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3a0e3neyeHHs 3UenieHHs acGaabT00eTOHHOI0 MOKPHUTTS i )KOPCTKOI OCHOBH HA
eTani NPOEKTYBAHHS J0POKHBOIO OASATY

€. B. Jlopo:xxko, A. I'. barpakosa, B. B. Tumomescbkuii, E. B. 3axaposa

Brawmyesanns acpanomobemonnux wapie na iHcopcmkitl OCHO8I y 8ueisoi ye-
MeHmoOemoHHUx — nAuUm  003601A€  3HAYHO  NIOBUWYBAMU  MPAHCNOPMHO-
eKCnLyamayiuHi noOKA3sHuKu nokpumms. 1axke KOHCMpYKmueHe piulenHs € 0CO0IUBO
AKMYAIbHUM Y Maudce 8CiX KpaiHax ceimy, OCKilbKU YeMeHMOoOemOoHHI Naumu 0o-
CMamHvbo 006820 30epicaroms BUCOKY MIiYyHICmb. /[ nonepeortcen s WeUOKo20 pyli-
HYBAHHS AchanbmoOemoHHO020 NOKPUMMSL HA HCOPCMKIU OCHOBL He0OXIOHO 3abe3ne-
yumu HaoiliHe 3YenjieHHs1 KOHMAaKmy wapie ma Ha emani nPoEKmMy8anHs GUKOHAMU
nepesipKy MiyHOCmi 34enjeHHs PO3PAXYHKOM.

Obrpynmosano Kpumepit MiyHoCmi 34enjieHHs Ha KOHMaKkmi ac@aibmobemoH-
HO20 NOKpUmmsi ma HCopCcmkoi ocHogu. Po3paxyHok nonseae y nopi6HAHHI AKMUGHUX
OOMUYHUX HANPYHCEHb HA KOHMAKMI wapie 6i0 Oii 6epMUKAIbHOL I 20pU3OHMANbHOT
CKAA0080I MPAHCNOPMHO20 HABAHMANCEHHS 3 8EIUUUHON OONYCIMUMUX OOMUYHUX
HAnpYJICeHb Ha 3CY8 HA KOHMAKMI uapie.

Bcmanoeneno napamempu po3paxynkoeoi Mooeni ma npogeodeHo Mooeno8aHs
HAnpysHceHo-0eghopmMo8ano20 Cmamny KOHCMPYKYii O0POHCHbO20 0052) 13 3A/1YYEeHHAM
Memooy CKiHueHHUX enemenmis. Ilpu mooenoeauHi HanpysceHo-0eghopmosanozo
CMAaHy I pO3PAxyHKax 3a Kpumepiem MIYHOCMI 8DAXOBAHO DI3HL YMOGU PYXY MPAHC-
noOpmHUX 3acobieé ma 6niue memnepamypu Ha MIYHICHI napamempu acgaromobe-
MOHHO20 wiapy i wapy nioIpyHmMosKu. Bpaxoeani npu npoexmyamHi ymosu pyxy
MPAHCROPMHUX 30018 8I0N0GIOAIOMb YMOBAM DYXY HA NEPEe2OHi, HaA KPUBUX Y NAAHI
[ npogpini ma ymosam pyxy npu eKCmpeHomy 2aibMy8anHi asmomooinie. Pospobneno
NPAKMUYHI pekoMeHOayii 3 NPUHA4eHHs MIHIMAIbHO OONYCMUMOI MOSWUHU acgha-
JIbMOOEMOHHO020 WAPY HA HCOPCMKIL OCHOBL, WO HeoOXiOHO nepedbavumu Ha emani
NPOEKMYBAHHA 3 YMOBU 3a0e3neuenHs HaAOIUHO20 34enienHsi KOHmakmy wapis. Mini-
MAbHO OONYCMUMA MOBUWUHA KOIUBAEMbCA 8 Medcax 610 2 cm 0o 10 cm 6 3anexcHo-
cmi 810 YMO8 pyxy, memnepamypu i muny niorpymHo6KuU.

Knrouosi cnosa: acghanemodbemonnuti wap, mMooyib NPYHCHOCMI, HANPYHCEHO-
oepopmosanuii cmau, 3a6e3nedenHs 34enieHts, yeMeHmooemorHHa niuma.

1. Beryn

VY OUIBIIOCTI KpaiH CBITY HIMPOKO 3aCTOCOBYETHCS TEXHOJOTISA OyIBHUIITBA aB-
TOMOOUTBHHX JOPIT 13 BIAIITYBAHHAM JOPOKHBOTO OJISATY KOPCTKOTO THUITY Y BUTJISII
1eMeHTo0eToHHUX TIUT [1]. [leMeHTOOeTOHHI MIMTH MarTh OUTBIINIA CTPOK €KC-
TTyatailii M KamiTaTbHUMH PEMOHTAMH y TIOPIBHSIHHI 3 ac(ambTOOETOHHUM TOK-
PUTTSM, TIPOTE HACTYIIAE€ MOMEHT, KOJIH IEMEHTOOETOHHI IUIUTH MOTPEOYIOTh PEMOH-
Ty. Y OUIBIIOCTI BUMAAKIB IIEMEHTOOETOHHI TUIUTHU 30€pIraroTh JOCTATHHO BHUCOKY



MILHICTh Ta MOTPEOYIOThH JIHIIE MiJBUIEHHS PIBHOCTI, HIOPCTKOCTI Ta PEMOHTY Jie-
dbopMalliiHuX MIBIB MIXK IUIATaMu [2].

JIOpOXHIM OAsT y BUTJISAII IIEMEHTOOETOHHUX IUTMT BIAPI3HSETHCS BaXKKICTIO
BUKOHAHHSI PEMOHTHHUX POOIT, TOMY JOCUTh YaCTO 3aCTOCOBYIOTh KOHCTPYKTHBHI pi-
IICHHS, SIKI epeA0adaloTh MEPEKPUTTS IUTUT TOHKUM ac(hanbToOeTOHHUM mapoM [3].
Taka TexHONOTIA [03BOJISIE IIBUAKO Ta SKICHO TMIJBUINYBAaTH TPaHCIOPTHO-
eKCIUTyaTalliiiH1 MOKa3HUKHU 1IeMeHTOOeTOHHMX KT, [Ipu 1iboMy acdaabToOeTOHHUI
map BHKOHYE (YHKIIO 3aXHCHOTO Imapy abo Imapy 3HOCY Ha IIEMEHTOOCTOHHUX
mwmrtax. OTpruMaHa TaKUM YHHOM KOMOIHOBaHA TUIMTa XapaKTEPHU3Y€ETHCS BUCOKOIO
HECYYOI0 3/ITaTHICTIO 3aBJASKH [IEMEHTOOETOHHIN MJIUTI B OCHOB1, KOM(POPTHUMH YMO-
BaMHU PyXY 1 BIIHOCHOIO JIETKICTIO BUKOHAHHS PEMOHTHHUX POOIT 3aBASKU ac(anbTo-
O6eToHHOMY Tapy. st TakKMX KOHCTPYKIIIHA TIEPII 3a Bce HE0OX1HO 3a0e3MMeunTH Mi-
LHICTh ac(aabTOOETOHHOTO APy MOKPUTTS, OCKUIBKU Bl HbOTO 3aJ€KUTh CTaH J10-
POXKHBOTO OJATY.

J1o HaWOLIBII PO3MOBCIOKEHUX JedopMalliil 1 pyHHYBaHb NPUTAMAHHUM KOM-
O1HOBaHUM ILJTUTAM HaJiekKaTh 3CYB Ta BIJIpUB acPabTOOCTOHHOTO TIOKPUTTS BiJl KO-
PCTKOi OCHOBH, 1[0 BUKJIMKaHI BTPATOIO 3UCIUICHHS HA KOHTAKTI mapiB [4]. 3Baxaro-
Yy Ha 1€ aKTyaJIbHUMH CJIiJl BBAXKATH JOCIIJKEHHS, CIIPSIMOBaHI Ha 3a0€3MEUCHHS
HAJIIHHOTO 3YeIJICHHS KOHTaKTy ac(halbTOOETOHHOTO IIapy Ha >KOPCTKOi OCHOBHU Ha
eTarni IPOEKTYBaHHS JIOPOKHBOTO OJIATY .

