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BusHaveHHs1 BIVIMBY apMYBAaHHS LIEeMEHTO0OECTOHHOI0 MOKPUTTS MOCTIB HA
HANPYKeHO-1e(POPMOBAHUI CTAH KOHCTPYKUI

L. II. Tamensk, A. M. Imutpuuenko, B. M. ln0yascoknii, A. M. XapyeHko

Buxonano docnioxcenns yemenmooemoHHo20 NOKpUmMms Ha MOCmax 3 6UKOpU-
cmanuam FRP-apmamypu. Lle 003601uno pospooumu onmumanvHi KOHCMPYKUYIL
WLISIXOM Ni06OpY BUCOMU POIMIWEHHS ApMAMYPU 8 WUAPaAx 00POACHLO20 0052y OISl
3a6e3neyeHHs MiYHOCMHUX XAPAKMEPUCTUK.

Po3pobneno inocenepnuti memoo po3paxyHKy HOPCMKO20 0OPOHCHLO20 0052) 3
KOMNO3UMHOIO apMamyporo, SKull 00360JI8€ 8paxysamu 1020 pobomy 5K y CRilbHOMY
nakemi KOHCMPYKYIi 3 NIUMOor0, makx i OKpemo — npu tio2o Gi0UApy8arHti 6i0 naumu npo-
20H0B0I 6y008u mocmy. B ocnogy docnioscenns Oynu noxkiaoeni memoou GU3HAYEHHs
3YCUTb, PO3PAXYHKOBL 3ANEIHCHOCI Meopii 3eUHy Wapy8amux KOHCMpPYKYItl ma 3a1exc-
HOCmI meopii NPYIHCHOCMI Ol OYIHKU MIYHOCMI MAmepianie 00pos*CHb020 0052). 3a
PAXYHOK 8paxyeanus oegpopmayiii 3cy8y npu npoeKmy8aHHi NIUm 6CHMAHOBIEHO, W0
npo2uHU 3a po3pooneHum memooom y 1,4 pazu 6inbuii Hidwc 3a K1ACUYHUM RIOXOOOM.

Buxonano anpobayiro memoody 3a paxyHOK YUCIO8020 eKChepUuMeHmy, SAKUll
niomeepous HeoOXiOHICMb BUKOPUCTNAHHA KOMNOSUMHO20 APMYBAHHA )Y GEPXHIX wia-
Pax 00POANCHLO2O NOKPUMMSL HA MOCMAX, WO Ni08UWYe 1020 008208iuHicmb 6 1,2
paszu. Ompumani pe3y1omamu YuUci08020 eKCHEPUMEHMY BKA3)I0Mb, WO eKEI8aleHM-
HI HANPYHCEHHS 8 HUMNCHIX Wapax O0POICHbO2O 0052y 3 GLIbHUM HePeMilyeHHIM
ckaaoanu 2,91 Mlla, a npu pobomi y cnitbHomy nakemi 3 HAUMOK — MALU 8i0 EMHe
suauenns (0,2 Mlla).

3acmocysanHsa po3pobaeHoco mMemoody po3paxyHKy HA NpaKkmuyi 00360J18€ GU3HA-
YUmMu YMouHeHi HOPMANIbHI HANPYHCEHHS 8 Wapax 0OPOICHbO20 0052y 3 YPAXYBAHHAM
ocobnusocmeti pobomu KOHCMpPYKYii. 3a805KU YbOMY BIOKPUBAIOMBCSL 000AMKOBL MOIC-
JIUBOCMI OISl PO3PAXVHKY OOPOACHLO2O 00512y MOCMIB, WO 3aNPOEKMOBAHI 3 BUKOPUC-
MAHHAM HAUOLIbUL PO3NOBCIOONCEHUX 8 MOCMOBIN 2AJ1Y3l MUNIE NPO2OHOBUX HYO08.

Knrouosi cnosa: yemenmobemorntne nokpummsi, 0OPONCHIL 0052, Ulapy8ami KOH-
CMPYKYii, KOMROZUMHI MAmMepianu, HanpysHceHo-0epopmosanuii Cman.

1. Beryn

[IpiopuTeTHUM HAMPSAMKOM PO3BUTKY JOPOKHBO-OYA1BEIBHOI Taly31 B €Bpori €
po30y0Ba MEpPEkKi aBTOMAricTpajiei Ta MBUAKICHOTO CIOJYyYEHHS M1 TOJIOBHUMU
MICBKUMU IIeHTpaMHu. JIJisi BUpIIIEHHs 1i€1 MpoOJieMU BUKOPUCTOBYIOTHCSA O1IbII Ha-
JHI Ta €KOHOMIYHO-BUT1/IHI, 3 TOYKU 30py BUTPAT )KUTTEBOTO IUKITY, €IEMEHTH JI0-
POXHIX KOHCTPYKIIiH, SKUMH € KOPCTKI TOKPHUTTS [1].

beronHi goporn BUMararoTh MiHIMaJIbHI BUTPATH HA €KCIUTyaTalliiHe yTprUMaH-
HsI, MAlOTh MIABUIICHY 3HOCOCTIMKICTD, TOBIIUN TEPMIH CITYKOH, 3/1aTHI BUTPUMYBa-
TA OUThIl HaBaHTaKEHHsS. [IOKPUTTS aBTOJOPOXKHIX MOCTIB TOBHWHHI TOTJIMHATH
TPAHCTIOPTHI HABAaHTAXXEHHS, MEPEHOCUTH iX Ha OMOPHI KOHCTPYKINIi, 3aJUIIaTHCS



CTiiikuMu 110 Aedopmariiii, a TakoXk 3a0e3MedyBaTH 34ilHI SKOCT1 I TPAHCHOPTHUX
3aco0iB. SIK TpaBUIIO, )KOPCTKUN JOPOXKHIN OJST MPOEKTYEThCSl O€3 BpaxyBaHHS pPo-
00TH TUIMTH MPOi3HOI YacTUHU. lle mpu3BOAUTH 0 MEpEeHANpPY>KEHHS JTOPOKHBOTO
OJISITY Ha CTaJiii Moro eKcIulyararlii, BHaC/IIOK 40ro BiOYBalOThCS PyHMHYBaHHS ca-
MOTO MOKpUTTs. KpiM TOro, BOHO MOBMHHO 3aXMIIATH KOHCTPYKIIIIO MOCTY Bij MpO-
HUKHEHHSI BOJIU Ta IPOTUOKEJIETHUX 3aC001B, sIKI CIIPUSIOTh KOPO3ii apMaTypH.

KoposiitHi nponiecu craineBoi apMaTypH MpU3BOIATh A0 BTpaTtu 00’ eMy ii poOo-
40 YaCTMHH Ta € OCHOBHOKO MPUYHMHOIO JeTpajaarlii 3ay1i300€TOHHUX TUTHT TPOi3HOI
JaCTUHH MOCTIB. OJHUM 3 IIJIXOMIB JJII BUPIIICHHS JaHOI IPOOJIEMH € BUKOPHUCTAH-
Hs xomno3uTHoi FRP-apmatypu (Fiber Reinforced Plastic Bar) mis mincunenns Ge-
TOHHUX KOHCTPYKIII Ta JOPOKHBOTO OJATY MOCTIB. BUKOpHCTaHHS KOMITO3UTHOI
apMaTypH J03BOJISE MOKPAIIUTH CTPYKTYPHI BIACTHBOCTI Ta 301MBIINTH JTOBTOBIU-
HICTh OCTOHHUX eJeMeHTIB MocTiB. IIpore, maHe apmyBaHHS 3a CBOiMU (D13UKO-
MEXaHIYHUMHU XapaKTEPUCTUKAMH BIJIPI3HSETHCS Bl METAJIEBOTO Ta MOTpedye yno-
CKOHAJICHHSI METOJ[IB PO3PaXYHKY JTIOPOKHBOTO MOKPUTTS MOCTIB 3 YpaxXyBaHHSAM J0-
JATKOBUX TEOPETUYHUX Ta EKCIEPUMEHTAIBHUX JOCITIIKCHbD.

Takum 4YMHOM, aKTyaJIbHICTh JOCTIIXKEHb 32 IUM HAIPSIMKOM IOJISiTa€ B HEOO-
X1JIHOCTI aHaNi3y BIUIMBY apMYBaHHS LIEMEHTOOETOHHOTO MOKPHUTTS MOCTIB KOMIIO-
3UTHUMH MaTepiajlaMy Ha HaIpy>KEeHO-1e(pOPMOBAHUN CTaH KOHCTPYKIIIi.

2. AHAJII3 JliTepaTypHHUX JaHHUX TA MOCTAHOBKA MPO00JIeMH

B mpari [2] Oyno gociipkeHo poOOTy IUTAT IIPOTOHOBHX OYI0B MOCTIB 3 3aCTO-
cyBaHHSM ckionosiiMepHoi apmaTypu (GFRP) mpu cratmayHoMy Ta BTOMHOMY HaBaH-
TaxkeHHl. Takox OyJ0 BUBUEHO MOBEAIHKY IJIUT MPOI3HOI YaCTUHU MOCTY, 3Mil[HE-
HUX CKJIO- Ta BYTJICIIEBO-CTEP)KHEBUMH PEIIITKAMH, Ha CTAJICBUX MPOTOHOBHUX OYI0-
Bax. B pesynbrati mocnipkeHHs [2] 3p00I€HO BHCHOBOK, IO OCHOBHOIO CTPYKTYp-
HOIO JII€I0 B IJIUTAX, SIKI MPOTHUCTOSTh KOHIIEHTPOBAHUM HABAHTAKEHHAM KoJieca, €
HE 3TUHAHHA, SK TPAJAMIIIHO BBAXKAETHCS, a CKIAIHUNA BHYTPIIIHIN HaNpyKeHHM
CTaH, MOB's3aHUi 13 AedopmaiiisiMu 3cyBy. OIIHKY BTOMH OE€TOHHUX IUIUT MOCTIB,
apMoBaHux koMro3uTHoo GFRP-apmaryporo, BukoHaHo B poboTax [3-5], ne aBTOpH
MPOAHAJI3yBAJIA 3MiHY >KOPCTKOCTI MOCTOBHX IUIHT 3 JJAaHUM apMYyBaHHSIM. 30Kpema,
B po0OTi [4] OysI0 BU3HAYEHO, IO KOPCTKICTh IUTUT 3aJCKHUTh BiJl BIUIUBY TeMIepa-
TYPHUX YMOB, a JIOCTIAHUKH [5] BCTAHOBHIIH, 1110 BTOMHI BJIACTHBOCTI O€TOHHOI IIJIH-
TH MOCTY 3 ByrJierutactTukoBuM apmyBanHsM (CFRP) we moripmrytorsest mpu 6arato-
Pa30BHUX TPAHCIIOPTHUX HABaHTAKEHHSAX. [[O3UTUBHUM pE3yNbTaTOM JOCIIHKCHHS
OyJl0 BCTAHOBJICHHS BIJHOCHO HHU3bKOI MMBUAKOCTI aerpagamii midt 3 GFRP-
apMaTypoIO y MOPIBHIHHI 3 MeTaleBo0. B pe3ynbTari mocmimkenns [6] Oyno gose-
neHo, mo FRP-apmaTypa € kpamior aibTepHATUBOI [JIsi apMyBaHHS OETOHHUX
KOHCTPYKTUBHHMX €JIEMEHTIB MOCTIB. Y3arajibHIOIOUYW JOCTIDKEHHS [2—6], ciia 3a-
3HAYUTH, 1[0 B HUX HE JOCTaTHHO OOTPYHTOBAHA 3aJICKHICTh PO3IOALTY HAIIPYKEHD B
TJIMTaX MPOi3HOT YACTUHU MOCTY 3 BUKOPUCTAHHSM JJAHOTO BUY apMyBaHHS.

ABTOpamMu HayKoBOi Tparli [/] BUKOHAHO TEOPETUYHE MOCTIIHKCHHS IUTUT, ap-
MOBaHUX KOMIO3UTHUMHU MaTepiajlaMd, METOJOM CKIHYCHHHX €JIEMEHTIB Ta 3aIpo-
IIOHOBAaHO BMKOpUCTOBYBatH Koediniear FRP-apmysanns 0,3 % Ha M? y BEPXHBOMY
Ta HYKHBOMY IIapax IJIUTH MPOi3HOI YaCTUHU MOCTIB. Takok CTaHOBIIEHO, 110 HECHA



CIIPOMOXHICTh TIPH TPAHUYHOMY HABAaHTA)KEHHI MOCTOBHUX IUTUT MPOi3HOI YaCTUHU
MOCTIB y CiM pa3iB Oiibllia HiK poOoue HaBaHTaxeHHs. [IpoTe, pe3ynbraTu J10OCIi-
JOKEHHS [7] HE MICTATh YITKOTO aJrOPUTMY BU3HAUCHHS BILUIMBY KOC(]IIlIEHTY apMy-
BaHHS Ha HECHY 3J]aTHICTh KOHCTPYKIIIi.

[Tpuknangne nociipkeHHs nmokasHukiB poootn FRP-apmarypu [8] mokaszano, 1o
POTrMHU MOCTOBHUX IUTUT HE MEPEBUIYIOTh TPAHUYHO JOIYCTUMI 3T1JHO KaHAJAChKO-
ro craraapty (CSA 2000).

IIpu pociimKeHHl KOPCTKOCTI IIEMEHTOOCTOHHOTO IOKPHTTSA aBTopoM [9] Oyio
BCTaHOBJICHO, 110 TIPU BUKOPUCTaHHI JOJATKOBOTO apmyBaHHs ctepkasmMu GFRP, mo-
’KHAa 3MEHINWTH TOBIIWHY IIEMEHTOOCTOHHOTO TOKPHUTTS MPH 30€pEKEHHI MPOECKTHOI
MirtHOCTI. AJie B [8, 9] He Oyi0 BU3HAYEHO, SIK BIUIMBAE 3MEHIIICHHS TOBIITMHA 1IEMEHTO-
OETOHHOTO IMOKPHUTTS Ha MIITHICTh KOHCTPYKIIIi TIPH ITUKITIYHOMY HaBaHTaKEHHI.

3ruHaibHI XapaKTEPUCTUKU MOCTOBUX IUIUT, MOCWiIeHUX citkamu FRP, Buroros-
JICHUX 31 CKJITHHX, BYTJICIICBUX Ta TIOpHIHUX BOJIOKOH, BuBYaiy B [10]. B manomy moc-
JKeHH] OyJI0 BCTAHOBJIEHO, 1110 MPOTHHU 1 MIMPUHA PO3KPUTTS TPIMIMH OyiIy OUIBII
IIpU TAaHOMY apMyBaHHI OCKUIbKU FRP-CiTKM MaroTh HUKYU MOTYJTh TIPY>KHOCTI HIXK Y
craneBux. [Ipore, aBTOpamMu He pO3IJSHYTO BapiaHTH KOMOIHOBAaHOIO BHUKOPHUCTaHHS
pI3HUX MaTepialliB apMyBaHHS B HIDKHIX Ta BEPXHIX IIapax KOHCTPYKIII.

