14
=7 (14)
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re f, — MaKCHMAaJbHBIA MPOTUO B CEpEIMHE MPOIe-
Ta NpU NEUCTBUM KPUTHUECKON CHUITBI N_;L— o0mas
JUTMHA paccMaTpUBaeMOro 3JIeMEeHTa.

Torma pacmpeneneHne MPOTHOOB MpHU Hadale
KOOpJIMWHAT HAa OJHOM W3 KOHIIOB CTEP)KHS HalgeM
o hopmyiie:

(15)

TJle X, — KOOPIMHATa CEYEHHS, B KOTOPOM OTIPENENs-
FOTCS TIPOTHOBI.

Pacuer cxato-n3rn6aeMoro BepTUKaILHOTO CTEPIK-
HEBOTI'O AJIEMEHTa MPOU3BOANM B CIIETYIOLIEM MOPSAKE:

1) pa3buBaeM CTEp)KHEBOW AJIEMEHT Ha paBHBIC
YYacTKH, YETHOE KOJIMUYECTBO;

2) ompenernseM BHYTPEHHUE YCHIIHS OT ACHCTBUS
[IOIIEPEYHOI HArpy3KH;

3) BBIUHCISICM JOTOJHUTCIBHBIN M3THOArONIHI
MOMEHT OT C:KMMAIOIIEN CHUIIBL;

4) ompenensieM TporuosI o popmymam (5)—(15);

5) KOppeKTUPYEM KOAPPHUITMESHTHI KECTKOCTH T10-
MIEPEYHOTO CEUEHUS CTEPIKHEBOTO IEMEHTA IO CIIeTy-
oM opmynam (1)—(4);

6) Bech Impolecc MOBTOPSETCS 10 CXOANMOCTH
MPUHATON BETHMYUHBI, HAIIPUMEDP 110 MaKCHMaJIbHOMY
3HAUCHUIO U3THOAOIIETO MOMEHTA, IPU KOHTPOJIE TIpe-
JINTBHBIX JleopManuii 0eToHa U apMaTyphl.

Benuuuny narpysku ot Bo3zaeiicrsust OCII Haxo-
JTUM TI0 OCTaTOYHBIM aedopmanusmM [12], cauras pas-
TPY3Ky KOHCTPYKIIUH YIIPYTOH.

0,006 0,005 —0,004 —-0,003
e JlJIATEIILHOE 3arpy’KEHUE
= = (OOBIYHBIC CPECTBA MTOPAKEHHUS

=

=

5

=

=

o

%

xR

=9

=

<

jan)

Jlis ymoOGcTBa IOBEPOYHOTO pacdeTa OMUCAHHBIN
ANTOPUTM METOAWKH aBToMaTtn3upoBaH B VBA (Visual
Basic for Applications) [13, 20].

PE3YJBTATBI HCCJEJOBAHNSA

B kadecTBe ImpuMepa YUCICHHOTO pacuyeTa paccMo-
TPUM CXKATO-U3TNOAEMBIN CTEPIKEHb C TIOTIEPEYHbBIM Ce-
4yeHneM KBajiparHoii popmbl U pazmepamu 400 X 400 mm.
JlinHa cTepkHS cocTaBisieT 6 M. MarepuranoM xeie3o-
OCTOHHOTO CTEpP)KHSA MPHUHAT TSHKENBI OSTOH Kitac-
ca B25, npononbHast apmarypa kiacca (4018) A400
o FOCT 34028-2016°. ITpoxonsHast cuia Q U M3rudaro-
U MOMEHT M OT OCTOSIHHBIX H JUTUTENBHBIX HATPY30K
(MPOIOMKUTENBHOE IEHCTBUE HATPY30K) TIPHHATHI N, =
=1700 xH, M, = 0,0 xH. Ilo pesynsraram obcneioBanms
BBISIBIICH OCTATOYHBIN MPOTHO (MM BBHITHO), KOTOPBIN
coctaBmi 52 MM. HeoOXoanMo onpenenuTs BeITHIuHY
BHelrHero Bo3neictaust ot OCIL

