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Jlucepraliisi MpUCBsIYEHA BUBYEHHIO Ta BHUPIMIEHHIO MUTAHHS JUISHOK 3
NepexiTHUM TTOKa3HUKOM >KOPCTKOCTI Ha MIJAX0JaX J0 MOCTIB aHAIITHYHUM Ta
€KCIIEpUMEHTAJIbHUM IIJISTXOM 32 JIOMOMOT0I0 BUKOPUCTAHHS YHUCEIBLHOTO aHaji3y,
€KCIIEPUMEHTAJILHOTO JIOTKOBOTO  JIOCII/DKEHHS BIIIIGHTPOBUM METOJOM Ta
HATYypHUX BUIIPOOYBaHb.

B nepmiomy po3ain aucepTanii BUKOHYEThCA aHalll3 MpoOJIeMH IUISHOK 3
NEPEeXiTHUM TOKa3HUKOM JKOPCTKOCTI y Cy4acHOMY OyAIBHHUIITBI, a came:
npo0JIeMH, 10 BUHUKAIOTh HA TAaKWX JUISTHKAX, TEPEIyMOBHU iX BUHUKHCHHS Ta
IPUPO/Ia PO3BUTKY, NUISIXU BUPIIICHHS, 3aCTOCOBaHI Y YKPaiHCbKOMY Ta CBITOBOMY
MOCTOOY/IIBHUIITBI. BHSBICHO OCHOBHI HACTIAKK MPOOJIEM MEPEXiTHUX TIISTHOK —
Jerpajanisi reoMeTpii Koiii, 10 HA3UBAETHCS «IIEPEIMOCTOBA SIMAY.

PesynbraTom nociimkeHHs c@opMoBaHOi 0a3u 3HAaHb €BPOIEUCHKOTO
JIOCBITY MMUTAHHS MEPEIMOCTOBOI SIMH CTaJI0 3BEJICHHS Ta CTPYKTYPH3aIlis TPHYUH
il BUHUKHEHHS, METO/IB BUABJICHHS Ta BupilieHHs. LInsxu BUpIlIEHHS MUTaHHSA
NepeIMOCTOBOI sIMU CPOPMOBaHI y TpPU MIATPYNU B 3aJ€KHOCTI Bl TJIMOMHU
3aHYpEHHS y KOHCTPYKII0 1 Tumy miacwieHHs. Ha ocHOBiI 3i0paHuX mgaHHX
po3pobeHo 3 miCUICHHS MepeXiaHOT TUITHKHA Ha TMAXO1 10 MOCTY TAKUM YHHOM,
10 KOXKEH THI MMiICHJICHHS BIAMOBIIaB OW OKpeMii MiArpyi.

PesynpTaTom mepioro po3ainy crajga po3poOka TPhOX METO/IB MiJICHICHHS
nepexiTHOT TUISTHKHU

o [Ilincunenns rabioHHUMHU KOpoOaMHM — 3pY4HI B EKCIUTyaTarii,
IIBUIKOCTIOPY/I)KYBaHl Ta BIJIHOCHO JCIICBI KOHCTPYKIIi, IIO HE MOTPEeOYIOTh

BEIUKUX (DIHAHCOBUX BUTpAT Ha JIOCTABKY Ta 30MpaHHS Ta 3apEKOMEHIYBalU ce0e



K 3pYYHUI Ta HaAIMHUNA 3aci0 1711 OeperoykpimioBaIbHUX POOIT Ta MiJACUIECHHS
BIJIKOCIB HACHIIIB.

e [limcuneHHs TPYHTOLIEMEHTHUMH MaJsIMU — BiJHOCHO HOBHH METO]I
OypOBOro MIJCUJIEHHS, 10 MOKa3aB ce0e OUIbII MPAKTUYHO BUTIIHUM Ta 3pYYHHUM
JUT HE HECYYUX KOHCTPYKIIN Ta MiACUICHHS 3eMJISTHOTO MOJ0THA. BukopucTtanus
IPYHTOLIEMEHTHUX TMajb JO03BOJSIE CYTTEBO 3MEHIIUTH HEMPsSMI BHUTPATH 4Yepe3
JIOBFOCTPOKOBY 3YIHUHKY PyXy Ha MEpEeroHax, Ha SKUX BUKOHYIOThCA POOOTH 3
MiJICWIICHHS, a TaKOXX HE MOTpeOyIoTh 3ailBUX BHUTpAT Ha MIJCWUICHHS CTIHOK
CBEP/IJIOBMHU MOPIBHSIHO 3 yJIAIITYBaHHSAM OypOBUX MaJlb.