B po6Gorti [11] gocmimkeHo poboty 6a3ainsroBoi apmarypu (BFRP) B HanpysxeHo-
MYy 1 HEHaNpy>KEHOMY CTaHaX MpH Ji1 IMITOBAaHUX arpeCUBHUX cepenoBuill pu 25, 40 ta
55 °C. bymno BCTaHOBJICHO, II0 MEXaHI3M Jerpanariii KOHCTpyKiii, mocuwieHnx BFRP-
apMaTyporo, IPUCKOPIOETLCS Mpu HanpyxeHHi moray 20 % Bix rpaamgHOoro. B pobdoTi
[12] BuBueHO HampykeHo-AedopMoBaHuii cTaH Oanok apmoBaHux BFRP-apmarypoto.

Hocnimkennas [13] npucBsiueHi MUTaHHSM BIUTMBY KOHCTPYKTHBHMX YMHHHKIB Ha
XapakTep 3MIHA 3aKOHOMIPHOCTEN HECHOT 34aTHOCTI, TPIIIMHOCTIMKOCTI Ta AedopMariiil
OETOHHHUX KOHCTPYKUiH 3 BukopuctanusiM BFRP. Crnix 3a3HaunTH, 110 B HAYKOBUX Mpa-
1sx [2, 11-13] He 3amporoHOBaHO aJTOPUTMH BH3HAYEHHS KOMITOHEHTIB HAIPY>KEHO-
1e(OPMOBAHOTO CTaHy KOHCTPYKIIIH, apMOBaHUX KOMIIO3UTHUMH MaTepiaTaMu.

Amnai3 npuBeeHUX T0CTKeHb [2—13] cBIqYnTh PO BUCOKHUI HAYKOBHH 1HTE-
pec o nanoi npobinematuku. [lpote, ciin 3a3HaUUTH, IO HAYKOBIIMU HEJIOCTATHHO
BUBYCHO BIUTMB FRP-apmyBaHHS 11eMEHTOOETOHHOTO MOKPUTTS MOCTIB Ha HampyXe-
HO-epopMOBaHUM CTaH KOHCTPYKIIIT B IIJIOMY.

3. Meta Ta 3aia4i 10CJTizKeHHS

MeTor MOCHIKEHHsSI € BHU3HAYCHHS BIUIMBY apMyBaHHS I1I€MEHTOOETOHHOTO
MTOKPUTTSI MOCTIB Ha HaNpy>KeHO-Ae(hOpMOBaHUI CTaH KOHCTPYKLINA HIJISIXOM PO3pO-
OKHM 1HKEHEPHOTO METOJy PO3PAaXyHKY >KOPCTKOTO TOPOKHBOTO OJATY 3 KOMITO3UT-
HOIO apMaTyporo 3 BpaxyBaHHSIM MPOTOHOBOI OYJOBH MOCTY.

JIOoCSITHEHHSI TIOCTABJIEHOT METU MOTpPeOye BUPILMIEHHSI HACTYIMHUX 3aJa4 J0CHi-
JOKCHHS .

— BU3HAYUTU TIPOOIeMH 3a0€3MeYeHHs IOBMOBIYHOCTI TOKPUTTIB aBTOIOPOKHIX
MOCTIB;

— TOCTIAUTH TPAKTUYHOTO 3aCTOCYBaHHS KOMIIO3UTHHX MaTepialliB y SIKOCTI
apMyBaHHS JOPOXXHBOTO IMOKPUTTS HA MOCTax;



— pO3pOOHUTH METOJI BHW3HAYEHHS KOMIIOHEHTIB HaIpyKeHO-1e(OPMOBAHOTO
CTaHy CHCTEMH <JIOPOXHIH OJSIr — IUIUTa» 3 BpPaXyBaHHAM OCOOJIMBOCTEH poOOTH
KOMITO3UTHHX Martepialis,

— BU3HAYUTH KOMIIOHCHTH HAmpyXEHO-I1e(OPMOBAHOTO CTaHy KOHCTPYKIIII J0-
POKHBOTO OATY MOCTIB 32 3alIPOITOHOBAHUM METOJIOM.

4. Marepiaju Ta MeTOIM AOCTiKeHHSA

O0’€eKTOM JOCIIIKEHHS € TIPOILIECH PO3TOLTY HAMPYXKEHb B IIapax JOPOKHBO-
r'0 OJISTY 3 KOMIIO3UTHOIO apMaTypolo 3 BpaXyBaHHSIM MPOTOHOBOT OYZI0OBH MOCTY.

Po3paxyHok miapyBaTHX KOMIIO3UTHUX KOHCTPYKIIIi BUKOHYETBHCS 32 yTOYHE-
HAMH MOJICTISIMH, SIKI BPaXOBYIOTh BIUTUB nedopmartiii momnepedroro 3cyBy. OCHOB-
HOIO TIMOTE3010 JOCIHIKEHHS € Te, IO JUIsI CTBOPEHHS €EKTUBHOTO MiAXOAY 0 BU-
3HAYCHHS HAMPY)XKCHOTO CTaHy KOHCTPYKTHBHHX E€JIEMEHTIB MOPOXHBOTO OJATY SK
IapyBaToi CUCTEMH HEOOX1JJHO 3aCTOCOBYBATH paIllOHAJIbHE TOEHAHHS METO/IIB PO-
3paxyHKy 0araTolapoBUX Ta OJTHOIIAPOBUX KOHCTPYKINN. Takuil miaxiJ Ja€ MOKITHU-
BICTh PO3B’sI3aHHS MPAKTUYHUX 33/1a4 MO JOCIIKEHHIO HAMPYKEHO-1e(hOpPMOBAHOTO
CTaHy HEOJHOPITHUX KOHCTPYKIIH 3 PI3HOIO KOPCTKICTIO Ta HECHOIO 37aTHICTIO. Bu-
3HAUYCHHS YTOYHEHHMX HAINpPYKEHb B IIapaxX IUIAT MPOi3HOT YaCTMHHU MPOTOHOBOI Oy-
JIOBM MOCTY BUKOHYETBCS 13 3aCTOCYBAHHSIM TEOP1l 3TMHY IIapyBaTUX KOHCTPYKIIiH 3
BpaxyBaHHS MONEPEUYHUX HOPMAIbHHUX HAMPYKeHb BiJl OOTUCHEHHS. TakuM 4HMHOM,
OCHOBHHMM MPUITYUIEHHSM MPHU JOCIIKEHH] HAIPYKEHO-AE(POPMOBAHOIO CTAHY IUIH-
TH € HEOOXIJIHICTh BUBYATH ii SIK KOHCTPYKI1IO, SIKA CKJIAJA€THCS 3 130TPOIHUX IIapiB
PI3HOI )KOPCTKOCTI 1O TOBIIMHI. Lle gae MOXIHUBICTH pO3MIISIHYTH pOOOTY BCIX IIapiB
3 pPI3HUMHU TOBIIMHAMHU Ta (I3MKO-MEXAHIYHMMH XapaKTepucTukamu. Merona pospa-
XYHKY KOHCTPYKIIii )KOPCTKOTO JIOPOKHBOTO OATY 0a3yeThCs Ha pO3paXyHKOBHX 3a-
JICKHOCTSX TEOpil 3rMHY MIapyBaTUX KOHCTPYKIi# (0anmok, tumt). OIriHKa MIIHOCTI
MaTepialiiB KOHCTPYKIIH BUKOHYETHCS 3a 3aJICXKHOCTIMU Teopii mpyskHoCTi [14], mo
7A€ MOXKJIMBICTh BpaxyBaTH OCOOJIMBOCTI XapaKTEPUCTUK MaTepiamiB. Posrismgaroun
TPUMIPHUIN XapaKTep HaIpy>KeHO-Ae(hOPMOBAHOTO CTaHy KOHCTPYKIIii, 3alpOnOHO-
BaHMI METOJ JI03BOJISIE CIIPOCTUTH 3a7a4y PO3paxyHKY J0 JBOBUMIPHOI MOJIEINI, TaK
AK TIyKaHl QyHKIT € QYHKIIIMH KOOpAUHATHOI moBepxHi. JloCTOBIpHICTh PO3B’S3KIB
3a JIaHUMHU METOJaMH TIATBEp/KEHA IOPIBHSIHHSAM 13 3MOJICTIbOBAHOK) MOCTOBOIO
KOHCTPYKITI€I0 Y mporpaMHOMY KomIuiekci ANSYS.

5. PesyabrarM [AOCHIIKEHHA BIUIMBY AapMYBaHHSI Ha HalpY/KeHO-
ne¢opMOBaHM CTAH KOHCTPYKUII JOPOKHBOI0 OJSITY MOCTIB

5. 1. BusHayeHHs1 npodJieMu 3a0e3neYeHHs JOBIOBiYHOCTI MOKPUTTIB aBTO-
JOPOKHIX MOCTIB

[TpoGyiema TOBroBIYHOCTI AOPOKHIX MOKPUTTIB MOCTIB € JIOBOJII CKJIaJHOIO, Oa-
raTornapaMeTpUYHOIO 33/1aueio, Ha SIKy BIUIMBAIOTH PI3HOTO poay (aKkTopH, 30Kpema,
e BUOIp TEXHOJOTIi, MaTepianxy IIapiB, €KCIUIyaTailiifHi, MPUPOIHO-KIIMATHUYHUX
¢dakTopu Tomio. [Ipu BUKOpHUCTaHHI apMOBAHOTO IIEMEHTOOETOHY y SIKOCTI MOKPUTTS,
SKUH 32 CBOIMU BJIACTHBOCTSIMU € O1JIBbINI JOBTOBIYHUM HIXK ac(aibToOEeTOH, BUHUKAE
ocoOnmBa mpobiiemMa — KOpPO3iifHI MPOIECH B METalieBiil apMarypi. 30Kkpema, Hampu-
KJIaJ], IpoBeaeHe MaciTabue nociimkenas MocTiB y CIIIA moka3zano, 1o nmpuGian3Ho



15 % 13 583 000 mociimKeHHX MOCTIB Maju pyHHYBaHHS, CIIPUIMHEH] KOPO31E€I0 Me-
tayneBoi apmatypu (puc. 1) [15].

Puc. 1. TUmoBi NOMIKOKEHHSI dKOPCTKOTO JOPOKHBOTO MOKPUTTS MOCTY BHACIIJIOK: d —
KOpO3ii apMaTypu; 6 — CTPYKTYPHHUX TPIIIUH; 6 — BiAIIIAPYBAHHS BEpXHBOTO Imapy [15]

Takox Oynu BiAMIYEHI HEraTWBHI HACTIJKUA pyHHYBaHb, 5Kl MOB’s3aHi 3 BTpa-
TOI0 00’eMy po0OOUYOT YaCTUHU apMaTypH, HE3aJOBIIBHUM CTaHOM KOMIICHCAITIHHUX
IIBiB Ha OMOpax, HU3bKOIO CTIWKICTIO OETOHHY Ha 3TWHAJbHI HaBaHTaxeHHS. CTpyK-
TypHI TPIIIUHU B IEMEHTOOETOHHOMY TOKPHUTTI, SIK1, SIK MPABUJIO, BUHUKAIOTH Yepe3
HaJMIpHE HABaHTAXXCHHS, MTPU3BOJAATH 10 MEPEHANPYKEHHS KOHCTPYKIIT B IIIIOMY.
HecTtpykTypHi TpimMHU 3a3BHYail € HACIIKOM BHYTPIIIHIX MepeHanpykeHb B Oe-
TOHHHMX KOHCTPYKIISIX MiJT JI€I0 JHIHHOTO PO3IIMPEHHS MaTepiaiiB Ta TEIUIOBUX Ha-
BaHTAXEHb. B pe3ynbTaTi yepe3 yTBOPEH! TPIIMHU BIJOYBAE€THCS MPOHUKHEHHS BO-
JIOTH, XJIOPUIB, COJIl, YTBOPIOETHCSI HECIIPUATIUBE JIy>KHE CEPEIOBHUIIE, 1110 MPU3BO-
IUTH 10 KOPO3ii apMaTypH.

3rigHo gociimxeHs [16] BuznaueHo, mo o6i1a 10 % Big 06’emy apMatypu Moxke
NpUIAJaTH Ha MPOIYKTH Kopo3sii. Lle cTBoproe BHYTpIllIHIA THCK B KOHCTPYKIIi Ta
NPU3BOJIUTH J0 PI3HOTO POAY PYHHYBaHb MOKPUTTS (PO3TPiCKyBaHb, BiAIIAPOBYBAH-
HSl, CITKH TPIIIUH TOmIO). Taki MOIIKOMKEHHS Y CBOI Yepry MOXYTh MaTH CEpHo3-
HUH BIUIMB Ha TPaIe3AaTHICTh KOHCTPYKTUBHUX €JIEMEHTIB MOCTIB Ta 3HWKYBAaTH
JIOBIOBIYHICTH OY/I0B.

3a pe3ynbTaTaMU Bi3yaJlbHOI'0, IHCTPYMEHTAJIBHOTO Ta TEIJIOBI31HHOTO 00CTe-
’KEHHS MOCTIB, TPOBEACHUMH B YKpaiHi [17], Oysio BU3HAUYEHO psi MpodIeM IIeMeH-
TOOCTOHHUX MOKPHUTTIB, 110 BIJIMBAIOTh HA JIOBTOBIYHICTh KOHCTPYKIIIH. 30KpeMa, 110
HUX CJIIJI BIIHECTH:

— pyWHYBaHHSI TUTUT MOCTIB B pe3yJIbTaTl BIAIIAPOBYBAHHS 3aXMCHOTO IIapy Me-
taneBoi apmatypu (puc. 2);

— KOpO3id METajeBOi apMaTypH BHACIIAOK PO3KPUTTSI TPIIINH;

— HEepIBHOMIPHI OCiJIaHHSI 3€MJISTHOTO TIOJIOTHA HA MiIX0/1aX;

— HEe3aJI0BUIbHUI cTaH AedopmaniiHux mBiB (puc. 3).