Ha cragnm Bo3neicTBUS OOBIYHBIMU CPEICTBAMHU
MOPAXECHMS 3HAUYEHUE MPEJEIbHBIX OTHOCHTEIBHBIX
nedopmanuii cranu €, npuaumaem 0,033 ¢ koapdunm-
€HTOM ymnpovHeHus 1,3.

st cxxaroii 30HBI OeToHa Kiacca B25 npuHIMaem
koaddurment ynpounenus 1,4, a Juist pacTIHyTOI 30HBI
6eToHa — kodpGuuueHT ynpounenus 1,1.

3HaueHHS MPEACTBHBIX OTHOCHTENBHBIX JedopMa-
MU TSDKETIOT0 OeToHa B25 miprt HEMpOoIODKUTETBHOM JeH-
CTBMU BHEIITHEN Harpy3KH (T.e. KPaTKOBPEMEHHOM PEKH-

STOCT 34028-2016. [Tpokar apMaTypHBIii s KeNe300eTOH-
HBIX KOHCTpYyKuui. Texanueckue ycnosus (¢ [Tonpaskoit). M. :
Crannaptuapopm, 2019.

5000

0,002 0,001 0,001

’ -25 000

-30 000

OtHocurenpHas aedopmarus, 1. e.

Puc. 2. lnarpamma paboTsl 6eTona B25
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o . C. 6-19
M reoMeTpUYeCcKol HeAMHEHHOCTH OT 0ObIYHbIX CPEACTB MOPaxXeHHs
600 000
|~ ececoce-
400 000
e J[uTenbHOE 3arpyKeHne
L OObIUHBIE CpeacTBa 200 000
e MOPaKeHNS
=
p=
5
=
QE 0,000
50,040 —0,030 —-0,020 0,010 0,000 0,010 0,020 0,030 0,040
3
as)
—200 000
400 000
|
S ) [P G i — |
— 600 000
OTtHOCHTenbHas Aedopmanus, 1. €.
Puc. 3. [lnarpamma padots! cramu kinacca A400
MaxkcumansHbli Tporud v, MM
100 150 200 250 300 350

-500

—-1000
e ][ nUTENBHAS

N, xH

e= o OOBIYHBIC CPECTBA NOPAKCHUS
-1500

«=@= Pa3rpyska KOHCTPYKLUHI

—2000
N
)
/9\
J,
{9 \-—-__--
-2500 e, e, - - - o

—-3000

Puc. 4. I'paduk B3aumoneiicTBUS BHEIIHETO BO3AeHCTBHA N, KH, ¢ MaKcHMambHBIM TPOTHOOM Vv, MM
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Me 3arpykeHus) npuHuMaeM 1o 1. 6.1.14 CIT 63.13330:
&,,= 0,002 mpu oceBom cxaruu u g, = 0,0001 mpu oce-
BOM PaCTSDKCHUU.

IIpunaTeIe 115 pacdyeTa JUarpaMMbl MOKa3aHbBI
Ha puc. 2, 3.

Pesynbrarel 4ncIeHHOTO pacyeTa 1o NPUBEACHHOM
paHee METOIUKe MTPECTaBICHbI Ha puC. 4.

Jns yuactka ¢ pexumom BosaeiictBus OCII
13 pUC. 4 MOXKHO 3aIUCaTh:

N=-8,7855v — 1251.9. (16)
Jluaus pasrpy3ku OyneT UMeTh BHUI:
N=-23627v—12,286. (17)

PemuB ypaBuenus (16) u (17), Haxoqum, 9To TIpU
0CTaTOYHOM Tporude 52 MM BEJTMUYMHA BO3ICHCTBHS CO-
crasuia 1703 kH.

Pesynbrare! pacuera BeinonHeHbl B VBA 1 noka-
3aHbBI Ha puC. 4.
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Brnao asmopos: éce asmopul coenanu dK8uanenmmblil 6K1a0 8 NHOO20MOSKY Ny OIUKAYUU.
Asmopbi 3as61a10m 06 OMCYMCmeuu KOHPAUKMA UHMEPECO8.