o [limcuneHHs COPTOBAaHMMHM Ta APMOBAHUMU IPYHTAMHU — CKIIAJTHUHN TIPH
yJalTyBaHH1, ajle HAMOLIbII BXKUBAHUN Y €BPONEUCHKOMY OYAIBHUIITBI METO/I, IO
BKJIIOYAE MIJACWICHHS MEPEX1AHOI UITHKYA TPhOMa TUIIAMU M1JCUIEHOT 0 TPYHTY, A0
SKMX BIIHOCATBCSI COPTOBAaHUM IPYHT, MIJCUICHUA 1IEMEHTOM; COPTOBAHUMN IPYHT
Ta 3BUYAIHUI IPYHT HACHUITY, YIIJIbHEHUN NI 30UTbIIEHHS MOTO MIITHOCTI. JaHui
TUN MiJACWICHHS TMOTEHLINHO [gae HaWOUIBIN TUTAaBHUM Mepexil BiJ BHILOI
KOPCTKOCTI HA MOCTY, JI0 HUKYOI Ha HACHITY, 10 € HAHOUIBII 3pyYHUM Ta HaJIHHUM
y TOBTOCTPOKOBI1i MEPCIEKTUBI.

Y ngpyromy po3aiun amcepTarlii BUKOHAHO JOCTIDKCHHS HAIpPYXEHO-
nedopmoBanoro crany (HJC) ninsHok 3 mepexigHor )KOPCTKICTIO HA MiIX0Aax 10
MOCTIB.

Ilepm 3a Bce, y po3aim pO3IJISHYTO OCHOBHI MOZAEN MaTEeMaTHYHOI'O
MOJIETIIOBaHHS I'PYHTOBUX KOHCTPYKIIINA, METOAM MaTeMaTUYHOT O aHai3y, J0 SIKUX
30KpeMa BIJTHOCAThCS MeToj] ckiHdeHHux eneMeHTiB (MCE), MeTton AucKpeTHHX
enementiB (MIE) ta meton rpannunux enemenTiB (MI'E). Came MCE 6yB o6panmii
JUISL JOCIIJIPKEHHS pOOOTH MEPEXiTHUX JIISTHOK.

VY mepuriii yacTUHI pO3JUTY BUCBITIEHO OCHOBHI 3700YTTSI Ta pe3yibTaTH
npoBenenux gociimkens HJ{C rpyaTOoBUX KOHCTpYKITiH 3a monomororo MCE.

VY gpyriii 4acTWHI pPO3AULY BHKOHAHO YHMCEIbHUN aHalli3 JIUISTHOK 3

MIEPEXiTHOI0 KOPCTKICTIO HA MOJIENI MiIXOy PEAThHOTO 3aJII3HUYHOTO MOCTY, 1110



3HaXOJaUThCsl Ha mieperoHi JlomkapiBka-Ilapnonuns minii Mepeda-XepcoH B
VYkpaiHi.

JlocIiJPKeHHsT BUKOHYBAJIOCh B JIBa €Talld, MEPIIUM JO3BOJIUB OIL[IHUTHU
a/ICKBaTHICTh Ta JOCTOBIPHICTh PE3yJbTATIB 3alpOIIOHOBAHOTO MeTony. Jpyrwuii
eram € Oe3mocepeaniMm  gocmimpkeHHsM HJIC  mepeximHMX — IUISHOK 3
3aMpPONOHOBAHUMH y PO31iai 1 MOAENsMH MiJACWICHb, MOPIBHSAHHS Ta aHAMI3 ix
pE3yNbTaTIB.

MopentoBaHHS BUKOHYBAJIOCh Y TPhOX BuUMIpax. CKIaJ0OBUMHU YacCTHHAMU
MOJIEJl € CTOSIH MOCTY, HAaCHUIl 32 HUM Ta Bikocu Hacumy. OCHOBHUM MPEIMETOM
JTOCJIIJPKEHHS € IHTEHCUBHICTB OCIJITaHHS ITPYHTY Ha JAULSHII 32 CTOSHOM MOCTY TPH
PI3HUX KOHCTPYKIISX migcuieHHs. KOHCTPYKIIis CTOsSIHY Ta HACUITy 3MOJI€TbOBaH1
IIECTH- Ta BOCBMUTPAaHHUMHU 00’ €MHHMH €IIEMEHTAMH 3 MEPEBAXKHOIO JTOBXHHOIO
croponu 0,5 m.

