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AHHOTALUMA

BBeaeHue. PaccmatpuBaetcsa npobnema noBbILLEHUS HECYLLEN CNOCOBHOCTM U KECTKOCTU AepPeBAHHbIX U3rnbaemblx ane-
MeHTOB. AKTyanbHOCTb paboTbl 0BycrnoBneHa HeobxoAMMOCTbIO pa3paboTkn 3PPEKTUBHBIX METOAOB YCUIIEHNS, YYUTbIBA-
IOLLIMX @aHU3OTPONWUIO APEBECUHBI U MOAATIMBOCTL coeanHeHui. Lienb nccnepoBaHus — CoOBEPLUEHCTBOBAHME KOHCTPYKLMM
yCuUneHust AepeBsiHHbIX 6anok ¢ ncnonb3oBaHneM Metannodybyateix nnactuH (M3[1) B kayecTBe BHELLHErO apM1poBaHus
1 pa3paboTka METOAUKN X pacyeTa C y4eTOM COBMECTHOWN paboTbl 311eMEHTOB.

MaTtepumanbil u meToabl. Ha ocHOBe Teopum pacdeTa cocTaBHbIx cTepxHeln A.P. PxaHuubiHa paspaboTaHa meToguka pac-
yera 6anok, ycuneHHblx M3I Ha 4yacTu nponerta. Y4yTeHa NOAATIUBOCTL COEAMHEHUI Ha rpaHuue «banka — nnactuHay.
[MpoBeAeH uncneHHbIn aHanma Ans oueHkn BnusHua tuna M3 (GNA-20 n T-150), AnvHbl y4acTka yCUNeHUst u BENUYMHbI
npeaBapuTEnbHOrO HaNPsHKEHNs Ha HanpshKeHHO-Ae(POPMMPOBAHHOE COCTOSIHNE KOHCTPYKLIMW.

Pe3ynbraTbl. YCTaHOBMEHO, YTO yCUINEHWe pacTaHyTon 30Hbl 6anku M3l no3BonseT CHU3NMTb HOpMaribHble pacTArneato-
Lwme HanpsbkeHust Ha 12,3-59,6 %, cxumatowme — Ha 6,2—30 % B 3aBUCMMOCTU OT TUMa NNacTuHbl U YPOBHS NpeaBapu-
TEMbHOro HanpskeHus. MakcumanbeHbIi npornd G6ankn ymeHnbluaetcs Ha 1,7-27,5%. Hanbonblias agpdekTMBHOCTL A0-
CTWUrHyTa npu ncnonb3obaHun nrnactnH GNA-20 ¢ npeaBapuTENbHBIM HaMPsSXKEHNEM.

BbiBopbl. [peanoxeHa HoBas KOHCTPYKUMS ycuneHus n meToauka ee pacyeta. [lokasaHa adpheKTMBHOCTb MpuMeEHe-
Hust M3I gns NoBbILLEHNS MPOYHOCTU U XXECTKOCTU AepeBsiHHbIX 6anok. PekoMeraoBaHO 1Cnonb3oBaHWe MnacTuH Tvna
GNA-20 n paspabotka HoBbIx TMMoB M3 ¢ ynyylleHHbIMU XapakTepucTukamu Ans 6onee NonHOro BKMoYeHUs B paboty
KOHCTPYKLMW.
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ABSTRACT

Introduction. The problem of increasing the bearing capacity and stiffness of wooden bending elements is considered.
The relevance of the work is due to the need to develop effective reinforcement methods that take into account the anisot-
ropy of wood and the compliance of joints. The aim of the study is to improve the design of strengthening wooden beams
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UccrepoBaHue pepeBsHHbIX 6aAOK, YCUAEHHbIX BHELLUHUM apMupoBaHNeEM
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using metal toothed plates (MTP) as external reinforcement and to develop a methodology for their calculation, taking into
account the joint work of the elements.

Materials and methods. Based on the theory of composite rods by A.R. Rzhanitsyn, a method for calculating beams rein-
forced with MTP on a part of the span was developed. The compliance of the connections at the “beam — plate” interface
was taken into account. A numerical analysis was carried out to assess the influence of the MTP type (GNA-20 and T-150),
the length of the reinforced section and the value of the preliminary stress on the stress-strain state of the structure.
Results. It was found that strengthening the stretched zone of the beam with MTP can reduce normal tensile stresses by
12.3-59.6 %, and compressive stresses by 6.2—-30 %, depending on the type of plate and the level of prestress. The maximum
beam deflection is reduced by 1.7-27.5 %. The greatest efficiency was achieved when using GNA-20 plates with prestressing
Conclusions. A new reinforcement design and its calculation methodology are proposed. The effectiveness of using MTP
to increase the strength and stiffness of wooden beams is proved. The use of GNA-20 type plates and the development
of new types of MTP with improved characteristics for more complete inclusion in the work of the structure are recommended
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BBEJIEHHUE

OmHUM U3 CTIOCOOOB YBEIMUYCHUS MPOIHOCTHBIX
XapaKTEePUCTHK KJICEHBIX JEPEBSHHBIX KOHCTPYKIIHH
sBIIsieTCs apMupoBanue [1]. Yeunenue nqpeBecuHsl ap-
MaTypoil yMEHbIIIAeT BIUSHUE ECTECTBEHHBIX TOPOKOB,
CYLIECTBEHHO YBEJIMUYMBAET HECYIIYI0 CIIOCOOHOCTH
1 ’K€CTKOCTh KOHCTPYKIMH [2] IpH CHIKCHUH X Mac-
CBI M CTOMMOCTH. PaccMOTpUM n3BeCTHBIE pabOTHI.

K. Kynma u T. Coua [3], anamusupyst padoty nepe-
BSTHHBIX OQJIOK, apMUPOBAHHBIX KJIEEHOH YIIIEIIIACTHKO-
BOU JICHTOM, ONIPENENNIN, YTO MPOUCXOAUT YMEHbIIIE-
HHUE HavaibHOTO Tporuda Oanok. A.B. Kpurunsiv [4]
MIPOM3BOAMIICS aHAJIN3 METO/IOB pacdeTa JIEPEeBSHHbBIX
0aJoK, yCHUIICHHBIX YITIEPOIHBIM BOJIOKHOM. YCHIICHHE
JIEPEBSIHHBIX OAJIOK Ha JIeHCTBHE KacaTesIbHBIX HaIpshKe-
HUH OCYIIECTBIAETCS MyTeM MPUKIEUBAHUS YTIICBOJIOK-
Ha Ha OOKOBYIO TPaHb AJIEMEHTA MO/ YIVIOM K BOJIOKHAM
IO HAIPABJICHUIO TUIOMAA0K MIABHBIX PACTITHBAIOIINX
HanpspkeHuit. O.M. YcrapxaHos [5] uccrienoBan Hampsi-
JKeHHO-IepopmupoBanHoe cocrosaue (H/IC) momaro-
KJICCHBIX OaJIOK NMPH YCTAHOBKE CTECKJIOTIACTHKOBOU
apMatypsl. OH BBISIBUJI, YTO B PACTSIHYTOH 30HE apMU-
POBaHME 11eTIECO00Pa3HO BHITOIHATE HE MPSIMOIMHEHHO
10 Bceil umnHe Oankd, a TOIBKO B MpoJieTe. B omopHBIX
30HaX OTrHOaeTcsi KOMIIO3UTHAS apMaTypa IoJ] YIJIOM
K BOJIOKHAM JIPEBECHHBI (IIPOAOIBHON OCH KOHCTPYK-
nun). B BepxHeil cixaroil 30He KOMIO3UTHAs apMaTypa
MOXET YKJIabIBaThCs B M1a3 MapayjieIbHO BEpXHEH rpa-
HU. A.A. IlaTHunknM [6] noka3aHa parroHAIBHOCTh
pa3MeIIEeHHUs MOJIO0CHl U3 BEICOKOIPOYHOTO MaTepHaia
MEXKTy JTaMeJISIMA OaJIKH, YTO MPUBOIUT K 3HAYUTEIILHO-
MY YBEJINYEHHIO HeCyIIel ClIoCOOHOCTH KOHCTPYKIIUH.
B crarbe [7] H.E. [lerpseBbm u O.b. JleBunckum pac-
CMOTPEHO MOJOKUTEIBHOE M OTPHULIATEIILHOE BIUSHHE
ApPMHPOBAHMS KJICCHBIX JIEPEBIHHBIX OAJIOK C IOMOIIBIO
BKJICMBAaHUS METAJUIMIECKUX CTEpXKHEW B Hamboiee
HaIpsDKCHHBIE 30HBI KJICEBBIX KOHCTPYKIMHA. YCTaHOB-
JICHO, YTO BHYTPEHHHE HAMPSKCHUS BHYTPH KJIEEBOTO
CJIOSl CHIDKAIOTCA MPH BO3JEHCTBUHM METOJa paccede-
HUS CIIOIIHOTO KJIEEBOTO CJIOSI TOHKOBOJOKOHHBIMHU
U CeTYaThIMU MarepuanaMu. DTH MaTepuaibl, KpoMe
YKa3aHHOTO Ha3HA4YEHHs, 00ECIICUMBAIOT apMUPOBAHHE