2. AHaJi3 JliTepaTypHHMX IaHUX TA MOCTAHOBKA NMPodjieMHu

B po0orti [3] HaBeneHO aHami3 JOCBIAY eKcIulyaTalli acgaibTOOETOHHUX IIapiB
MTOKPUTTS Ha KOPCTKI OCHOBI 32 KOPAOHOM. B pe3ynbrari ciocrepexeHs 3a J0Ci-
HUMH JUISSHKAMH JIOPIT BCTAHOBJIEHO HAaMOUIbII PO3MOBCIOIKEHI Aedopmarltii 1 pyi-
HyBaHH# ac(aabTOOETOHHOrO MOKPUTTS HA KOPCTKI ocHOBI. HaliOiab1m yacTo y ac-
($hanbT0O0ETOHHOMY TTOKPUTTI BUHUKAIOTh PYWHYBAHHS Yy BUTJISAII BIIOOPAKEHUX TPi-
IIUH HaJ TEeMIEPATyPHUMH IIBAMU IEMEHTOOCTOHHUX IUIMT Ta PyHHYBaHHS BUKIIH-
KaH1 BTPATOIO 34UeIIeHHS MK mapamu. [IpeacTaBieHi BUCHOBKM CITIBMAal0Th 3 BU-
CHOBKaMH, HaBeJICHUMHU B po0oTi [4], 1e 3a3HayCHO, 110 IPH YMOBI He3a0e3MMeueHOro
3UCIIJICHHSI MK IIapaMu BiIOyBa€ThCS MIBUIKE PYyHHYBaHHS ac(albTOOECTOHHOTO
MOKPUTTS HA JKOPCTKIA OCHOBI BIJ [li TPaHCIOPTHOTO HaBaHTaXEHHSA. Tomy
000B’SI3KOBO HEOOX1THO BXKMBATH KOHCTPYKTHBHI 3aXOJHM 3 METOIO TMOTEPEIHKEHHS
MOSIBU BIAOOpaXXEHHUX TPILIMH B ac(haibTOOETOHHOMY MOKPUTTI HaJ TeMIEepaTypHH-
MU IIBaMU [IEMEHTOOETOHHUX IUIMT Ta MepeadayuTH 3a0e3MeUeHHs] HaliHOTO 34en-
JICHHSI MDXK IIapaMH.

HocnipkeHHst [5] miaTBepaKy€e HEOOXITHICTh 3a0€3MEeUeHHS] HaJIIMHOTO 34Yen-
JIEHHSI MK ac(hanbTOOETOHHUM IIAPOM Ta KOPCTKOIO OCHOBOIO y BUTJISAI KOHCTPYK-
1ii MOCTY Ta JIOIIJIBHICTh BXKUBAHHS 3aXO0/I1B 3 MOMEPEIKEHHS MOsIBU B1IOOpaKEHUX
TpituH. 3rigHO 3 poOOoTOIO [6] OAHUM 3 HAHOUIBIIT BAAIUX 3aX0/[iB OOPOTHOU 3 BiIO-
OpakeHUM TPIIIMHOYTBOPEHHSIM € METO/]I BIAIITYBaHHs JeQOopMalliifHUX IIBIB B ac-
($hanbT0OETOHHOMY TIOKPHUTTI HAJ MIBaMHU I[EMEHTOOETOHHUX IUIUT. TaKuM YUHOM,
KOHCTPYKIIis JOPOKHBOTO OJISITY PO3PI3a€ThCsl HA KOMOIHOBaHI TUTMTH, SK1 MPaIlto-
I0Th OKPEMO OJIHa Bif 0jHOI. AJie B poboTax [3—6] He po3riisgaeThes MOPAI0K OIliH-
KM MIIHOCTI 34€TJICHHS Ha KOHTAKTI ac(pajbTOOETOHHOTO TTOKPUTTS Ta KOPCTKOT OC-



HOBH. B po6oTi [6] TakoXk 0OTrpyHTOBAaHO HEOOX1IHICTh BpaXyBaHHS TOPU30HTAIBHOI
CKJIQJIOBOi BiJi TPAHCIIOPTHOT'O HABAHTAXKEHHSI, 1110 BUHUKAE BHACIIJIOK TATOBOTO 3Y-
CUJIIA 200 EKCTPEHOT0 rajbMyBaHHS.

B nmocmimkeni [7/] BcTaHOBIIEHO, IO ICHYIOYI KpUTEPil MIIIHOCTI HEIOCTATHHO
BIJIMOBIAAIOTh HAWOLIBIIT PO3MOBCIOKEHUM MEXaHi3MaM pyWHYBaHb acdaibTooOe-
TOHHUX TOKPUTTIB Ha JKOPCTKiH OCHOBI. JKOJHHUM 3 ICHYIOUMX METOIB PO3PaXyHKY
HEe TepeadadeHo MepeBIpKYy 3a KPUTEPIEM MIITHOCTI KOHTAKTy ac(aibToOETOHHOTO
rapy Ta IIeMEHTOOETOHHOI TUIUTH Ha 3ueruieHHs. [Ipu po3paxyHkax B3arajii He Bpa-
XOBYETHCSI TOPU30HTAIbHA CUJIA, 1[0 BUHUKAE BiJl TSITOBOTO 3yCHILIS 200 rajJbMyBaH-
HSl aBTOMOOLIsI. AHAJIOTiYHI BUCHOBKM HaBEACHO B poOOTi [8], mpucBsueHii mociti-
JDKEHHIO YMOB po0oTH ac(aibTOOECTOHHUX MIapiB Ha KOPCTKiM OCHOBI Ta MpH3HA-
YEHHIO BiJIMOBIAHUX KPUTEPIiB MILHOCTI. 3a3Hau€HO, 1110 33 YMOBHU He3a0e3MeYeHOro
3UYEIJICHHS 1IapiB BIAOYBAEThCS MBUJIKE PYHHYBaHHS ac(haqbTOOETOHHOTO MOKPUTTS
BHACIIJIOK Jii TOPU3OHTAJIBHOI cwid. ToMy Mpu MpOoeKTyBaHHI achaabTOOETOHHUX
apiB MOKPUTTS Ha >KOPCTKIM OCHOBI JOIIBHO BUKOHYBATH MEPEBIPKY 3a0€311eUeHO-
CT1 3YCIUICHHS KOHTAKTY IIapiB.

HocnimkenHs [9] npucBsSuYeHO BU3HAYEHHIO HAWOIIBII PO3MOBCIOKEHUX MeEXa-
HI3MIB pyiHYBaHHS ac()aqbTOOCTOHHUX IIapiB MOKPHUTTS, BCTAHOBJICHHIO iX MPUYH-
HU. OKpIM LOTO, MPOBEACHO aHali3 HaIpyXEHO-AePOPMOBAHOIO CTaHy ac(aybTo-
OCTOHHUX IIApiB TOKPUTTS HA >KOPCTKIM OCHOBI IIPU PI3HUX BapiaHTaX poO3TallyBaH-
HS TPAHCTIOPTHOTO HABAaHTAXKEHHS BIHOCHO KpaiB ILieMeHTOoOeTOHHO! miuuTH. [Ipu
MOJIETIIOBaHHI HaMpyXeHO-Ae(POPMOBAHOTO CTaHy ac(arbTOOETOHHOTO MOKPUTTS B
po0oT1 [9] BpaxoByeThCS JMIIE BEPTUKATBHUX THUCK BIJ TPAHCIIOPTHUX 3acO0IB 1 HE
BpPaxOBY€ThCA FOPU30HTANIbHA cuila. B pesynbTrarax podotu [9] BIACYTHI peKOMeHAa-
11i 3 pO3paxyHKy MILHOCTI ac(anbTOOETOHHOIO MOKPUTTS, COPSIMOBAaHI Ha IMorepe-
JUKEHHS pyMHYBaHb.

Bce 1ie mae migcraBu cTBEpAXKYBaTH, IO JOLUUIBHUM € MPOBEISHHS JTOCTIHKCH-
Hsl, IPUCBSAYEHOTO aHAII3y HAMpPyXeHO-Ie(OpMOBAHOTO CTaHy HAa KOHTAKTI ac(aib-
TOOETOHHOTO IIapy MOKPHUTTS 1 )KOPCTKOT OCHOBU Ta PO3POOJIEHHIO MOPSJIKY TIEPEBi-
pKu 3a0€3MeYeHOCT] HaIMHOTO 34YeIICHHsT KOHTaKTy 1mapis. Lle m03BoauTh nomepe-
JUTH TIepeaYacHi pyhHyBaHHs acaibTOOETOHHOTO MOKPHUTTS, MOJIOBXKUTH TEPMIH
CITyOH TOPOKHBOTO OJISITY Ta 3HU3UTHU BUTPATH HA TIEpET4acHi PEMOHTI poOOTH.