EnexkTpoxiMiuHa KOpOo3is CTajll € OCHOBHOIO MPUYMHOIO MOTIPIICHHS 1HXKEHEPHOT
iHppacTpykTypH. Lle cTae rogoBHOO mpobieMoro At OyAiBENIbHOI Taly3l Y BChbOMY
cBiTi. KiliMaT4H1 yMOBM Ta BUKOPUCTAHHS BEJIMKOI KIJTBKOCTI COJIEH Yy SIKOCTI MpO-



THOKEJICTHOTO 3aX0AY B 3UMOBI MICSIII MOXYTh CIPUSITH MPUCKOPEHHIO MPOIIECY KO-
posii. Ile, 3a3Buyaii, moTpedye 3HaUYHUX (HIHAHCOBHX BUTPAT HA BIJHOBJICHHS, OCKI-
JBKH, MOXE TPU3BECTU N0 KAaTaCTpO(IUHOro pyiHYBaHHS OCTOHHHUX KOHCTPYKIIIH.
EdexTuBHUM BUpIIIEHHSAM 1i€i TPOOJIeMH € BUKOPUCTAHHS KOPO31MHO-CTIMKUX Ma-
TepiajiB, TAKUX SIK BUCOKONPOJYKTHBHI BOJOKHHUCTI momiMepHi kommno3utu (FRP).
3acToCyBaHHSI HEMETaJIEBOI KOMIIO3UTHOT apMaTypu 3a octaHHl 10 pokiB BU3HAUMIIO
I[}0 TEXHOJIOTIIO SK MEPEIOBY B SKOCTI MEXaHI3My IMOJI0JIaHHS MPOOJIeM Y IIEMEHTO-
OETOHHUX KOHCTPYKIISAX, CIPUYUHEHUX KOPO3IEI0 CTAIEBOT apMaTypH.

11.3°C

a 4]

Puc. 2. Burnsan pyliHyBaHHS IUTUT MOCTIB BHACHIOK BIIIIAPOBYBAHHS 3aXHCHOTO
miapy BiJi METaJIeBOI apMaTypH: a — 3arajibHUM BUTJIS] TPIIIKMH; 6 — TEIJIOBI31iHE J10-
CJIIDKCHHS pyHHYBaHHS

473 °C

450

16.1°C

a 4]

Puc. 3. Burnsan aedopmaiiiitHux miBiB Ha MOCTax: @ — 3arajbHUIN BUTIISA PYHHYBaH-
HS; 6 — TEIIOBI31MHE TOCHTIKEHHS

Cdepa 3actocyBanns FRP-apmatypu B OyAiBHUIITBI B KpaiHax, IO pO3BUBa-
IOTBCS JIOCHTh OOMEKEHa HOPMATHBHO-TEXHIYHOIO JTOKYMEHTAIIE (SKa MPaKTHUIHO
BIJICYTHS) Ta HU3bKUM PiBHEM (piHAHCYBAHHS IIPOrPaMH 3 BiTHOBJICHHS MOCTIB [2—5].



[lopiBusiHHS (i3uko-MexaHIYHUX XapakTtepucTuk FRP-apmarypu 13 xapakrepu-
CTHMKaMH METaJIeBOi apMaTypH, sika 3aCTOCOBYETHCS B TPAHCHOPTHOMY OYIiBHHIITBI,

HaBeJseH1 y Taoi. 1.

Taomung 1
[TopiBHSIHHS XapaKTEPUCTUK HEMETAIeBOI KOMIIO3UTHOI apMaTypH Ta METaIeBOi ap-
MaTypH
XapakTepHeTHKY CkrnomnactukoBa |bazanpToruiactukoBa| MertanieBa apma-
apmarypa (GFRP) | apmarypa (BFRP) | Ttypa (A400C)
PoBiHr cknsHmii, |PoBiHT 0a3aIbTOBUIA,
CupoBuHa Meran
CMOJIa €TIOKCHJIHA | CMOJIa CMOKCHIHA
MiHICTs TPH POSTA- | 66 1900 700-1300 390
ry, Mlla
Bunosxenns, % 2,2 2,2 25
ITpyxnicts, MIla 45 000 60 000 200 000
KoeditieHT niHIITHOTO
posmmpeHHs, axx10" 9-12 9-12 13-15
60c-1
[linbHICTD, T/M° 1,9 1,9 7,85
Hiamerpu, MM 4-20 4-20 6-80

Kopo3iiina cTifikicTh
710 arpecCUBHUX Cepe-

Hep:xagitounii Ma-
Tepiai nepuioi rpy-
MY XIMIYHOI CT1H-

HepskaBirounii mate-
pian nepuoi rpynu

Pylinyetbcs 3 Bu-
JUJIEHHSIM TPOJTy-

JOBUIIL . XIMIYHOT CTIKOCTI KTIB KOpO3ii
KOCTI
TennonpoBiAHICTh TennonpoBigHa Ternonposigna |HeremonpoBigHa)
EnexTponpoBigHICTh JianexkTuk JlianexTuk EnexTponpoBigHa
o : .| ITo 6yniBensHUM
JIOBTrOBIUHICTb He menme 80 poxkis| He menmie 80 pokis IilgpMaM

[Topsa 3 OCHOBHOO, BaXKJIMBOIO ISl TPAHCIIOPTHOI 1HPPACTPYKTYypU XapaKTepu-
CTHUKOI0 — a0COJIIOTHOKO KOpO3iifHOI0 cTiiikicTio, FRP-apMarypa mMae Hu3Ky 1HIIHX
nepesar. [Ipore, HemonikoM Oa3zanmbToruiacTukoBoi apmarypu (BFRP) e HasBHICTBH
XapaKTePUCTHK, SIKI YHEMOXJIMBIIOIOTH 11 3aCTOCYBaHHS [JIsl 3THHAIOYMX HECHUX
€JIEMEHTIB TPAHCHOPTHUX cropyA. Jlo HUX ciia BIZHECTH MOAYJb mpyxkHocTi FRP-
apMaTypu, SIKUi € Maiike BTpUYl HIKYMN 32 MOJYJIb MPYKHOCTI CTall, Ta HEAOIyC-
TUMO HH3bKa MOKEKOCTIHKICTh MaTepiany (tadi. 1). Lle mpu3BOIUTH HE TUIBKH JI0
HaJMIpHUX MPOTHHIB, a 1 10 P13KOr0 3MEHILIEHHS HalpPy>KeHb B pO3paxyHKax 3a Tpi-
[IMHOCTIMKOCTICTIO.

Ha puc. 4 nokazaHo CriBBIJHOIIIEHHS HANpPYXeHb 1 aedopmaliiii pi3HUX BHIIB
komno3utiB FRP, BupoOmenux i3 cyminpHux BosiokoH ckia (GFRP), apaminy
(AFRP), syriemto (CFRP), 6aszansty (BFRP) ab6o xomoinarii riux matepianis (CFRP
HS, CFRP HM), y mopiBHsiHHI 3i cTtamto. Jliarpama “HanpyskeHHs 6-aedopmartii &
(puc. 4) [18] cBigunTh MPO KPUXKE pyHHYBaHHS KOHCTPYKIIii, apmoBanoi BFRP mpu
3HaYHOMY HaBaHTaXeHH1 Ha Hei. Cropy/Ja He CUTHaNI3ye NMPO BXOHKEHHS B MEPIINN



TPAaHUYHUN CTaH Ta PI3KO OOBATIOETHCS, MO OAraTopa3zoBO MiATBEPIKYBAJIOCH €KC-
NEPUMEHTATBHO B PI3HUX JOCTIDKEHHSAX. Y I[OMY TOJSTAIOTh OCHOBHI MEPENOHU
3acrocyBanHa FRP-apMaTypu y 3ruHatoumx HECHUX €JIEMEHTaX.

o [MPa] A
6000 — CFRP HS
BFRP
GFRP
/ Prestressing steel

I I > &[%]
4 5

Puc. 4. Cxemu “HamnpyxeHHS o-Aedopmariii €’ At CTEP’KHIB PI3HUX TUIIB apMa-
Typu [18]

HaBenennii NopiBHSUIBHUI aHaNI3 Jla€ MiJICTAaBH CTBEP/KYBATH 1110, YEPE3 HU3b-
Ki (Di3UKO-MEXaHIYHI XapaKTePUCTUKU 0a3ajbTOIIACTUKOBOI apMaTypd — MOIYJs
IPYKHOCTI Ta TMOXKEKOCTIMKOCTI, BOHA HE MOXKE 3aCTOCOBYBAaTUCh B KOHCTPYKIIISX
kiacy Hacniakie CC2. [Ipu4unHO0 BIIXWICHHS i€l apMaTypH € Te, 1110 TaKi KOHCTPY-
KIii MPAaIOITh B YMOBaxX JWHAMIYHUX MOBTOPHHX (IMKJIIYHUX) HABAHTaXEHb Ta
BIUTMBY MO>KJIUBOI MOXKEXI.

[Ipore, € 0UEBUIHOIO MPUHILIUIIOBA MOXKIIUBICTh 3aCTOCYBaHHS 0a3albTOIUIACTH-
KOBOi apMaTypH JUIsl ITUPOKOro KJIACy HECHUX KOHCTPYKIiM kiacy Hachiakis CCl,
TaKUX K TUIMTU HA TIPY>KH1i OCHOBI.

ToOto, BnactuBocti FRP-apMatypu TuM Kpaiili, Y4uM BUIIUMN BMICT BOJIOKHA, SIKE
3B’SI3YETHCS MOJIMEPOM. Y TOM K€ 4yac, HaAMIpHE BUKOPHCTAHHS BOJIOKHA B CTEPXK-
HSX NPU3BOAUTH JI0 3BOPOTHOTO €(EKTy uepe3 Te, 10 MOJIMEPHE B SKyde HE MOXKE
PO3MOBCIOJIUTUCH HA BCl BOJIOKHA 1 BOHM HE MOYMHAIOTH MPALIOI0Th CyMICHO. Bruius
JAHOTO BUJY apMyBaHHsI Ha HampyXeHo-Ie(popMOBaHUN CTaH KOHCTPYKI(i MOCTIB
noTpedye 10AATKOBOT'O TOCHIIKEHHS.

5. 2. locaigskeHHs TPAKTHUYHOIO 3aCTOCYBAHHS KOMIIO3UTHUX MaTepiaJiB y
SIKOCTI AapMYBaHHS JOPOKHHOT0 MOKPUTTS HA MOCTAX

FRP-apmyBanHs Oyno BukopucTaHo Ha coTHsX mocTiB y Kananmi ta CIOA. Li
MoCTH Oynu po3poOieHi, BukopuctoByroun Kanaacekuit Kom mpoekTyBaHHS aBTO-
mo6OipHEX gopir (CAN) a6o AASHTO LRFD Bridge Design Guide [19].

Hwxue HaBeaeHO pe3ysbTaTH AOCHixkeHb 3TiaHo npoekTy [20]. Mict «Sierrita
dela Cruz Creek» (puc. 5), po3ramoBanuii B 25 MUIAX Ha MIBHIYHUHN 3aXiJ Big Ama-
puio (mrar Texac). Bin 0yB mooymoBanwuii B 2000 porii /i 3aMiHM OPUTIHATBHOTO
MOCTY, SIKUi OyB CTPYKTYpHO HECIIpaBHHM, MaB 3HA4YHi TOUIKO/KEHHS, CIIPUYMHEH]
KOpo3i€ro crasieBoi apmatypu. lle mepmmii mict B mtati Texac, sskuii BIpOBaIUB
FRP-apMyBaHHS Ik KOHCTPYKTHBHE PILIEHHS MiABUIIEHHS JOBIOBIYHOCTI CHOPY/IH.



Jlauuii MICT MpaIfioe 3a TaKUX YMOB HAaBKOJHUIIIHHOT'O CEPEOBHILA: TETLIOBHI Jiamna-
30H Big 22 10 95 °F (-6 no +35 °C), HUKIN «MOKPO — CYX0», IIUKIIU «3aMOPOXKYBaH-
Hs — BIJITAalOBAaHHS» Ta BIUIMB COJII IPOTH 00JeaeHIHHI. FRP-apMyBanHs Oyio 3acrto-
COBAHO y BEPXHIH CITIIl apMaTypu B JBOX MPOJIbOTaX OETOHHOrO MOJIOTHA. BumyueH-
Hs1 OETOHHUX LUWJIIHJIPUYHUX 3pa3KiB BiOyocs y TpaBHi 2015 poky 3 MeTor0 aHami3zy
(bi3MKO-MeXaHIYHUX BIIACTUBOCTEH apMmaTypH (Tadi. 2).

Tabmurs 2

Cxitanosi FRP crepxwnis, Burotosiiennx B 2000 p. Ta 2015 p [21]

Jlia- | Pik Bu- | Bo- Cwmomna

MeTp | pOOHU- | JTOK- JloGaBka i HanoBHIOBaY | Kartamizatop

(vv) | wrsa | HO Bun Peuentypa

1 2 3 4 5 6 7
E- | Binine Ashland Hetron| Ctupon, ASP 400, P16 1a
- 0 .. _
16 | 2000 glass| dipna 922 (90 %), |BYK AS555 ta komnoin TBPB

8722 (10 %) | Huii TBOOKHC KPEMHIFO

Ashland Hetron| Crupoa, ASP 400,

18 | 2000 Elss B(il)‘iﬂﬁz' 922 (70 %), | BYK A555 a komoii- F}g;g
g P 8722 (30 %) | Hmii TBOOKKHC KPEMHIIO
16 | 2015 |;CR| Binine- | VEX10-962 1 00 ASP400 | BPO

glass| dipna CoRezyn

B GeToHHMX HMWIIHIPUYHKUX 3pa3kax Oyiv BUKOHaHHI BUMIiproBaHHS pH Ta riu-
OuHM KapOoHi3alli, mo0 oxapakTepusyBaTH XIMIYHE cepenoBuile B 0eToHi. Takox,
Oynu BHKOHaHI MIKpOCKOMiuHI nociimkenHs FRP-3pa3kiB Ta mexaniuHi BUIIPOOY-
BaHHSI JJI1 MOHITOPUHTY MOXJIMBUX 3MiH MIKPOCTPYKTYPH Ta MEXaHIYHUX BIACTHUBO-
cTel. 30kpema, ckanyroua eiektporna mikpockoris (CEM), eneproaucepciiina pe-
HTreHiBebka crekTpockomiss (EPC), MiximapoBuii 3CyB, TeMmIeparypa Mepexoay Y
ckionoaionuii ctan (Tg) Ta BMICT BoJIOKHA. Pe3ysibTaTi BUIIPOOYBaHHS MIXKIIIAPOBO-
ro 3CyBYy Ta BUMIPIOBaHHS BMICTY BOJIOKHA MOPIBHIOBAJIUCS 3 pe3yJIbTaTaMU aHAJIOT1-
yHUX BUNpoOyBaHb, BUukoHaHuX y 2000 pori Ha MomeHT OyaiBHUIITBA. OCKIIBKH HE
OyJ0 JoCTynHUX icTopuyHuX nanux ainsa aHanizy EPC 1 Tg, ui BunpoOyBanHs Oynu
nposeneHi Ha FRP-crepxxusax, Burotosnenux B 2015 poiri TM ke BUPOOHUKOM, 11100
CITY’)KUTH €TaJIOHOM JIJIsl TopiBHsHHS (Tadu. 3).

