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METOJAUKA PO3PAXYHKY KOMBIHOBAHUX BAJIOK
J{okT. TexH. Hayk, mpo¢. T.H. A3zizoB, Bukia. Musa O.C.
CALCULATION METHOD OF COMBINED BEAMS

Dr. Sc. (Tech.), Prof. T. Azizov, lecturer O. Myza

Haeeoeno inoicenepny memoouxy po3paxyHKy Kam'sHux OaQNOK, RiOCUEHUX
OIUHUMU  OOHOCMOPOHHIMU | OBOCMOPOHHIMU 3ANI300€MOHHUMU  NIACTMUHAMU.
lloxaszano, wo cmyninb niOCUNIEHHs KAM'AHO20 elleMeHma 3anNeHCums 8i0 KilbKoCmi
amKepie, wo 3'comyrome Kam'sHy dacmuHy 3 3ani300eMOHHUMU NIACTMUHAMU,
diamempa yYux auKepie, a mMaKoNC Bi0 2eoMempUyHUX i @i3UKO-MeXaHiuHUx
xapaxmepucmux 6iunux naacmut. lIlokazano, wo npu nesnomy Kpoyi amkepis i ix
diamempi KOMOIHOBAH)Y OANIKY MOJNCHA PO32TA0AMU K MOHOJIIMHY 3 HAAGHICMIO 080X
pisHux mamepianie. Po3paxynox 3 ypaxyeaHHAM HENIHIUHUX 61ACMUBOCMEl
mamepianie 3anponoHo8aHo 6ecmu NOOIOHO PO3PAXYHKY 3ANi300€MOHHUX OAlOK 3
nowaposum nooilom nepepizy no UCOmi, aie 3 ypaxye8aHHsM HASBHOCMI 080X WApi8
no wupuni nepemuny. lloxazano, wo yepe3 HAABHICMb 080X DIZHUX Mamepianlie 6
nepepizi MONXCIUBUX BUNAOKIE GU3HAYEHHS GUCOMU CMUCHYMOI 30HU MOdce Oymu
yomupu. Lle 3anexcums 8i0 GiOHOUleHHs 3a0anoi npu imepayisx Oeghopmayii 00
MAKCUMATbHUX Oedhopmayitl 080X ulapis.

Knirowuosi cnosa: xombinosana 6anxa, 3anizob0emoHHA NIACMUHA, 2inome3a
niaockux nepepizis, oiacpama Ilpanomas, imepayitinuil cnocio, nioCuienHs.

An engineering method for calculations of stone beams reinforced with
reinforced concrete side plates is given. The elements reinforced by both one-sided
and double-sided reinforced concrete plates are considered. It is shown that the
reinforcement level of the stone element depends on the number of anchors
connecting the stone part with reinforced concrete plates, the diameter of these
anchors, as well as the geometric and physical and mechanical characteristics of the
side plates. It is shown that at a certain step of the anchors and their diameter, the
combined beam can be considered as monolithic, in the cross section of which two
different materials are located. It was proposed to perform the calculation with
taking into account nonlinear properties of material similarly to the reinforced
concrete beams calculation with layer-by-layer division of section by height but
taking into account the presence of two layers along the section width. In this case,
an iterative approach is used with a sequential increase in the magnitude of strains in
the marginal compressed fiber of the combined section. Bernoulli hypothesis is used,



I.e. it is considered that the strains along the section height are distributed according
to a linear law, and the stresses in each layer considered along the section height are
determined according to the material diagram. At the same time, the stresses in the
reinforced concrete plates and in the stone part are different at the same height in the
cross section due to the difference in diagrams of these materials. For the calculation
simplification the material diagram is accepted in the form of Prandtl diagram. It is
shown that, due to the presence of two different materials in the cross section, there
can be four possible cases for the height of a compressed zone determining. It
depends on the ratio of the value of deformations in the marginal fiber specified at
iterations to the maximum deformations of the layers (stone part and reinforced
concrete plates). The height of compressed zone in each case is determined from the
guadratic equation solution. It is shown that the iterative calculation converges very
quickly. At the same time, the accuracy of calculations by the approximate method is
sufficient for carrying out practical calculations. An algorithm for the iterative
calculation of the combined beam is given.

Keywords: combined beam, reinforced concrete plate, Bernoulli hypothesis,
Prandtl diagram, iteration method, reinforcement.

Beryn. Kam'stHi KOHCTPYKITii 3aiiMarOTh JOCHTh BEIIMKY YAaCTKY B 3arajlLHOMY
00cs31 OyniBeIbHUX KOHCTPYKIK OymiBens. Kam'ssHI CTIHM MiACHUIIOIOTH PI3HUMH
cnmocobamMu, B TOMY YHCII 3a JOMOMOIOK BUKOPUCTaHHS HAaOETOHOK 1
3a11300€TOHHUX TacTUH. OJIHAK, TaKl MJIACTUHU BUKOPUCTOBYIOTD, SIK MPABUJIO, JJIS
MOCWJICHHSI KaM'SSHUX CTIH MPpU poOOTI Ha CTUCK. [Ipu HEpIBHOMIPHUX OCaJKaX OCHOB
KaM'sSHUX CTIH iX, SIK MPaBUJIO, MiJCHIIOIOTh BIAIITYBAHHSAM TSXKIB, SIKI CIPUIUMAIOTh
PO3TATYIOUN 3yCHIUISA, 110 BUHUKAIOTH B PE3YJIbTaTlI 3TMHY CTIH y CBOIH IJIOIIHMHI.
biuni 3ami300€TOHHI IUIACTHHU TPAKTHYHO HE BHUKOPHUCTOBYIOTHCS B SIKOCTI
€JIEMEHTIB MiJCWICHHS 3TUHAJBbHUX KaM'sHUX eineMeHTiB. lle moB's3aHo B mepiry
4epry 3 HEJOCTATHICTIO METOIB PO3PaxXyHKY TaKUX KOHCTPYKIIIH, OCOOJHMBO B
YaCTHHI BHU3HAYCHHS 3YCWIb B3a€EMOJII MDK 3ai300€TOHHUMHU IIACTHHAMH 1
KaM'sTHUM 3ITHYTHM €JIEMEHTOM.