INTRODUCTION

In the course of recent events, various types
of conventional means of destruction (hereinafter —
CMD) attack existing buildings and structures of dif-
ferent purposes: civilian (residential buildings, public
buildings and other) and industrial (plants, factories)
on the territory of the Russian Federation. The men-
tioned operating buildings and structures after CMD
damage represent an object with different degree
of destruction, which is classified according to GOST
R 42.2.01": weak, medium, strong degree and complete
destruction. Often the destruction of buildings (struc-
tures) is characterized by a weak or medium degree
of destruction, i.e. a part of load-bearing building struc-

' GOST R 42.2.01-2014. Civil defence. Assessment
of the condition of potentially hazardous facilities, defence
and security facilities under the impact of defeat factors
of conventional means of defeat. Calculation methods. Mos-
cow, Standardinform, 2019.

tures such as slabs, beams, transoms, columns, walls,
etc. is damaged, and there is no danger of their collapse.
In this case, it is considered economically feasible to
fully restore partially destroyed building structures
of buildings after the main means of defeat with mini-
mum costs. Hence it is necessary to assess and assign
the category of technical condition (TC) of load-bear-
ing building structures (structures) according to GOST
319372

Damaged building structures are immediately in-
spected according to the general rules for inspection
and monitoring of TC of structures and facilities in ac-
cordance with the specified normative document GOST
31937. As a result of the survey, volume-planning so-
lutions of the building (structure) are determined, con-
necting nodes of load-bearing building structures, ac-
tual strength of building materials, real operating loads

2 GOST 31937-2011. Buildings and structures. Rules for
inspection and monitoring of technical condition. Moscow,
Standardinform, 2014.
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and impacts are analyzed, taking into account the actual
picture of defects and damages of building structures.

During the survey, all the results obtained are re-
corded in a technical report for further verification calcu-
lation, which is one of the fundamental factors for assign-
ing the category of technical condition of load-bearing
building structures (see CP 13-102-2003%). For accu-
rate and correct verification calculation for establishing
the strength of damaged structures from CMD it is neces-
sary to develop a calculation methodology on the exam-
ple of a rod element with a compression-bending stress-
strain state (SSS). It is necessary to identify the degree
of impact of the CMD of the specified element taking
into account the different nonlinearity of the material.

Physical nonlinearity (PN) of reinforced concre-
te is characterized by inelastic deformations of concrete
and reinforcement in bar elements and their nodal
junctions, as well as the occurrence and development
of cracks in them. PN is taken into account and ac-
cepted according to construction norms: CP 63.13330*
and Manual to CP 63.13330°. Geometric nonlinearity
(GN) is a nonlinear relationship between the external
influence and displacement, which is caused by addi-
tional force during deformation of load-bearing build-
ing structures.

The aim of the study is to determine the degree
of impact from conventional means of impact of a com-
pression-bending element taking into account the physi-
cal and geometrical nonlinearity of the material.

At present, the issues of the dynamics of structures
under emergency impacts related to the effects of explo-
sions and propagation of air shock waves on buildings,
including the use of nonlinear approaches, are dealt with:
P.A. Akimov [1], V.I. Rimshin [2], V.I. Kolchunov [3],
0.V. Kabantsev [4], E.N. Kodysh [5], O.V. Mkrty-
chev [6], V.L. Mondrus [7], A.G. Tamrazyan [8],
N.N. Trekin [9], G.P. Tonkikh [10], V.I. Travush [1] and
others. Significant difficulties in modelling the explosive
impact should be noted.

MATERIALS AND METHODS

The materials used for the study are normative and
technical documents of the Russian Federation, scientific
books and articles. To determine the deformations of re-
inforced concrete elements, the method of initial param-
eters (MIP) is adopted as an alternative variant of cal-
culation of vertical compression-bending rod element
by the method of integration of the differential equation

3 CP 13-102-2003. Rules for inspection of load-bearing build-
ing structures of buildings and structures. Moscow, Gosstroy
of Russia, GUP CPP, 2004.