3. Mera i 3aBAaHHS 10CTiTKEHHS

MeTo1o TOCHII)KEHHS € BUSBIICHHS 3aKOHOMIPHOCTEHW (hOpMYBaHHS HAIPY>KEHO-
neOopMOBAHOTO CTaHy Ha KOHTAaKTI ac(aibTOOETOHHOTO IIapy 1 >KOPCTKOI OCHOBH
JUISL PI3HUX YMOB PYyXY, IO JA03BOJUTH PO3POOUTH PEKOMEH/AIlll 3 KOHCTPYIOBAHHS
ac(abTOOETOHHHUX I1apIB MMOKPUTTS HA KOPCTKIM OCHOBI 3 YMOBH 3a0e3MeUeHHs Ha-
JiHOTO 34eruieHHs. |1 JoCSITHEeHHST MeTH OyJIM MOCTaBJICH] TaKi 3aBIaHHS:

— BUKOHATH YHUCEJIbHE MOJIENIOBAHHS HAIPYXEHO-Ie(pOPMOBAHOTO CTaHy KOHC-
TPYKIIII TOPOKHBOTO OJIATY METOJIOM CKIHUEHUX €JIEMEHTIB JUIsl PI3HUX YMOB PyXY;

— BU3HAYUTH MIHIMAJIBHO JIOMYCTUMY TOBUIMHY ac(aabTOOECTOHHOTO Iapy Ha
KOPCTKIIl OCHOBI 3 YMOBH 3a0€3IeUeHHs] HAAIMHOTO 34YeIJICHHS Ha KOHTAKTI IIapiB
JUI PI3HUX THUIIIB MIAIPYHTOBKHU Ta YMOB PYXY.



4. Marepiajiu Ta MeTOIH JOCTiIKEHHSA

4. 1. OOrpyHTYBaHHSI KPUTEPil0 MIilTHOCTI 34elieHHs] HA KOHTAaKTi acdanib-
TOOETOHHOI0 MOKPHUTTS TA KOPCTKOI OCHOBH

[TopymieHHss MIITHOCTI MaTepialy Ipu Oylb SKOMY Halpy>KEHOMY CTaH1 HAaCTy-
MUTH TOJI1, KOJIU BeJIMUYMHA HAaWOUIbII HEOE3MeUHOro (PakTopy MOCSATHE CBOTO T'paHHU-
yHoro 3HadeHHs [10]. [Ipu nii TpaHCHOPTHOTO HaBaHTAXKEHHSI 1 TEMIIEPATYPHOIO Jie-
(dhopMyBaHHS MOKJIMBa BTpaTa MIXKIIAPOBOTO 34eIIeHHS achaibTOOETOHHOTO TMOK-
PUTTS Ta IIEMEHTOOETOHHOI TJIMTH, OCKUIBKM Ha KOHTAKTI IIapiB AIIOTh JOTUYHI Ha-
npyxeHss [5, 6, 11]. [Ipu BnamryBanHi Ta yuiijabHeHi achaibTOOETOHHOTO HIapy Ha
[IEMEHTOOCTOHHIN TUIMTI HE BiOYBA€THCS B3a€EMONPOHUKHEHHS MIHEPAIbHUX KapKa-
ciB ac(aabTOOETOHHOTO Mapy Ta IIEMEHTOOCTOHHOI TUIMTH. 3YETUTICHHS MK ITapaMu
BHUHUKAE 32 PaXyHOK IUTIBKM B’SKy4oro. B iboMy BUIIaJKy CHJIH 34EIICHHS 00yMOB-
JIeH1 aJre3i€l0 — MPUIMIIAHHAM B’SDKY4YOTO JI0 TIOBEPXHI IIapiB MiHEPAIbHOTO MaTe-
piaity, Ta KOre3i€r0 — MIIHICTIO B’sDKYyYOT0 B TOHKHX Inapax [5, 6].

YMOBa MIITHOCTI Ha KOHTaKTI IIapiB MO>KE MOPYIIUTUCH 3 HU3KU KOHCTPYKTUBHUX
Ta TEXHOJIOTTYHHUX MPUYKH. KOHCTPYKTMBHUMH TIPUUUHAME MOXYTb OyTH [11-13]:

— HEepaIlioOHAJIBHO MiAI0paHi KOHCTPYKTUBHI MIapH (MOYJb MPY>KHOCTI achalib-
TOOETOHY, TUIl MIATPYHTOBKHU, TOBIIUHHU I1apiB). B pe3ynbTaTi 4oro B IUIOUIMHI KOH-
TaKTy IIapiB BUHUKAIOTh 3HAUHI 3CYyBa04l HAIIPYKEHHSL,;

— CTpyKTypa 1 ckJiaj achanbTo0eToHy (MIHEpAJIbHUN CKIaa, Mapka 0iTymy) He
3a0€31e4yroTh MOTPIOHY 3CYBOCTIMKICTh HA KOHTAKTI MIapiB.

Texnosoriuni npuuuaw [11-13]:

— BUKOPUCTAHHS Ui MIATPYHTOBKHA MAJOB SI3KMX OITYMIB, IO 3HMXKYIOTH 3CY-
BOCTIMKICTh ac(aabTOOETOHHOIO 1Iapy B 30HI KOHTAKTY IIapiB;

— 3aCMIYE€HHS HWKHBOTO IApy, HEJTOCTATHE OYHUIICHHS [EMEHTOOETOHHOTO TO-
KPUTTS TIepe BIAITYBaHHSAM ac(haibTOOETOHHOTO MIapy;

B ocranHbomy BUTAJKy B MOKPUTTI BXKE 3aKJIaJIEHO MOCIa0IeHy 30HY, B SKiif
34YeIUIeHHs 1apiB 3a0e3MeUeHO B OCHOBHOMY JIMIIIE 32 PaXyHOK CHJI TEPTS.

PosrasinyTo poboty miapyBaToi CHCTEMHU 3 YMOBOIO, IO B TUIONIUHI KOHTAKTY
mapiB BUHUKJIA 30HA B SIKIM BIJACYTHE 3YEIUICHHS KOHTakTy mapiB (3oHa KL) Ha
puc. 1, 3rigHo 3 mocmimpkenasyu [12, 13].

Komu TpancmopTHe HaBaHTa)KEHHS ( 3HAXOAMTHCS HA BIJCTAaHI BiJ IUIOMIAJIKH
KL, mapu OyayTes BecTu cebe sk 34ervicHi. Lle moscHIoeTbCA THM, IO JOTHYHI Ha-
MPYKEHHS Ty, B IJIOUIMHI KOHTAKTy HE 3[aTHI MOJ0JATH CHIIy TE€PTsI, TOOTO BUKOHY-
€THCSI YMOBA:

1,<K,-f-o, 1)

ne Km — Koedili€eHT, 1110 BpaXOBY€e MOXKIIUBICTh 301JIbIICHHS ONOPY 3CYBY Y BUIAAKY,
SKIIO 3CYB BUHHKA€ HE B 30HI KOHTAaKTy IapiB, a B achampbroOeToHHOMY mapi; f —
Koe(iIieHT TepTs; 6; — HopManbHe HanpyxeHHs1, MI]a.
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Puc. 1. Cxema po3BUTKY TPIIIMHU MK ac(paibTOOETOHHUM IIApOM Ta LieMeHToOe-
TOHHOIO IUIUTOIO

[lin yac pyXy TpaHCHOpTHE HaBaHTaxKeHHS (() MOYHE HAOIMKYBATUCH J10 30HU
KL 3 puc. 1. Ilpu uboMy Hanpy»’eHHs Ty, B 30H1 KL Mo Makcumymy He cmiBnajie 3 Ha-
MPY>KEHHAM G; 1 ymMoBa (1) Moxke OyTu mopyiieHoro. SAkio BTpaTa 34erieHHs B 30H1
TpinmHu KL BUHMKIIA B pe3yJibTaTi 3CYyBY 3 pyHHYBaHHSM MPY>KHUX 3B’ A3KIB (aare3is
Ta Kore3isi) Ta ymoBa (1) He BUKOHYETHCs, BAHUKHE BITHOCHUH 3CYB JIBOX KpaiB Tpi-
mHA. OHOYACHO 3 1M, HAPYKEHHSI Ty, 3HU3ATHCS A0 HYyJs Ha momaani KL, a B
KOHCTPYKIUIi BIIOYJETbCS MEPEPO3NOLT HANpyKeHb. 3 PIIIEHb TEOpii MPYKHOCTI
[14] Bimomo, 1o B Toukax K Ta L A0THYHI HanpyKeHHS Ty, P13KO 3pOCTyTh. BUHHUKHE
pyHHYBaHHS MaTepiany 1 30UIbIUThCs po3mip mromanku KL. IToBTopHe npukiiagan-
HSl TPAHCIOPTHOTO HABAHTAXEHHA MPU3BEAE J10 3pOCTaHHS po3MipiB muiomaaku KL,
TIOKH HE OXOIHUTH BCIO 30HY KOHTAKTY IapiB [13]. OmHOYACHO 3 PO3BUTKOM TPIll[UHH
B1I0yBaTUMETHCA MPUTHUPAHHS TOBEPXHI IIEMEHTOOCTOHHOI IIUTH Ta achanbrobde-
TOHHOTO IIIapy, IO MPU3BEJIC 0 3HKCHHS KoedimieHTy TepTs (0coOIMBO B pasi Mmo-
TPaIUISTHHS BOJIOTH MIX Iapamu). Po3paxyHok 3a KpuTepiem 3a0e3MedeHHs 3UeryieH-
HS Ha KOHTAKTI acGaibTOOETOHHOTO IIapy 1 IEMEHTOOETOHHOI TUTUTH TOJISTaE y TO-
PIBHSIHHI aKTUBHUX JOTUYHUX HAMPYKEHb Ha KOHTAKTI IIApIB 3 MIIHICTIO KOHTAKTY
Ha 3CyB. BTpaTta MikiapoBoro 34erieHHs achaibToOeTOHHOTO IIapy Ta eMEHTOoO0e-
TOHHOI TUTUTH HAWOLIBII MMOBIpHA MPU MAaKCUMAJIBHO BEJIUKIN TeMnepaTypl, OCKiIb-
KM B 1IeH Yac 3MEHILYEThCS MIIHICTD IIapy MIAIPYHTOBKH [5, 8]. Kpurepiit MiiHOCTI
Ha KOHTAKTI MIapiB MOXHA 3aMHCaTH HACTYITHUM YHHOM:

T
—>K .., (2)



e Ty, — MAaKCUMaJbHI aKTHBHI HANPYXXEHHS 3CyBY Ha KOHTAKTI MIapiB Bix Ail TpaHC-
HOpPTHOro HaBaHTaxkeHHs, MlIla; 1T, — momycTumi (rpaHuYHi) JTOTHYHI Hamlpy>KEHHS
Ha 3CyB Ha KOHTakTi mapiB, MIla; Ky, — koediieHT 3anacy MIIIHOCTI Ha 3CyB Ha KO-
HTaKTI I1apiB.

4. 2. lapaMeTpu po3paxyHKoBoI MojeJIi

Po3po0biena po3paxyHkoBa cxema Ta BUOIp MOJIel MaTepiaiiB IPYHTY€ETbCS Ha 3a-
TaJIbHUX METOJaX PIlIeHHS 3a7ad MeXaHiku J1ehopMOBAHOTO TBepAoro Tima. JXKopcTtka
OCHOBA MPUHAMAETHCS Y BUTIISIAI MOHOJIITHOI IIEMEHTOOCTOHHOI TJIUTH 3 TEMITEPaTypHH-
MU TIIBaMH, JIJIsI SIKOi TTPUTAMaHHO, IO i1 MOJTYJTb TIPY>KHOCTI 1 MIITHICTh HE 3aJIC)KUTH BiJ
TEMIIEpPaTypH, BOJIOTOCTI Ta TPUBAJIOCTI Jii HaBaHTa)XEHHS. MaTepiall IeMEeHTOOETOHY
NPUIMAETRCS SIK TIPYKHE, CYIIUTbHE OHOpPiIHE Ta i30TporHe Tiio [2, 15-17].

XopcTka ocHOBa XapaKTepHU3y€eThCS:

— po3MipaMH IIEMEHTOOETOHHOI IIJTUTH B TUIAHI;

— TOBIIIMHOIO;

— MOJIyJIEM MPY>XKHOCTI Ta KoedirieHTom [lyaccony;

— 3arajibHUM (€KBIBAJICHTHHM) MOJYJIEM MPY>KHOCTI OCHOBH Mij IIeMeHToOe-
TOHHUMU TUTUTaMHU.

B sixocti achanbToO0eTOHHOTO 1Iapy MPUMMAETHCS MIap 3 BIACTUBOCTIMH IIeOeHe-
BOMAaCTUKOBOTO ac(aibTOOETOHY, BIAIITOBAHOTO TMOBEPX IIEMEHTOOETOHHOI ILIUTH.
3rigHo 3 [9, 10, 18, 19] achansrobeToHHMIA THAP MPUUMAETHCS K MIPYKHE TiI0, TOOTO
negopmyeTbes 0€3 3anuIIKOBUX JedopMariii. Jljis npuiiHATOro B JOCTIIKEHH] MpPYK-
HOro Je(OpMyBaHHS MOBHICTIO BIAKMHYTO TaKy BJIACTHUBICTh MOJEINI TiIa, SK MOB3Y-
YiCThb 1 B'S3KO-TIPYXHICTh [9—11]. Takuii miaxinx MOKIMBHUMA 3aBASKH TOMY, IO 4ac Jii
TpaHcnopTHOro HaBaHTakeHHsI MeHIe 0,1 ¢, a 3a 1eit yac B achanbToOETOH1 HE BCTH-
ral0Th MPOSBISITUCA B’ SI3KO-TIPY>KH1 a00 MIACTUYHI BIACTUBOCTI Marepiany. CTpyKTypHIi
esleMeHTH achabTOOETOHY PO3TAIIOBaHI B MEKaxX TBEPJIIOTO Tija BUMAJAKOBUM YHHOM.
Tak camo posmoniieHi B 00’emi matepiany makpoaedexta [9—11]. 3 mociimkeHb
[9, 10, 14, 20] Bigomo, 1110 TiNIO, IKe Ma€ MaKpoaAehEKTH, MOKHA PO3IJISIATH SIK KBa3Bi-
OJTHOPIIHY CUCTEMY B MeXkax i OCHOBU — martpuili. [Ipu nipomMy ixeanizaiiisi peabHOTO
CepeoBHIIA BIIHOCHO 11 OHOPIIHOCTI, CYIIUIBHOCTI 130TPOMii HE MIPU3BOIUTH 10 TIPUH-
[IUTIOBUX TIOMWJIOK Yy PO3paxyHKax 3a 3arajJbHUMU PIMICHHSMH TEOpli MPYKHOCTI
[9, 18, 20, 21]. Po3paxyHKOBY MOJECIb, 1[0 BUKOPHCTOBYEThCS [JISI MOJCIIIOBAHHS Ha-
npy>keHO-1e()OPMOBAHOTO CTaHy KOHCTPYKIIii JOPO’KHBOTO OASTY, HABEICHO Ha PHUC. 2.

[Tpu MonentoBaHHI MPUHHATO YMOBY 3a0€3MeUEHOr0 3USIUICHHS MiX ac(aibTo-
OETOHHUM IIAPOM MOKPHUTTS Ta *KOPCTKOIO OCHOBOO. [[si 3amoOiraHHs MmosiBU Tpi-
1MH B achaabToOCTOHHOMY IIapi Ha/l IIBAMH [IEMEHTOOETOHHUX TUTUT Mepea0adyeHo
B PO3paxyHKOBIN MOeNl BIAIITyBaHHS JepopMalliiHuX MmBiB B achaabTOOCTOHHUX
Imapax HaJl IIBaMH IIEMEHTOOCTOHHUX TUTHT. TaKuM YHHOM, KOHCTPYKIIiS TOPOKHbBO-
T'0 OJIAITY, 0 PO3TISAAETHCS, BIsi€ cOO0I0 KoMOIHOBaH1 TnTH. KoMOiHOBaHa TuiHTa
CKIIQZIA€EThCS 3 IIEMEHTOOETOHHOI TUIMTH Ha TMPYKHOMY IMIBIPOCTOPi, TMOBEPX SKOI
BJIAIITOBaHUH ac(asbTOOCTOHHMIA IIap 3 YMOBOK 3YEIUICHHS MDK acgaiabTOOeTOH-
HAM IIapOM Ta I[EMEHTOOCTOHHOI IUIMTOI0. Po3rimsimaemMo  Hampy»KeHO-
nehopMOBaHHIM CTaH KOMOIHOBAHOI IUIUTH, PO3MIPH SIKOi OOMEXKEH1 TeMIepaTypHH-
MU mBamu. [IpaBoMipHICTh TaKOTO MiAX01y 00IpyHTOBaHO B poboTax [8, 9].
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Puc. 2. Po3paxynkoBa Mojielb ac¢aabToOETOHHOTO IIapy Ha )KOPCTKiM ocHOBI: 1-1 —
MPOEKIIis MOJIeIi Ha TOPU3OHTANBHY TUIOIIUHY

4. 3. MoaeoBaHHsI HANPYKeHO-1eopMOBAHOI0 CTAHY KOHCTPYKUII 10po-
“KHBOT'0 OJSITY METOI0M CKiHYeHHUX eJIeMEeHTIiB

MopentoBaHHsI Hanpy)eHO-Ae(hOPMOBAHOTO CTaHy BUKOHAHO METOJIOM CKiHYe-
HUX €JIEMEHTIB B IporpaMHoMy Komruiekct ANSY S.