AHaJi3 oCTaHHIX AociailkeHb i myOJikauiii. B po6ori [1] Oyno mokazano
nepeBary  KaMm'ssHUX  KOHCTPYKIIM, TOCHUJIEHUX OIYHMMH  3a1i300€TOHHUMU
IacTUHAMH.  biuHI 3a711300€TOHHI TUIACTUHU MPU BUKOPUCTaHHI y 3THHAIBHUX
KaM’sTHUX €JIEMEHTaX BUKOHYIOTh POJIb MIJCHIIIOIOYOTO eleMeHTa. biuHl miacThuHH
MOXXYTh OyTH pO3TallOBaHWMH 3 OJHI€T ab0 3 JBOX CTOPIH Kam’ STHOTO €JIeMEHTA.
3B’s130K O19HOI 3a1i300€TOHHOI MJIACTUHY 3 KaM STHOI0 YAaCTHHOIO BIIAIITOBYETHCS 32
JOTIOMOT0I0 B’s131B (aHKepiB). Y poborax [2-3] HaBeACHO METOAMKY PO3PaxyHKY
KOMOIHOBAaHWUX KOHCTPYKIIi, B TOMY YHCIII PO3PaXyHOK 3 YpaXyBaHHSM HETIHIMHUX
BJIACTUBOCTEH MaTepiaiiB, sKa IPYHTYETbCsl Ha MeToaull [5, 9], ane 3 ypaxyBaHHAM
HAsBHOCTI JIBOX BEPTUKAIBHHUX IMAPIB €JIIEMEHTa 3 PI3HUMH XapaKTEPUCTHKAMU
MarepianiB. OgHak, B IUX poOOTaxX HABEACHO JIMIIE MPUHIIUIN TAKOTO PO3PaxyHKY, a
TaKOX BIACYTHIN adTOPUTM JJIsl IPAKTUUYHUX PO3PAXyHKIB.

BuzHaueHHsI MeTH Ta 3aBJIaHHA JOCJIiIKeHHs. Y 3BI3KY 31 CKAa3aHUM METOIO
i€l cTaTTi € po3poOKa IHXKEHEPHOI METOAMKU PO3paxyHKY, sIKa IPYHTYEThCA Ha
npudHATOMY B [3] miAXO[i, ajne J[03BOJIS€ YHUKHYTH MPOLECY 3alUKICHHS IpU



HE3HAUHIA BTpAaTl TOYHOCTI pE3yNbTaTiB, a TaKOXK pO3poO0Ka aAIrOPUTMY
KOHCTPYKTHBHOTO PO3PAXyHKY TaKUX KOHCTPYKIIiil.

OcCHOBHA YaCTHHA AOCJIIKEHHS.

baratopa3oBe MOpiBHSHHS PO3PAXyHKOBUX JaHUX 3 EKCIEPUMEHTAIbHUMU
TOBOPUTH NPO TE, IO NMPU KOHCTPYKTUBHOMY PO3PAXyHKY 3a METOIMKOIO [3] BCHO
IUPUHY KaM'sSsHOTO €JIEMEHTa B PO3paxyHKax BpaxoBYBaTH HE CIiA. 3 pO3paxyHKY
CHUIBHOI POOOTH 3a11300€TOHHOT MJIACTUHU 1 KaM'sstHOI OalKu CIiJi BUBHAYUTH, SKY
€KBIBAJICHTHY IIIUPUHY KaM'sHOTO eJeMeHTa Tpebda NpuiHATH, 100 BBa)KaTu
KOMIUIEKCHY OajKy YMOBHO MOHOJITHOI. [l 1[pOTO CNiJ 3 MOYAaTKy BU3HAYUTH
3yCHJUIA B B'351X, sIKI 00'€THYIOTH KaM'ssHy YacTHHY 13 3aJl1300€TOHHOIO MJIACTUHOIO
3a Metoaukoro [2]. Sk BigoMo (nuB. [2]), B pe3yabTaTi po3paxyHKy, MU OTPUMYEMO
3yCHIIISL B BI3X, TMOTIM MPHUKIANAEMO I 3yCHUIS O KOXHOI Oankud OKpemo i
BU3HAYAEMO 3TMHAIIbHI MOMEHTH 1 MONEPEYH] CHUJIM B KOXHIM 3 Oayok (Kam'sHii 1
3ay1i300€eToHHIl). B pe3ynprari oTpuMyeMO Tak 3BaHUM KOE(DIIIEHT MMOCUIICHHS
KOKHO1 Oanku. Po3risiHeMo METOIWKY pO3paxyHKy IMOCHJICHHS KaM’sHOi Oasku 3a
paxyHOK BIIAIITYBaHHS O19HOT TVIACTHHH.