KOHCTPYKIHUH, TTOBBIIIAS €€ MPeAeIbHbIC COIPOTHBIIC-
HUsl MexaHnyeckuM Harpyskam. M. Koppaau u coasr.
[8], paccmaTpuBast TpaIUIIMOHHbBIE TEXHUKH apMHPOBa-
HUSI, TPEAJIOKMIIN BAPUAHT YCUJICHHS C IPUMEHEHUEM
JIOTIOJTHUTEIILHOTO CJIOSI JIOCOK: CTPOTHJIA M TEPBBIN
CJION JTOCOK COEIMHSIOTCS C IIOMOIIBIO YETHIPEX TBO3-
Je Ha JIOCKY, T.. IBa Ha KaXX/JIOM KOHIIE; OCHOBHBIE
U YKPETUIAIOIINE JOCKH COSANHSIIOTCS LIECThIO IBO3IS-
MM, J[Ba Ha Ka)KIIOM KOHIIE | JiBa B cepeanHe. B pabo-
Te [9] @. PeckanbBo MpeaCTaBIEHO KPATKOE OMHCAHUE
CXEM apMHUPOBAHUS JIEPEBSIHHBIX 0AJIOK MOIUMEPHBIMU
BonokHamu. b.B. JIaGymuabiv u A.B. Kapensckum [10, 11]
NPUBECHBI PE3YJIBTaThl UCIIBITAHUI HA U3THO JIepeBsH-
HBIX COCTaBHBIX 0AJIOK, COTMHEHHBIX METAJUTHUECKH-
MU 3yOuarteiMu miactuHamu [12, 13]. HauGoxnee pac-
MIPOCTPaHEHHBIE MOBPEKICHUS KIICCHBIX JIEPEBSIHHbBIX
6aoK — 3TO MPOJONbHBIE TPEUIUHBI B KIEEBBIX IIIBaX.
[TosiBieHME TaKMX TPEILIMH OCJIAOISIET ceueHHe 0aIoK
W TIpU JajbHEHIIEM Pa3BUTHUH TPEIIUH BBI3BIBAET MX
paspy1ieHue. 3ampeccoBaB METAINIO3y0UaThIe TTACTHHBI
(M3ITI) B 30HY C TPEIIMHON U B 30HY BO3MOXKHOTO Pa3BH-
THSI TPELIMHBI, MOYKHO BOCCTAHOBHUTB HECYIIYIO CIIOCO0-
HOCTb ceueHust. CXeMbl 0aJIoK C pa3IMYHbIMU BapHaHTa-
MU apMHPOBaHUs MOKa3aHbl Ha puc. 1, 2.

OCOOEHHOCTH APEeBECHUHBI 3aKITI0YACTCS B €€ Pe3-
KO BBIPAKEHHBIX aHM30TPOIHBIX cBoiicTBax [14, 15],
a Take B MOJATIMBOCTU coenuHenuit [16—19]. Muo-
THE HNCCIIEI0BATEIN TPEHEOPETarOT yueToM 3THX (hakTo-
POB IIpH pacdeTe AEPEBSIHHBIX U JEPEBOKICCHBIX KOH-
CTPYKLHH, 4TO IPUBOJUT K CEPHE3HBIM MOTPEIIHOCTSIM
B onienke HJIC [20].

Lens ncciienoBaHuss — COBEPILICHCTBOBAHUE KOH-
CTPYKINU YCUIJICHUS I€PEBSHHBIX U ICPEBOKOMITO3UT-
HBIX 0ajok myTeMm mcmonb3oBanus M3II B kagecTBe
BHEIITHETO apMUPOBAHMS U pa3paboTKa METOAUKH pac-
4yeTa TaKUX KOHCTPYKIHUH.

J1J1s1 BEITTOTHEHUS ATOM [IeJ T He0OXOMMO Ha OCHO-
BE€ TEOPUH COCTABHEIX cTepkHeH A.P. Prxannmpaa [21]
pa3paboTaTh METOAUKY pacdeTa 0ajoK U3 LEeJbHON
W KJIGEHOW JPEBECUHBI, YCHIICHHBIX BHEIIHUM apMH-
poBanueM Ha 6aze M3II, B KOTOpO#l yunuThIBaeTCA 110-
JATIUBOCTH Ha TpaHuIe «Oamka — M3I1» [22, 23]. [Tpu
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Jlenta Sika CarboDur S1512 CrepikHeBas apmatypa

Apmupyromuii MaTepran

VriepoaHoe BOIOKHO

NN

L

T

Puc. 1. BapuanTs! apMHpOBaHUS IePEBIHHBIX 0ATOK: @ — yrieruiacTukoBoi enToit Sika CarboDur S1512; b — cTepxueBoit

HJIA KOMITO3UTHOM apMaTypoﬁ, 3aHpeCCOBBIBa€M0ﬁ MEKAY JJaMEIsIMU KJICEHOU 6a.IIKI/I; ¢ — YIICBOJIOKOHHBIM apMHUPOBAHUEM

MEXKAY JaMeJIIMU KJICEHOMU 6aHKI/I; d— YCHUJICHUE NPUOIIOPHBIX 30H Oaku YTIIE€BOJIOKHOM

CO37IJaHUU TEPMHUHOJIOTMYECKOTO arapara uccieaoBa-
HUS TPUMEHSIIIUCH TOJI0KEHUSI COBPEMEHHOTO CTPOU-
TEJIBHOTO cioBaps [24].

C 1esblo IPOBEPKH TEOPUH BITOJIHEH YUCICHHBIN
aHanmu3 0aok, apmupoBaHHbIx M3I1 1ByX BUIOB B 3a-
BUCHMOCTH OT Tuna u 1iauHsl M3I1, onpenenens! 3Ha-
YEHUsI TPOAOJIBLHOM CUJIBI IPEABAPUTEILHOTO HATPSKE-
HUS IIACTUHBI — 0cHOBBI M3I1 1 naHbl peKOMEeHJaluu
0 KOHCTPYUPOBAHHIO U PacyeTy OAJIOK C IMOAATIUBO-
CcThI0 MexaHnueckux cBs3eit M3II. Brimeckazannoe
Jenaet paboTy akTyansHOH [25].