B pe3ynpTaTi MareMaTMYHOTO MOJCNIOBAHHS OTPUMAHO  130TOJIS
HABAaHTA)XCHB Ta MEPEMIIIICHb 110 OC1 Z IS IepeXiaHOl JIISHKHU 3 KOKHHUM 3 THIIIB
1JICUJICHHS Ta BUKOHAHO iX TOPIBHSIHHS.

MakcumanbHe BepTUKalIbHE nepeMiiieHHs: B moaeni Nel (BuxijgHa mMoJemnb
0e3 MiICUIeHHs) CTaHOBUTH 5,04 MM, B Moeni Ne2 (migcwieHHs rabionamu) — 1,72
MM, 110 Ha 66% MeHIIe 3a TepeMIlleHHs B BUXITHIA Mojaeni, B moueni Ne3d
(MiICUJIEHHSI TPYHTOUEMEHTHUMM mansMu) — 2,65 mm, mo Ha 47/% wmeHmie 3a
nepeMileHHs] B BUXIHIN Mojeni, B Mojaeni Ned (TigcuiieHHs COPTOBAaHUMH Ta
3IIEMEHTOBAaHUMU TpyHTamu) — 1,55 MM, 1o Ha 69% MeHIle 3a mepeMilleHHs B
BHXIJTHIH MOJICIII.

BucnoBkom 3 uncenbHoro anamizy HJIC crtanu momepeaHi mpumymieHHs
II0JI0 MEPCICKTHB BUKOPUCTAHHS PI3HUX THINB IMJICHICHHS. 3 TEXHOJOTIYHOI Ta
NPAKTUYHOI TOYKM 30py, B HHUHIINIHIX yMOBaX YKPaiHCHKUX 3alli3HUIL Ta
BUPOOHUYOrO CEKTOPY HAaWOUIbII JOUUIBHUM METOJOM IMJICHICHHS CTallo
BUKOPHUCTAHHS ra010HIB.

Y TperboMy poO3/ia1i BUKOHAHO €KcrepuMeHTanbHe pociimkenns HJIC

KOHCTPYKIIIT MepeXiAHOT AUISTHKU BIAIIEHTPOBUM METOJIOM.



VYV nmepuiiii 4YacTHHI PO3JLTYy BHUCBITIEHI OCOOJUBOCTI BUKOPUCTAHHS
BIJILICHTPOBOIO MOJEIIOBAHHS SIK METOAY JOCHIKEHHS IPYHTOBHUX MACHUBIB.
['onoBHOIO TIEepeBaror0 BIALUEHTPOBOIO MOJIEIIOBAHHS € BIATBOPEHHS pEATbHHUX
IPOIECIB CKJIAJHUX 32 CBOEI0 CTPYKTYpOIO MaTepiaiiB B BIJHOCHO HEBEITUKHUX
monenel 3 macmrabom Bim 1:20 mo 1:200 Ta MOXIHBICT, BHBYEHHS MPOTATOM
KOPOTKHX TMPOMDKKIB Yacy JOBTOCTPOKOBHX TMPOIIECIB, IO BiAOYBalOThCS ¥y
peaIbHUX KOHCTPYKITISX.

BinueHntpoBe MOAENIOBaHHA € JOCTaTHbO CKIAJHUM 3 TOYKH 30pYy
MOIATOTOBKA METOJOM  JOCHIDKEHHS, TOMY JUJIS OTPUMAaHHS JOCTOBIPHHX
pe3ynbTaTiB HEOOX1JHUM € BUBYEHHS IPUHIIUITY JOTKOBOTO JTOCIIIJIKEHHS MOJIENIer
IPYHTOBUX MacuBiB. Macitad Mojeini Ta 4acy € OJHUMU 3 HaWOUIbIl BaXKJIUBHUX
KpUTEPIiB MpHU BIAUEHTPOBOMY MOJEIIOBAHHI. AOCONIOTHO Ba)KIMBOK IS
OTPUMaHHS JIOCTOBIPHUX PE3YyJIbTATIB € MATPUMKA OJJHAKOBUX YMOB MOJICITIOBaHHS
IpY KOXKHIH iTeparii.

Jliss  MonenmtoBaHHS BUKOPUCTaHA KOHCTPYKIlSA TEPEXigHOT TIISTHKH
pEeaIbHOT0 MOCTY, aHAJOTIYHA YHMCENbHIM Mojeni y po3auri 2. BumpoOyBaHHs
NPOBOJWINCS Ha YHIKaIbHIA LEeHTpUdYy31 HayKOBO-AOCHIIHOI saboparopii
MEXaHIKH TPYHTIB JIHIIPOBCHKOTO HAIIOHAJBLHOIO YHIBEPCUTETY 3alI3HUYHOTO
TPAHCIIOPTY.