Koedimient mnocuienHss K - 1me KoedillieHT, [0 TMOKa3ye Ha CKUIbKH
nocuitoeTbes Oanka Nel (Ha CKUIBKM 30UIBIIYETHCS 1i JKOPCTKICTH) 3aBISKHU
«onoMo3iy 6anku Ne2. Ane 1s KOPCTKICTh MEHIIIE, HIXX CyMapHa >KOPCTKICTh 000X
6anok EJi+EJy. Omke, MOXHA KOPCTKICTh APYroi OAJIKH MPEACTABUTH y BUTJISII:
EJzz(k-l)EJl.

Hexait, wnanpuknang, B pe3yabTaTi pO3paxyHKY OTPUMaHO KoeQilieHT
nocwieHHs k=1.4. lle o3Hayae, mo 3ami300eTOHHA Oajka IMOCHJICHA KaM'SHOIO
gactuHoto Ha 40%. Tozai yMoBHMI (€KBIBaJICHTHUI ) MOMEHT 1HEpIIii KaM'ssHOT OaJIKw,
K10 0 BOHa Oyja MOHOJITHO IOB'I3aHa 13 3aJ1i300€TOHHOI0, MOYKHA BU3HAYHMTH 3a
OYEBHUIHOIO (POPMYIIOIO:

Jerv = (I(E;Z)Eh , 1)

ne EJi - xxopcTkicTh mepioi (3ani300eTonHo1) 6anku, Ex - Moaynp npy>kHOCTI

npyroi (kam'sHoi) Oanku (a6o, HaBmaku). ITicas 1bOTO BH3HAYAEMO CKBIBAJICHTHY
IIUPUHY TOCHITIOI0YO01 OaIKH 3a BiZIOMOIO (POPMYJIOIO:

beyy = 12 ']eka (2

Tenep *KOpPCTKICTh YMOBHO CYIIBHOT IMTOCHJICHOT O0aJKK MOYKHA TIPEACTABUTH Y
Burisial: EJ=EJo+Eo-Je.

TakuM 4YMHOM, MU OTPUMAJIM YMOBHY IIUPUHY MOCUJIIOI0UOI OATKH, Ky TETEp
MOXXHa TIJCTABUTH SIK BHXIJHI JlaHI B pO3paxyHOK 3a METOJAWKOr [3] mis
KOHCTPYKTHBHOTO po3paxyHKy. OTpuMaBImId 3 HEJTIHIHHOTO pPO3pPaxyHKy 3a
METOJUKOIO [3] KpUBU3HHU, TIOCUTH MPOCTO BU3ZHAYUTHU MPOTUHHU KOHCTPYKIIII.

VY pasi, AK110 KOMOIHOBAaHHM €JIEeMEHT KOPOTKUM, TO CJiJ BpaXOBYBaTH BILIWB
Ha IIPOTHH IOMEPEYHOT CHIM 32 METOAMKOIO, KA IPYHTYEThCS HAa MeToaumili [6].

Posrisitnemo Temep METOAMKY PpO3paxyHKy 3 ypaxyBaHHSIM HEIIHIMHUX
BJIACTUBOCTEM MaTepialiB 3THHAIBHUX KaM'SsHUX €JIEMEHTIB, 10 IJACUJICHI



OJIHOCTOPOHHBKOIO 200  JABOCTOPOHHBOIO  3al1300€TOHHOI0  IUIACTUHOIO 3
BUKOPUCTAHHSM J[1IarpAMHUX METO/IB.

PosrnsiHeMo 3ruHajnbHUN €IIEMEHT, 10 CKJIAJA€ThCcsl 3 TPbox ImapiB [3, 4],
3'eITHAHUX MK COOOFO B'SI3IMU B OKPEMHX TOYKaxX (puc. 1).

Puc. 1. Cxema TpUIIapOBOTO 3rUHAIBLHOTO EIEMCHTA.
1 - xam'ssHa Gaika; 2 - 3a;11300€TOHH1 O14YHI IUTACTHHHU, 3 - B'A31

Po3paxyHku 3a HaBEJIEHOIO BHINE METOAMKOIO MOKa3yIOTh, 110 MPU NEBHOMY
KpoIli 1 TEBHOMY JiaMeTpl B'si3iB (aHKEpiB) MK 3a/1i300€TOHHOIO 1 Kam'sHOIO
JaCTMHAMHM KOMOIHOBaHY OajKy iX MO>KHA PO3TJIAATH K MOHOJITHY KOHCTPYKIIIIO.
Y upoMy BUNAAKY TaKy KOHCTPYKIIIIO MOXHA pPO3PaxXOBYBaTH 3a METOIUKOIO
PO3paxyHKy 3aj1i3006TOHHUX KOHCTPYKI[IH 3 BUKOPUCTAHHAM JllarpaMHHUX METO/IIB [4,
5], ane 3 ACIKMM KOpETYBaHHSAM Ha (DakT HASBHOCTI PI3HMX MaTepialiB B mepepisi
enemenTa. [Ipu bOMy 3 OTJIAy Ha CUMETPIIO 3a1i300€TOHHUX IUIACTHUH 1 KaM'SHOT
0anky, KOMOIHOBAHY KOHCTPYKIIIIO MOXHA PO3TJISAJIATH SK €JIEMEHT, IO IMiIIa€ThCs
MPSIMOMY 3THHY, TOOTO JiBa IIapH 3 JBOX CTOPIH KaM'SHOTO €JIeMEHTa MOKHa YMOBHO
MPUBECTU JI0 OJTHOTO, IO 3HAXOJUTHCSA 300Ky KaM'SHOTO eJieMeHTa. 1ol YMOBHO
MO>KHA PO3TJISTHYTH JBOIIAPOBUI €IEMEHT.