4 CP 63.13330.2018. Concrete and reinforced concrete struc-
tures. Basic provisions. Updated edition of SNiP 52-01-2003.
Moscow, JSC “SIC “Construction”, 2019; 124.

> Manual to CP 63.13330. Methodological manual. Calcula-
tion of reinforced concrete structures without reinforcement
prestressing.
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of the curved axis of the rod element to determine the de-
formation specified in the Manual to CP 63.13330.

The above methods have their advantages and dis-
advantages, which are discussed in detail in scientific
books “Resistance of Materials”. However, there are sim-
ilar limitations to the application of the above methods:

* the structure under consideration is a rod ele-
ment;

* the material of the structure is homogeneous
over its entire length (height);

¢ the rod is straight;

* the cross-section of the structure has a constant
shape;

« the hypothesis of flat solutions is valid, i.e. sec-
tions flat before deformation remain flat after defor-
mation, and stresses are distributed uniformly within
the sections.

The calculation engineer uses the integration meth-
od and the initial parameter method based on the initial
data of the problem (project), the duration of the nu-
merical calculation time, the design time and other fac-
tors. Both methods of calculation for the establishment
of the second group of limit states (deformation) can
be used as a verification calculation. It is known that
the method of initial parameters is one of the relatively
simple ways to calculate angular and linear displace-
ments in bending, compression of rod elements with any
number of accepted sections along its length. Initially, in
the MIP it is necessary to determine the choice of the ori-
gin of coordinates in the calculation scheme, the condi-
tions of fixation of the considered rod element.

The paper presents a numerical calculation meth-
odology for determining the deformations for compres-
sion-bending elements taking into account the physical
and geometrical nonlinearity from the CMD. The algo-
rithm of calculation of the specified problem is carried
out in several stages. As boundary conditions for a com-
pression-bending rod, we assume hinge fixings, a hinge-
unmovable support at the bottom, and a hinge-movable
support with ends and loaded forces at the top (Fig. 1).

Let us divide the reinforced concrete vertical rod
element of length L into separate n sections of equal
length / . The stiffness coefficients of each n section
compressed in the plane of symmetry of the cross-sec-
tion of the reinforced concrete element and the location
of the axis X in this plane, we find from the general sys-
tem of equations (1) and (2):

Dy - 1/py + Dy3- 89 = M,; (1)
D3y - 1/p, + D33 -89 =N, (2)

where 1/p  is the curvature of the compression-bending

element; D, D, = D,,, D,, are the stiffness character-
istics of the cross-sectional area of the reinforced con-
crete vertical element.
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Fig. 1. Calculation diagrams of vertical rod element: « — bent
rod; b — compressed rod; M — bending moment; Q — trans-
verse force; N — longitudinal force; ¢ — bending moment;
L — total rod length; f, — rod deflection

In general, the solution at each & step can be writ-
ten in terms of subsequent iterations (loadings) [11-13]:

(1)) =
_ Mx’kj B D13,j(k_1 (80)(.16_1)’ 3)
Dll,j( -) |\ p 1,j(k71) J
(e =
S T
Dy3 k-1 D33’j(k—1

where (k) is the iteration number; j is the loading step.

Equations (1)—(4) are solved by the stepwise itera-
tive method [14—19] with correction of stiffness charac-
teristics D and consideration of additional moments M
in longitudinal bending.

The linear and angular displacements are the sum
of the deflections due to bending moments and the de-
flections of the rod due to the compressive load N. In
general, the calculation of linear y and angular ® dis-
placements at each & steps can be solved by the method
of initial parameters:

k k k k k k
R AR VR

k k k k k k
o= B e ©

The coefficients of equations (5) and (6) are ex-
pressed by the following relationships:
» for linear displacements y:

k k k k).
A)(;,i) = A)(z,i)fl + (,i)—l gout (7
k k k k).
B)(z,i) = B;,i)—l + Be(,i)—l ' LE—{’ ()
(k) _ ~(k) k) . (k).
Cy,i) = C)(z,i—l + Cé,i—l h; )
« for rotation angles @:
k k
455 = A0 (10)
k k
Be(),i) = Bé,i)—l; (11)
k k
Ce(),i) = C(g,i)—l’ (12)

where A;lfi) - Céﬁ.) are indices of the method of dis-
placement (MD) describing linear displacements and
rotation angles in recurrence form.