MATEPHUAJIBI U METO/bI

Pacuernas cxema Oanku mpezicTaBieHa Ha puc. 3.
[Tposter Ganku nenuTcst HAa 3 30HBI, CPEAHSS 30HA —
YCHIJICHHBIH yJacToK. B ciryuae, korna ycHiIeHue IIpous3-
BOJIMTCS IO BCEH JUIMHE TIpoJIeTa, JUIMHA KpaHHUX 30H
IPUHUMAETCS paBHOU Hyit0. B MaTemMaTnueckoil Moje-
JIM MICTIOJNIB3YIOTCS CIIEAYIOIIe 0003HAUCHNS BETUUNH:
ll, 13 — JUIMHA HEYCWJICHHBIX 30H OaJKy; 12 — JJuHa
30HBI PACIIOIOKEHHSI 3JIEMEHTa YCHUICHUs; X/ — ToJ-
HBII PaCUETHBII MPOJIET.

CpenHIo0 30HY YCUIEHHOTO 3JIEMEHTa, paccMa-
TPHUBAEMOTO KaK COCTaBHOTO (KOMIIO3UTHOTO) C MOJAT-
JUBBIMH CBSI3IMHU CJIBUTA, MOXXHO BOCHPHUHHMATH KaK
COCTaBHOM CTEpP)KEHb Ha yNpyroae(opMupyeMbIX Ipo-
JIOJTBHBIX CBSI3SIX U OCCKOHEYHO JKECTKUX MOTMEPEUHBIX
CB3sX (TaKk Kak KpOMe Beca YCHIIMBAIOUICH TUIACTHHBI
JIPYTHE «OTCIIANBAIOIINE» HAIPY3KN OTCYTCTBYIOT).

KoaddurimeHT xecTKoCTH CBsI3el CIBHTa, MpUBE-
JICHHBIN K TIOTOHHOMY 3HA4EHHIO, OTpeersieTcst 1o Gop-
MyJIe:

E.JZCCB/SCB’ (1)

CrepsxHeBast apMaTypa

e ¢, — KO3 (QUIHMEHT KECTKOCTH OJHON CBA3M, pac-
CMaTPUBACMON Kak JUCKpETHas; S — pacCTOosHUE
MEX/1y COCEIHUMU TUCKPETHBIMU CBSI3SIMHU Ha y4acTKe
ycuieHHs (PACCTOSTHUE MEXKITY 3yObsIMHU yCHIMBAFOIICH
MJIACTUHBI 110 TOPU3OHTAIIN).

Pacuer cxeMbl MPOU3BOAUTCS METOAOM CHJI, 32 UC-
KOMbIE€ HEHU3BECTHbIE IPUHUMAIOTCS YCUIIUSI B CBS3SIX
casura. CoriacHO KJIaCCUYECKOW TEOPHH COCTaBHBIX
crepxkneit A.P. Pxxanunpina [21], npuHumaercs cieny-
I0lllee pa3pelarolee ypaBHeHUe, OMKUChIBalOIee pac-
npeJielieHne KacaTellbHbIX YCUIIUI Ha TPaHUIle CIlIayu-
BaHUs JJIs IPOAOJIBHOTO 111Ba:

T"(2)/E =8,,-T(2)+A(2), @)

rae 8, u A — Ko3(pOHUUUEHT IPH HEU3BECTHOM U Ipy-
30BOIl YJICH ypaBHEHHUs METOAA CUJI, ONpeielisieMble
no gopmynam (3) u (4); T — HCKOMOC HEH3BECTHOE
(cymma ycunuii cABHra Ha pacCMaTpHUBAEMOM Y4acTKe
COCTaBHOTO DJIEMEHTA).

2
8, = L, 1 +(t‘+t2j/ZEJ; 3)
EFER 2
0
Ay=Do - Mo(z)-[mj ISEL (4
EF, 2

e £, F| — monysns FOHra nepeoro poja u miomaib
TOTIEPEYHOTO CEYECHUs YCUIIMBAEMOTO DIIEMEHTa; £,
F, — monysn FOHra epBoro posa u riomaibs moneped-
HOTO CEYEHHS IEMEHTa YCHICHHUS (IJI0IaaAb CEUCHUs
Jutst TepOPUPOBAHHOMN IJIACTHHBI — IUIOLIA/b HETTO);
XEJ=EJ + E,J, — nonnas u3ruOHas ;KeCTKOCTh KOM-
MO3UTHOTO CTEPXKHS B OCHOBHOW cucTeMe (B cirydae,
KOTJIa 3JIEMEHT YCUJICHHUS HE JOXOIUT J0 OIOp, CIery-
et nonoxkutk J,= 0); N, — HOpManbHas cujla, BO3HH-
Karollasi B 3JIEMEHTE YCUJICHUS B PE3Y/IbTaTe HarpeBa;

NN\

a b c

<< e

M3II B 30He TperKHbI YreponHoe BOJTOKHO

d

Puc. 2. BapraHTs! apMUpOBaHHS AEPEBSIHHBIX OAIOK: a, b — CTEpKHEBOW MIIM KOMIIO3UTHOM apMaTypoii, BKIENBaeMOH B I1a3HI;

¢ — ycranoBka M3II juist orpaHn4eHns pa3BUTHS TPEIINH; d — YCHJICHHE PaCTSIHYTOH 30HBI OAJIKU YITIEBOJIOKOHHOM JIEHTON
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Puc. 3. Cxema ycHIIEHHOTO M3rn0aeMOro JIEMEHTa U IPUHATHIE 0003HAYCHHUSI MAaTEMATHYeCKOH MOIEH

MO(Z) — (YHKIUS U3THOAFOIIET0 MOMCHTA OT BHEIITHEH
HArpy3Kd B OCHOBHOU CHCTEME METO/Ia CHUII, OTIPE/IeIsi-
emasi 10 OOIIKUM MPABUIIAM CTPOUTEIILHON MEXaHUKH:

My (z)=0"(0+2)=0,01z" = [1)(z+0,010), (5)

rae V" — onopHas peakiysi, BO3HUKAIOIas Ha JIEBOU
orope 3JeMEHTa B I'PYy30BOM COCTOSIHUM B OCHOBHOM
CHCTEMEe METO/Ia CHIL

Cxema HJIC ¢parmeHTa cocTaBHOTO 3JIEMCHTA JIJTH-
HOI1 dz npuBe/ieHa Ha puc. 4.

Pemenne ypaBHenwus (2) cOCTOUT U3 OOLIETO U 4acT-
HOTO pelenwst. J{yist 3aricu 4acTHOTO PelIeHusI BOCTIONb-

3yemcs gyHkuueit [puna [26]:
T'(z) = Ash(hz)+ A,ch(Lz) +% X
Mo it (6)
A . .
x | - sin [X(z—z)]dz,
o| E,-F, Y EI
q = const
(LT

IJe z — BCIOMoOrareiabHasi KOOpJUHATA, 110 KOTOPOH
BBITIOJIHSIETCS MHTErPUPOBaHUe (DYHKI[MH YaCTHOTO pe-
meHus AudGepeHInanbHoro ypasHenus (2).