MopentoBaHHS BHKOHYETHCS JJII BUXITHOI MOJETI Ta KOXHOTO 3 TPhOX
TUIIB MIiACWIEHHS 3alpoloOHOBaHUX y po3auni 1. Moxpens macmrabom 1:50
OyayeThCsl y METaleBOMY JIOTKY. MoJieh 3aCHUIIAETHCS IIapaMu IPYHTY 10 4-5 M,
10 TPaMOYIOThCA 110 3a/1aH0i IUTbHOCTI. Ha mepmuii map rpyHTY BCTaHOBIIOETHCS
Mozienh cTosiHa. KoKeH HACTyMHWH map yIUTBHIOETHCS BIAMOBITHO O 3aaHOl
cxeMu. Jlyis BIATBOpEHHS MOJENl MiACUICHHS Ta0lOHAMU BHKOPHUCTOBYETHCS
mwebins ¢paxuii 3...5 MM Ta momiMmepHa cirka. IpyHTOLEMEHTHI mami y Apyrii
MOJIeTIl MiJICUJICHHS BHKOHYIOTHCSI 32 PAaXyHOK 1H €KIIii IIEMEHTHOT'O B’SXKYy4Oro
pO3YMHY y TUIO IWIHAPUYHUX OTBOpiB. JIJIsI MOMENIOBAHHS IIIJICUJICHHS
COPTOBAaHMMH Ta 3LEMEHTOBAHUMM TIPYHTAMH COPTOBaHUN HAa CHUTI TPYHT

crabumizyerbest 2,5-3% unementom. Ilicias miAroTOBKM KOXHOI Mojeni, OOKoBa



CTIHKA JIOTKA 3HIMAEThCS 1 OOKOBA YaCTHHA MOJIEII PO3MIYA€EThCS CITKOIO, 1110 JaCTh
3MOT'y OLIHUTH MaclTad Ta IHTEHCUBHICTh OC1JIaHHA KOHCTPYKIII.

JUIs KO’KHOI MOZEN E€KCHEPUMEHT NPOBOAUTHCS HA YacTOTI oOepTaHHS
neuryHa piBHid 3,678 ['. Yac obepranns neHTpudyru cTaHOBUTH 60 XBWINH, 110
nopiBHIOE 416 mHAM poOOTH peabHOI KOHCTPYKIITii.

PesynpraTamu BunpoOyBaHHS € mM(POBI 3HIMKHA MOJEINI, MEpeBeAcHl y
BEKTOPHHMM BUTJISA Ta HAKIaJeHI HAa BUXITHUM BUTJISAI MOJACII O TiACHUICHHI.
TakuM 4MHOM OTPUMAaHO IHTEHCUBHICTh OCIJAHHS MOJIEJI IMJICHJICHHS B PI3HUX
TOPU3OHTAIBHUX Ta BEPTUKAIBHUX KOOpPJMHATAX Ta MAaKCHUMallbHI OCIIaHHS
KOHCTPYKIIi1 M1l HABAaHTAXKCHHSIM.

[lopiBHSIHHS OTpPUMAHUX pE3yNbTATIB TMOKAa3ajJ0 HACTYMNHI pPe3yJIbTaTH
MaKCUMAaJbHOI BEPTUKAIBHOI Aeopmarliii: jyisi BUMIPOOyBaHHSI O€3 MIJICUIICHHS —
20,56 MMm; mJist BUIIpOOYBaHHS 3 MIJCUJICHHAM TaOlOHHUMU KopoOamu — 5,46 MM;
JUTsI BUTIPOOYBAaHHS 3 MIJACWICHHSM TPYHTOIIEMEHTHUMH TaisiMu — 9,77 mm; miis
BUTIPOOYBAaHHS 3 MIiJCUJICHHS COpTOBaHUM TIpyHTOM — 5,33 mm. [lopiBHsIBHUN
aHai3 CBIAYWTH MPO TE, IO 3aCTOCYBaHHS YCIX TPHOX BapiaHTIB TiJCHICHHS
MO3UTHUBHO BIUIMBAE HA 3HIKEHHS BEPTUKAIBHUX AedopMariiii (B 2,10...3,86 pasn).

VY Tperiii yaCTUHI BMBYEHO Ta MOPIBHSHO pe3yJbTaTH, OTPUMAaHI B XOji
YUCEIIBHOT'0 Ta EKCIIEPUMEHTAILHOTO JIOCTIDKSHHS Ta MiATBEP/KCHO a/ICKBATHICTh
pO3p00JICHUX MOJIETIeH.