PosrnstHemo momepeuHuii mepepi3 TaKoro IBOIIAPOBOTO elieMeHTa (puc. 2).
bynemo BBaxkaTu, Tak camo 5K 1 B [5], 110 cripaBeyivBa TiMOTe3a MIIOCKUX TIEPePi3iB.
[Ipu crpaBeqIMBOCTI TIMOTE3W TUIOCKUX TEPEpi3iB HE3aleKHO BiJl KUTBKOCTI IIapiB
(o BepTHKai) HAIPY)KEHHS B KO)KHOMY 3 HUX Oy/ie BU3HAYaTHUCS 32 JIarpaMoi0 «O-
€» 1o emopi nedopmartii.

Tax sx mapu CKIagarThCs 3 PI3HUX MaTepialiB, TO HA OJHOMY 1 TOMY K PiBHI
M0 BHCOTI Mepepi3y B KaMm'stHOMY €JIEMEHTI 1 B 3alli300€TOHHOMY JIATUMYTh Pi3H1
HampykeHHs. 1[I HampyXeHHs MOKHa BH3HA4YaTH 3a (OPMYIOK PO3PAXyHKY
3a11300€ TOHHUX KOHCTPYKITIN:
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Puc. 2. Cxema 10 po3paxyHKy MONEPEUHOT0 Mepepi3y ABOIIAPOBOIO eIeMeHTa

kn—n
—f, 70
o ck 1+(k—2)’]’ (3)

e f,- xapakrtepucThyHa MIIHICTH mIapy (kam'sHoro abo OetoHHoro); K -
BU3HAYaeThess 3a [4];n=¢./e,- piBenb gedopMariiii (BiZHOMICHHS IOTOYHOT
nedopmariii 1o aedopmariii mpu MaKCUMAaJIbHIN Hampy3i). 3BUYAlHO K, BEIUYHHH,
10 BXOJATh Yy BUpa3 (3) /Il pi3HUX BEPTUKAIBHUX IIapiB MATUMYTh Pi3HI 3HAUEHHSI.
Bemuuuau K 1 n ams 3a1i300€TOHHOT TUTACTMHM BHU3HA4YarOThes 1o [4], a s
ra300eTOHHUX  OJIOKIB ~ PEKOMEHAYETbCS  BHM3HA4aTH  3a  pe3yJibTaTaMu
CKCIICPUMCHTAIBHUX JIOCHI/KEHb, Hampukman 3a [7]. Jas uerisHol  Kiaaku
3aJIEKHICTh «G-£» PEKOMEHIYEThCS BH3HAYaTH 3a TAKOK CXEMOIO. 3MiHa MOMIYJS
nedopmMaliiii KaM'stHOT KJIaJIKK B 3aJICXKHOCTI Bijl PIBHS HANPY>KEHb MOXKHA BU3HAUUTH
3a popmyioro [8]:

(o2
E=E,|1-——
\7 11R, ) 4)

e o - TOTOYHE HAaNpyXeHHs, R, - THUMYacoBUU OIip (CepemaHs Mexa

u
MIITHOCT1) CTHCHEHHIO KJIAJKH.

Po3paxyHok BeAeThCs MOAIOHO MeTomuil [5] mocmigoBHUM 301LTbIICHHIM
nedopmarliii B KpaifHiil CTUCIHN TpaHi epepizy. 3agaeMoch AedopMaIrisiMi Ha MEHIII
CTUCHIN (PO3TATHYTIH) &, 1 OUIBII CTUCHIN &TpaHAX eJleMeHTa. 3a LUMH
nedopMalisiMu 00UYHUCIIOEMO KPUBU3HY 32 (POPMYJIIOIO:

= ©)



Jam o04YuCaI0EMO BHUCOTY CTHCHYTOI 30HM X, €KCLIEHTPUCUTET Eyc, IUIeUE
BHYTPIIIHBOI Napu Zs 32 METOJAUKOIO [S] (711 CTUCIIOCTI TYT HE HABOJAUTHCS ).

[Ticnsa nporo o6UMCIIOEMO BIACTaHI BiJ] LICHTPA Baru mepepizy A0 IEHTpa Baru
I-Ti#t cmyru. [TotiM oGumcirOeMo aedopmaltiro Ha piBHI EHTpPa TSOKIHHS I-Tild CMYTH.

Jami s KOXHOTO  BEpTHKaJIbHOrOo Imapy (KaMm'sHOro ejemMeHTa i
3aJ11300€TOHHOI TJIACTUHU) OKpEeMO OOYHUCIIOeMO HampyxeHHs. [lpu ubomy s
KaM'sTHOT'O €JIEMEHTa CII0YaTKy O0YHCIIOITh MOIY/Ib AedopMartiit i-toro mapy 3 (4).
A ToTIM Hanpy>KeHHs B I-Till cMy3i

o, =Eo, (6)

J1yist 6€TOHHOT IJIACTHHU HANPYKCEHHS 00UHCITIOITHCS 3a (3)

[Mpu upomy sikio 0i>1.5f¢, To ciig npUHATH HANPYXKEHHS B 1M1l CMY31 pIBHUM
HyJt0. J{ani 00UnCcI0eMO MOMEHT 1 MO3/I0BXKHIO CUILY, SIKI CIIPUIAMAIOThCS OETOHHOIO
(kaM'sIHOI0) YaCTHUHOKO MEpepi3y 1 MPOBOIUMO iTepallii 3a METOIUKOO [5].