B pasBepnyToii popme pyHKIHSA-pemerne (6) Oy-
JIeT UMETh BUJL:

T(z)= A -sh(hz)+ A,ch(hz)+

V CHIMBAKONIKH 3EMEHT

N

YcunuBaeMsli deMEHT

Puc. 4. Cxema HanpsHKEeHHO-1€(OPMHUPOBAHHOTO COCTOSIHUS ()parMeHTa COCTAaBHOTO JIEMEHTa (B 30HE YCHIICHHS)

(t'-;t?)q(ch(kz)—l)
XX EJ
[hth), “Na-
g ll( 2 Jq(c}l(}ﬂ) D21 cqz(z-1)
+ 2|+ - -1
Py MY EJ 20X EJ
m.q(Zl-sh(kz)—ll-(2sh(kz)—2kz))
B 2N X EJ '
29 (eh(0,502)" 1)
VE,F,
4y
HeiirpanbHas 1unus >/ ~
My R
ﬁ nnnang a,:
M.
2 b]:bz
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Koncrantel 4, u 4,, yYUTHIBAIONINE BIUSHUE IPa-
HUYHBIX YCJIOBHH Ha KOHIIAX COCTaBHOTO 3JIEMEHTA
(yCuIeHHOM 4acTH MpoJjeTa MeMeHTa 1) ¢ y4eToM oT-
CYTCTBUS MPEMATCTBUI CABUTa MO KOHIIAM yCHUIIHBAIO-
W TUTACTHHBI 2, OYAyT UMETh BH/I: A2 =0.

Al — E"— X
Ash(LL,)

2N (ch (0,504, )"~ 1)
).E,F,
(’1;’2) +q (X1 sh(M1) ~1,(25h(\1) —21,))
- +
) 2V X EJ ,(8)
q(t ;tj( h(uL)-1) g, (’ ”j(zl 1)
i PYES 20X EJ
gl [’1 ;’2 j(lll)(ch(klz) -1)
203 EJ

rae A — 4HuCa0BON KOA(DGHUIIUCHT, ONPEAeIAEMbIiA 10
hopmyme:

00 - 9

OYHKIMU PACIIPEIICIICHUS OTHBIX M3THOAOIINX

MOMEHTOB B 30HE YCHJICHHSI 2JIEMEHTA U KpaeBble Hapsi-
JKCHUS B CIIOSIX | M 2 PacCUUTHIBAIOTCS 110 (popMyIIam:

{Mo(z) HT(z)-(" ;’2 ﬂoElJl'

M) = ST (10)
0 h+h
{M (z)—T(z)-[ 2 H-EZJZ
M,(z)= ;o (1)
> EJ
q q
_ 2 0.005-05,0 Ly
[L,=% 5 5 (13)

rne 7(z) — dbyHKOHS pacrpemesIeHus CIBUTAIONINX
YCUIIHIA 110 JIJIMHE 30HBI YCUIICHUSL.

C nenplo ornpezeneHns Nporuda 31eMeHTa B pac-
CMaTpHBAacMOM CEUCHUH NPUMEHseTcs Teopema Mopa.
Y4uTHIBaeTCS TOJBKO paboTa M3rHOAIONINX MOMEH-
TOB, IMIOCKOJIbKY BKJIAJ] OCTaJIbHBIX CHIOBBIX (hJaKTOPOB
B IIPOrHO MPSIMOIMHEIHBIX H3rHOAeMBIX CTEPIKHEH IPH
Xl/t>5127]:

I, —

f= J‘M(Zl) M(Zl) dzy + J’M(l1+zz)'M(ll+Zz)dz 4
EJ, S B+ Ey,
J’M(11+12+Z3) ML+, +2zy)

E3J;

(14)

d3,
0

rae [ (...) — QyHKIums, OnuCcHIBAIOMIAs PACTIPE/ICIICHNE
U3THOAIOIIMX MOMEHTOB CHCTEMBI B «EIIHHHIHOM))
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cocrostann; M(...) — QYHKIHS, OMUCHIBAIOIIAs PACIpe-
JIeNICHNE N3TMOAOIIIX MOMEHTOB CHCTEMBI B «TPY30-
BOM) COCTOSIHUH.

Jnst cpennero yyactka nposera /, pyHKiuu pac-
Mpe/ieIeHUss MOMEHTOB CIIEyeT 3alMUcaTh C y4ETOM
YCHJIMHI B CBSI3SIX C/IBUTA, T.€. 10 opmynam (10), (11),
npu atoM ¢(yHkius 7(z) onpenessieTcss aHAIOTHYHO
PELIEHHUIO JUIsl CIyyas ¢ = const ¢ COOTBETCTBYIOIMMHU
BIpXKEHUsIMU JUTst pyHKimu M (z):

VE(E) = (13)

rae V, . — ONOpHas peakuys Ha JEBOH OIope yCHIIH-
BAaeMOTO 3JIEMEHTA, PACCUUTAHHAS I «EAUHUIHOTOY
COCTOSIHUS cHCTeMBI (pHc. 3, b).

[Toncrasmnss Beipaxenue (15) B (6), momydnm:

(15)

T (2) = 4 - sh(02)+ 4, ~ch(kz)—% x

(sh(hz)—22) (’1 ;tzj I -(’1 ;Qj 5h(0,522)"
’ LY EJ

e A, u A, — KOHCTaHThI, yIUTHIBAIOIINE BIUSIHUE IPa-
HUYHBIX YCIOBHH, ONPEENAIOTCS aHAJIOTUYHO BhIpaske-
HUIO (8) MPH YCIOBUH OTCYTCTBUS MPETISITCTBHIA CABUTY
TI0 TOPIIaM YCHJIMBAIOIIETO 3JIEMEHTA U [T «STUHUIHO-
T0» COCTOSIHUSI CHCTEMBI OyTyT UMeTh BUIL: 4, = 0.

(16)

X

20D EJ

gm([qo,smz) —1+ 21\ [T(0,25M,) (1{0,25))
A =
! 283 EJ - 11(0,5M,)

C yaerom popmymst (17) Beipakerue (16) MOKHO
3amKcarb B BUAE:

.(7)

) ((’”)(mosm) 1+2[1XD](O,25klz)DZ(O,ZSXIZ)ﬂ
H= L 20y EJ-11{0,5b)

X

J (18)

(102~ k)[t+tj+ [t”] 10,529

5
N2) -2
 [I0) A QNSEI

MZET

B ciyyae cuMMETpUYHON CXEMBI MPUIIOKEHUS
BHEIITHEH HAarpy3KH CIEAYET NPOCKTHPOBATh yCUIICHHE
TaKkuM 00pa3oM, 9ToObI /, = ;. Jlnst JAaHHOTO CiTydast 3a-
mUIIeM BeIpakeHne (14) B pa3BepHyTOM BUJIE:

(19)
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Puc. 6. I'Bo3zeBbIe utacTuHbL: ¢ — THII | (¢ IpsMBIM 3y0oM pazmepamu 15 x 3 x 1,5 mm); b — tun 11 (¢ BuTBHIM 3y00M pas-

Mepamu 8 x 3 x 1 Mmm)

Iac z — KOOPAWHAThI, OTCYHUTBIBACMBIC B IIPCACIax

nZn
JJTMH yYacTKOB /| M TIOJIOBHHBI /, COOTBETCTBEHHO.