Pesynbratu BUnpoOyBaHHsS Ha TOPU3OHTAIBHHM 3CYB B3SITHX 3pa3KiB apMaTypu
MiATBEPIKYIOTh, 110 FRP-maTepianu 36epiranu cBOIO MIKpOCTPYKTYPHY IUTICHICTS 1
MEXaHIYH1 BJIACTHBOCTI micisg 15 pokiB eKcrulyaTallli B MOJIbOBUX yMoBaxX. Mikpo-
CKOMIYHE JOCTIIKEeHHS He BUsBWIO pyiiHyBanHs FRP-apmatypu. Bonokna He BTpa-
YaJIi KOJHOI TUJIOIII MOTIEPEYHOTO MEPETUHY, MaTpuilsl Oyiia HEYIIKOIKEHOK 1 Ha
BOJIOKOHHO-MAaTPUYHIM TPaHUYHIN MOBEPXHI HE CIIOCTEPIranocs MOUIKoIKeHb. JJoaa-
TKOBO, TPaHW4YHA TTOBepXHs Mixk 6eToHoM 1 FRP-apmaTyporo Oyna y Hale:xxHOMY cTa-
HI 1 BTpAaTH MIXIIOBEPXHEBHX 3B'SI3KIB HE CITOCTEPIrajocs.




a | '.

Puc. 5. Micr «Sierrita dela Cruz Creek», Amapimno, Texac: a — 3aradbHUNA BUTJISA
cranoM Ha 2015 pik; 6 — BHamTyBaHHS KOMIIO3UTHOTO apMYyBaHHS JOPOKHBOTO MOK-
purts [20]

Tabmnis 3
PesynbraTt BUNpoOyBaHHS Ha TOPU3OHTAIBHUI 3CyB, BUKOHAHHMX Jjisi HOBUX FRP
CTEp>KHIB pi3HUX po3MipiB B 2015 p.

Hosxu- | Homina- No HaBantaxkeHHs Ha po- | MixIiiapoBa MillHICTb
3 Ha TIpo- J.ILHI/II‘/JI 3pa_3— 3puB Ha3CyB
aeoty | miamerp | . |Cepenne | Koedimient |Cepenns| KoedimieHnt
(M) (mv) | < | (H) | Bapiamii (%) | (MIIa) | sapiarii (%)
FRP No 4 1,5 14 5 8838 2,4 46,6 2,4
FRP No 5 | 1,875 16 5 12390 2,5 41,8 2,5
FRPNo 6 | 2,25 18 5 20493 3,6 47,98 3,6
5.3. Po3podka  meToqy  BH3HAYEHHH  KOMIIOHEHTIiB  HaNpPyKeHO-

neGOopMOBAHOIO CTAHY CUCTEMHU «IOPOKHIN OASAT — IIATA)

JIOpO’KHE MOKPUTTSA MOCTIB SIBJISIE COOOIO IIapyBaTy KOHCTPYKIIIO Ha MPYKHIM
OCHOBI, 1[0 MO>XHa BIJHECTH J0 KJacy KyCKOBO-HEOJHOPIIHUX cucTeM. BigMinHa
pHuca TaKUX CHCTEM IMOJISTAE B CHUIbHIA pOOOTI JOPOKHBOTO MOKPUTTS 3 MJIUTOIO Ta
MPOTrOHOBOIO 0Yy/10BOIO MocCTy. [IpoTe, He 3aBKAM MOKHA BU3HAUUTH, 10 AKOI YaCTH-
HU KOHCTPYKTHUBHOI'O €JIEMEHTY MOCTY MOHa BITHECTH TOW UM 1HIIUH 1I1ap.

TakuM 4MHOM, BUHMKAE HEOOXIHICTh BUPIIIECHHS 3a7a4l PO3pPaxyHKy CHUCTEMHU
«JIOPOXKHIN OJAT — MIIMTa» MPOi3HOT YACTUHHU MOCTY, SIKa CKJIAAEThCS 13 IIAPIB 3 Pi3-
HUMHU (DI3UKO-MEXaHIYHUMU XapaKTepUCTUKaMHU. BupileHHs 1aHoi 3a/1a4ui MOKIIUBE
3a JOMOMOTOI0 METOAY aHalli3y KOMIIOHEHTIB HampyKeHO-1e(pOpMOBAHOIO CTaHy,
KU 0a3yeTbcs Ha PO3PAaXyHKOBUX 3aJIEKHOCTAX TEOpli 3rHHY LIapyBaTUX KOHCTPY-
KIIil Ta Teopil MPY»KHOCTI IS OI[IHKK MIIIHOCTI MaTepiaiiB KOHCTPyKITii [14].

MeToa BHU3HAUEHHS HAIPYXEHO-Ie(POPMOBAHOTO CTaHy KOHCTPYKIII JTOpOX-
HBOTO OJSITY MOCTIB JIOIITFHO BIAOOPA3UTH Yy BUTJISAL MOJIET, siKa Tiepe1dayae 4yoTH-
pH BapiaHTH PO3pPaxXyHKOBUX CXeM KOHCTPYKIii (puc. 6).
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Puc. 6. Monienb po3paxyHKy JOpPOKHBOTO OJISTY, apMOBAHOTO KOMITO3UTHUMH MaTe-
piamamu

AHamizyerbes podoTa JOPOKHBOTO OJSTY Y CIUTFHOMY HaKeTi 3 KOHCTPYKIIIEO
MIPOTOHOBOI OYIOBM MOCTY y MPY>KHIM CTajii Ta BIAMIAPOBAHOTO BiJl IUIUTH IO TIOBE-
PXH1 Or0 KOHTAKTY.

Jlig aHamizy HampyXeHO-Ae(pOpMOBAHOIO CTaHy KOMIIO3UTHOI IJIUTH MPOI3HOT
YaCTUHU MOCTY Ha METaJIEBUX MPOrOHOBUX OyJ10BaxX JOI1IbHO BUKOPUCTOBYBATH Me-
TOJ CKIHUCHHMX €JIEMEHTIB, Ha OCHOBI SIKOI'O Peai30BaHO OUIBIIICTh OOYMCITIOBAIb-
HUX MPOTPAMHUX KOMILIEKCIB. CUCTEMA «IOPOKHIN OJAT — IUITUTa» MPOi3HOI YaCTHHU
MOCTY € JUCKPETHOIO, II0 CTBOPIOE MEPEAYMOBU IO 1i MOJETIOBAaHHS CKIHUCHUMH
eJIeMEHTaMU 00O0JIOHKH HYJIbOBOT KpUBH3HU [22].

Cucrema «IOpOXHIN OAAT — IUTUTa» MPOI3HOT YACTMHU MOCTY BHU3HAUAETHCS
CKIHYEHO-EJIEMEHTHOI CXEMH BY3JIiB 3 KpokoM a (puc. 7).

3rimHo 3 [23] HEOOXiIHO BU3HAYUTH YTOYHEHI MPOTHHHU B TOYKAX CHUCTEMH «J0-
POKHIM OAAT — IUIUTa» MPOI3HOT YACTUHU MOCTY'

q D, M +M, )
Wacc= 2 . . )
D A DglkDgl(uve,)J

gl

1)

1ie  — HopMaJbHE HaBaHTA)XEHHsI Ha 30BHIINIHIN MTOBEPXHI IIApPy CUCTEMU;

Dy1 — IMIIHAPUYHA )KOPCTKICTh MaKeTy mmapis, ge[1, 2];

Dygs — ’KOPCTKICTh B3a€EMOBILIMBY 3THHY Ta 3CyBY MaKeTy miapis, ge[1, 2], se[1-3];

A — oniepatop Jlamaca;

My Ta My — 3Hau€HHS MOMEHTIB y IUIUTI, 3HAHJICH] 3 PO3paxXyHKy MPOCTOPOBOI
CHCTEMU;

Vel — ipuBeAieHn koeditieHT [lyaccona.
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Puc. 7. CkiHu€HO-eJIeMEHTHA CXeMa BY3JIiB CUCTEMU <«JIOPOKHIN OJST-TUIUTA MPOi3-
HOI YaCTUHU MOCTY

JXKopcTKicTh B3a€EMOBIUIMBY 3TMHY Ta 3CYBY ITAKETy IIapiB BU3HAYA€ThCA 3a (o-
PMYJIOHO:

Dy = | Enn-800(2)- 9,0 (2)0k, 2)

n-1

ae hp — ToBIIMHA APy N B CUCTEMI «IOPOKHIH OIAT-IUIATA,;
Eon — mpuBeaeHui MOIyIIb PY;KHOCTI JUIS Iapy N;
9gn(2), 9sn(2) — 3amani GyHKIIT po3MONLTY TEPEMIIIIEHb 32 HAPSIMKAMH BEKTOPIB.
[TpuBeneHnit MOTYJIb TIPYXKHOCTI IS IIapy N BU3HAYAETHCS 3a POPMYIIOF0:

E,, =—" 3)

ne Vn — koediuient [Tyaccona mapy n.
[uniagprdHa )KOPCTKICTh MAKETY MIapiB BU3HAYAETHCS 32 (DOPMYIIOHO:

h, BZ
2
Dglzhj E,, -Sln(z)dz+Eg, (4)

n-1

ne By, B — xoediieHTH, K1 € y3arajJbHIOIOUNMHU (PI3UKO-TEOMETPUYHUMH XapaKTe-
PUCTUKAMH TTAKETY IMIaPIB.
Dyukitist 94n(2Z) po3moaiiay nmepeMilieHs 3a HalpsSMKaMH BEKTOPIB Ma€ BHUTIIS:



Sgk(z):—j l:.[ EOnzdz+i]L EOrzdz}dz+c -c,, (5)

hy_1 r=1n,._

ne G — MOIyIIb 3CYBY [UISl TPAHCBEPCAIBLHOTO HAIIPAMKY;

Eor — npuBeaeHuit MOAY/Ib PYKHOCTI 171 mapiB re[l; n—1];

Cp, Cn — IMOCTIIHI IHTETPYBaHHS.

3a pesynbTaTamMu psALy ITepaliid MOXKHA OTPUMATH TMOCTIHHI 1HTErpyBaHHS 3
YMOB KOHTaKTy IIapiB B MaKeTI:

1 | 2E pt
CP = ZG' |: 3Op h:;—l - Z EOr (hr2 - hrz—l)hp—l:| +
r=1

h3 p-1 r-1 ES
+ZZG{3 h2 +— h3 :|+ ( ) (hr—hr_l),

r=1 r=1 s=1

(6)

e Gy — MOZyJIb 3CYBY IS TPAHCBEPCAILHOIO HANPIMKY IHapy P;
Eop — mpuBeeHuii Moaynnb Npy>KHOCTI JUIs Wapy n;

R AL T e L

r=

ne Gy — MOZyIb 3CyBY JUIS TPAaHCBEPCAILHOTO HANPAMKY JuIst mapis Fe[1; n—1].
B ocrarounomy Burmsiai GyHKIis gn(z) HaOyBae BUTIISAY:

e [2 2.1
Sgn(Z): ZG |:€_h2—1 3 1:|_

n-1 E )
_r—12—C()S"(hr2 _hrz—l)’(z_hn—l)+cp —Co-

(8)

n
KoMroneHTr TeH30py HampyXeHb BHU3HAYAIOTHCS BPAXOBYIOUM MMOXIAHI Bif

3HaMIEHNX (YHKIIH TPOTHUHIB Waee Y BY3J1aX PO3PAXYHKOBOT CXEMU CHUCTEMU «II0PO-
KHIW OJIAT — IUTUTay» MPOI3HOT YACTUHU MOCTY:

5(12)(2) = Ey, [(811 + 822Vn) + (nﬁ) + n(zsz)vn)‘gsn(z)}
(5(;2)(2) = Eq, [(Sllvn + 822) + (ﬂﬁ)\’n + n(zsz))‘gsn(z):|’ (9)

0(12)(2) =B, (1_ Vn)'(glz + n(lsz) ' 85”(2))’

ne €, N — aedopmaliii KOOpIUHATHOI TOBEPXHI.



B 3arampHOMY BUNaaKy BUpa3 UId NONEPEYHUX JOTUYHHUX HANPYKEHb IPU
g=1,2 BU3HA4Ya€THCS HACTYITHUM YHHOM:

o (2) =&, fu(2), (10)

ne &g — QyHKIis 3cyBy, te[1, 2, 3];

fin(2) — yHKIIS pO3MOALTY JOTHUYHUX HAMPYKEHB 110 HOPMAJII.

®OyHKIlIA PO3MOAUTY TOTUYHHUX HAMPYXKCEHb 10 HOPMaJli fin(Z) BU3HAYAETHCA 32
HACTYITHOIO ()OPMYIIOI0:

(2 n-1 fy ) Eon /o2 12 = E, 2 2
o ( U‘ EOnzdz+z.[ EOerZJ 2”(2 —hn1)+§ 2f .(hr —hrfl). (11)

_1h

Jledopmartii koopauHATHOT TTOBEpxHi (€, 1) BU3HAYAIOTHCSA 33 METOJOM CKiH-
YCHHHX Pi3HUIIb:

W, — 2W, + W,

€ =W, =— azg o (12)

A€ W — HOpMaJIbHE HepeMiIHeHHH KOOpIII/IHaTHOI HOBCpXHi.

(W +w ) — (W + W3).

€ =—W,=— I (13)
W, — 2W, + W
€y = —Wy, = —— 29 < (14)
(04
Thl ==&, = g — 2%9 *s . (15)
(04
1']12 =—C,= <§8 i &1)4_ géﬁ ’ ‘:3) (16)
(04
1122 ==& = &.. — zgzg e . (17)
(04

[ToxiaHi PyHKIIH EpeMIIIeHb Ta 3CYyBY MTO3HAYEHI LITPUXOM.
HactynHum erarom po3paxyHKy € BHU3HAYEHHS FOJIOBHUX HAIPYKE€Hb Ghi, Oh2,
Oh2, IO € KOPCHSMU KyOI4HOTO piBHSAHHS [24]:

o, —lol+1,6,—1,=0, (18)



ae |y, Iz, I3 — xoedimienTr KyO14HOTO PIBHSIHHS, TaK 3BaHl IHBapiaHTU HAMNPY>KEHb.
Koedinientu ¢popmyiau (18) BU3HAYAIOTHCS 32 CHCTEMOIO PIBHSHb:

l, :|611+022|’ (19)

(0} (0} (6} (6} (0} (0}
11 12 11 13 22 23
+ +

|
2
Gy Oyl |04 O Gy O

MiuHicTh apMaTypu OLIHIOEThCS 3rigHO [V Teopii:

v

1
O¢ = ﬁ\/(chl - Ghz)z + (Ghz - Gha)z + (Gh3 - Ghl)z <R}, (20)

ne Ry — po3paxyHKoBuii oOmmip Marepiany, SKMI BU3HAYAETHCS 32 BUPA3OM:

R,=R,-m-B, (21)

ne Rp — omip matepiainy;

B — xoedili€eHT, III0 BpaxOBY€ HAIWHICTh KOHCTPYKIIIT;

M — Koe(IIIEHT, IO BpaxOBYye YMOBH POOOTH.

