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Pezume: V pady je onucan npopayyncku mooen passujer 3a npedguliarbe Hocugocmu u

Kpymocmu Op8eHUx HOCayd 0jayanux kapoonckum mpakama. Mooen je kanubpucan na

OCHOBY 000UjeHUX pe3yamama UCNUMUearbd HeojauaHux HOCa4a u MOOUPUKOBAH KAKO

ou ce yzeo y 003up egexam xapborckoe ojavara. Ha npumepy ojavanux nocaua o0

JIeNbeHo2  IAMenupanoe  Opeema, Meopujcku - pesyamamu ¢y ynopeheHu  ca

EeKCHePUMEHMATIHUM pe3VAMAamuma u 3abenexceHo je 006po ciazarve.

Kwyune peuu: /[psenu nocauu, KapboHCcKa 81AKHA, ojauarbe, Meopujcka aHaiu3d

1. YBOJ

Kon npBeHHMX erneMeHaTa HAlPeTHYTHX Ha CaBHjarbe, WHHIMjATHA JIOM HACTaje
YIJIaBHOM Y 3aT€THYTO] 30HU y OJM3MHU KBpra, nedekara Wik Ha MECTUMA IMOMPEYHOT
Crajama JlaMelia KOof JIeJbeHNX JaMellupaHnx Hocada. JIom IpBera ycien 3are3ama je
TEIIKO TPEIBUINB W M3y3eTHO KpT. [loBehame HOCHBOCTH, KPYTOCTH M JIyKTHITHOCTH
JIIPBEHMX HOCAa4ya MOXeE ce MocThhu ojadameM IPUMEHOM MaTepHjalia Bearke uBpcTohe u
BHCOKOT Moxyina enactnaHocTr kKao mrto cy CFRP (Carbon Fibre Reinforced Polymer)
KOMIO3UTH. Pa3Boj mpopadyHCKOT Mojena KOJUM €€ MOXKE OIPEOUTH KPYTOCT H
IpaHUYHa HOCHBOCT OjadyaHUX HOCA4a je KJbYYaH 33 ONTHMAJIHY yHoTpeOy KapOOHCKUX
TpaKa, Kao M 3a HBHXOBY LIy NMPUMEHY. 300T KOMILICKCHOCTH JIPBETa Ka0 MaTepHjaia,
MpopadyH JIPBEHUX KOHCTPYKIIHja Ce OOWYHO CIIPOBOIMU ITpeMa TEOPHUjU JOMYIITCHUX
HarioHa. OBO moOjpa3ymeBa Ja ce IOHAIAKke JpBeTa IPEICTaBH jeJIHOCTABHUM
JTUHEaPHO-CJIaCTUYHUM MOJEIIOM W Ia JIOM JPBEHUX EIEMEHTa M3JIOKCHHX CaBHjamy
YBEeK HacTaje ycien 3are3ama. MelyTuMm, ojadameM y 3aTE€rHYTO] 30HH Be3a HAIlOH-
Juiiatanyja y NOMpedHOM Hpeceky ce Mema. CTora, HEMHEapHOCT YCIeHA IUTaCTHYHOT
MOHAIIaka JPBETa Y NPUTHCHYTO] 30HH MOpa OWTH MPHCYTHA y TPOPAYYHCKOM MOJEITY
TaKo J1a ITO TaYHH]e OIKCYje TIOHAIIAke OjauaHrX MPBEHUX HOcaya.
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2. KOHCTUTYTHUBHU MOJEJIM 3A MATEPHUJAJIE

AHann3a HelMHEeapHOI TMOHalllaka OjadyaHWX Hocada O] ApPBETa 3axTeBa JNeUHHCAC
BE3¢ HANOH-JWIATaldja 3a JpPBO TpU 3aTe3almy W TpU MPUTHCKY. ['‘eHepaiHo,
KOHCTUTYTHUBHO HOHAIIAKE JIPBETA MOXKE CE OIUCATH KPO3 pasiuuute Mojere (ciauka 1),
KOje KapaKTepHIle Pa3IHYHuT CTCICH anmpokcuManuje. Moxgen 3, y oIHOCY Ha HaBeICHE
MojIeTie, 1aje HajOoJbH OIMC CTBAPHOT TIOHAMIAka IPBETAa, ATH j€ HajKOMIUINKOBAHH]H.
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Cruxa 1 - Koncmumymuenu mamepujaniu 3a 0p8o

CFRP marepmjair ce MOKe HACATH30BAaTH JIMHCAPHO-CIIACTHIHUM MOJICIIOM Ca KPTHM
00JIMKOM JIOMa.