VY yerBepTOMY pO3aUTi pOOOTH BUKOHAHI HATYPHI JOCIIPKCHHS JTUISHKH 3
NEepEeX1THOI KOPCTKICTIO Ha MIAXO0/1 10 3aJ13HUYHOT O MOCTY.

BumnpoOyBaHHs ~ MpPOBOAWJIOCH  JCKUIBKOMAa  METOJAMHU:  OIlIHKA
BEPTUKAJIHLHOTO MOAYJS TMPYKHOCTI KOJIi Ha TEpeXiIHIA AUISHIN;, BU3HAYCHHS
JTUHAMIYHUX BEPTUKAIBHUX CHJI, IIFOUMX BiJ KOJIIC MOI3/ly Ha PEHKY Ta BU3HAYEHHS
ociaHb KOJii METOJOM HIBENIOBaHHS 10 1 micas mifcuieHHs. [[ns HaTtypHOro
BUNPOOYBAHHS Y XOJ1 po3auty 4 oOpaHO MOJEIb MiJACUIICHHS IPYHTOIIEMEHTHUMU
HaJSIMH.

[lepmmii MeToa BUMPOOYBaHHS BUKOHYETHCS 32 JIOMOMOTOI0 TMIPUKIAICHHS

BCPTUKAJIBHOI'O HABAHTAXCHHS Ha peﬁKy B pi3HI/IX TOYKaxX TOPHU3O0HTAJIBHOI'O



npodinro. PeecTpalrisi IHTEHCHMBHOCTI HABAHTAXKEHHS Ta MPOCIJJaHHS BUKOHYETHCS 32
paxyHOK €NeKTPUYHOTO Tnpuianias. B pesynpTaTi BUNPOOYBaHHS OTPUMAHO
3HAYEHHS BEPTUKAIBHOI JKOPCTKOCTI Ta BEPTUKAIBHOIO MOJYJIA MPY>KHOCTI KOJIIi B
PI3HHX TOYKax mepexinHol AuisHku. OTprMaHi 1aHi MMOKa3ylOTh CYTTEBY PI3HHITIO
YKOPCTKOCTI KOJIii HA MOCTY Ta Ha HACUTTY X0y 1 3pOOUTH BUCHOBKH IIOJI0 OJTHI€T
3 TOJIOBHUX MPUYWH BUHUKHEHHS MTEPEAMOCTOBHUX SIM.

B apyromy meroai BumpoOyBaHHS JjIsi BUMIPIOBAaHHS BEPTHUKAJIBHUX CHJI,
JIIOYMX B1JI KOJIIC TIOT3/Ty HA pEHKY BUKOPUCTOBYETHCSI METOMKA BUMIPY OYKCOBHX
IPUCKOPEHb. B mpolieci eKcnepuMeHTy OTpUMaH1 BETUYUHU OYKCOBUX MPUCKOPEHB
koiic enektpoBo3y JC-3 mpu MpOXOKEHHI MOro Mo MepeaIMOCTOBIM siMI TIPHU
PI3BHUX MIBUAKOCTSAX pyXy JMAOCHIAHOrO moizay. B pe3ynbrari BUIpOOYBaHHS
OTpUMaH1 BEPTUKAJIbHI CWJIM Ta MPUCKOPEHHS, 110 BUHUKAIOTh HA JUISHII
MePEIMOCTOBOT IMH. AHaJII3 OTPUMAaHUX JAaHUX MOKA3Ye 3aJCKHICTh BEPTUKATBHIX
CHJI Ta TPUCKOPEHb, II0 BUHUKAIOTH B MEPEXITHUX IUISTHKAX MPH MPOXOKEHHI
PYXOMOTO CKJIaJly Bil IHTEHCUBHOCT1 OC1IaHHS KOJii.

Tpers wyacTuHa pO3AUTY NPUCBSIYCHA MIATBEPKCHHIO €(PEKTUBHOCTI
MiACWICHHS JUISHOK 3 TEepPeXiAHOK JKOPCTKICTIO. /[l 1bOro BHUKOHAHO
HIBEJIFOBaHHS KOJIi Ta OTPUMAHO ii POodiIb, MICIS YOro BUKOHAHO IiJACUIICHHS,
ITICJISl YO0 BUKOHYETHCS MIOBTOPHE HiBetOBaHHS yepe3 12 MicsmiB. Takum 4uHOM
BUKOHAHO TOPIBHSUIbHUM aHaji3 3BUYANHOI MepexiAHOi JUISHKA Ta MEepexigHOI
JUISTHKY 3 MIACUJICHHSM, 3alpOIOHOBAaHUM Yy po3Aull 1 Ta miaATBEpaXeHO HOro
€()eKTHUBHICTb.