For longitudinal bending, the value of the bulge
displacements can be found from the following rela-
tionships:

(14)

where f is the maximum deflection in the middle
of the span under the action of the critical force N, Lis
the total length of the considered element.

Then the distribution of deflections at the origin
of coordinates at one of the ends of the rod is found by

the formula:
7= (K]
N, L

where x, is the coordinate of the section where deflec-
tions are determined.

The compression-bending vertical rod element is
calculated in the following order:

1) divide the rod element into equal sections,
an even number;

2) determine the internal forces from the action
of transverse load;

3) calculate the additional bending moment from
the compressive force;

4) determine deflections according to formulas

(5)-(15);

(15)
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Fig. 2. Performance diagram of concrete B25
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Fig. 3. Performance diagram of A400 grade steel

5) we correct the stiffness coefficients of the cross-
sectional stiffness of the rod element by the following
formulas (1)—(4);

6) the whole process is repeated until the accepted
value converges, e.g. the maximum value of the bend-

16

ing moment, when checking the ultimate deformations
of concrete and reinforcement.

The magnitude of the load from the impact
of CMD is found by residual deformations [12], con-
sidering the unloading of the structure as elastic.
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Fig. 4. Graph of interaction of external impact N, kN, with maximum deflection v, mm

For the convenience of verification calculation,
the described algorithm of the methodology is auto-
mated in VBA (Visual Basic for Applications) [13, 20].

RESEARCH RESULTS

As an example of numerical calculation, consider
a compression-bending rod with a square cross-section
and dimensions 400 x 400 mm. The length of the rod is
6 m. The material of the reinforced concrete rod is heavy
concrete of class B25, longitudinal reinforcement of class
(4 D 18) A400 according to GOST 34028-2016°. Longi-
tudinal force O and bending moment M from permanent
and long-term loads (continuous action of loads) are ac-
cepted N, = 1,700 kN, M, = 0.0 kN. According to the re-
sults of the examination, the residual deflection (or cam-
ber) was found to be 52 mm. It is necessary to determine
the magnitude of external impact from the CMD.

At the stage of impact by conventional means
of defeat the value of limiting relative deformations
of steel &, we take 0.033 with hardening factor 1.3.

For the compressed zone of concrete of class B25
we assume a hardening factor of 1.4, and for the tensile
zone of concrete we assume a hardening factor of 1.1.

¢ GOST 34028-2016. Rolled reinforcing steel for reinforced
concrete structures. Technical conditions (with Amendment).
Moscow, Standardinform, 2019.

Values of limiting relative deformations of heavy
concrete B25 under short-term action of external load
(i.e. short-term loading mode) are taken according to
p. 6.1.14 of CP 63.13330: ¢, = 0.002 in axial compres-
sion and ¢, , = 0.0001 in axial tension.

The diagrams adopted for the calculation are
shown in Fig. 2, 3.

The results of numerical calculation according to
the method given earlier are presented in Fig. 4.

For the site with the CMD exposure mode from
Fig. 4 can be written:

N=-8.7855v-1251.9. (16)
The unloading line will be of the form:
N=-236.27v+ 12,286. 17

Solving equations (16) and (17), we find that at
a residual deflection of 52 mm, the magnitude of the im-
pact was 1,703 kN.

The calculation results were performed in VBA
and are shown in Fig. 4.

CONCLUSION

The developed calculation procedure allows
to determine the load-bearing capacity and stability
of compression-bending elements in physically and
geometrically nonlinear formulation under the impact
of conventional means of defeat.

17
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