Cnig 3a3HauMTH, IO «BUMKHEHI1» 3 PpO3paXxyHKY TOpPU3OHTalIbHI CMYTHU
KaM'ssHOT 1 3aJ11300€TOHHOT YaCTMHU MOKYTh 3HAXOJUTHUCS Ha PI3HUX BIJICTaHIX Bij
HUKHBOI TpaHi. lle o3Hauae, MO emOpW HANPYXEHb B CTHCHYTIA 30H1 OETOHY
MOXYTh MaTH Pi3HE MOJOXKCHHS HYJIbOBOI TOUKH (pucC. 3).
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Puc. 3. Bapiant MoxuBUX OpM eMmop B CTUCHYTIN 30H1

[Tpu bOMy HYJIBOBA TOYKA EMIOPU HANIPYKEHb B KaM'sSTHOMY eJeMeHT1 (KpuBa 2
Ha puc. 3) MOXe OyTH BHIIE HYJIHOBOI TOUKHU CMIOPU HAMPYKEHb B OeTOHI (puc. 3, a),
Hux4ae (puc. 3, 0) abo mepedyBaTu Ha OJHOMY PiBHI. AJie HANPYKCHHS B OCTOHHIM
YACTHHI 3aBKIH 3aJTUIIAIOTHCS OLTBIIE HANIPYKEHb B KaM'SHIM YaCTHHI 3BaXKalOYu Ha
Oinpmuit MOAYIh AedopMalriii 0eToHY.

Po3paxyHok 3a BHIIIEHAaBEJECHOI METOAMKOI, SIKa IPYHTYEThCA Ha
nepeaymMoBax [5], € HalOUIBII TOYHUM PO3PAXYHKOM MIITHOCTI 1 1eopMaTUBHOCTI
3aJ11300€TOHHUX €JIEMEHTIB. SIK MOKa3ajdu YHUCJIEHHI PO3paxyHKH, IS METOJUKa,
MpoTe, Ma€ CBOi HEJOJIKH, MOB'SI3aH1 B MEpUIy Yepry 3 UYHUCICHHUMHU ITEpallisIMHU.
JlocuTh 4acTo TpaIIIEThCS TAKOX 3allMKJIEHHS ITepaliiiHoro mpouecy. Buxomom 3
TaKol CUTYyallli € 3MiHa KPOKYy 30uIbllIeHHs AedopMaliii CTUCHYTOI TpaHi 0eToHy abo
3MeHIIEHHs JeopMarlii po3TsarayToi rpani. OHaK, Tpy OOYUCIIEHHI MPOTUHIB CIIiJT



BU3HAYUTH KPUBHU3HU B PI3HUX TOYKAX IO JOBXKHUHI OalKu, MPUUOMY 3pOOUTH II€ B
aBTOMaTUYHOMY pexumi. Toll B mporpami ciif 3a3faleriib 3aJaTd KPOKU 3MIHU
nedopmalliii Ha CTUCHYTIHN 1 pO3TATHYTIN rpaHsax enemeHTa. OHaK B PI3HUX TOUKaX
0 JIOBXKHKHI MPOJILOTY OalIKM B pa3i 3al[UKJICHHS JI0BEJOCs O MO-pi3HOMY 3MIHIOBaTH
3rajjaHi Kpoku 3MiH jaedopmariid. Lle cTBoproe yumani TpyaHOIIl MpH BUPIIIEHHI
MPaKTUYHUX 3aBAaHb. Po3paxoByBaTu * B OKpeMiil mporpaMi KpHBU3HY B KOKHIH
KOHKpPETHIA TodIli OalKu, a MOTIM 3HAYEHHS LMX KPUBHU3H MIJCTABISATH B IHILY
nporpaMmy JJisi pO3paxyHKY IPOTHUHIB, € JOCHUTh HE3PYYHOI 1 TPOMI3AKOIO
nporeaypoto. JlJis yCyHEHHs BHUILEHABEAECHUX HEAOJIKIB 1 3 METOI CHPOIICHHS
pPO3paxXyHKIB  pO3MJISTHEMO  HAOMMKEHY  METOAMKY BHU3HAUEHHS  KOPCTKOCTI
KOMOIHOBaHOTO €JleMeHTa 3 BUKOpUCTaHHsAM plarpamu llpanarns. [lpu upomy sk
3a3BUYail mpuiiMeMo MepelyMOBY MPO CIPaBEJIUBICTh TIIOTE3U TIIOCKUX NEPEPi3iB.
Ha puc. 4 noka3zana cxema posnonairy aedopmaliiii B mnepepisl po3TiisyBaHOTO
KOMOIHOBAHOT'O €JIEMEHTA.

[lo3Hauumo wyepe3 &1 1 &2 AedopMalii BIAMOBIIHO MEPIIOTO 1 JPYroro
BePTUKAIBHUX  IapiB  KOMOIHOBaHOi  Oajku,  BIAMOBIAHI ~ MaKCHUMaJIbHUM
HanpyXeHHsM fen Ha Jiarpami «HampyskeHHs-aedopmarii»y. OCKiIBKH MaTepiann
mapiB OaJIKM MarOTh Pi3HI XapaKTePUCTUKH, TO TIpH Jedopmallii KpaiHbOi CTUCHYTOT
rpaHi &, HANPYyKeHHsI fem TSI pI3HUX BEPTUKAIBHUX MIAPIB OYIYTh PI3HUMHU.

Y  3amizoOeroHHidt Oammi (GiYHIM IJIacCTWHI) PO3TAIIOBAaHO N IHapiB
H03I0BXKHBOT apmaTypu. Jledopmarris I-Toro mapy apmarypu &si, BiJICTaHb Bix
HIDKHBOT TPaHi eJIeMEHTa JI0 OCi LOTo Iapy apMaTypu Zsi (puc. 4).