B kavecTBe arpoOaryy mpecTaBIeHHOTO PereHHs
TpUBeIeM puMep pacuera. TpeOyeTcst OLEeHUTh KpaeBble
HaIpsHKEHUS] 1 MAKCUMAIbHOE 3HAUYEHHUE BEPTUKAJIBHBIX
TIepEeMEILIeHIH B YCHIICHHOM JIEPEBSHHOM OaJIke U3 JipeBe-

CHHBI €JI1 KJIacCa MPOYHOCTH C20! B 3aBUCMMOCTH OT THIIA

' CIT64.13330.2017. lepeBsiHHbIE KOHCTPYKIMHU. AKTyaIn31pO-
BanHas pepakims CHull 11-25-80 (¢ M3menenuem Ne 1) : BBe1.
28.07.2017. URL: http://docs.cntd.ru/document/456082589

Pe3ynbraThl BEIUMCICHUI

rBo3zieBoit mractussbl (I u 1I) 1 JUTMHBT 30HBI ycHIIeHHS.
VcxomHble TaHHBIE 3a/1a9K TIPEICTABICHBI Ha PHC. 5.
3HadeHune k03()(HUIMEHTA, YINTHIBAIOIIETO C/IBH-
TOBYIO NOAATIIMBOCTb COSAMHEHH I'BO3/IEBBIX MIIACTUH
tunos [ u II (puc. 6), onpexnensercs mo Gpopmyie (20),
K03((QHUIMERTBI CIBUTOBOM MOJATIMBOCTH  , PUHHMA-
10TCA 10 TaHHBIM ucnibiTanuidi A.B. Kapensckoro [11]:

|
§=8—‘m- (20)

A

Pe3ynbTaTel BEIUMCICHUI CBEAEM B TAONHUILY.

Tun Enunnunas Kectrocth [Inomane nonepeunoro [IpenenbHoe ycuine
TUTaCTHHBI HOJATIMBOCTD 0, COCIMHEHHH Ha CEUCHHS DIIEMCHTA MIPEABAPUTEIHHOTO HAIIPSKCHUS,
(puc. 6) MIla™' no pesyapraram | 1 mor. M mBa, MITa ycuJeHus (HEeTTo), co3naBaeMoro Harpesom, MIla
padorsi [11] E=bJ3, M2 10 (R, =235 Mlla s cranu Cr3km2?)
I 1/9,7 9,7 1,26 235-1,26 - 104 =0,00296
11 1/27,85 40,1 0,84 235-0,84-10%=0,00197

2T116.13330.2017. CranbHbie KoHCTpYKIMH. AKTyanusuposanHas pexakius CHul 1 11-23-81* (¢ TTornpaskoii, ¢ M3menernem Ne 1) :
BBea. 28.08.2017. URL: http://docs.cntd.ru/document/456069588

97

(6G) | HOALIGG G WOJ fyi5eneeaqs eusen



rarIMTONLCTBS: Ty 16, BhINYCK 1(59)

B.N. PumwuH, E.B. lNonos, U.A. flypsicuH, A.E. KepH, E.C. Makaposa

6500
an'l(a 663:M3H :
Il of =207 1

T I
|

6000

ook | 1 I
%f"‘x-b::oj*_z_ 1 1

5500

5000

4500

4000

3500

MakcumanbHble Hanpsokenus 6, [o, 7, kIla

3000

2500

2000
0

8,00

MM

max’

BeprukanbHbie epeMenieHus Y

Vewmnue ooxkarus N, kH

b
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Hanpsokenus B pacTsaHyTo# 30He OaIKu
Banka ¢ mnacturoit GNA-20 Mit
banka ¢ mractunoit T150 Mit

Banka 6e3 rutacTHHBI

Puc. 7. ['padvku 3aBECHMOCTH: @ — HOPMAaJIbHBIX HAPSHKEHUI
B KPaeBBIX BOJIOKHAX YCHIIMBAEMOTO MIEMEHTa U B YPOBHE IICH-
Tpa THKECTH OCHOBBI TBO3/IEBOH TUIACTUHBI; b — MaKCHMAIIBHBIX
BEPTHKATHHBIX NepeMeIeHNH KOMOMHIPOBAHHON KOHCTPYKITHI
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Ha puc. 7, a npuBeneHsl MaKCUMaJIbHbIE HOP-
MaJIbHbIE HaIPSKEHUS B BOJOKHAX yCHUJIMBAEMOTO
9JIEMEHTA W HaNpsDKEHUs B yPOBHE LIEHTPA TSHKECTH
OCHOBBI (CpeJHHE HANpsKEHHUS) B YCHIMBAIOUICH
IBO3/I€BOM IacTUHE. 3aBUCUMOCTh BEPTUKAIbHBIX
MepeMeNIeHUH OT BapbUPYEMBIX IapaMeTpoOB Ipes-
cTaplieHa Ha puc. 7, b.

PE3YJIBTATHBI HCCIEJOBAHMUA

[TpoBeneHHBIE pacueThl MOKA3bIBAIOT, YTO CPE-
HUE HOPMaJIbHbIC HAINPSDKCHUS B yPOBHE LIEHTpA TA-
KECTH TUIACTHHBI-OCHOBBI HE MPEBHIAIOT 3HAYCHUHN
810 MllIa, 4To CyIIECTBEHHO HU)KE PACUE€THOTO COIPO-
THUBJICHUS CTaM Kiacca mpouHoct C235. SIBnsercs pa-
LHOHATIFHOM /TS peIIeHNs MOAOOHBIX 3a/1a4 pa3padoTKa
TUTACTHH MHOM ()OPMBI C YBEITMUEHHBIM KOJINYECTBOM
3yObeB Ha EAMHMILY TUIOIIA/IH, YTO TTO3BOJIMIIO OBI ITOBBI-
CHUTb BEJIMYHMHY JKECTKOCTH IIBa Ha TPAHUIIE CIIa4nBa-
HUS yCUJIMBAEMOTO JIEMEHTA U TBO3/ICBON TJIACTUHBI.

Pacuer no pa3zpaboTaHHON METOANKE TTOKA3bIBALT,
YTO yCHJIIEHHE PACTAHYTON 30HBI OAJKH 3a CUET MpH-
KPETUICHHUS B PACTSIHYTOH 30HE I'BO3/ICBOM INIACTHHBI
tuna | (tuna 1) cHwKkaeT HOpMaJIbHBIE PACTATUBAIOIIIE
HarpspkeHust 5-21 % (ua 12-24 %) u cxxumaronye Ha-
npspkerust 2—10 % (aa 6-20 %). Ilpu ocymiecTBiaeHUN
MIPEBAPUTEIHLHOTO HAarpeBa OCHOBBI T'BO3/IEBOM ILIa-
CTHHBI HaOmoaeTcst 6onee 3HAYUTENBHOE CHIKEHNE
KpaeBbIX HanpshkeHni — 1441 % (36-60 %) u 7-20 %
(19-30%) B pacTsIHYTOI U CKATOW 30HE COOTBCTCTBCH-
Ho. CHIKeHHUe Nporuda B MHTEPBaJle BapbHPYEMbIX 3Ha-
yeHuit coctasuino 2—10 % (5-15 %) st mnactus tuna I
n 4-18% (9-28 %) nns mnactun tuna Il mpu orcyt-
CTBHH (HAJIMYNH) TIPEABAPUTEILHOTO HANPSKEHUS OC-
HOBBI T'BO3/IEBOH IIJIACTHHBI, CO3/1aBAEMOT0 HATPEBOM.
CTOUT OTMETHTH, YTO HAJIMYUE I'BO3JEBOM MJIACTHHBI
C TMPaBUIBHO NMOJ0OPaHHON AJTMHON B PACTAHYTOMN 30HE
JIepeBAHHON OaJIKH MCKITI0OYaeT BO3MOXKHOCTH BHE3all-
HOTO ee 0OpYIIEHHs, CBI3aHHOTO C XPYIKHM Pa3pbIBOM
PacTSIHYTBIX BOJIOKOH JAPEBECHHBI, YTO XapaKTEpHO TS
HEeapMHUPOBAHHBIX JICPEBIHHBIX OaJIOK.