HaykoBa HOBH3HA OTPUMAaHHX PE3YJIBTATIB MOJATAE Y HACTYITHOMY:

®  OTPMMAHO HOBI 3aKOHOMIPHOCTI HaIpy>KeHO-Ie(POPMOBAHOTO CTaHy
nepexiIHOT JUISTHKYA Y BUIVISAL OCIIaHHS, HANpPYKEHHS Ta KOPCTKOCTI, HA OCHOBI
SKUX MOXYTh OyTH pO3p00JIeHI METOAM X MiCHUICHHS;

e Brepme B YKpaiHi MOOYAOBAaHO EKCIEPUMEHTAIbHY MOJAETh
nepexiqHOT MIISTHKYU JUIsl BIATIGHTPOBOTO MOJICTIOBAHHS, KA JIO3BOJISIE OTPUMATH
HACJIJIKU JIOBTOTPHUBAJIOTO BIUIMBY HABAaHTAXKEHHS 31 30€peKeHHSAM (I3UUHUX

IPOIIECIB, 110 BiOYBAIOTHCS B HACHUILY;



®  VIOCKOHAJICHO MAaTeMaTU4YHy MOJENb TepexiHOl MAUISHKH, sKa
BKJIFOYA€ CTOSIH MOCTY, HACHIl 3a CTOSHOM, Ta (3a HEOOXITHOCT1) MiJACUJICHHS 1
J03BOJIIE OTPUMYBATH TOYHI OCIJaHHS Ta HaNpyXeHHS B OyAb-fAKik TOYLl
nepexiiHoOI AUISTHKY;

®  pO3pO0JIEHO TPU HOBI METOJAM MiJICWIICHHS MEPEXIJTHUX AUISTHOK Ha
MiX0/1aX J0 MOCTIB, KOXKEH 3 SKMX MOXE OyTM BUKOPHUCTAHMI 3aJ€KHO BiJl
BUXIJTHUX YMOB.

IIpakTHyHe 3HAYEHHsI OTPUMAHUX pe3yabTaTiB. HaykoBi pe3ynbraru,
OTpUMaHi B JUCEpTAIliiHIA POOOTI MOXKYTh OyTH BHKOPHUCTAHI JIJIT MOJICIIOBaHHS
NepexiTHUX JUISHOK Ta OuIbll TIUOOKOro BUBYEHHS iX poOotu. [loOymoBani
MaTEeMaTU4YHI Ta EKCIEPUMEHTAIbHI MOJIeTI MOXYThb BUKOPUCTOBYBATHUCS [IJIs
JOCJIIJDKCHHSI Ta PO3POOKH TIJICUJICHHS TPYHTOBHUX MACHBIB, B TOMY YHCIII
nepexiTHUX JUISTHOK.

Po3poOneni Meroau MiJCUIEHHS MOXYTb OYTH BUKOPUCTaH1 IS
30UTbLIEHHSI KOPCTKOCTI HOBUX a00 BXKE€ ICHYIOUMX MEpPeXiAHUX IISHOK
3QJII3HUYHHUX YU aBTOJOPOXKHIX MOCTIB.

Kiro4oBi ciioBa: mepexijiHa KOPCTKICTh, MEPEIMOCTOBA sIMa, YUCEIbHE
MOJICTTIOBaHHS, BIAIICHTPOBE MOJICITIOBAHHS, HATYPHI BUMPOOYBAaHHS, IMiIXOIU 10
MOCTY, Ta010HU, TPYHTOIIEMEHT.
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ABSTRACT

S.H. Boboshko Stress-strain condition of areas with transitional stiffness on
approaches to bridges — Qualifying scientific work as a manuscript.

The dissertation on competition of a scientific degree of the doctor of
philosophy on a specialty 192 — Building Industry and Civil Engineering. — Dnipro
National University of Railway Transport named after academician V. Lazaryan,
Dnipro, 2020.

The dissertation is devoted to the study and solution of the problem of
sections with transitional stiffness on approaches to bridges analytically and
experimentally through the use of numerical analysis, experimental tray research by
centrifugal method and field tests.

The first section of the dissertation analyzes the problem of areas with a
transitional stiffness index in modern construction: the problems that arise in such
areas, the preconditions for their occurrence and the nature of development,
solutions used in Ukrainian and world bridge construction. The main consequences
of the problems of the transition sections had been revealed - the degradation of the
track geometry, which is called the “bump at the end of the bridge”.