Citka mojeni OyayeTbCs 3 BUKOPUCTAHHSAM EJIEMEHTIB MEPEBaXKHO IeKcaroHa-
apHOT popmu. Popma ereMeHTIB BUOpaHa BIAIOBIIHO 10 JocChimkeHs [5, 9, 20, 21].
[Ipukinan po3paxyHKOBOI MOJIEINI MPEACTaBICHO HA puc. 3.
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Puc. 3. Po3paxyHkoBa MO/ieNb AJIsi BU3HAYEHHS HANPYKEHO-1e()OPMOBAHO CTaHy
KOHCTPYKIIi JOPOKHBOTO OJSTY



CratuyHe HaBaHTAKEHHS MPUKIIATAETHCS Yepe3 KPYTIIHH IITaMIl, JiaMeTp SKOTO
PIBHOBEIMKHUM BIIOUTKY CIIIAY KOJieca pOo3paxyHKOBOT'O aBTOMOO1IS Irpymnu A Biamo-
BinHo 1o JIBH B.2.3-4. BenuuwHa BepTUKaIbHOTO HABAaHTAKEHHS JOPIBHIOE
0,8 MIla, ropu3oHTalIbHA CUJIa MPUMUMAETHCA B Mekax BiJl 5 kKH (17151 mpssMomiHIRHUX
TiasHOK Ha meperoni) no 45 kH (mns ymMoB ekcrpeHoro rajabMyBanHs). Jliamerp
mtamny 34,5 cMm. B moaensx:

— MOAyYJIb MpyX)HOCTI 1 kKoedimient Ilyaccona neMeHTOOeTOHY MPUNHSTI TOC-
tiiaumu (E,6=27000 MTIla, p,s=0,15);

— TOBIIIMHA IIEMEHTOOETOHHOI OCHOBH BapitoBayiacs B miama3oHi Big 20 cM 110
28 cM 3 KpOKOM 4 cMm;

— TOBIIMHA ac(anbTOOETOHHOTO Iapy npuitHaTa 2 cM, 5 cM, 7. cM, 10 cm;

— MOIyJb TpYyX)HOCTI 1 koedirieHT [lyaccona achampTob6eTOHY BapitoBaBcsS B
Mexax Bif E,s=5000 MITa i 1,6=0,25 1o E.s=400 MIIa p,6=0,4.

— 3arajJibHUI €KBIBaJICHTHUN MOYJIb MPY>KHOCTI HAa MoBepxH1 ocHOBU 150 MI1a,
koedimient Ilyaccona 0,3.

5. Pe3yabTaT gociaigaeHHsl MillHOCTI 34eruieHHsI ac¢aabTo0eTOHHOIO MO-
KPHUTTH i 5KOPCTKOI OCHOBH Ha eTalli MIPOEKTYBAaHHSA JOPOKHBOI0 OASATY

5. 1. Pe3yabTaTi MOAETIOBAHHS HAINPY’KEHO-1e()OPMOBAHOIO CTAHY KOHC-
TPYKUII JOPOKHBOT0 OASATY METOA0M CKIHYCHHMX €JICMEHTIB

B pe3ynbrari MOAENOBaHHS HaIPY>KEHO-1€(POPMOBAHOIO CTaHy BU3HAYEHO J0-
TUYHI Hampy>KeHHS HA KOHTAaKTi ac(albTOOCTOHHOTO IMIapy Ta IIEMEHTOOETOHHOI
IUTUTH 17151 PI3HUX YMOB PyXy Ta KIIMAaTUYHUX YMOB.

[Ipukinazn pe3yapTaTiB MOJEIIOBaHHS HaBEIECHO Ha puc. 4, 5 Ta B Tadu. 1.
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Puc. 4. Pe3ynbraT BU3Hau€HHS JOTUUHUX HAIPYKEHb Ty, JJIS1 MOJIEINI 3 TOBILIMHOIO 1 MO-

IyJeM MpYyXHOCTI achanbrodeToHHoro mapy — 2 cM 1 400 MIla BianoBiiHO, TOBIIMHOIO

1 MOZTyJIEM MIPY>KHOCTI LIeMEHTO0eTOHHOI InTH — 24 cm 127000 MIla BinnosigHo, Bep-
TukaibHuM HaBaHTaxeHHsM 0,8 MIla, ropusonrtanbHoro cusoro 5 kH: a — 3aranpauii

BUIUISLA MOAENL; O —

Tabmmus 1

301IBbIIEHE 300payKEHHS YaCTUHU MOJIEINI 1] IITaMIIOM

[Tpuknan 3BeAeHOT TaOAWI JOTHYHUX HANPYXKEHb Ty, HA KOHTAKTI ac(anbToOEeTOH-
HOTO IIapy Ta 1ieMeHTo0eToHHo1 nTH, Mlla

Beprukansae maBantaxenus 0,8 MIla, giamerp mramna dur=34,5 cMm, Topu3oHTansHa cuia S kH,
E6=400 MITa, p.6=0,40, E,;=27000 MIla, p6=0,15, Focx=150 MIla, pocs=0,3

TOBIIIMHA [[EMEHTOOE-
TOHHOT TTUTH (Nys)

ToBIIKHA achanbTo0eToHHOTO mapy (Nas)

2 cM

5cm

7 cMm

10 cm

MICLIE€ PO3TalTyBaHHS TOUKH
BiJTHOCHO BICI IITAMITY 3T1JTHO

3 puc. 1

0,206 0,232 0,238 0,213 Kpail mramiy (Touka 1)

20 cMm —0,095 -0,043 | 0,033 —0,026 BiCh MITaMITy (TOYKa 2)
-0,284 -0,290 | 0,277 —0,254 Kpai mramiry (Touka 3)

0,204 0,228 0,229 0,209 Kpail mramiy (Touka 1)

24 cMm —0,095 -0,043 | 0,033 —0,025 BiCh MITaMITy (TOYKa 2)
-0,282 -0,287 | -0,275 -0,250 Kpail mramiy (Touka 3)

0,202 0,226 0,227 0,206 Kpai mramiry (Touka 1)

28 cm -0,095 | 0,043 | 0,033 | 0,026 BiCh mITaMIry (To4dka 2)
-0,278 -0,285 | 0,272 -0,248 Kpail mramiy (Touka 3)




3a pesynbTaTaMu MOJICIIOBAHHS BU3HAYEHO, IO MPH 3MIHI MOAYJS MPY>KHOCTI
ac(abTOOETOHHOTIO APy JOTHYHI HANPY>KEHHs HAa KOHTAKTI IIapiB 3MIHIOIOTHCS JIi-
HiliHO. [[7151 BUSIBIIEHHS JaHOI 3aJIEKHOCTI BUKOHAHO MOIIYKOBE MOjetoBaHHs. ToB-
muHa achaabToOETOHHOTO MIapy B MOJIENSX MpUUMaach piBHOIO 2 ¢M, 5 ¢M, 7 cM Ta
10 cM, ToBIIMHA [IEMEHTOOETOHHOT IJIUTH MpUiiMasiack piBHOIO 20 cM, 24 cM, 28 cM 3
moaynem npyxxHocti 27000 MITa. B Mmozensx BapitoBanach JuIlle 3HAUCHHS MOJYJIs
IpY>XHOCTI acanbro0eToHHOro mapy 1 npuiiManock piHuM 400 MIIa, 1000 MITa,
1500 MITa, 2000 MIIa, 2500 MIla, 3000 MIIa, 3500 MIIa, 4000 MIla, 4500 MIIa Ta
5000 MIIa. B ycix po3paxoBaHHX MOJENSAX CIOCTEPITAETHCS JIHIHHA 3aJICKHICTh
3MIHU BEJIWYMHHU JOTUYHUX HANPYXKEHb MPHU 3MiHI MOIYJS MPYKHOCTI acdanbTode-
TOHHOTO MIapy. 3aKOHOMIPHICTh 3MIHHM JTOTHYHUX HaNpy>KeHb Ha KOHTAKTi acgaib-
TOOETOHHOTO TIapy Ta IEMEHTOOETOHHOI IIMTH BiJ BEIUYMMHA MOIYJS MPYKHOCTI
ac(habTOOETOHHOTO APy JUIsl OAHIET 3 MOJiesel (ToBIMHA acPaTbTOOETOHHOTO 111a-
py 2 cM, TOBIIMHA 1 MOJIYJIb MPYKHOCTI IIEeMEHTOOETOHHOI iuTu 24 cm 127000 MIla
BIJIMIOBITHO, BEeJIMYMHA BepTHKaiIbHOTrO TUCKy 0,8 MIla, miamerp BiAOUTKY IITaMITy
34,5 cM), BUKOPUCTAHUX TPH MONTYKOBOMY MOJICNIIOBaHH1, HABEJIEHO Ha puc. 6.
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Puc. 5. Pe3ynbTaTr BU3HaYeHHS JOTUYHUX HANPY>KEHbB Ty, TSI MOJIEN1 3 TOBILIMHOKO 1 MO-
JyJieM MpyKHOCT1 achanbroderonnoro mapy — 10 cm 1400 MIla BiAmoBigHO, TOBIIHU-
HOIO 1 MOJTyJIEM MPY>KHOCTI IIEeMeHTO0eTOHHOT TuTH — 24 cM 1 27000 MIla BiamosigHO,
BepTUKaTHLHUM HaBaHTaKeHHsM 0,8 MIla, ropuzonTansHOrO cuitoro 45 kH: a — 3aranb-
HUH BUTJISI MOJICITL; O — 301IbIIIeHE 300paykeHHST YaCTHHHA MOJICI 1T IIITaMITOM
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Puc. 6. 3anexxHiCTh BEIMUUHN JOTUYHUX HAPYKEHB Ty, HA KOHTAKTI IIapiB Bij Be-
JUYMHU MOJYJISL IPYKHOCTI ac(aibTOOETOHHOTO 1Iapy