Ssi
&1

/ 4
, Skr )

Puc. 4. Cxema nedopwmariiii B monepedyHoMy mepepizi KOMOIHOBAaHOTO
eJIEMEHTA

h-x

Zsj

Po3paxyHok BeaeTbcs meTonoM minOopy aedopmaliii B CTUCHYTIN 30HI & 1
3a/I0BOJICHHIO yMOB PpIBHOBard, a TaKoXX 3 JOTPUMAHHSIM TINOTE3U IUIOCKUX
nepepiziB. [Ipu 3ananiit negopmariii &, MOXKIMBO JBA BUIAJIKU €MIOPU HAMNPYKEHb B
CTUCHYTIN 30H1 KOKHOTO BEPTUKAIBHOIO 11APYy €JIEMEHTA.



1-t  Bumagox. [ledpopmariiss &, MeHIIe MakcUMalbHUX Jedopmarliit
PO3MIISIHYTOTO APy, TOOTO &p<éc,i, A¢ | = 1,2 - HOMEp BEpPTUKAIBHOTO IIapy OajKu.
Toni emopa CTHCKaIOUMX HANIPYKEHb Oy/ie TPUKYTHOIO (puC. 5).

2-i  Bunagok. [edopmaiiss g, Ouiblie MakcuMandbHUX jAedopmaliii
PO3IJIIHYTOrO IIapy, TOOTO &p>&ci, 1Ol €MIOpa CTHCKAIOUMX HAIpyKeHb Oyje
TparemienoioHo (puc. 6.).

3 TeOMEeTpUYHHUX MIPKYBaHb JIETKO OTPUMATH 3HAYEHHS BHUCOTH CTUCHYTOL
30HU X 711 000X BUIIAJKIB, MICJSI YOr0 3yCUIUIS B CTUCHYTIHM 30HI JIJIs1 TBOX BUIAAKIB
JOPIBHIOBATHUME:

Jljist mepuioro BUNAAKY:

Ny = biEypepx/2; (7)
JIJist IPYTOTO BUIAMIKY:
Epbe. Ep—&c
Ny = x=22%(1 +bg—b) ®)

ne Np,i - 3yCHUIS B CTUCHYTIH 30HI I-r0 BEPTHUKAJIBHOTO MIapy eleMeHTa; bj -
IIUPHUHA I-TOrO MIapy.

€
€p c b
’ i %C(
x Nb < Nb N
>|< X
= <
i Ekr Ekr
Puc. 5. Cxema aedopmariiii, koiu Puc. 6. Cxema nedopmartiii, Koiau

eb<ec, 1 eb> ec, 1

PosrnstHemo Temep BU3HAYEHHS 3YCWJUIS B PO3TATHYTIN 30HI. 3 OISy Ha Te,
IO PO3TJSAIa€ThCsl HAONMKEHAa METOJAMKA, a TaKoXX (aKT HE3HAYHOTO BILIUBY
PO3TATHYTOTO OETOHY, 3HEXTYEMO IIUM BILUIMBOM. TOJ11 HAMPY>KEHHS B KOKHOMY Iap1
apMarypu OyayTh OJHO3HAYHO BHU3HAYATHCA 3HAYEHHSIM Aedopmarliiii e B KpaHIN
PO3TATHYTIN rpaHi nepepizy (AuB. puc. 4).

Cymapne 3ycminisi Ns y BCIX CTPHXKHSIX apMaTypu JIOPIBHIOE:



Ns = Z?:l Ss,iAs,iEs,i (9)

ne Asi, Esj - rutomi nepepiziB i MOy PYKHOCTI I-TOTO IIapy apMaTypH.
3 HEeCKJIaJIHUX M'€OMETPUYHUX O0YHCIICHb Oy1eMo MaTH (IHB. puc. 4):

1
Ns =7 i=1Esidsi(eph — epZs;) — Xiz1 Es s e (10)

3ayBakuMO, 10 MHOKHHUKH TPU BUCOTI CTUCHYTOI1 30HM X s 3ycwuiss Np B
ctucuytomy OetoHi mo (7) 1 (8), a takox mnsa 3ycumist Ns B apmatypi mo (10) e
MOCTIMHUMH BEIMYUHAMU JIJI1 KOHKpETHOI Oanku. OTxe, I BUSHAYCHHS HEBIIOMO1
BUCOTU CTUCHYTOI 30HM X MaTUMEMO OjHeE JiHiiiHe piBHsIHHSA. Tomy Bupas mis Ns
MO>KHA TIPEACTABUTU Y BUTJISIII:

N, =2-¢ (11)

B
X
ne Ha miactasi (10):

B = Z?=1E5,iA5,i(5bh - gsz,i); C = Z?:lEs,iAs,igb (12)

MO>KITMBHX BMITJIKiB BU3HAYCHHS BUCOTH CTUCHYTOI 30HH MOKe OYTH YOTHPH,
B 3aJIGKHOCTI BiJl BiIHOIICHHS aedopmaliii & 10 MaKCUMaIbHUX JedopMallii mapis
&c,1 1 &c2. PO3MIISTHEMO KOXKEH 3 IIMX BUIAIKIB OKPEMO.