The result of the study of the existing knowledge base of the European
experience of the bump at the end of the bridge issue was the compilation and
structuring of the causes of its occurrence, methods of detection and solutions. Ways
to solve the problem of the bump at the end of the bridge are formed into three
subgroups depending on the depth of immersion in the construction and the type of
reinforcement. Based on the collected data, 3 reinforcements of the transition section
at the approach to the bridge were developed in such a way that each type of
reinforcement would correspond to a separate subgroup.

The result of the first section was the development of three methods of
reinforcement of the transition area:

e Gabion box reinforcement — easy to operate, fast-built and relatively
cheap structures that do not require large financial costs for delivery and assembly
and have proven to be a convenient and reliable tool for shore protection works and

reinforcement of slopes.



e Reinforcement with soil-cement piles — a relatively new method of
drilling reinforcement, which has proven to be more practical and convenient for
non-load-bearing structures and soils reinforcement. The use of soil-cement piles
allows to significantly reduce indirect costs due to long-term stoppage of the
railroad, on which reinforcement works are performed, and also do not require
unnecessary costs for strengthening the walls of the well compared to the installation
of drilling piles.

e  Reinforcement with sorted and reinforced soils — a difficult to install,
but the most commonly used method in European construction, which includes
reinforcement of the transition area with three types of reinforced soil, which include
sorted soil reinforced with cement; regular sorted soil and regular embankment soil,
compacted to increase its strength. This type of reinforcement potentially gives the
smoothest transition from the highest stiffness on the bridge to the lowest on the
embankment, which is the most convenient and reliable in the long run.

In the second section of the dissertation the research of stress-strain state
(SSS) of sections with transitional stiffness on approaches to bridges had been
performed.

First of all, the section considers the main models of mathematical modeling
of soil structures, methods of mathematical analysis, which include the finite
element method (FEM), the method of discrete elements (MDE) and the method of
boundary elements (MBE). The FEM had been chosen to study the work of the
transition areas.

The first part of the section highlights the main achievements and results of
the conducted research of SSS of soil structures with the help of FEM.

The second part of the section performs a numerical analysis of sections with
transitional stiffness on the model of the approach of a real railway bridge located
on the Loshkarivka-Pavlopillya railroad of the Merefa-Kherson line in Ukraine.

The study had been performed in two stages, the first allowed to assess the
adequacy and reliability of the results of the proposed method. The second stage is
a direct study of the SSS of transition areas with the models of reinforcements
proposed in Section 1, comparison and analysis of their results.



The simulation had been performed in three dimensions. The components of
the model are the bridge abutment, the embankment behind it and the slopes of the
embankment. The main subject of the study is the intensity of soil subsidence in the
area behind the bridge abutment with different reinforcement structures. The
structure of the abutment and the embankment are modeled with hexagonal and
octagonal three-dimensional elements with a predominant side length of 0.5 m.

As a result of mathematical modeling, isopoles of loads and displacements
along the Z axe for the transition section with each of the types of reinforcement had
been obtained and their comparison had been performed.

The maximum vertical displacement in the model Nel (original model
without reinforcement) is 5.04 mm, in the model Ne2 (gabion reinforcement) - 1.72
mm, which is 66% less than the displacement in the original model, in the model
Ne3 (reinforcement with soil-cement piles) - 2.65 mm, which is 47% less than the
displacement in the original model, in the model Ne4 (reinforcement with sorted and
cemented soils) - 1.55 mm, which is 69% less than the displacement in the original
models.

The conclusion from the numerical analysis of SSS was the previous
assumptions about the prospects of using different types of amplification. From the
technological and practical point of view, in the current conditions of the Ukrainian
railways and the industrial sector, the most expedient method of reinforcement was
the use of gabions.

In the third section, an experimental study of the SSS of the construction of
the transition areas by the centrifugal method had been performed.

The first part of the section highlights the features of the use of centrifugal
modeling as a method of studying soil massifs. The main advantage of centrifugal
modeling is the reproduction of real processes of complex materials in relatively
small models with a scale of 1:20 to 1: 200 and the ability to study for short periods
of time long-term processes occurring in real structures.

Centrifugal modeling is quite a complex research method in terms of
preparation, so to obtain reliable results it is necessary to study the principle of tray
study of soil models. Model scale and time are one of the most important criteria in



centrifugal modeling. It is absolutely important to obtain the same simulation
conditions at each iteration to obtain reliable results.

The model of the transition section of the real bridge, similar to the numerical
model in Section 2, had been used for modeling. The tests were performed on a
unique centrifuge of the Research Laboratory of Soil Mechanics of the Dnipro
National University of Railway Transport.