3. NPOPAYYH HOCUBOCTH

WHcnimprcann padyHCKHM MOJENUMa 32 apMUpaHd O€TOH, Pa3MYuTH ayTOpH CY

MPEeIJIOKIIN PAYyHCKE MOJIeNIe 3a OjadaHe ApPBEHE HOocaue M3JIOKeHe caBujamy [1, 2].

OBHM MOZETH y3UMajy y 003Hp peayHo MoHalIamke MaTepHjalia, a KarmauTeT HOCHBOCT Ce

onpehyje y 3aBucHOCTH o Moryhux oOimka jiomMa. Ha OCHOBY HaTWX HMCTpaKHMBama H

COICTBEHHUX EKCIIEPUMEHTAIIHUX MCHUTHBamKba, TEOPUjCKU MOJEI je Pa3BHjeH y LUJbY

npeaBul)ara MoHaIIaka IPBEeHUX HOcavya OjauaHUX KapOOHCKUM TpaKama.

OCHOBHE MPETIOCTaBKe U yrnpomhemka YCBOjeHOT MOIeNa:

- TMonpeunwu npecenu npu aepopMaIrju 0CTajy paBHU;

- OcrTBapeHH JIeTJbeHHU CN0j U3Mel)y apBeTa n KapOOHCKE Tpake je ujeaiaH;

- EnacTudHa cBOjCTBA JIeNKa ce He y3uMajy y o03up;

- [lonamame npBeTa je IHHEAPHO-ETIACTHYHO TPU 3aTe€3alkby W ENacTO-HACATHO
TUTACTHYHO TIPH MPUTHCKY (Mozen 1, cimka 1);

- llonamame kapOOHCKe Tpake MpH 3aTe3amy je JHMHEAPHO-eJIaCTUYHO;

- VYTuimaj cnabibema MOMPEeTHOT TPeceka yeiea IiacTuduKaruje ce 3aneMapyje.

[IpopauayroM ce oxapel)yje MOMEHT caBHjama y HajorrepeheHmjeM mpeceky Hocada 3a

onpeheHn HUBO AMJIaTalM]je 3aTe3amka MBUYHUX JIPBEHUX BilakaHa. Ha ocHOBY cpauyHate

BPEIHOCTH MOMEHTA CaBHjamba Jlajbe Ce MOXKE U3payyHATH BpeIHOCT onTepehema.

ExcrniepuMeHTaHa HCIIMTHBAKbA CY MTOKa3ala Jia je Hajuenmhu MexaHu3aM JIOMa OjadyaHux

HOCada OHAj MU KOME CE jaBJbha JIOM JPBETa y 3aTETHYTO] 30HU, ca WK 0e3 AETUMUIHE

iacTuduKanyje MpPUTHCHYTe 30He. /[IpBO ce ToHala JIMHEApHO-EIaCTHYHO JI0

JIOCTH3ama JOWiaTaldje Tedema JpBeTa Ha TOpHk0j HMBUIM Ipeceka. Kao mTo je
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JneuHICAaHO KOHCTUTYTHBHHUM MOJENIOM, Kaja AWIaTaldje NPUTHCKA Ipely IpaHHMILy
€JIACTHYHOCTH jaBJba C€ MNACTH(UKALK]ja IPUTUCHYTE 30HE U HAIIOHH MIPUTHCKA HE MOTY
Buie pactd. OBO Mpoy3poKyje moMeparme HeyTpaaHe oce TaKo Jia YCJIOBH PaBHOTEXKE
Oyny 3amoBosbeHH. [loHamame ojadaHor HOcaya y OBOj (a3d je IUIACTUYHO OO JioMa
KOjU HacTaje AOCTU3almeM IpaHMYHE BPEIHOCTH HAIlOHA 3aTe3ama Ha JIOH0] MBHLU
npeceka, YKOJIMKO Mpe Tora HHje JOUUIO JI0 JIOMa YyClel JOCTH3ama TI'paHWYHEe
JUIaTanyje IPUTHCKA Ha FOPH0j UBHUIM APBEHOT MIPECeKa.