1-i BUNMAAOK. ep<ec 11 &p<¢c2. Toxai Ha miAcTaBi (7) MaeMo:

__ Ep1biept+Ep by
2

N, x = D;x (13)

2-W BUNIAJIOK. €,> €1 1 &p> 2. Ha miacTasi (8) OyneMo matu:

N, = [Eb,1b215c,1 (1 n 5b‘£c,1) n Eb,ZI;zgc,z (1 + £b_gc,z)] x = Dyx (14)

€b €b

3-if BUIIA/IOK. €< 1, aJIC E>€c2. TOJII CKJIAJIOBA 3yCHILIS B CTUCHYTIH 30H1 IS
niepioro mapy Oyzae Bu3HadaTucs 1o (7), a s Apyroro mapy - 1o (8):

N = x % blEb,l‘Eb +Eb,2b2£C,2 1 + gb_EC,Z — D X (15)
b 2 2 &p 3

4-ii BUMIAJIOK. &> &1, ane €p<€c2. ToJl CKIIag0Ba 3yCHUJUIS B CTHUCHYTIH 30HI1
JUTS TIEPIIOTO mapy Oyae Bu3HadaTucs 1o (8), a aist apyroro mapy - 1o (7):

_ bZEb,ZEb Eb,lbleC,l Ep—Eca —
Nb—x*[ P (1+—8b )]—D4x (16)

PiBHSHHS U1 BH3HAYCHHS BHCOTH CTHCHYTOi 30HH (3 yMoBU Np=Ns) s
KOKHOT'O 3 YOTUPHOX BHUIIAJIKIB Oye:



Dix =——C (17)

Bupimyroun kBaapatHe piBHAHHSA (17), OTpUMaEMo IIyKaHy BUCOTY CTUCHYTOT
30HU JJI BCIX BUIMAJIKIB.

HaBenena Bumie MeTonuka po3paxyHKY € 3 OJHOrO OOKYy HaONMKEHO, 3
IHIIIOTO0 - JOCHTh MPOCTOI0. Y TOM € 4Yac MoxuOka B MOPIBHSAHHI 3 TOYHOIO
MeToaukor 3a [3], ska rpyHTyeTbcs Ha minxoxi, mpuitHatomy B JCTY [5]
BUSBIIIETHCS JIOCUTh HEBENHMKON. ToMy, 3 orisay Ha ii mepeBard (BiICYTHICTb
3alMKJICHHS TP 1TepalisiX, 3HaYHO MEHUIY KUIbKICTh iTepaliil), i 3aCTOCyBaHHS B
OPAKTUIl TPOESKTYBAHHS J103BOJISI€ 3HAYHO €KOHOMMTH 4ac.

PosrisiHemo Tenep iHX€HEpHY METOJIUKY PO3PAXYHKY, 110 JTO3BOJISIE «BPYUHY»
3 BUKOpDUCTaHHSM 2-5 irepaumiid po3paxoBYBaTH MILHICTh KaM'sSsHUX O0ajok,
MOCWICHUX OIYHUMHU 3a11300€TOHHUMHM IulacTUHaAMU. J[JIS 1IbOTO 3HOBY OyneMo
BBAXKATH CIPaBEJIMBOIO TIIOTE3Y MIOCKUX MEPETUHIB.

Ha puc. 7 HaBeneHa cxema /10 pO3paxyHKYy.

fck,prism

Puc. 7. Cxema 10 po3paxyHKy 3a 1H)KEHEPHOIO METOIMKOIO

3a BHXIHY BEIWYUHY 3a7amo nedopmarlito B HUKHROMY (TIEpimiomMy) miapi
apMaTypH & 1. HeBiioMO10 BETUYMHOIO BBAXKAETHCSI BUCOTA CTUCHYTO1 30HU X.

Enropy HanpyXeHb B CTUCHYTIH 30HI BBAKAEMO MPSIMOKYTHOIO 3 BUCOTOIO X.
3 mog00u TPUKYTHHKIB JIJ1s1 AeOpMaIrii € j HEBAXKKO 3aIMUCATH:

I

h—x—a;
€51 = €15 ar (18)

3ycuist Np B CTUCHYTIHN 30H1 €JIeMEHTa JI0PIBHIOE:

Nb = (fck,prism,lbl + fck,prism,zbz)wx (19)



ne focprism1, fekprism2 - TPU3MOBa MINHICTH BIANOBITHO MEPHIOTO 1 JIPYroro
BEPTUKAJIBHOTO Iapy Oanku; D1, b, - mupuHa BiAMOBITHO EPIIOTO i IPYTroTo Mmapis;

® - KOe(IIIEHT MOBHOTU €MIOpa HANpy>X€Hb B CTUCHYTIA 30HI, KM MOXHa
npuitHATH piBHUM 0.8 BIANOBIAHO 110 [4].

CymapHe 3ycliIIsl B CTPHOKHSIX apMaTypu IOPIBHIOE:

N; = Z?:l O-s,iAs,i (20)

ne o, Ag ;- HapyKEeHHs 1 1epepis i-Toro mapy apmMaTypH; 0s; = & ;Eg;; Esi-
MOJIyJib TPYXKHOCTI I-Toro mapy apmatrypu. 3 piBHOCTI Np=Ns BH3HAYMMO BHCOTY

CTUCHYTOI 30HH:
NS

x = 21
@(fete1b1+fek,2b2) 1)
1€ fex 1, fek,2 - IPU3MOBA MILHICTG BIANOBIAHOTO 1IAPY;
Bennuuna N Ha migcrasi (18) 1 (20):
h-x—al
N; = ?=1As,iEs,i€s,1 h—x—az (22)

Po3paxyHoKk BeneThCs 3a HACTYNMHUM aJITOPUTMOM, SKId MOK€ BKIIIOYAaTH B
cebe murie 2-5 iTeparlrii.