The simulation is performed for the original model and each of the three
types of amplification proposed in Section 1. A 1:50 scale model had been built in a
metal tray. The model is covered with layers of soil of 4-5 cm, which are compacted
to a given density. An abutment model is installed on the first layer of soil. Each
subsequent layer is compacted according to the specified scheme. Crushed stone of
3... 5 mm fraction and polymer mesh are used to reproduce the gabion reinforcement
model. Soil-cement piles in the second model of reinforcement are performed by
injecting cement binder into the body of cylindrical holes. To model the
reinforcement with sorted and cemented soils, the sorted soil is stabilized with 2.5-
3% cement. After preparing each model, the side wall of the tray is removed and the
side of the model is marked with a grid, which will allow to estimate the scale and
intensity of subsidence of the structure.

For each model, the experiment had been performed at an engine speed of
3.678 Hz. The rotation time of the centrifuge is 60 minutes, which is equal to 416
days of operation of the actual structure.

The test results are digital images of the model, converted into a vector view
and superimposed on the original view of the model before amplification. Thus, the
subsidence intensity of the reinforcement model in different horizontal and vertical
coordinates and the maximum subsidence of the structure under load had been
obtained.

Comparison of the obtained results showed the following results of
maximum vertical deformation: for the test without reinforcement — 20.56 mm:; for
testing with gabion boxes reinforcement — 5.46 mm; for testing with reinforcement
with soil-cement piles — 9.77 mm; for testing with reinforcement with sorted soils —
5.33 mm. Comparative analysis shows that the use of all three options of



reinforcement has a positive effect on reducing vertical deformations (2.10... 3.86
times).

The results obtained during numerical and experimental research and
confirms the adequacy of the developed models had been studied and comparised.

In the fourth section of the work, field studies of the area with transitional
stiffness on the approach to the railway bridge had been performed.

The test had been performed by several methods: estimation of the vertical
modulus of track elasticity at the transition section; determination of dynamic
vertical forces acting from the train wheels on the rail and determination of track
subsidence by the leveling method before and after reinforcement. For field testing
during section 4, a model of reinforcement with soil-cement piles was chosen.

The first test method is performed by applying a vertical load on the rail at
different points of the horizontal profile. Registration of intensity of loading and
subsidence is carried out at the expense of electric accessories. As a result of the test,
the values of vertical stiffness and vertical modulus of elasticity of the track at
different points of the transition section had been obtained. The obtained data show
a significant difference in the stiffness of the track on the bridge and on the
embankment of the approach and draw conclusions about one of the main causes of
bump at the end of the bridge.

In the second test method, the method of measuring axle accelerations is used
to measure the vertical forces acting from the train wheels on the rail. In the course
of the experiment, the values of the axle accelerations of the wheels of the DS-3
electric locomotive when passing it along the bump at the end of the bridge at
different speeds of the experimental train had been obtained. As a result of the test,
the vertical forces and accelerations that occur in the area of the bump at the end of
the bridge had been obtained. The analysis of the obtained data shows the
dependence of the vertical forces and acceleration that occur in the transition areas
during the passage of the rolling stock on the intensity of the subsidence of the track.

The third part of the section is devoted to confirming the effectiveness of
reinforcement of sections with transitional stiffness. For this purpose, the track had
been leveled and its profile had been obtained, after which reinforcement had been



performed, after which re-leveling had been performed after 12 months. Thus, a
comparative analysis of the normal transition section and the transition section with
the reinforcement proposed in section 1 had been performed and its effectiveness
had been confirmed.

The scientific novelty of the obtained results is as follows:

e new regularities of the stress-strain state of the transition section in the
form of subsidence, stress and stiffness are obtained, on the basis of which methods
of their reinforcement can be developed;

e  for the first time in Ukraine, an experimental model of the transition
section for centrifugal modeling was built, which allows to obtain the consequences
of pre-long-term exposure to load while preserving the physical processes occurring
in the embankment;

e the mathematical model of the transition section has been improved,
which includes the bridge abutment, the embankment behind the abutment, and (if
necessary) reinforcement and allows to obtain accurate subsidence and stresses at
any point of the transition section;

e three new methods of reinforcement of the transition sections on the
approaches to the bridges have been developed, each of which can be used
depending on the initial conditions.

The practical significance of the results. The scientific results obtained in
the dissertation can be used to model the transition areas and a deeper study of their
nature. The constructed mathematical and experimental models can be used for
research and development of soil reinforcement, including transition areas.

The developed reinforcement methods can be used to increase the stiffness
of new or existing transition sections of railway or road bridges.

Key words: transition stiffness, bump at the end of the bridge, numerical
modeling, centrifugal modeling, field tests, approaches of the bridge, gabions, soil

cement.