3a pe3yapTaTaMH MOJETIOBAHHS BU3HAUEHO, 110 MPU 3MiHI BEJIHUYWHU TOPU30H-
TallbHOI cuiiv B miarna3oHi Bix 5 kKH mo 45 xH notuuHi Hanpy)XeHHsS Ha KOHTAKTI ac-
(hanbTOOETOHHOTO APy Ta IEMEHTOOCTOHHOT IUIMTH 3MIHIOIOThCS JIHIMHO. ToBImMHA
ac(abTOOETOHHOTO IIapy Ta MOAYJb MPYKHOCTI B MOJEINISIX MpHUitMaach piBHUMH
2cM, ScMm, 7cm ta 10 em ta 400 MIIa, 1500 MITa, 3000 MIIa, 5000 MIIa BigmoBiza-
HO, TOBIIMHA IIEMEHTOOCTOHHOI IUIUTH TMpukiManack piBHOIO 20 cM, 24 cM, 28 cMm 3
MoxaysieM npyxHocti 27000 MIIa. B Mozaensix BapitoBajgach 3HAYCHHS TOPU30HTAJIb-
Ho1 cuiu 31 3HadeHHsmu 5 kH, 10 kH, 20 kH, 30 xkH, 40 kH ta 45 xH. B ycix po3pa-
XOBaHUX MOJIENSAX CIIOCTEPITaeThCsl JIiHINHA 3aJ€KHICTh 3MIHU BEJIUYHHHN JOTHIHUX
HANpPyXKeHb Ha KOHTAKTI IIapiB MPH 3MiHI BEJIMUYWHU TOPU3OHTATBHOI CHJIM, TIPH 1H-
IMX PIBHUX YMOBAax. 3aKOHOMIPHICTh 3MIHM JOTUYHHUX HANpyKEHb HA KOHTAKTI ac-
($hanpT0OETOHHOTO MIapy Ta IEMEHTOOCTOHHOI TUTUTH BiJl BEIWIWHU TOPU3OHTAIBHOI
CUJIU ISl OJIHI€T 3 MoJieNiel (TOBIIMHA 1 MOJIYJIb MPY>KHOCT1 ac(aibTOOETOHHOTO I11a-
py 5 cm 1 1500 MlIIa BiamoBigHO, TOBIIMHA 1 MOAYJb MPYXKHOCTI IIEMEHTOOETOHHOT
muta 24 cm 1 27000 MIla BinmoBigHO, BelMMUMHA BepTHKalbHOro THCKy 0,8 Mlla,
miaMeTp BiAOWTKY 1mTamiy 34,5 ¢cM), BUKOPUCTAHHUX IPH MOUTYKOBOMY MOJIEIIOBAH-
Hi, HaBEJICHO Ha puc. /.
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Puc. 7. 3anexxHicTh BEIMYUHU JOTUYHUX HANPYKEHb Ty, HA KOHTAKTI IIapiB Bij Be-
JIMYUHU TOPU30HTAIIBHOI CUIIH

[ 3aneXHICT CIIpaBeUIMBa ISl yChOro 00paHOro IHTEPBANy 3HaY€Hb MOJIYJIIB
MPY>KHOCTI ac(haabTOOETOHHOTO IIapy Ta TOBIIMH KOHCTPYKTUBHUX IIapiB. ToMy nms
BU3HAUCHHS HAMNPYXKEHb Bij J1i TOPU30HTAIBHOI CHJIM B Jlara3oHi 3HaueHb Big 5 kH
10 45 xH Mo)kHa CKOpUCTATUCH JTHIHHOIO IHTEPIOJIALIEIO.

5. 2. Bu3HayeHHsI MiHiMAJIbHO AOMYCTUMOI TOBUIMHHU Ac(aJbTOOETOHHOIO
HIAPY HA KOPCTKIil OCHOBI

JomyctuMi (rpaHuyH1) JOTUYHI HAIPYKEHHS HA 3CYB Ha KOHTAKTI I1apiB, 3T1THO
3 [22, 23], MoxHa BU3HAYUTH 32 (DOPMYJIOIO:

Trp = Tna6 X (1_ Vr X t)’ (3)



TI€ Tya6 — MILHICTH Ha 3CYB (MaKCHUMaJIbHI JTOTHUYHI HAIPYXEHHs MK ac(anbToOeTOH-
HUM IIIapOM 1 [IEMEHTOOETOHHOIO IJINTOI0 BH3HAYCHI €KCIIEPUMEHTAIBLHO 3TiIHO 3
METOUKOIO [22, 24]; v.— KoedilieHT Bapiamii MIITHOCTI MpH 3CyBi; {— KoedilieHT
BapI1aTUBHOCTI BIIXUJICHHSI, 1110 3QJICKUTh B1Jl PIBHS HaAIHOCTI KOHCTPYKIIiT).

JI1s IpakTUYHOI OIIHKK MIITHOCTI Ha 3CYB Ha KOHTAaKTi IIapiB MpOaHaji30BaHO
BEJIMYMHU aKTUBHHUX JIOTUYHUX HAIPYy>KEHb Ta MIIHICTHI MapaMeTpu PI3HUX THIIIB
iArpyHTOBKH. J[J1s 1IbOTO yCi paltoHu TepuTopii YKpaiHu 3a ymoBaMu poOoTu acda-
apT00€TOHY, BiAMOBIAHO A0 Kiacudikarii HaBeaeHoi y JIBH B.2.3-4, posaineno Ha
TPH TPYIIX 32 CXOKHMH TEMITEpaTypHUMH 1HTEpBaJIaMH HarpiBy acgaibToOETOHHOTO
MOKPUTTS:

— | rpyna — paiionu A1, A, Az 3 HarpiBom 10 53 °C;.

— I rpyna — paitonu Aa, As 3 HarpiBoMm 10 55 °C;

— I rpyna — paitonu 4s, A7 3 HarpiBom 10 57 °C.

['paHryHa MILHICTH 34ETVICHHS KOHTAKTY IIapiB Ha 3CYB 3aJICKUTh BiJl TEMIIepa-
TYpH Ha KOHTaKTi mmiapis [5, 8, 13].

3aNie)KHICTh TeMIIEpaTypy Ha KOHTAKTI 1IapiB Bijl TOBIIMHU acPalbTOOETOHHOTO
1apy BU3HA4eHO 3a ¢GopmyJsioro (4), 3TiIHO 3 METOAUKOI0, HaBeaeHow y [22]. Pe-
3yJbTaTH HaBEJEHO Ha puc. 8.
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ne t" — TeMneparypa Ha KOHTaKTi ac(anbTOOETOHHOrO MIApy MOKPHUTTS Ta YKOPCTKOI
ocHoBH, °C;
tew — cepeaHboMicsIUHA TemMneparypa nopitps, °C;

cp. max
tHOB

— CepeIHbOMICSIYHA MaKCUMallbHa Temreparypa nositps, °C;

cp. min
tnos

— cepeIHbOMICAYHA MiIHIMaJIbHA TeMreparypa nositps, °C;

p — KOeILIEHT MOTJMHAHHSA COHSYHOTO BUIIPOMIHIOBAHHS HA MIOBEPXH1 MOKPUTTS;

Icp no10. — CEPENHBOIOO0BA  IHTEHCUBHICTD  COHSIYHOTO  BUIPOMIHIOBAHHS,
KKaJl/M>XroaxXrpa;

a, — Koe(illieHT Tertonepenayi, KKain/M>Xroaxrpa;

K1 — xoedilieHT, 1m0 BpaxoBye MOciaabIE€HHS COHSYHOIO BHUIIPOMIHIOBaHHS Y
OyIb-sIKy TOJIMHY T00WU;