MeTon BHU3HAUEHHS HaAMpPyXEHO-AEPOPMOBAHOIO CTAaHy CHCTEMHU «IOPOXKHIN
Ol — IUIMTA» IMPOI3HOI YACTUHM MOCTY 3@ CBO€I0 MAaT€MATUYHOK OCHOBOIO € JIBO-
BUMIPHHUM, OCKUIbKM BCl IIyKaH! (PYyHKIIi BU3HAUEHI (PYHKIIAMH KOOPJAWHATHOI IO-
BepxHi. TakuM YMHOM, 3aCTOCOBAHUN METOJ] TO3BOJISIE 3BECTH TPUBHUMIpPHY 3a/ady
TEopii NPY>KHOCTI 10 IBOBUMIPHOI.

B nopanbiioMy BUKOHYETHCS MEpeBipKa MIITHOCTI MaTeplajiiB B KOXKHOMY LIapi
JOPOKHBOTO OJSTY MOCTY.

5.4. Bu3HaYeHHs1 KOMIIOHEHTIB Hampy:KeHO-1e()OPMOBAHOI0 CTAHY KOHC-
TPYKUII JOPOKHbOTO OASITY MOCTIB

[TepeBaxkHa OIIBIIICTH MOKPUTTIB aBTOMOOITFHUX JOPIT HA MOCTaX MoOya0BaHa
3 BUKOPUCTaHHSIM ac(albTOOETOHHOTO MOKPUTTS, HECHA 3aTHICTh SIKMX CTaHOBUTH
ue Ooueie 115 kH (11,5 T) Ha Bich, a 3aranbHUE MOy TpykHOCTI — 10 300 MI]a.
HaBantaxxenns Big 13 T Ha Bich BUMarae 30UTbIIIEHHS 3arajJbHOTO MOJIYJISI TIPY>KHOCTI
1o 390-400 MIla. HanpyxeHHs1 B I1apax AOPOKHBOTO MOKPUTTS MPH IEpeBaHTa-
*eHH1 Moxe nocsiratu 7,0—7,5 Mlla, mo B 2,5-3,0 pa3u nepeBulirye Mexi MIIHOCTI 1
3CYBOCTIMKOCTI 3BHYaiHOTO acdanbToOeToHy. s BUpilleHHs I1i€l nmpoOaeMu mpo-
MOHYETHCS 3aCTOCOBYBATH CIELIAJIbHI TEXHIYHI PIIICHHS [25], TaKi IK BUKOPUCTaHHS
IIEMEHTOOCTOHHOTO TTOKPUTTS, B TOMY YHCJIi 3 KOMIIO3UTHUM apMYyBaHHSM.



JIyisi BU3HAYCHHS HAMPY>KCHHSI B IIapax KOHCTPYKIli JOPOKHBOTO 0Ty OYI10
PO3IIISIHYTO JIBi TUIOBI KOHCTpPYKIi (puc. 8). JIopoKHE NMOKPUTTS BIAIITOBAaHE Ha
311300€TOHHIN TUIMTI MPOi3HOT YacTHHU MOCTY. IIpu 11bOMY pO3TIISIa€ThCS CyMicHA
po0OoTa IUX JBOX CIEMEHTIB.

110

110

min 30

| min 30

Puc. 8. KoHCTpyKIIisl JOPOKHBOTO OAATY Ha 3ai300€TOHHIN miuTi: 1 — riemeHTooe-
TOHHE TIOKPUTTS; 2 — T1PO130JIAlLlisl; 3 — BUPIBHIOOYHIA 11ap; 4 — TUIMTa MPOI3HOI Yac-
TUHH MOCTY. a — 3 T1APOI30JIIIi€I0; 6 — 63 T1ap0oi30sIii

3anpornoHOBaHU METOJT BUBHAYEHHS HAINPYXKEHO-1e(hOPMOBAHOTO CTaHy KOHC-
TPYKIIi TOPOKHBOTO OJIATY MOCTIB aBTOpaMu OyJsi0 peasizoBaHo B nporpami Mathcad
(CILIA) Ta BUKOHAHO PO3pPaXyHOK JJISl IIEMEHTOOCTOHHOTO MIOKPUTTSI 3 KOMIIO3UTHOIO
apmatypoto. [IporoHoBa 0yoBa 0alo4HOr0 TUIY B ONEPEUYHOMY HANPSIMKY CKJIaja-
€ThCS 3 4-X BUTbHO oOmepTux Oanok. [imtu 3anpoektoBani 3 6eToHy Kinacy B35.

B pesynbrari po3paxyHKy OTpUMaHi 3aJIeXKHOCT1 PO3IMOIJICHHS HOPMAJIbHUX Ta
CKBIBAJICHTHUX HANPyKeHb 110 BUCOTI TOPOKHKOTO 01Ty (puc. 9-11).

Pe3ynbpratu OoTprMaHUX HAIPYK€Hb 32 3alpPOTIOHOBAHMM METOJIOM Ha BEPXHIX
Ta HWKHIX MOBEPXHSX MIAPIB JOPOKHBOTO OASATY MOCTY 3BeZ€H1 B Ta0I. 4.

—0.117
—0.068
—0.019
0.031

z 0.08
0.13

0.179

0.228

0.278
— 3415 2924 9.263  15.602 21.941  28.28 34.619 40.958  47.297

Ozag

Puc. 9. Xapakrep po3noiiry HOpMaJIbHUX HANPY>KEHb B KOHCTPYKIIIi IOPOKHBOTO
OJIATY Y CHIJIbHOMY IMAaKETI1 3 TIUTOI0
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Puc. 10. XapakTep po3noiny HOpMaIbHUX HAMPY>K€Hb B KOHCTPYKIIii JOPOKHBOTO
OJISITY 3 BUIbHUM MEPEMIIICHHSIM
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0.03109 0.4795040745
0.04546 0.4879708856
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~054—011 032 075 118 161 204 248 291

Gekv.DO

Puc. 11. Xapakrep po3nojiny yTOYHEHUX €KBIBAJICHTHUX HANPYKEHb B KOHCTPYKITIT
JIOPOKHBOTO OJSITY 3 BUIbHUM MEPEMIIICHHIM

Tabmnis 4
PesynbpTatu po3paxyHKy EMEHTOOETOHHOTO JIOpOKHKOTo 0/sry 3 BFRP apmyBanHsIM

p ExBiBasIeHTH1 HanpykeHHd B mapax, MIla
C ospaxyr- JlopoxHiit oar y criinib- | JIoposkHiit oA 3 BiIb-
TPYKTYPa OVATY, XApaKTepH= | KOBHH OTHip HOMY ITaKeTi 3 TUIUTOI0 HUM TIepEeMIlIICHHSIM
CTHKH IIapiB pO3TATY Bepx s Bepx s
o M2 | rapy mapy wapy mapy
L1b, h1=3 cm, E1=30000 MIla 3,0 —0,544 —0,377 —0,544 0,504
Apmarypa d=0.4 cm, | Cranb 265 13,950 13,926 8,364 8,311
h,=0.01508 cm BFRP 600 2,697 2,693 1,432 1,421
BinHomienHs, pasis - 5,17 5,17 5,84 5,85
LB, h3=7.98492 cwm,
E+=30000 MITa 3,0 0,377 -0,201 0,504 2,906
Iapoizossis, ha=0.5 cm,
E,=2000 MITa 1,3 - - 0,479 0,488




JlocipKeHHs OTPUMaHUX PEe3yNbTaTiB BKa3ylOTh, IO MIIHICTh Y HUXHIN Yac-
THHI JOPOXKHBOTO OJSTY 3 BUJIBHUM NEPEMIIICHHSIM HAOMMKeHa 10 TPaAaHUYHOI MPHU
IIJICUJICHH] Moro y BepxHid yactuHi. Lle Bka3ye, mo mis eheKTUBHOI poOOTH KOHC-
TPYKIii, JOPOXKHIA OJAT MOTPIOHO BIAIITOBYBATH 3 ypaxXyBaHHSIM HOro poOOTH Yy
CHUJIbHOMY MAaKETI 3 TUIUTOIO.

3 MeTOI0 MEepeBIPKH 3aMpPONOHOBAHOIO METOY OYyJ0 3MOJENbOBaHa MOCTOBY
KOHCTPYKIit0 y nporpamHomy komruiekci ANSYS. Jlnga mMonpentoBaHHST BUOpaHMiA
iHTerpaneHuii enemMent Solid65 mis moOyaoBu OETOHHMX OaJIOK MPOTOHOBOI OyI0BU
Ta TIUTH. BHYTpIimHSA apMaTypa IIUTH IPOTOHOBOI OY/I0BU MOCTY OyJia 3MOJENhO-
BaHa 3 BUKOPUCTAHHSAM iHTerpaigbHoro enemenrta Link180 (puc. 12) [26].

[TopiBHSHHS pe3yJbTaTIB PO3PAXYHKIB 3a 3aIIPOITOHOBAHUM METOJIOM Ta 3 BUKO-
pucTaHHsAM TporpamMHoro komrmiekcy ANSYS mokasyroTh, 10 Hampy>KEeHHS, K1 BU-
HUKAIOTh B JIOPOKHBOMY OJIs131, MalOTh CHiBBiHOMIEHHS 1,13, TI0 TOBOANUTH TOCTOBI-
PHICTh OTPUMAHUX MAaTEMAaTUYHUX 3HAYCHbD.

[ImuTa npoizHoi
YaCTUHHU MOCTY

30,6 m

banku mporonosoi
OyZ0BU MOCTY

Imitamis onop
Puc. 12. ITpukian 3M01€JIbOBAHOT0 PEATIBHOTO MOCTY 3 BUKOpUCTaHHSA FRP-
apMyBaHHS [26]

6. OOroBopeHHs pe3y/bTaTiB anpoodauii MeToAy BU3HAYEHHSI HAIPYKEHO-
ne()OpMOBAHOI0 CTAHY KOHCTPYKIUIl IOPOKHBOI0 OJASTY MOCTIB

[TpoBeneHe MOCIIIKEHHS CTaHY TOKPHUTTIB aBTOJIOPOXKHIX MocTiB (puc. 1-3)
J03BOJIMJIO BU3HAYUTH MPOOJIEeMHU 3a0€3MeUeHHsI JOBIOBIUHOCTI KOHCTPYKLIM, 5K B
nepeBaXkH1 OUTBIIOCTI MOJIATAIOTh B KOPO3IMHUX TPOIlecax METaleBOi apMaTypH.
Jlyist BupiteHHs: 1aHoi nmpoOjieMy MPOTIOHYETHCS BUKOPUCTAHHS KOMITO3UTHOI FRP-
apMaTypH, sika Ma€ Kparili MIITHOCTHI XapaKTepUCTHUKU Ta CTIHKa O arpeCUBHUX Ce-
penosui (Tadu. 1, puc. 4).

AHai3 IpakTUYHOTO 3aCTOCYBaHHS B pealibHUX yMoBax FRP-apmatypu minTse-
pmxye, mo FRP-matepianu 306epiratoTb CBOIO MIKPOCTPYKTYPHY HUTICHICTh 1 MEXaHi-
YHI BJACTHBOCTI MICIIA JOBrOTpHUBajOi ekcrutyaraiii (tadsm. 3). Ile moBoauTh, 110
FRP-apMatypy Mo’kHa BUKOPUCTOBYBATH B SIKOCTI apMyHYOro maTepialy B AOPOK-
HbOMY OJI5131 MOCTIB.

Po3po0sieH0  1HXKEHEpHUN METOJI BU3HAUYEHHS KOMIIOHEHTIB HaIlpy>KEeHO-
neOpPMOBAHOTO CTaHy CUCTEMHU «JAOPOXKHINA OAsr — IIMTa» 3 apMyBaHHsM BFRP-



apmaryporo (puc. 6). Ha Bigminy Bix Tpagumiiiaunx meromi [14, 22, 24], ne 3anada
OIIIHKM HaIpyKeHO-1e(OPMOBAHOIO CTaHy BHUpIIIEHa Ha OCHOBI YHIBEpCAIbHUX TEO-
PETUYHHUX MOJIENeH, po3poOJeHU METO/ PO3pPaxyHKY J1a€ MOXJIMBICTH BpaxyBaTH
fioro poOOTy y CHUIBHOMY MAaKEeT!I KOHCTPYKIIT 3 TUINTOI0. Takoxk 3a JaHUM METOJIOM
MO>KJIMBO BU3HAUYUTU POOOTY OKPEMO BIIIAPOBAHOTO JOPOKHBOTO OSTY BiJl TUIUTU
POroHOBOiI OynoBu MocTy. [Ipu po3poOiii MeToy po3paxyHKy BpaxoBaHl pO3paxyH-
KOBI 3aJIC)KHOCTI TeOpii 3ruHy IIapyBaTUX KOHCTPYKIiH (1), a Takok BHKOPHUCTOBY-
BaJIMCsl YTOYHEH1 MOTNEepeyHi HOpMaJibH1 HaIlpy>KeHHs BiJ oOTUCHEHHs mapiB. [lome-
peuni noruuHi HanpyxeHHs (10) Bu3HayeHi 3 BpaxyBaHHsIM nedopmartiii 3cyBy. Js
OLIIHKU MIITHOCTI MaTepianiB KOHCTPYKLIM BHUKOPHUCTOBYBAINCA 3aJIEKHOCTI TEOPii
npyxHocti (20), (21) Ta ocobnmBOCTI poOOTH KOMITO3MUTHHUX MartepiamiB (tadm. 1),
10 BXOJIATH J0 HIApyBaTUX KOHCTPYKIIIH MPOrOHOBUX OYy/IOB 1 JOPOKHIX OJISTIB.

[IpoBeaeHnii MaTEMaTUYHHUI €KCIIEPUMEHT Ha MPUKIAAl KOHCTPYKLII MPOTOHO-
BOi OyZI0BM MOCTY MpH apMyBaHHI siK ctajieBoto, Tak 1 BFRP-apmaryporo, nokasas
PO301KHICTE y =1.4 pa3iB MK KJIACUYHHUM M1IX0J0M J0 PO3paxyHKy Ta po3poOJieHu-
MU METOJOM. Pe3ynbTaTu aHallizy OTpUMaHUX MPOTHHIB MIATBEPKYIOTH IOIIIb-
HICTb BpaxyBaHHS AedopMalliil 3CyBY ITUT IPOrOHOBUX OYI0OB MOCTIB.

ExBiBaneHTHI HaNpy»XeHHS y BEPXHIA YaCTUHI I1apy IEMEHTOOETOHHOTO JIOpPO-
KHBOTO OJIATY 0€3 apMyBaHHS MPU CHUIBHINA pOOOTI 3 MIIUTOIO JIOCATAIOTh TPAHUYHO
normycTuMux 3HadeHb 0m3bko 3,0 MIla, o Bkasye Ha HOro poOOTy Ha MEXi CBOET
MirHOCTI. JJ1s 3a0e3nedeHHsT MIITHOCTI Ta €KCIUTyaTalliiHUX XapaKTePUCTUK € JOIli-
JHHUM apMyBaHHS BEPXHBOTO HIAPY TOPOKHBOTO OJIATY.