D deKTHBHOCTD YCUIIEHHS 3aBUCHT OT BBIOOpA THTIA
TUIACTHHBIL, JUTMHBI YCHJIMBAEMOTO ydacTKa Oaliku, Halli-
Yuist TIPEJIBAPUTETIBHOTO HAMPSKEHNS TTaCTHHBI, CO3/1aBa-
eMoro HarpeBoM. HecMOTpst Ha MEHBIITYIO TONIINHY OC-
HOBBI 1 MCHBIIINE Ta0APHUTHI BHIIITAMIIOBAHHBIX 3yObEB,
BHE/IPSIEMBIX B MACCHB JIPEBECHHBI, IIPUMEHEHHE IIACTHH
tuna Il B 1aHHOM citydae city>xut Ooliee palmoHaIbHbIM
BapraHToM. Butast ¢hopma 3y0a criocodCcTByeT Oosiee Ha-
JIe’KHOHM aHKEPOBKH TUIACTHHBI, HCKITIOUAsk €€ OTCIOCHHUE
B ClTyyae HEPaBHOMEPHOH YCYIIKH M BO3MOXXHOCTH KO-
PpoOIIeHYs yCHIINBAEMOH AEPEBSIHHOM OaIKy MPH UCTIONb-
30BaHUM MUWJIOMATEPUAIOB €CTECTBEHHOHN BIIAXKHOCTH.
OnHako CTOUT UMETh B BHILY, YTO IUIACTHHBI TUIA | Tpe-
OyIOT MEHbIIIee YCHIIHe 3anpeccoBkH [ 11], 9to uckmodaer
JIOTIOJTHUTEITBHBIE CIIOKHOCTH TIPU MOHTAXE, HAIIPUMED,
B CITydae TPYAHOJOCTYITHOCTH YCHIINBAEMBIX OAJIOK.
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3AKJIOYEHHUE U OBCYXJIEHHUE

Pa3paboTrana KOHCTPYKIIHSI YCHUIICHHSI U3TrH0aeMBbIX
3JIEMEHTOB U3 LI€JIbHON U KIIEEHOW JIPEBECHUHbI, 3aKJIIO-
qaromiascsa B TOM, 4YTO CTaJIbHas I'BO3ACBas IIJlaCTHUHA
3alPeCcCOBBIBACTCS CO CTOPOHBI HIKHEH TpaHH OaJIKu.

IIpemyioxkena aHanuTHUECKass METOAMKA pacdera
YCUJIEHHOHM JIEPEBOKOMITO3UTHON KOHCTPYKIIMH, YUUTHI-
BaIOIIAsl 3aIPECCOBKY JIeMEHTa YCUJICHUS 110 BCEH JUTu-
HE TpoJieTa WK TOJBKO Ha YacTH MpPOJieTa OCHOBHOTO
9JIEMEHTA, BEIMYMHY MOJATIMBOCTU CBA3EH HA rpaHulle
CIUTQYMBAHUS CIIOEB, HAJIMYKE HAMPSHKEHUS IJIACTUHBI-0C-
HOBBI, CO3/1aBAEMOT0 ITyTEM MPEIBAPUTEIBHOIO HAarpeBa.

VYcraHoBIE€HO, YTO BHEAPEHHE IBO3JEBOH miia-
CTHHBI B PACTSHYTYIO 30HY MOXET CII0COOCTBOBATh
CHIDKCHHUIO HOPMAaJIbHBIX PACTATHBAIOIINX HaIpsiKe-

Huit 10 24 % (60 %), cxumaromux — 10 20 % (30 %),
BEPTUKAJIbHBIX NIEPEMELICHUNI B CEpeaUHE IIpoeTa —
10 18 % (28 %) mpu oTCyTCTBHHM (HATUYUH) MTPEBapH-
TEJILHOTO HAINpPsDKEHHUs OCHOBBI TBO3/I€BOM NIIACTHHBI,
CO3/1aBa€MOT0 HarPEBOM.

B kadecTBe yCHINBAIOIMINX 3IEMEHTOB PEKOMEH/TY-
eTcs MPUMEHATH TutacTuHbI Tuma I ¢ BuToit hopmoii 3y-
ObeB. SIBIAETCS panMoHAIFHOM pa3padOTKa HOBOTO THITA
TBO3JIEBBIX MJIACTHH C OOJIBIINM KOJIMYECTBOM 3yObEB
Ha eIMHUILY TTONIA ¥ TUIACTHHBI BBUJY 3HAYUTEIHEHOTO
pe3epBa IMPOYHOCTHBIX CBOWCTB €€ MarepHana.

[IpemmoxeHHBI cTOcO0 YCHIICHHS HCKIOYaeT
XPYNKHHA XapakTep pa3pyLICHUs ACPEBSHHBIX OAJOK,
00yCIIOBJICHHBIN Pa3pbIBOM PACTSHYTHIX BOJIOKOH JApe-
BECHHBI, YTO 3HAYUTEJIHHO ITOBBHIIIACT HAAECKHOCTH
9THX KOHCTPYKTHBHBIX JIEMEHTOB.
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INTRODUCTION

K. Kula and T. Socha [3], in their analysis of the be-
haviour of timber beams reinforced with bonded carbon-

One way of improving the strength properties
of glued timber structures is through reinforcement [1].
Reinforcing timber with steel reduces the impact of natu-
ral defects and significantly increases the load-bearing ca-
pacity and stiffness of structures [2], whilst reducing their
weight and cost. Let us review the relevant literature.

100

fibre tape, found that the initial deflection of the beams
is reduced. A.V. Kritsin [4] analyzed methods for cal-
culating timber beams reinforced with carbon fibre.
The reinforcement of timber beams against shear stress-
es is achieved by bonding carbon fibre to the side face
of the member at an angle to the fibres in the direction
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Sika CarboDur S1512 strip Bar reinforcement

Reinforcing material Carbon fiber

e

T

Fig. 1. Reinforcement options for timber beams: a — Sika CarboDur S1512 carbon fibre tape; b — bar or composite reinforce-

ment pressed between the lamellae of a glued laminated beam; ¢ — carbon fibre reinforcement between the lamellae of a glued

laminated beam; d — reinforcement of the beam’s support zones with carbon fibre

of the principal tensile stress planes. O.M. Ustarhanov [5]
investigated the stress-strain state (SSS) of laminated
timber beams when installing fibreglass reinforcement.
He found that in the tension zone, it is advisable to ap-
ply reinforcement not linearly along the entire length
of the beam, but only within the span. In the support
zones, the composite reinforcement is bent at an angle
to the wood fibres (the longitudinal axis of the structure).
In the upper compression zone, the composite reinforce-
ment can be laid in a groove parallel to the top face.
A.A. Pyatnitsky [6] demonstrated the rationality of plac-
ing a strip of high-strength material between the lamel-
lae of the beam, which leads to a significant increase
in the load-bearing capacity of the structure. In paper [7],
N.E. Petryaev and Yu.B. Levinsky examine the positive
and negative effects of reinforcing glued laminated timber
beams by embedding metal rods into the most stressed
areas of the glued structures. It was established that inter-
nal stresses within the adhesive layer are reduced when
the continuous adhesive layer is split using fine-fibre
and mesh materials. In addition to their stated purpose,
these materials reinforce the structure, increasing its ulti-
mate resistance to mechanical loads. M. Corradi et al. [8],
in examining traditional reinforcement techniques, pro-
posed a reinforcement method using an additional layer
of boards: the rafters and the first layer of boards are
joined using four nails per board, i.e. two at each end;
the main and reinforcing boards are joined with six nails,
two at each end and two in the middle. In [9], F. Res-
calvo provides a brief description of methods for rein-
forcing timber beams with polymer fibres. B.V. Labudin
and A.V. Karelsky [10, 11] present the results of bending
tests on composite timber beams joined by metal toothed
plates [12, 13]. The most common damage to glued lam-

Bar reinforcement

inated timber beams is longitudinal cracks in the glue
joints. The appearance of such cracks weakens the beam
cross-section and, as the cracks progress, leads to their
failure. By pressing metal toothed plates (MTP) into
the cracked area and the area where the crack may de-
velop, the load-bearing capacity of the cross-section can
be restored. Schematic diagrams of beams with various
reinforcement options are shown in Fig. 1 and 2.