K — xoedittieHT nmepexoay BiJ cepeaIHbOA000BOI IHTECHCUBHOCTI COHSYHOTO BH-
MIPOMIHIOBAHHS 10 IHTEHCUBHOCTI Ha 12 TouHYy;



Ky — xoedirtieHT 3amuneHHs (3HWKEHHS IHTEHCUBHOCTI COHSYHOTO BUIIPOMIHIO-
BaHHS 32 PAXyHOK MUJIOYTBOPEHHS);

. — TOBIIMHA achaTbTOOCTOHHOTO MIApY, M;

® — KyTOBa YacTOTa KOJIMBAHHsI TEMIIEPaTypH, PaJi/TOI;

(a5 — TEMIIEPATYPOIPOBITHICTB ac(abTOOETOHY, MZ/TOL;

T — MOMEHT 4acy BiJl MOYaTKy NEePioy KOJIUBaHHS, TO/I.
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Puc. 8. 3anexHicTh TeMnepaTypu Ha KOHTAKTI1 IIapiB BiJ TOBIIUHU ac(haabToOETOH-
HOTO I1apy

Ha puc. 9 BimoOpakeHO 3aJ€KHICTh 3MIHM MaKCUMaJbHUX AaKTUBHUX HaIpy-
’EHb 3CYBY (LI0 BU3HAYEHI METOJIOM CKIHUEHHMX €JIEMEHTIB) Ta TPAHUYHY MILHICTb
PI3HMX THITIB MIAIPYHTOBKH (1110 3aJIEXKUTH BiJl TEMIEPATYPH Ta BU3HAYAETHCS 3T1THO
3 qaHUMU puc. 8 3a Gopmysoro 3) Bix TOBIMMHM acharbToOCTOHHOTO T1apy. B Touri
NepeTUHy KPUBOi 3HAYCHh MAKCHMAJIbHUX AKTHUBHHUX HANpPYXEHb 3CYBY 3 KPHUBOIO
IPaHUYHOT MILHOCTI MiJAPYHTOBKM HAa 3CYB BHU3HAYA€THCS MIHIMAJIBHO JOIYCTUMAa
TOBIIIMHA achaabTOOECTOHHOTO IIapy.

B pe3ynbpraTi aHanmizy po3paxyHKIB BCTAHOBJIEHO MiHIMAJbHO JOMYCTHMIi TOB-
mHU achaabToOOCTOHHOTO IIapy Ha YKOPCTKIM OCHOBI, K1 HEOOXITHO Mepe10aunTH
MIpU KOHCTPYIOBaHHI, /17151 3a0€3MeUeHHsI HaIIMHOTO 3UeTIJICHHS Ha KOHTAKTI MIapiB.

3HayeHHs MIHIMAJILHO JOMYCTUMOT TOBIIMHU ac(aibTOOETOHHOIO MIapy BU3HA-
YEHO JIJIS1 PI3HUX THITIB MIAIPYHTOBKH Ta PI3HUX TeMIepaTypHuX ymoB. [Ipu Bukopu-
CTaHHI B SIKOCTI MiAIPYHTOBKU OITYMHOI €MyJbCii MiHIMAJIbHO JOMYCTHMa TOBIIKHA
ac(hanbTOOETOHHOTO I1apy CTAHOBUTHUME:



— 71 YMOB pyXy Ha meperodi 1 kpuBux B 1uiani y I, II ta III rpyni 3a Temnepa-
TYPHUMH 1HTEpBaJIaMHU — 2 CM;

— JUIsL yMOB PyXy Ha JUISTHKaxX eKCTPEHOro raixbMmyBaHHs y | rpymi 3a Temmepa-
TYpHUMH iHTEepBasiaMu — 4 cM, 11 ymoB Il rpynu 3a TeMnepaTypHUMHU iHTEpBajlaMH
— 5 cm, ans ymos 111 rpynu 3a TemnepaTypHUME iHTEpBagaMu — 6 cM.
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Puc. 9. MinHiCTHI mapamMeTpu Pi3HUX THUIIB MiATPYHTOBKH JIJIsl YMOB €KCTPEHOTO Ta-
apMyBaHHA (ropuzoHTanbHa cuia 45 kH) B 11 rpymni paiioHiB

[Ipu BUKOpUCTaHHI B SKOCTI MIATPYHTOBKM HAIUIABHOI I'1JIPO130JIALIT MIHIMAJIbHO
J0IyCTUMa TOBUIMHA ac(paibTOOECTOHHOTO 1Iapy CTAHOBUTHUME:

— 11 YMOB pyxy Ha neperosi y I ta Il rpymi 3a TeMnepaTypHUMHU 1HTEpBaIaMU
— 2 cm, 1u1st ymoB 111 rpymnu 3a TemnepatypHUMH IHTEpBAJIAMUA — O CM;

— JIJI1 YMOB PyXY Ha KpUBHX B IUIaH1 y | rpyIii 3a TeMnepaTrypHUMH iHTEpBaIaMH
— 2 cm, 11t ymoB I rpynu 3a TemnepaTypHUMH iHTepBajiaMu — 5 cM, g ymoB 111
TpyIH 32 TEMIIEpaTypHUMHU IHTEpBajaMu — 6 cM;

— 71 YMOB pyXy Ha JUISHKaX €KCTPEHOTo rajibmyBaHHA y | rpyrmi 3a Temmnepa-
TYpHUMU 1HTE€pBaIaMu — / cM, st ymoB Il rpymnu 3a TeMnepatypHUMHU iHTEpBajIaMH
— 8 cm, 1u1st ymoB 11l rpynu 3a TemnepatypHUMH iHTepBaslaMu — 9 cM.

[Ipu BUKOpHCTaHHI PO3NUIIOBAIBLHOT MIAIPYHTOBKU MIHIMAJIBHO JOMYCTUMA TO-
BIIIMHA ac(habTOOETOHHOTO IIapy CTAHOBUTUME:

— 11 YMOB pyXy Ha meperoHi y I rpymi 3a TeMnepaTypHUMH IHT€pBaJlaMU —
2 cM, nst ymoB I ta Il rpymnu 3a TemmepaTypHUME iHTEpBajIaMu — 6 CM;



— 71 YMOB PyXy Ha KpHBHX B IJ1aHi y | rpymi 3a TemMnepaTypHUMU 1HTEpBajlaMu
— 4 cm, nna ymoB Il rpymnu 3a TemnepaTypHUMH 1HTEpBaidamMu — 6 cM, s ymoB III
IpyIu 3a TEMIIEpaTypHUMHU IHTEpBaJIaMU — [ CM;

— 711 YMOB pyXy Ha JUISIHKaX €KCTPEHOTo TrajbMyBaHHs y | rpymi 3a Temriepa-
TYpPHUMH 1HTEpBajgamMu — 8 cM, st yMoB Il rpynu 3a TeMriepaTypHUMHU 1HTEpBaIaMU
— 9 cm, mig ymos 111 rpynu 3a TemniepatypHuMu iHTepBasiamu — 10 cm.

6. O0roBopeHHsi pe3yJbTaTiB MO/JEJIOBAHHS HANpPYKeHO-1eGopMOBaHOIO
CTaHy KOHCTPYKUII T0POKHBOT0 OJSITY Ta PO3PAXYHKIB MIITHOCTI 34YenJieHHsI KO-
HTAKTY LIAPIB

AHani3yioun pe3yabTaTH MOJEITIOBAHHSA HANpPYKEHO-Ae(POPMOBAHOTO CTaHYy ac-
(banbTOOETOHHOTO APy Ha KOPCTKiM OCHOBI BCTAHOBJICHO, LIO:

— 30UIbIIIEHHS. TOBIIMHU achalbToOETOHHOTO mapy Bix 2 ¢M 10 10 cMm Bene 1o
3HIDKEHHSI IOTUYHUX HAIPY>KEHb Ty, HA KOHTAKTI 1IapiB;

— IOTUYHI HAMPY>KEHHS Tx; 3HAYHO 3pOCTAIOTh MPH MIABUILIECHHI 3HAYEHHS TOPU-
30HTAJIBHOT CHUJIH.