WpeannszoBana pacrojena JIWiaTaldja W HAllOHA IO BHCHUHHM OjayaHOr HOcaya
MIPaBOYTAOHOT MPECEKa, MUPHUHE b U BUCHHE /1, 0jadaHOT KapOOHCKOM TPaKOM, IMUPHUHE
b v neOpUHE #;, IPUKa3aHa je CITUIH 2.
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Cnuka 2 - Pacnoodena ounamayuja u Hanoua y 0KeUpy nonpeyHoz npecexd

Ilo3naBajyhu nmiaraumje & M &, M3 yClIOBa KOMIATHOMIHOCTH MOIY C€ OJIPEIUTH
KapaKTePUCTUYHE AMJIATAIH]e Y TONPEYHOM MPECEKY:

£, =(z3+zz)/zz-gcy, 1)
& =(z,+14,/2)/z ¢, ()
ca
z,=(e,/8)z, 3)
zy=h=(z+2), )
rAe je:

&, - TAJIaTalyja 3aTe3ama Ha JIOHh0j UBUIIK APBSHOT MPECeKa;

gcy - ;[HnaTaqua IJIACTUYHOI TCUCHhA APBETA,

& - TUIaTaIyja MPUTICKA Ha TOPH-0j MBUIM APBEHOT NTPECEKa;

& - IWJIaTaldja 3aTe3ama y KapOOHCKO] Tpally;

Z1 - y/1aJb€Hhe HEYTPAIHE 0Ce O] JIOHhE UBUIIC APBEHOI IPECEKA;

Z, - yIaJbeHhe HEyTpallHe 0ce O 30HE IIacTH(HKAIMje IPBCHOT ITPeceKa;

z3 - BUCHHA 30HE TUIacTH(HKAIIHje IPBEHOT MPECeKa;

3a mo3HaTe BPEJHOCTH AWJIaTalyja, oaroapajyhe BpeIHOCTH HANOHA Yy IMOIPEYHOM
MpeceKy ce MOTY M3pavyyHaTH IpeMa YCBOjEeHUM Be3aMa HaloH-AuiaTaluja;

o =E ¢, %)
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O-c =E‘w .gcy =](c’ (6)
o, =E s, 0
e je:
0, - HallOH 3aTe3arha Ha JI0K0j UBHIIM JIPBEHOT MPECeKa;
0, - HAallOH TIPUTHUCKA Y OKBHUPY 30HE TIacTH(UKAIHje IPBEHOT TpeceKa;
Or - HAIlOH 3aTe3ama y KapOOHCKOj TpaLy;
E\, - MOZy)T enacTHYHOCTH JIPBETA,
E - Momyn enmacTHgHOCTH KapOOHCKe TpaKe;
f. - uBpcroha npBeTa Ha NIPUTHCAK.
[lonoxkaj wHeytpamne oce (Hemo3HAaTa z;) ojApehyje ce U3 yCIioBa PaBHOTEKE
YHYTpaIIlUX CHIIa y TIPaBITy MOTy>KHE 0Ce HOocada:

Pw1+Pw2:Zw+Zf’ (8)
npu 4eMy Cy YHYTpallmbe Culie ,Z[e(l)I/IHI/IcaHe y CKiIagy ca I[I/Ij arpamMmoM HarioHa y
TMMONPEYHOM IPECEKY, U TO CUIIC Y HpI/ITI/ICHyTOj 30HH Kao:

P, =(z-b) 0o, 9)
P,=(0,5-z,-b)-0,, (10)
a CUJIC Y 3aTErHYTO] 30HU Kao:
Z,=(0,5-z-b)-0,, (11)
Z.=(b-t;)-0,. (12)

Pesyntyjyhm momeHnT caBmjama, M, MOXe ce WH3padyHATH Kao CyMa MOMeEHaTa
YHYTpAIIbHUX CHIIa OKO HEYTpaJHe Oce:

2 t 2
M :(EZIJ'ZW +(Zl +Efj‘zf _(Zz +%J'Pw1 _(Ezzj'sz . (13)