Kopctkuit qopoxHii oaar 3 komno3utHoro BFRP-apmartyporo, sikuii mpaiitoe B mo-
BHOMY KOHTAKTI 3 IUTUTOO (SIK CyIIbHA KOHCTPYKIIis) Mae B 10 pa3iB MeHIIN eKBiBaJICHT-
Hi HaNPy>XEHHS B [IapaxX HOK TOKPUTTS 3 BUIBHUM miepemitieHHsM (puc. 9-11, tad. 4).

Po3pobiniennii MeTo nepeBipeHo Ha aJIeKBATHICTh 3a JOIMIOMOTOI0 PO3PaXyHKIB y
nporpamHomy Komruiekci ANSYS. 3a pesynbraramu BU3HAYeHHUX jaeopMaliii mpu
0o0paxyHKy 3a po3poO0JIEHUM METOIOM Ta PO3PaXyHKOM B IPOTPaMHOMY KOMILIEKCI
ANSYS nng niauTe apMOBaHOK METAJIEBOI0 apMaTypor0 PO301KHICTH BiJHOIICHb
nporuHiB craHoBuia 1,07 (puc. 12). Otpumana po30iXKHICTh 3HAXOIUTHCS B MEXKax
JOIyCTUMOI MOXUOKH Ta BKa3ye Mpo aJeKBAaTHICTh 3alPONOHOBAHOTO METOJY po3pa-
XYHKY apMOOETOHHUX KOHCTPYKTUBHUX €JIEMEHTIB.

BusznaueHi ocoOIMBOCTI po3paxyHKy MOXKYTh OYyTH BUKOPHUCTaHHI B MPOEKTY-
BaHHI JIOPOXHBOTO OJATY HOBHX MOCTIB, KalllTaJbHOMY PEMOHTI a00 pEKOHCTPYKIIIi
ICHYIOUYHX.

OOMexeHHSIMU 3aCTOCYBaHHS TaHOTO METOAY € Te, IO MPHU MPOBEACHHI po3pa-
XYHKIB He OepeThCsi [0 YyBaru BIUIMB TEMIEPATYPHUX 3MiH Ha HaIpyXeHO-
ne(hOpMOBAHHM CTaH KOHCTPYKIIII.

[Tomanbii JOCHIIKEHHS HANPYKEHO-1e(OPMOBAHOTO CTAHY JOPOKHBOTO OJIATY
MOCTIB HEOOX1HO 3/11MCHIOBATH y HANpsSMKY YTOUYHEHHS HallpyXEeHb 3 ypaxyBaHHSIM
BIUTMBIB TEMIIEPATYPHUX 3MiH Ha HAMPyKEHO-Ie(POpMOBaHUN CTaH KOHCTPYKIIII.

7. BUCHOBKH
1. OcHoBHUM HENOIIKOM (YHKITIOHYIOUMX KOHCTPYKIIIH € KOpPO3iiHi MPOIeCcH B
MeTaneBiit apmarypi. [IpoBeaeHi Bi3yanbHi, TEIUIOBI31MHI Ta IHCTPYMEHTAJIbHI 10CIi-



JOKSHHS TOKa3ajau MpoOJeMu pyHHYBaHHS IIEMEHTOOETOHHOTO MOKPHUTTS Ta BifIia-
pYBaHHS 3aXMCHOTO IIApy METAJEeBOi apMaTypu IUIMT MPOi3HOI YACTUHU BHACIHIIOK
nepeBaHTaKEHHsSI MPOTOHOBUX Oy/I0B MOCTiB. BeTaHoBneHo, 1m0 €(heKTUBHUM BUPI-
IICHHSIM BHU3HAYEHHUX MPOOJIEM € 3aCTOCYBaHHS B SIKOCTI apMyBaHHS KOMITIO3UTHOI
FRP-apmatypu. OCHOBHMMM TiepeBaraMu HEMETAJEeBOi apMaTypu € Te, IO ii Mill-
HICTh TIPH PO3TATY B 2—3 pa3u BUIIA HIXK Y CTajeBOi, a KOeDIIIEHT JIHIHHOTO PO3IITH-
peHHs — HWk4e y 1,25 pasu. [Iutroma Bara FRP-apmatypu B 4 pasu MeHIa, 1o Iij-
BUIIYE€ HECHY 3/IaTHICTh KOHCTPYKIIIi B IIJIOMY.

2. BcranoBneno, mo FRP-marepianm siki BUKOPHCTOBYBAJUCS Y SIKOCTI apMy-
BaHHSI 30epiraju CBOI MIKPOCTPYKTYPHY IUTICHICTh 1 MEXaHIYHI BIACTHUBOCTI MIiCIIS
JTOBrOTPHUBAIOl eKCIuTyaTarii MocTy. J{ogaTkoBo OyJ10 BCTAaHOBJICHO, IO MIKIIOBEPX-
HEeB1 3B’s3kH MK OeToHOM 1 FRP-apmaTyporo 3Haxomuiauck B 3aOBIILHOMY CTaHi.
JlaH1 BUCHOBKH € NIEPEAYMOBOIO JIJIsl 3a0€31eYeHHS] MILIHOCTHUX XapaKTEPUCTUK KOH-
CTPYKIIi1 MpH ii TOBroTpuBaiiii excruryaraiii. [le oOrpyHTOBY€ETHCS THM, 1110 3aBISKH
CTIHKOCTI JI0O arpeCUBHUX CEPEOBHUII BUKIIOUAIOTHCS OCHOBHI HEIOIIKA BUKOPHUC-
TaHHS METAJeBOi apMaTypH, 110 IPU3BOAUTH 0 30UIBIICHHS €KCILTyaTalliiHOTO Tep-
MiHy MOCTIB B 1,2 pa3u.

3. Po3pobiienunii MeTo1 BU3HAUCHHS KOMITOHEHTIB HAmNpyXKeHO-/1e(OopMOBaHOTO
CTaHy CUCTEMU «JIOPOKHIM OJISAT — IJIUTA» J03BOJIIE BpaxyBaTH poOOTY JOPOKHBOTO
OJIATY K Y CHUIbHOMY MaKeTl KOHCTPYKIIiil 3 MJIUTOI0, TaK 1 OKPEMO — IPHU HOTO BiJ-
IapyBaHHI BiJ TUIUTH IPOTOHOBOI Oym0BH MOCTY. JlaHuii MeToa mpoMIIoB ampooda-
IIf0 32 PaXyHOK YHCJIOBOTO €KCIEPUMEHTY, IO MIATBEPAUB HEOOXIAHICTH BUKOPHC-
TaHHS KOMIIO3UTHOTO apMyBaHHS y BEPXHIX MIapax JOPOXHBOTO MOKPUTTS HA MOC-
Tax JJia 3a0e3MeyeHHs MIIHOCTI KOHCTPYKINii. 3a pe3ysibTaTaMu JOCHIKEHHS Oyiia
BCTAHOBJIEHA PO301KHICTh 3HAYEHb NPOTUHIB y 1,4 pa3iB MK KJIACUYHUM MIAXOA0M
710 PO3paxyHKy Ta PO3POOIIEHUMHU METOIOM.

4. BuzHaueH1 eKBIBaJCHTHI HAMPYKEHHS B HIDKHHOMY IIAP1 TOPOKHBOTO OJIATY
3 BUIBHUM TepeMileHHsaM ckiagainu 2,91 Mlla, a npu poOoTi y ciibHOMY TakKeTi 3
IMTOI0 — Manu Bix emue 3HaueHHs (—0,2 MIla). BecranoBiieHo, 10 3Ha4€HHS €KBi-
BAJICHTHUX HAIPYKEHb 3HAXOATHCS B MEXKaX JOMYCTUMUX. TakoX 3 MPaKTUYHOI TO-
YKW 30pYy JTOBEJEHO, 1110 PO3pPOOJIECHUN METOJ A€ MOXJIMBICTH OTPUMATH YTOYHEHI
HaIpY>KEHHS B IIapax CUCTEMH «JIOPOKHIM OMST — IIUTay». AJEKBaTHICTh pe3yibTa-
TIB PO3paxyHKy Oyja JAOBEJICHA CIIBCTABIEHHSM OTPUMAaHUX JaHMX 13 3MOJEIhOBa-
HOIO KOHCTPYKIi€I0 B nporpamHomy komruiekci ANSYS. BeranosiieHo, 1m0 po30ixk-
HICTh B HallpYXEHHSIX IIapiB KOHCTPYKIii ckianae 1,04, mo miaTBepKye TOCTOBIP-
HICTh OTPUMAHUX PE3YJIbTATIB.
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This paper reports a study of the cement-concrete
coating on bridges using FRP reinforcement. That has
made it possible to design optimal structures by selecting
the height for reinforcement arrangement in the layers
of a roadbed in order to ensure strength characteristics.

An engineering method for calculating a hard road-
bed with composite reinforcement has been devised,
which makes it possible to take into consideration its
work both in a joint package of the structure with a
slab and separately — when it exfoliates from the slab
of the bridge’s span structure. Underlying this research
are effort-determining methods, estimation dependenc-
es from the theory of bending layered structures, as
well as dependences from elasticity theory to assess
the strength of materials for a roadbed. The consider-
ation of shear strains when designing slabs has helped
establish that the deflections according to the devises
method were 1.4 times larger than those in the classi-
cal approach.

The method was tested by a numerical experiment,
which confirmed the need to use composite reinforce-
ment in the upper layers of a road surface on bridges,
which improves its durability by 1.2 times. The results
of the numerical experiment indicate that the equivalent
stresses in the lower layers of a free-moving roadbed
were 2.91 MPa, and, when operating in a joint assem-
bly with a slab, they took a negative value (—0.2 MPa).

Practical application of the devised calculation
method makes it possible to determine the refined nor-
mal stresses in the layers of a roadbed, taking into con-
sideration the characteristics of structure operation.
Owing to this, additional opportunities open up for cal-
culating the roadbeds of bridges whose design utilizes
the most common types of span structures in the bridge
industry

Keywords: cement-concrete coating, roadbed,
layered structures, composite materials, stressed-
strained state
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1. Introduction

The priority area of the road construction industry evo-
lution in Europe is the development of a network of highways
and high-speed communication between the main city cen-
ters. To address this issue, more reliable and cost-effective, in
terms of life cycle costs, elements of road structures are used,
specifically hard coatings [1].

Concrete roads require minimal maintenance costs, have
increased wear resistance, longer service life, and are able to
withstand larger loads. Road bridge coating should absorb
transport loads, transfer them to support structures, remain
resistant to deformations, and provide adhesion properties
for vehicles. As a rule, a hard roadbed is designed without
taking into consideration the operation of a roadway slab.
That leads to overloading a roadbed at the stage of its op-
eration, the result of which is the destruction of the coating
itself. In addition, it should protect the bridge structure from
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the penetration of water and anti-ice agents that contribute
to the corrosion of the reinforcement.

Corrosion processes in steel reinforcement lead to loss
of volume of its working part and are the main cause of
degradation of the reinforced concrete slabs in a bridge
roadway. One of the approaches to tackling this issue is
to use composite FRP-reinforcement (Fiber Reinforced
Plastic Bar) to strengthen concrete structures and roadbed
of bridges. The application of composite reinforcement
makes it possible to improve the structural properties and
increase the durability of concrete elements of bridges.
However, a given type of reinforcement differs in its physi-
cal and mechanical characteristics from metal and requires
improvement of methods for calculating the road surface
of bridges, taking into consideration additional theoretical
and experimental studies.

Thus, the relevance of research in this area is due to the
need to analyze the impact of reinforcing the cement-con-




crete coating of bridges with composite materials on the
stressed-strained state of the structure.

2. Literature review and problem statement

The work of slabs in bridges’ roadways with the use of fi-
berglass reinforcement (GFRP) under the static and fatigue
load was investigated in [2]. The behavior of the bridge road-
way slabs, reinforced with glass and carbon-bar grids, on
steel run structures was also studied. As a result of study [2],
it was concluded that the main structural effect in the slabs,
which are opposed to the concentrated load of the wheel, is
not bending, as is traditionally believed, but a complex inter-
nal stressed state associated with shear strains. The assess-
ment of fatigue of concrete slabs of bridges reinforced with
composite GFRP reinforcement was performed in [3-5]
whose authors analyzed a change in the rigidity of bridge
slabs with a given type of reinforcement. In particular, pa-
per [4] determined that the rigidity of the slabs depends on
the effect of temperature conditions; the authors of [5] found
the fatigue properties of the concrete slab in a carbon-plastic
reinforced concrete bridge (CFRP) do not deteriorate under
repeated transport loads. A positive result of the cited study
was the establishment of a relatively low degradation rate
of slabs with GFRP reinforcement compared to metal. As
a result of study [6], it was proven that FRP-reinforcement
is the best alternative for reinforcing concrete structural
elements of bridges. Summarizing the above studies [2—6],
it should be noted that they do not sufficiently substantiate
the dependence of the distribution of stresses in the slabs of a
bridge roadway using a given type of reinforcement.

The authors of [7] report a theoretical study of slabs re-
inforced with composite materials by the method of finite el-
ements and propose using an FRP-reinforcement coefficient
of 0.3 % per m? in the upper and lower layers of a bridge road-
way slab. It was also established that the bearing capacity at
the maximum load on bridge roadway slabs is seven times
greater than a working load. However, the results of the cited
study do not contain a clear algorithm for determining the
effect of the reinforcement coefficient on the bearing capac-
ity of the structure.

An applied study of FRP-reinforcement performance [8]
showed that the deflections of bridge slabs do not exceed
the maximum permissible ones according to the Canadian
standard (CSA 2000).

When studying the rigidity of a cement-concrete coating,
the author of [9] found that when using additional reinforce-
ment with GFRP bars, it is possible to reduce the thickness of
the cement-concrete coating while maintaining the predefined
strength. However, papers [8, 9] did not determine how the re-
duction in the thickness of the cement-concrete coating affects
the strength of the structure under a cyclic load.

The bending characteristics of bridge slabs reinforced
with FRP mesh made of glass, carbon, and hybrid fibers
were studied in [10]. In the cited study, it was found that the
deflections and width of crack opening were greater with a
given reinforcement since FRP meshes have a lower elastici-
ty module than steel ones. However, the authors did not con-
sider options for the combined use of various reinforcement
materials in the lower and upper layers of the structure.

Work [11] investigated the operation of basalt reinforce-
ment (BFRP) in the stressed and relaxed states under the
action of simulated aggressive media at 25, 40, and 55 °C. It

was found that the mechanism of degradation of structures
reinforced with BERP-rebar is accelerated at stress exceeding
20 % of the limit. Study [12] examines the stressed-strained
state of beams reinforced with BERP-reinforcement.