A distinctive feature of timber lies in its pronounced
anisotropic properties [14, 15], as well as in the flex-
ibility of its joints [16—19]. Many researchers neglect
to take these factors into account when calculating tim-
ber and glued-laminated timber structures, which leads
to significant errors in the assessment of the SSS [20].

The aim of the study is to improve the design of re-
inforced timber and wood-composite beams by using
MTP as external reinforcement and to develop a calcu-
lation method for such structures.

To achieve this objective, it is necessary to develop,
based on A.R. Rzhanitsyn’s theory of composite members
[21], a calculation method for solid and glued-laminated
timber beams reinforced with external reinforcement
based on MTP, which takes into account the compliance
at the “beam — MTP” interface [22, 23]. In establishing
the terminological framework for the study, the provisions
of the modern construction dictionary [24] were applied.

To verify the theory, a numerical analysis was carried
out on beams reinforced with two types of MTP, depending
on the type and length of MTP; the values of the longitudi-
nal prestressing force in the base plate of MTP were deter-
mined, and recommendations were provided for the de-
sign and calculation of beams with flexible mechanical
connections in the prestressed concrete. The above makes
this work relevant [25].

a b c

Nail plate in crack zone Carbon fiber

Fig. 2. Reinforcement options for timber beams: @, b — bar or composite reinforcement glued into grooves; ¢ — installation
of crack-limiting metal toothed plates (MTP); d — reinforcement of the beam’s tension zone with carbon fibre tape
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Fig. 3. Schematic diagram of a reinforced bending member and the notation used in the mathematical model

MATERIALS AND METHODS

The analytical model of the beam is shown in Fig. 3.
The beam span is divided into three zones, with the mid-
dle zone being the reinforced section. When reinforce-
ment is applied along the entire length of the span,
the lengths of the outer zones are taken to be zero.
The following symbols are used in the mathematical
model: /, [,
of the beam; /, — the length of the zone containing

— the lengths of the unreinforced zones

the reinforcement element; X/ — the total design span.

The central zone of the reinforced member, consid-
ered as a composite structure with ductile shear connec-
tions, can be regarded as a composite bar supported by
clastically deformable longitudinal connections and in-
finitely rigid transverse connections (since, apart from
the weight of the reinforcing plate, there are no other
“peeling” loads).

q = const
AR AR AR

The stiffness coefficient of the shear connections,
reduced to a per-unit length value, is determined by
the formula:

&:CIH/SIM (1)

where ¢, —the stiffness coefficient of a single link,
considered as a discrete element; S, — the distance
between adjacent discrete connections in the reinforce-
ment section (the horizontal distance between the teeth
of the reinforcement plate).

The design of the structure is carried out using
the force method, with the shear forces in the connec-
tions taken as the unknowns to be determined. Accord-
ing to A.R. Rzhanitsyn’s classical theory of compos-
ite members [21], the following governing equation
is adopted, describing the distribution of shear forces
at the joint interface for a longitudinal joint:

T"(2)/€ =8, T(2)+4(2), (2

Neutral axis
I
=
=
— sz R P [ ——
o
0 7
N, pannnan L.
-~ =
bl:bz

Fig. 4. Diagram of the stress-strain state of a composite component fragment (in the reinforcement zone)
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where 6, and A — the coefficient for the unknown
and the load term of the force method equation, deter-
mined by equations (3) and (4); T— the unknown of inter-
est (the sum of the shear forces in the section of the com-
posite member under consideration).

5y =y {’”]/zm 3)
EF EF, 2

Ay = [0()[ ﬂ/zm, )
E,F,

where E,, F,— Young’s modulus of the first kind
and the cross-sectional area of the reinforced element;
E,, F,— Young’s modulus of the first kind and the cross-
sectional area of the reinforcing element (for a perforated
plate, the cross-sectional area is the net area); XEJ = E J +
+ EJ, — total bending stiffness of the composite rod
in the principal system (where the reinforcement element
does not extend to the supports, ./, should be set to 0);
N°, — normal force arising in the reinforcement element
as aresult of heating; M, (z) — function of the bending mo-
ment as a function of the external load in the principal sys-
tem of the force method, determined according to the gen-
era.rules of structural mechanics:

M(z)= V(L +2)—0.002" = 4 (z+0.01;),  (5)

where V' — the support reaction arising at the left support
of the member under load in the principal force system.
A stress-strain diagram for a segment of a compos-
ite member of length dz is shown in Fig. 4.
The solution to equation (2) consists of a general
solution and a particular solution. To express the par-
ticular solution, we shall use Green’s function [26]:

T'(z) = Ash(hz)+ A,ch(hz) +% X

MO )(t +1, ) (6)
2Ny 2 . G
x!)' EF - S H sm[k(z—z)}dz

where z — an auxiliary coordinate along which
the function representing the particular solution to dif-
ferential equation (2) is integrated.

In expanded form, the solution function (6) will
take the form:

T(z)= 4, -sh(hz)+ A,ch(hz) +

(t];tzj-q(ch@z)—l)
XX EJ "
i t1+t2 oy 1 ]
: o e~ a-31) Cogz(z-1)
+2lt -
2 203 EJ 2ATEJ
m.q(zl.sh@z}11.(2sh(xz)—2xz))
B 2N Y ET "
29 (eh(0.5%2)" 1)
+
MELF,

The constants A4 and 4,, which take into account
the effect of boundary conditions at the ends of the com-
posite element (the reinforced section of span 1), as-
suming there are no shear barriers at the ends of the re-
inforcing plate 2, will be given by: 4, = 0.

4 = i— X
Ash(LL,)

2N (ch (0,504, )"~ 1)
).E,F,
[fl;fzj q(S1-shO) ~ L 25h(uly) ~20)
_ +
) 2V X EJ - (8)
q(t J;tj( BOL)~1) (t HJ(ZI l)
+ isEr 20YEJ
qzl(’1;’2](1—11)((:;1(7»12)—1)
20T EJ

where A — a numerical coefficient determined by
the formula:

-8y, - ©

The distribution functions for total bending mo-
ments in the member’s reinforced zone and the edge
stresses in layers 1 and 2 are calculated using the fol-
lowing formulas:

{Mo(z) DT(Z)-[’1 ;tz H-EIJl

M,(z)= S5 ;o (10)
[Mo(z)T(z).[’”;’zﬂ-EzJ2
M) = >3 L an
B e TP
1 1
[2=iw]'—M2(Z)-L";2‘, (13)

2

where 7(z) — the distribution of shear forces along
the length of the reinforcement zone.

Moore’s theorem is applied to determine the de-
flection of the member in the section under considera-
tion. Only the effect of bending moments is taken into
account, since the contribution of other forces to the de-
flection of straight, flexural members is negligible when
2lt> 5 [27]:

f= J‘M(Zl) M(Z1) dzy + J‘M(ll+zz)‘M(ll+22)dZ 4

2
B+ EyJy (14)

l 1 0

+IM(11 +1, +2zy)-M(] +12+z3)dz

0

3

E3J;
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Fig. 5. Input data for the

calculation example
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Fig. 6. Nail plates: a — Type I (with a straight tooth measuring 15 x 3 x 1.5 mm); b — Type 1I (with a twisted tooth measuring

8 x 3 x 1 mm)

where M 11[ —a function describing the distribution

of bending moments in the system under “unloaded” con-
ditions; M(...) — a function describing the distribution
of bending moments in the system under “loaded” condi-

tions.