4. INPOPAYYH KPYTOCTHU

Kpyroct Ha caBmWjame oOjadaHMX HOcadya c€ MOXKe U3padyHaTH Kopuctehu
KOHBEHIIMjIH METOJ TpaHC(HOPMHCAHOT TONPEYHOI Mpeceka, MpeMa TeOPHjH KPYTo
CIIPErHYTHX IpeceKa 3a JIMHEapHO-eIacTUYHO cTame. [lmacTuuHe medopmanuje ce He
pa3MaTpajy, jep ce KpyTOCT KOPHCTH 3a IIPOBEPY IPAaHUYHOT CTamba YHOTPEOJHUBOCTH.
[Tosoxaj HeyTpaiaHe oce TpaHC(HOPMHUCAHOT TPeceKka y ONHOCY Ha TEKHINTE IPBEHOT
npeceka (zy,) ¥ TeXKUIITe KapOOHCKe Tpake (zf) ce padyHa npema cienchum n3pasnma:

_E;-4,-0,5-(h+t,)

z,, > (14)
E, A, +E, 4,
zf=0,5-(h+tf)—zw, (15)
rae cy Ay 1 Ay TOBPIIMHE OMPEYHOT MpeceKa JIPBEHOT Hocava U KapOOHCKE TpaKe:
A, =b-h, (16)
A =b; -t,. (17)

Kpytocr, EI, ojadaHor Hocada ce padyHa ImpemMa u3pasy:
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El=E_ -I +E -I,+E, -A, -z, +E, -4 -z (18)
rac cy ]W n If COIICTBCHU MOMCHTH I/IHepI_II/Ije NONpEYHOI' MPECCKa APBCHOI' HOCA4a U
KapOOHCKe Tpake:

I1,=b-1/12, (19)
I, =b, -t /12. (20)

5. EKCIHEPUMEHTAJIHO UCTPAKUBAIBE

ExcniepmMeHTanHO MCTpakWBame je CIPOBEACHO ca IWJbeM YTBphHBama IMOHAIIama
HOCa4a OJ JIETJhEHOT JaMeJIHpaHor JIpBeTa ojadyaHux KapOoHCKMM Tpakama [3]. Jlecer
HOcaya OjayaHHX Ca jeJHOM TPAaKOM IIOCTaBJHEHOM Ca CIIOJbALIbE CTPAHE y 3aTCTHYTO]
30HU ¥ €T KOHTPOJHUX HEeOjauaHUX HOCava NCITUTAHO j& Ha CaBHjambe 10 JOMa.
JlerubeHu J1aMenupaHu IpBEHW Hocauw cy mipahenu ox wetmHapcke rpahe (cmpeka) I
kiace kBanutera. Hocaun cy aumensuja 8x21x400 cm, a ¢popMmupanu cy cnajamem 7
namena mmpuae 8 cm u nebspuHe 3 cm. Ojayame JeIbeHHX JIaMEeTUPaHUuX JAPBEHHX
HOCada W3BPIICHO je kapOoHckmM Tpakama Sika CarboDur S613, mmpune 60 mm u
neosprHe 1,3 mm. KapOoHCKe Tpake Cy 3aleribeHe 3a Hocade JenkoM Sikadur-30.

CBH HOCauu HMCIIMTAHU Cy Ha CaBHjame Kao MpocTe rpexe pacnona 378 cm (18 myta
BHCHHA HOcaya) onTepeheHe KOHIIEHTPHUCAHNM CHilaMa y TpehrnHama pacroHa, y CKiIaxy
ca EN 408. [llemaTcku nmpukas TUCIO3UIINjE¢ UCITUTHBAIbA j& TaT Ha CITHUITH 3.

F2 F/2
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Cnuxa 3 - [Jucnozuyuja ucnumugarea Hocadd