The authors of [13] focus on the impact of structural
factors on the nature of changes in the patterns of bearing
capacity, crack resistance, and deformations of concrete
structures using BFRP. It should be noted that the cited
papers [2,11-13] do not give algorithms for determining
the components of the stressed-strained state of structures
reinforced with composite materials.

Our review of the above studies [2-13] indicates a high
scientific interest in this issue. However, it should be noted
that scientists have not sufficiently investigated the impact
of FRP-reinforcement of cement-concrete coating of bridges
on the stressed-strained state of the structure in general.

3. The aim and objectives of the study

The purpose of this study is to determine the impact of re-
inforcing a cement-concrete coating of bridges on the stressed-
strained state of structures by devising an engineering method
for calculating a hard roadbed with composite reinforcement,
taking into consideration the running structure of the bridge.

To achieve the set aim, the following tasks have been
solved:

— to define problems in ensuring the durability of road
bridge coatings;

— to investigate the practical use of composite materials
as reinforcement of road surface on bridges;

— to devise a method for determining the components of
the stressed-strained state of the system “roadbed — slab”,
taking into consideration the peculiarities of work of com-
posite materials;

— to determine the components of the stressed-strained
state of the roadbed structure of bridges according to the
proposed method.

4. The study materials and methods

The object of this study is the processes of distribution of
stresses in the layers of a roadbed with composite reinforce-
ment, taking into consideration the span structure of a bridge.

The calculation of layered composite structures is car-
ried out according to the refined models, which take into
consideration the effect of transverse shear strain. The main
hypothesis of this study assumes that in order to devise
an effective approach to determining the stressed state
of structural elements in a roadbed as a layered system, it
is necessary to use a rational combination of methods for
calculating multilayer and single-layer structures. This ap-
proach makes it possible to solve practical problems to study
the stressed-strained state of heterogeneous structures with
different rigidity and bearing capacity. We determined the
refined stresses in the layers of a bridge roadway slab using
the theory of bending layered structures taking into consid-
eration transverse normal stresses due to compression. Thus,
the main assumption in this study into the stressed-strained
state of the slab is the need to examine it as a structure
consisting of isotropic layers of different rigidity in terms of
thickness. This makes it possible to consider the work of all
layers with different thicknesses and physical-mechanical



characteristics. The method for calculating the structure
of a hard roadbed is based on the estimation dependences
from the theory of bending layered structures (beams, slabs).
Strength assessment of structural materials is carried out
according to the dependences from elasticity theory [14],
which make it possible to take into consideration the pecu-
liarities of the characteristics of materials. Considering the
three-dimensional nature of the stressed-strained state of
the structure, the proposed method makes it possible to sim-
plify the calculation task to a two-dimensional model since
the desired functions are those of the coordinate surface. The
reliability of solutions based on these methods has been con-
firmed by comparison with the simulated bridge structure in
the ANSYS software package.

5. Results of studying the impact of reinforcement on the
stressed-strained state of the bridge roadbed structure

5. 1. Defining the problem of ensuring the durability
of road bridge coatings

The issue of durability of bridge road surfaces is a rath-
er complex, multiparametric problem, which is influenced
by various factors, in particular, the choice of technology,
layer material, operational, natural and climatic factors, etc.
When using reinforced cement concrete as a coating, which
in its properties is more durable than asphalt concrete, there
is a specific issue related to corrosion processes in metal
reinforcement. For example, a large-scale study of bridges
in the United States revealed that approximately 15 % of
the 583,000 bridges examined had undergone destruction
caused by corrosion of metal reinforcement (Fig. 1) [15].

They also noted the negative consequences of destruction,
which are associated with the loss of the volume by the working
part of the reinforcement, the unsatisfactory condition of com-
pensatory seams on the supports, the low resistance of concrete
to bending loads. Structural cracks in the cement-concrete
coating, which, as a rule, arise due to excessive load, lead to
overloading the structure in general. Non-structural cracks
are usually the result of internal overstress in concrete struc-
tures under the influence of the linear expansion of materials
and heat loads. As a result, moisture, chlorides, salt penetrate
through the formed cracks; an unfavorable alkaline environ-
ment is created, which leads to corrosion of the reinforcement.

According to study [16], it was determined that about
10 % of the volume of reinforcement may be formed by corro-
sion products. That creates internal pressure in the structure
and leads to various kinds of coating destruction (cracking,
exfoliation, crack mesh, etc.). Such damage, in turn, could
have a serious impact on the performance of structural el-
ements of bridges and reduce the durability of structures.

Based on the results from the visual, instrument-based,
and thermal-imaging survey of bridges carried out in
Ukraine [17], a number of issues related to cement-concrete
coatings affecting the durability of structures were identi-
fied. In particular, these include:

— the destruction of bridge slabs as a result of the detach-
ment of the protective layer of metal reinforcement (Fig. 2);

— the corrosion of metal reinforcement due to opening
cracks;

— uneven settling of earthen bed on approaches to bridges;

— unsatisfactory state of deformation joints (Fig. 3).

Electrochemical corrosion of steel is the main reason

for the deterioration of engineering infrastructure. This is

becoming a major issue for the construction industry around
the world. Climatic conditions and the use of a large amount
of salts as an anti-ice agent in the winter months can contrib-
ute to the acceleration of the corrosion process. This usually
requires significant financial costs to recover, as it can lead
to the catastrophic destruction of concrete structures. An
effective solution to this problem is the use of corrosion-re-
sistant materials, such as high-performance fiber-reinforced
plastic (FRP) composites. The use of non-metal composite
reinforcement over the past 10 years has defined this tech-
nology as an advanced one as a mechanism for overcoming
problems in cement-concrete structures caused by corrosion
of steel reinforcement.

The scope of FRP reinforcement in construction in de-
veloping countries is quite limited by regulatory and tech-
nical documentation (which is practically lacking) and low
funding for bridge restoration programs [2-5].

The comparison of the physical and mechanical charac-
teristics of FRP reinforcement with the characteristics of
the metal reinforcement used in transport construction is
given in Table 1.

Fig. 1. Typical damage to the hard road surface of a bridge
resulting from: @ — the corrosion of reinforcement;
b — structural cracks; ¢ — the exfoliation of the top layer [15]

Table 1

Comparison of non-metallic composite reinforcement and
metal reinforcement

Fiberglass Basalt-plastic | Metal rein-
Characteristics | reinforcement | reinforcement forcement
(GFRP) (BFRP) (A400C)
Raw material Glass roving, Basalt roving, Metal
epoxy resin epoxy resin
Stretching
strength, MPa 600-1,200 700-1,300 390
Elongation, % 2.2 2.2 25
Elasticity, MPa 45,000 60,000 200,000
Linear extension
coefficient, ax10" 9-12 9-12 13-15
6 oc-l
Density, t/m? 1.9 1.9 7.85
Diameter, mm 4-20 4-20 6-80

Corrosion Stainless mate- | Stainless mate- | Collapses with
resistance to | rial of the first | rial of the first | the release
aggressive envi- | group of chemi- [ group of chemi-| of corrosion
ronments cal resistance | cal resistance products
Heat conduc- Thermally Thermally | Not-thermal-
tivity conductive conductive |ly conductive
Electrlhc ponduc— Dialectic Dialectic Electrlcq]ly
tivity conductive
s At least 80 At least 80 In line Wl.th
Durability construction
years years
norms




20.1°C

11.3°C

a

b

Fig. 2. General view of bridge slab destruction due to the detachment of the protective layer from metal reinforcement:
a — the general appearance of cracks; b — the thermal-imaging study of destruction

a

473 °C
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Fig. 3. General view of deformation joints on bridges: a — the general view of destruction; b — thermal-imaging examination

Along with the main characteristics important for trans-
port infrastructure such as absolute corrosion resistance,
FRP reinforcement has a number of other advantages.
However, the disadvantage of basalt plastic reinforcement
(BFRP) is the presence of characteristics that make it im-
possible to use it for bending bearing elements of transport
structures. These include the FRP-reinforcement elasticity
module, which is almost three times lower than the steel
elasticity module, and unacceptably low fire resistance
of the material (Table 1). This leads not only to excessive
deflections but also to a sharp decrease in stresses in the
calculations for crack resistance.

Figure 4 shows the ratio of stresses and deformations
of different types of FRP composites made from solid glass
fibers (GFRP), aramid (AFRP), carbon (CFRP), basalt
(VFRP), or combinations of these materials (CFRP HS,
CFRP HM), compared to steel. The “stress ¢ — strain &’
diagram (Fig. 4) [18] reveals the fragile destruction of the
structure reinforced by BFRP with a significant load on it.
The facility does not signal its entry into the first boundary
state and collapses sharply, which has been repeatedly con-
firmed experimentally in various studies. This is the main
obstacle to the use of FRP reinforcement in bending bearing
elements.

o [MPa] N
6000 — CFRP HS
4000 — BERP
GFRP
2000 — / Prestressing steel
/ Steel reinforcement

T T T T > ¢[%)]
0 1 2 3 5

Fig. 4. The “stress ¢ — strain ¢” diagram for bars of different
types of reinforcement [18]

The above comparative analysis gives reason to assert
that, due to the low physical and mechanical characteristics
of basalt plastic reinforcement — a module of elasticity and
fire resistance, it cannot be used in structures of the conse-
quence class SS2. The reason for the deviation of this rein-
forcement is that such structures work under the conditions
of dynamic (cyclic) loads and the impact of a possible fire.




However, there is an obvious fundamental possibility of
using basalt plastic reinforcement for a wide class of bearing
structures of the consequence class SS1, such as slabs on an
elastic base.

That is, the properties of FRP reinforcement are the better,
the higher the fiber content that binds to the polymer. At the
same time, excessive use of fiber in bars leads to the opposite
effect due to the fact that the polymer binder cannot spread to
all fibers and they do not begin to work together. The impact
of this type of reinforcement on the stressed-strained state of
bridge structures requires additional research.

5. 2. Investigating the practical use of composite ma-
terials as reinforcement for road surface on bridges

FRP reinforcement was used on hundreds of bridges in
Canada and the United States. Those bridges were designed
using the Canadian Road Design Code (CAN), or the AAS-
HTO LRFD Bridge Design Guide [19].

Below are the results from research based on the project
reported in [20]. The Sierrita de la Cruz Creek bridge (Fig. 5)
is located 25 miles northwest of Amarillo, Texas. It was built
in 2000 to replace the original bridge, which was structurally
faulty, and had significant damage caused by corrosion of steel
reinforcement. It is the first bridge in the state of Texas to in-
troduce FRP reinforcement as a structural solution to increase
the durability of the structure. The bridge operates under the
following environmental conditions: the thermal range is from
22 t0 95 °F (=6 to +35 °C); the cycles are “wet-dry”, as well as
the cycles “freezing-thawing”; exposure to salt against icing.
FRP reinforcement was applied in the upper reinforcement grid
in two spans of concrete fabric. The removal of concrete cylin-
drical samples took place in May 2015 in order to analyze the
physical and mechanical properties of reinforcement (Table 2).

Concrete cylindrical samples were used to perform pH
and carbonation depth measurements to characterize the
chemical environment in concrete. In addition, microscopic
studies of FRP samples and mechanical tests were carried
out to monitor possible changes in the microstructure and
mechanical properties. In particular, scanning electron
microscopy (SEM), energy-dispersion X-ray spectroscopy
(EPC), interlayer shear, vitreous transition temperature
(Tg), and fiber content. The results of the interlayer shear
test and fiber content measurement were compared with the
results of similar tests performed in 2000 at the time of con-
struction. Since no historical data were available for EPC
and Tg analyses, these tests were carried out on FRP-bars
manufactured in 2015 by the same manufacturer to serve as
a benchmark for comparison (Table 3).

Fig. 5. Sierrita de la Cruz Creek bridge, Amarillo, Texas:
a — general view as of 2015; b — composite reinforcement
arrangement for road surface [20]
Table 3

Results of horizontal shear test performed for new FRP bars
of different sizes in 2015

Breaking load Interlayer shhear
Simple Span | Rated |Sam- strengt
type length |diameter| ple Mean Variance Mean Variance
(m) | (mm) | No. (N) factor (MPa) factor
(%) (%)
FRP 1.5 14 5 |83838 2.4 46.6 2.4
No. 4
FRP 1.875 16 5 (12,390 2.5 41.8 2.5
No. 5
FRP 2.25 18 5 (20,493 3.6 47.98 3.6
No. 6

The results of the horizontal shear test of the taken rein-
forcement samples confirm that FRP materials retained their
microstructural integrity and mechanical properties after 15
years of operation in the field. The microscopic study did not
detect the destruction of FRP reinforcement. The fibers did
not lose any area of the cross-section, the matrix was intact,
and there was no damage on the fiber-matrix boundary sur-
face. In addition, the boundary surface between the concrete
and FRP reinforcement was in good condition; there was no
loss of intersurface bonds.

3. 3. Devising a method for determining the components
of the stressed-strained state of the system “roadbed — slab”

The road surface of bridges is a layered structure on an elas-
tic base, which can be attributed to the class of piecewise-het-
erogeneous systems. A distinctive feature of such systems is the
joint operation of the road surface with the slab and the span
structure of the bridge. However, it is not always possible to
determine which part of the structural element of the bridge
can be attributed to a particular layer.

Table 2 Thus, there is a need to solve the problem of
Components of FRP bars made in 2000 and 2015 [21] calculating the system “roadbed — slab” of a bridge
Diam-| Year of Resin roadway, which consists of layers with different phys-
eter |produc-| Fiber i Additive and filler | Catalyst | ical and mechanical characteristics. This problem
(mm) | tion Type | Formulation can be solved with the help of the method of analysis
1 2 3 4 5 6 7 of components of the stressed-strained state, which is
) Ashland Het- | Styrene, ASP 400, based on the estimation dependences from the theory
Vinyl o P16 and . ..

16 | 2000 |E-glass| . -|ron922(90 %), BYK A555and col- | . ppn of bending layered structures and elasticity theory to

8722 (10 %) | loidal silicon dioxide assess the strength of structural materials [14].
Vingl Ashland Het- | Styrene, ASP 400, | o o o The method of determining the stressed-
18 | 2000 |E-glass| . - ron922 (70 %), BYKA555and col- | "rppp’ | strained state of a bridge roadbed structure should
8722 (30 %) | loidal silicon dioxide be represented in the form of a model that provides
16 | 2015 | E-CR |Vinyl| VEX 10-962 | Styreneand ASP | L., for four variants of estimation schemes of the

glass | ester CoRezyn 400 structure (Fig. 6).




Fig. 6. Model to calculate a roadbed reinforced with composite materials

The work of a roadbed in a joint assembly with the
structure of the bridge’s span structure in the elastic stage
and detached from the slab on the surface of its contact is
analyzed.

To analyze the stressed-strained state of the composite
slab of a bridge roadway on metal span structures, it is ad-
visable to use a finite-element method underlying most com-
putational software packages. The system “roadbed — slab”
of a bridge roadway is discrete, which creates preconditions
for its simulation by the finite elements of the shell of zero
curvature [22].