1. 3agaemocs nedopmarri€ro Nepioro mapy apMaTypH &s 1.

2. Bu3HauaeMo mMoYaTKOBY BHCOTY CTHCHYTOI 30HU 3a (21) B mpHITyIIEHHI, 110
Ng = f,1451 (1€ fy1,As1 - BIIMOBIIHO PO3PaxXyHKOBMA OMIp 1 MEpepi3 apMaTypu
nepuioro (OCHOBHOTO) IIAPY).

3. 3a (18) Buznavaemo aedopmailii y BCix mapax apMaTypH;

4. O64UCTIOEMO HANPYXKEHHS B I-TOMY IIApi apMaTypH; 0 ; = & ;E;

5. O0uuncIoeMo cyMapHe 3ycuiuis y Beiit apmatypi Ns 3a (22);

6. O0umncIFOEMO HOBE 3HaUeHHS X 3a (21);

7. Slkmio 3HaYeHHS BUCOTH CTUCHYTOI 30HM X Ha OCTaHHIA 1 MOMEpEmHiH
iTepalisax 30IraloThCs 3 HAIEpea 3aJaHOI0 TOYHICTIO, TO PO3PaXyHOK 3aKiHUCHUH.
SIK110 Hi - TO PO3pPaxXyHOK MOBTOPIOETHCS 3 1. 3 aJTOPUTMY.

Po3paxyHku 1moka3yroTh, 1mo 2-5 itepalliid IiIKOM JTOCTATHBO Ui OTPUMAaHHS
pesynbraty. OOMEKEHHSI HAMPY>KEeHb B MIapi apMaTypu MPOBOAUTHCS IMICIS IMyHKTY
4. SIkmo BOHO TIEPEBUINYE PO3PAXYHKOBUH OIp, TO HAMPYKEHHS MNPUUMAETHCS
PIBHUM PO3PaXyHKOBOMY OIOPY 1 PO3PaxXyHOK MOBTOPIOETHCS.

Sxmo € motpeba BpaxyBaHHS 3MIITHEHHS apMaTypH, TO BHKOPHUCTOBYETHCS
NBONIHIAHA pmiarpama apMarypu, HaeeaeHa B JIBH [4] 3 nminmsgHKOIO 3MiITHEHHS
apmarypu. [Ipu nboMmy MeTOMKa PO3pPaxXyHKY HE 3MIHIOETHCS.

BucnoBku. Po3po0iieHO 1HXXKEHEpPHY METOJUKY pPO3pPaxyHKy KOMOIHOBaHUX
0aJIOK, K1 CKJIAJAIOTHCS 3 KaM SHOI YaCTUHU, MOCHJICHOT O1YHMMHM 3aJ11300€ TOHHUMU
IJJAaCTUHAMM 3 ypaxyBaHHSIM HENIHIMHUX BJacTUBOCTeW MarepianiB. KomOiHOBaHa
Oajika CKJIAIa€ThCcsl 3 JBOX BEPTUKAJIBHUX WIApIB 3 PI3HUMHU XapaKTEPUCTUKAMU
MarepialiB 1ux mapie. [lpu mpboMy mjisi po3paxyHKy KOPCTKOCTI Ta MIIIHOCTI



nepepizy BUKOPHUCTOBYEThCS TiMOTE3a IJIOCKUX TMepepidiB 1 miarpama [Ipanaris.
Metoauka M03BOJISIE YCYHYTH MOJKJIMBICTH 3allMKJICHHS TpPHU 1TE€palisix, 1CTOTHO
3MEHIIY€E X KUIBKICTh NPU 30BCIM MaJeHbKUW BTPAaTH TOYHOCTI B IMOPIBHSAHHI 3
TOYHHUM HETTHIMHUM PO3PaXyHKOM.

JIns po3paxyHKy MIITHOCTI pPO3po0JeHa I1HXKEHEpHA METOJIMKA, B SIKiif
aHAJIOTIYHO ICHYIOUMM METOJIaM NPUMMAEThCS MPSIMOKYTHA €MIopa B CTUCHYTIN 30HI.
Opnak, mpH UbOMY BHUKOPUCTOBYETHCS TaKOX TINMOTE3a IUIOCKMX NeEpepi3iB 1
BPaxOBYIOTbCSI PI3HI BJIACTUBOCTI MarepiaiiB pPI3HUX BEPTUKAIbHUX IAPIB
KOMO1HOBaHO1 KOHCTPYKIIii.

Ha BiaMiHy Big pPO3paxyHKy CHOJIOIIHHMX 3aJ11300€TOHHUX KOHCTPYKIIIH
po3po0JieHa METOJMKa BpPaxXOBYE HASBHICTh PI3HUX MaTepiajiB B BEPTUKAIbHHUX
mapax KOMOIHOBaHOiI Oajiku, 1110 J103BOJISi€ 3HAYHO TOYHIIIE BU3HAYATH HAIPYKEHHS
B KaM’sIHIN Ta 3a11300€TOHHIN YacTHHAX.

Y nepcnekTuBi niepen0ayaeTbcsi pO3POOJIEHHS METOAUKUA PO3PAXyHKY
KOMOIHOBaHUX 0aJOK 3 OJHOCTOPOHHIMHU 3aJ1i300€TOHHUMH OIYHUMHM TIJIACTHHAMH 3
BpaxyBaHHSM KPYUYEHHS 1 HETIHIHHUX BIIACTUBOCTEN MaTepiaiiB MIpHU KPyUESHHI.
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