Calculation results

For the middle section of span /,, the moment

distribution functions should be expressed taking
into account the forces in the shear connections, i.e.
using equations (10) and (11), where the function

T(z) is determined in the same way as in the solution

Plate type Unit modulus Joint stiffness per 1 Cross-sectional area | Maximum prestressing force
(Fig. 6) of elasticity 0, metre of joint, MPa | of the reinforcement induced by heating, MPa
MPa! according E=bJ3, member (net), (R,=235MPa for St3kp2!
to the findings m?- 10 steel)
of [11]
I 1/9.7 9.7 1.26 235-1.26 - 10*=0.00296
I 1/27.85 40.1 0.84 235-0.84-10%=0.00197
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for the case ¢ = const, with the corresponding expres-
sions for the function [J [TIT

M (2) =7, (1 +2).
where 7V,

s — the support reaction at the left support
of the reinforced member, calculated for the “single”
state of the system (Fig. 3, b).

Substituting expression (15) into (6), we obtain:

(15)

T (2) = 4 - sh(02)+ 4, -ch(xz)—%x

(sh(hz)—22) (tl ;tzj I -(’1 ;tzj 5h(0.522)" o
X + s
2N EJ A EJ

where 4, and 4, are constants that account for the in-
fluence of boundary conditions; they are determined
in the same way as in equation (8), assuming there are
no obstacles to shear movement at the ends of the rein-
forcing element, and for the “unit” state of the system
will take the form: 4, = 0.

g[’“tzj(qo.suz) —1+ 20\ [1(0.250,) [1{0.2501))
A 2 (17)

203 EJ- 11(0.5M,)

Taking formula (17) into account, expression (16)
can be written as:

(g@’ﬂ-(uo.suz) —1+ 21\ 11(0.2501,) uo.zsuz)ﬂ

)= L WY EJ-1(0.5b)

(D[(Xz)?»z)(tl;tz) (’ *h ] 10.502)

2\LEI LZEI

Jx(lg)

) (102) -2
12) .

In the case of a symmetrical external load configu-
ration, the reinforcement should be designed such that
[, = [.. For this case, let us write expression (14) in ex-
panded form:

ZJ

0.512 .le
X‘[ ((C] 21+Z/2)q-ll(lz+0.5[1)—ql

> J (19)
_T(zlz)-(tl ;tzj] [lumt (h+z,)- T(xb) hth )dz,z,

where z, , z,, are coordinates measured within the lengths
of segments / and half of [, respectively.

To demonstrate the validity of the proposed so-
lution, we present a calculation example. The task is
to estimate the edge stresses and the maximum verti-
cal displacement in a reinforced timber beam made

6,500

: B(;am Wlfhout plate

6,000

5,500

Al

\.KJI
[=3
(=3
(=]

4,500

X __X
o
<
21
vl
[}
1

4,000

Maximum stresses ox; |ox], kPa

3,500

3,000

2,500

2,000
0

8.00

6.00 - - -

Vertical displacements y=, mm

0 5 10 15 20 25 30
Compressive force N, kN

b

Stresses in the compression zone

of the beam

Stresses in the tension zone of the beam
Beam with GNA-20 Mit plate

Beam with T150 Mit plate

Beam without plate

Fig. 7. Graphs showing the relationship between: @ — nor-
mal stresses in the edge fibres of the reinforced element
and at the centre of gravity of the nail plate base; b — maxi-
mum vertical displacements of the composite structure
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of C20%-grade spruce, depending on the type of nail
plate (I and II) and the length of the reinforcement zone.
The initial data for the problem are shown in Fig. 5.

The value of the coefficient accounting for
the shear compliance of Type I and II nail plate con-
nections (Fig. 6) is determined using Equation (20);
the shear compliance coefficients &, are taken from
the test data of A.V. Karelsky [11]:

E=—0-[1, (20)

1
6A

We will summarize the results of the calculations
in a Table.

Fig. 7, a shows the maximum normal stresses in
the fibres of the reinforced element and the stresses
at the centre of gravity of the base (average stresses) in
the reinforcing nail plate. The relationship between ver-

tical displacements and the variable parameters is shown
in Fig. 7, D.

RESEARCH RESULTS

The calculations carried out show that the average
normal stresses at the centre of gravity of the base plate
do not exceed 8—10 MPa, which is significantly low-
er than the design strength of C235 grade steel. A ra-
tional approach to solving such problems is to develop
plates of a different shape with an increased number
of teeth per unit area, which would increase the stiff-
ness of the joint at the interface between the reinforced
element and the nail plate.

Calculations based on the developed methodology
show that reinforcing the tension zone of a beam by at-
taching a Type I (or Type II) nail plate in the tension zone
reduces normal tensile stresses by 5-21 % (by 12-24 %)
and compressive stresses by 2-10% (by 6-20 %).
When the base of the nail plate is preheated, a more
significant reduction in edge stresses is observed —
14-41 % (36-60 %) and 7-20 % (19-30 %) in the ten-
sion and compression zones, respectively. The reduc-
tion in deflection within the range of varying values was
2-10% (515 %) for Type I plates and 4—18 % (9-28 %)
for Type 1II plates in the absence (presence) of pre-stress
in the base of the nail plate created by heating. It is worth
noting that the presence of a nail plate of the correct

2 CP 64.13330.2017. Timber structures. Updated version
of SNiP II-25-80 (with Amendment No. 1): effective 28 July
2017. URL: http://docs.cntd.ru/document/456082589

length in the tension zone of a timber beam eliminates
the possibility of its sudden collapse due to brittle frac-
ture of the tensioned wood fibres, which is characteristic
of unreinforced timber beams.

The effectiveness of the reinforcement depends
on the choice of plate type, the length of the rein-
forced section of the beam, and the presence of pre-
stress in the plate created by heating. Despite the thin-
ner base and smaller dimensions of the stamped teeth
embedded in the solid timber, the use of Type II plates
is the more sensible option in this case. The twisted
shape of the tooth contributes to more reliable an-
choring of the plate, preventing it from delaminating
in the event of uneven shrinkage and the possibility
of warping of the reinforced timber beam when using
sawn timber of natural moisture content. However, it
should be borne in mind that Type I plates require less
pressing force [11], which eliminates additional instal-
lation difficulties, for example, where the beams to be
reinforced are difficult to access.

CONCLUSION AND DISCUSSION

A design was developed for reinforcing bending
members made of solid and laminated timber, which
involves pressing a steel nail plate onto the underside
of the beam.

An analytical method is proposed for calculating
the reinforced wood-composite structure, taking into
account the pressing of the reinforcement element along
the entire span length or only over part of the main ele-
ment’s span, the degree of compliance of the connec-
tions at the interface between the layers, and the pres-
ence of stress in the base plate created by preheating.

It was established that the insertion of a nail plate
into the tension zone can help reduce normal tensile
stresses by up to 24 % (60 %) and compressive stress-
es by up to 20% (30 %), and vertical displacements
in the middle of the span by up to 18 % (28 %) in the ab-
sence (presence) of pre-stress in the base of the nail
plate, created by heating.

It is recommended to use Type II plates with twist-
ed teeth as reinforcing elements. It is rational to develop
a new type of nail plate with a large number of teeth
per unit area of the plate, given the significant reserve
of strength properties of its material.

The proposed reinforcement method eliminates
the brittle nature of the failure of timber beams caused by
the rupture of the wood’s tensile fibres, which significant-
ly increases the reliability of these structural elements.
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