The system “roadbed — slab” of a bridge roadway is
determined by the finite-element scheme of nodes in incre-
ments a (Fig. 7).
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where ¢ is the normal load on the outer surface of the system
layer;

Dy is the cylindrical rigidity of layer assembly, ge[1, 2];

Dy is the rigidity of interaction between the bending and
shear of an assembly of layers, ge[1, 2], se[1-3];

A is the Laplace operator;

M, and M, are the values of moments in the slab, derived
from calculating the spatial system;

0,1 is the reduced Poisson coefficient.

The rigidity of the interchangeable bending and shear of
the layer assembly is determined from the formula:

h,
D, = [ E, 9,(2)-0,(2)d, )
By

where £, is the thickness of layer n in the “road-
bed — slab” system; Ej, is the reduced elasticity
module for layer 7; 9,4,(2), 9,(2) are the specified
functions of the distribution of displacements by
the direction of vectors.

The reduced elasticity module for layer 7 is
determined from the formula:

E,=—"7, 3

where v, is the Poisson coefficient of layer .
The cylindrical rigidity of the layer assembly
is determined from the formula:

Fig. 7. The finite-element diagram of nodes in the “roadbed — slab”

system of a bridge roadway

According to [23], it is necessary to determine the re-
fined deflections at the points of the system “roadbed — slab”
of a bridge roadway:

hy , B2
D, = J E,, -0, (z)dz+§g,
h

-1

€9

where B, B are the coefficients that are the generalized phys-
ical and geometric characteristics of an assembly of layers.




The function 94,(2) of the distribution of displacements
by vector directions is as follows:

z+c,—C, )

where G, is the shear module for the transversal direction;
Ey, is the reduced elasticity module for layers re[1; n—1];
¢, Cy are the integration constants.
Based on the results of several iterations, one can obtain
integration constants from the conditions of contact of layers
in the assembly:

1
el S e

p-1 3
+Y Ey, h—’—hQ hr+g-hf_1 +
<9’ 3 3

1 & Eé
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roos=1

B ) (h =) ©)

where G, is the shear module for the transverse direction of
layer p;
Ey, is the reduced elasticity module for layer ;

n-1
fg,[—hz h,+§~hf_1:|+
r=1 r
n—1 1 r—1 E .
2 g &y (k) (), 7
r=1 5=

where G, is the shear module for the transverse direction for
layers re[1; n—1].
In its final form, the 9,,(2) function takes the form:

£, 2 Z'hsf
- _ n 7_h n=1 |_
V0 (2) =3¢ [ 3 T

n-1
S )

~h,_)+c,—c,. ®)

The components of the stress tensor are determined
taking into consideration the derivatives from the found de-
flection functions w,. in the nodes of the estimation scheme
of the system “roadbed — slab” of a bridge roadway:

GE’;) (2) = EOn [(811 + E22\)71)-’_ (nh) + 1’](;2)\’”)‘63” (Z):I’
6(2,;) (2) = EOn [(811\/” + 822)-’— (nsi)vn + n(;g)ﬂsn (Z):I, (9)

GE;)(‘Z) = EOn (1_Vn).(812 +n$;) .ﬁsn (2))’

where ¢, n are the deformations of the coordinate surface.
In a general case, the expression for transverse tangent
stresses at g=1.2 is defined as follows:

001(2)=8, ./ (2):

where &, is the shear function, te[1, 2, 3];

(10)

f(2) is the function of the distribution of tangent stress-
es along the normal.

The function of the distribution of tangent stresses along
the normal f;,(2) is determined from the following formula:

[ f E()nzdz+n21‘ ;j E, zdz]—

r=lp_,

n 1
=%(z'z—h:,1>+§%-<hf—hf,1>- n

Deformations of the coordinate surface (g, n) are deter-
mined by the finite difference method:

W, — 2w, +w,

9 )

€, =—w,=—
11 11
o

(12)

where w is the normal movement of the coordinate surface.

(w0 + ;) ~(w, +w,)

€y =—W/, =~ 4o . (13)
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s , -2, +E&,
L f 2, (17

The displacement and shear functions’ derivatives are
indicated by a bar.

The next step in the calculation is to determine the
main stresses 6,1, 642, 642, which are the roots of the cubic
equation [24]:

o~ 1,62 +1,0,—I,=0, (18)
where I, I, I3 are the coefficients of the cubic equation, the
so-called stress invariants.

The coefficients in formula (18) are determined from the
system of equations:

I :|G11+622|’
I = Gy Op + Gy O3] [0 O
2= ’
Gy Oyl |05 O Gy, O

(19)

Gyy Oy Oyp
I,=|0, 0y Oyl

G31 c32 0

The strength of the reinforcement is estimated according
to theory IV:

1 /7
= ﬁ\/(cm - 6112)2 +(0,, =0 )2 +(045 =0y )2 <R, (20)



where R, is the calculated resistance of the material, which
is determined from the expression:

R/=R,-mB, 1)
where R, is the material’s resistance; B is a coefficient that
takes into consideration the reliability of the structure;
m is the coefficient that takes into consideration working
conditions.

The method of determining the stressed-strained state of
the system “roadbed — slab” of a bridge roadway is two-di-
mensional in terms of its mathematical base since all the
desired functions are determined by the functions of the
coordinate surface. Thus, the applied method makes it possi-
ble to reduce the three-dimensional problem from elasticity
theory to two-dimensional.

Next, the strength of materials in each layer of the road-

bed of a bridge is tested.

5. 4. Determining the components of the stressed-
strained state of a bridge roadbed structure

The vast majority of road surfaces on bridges are built
using an asphalt-concrete coating, the bearing capacity of
which is no more than 115 kN (11.5 tons) per axle, and the
total elasticity module is up to 300 MPa. Load from 13 tons
per axle requires an increase in the total elasticity module to
390-400 MPa. Stress in the layers of a road surface during
overload can reach 7.0-7.5 MPa, which is 2.5-3.0 times
higher than the limits of strength and shear resistance of
standard asphalt concrete. To address this issue, it is proposed
to use specialized technical solutions [25] such as the use of a
cement-concrete coating, including composite reinforcement.

To determine stress in the layers of a roadbed structure,
two typical structures were considered (Fig.8). The road
surface is arranged on a reinforced concrete slab of a bridge
roadway. In this case, the joint work of these two elements
is considered.

We implemented the proposed method for determining
the stressed-strained state of a bridge roadbed structure
using the Mathcad software (USA); the calculation was
performed for a cement-concrete coating with composite
reinforcement. The span structure of the beam type in the
transverse direction consists of 4 freely supported beams.
The slabs are designed using the concrete of class B35.

As a result of the calculation, we derived the dependenc-
es of the distribution of normal and equivalent stresses for
the height of a roadbed (Fig. 9-11).

The results of the derived stresses according to the pro-
posed method on the upper and lower surfaces of a bridge’s
roadbed layers are summarized in Table 4.

Our results indicate that the strength at the bottom of
a roadbed with free movement is close to the limit when
strengthening it at the top. This demonstrates that for the
effective operation of the structure, a roadbed must be ar-
ranged taking into consideration its work in a joint assembly
with a slab.

In order to test the proposed method, a bridge struc-
ture was simulated in the ANSYS software package. For
modeling, the integrated element Solid65 was selected to
construct the concrete beams of the span structure and
a slab. The internal reinforcement of the bridge’s span
slab was simulated using the Link180 integrated ele-
ment (Fig. 12) [26].

min 30

Fig. 8. Structure of a roadbed on the reinforced concrete
slab: 1 — cement-concrete coating; 2 — waterproofing;
3 — aligning layer; 4 — bridge roadway slab:

a — with waterproofing; b — without waterproofing
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Fig. 9. The nature of the distribution of normal stresses in the structure of a roadbed in the joint assembly with a slab
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Fig. 10. The nature of the distribution of normal stresses in the structure of a roadbed with free movement
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Fig. 11. The nature of the distribution of refined equivalent stresses in the structure of a roadbed with free movement

Table 4

Results of calculating the cement-concrete roadbed with
BFRP reinforcement

Equivalent stresses in lay-
Estima- ers, MPa
tion resis- -
Roadbed structure, | tance to .R'oadbed mna Free-moving
S joint assembly
layer characteristics | stretch- . roadbed
ing with a slab
R, MPa Layer | Layer | Layer | Layer
top |bottom| top |bottom
Cement-con-
crete, h1=3 cm, 3.0 —0.544(-0.377 | —0.544 | —0.504
E;4=30,000 MPa
Reinforcement | Steel 265 13.950(13.926 | 8.364 | 8,311
d=0.4 cm,
hy=0.01508 cm | BFRP| 600 2.697 | 2.693 | 1.432 | 1,421
Ratio, times - 5.17 5.17 5.84 5.85
Cement-concrete,
h3=7.98492 cm, 3.0 —0.377]-0.201 | -0.504 | 2.906
E5=30,000 MPa
Waterproof-
ing, h,=0.5 cm, 1.3 - - 0.479 | 0.488
E;=2,000 MPa

Comparing the results of calculations according to the
proposed method and when using the ANSYS software

package reveals that the stresses that occur in a roadbed
have a ratio of 1.13, which proves the reliability of the math-
ematical values obtained.

Bridge roadway

+

Support simulation
\

Beams of bridge

span structure

Support simulation

Fig. 12. Example of the simulated actual bridge using FRP-
reinforcement [26]

6. Discussion of results of validating the method for
determining the stressed-strained state of a bridge
roadbed structure

Our study of the state of coatings of motor road bridg-
es (Fig. 1-3) has made it possible to define the problems
of ensuring the durability of structures, which are mostly



related to the corrosion processes in metal reinforcement. To
address this issue, it is proposed to use composite FRP-rein-
forcement, which has the best strength characteristics and is
resistant to aggressive media (Table 1, Fig. 4).

Analysis of the practical application under actual con-
ditions of FRP-reinforcement confirms that FRP-materials
retain their microstructural integrity and mechanical prop-
erties after the long-term operation (Table 3). This proves
that FRP reinforcement can be used as a reinforcement
material in the roadbed of bridges.

An engineering method has been devised for determin-
ing the components of the stressed-strained state of the sys-
tem “roadbed — slab” reinforced with BFRP (Fig. 6). Unlike
traditional methods [14, 22, 24] in which the task of esti-
mating the stressed-strained state is resolved on the basis of
universal theoretical models, the devises calculation method
makes it possible to take into consideration its work in a joint
assembly of the structure with a slab. In addition, according
to a given method, it is possible to determine the operation
of a separately exfoliated roadbed from the slab of a bridge’s
span structure. When developing the calculation method,
the estimation dependences from the theory of bending lay-
ered structures (1) were taken into consideration, as well as
the refined transverse normal stresses due to layer compres-
sion were used. The transverse tangent stresses (10) were
determined taking into consideration the deformations of
shear. To assess the strength of structural materials, the de-
pendences from elasticity theory (20), (21) and the features
of composite materials (Table 1) included in the layered
structures of span structures and roadbeds were used.

Our mathematical experiment, using an example of the
bridge’s span structure reinforced with both steel and BFRP,
demonstrated a =1.4-time discrepancy between the classical
approach to the calculation and the method devised. The
results of analyzing the established deflections confirm the
expediency of taking into consideration the deformations of
the shear of the slabs of bridges’ span structures.

The equivalent stresses at the top of a layer of a ce-
ment-concrete roadbed without reinforcement when work-
ing together with a slab reach the maximum permissible
values of about 3.0 MPa, which indicates its operation on
the verge of its strength. To ensure strength and perfor-
mance, reinforcement of the upper layer of a roadbed is
advisable.

A hard roadbed with a composite BFRP reinforcement,
which works in full contact with the slab (as a solid struc-
ture), undergoes 10-time less equivalent stresses in layers
than free-motion coatings (Fig. 9—11, Table 4).

The method devised was tested for adequacy with the
help of calculations in the ANSYS software package. Based
on the results of specified deformations in the calculation
according to the developed method and the calculation
involving the ANSYS software suite for a slab reinforced
with metal rebars, the discrepancy between the ratio of the
deflection was 1.07 (Fig. 12). The resulting discrepancy is
within the permissible error and indicates the adequacy of
the proposed method for calculating reinforced concrete
structural elements.

The special features of our calculation could be used in
the design of a roadbed for new bridges, for the overhaul or
reconstruction of existing ones.

The limitations in the use of a given method are that
during the calculations the effect of temperature changes on

the stressed-strained state of the structure is not taken into
consideration.

Further studies into the stressed-strained state of the
roadbed of bridges should be carried out towards refin-
ing the stresses, taking into consideration the effects of
temperature changes on the stressed-strained state of the
structure.

7. Conclusions

1. The main disadvantage of functioning structures is
corrosion processes in metal rebars. Our visual, thermal-im-
aging, and instrument-based studies revealed issues related
to the destruction of a cement-concrete coating and the
exfoliation of a protective layer of metal reinforcement in
the roadway slabs due to the overload on the bridges’ span
structures. It was established that an effective solution to
the specified problems is the use of composite FRP reinforce-
ment. The main advantage of non-metal reinforcement is
that its strength at stretching is 2—3 times higher than that
of steel while the coefficient of linear expansion is 1.25 times
lower. The specific weight of FRP reinforcement is 4 times
less, which increases the bearing capacity of the structure
in general.

2. It was found that the FRP materials used as reinforce-
ment retained their microstructural integrity and mechan-
ical properties after a long-term operation of the bridge.
Additionally, it was established that the intersurface bonds
between the concrete and FRP reinforcement were in satis-
factory condition. These conclusions are a prerequisite for
ensuring the strength characteristics of a structure during
its long-term operation. This is justified by the fact that
due to the resistance to aggressive environments, the main
disadvantages of using metal reinforcement are excluded,
which leads to an increase in the operational life of bridges
by 1.2 times.

3. The devised method for determining the compo-
nents of the stressed-strained state of the system “road-
bed — slab” makes it possible to take into consideration
the work of a roadbed both in a joint assembly of the
structure with a slab and separately — when it is exfoli-
ated from the slab of the bridge’s span structure. A given
method was tested in a numerical experiment, which
confirmed the need to use composite reinforcement in
the upper layers of the road surface on bridges to ensure
the strength of the structure. Based on the results of our
study, the discrepancy between the values of deflections of
1.4 times was established between the classical approach
to the calculation and the developed method.

4. The determined equivalent stresses in the lower lay-
er of a roadbed with free movement were 2.91 MPa; when
working in a joint assembly with a slab, they took a nega-
tive value (0.2 MPa). It was established that the values of
equivalent stresses were within the permissible limits. In
addition, from a practical point of view, it has been proven
that the devised method makes it possible to obtain refined
stresses in the layers of the “roadbed — slab” system. The ade-
quacy of the calculation results was proven by comparing the
obtained data with the structure simulated in the ANSYS
software package. It was established that the discrepancy in
the stresses of the structural layers was 1.04, which confirms
the reliability of our results.
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