6. KAJIMBPALIMJA MOJIEJIA

3a TpuMEHY YCBOjEHOT MOJiela HEONXOJHO je TO3HABaTH BPEJHOCTH HANoOHA |
JIUIaTanyja Koju JeUHHITY KOHCTUTYTUBHE MOJele MaTepujania. YIpaBo, KPUTHYHA
TayKa TMPOPAYyHCKOT TOCTYIKa je M300p HajaJIckKBaTHUjE BPEAHOCTH 3a TPaHHYHE
BPEJIHOCTH HAIOHA 3a JIpBO. UNIEHUIIA J]a je TPAHUYHU HAIIOH 3aTe3arbha MPH CaBUjamby
BehM O/ rpaHMYHOT HAMOHA 3aTe3ama MPU AKCHjaTHOM 3aTe3amy y3eTa je y 003up
yCBajamkeM Jia JI0 JIoMa y 3aTETHYTOj 30HU J0Ja3H NpPHU JIOCTHU3amlky YBPCTOlie ApBETa Ha
caBujame. llpucycTBo kapOoHcKOr ojauama omoryhasa Behy uBpcrohy npBera Ha
caBujame. CXOmHO pe3yiTaTHMa aHaM3¢ MEPCHHX [IWilarandja 3are3ama KOJ
HEOjavyaHUX M OjavaHHX HOcada, YCBOjeHO je moBchame uBpceTolie qpBeTa Ha caBHjame 3a
25% ycien mpucycTBa XOpU30HTAIHO MTOCTABJHEHE KAPOOHCKE TPaKe.
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Tabena 1 - Mexanuuke kapaxmepucmuke Mamepujana

KapakTepucrika Bpeanoct
S UspcToha apBeTa Ha caBHjambe 42,5 MPa
1. Uspcroha npBera Ha IPUTHICAK 36,3 MPa
Ecy Junaranuja Ha TpaHHIU TEUYCHA 32 IPBO 3,3%o0
Ecy I'pannyHa AuIIaTanyja MPUTHCKA 3a IPBO 10%o
E, Moyn e1acTU4HOCTH JApBeTa 11080 MPa
Er Moy enacTUYHOCTH KapOOHCKe Tpake 165543 MPa

Mexannuke kapakrepucTtrke 3a apBo u CFRP xommosut kopumrheHe y mpopadyHy aaTe
cy y tabenu 1. [Ipukasane BpemHOCTH cy OazupaHe Ha JOOHMjEHUM EKCIIEPHMEHTATHUM
pe3ynTaTiMa HCITMTHBAKkA MaTepHjaia mpema oarosapajyhum EN cranmapanma.

7. MOPEBEWBE MEPEHUX U PAYYHCKHUX BPEJIHOCTHU
V rtabenn 2 mpukasaHe Cy NPOCEYHE BPEAHOCTH EKCICPUMEHTAIHMX pe3ynTaTa 3a
MaKCUMaJIHU MOMCHT U KPYTOCT Ha CaBPIjaH»e, Ka0 W BpPCIHOCTH JAaTHUX BCINYUHA

onpeheHe mpemMa aHATUTHIKOM MIPOPAUYHY.

Tabena 2 - [lopehere excnepumenmanuux u meopujckux pe3yimama

MakcumManHu MOMEHT KpytocTt Ha
casujama (kNm) casujame EI (KNm?)
ExcriepuMeHTaIHO HCIUTHBAC 37,2 772,7
AHaJIUTUYKY IPOPAYYH 35,6 818.9
Pazmuka (%) -4,5 6,0

Moxe ce 3aKJbYIHTH J1a aHATUTHYKY IPOpadyH Jaje 3a70BoJbaBajyhe npeasuhame Koje
ce 100po craxe ca eKCHepUMEHTANIHUM pe3yintaTuMa. To 3Hauu J1a MOJesl MoXKe OUTH
MIPUMEHCH Y PeajHUM IPOPavYyHCKHM cHuTyandjama. JlogaTHa uCOUTHBamka Ou Tpebalo
Jla KOMIUIETHpAjy MOCTyNaK MpopadyHa YCBajameM (DakTopa CUIYpPHOCTH, TaKO Aa Ce
YCIIOCTaBH CHUTYpaH, MOY3JaH M TadaH MOJENT KOjU Ce€ MOXe NpPUMEHHBATH Y
CBaKOAHCBHO] HHKEHEPCKO] IPAKCH.
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DESIGN MODEL FOR TIMBER BEAMS REINFORCED
WITH CFRP PLATES

Summary: This paper describes design model developed to predict the flexural capacity
and stiffness of timber beams reinforced with CFRP plates. The model is calibrated
using the results of the unreinforced beams tests and modified to account for the effect of
the CFRP reinforcement. Theoretical results of reinforced glulam beams were compared
to experimental results and they match well.

Keywords: Timber beams, carbon fibers, reinforcement, theoretical analysis
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