HaiiGinpm HeOe3neuHuMu 3 yMOBH 3a0e3IeUeHHsT HaAIHOTO 34eTIeHHS Ha KO-
HTaKTl 1IapiB € JUISTHKU JAOPIT 3 YMOBaMHU €KCTPEHOIO raJibMyBaHHS, 10 € OYEBU/I-
HUM 31 3MicTy puc. 7. Lle mosICHIOETbCS THM, 1110 P YMOB1 €KCTPEHOT'0 rajbMyBaHHs
BUHHMKA€E HAWOUIbIIE 3HAYCHHS TOPU3OHTAIBHOI CHJIM 1 SK HACHIIJIOK MaKCHUMaJllbHE
3HAYeHHS aKTHBHHUX JIOTHYHUX HANpPYXeHb Ha KOHTaKTi mmiapiB. J[aHWii BHCHOBOK
HiATBEP/KYETHCS pe3yJIbTaTAMH CITIOCTEPEIKEHB 3a JOCTITHIUMH TiissHKamu [3, 5, 8] 3
MOJIUBUMH BHITaJIKAMU E€KCTPEHOTO TaJbMyBaHHS (TEPEXITHO-IIBUAKICHI CMYTH,
MIIXOIU A0 MEePETUHIB B OJHOMY piBHI Tol). Ha Takux OisiHKax 3HAYHO YacTille
CIIOCTEPITa€ThCS PO3IIAPYBAHHS Ta WIBUJIKE pyHHYBaHHS ac(paJbTOOETOHHOIO LIApY
Ha KOPCTKIM OCHOBI y MOPIBHSHHI 3 AUISIHKAMU aBTOMOO1JIBHUX JOPIT Ha MEPErOHI.

30UTbIIIEHHST TOBIIMHYU ac(PabTOOETOHHOTO Iapy Ha >KOPCTKIA OCHOBI MPU3BO-
JUTH 10 3HIKEHHSI IMOBIPHOCTI BTPaTH 34YETUICHHS! KOHTAKTY IIapiB, OCKUIBKU:

— B110yBa€ThCS 3MEHIIICHHSI BEJTMYMHH JJOTUYHUX HAIIPYKEHb HA KOHTAKTI 11apiB;

— BIIOYBA€EThCS 3HMIKEHHSI TEMIIEpaTypy Ha KOHTAaKTI IIapiB, IO B CBOIO Yepry
MPU3BOUTH J0 30UTBIIECHHS TPAaHUYHOT MIITHOCTI Ha 3CYyB MaTepially MiATrPyHTOBKHU.

BucHoOBKHM 1aHOTO AOCITIKEHHSI MOXKYTh BBaXKaTHCS 3a JIOLLIBbHI, OCKIJIBKH JI0-
3BOJIIIOTH OOTPYHTYBATH MIHIMAJIBHO JOMYCTHUMY TOBIIMHY ac(aibTOOETOHHOTO IIa-
Py Ha )KOpCTKii ocHOBI. HaBe/leH1 BUCHOBKHM PO3pOOIEHO JUIsl AJIs PI3HUX THITIB MiAT-
PYHTOBKH, PI3HUX YMOB PyXY Ta PI3HHUX PETIOHIB 32 TEMIEPATYPHUMHU YMOBAMH.

OnHak HE MOXKJIMBO HE BIAMITUTH, 1[0 OTPUMaHI BUCHOBKH MOKJIUBO 3aCTOCO-
BYBATH JIMIIIE IS KOHCTPYKIIT JOPOKHBOTO OATY 0€3 apMyBaHHS MOMEPEYHUX 1 TT0-
3IOBXKHIX IIBIB Ta AJIS TPy PO3PaXyHKOBOTO HaBaHTaXEHHS A. Take MpHUIyIICHHS
HaKJIaJja€ TIEBHI OOMEXEHHS Ha BUKOPUCTAHHS OTPUMAHUX PE3YJIbTATIB, 11O MOXE
TPaKTyBaTUCA SK HEMOJIK JTAHOTO JOCTIIKeHHS. HeMOoXNIuBICTh 3HATH 3a3HAUYCHE
MPUNYIIEHHS B paMKax JTaHOTO OCHIJDKEHHS MOPOJKYE TOTCHINMHO IIKaBUi Ha-
MPSIM TIOJIAIBIINX JOCIIKEHb. PO3BUTKOM JaHOTO JOCHIPKEHHSI MOXKe OyTH Bpaxy-
BaHHs apMyBaHHS IITUPSMHU IIBIB, 1110 JI03BOJUTH BPaXyBaTH MOKJIMBICTh YaCTKOBOI
nepeaaydi HABaHTAKEHHS 3 TUIUTH Ha TUTUTY.



/. BUCHOBKH

1. YnucenbHe MOJEIIOBAHHS HAIpPYKEHO-Ie(OPMOBAHOIO CTaHy KOHCTPYKIIIi
JOPOKHBOTO OJIATY BUKOHAHO METOJIOM CKIHYEHUX €JIEMEHTIB JIJISl PI3HUX YMOB PyXy
Ta PI3HUX PETiOHIB 3a KJIIMAaTUYHUMHU YMOBaMHU. 3a pe3yJibTaTaMH MOJICIIIOBAaHHS BU-
3HA4YECHO, IO MPH 3MIHI MOJYJIA MPY>KHOCTI acanbToOETOHHOTO IIapy B Jiana3oHi
B 400 MIla no 5000 MIla gotuuHi HaIpy>KEHHS HAa KOHTAKTI ac(aibTOOCTOHHOTO
Ta [IEMEHTOOETOHHOTO IIapiB 3MIHIOIOThHCS JIiHIHHO. [Ipy 3MiHI TOPHU3OHTAIBHOI CHUITH
B niana3oHi Big 5 kH mo 45 kH noTuuHi HanpyXeHHs] Ha KOHTaKTi ac(haabTOOETOHHO-
ro Ta IEMEHTOOETOHHOTO IIIapiB TAKOXK 3MIHIOIOTHCSA JIiHIMHO. B pe3ymbrarti Mojero-
BaHHs HaNPYXeHO-1e(OPMOBAHOTO CTaHy BCTAHOBJIEHO, IIO:

— 301IBIICHHS] TOBIIMHK acdaabToOeTOHHOTO Trapy Bixg 2 cMm a0 10 cMm Beae mo
3HIDKCHHSI IOTUYHHUX HAIPY)KEHb Ty, HA KOHTAKTI MIapiB;

— JIOTUYH1 HAINPY>KEHHS Ty, 3HAYHO 3pOCTAIOTh MPH MIABUIIECHH]I 3HAYEHHS TOpPU-
30HTAJIBHOI CHUIJIU.

2. MitHicHI napameTpu ac(halbTOOETOHHOTO IIapy Ta Mapy MiAIPYHTOBKH CYyT-
TEBO 3aJIeXKaTh BiJl TEMIIEpaTypu, TOMY JUIsl PO3POOKM MPAKTUYHUX PEKOMEHAIlii
BpPaxoOBaHO Pi3HI IPYIHU 3a TEMIIEpaTypHUMH 1HTEpBaJIaMH HarpiBy ac(aibTOOETOH-
HOTO TTOKPUTTSI:

— I rpyna — 3 HarpiBom 10 53 °C (paiionu As, A2, A3 32 yMOBOIO po60TH achaib-
TOOETOHHOTO TTOKPUTTS);.

— II rpyna — 3 HarpiBom 110 55 °C (paiionu A4, As 32 yMOBOIO poO0TH achanbTo-
OETOHHOTO TOKPUTTS);

— III rpyna — 3 HarpiBom 10 57 °C (paitonu As, A7 3a yMOBOIO poOOTH achaibTo-
OETOHHOTO TOKPHUTTS).

B pesynbrari aHanizy po3paxyHKIB BCTaHOBJICHO MIHIMAJIbHO JOMYCTHUMIi TOB-
IMHU ac(aabTOOETOHHOTO IIapy Ha >KOPCTKIM OCHOBI, SIKI HEOOXI1JHO mependadynTu
MIpU KOHCTPYIOBAHHI, JJig 3a0€3MEUYCHHs] HAIIMHOTO 3YETUICHHS Ha KOHTAKTI IIapiB.
Po3pobiieni pekoMeHaalii s BUKOPUCTAHHS PO3MUIIOBAILHOI MIAIPYHTOBKH, Ha-
MJIABHOT T1ApO130Js1ii Ta O1TyMHOI eMyJIbCii IPU YMOBAX pyXy Ha MEpPEeroHi, Ha Kpu-
BUX B IIJIaH1 1 TO370BXKHBOMY TIpO(1JIi Ta HA AUISTHKAX 3 EKCTPEHUM TaJIbMYBaHHSIM.
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Arranging asphalt-concrete layers on a rigid base in the form
of cement-concrete slabs can significantly improve the transport-
ing and operational performance of the road surface. Such a struc-
tural solution is appropriate in almost all countries of the world
since cement-concrete slabs retain high strength for a long time. To
prevent the rapid destruction of an asphalt-concrete road surface
on a rigid base, it is necessary to ensure reliable adhesion between
the layers’ contacts and, at the design stage, to test the adhesion
strength by estimation.

This paper has substantiated a criterion of adhesion strength
in the contact between an asphalt-concrete road surface and the
rigid base. The calculation involves comparing the active tangent
stresses in the contact between layers dependent on the effect of
the vertical and horizontal components of the transport load with
the magnitude of permissible tangent shear stresses in the contact
of layers.

The parameters for an estimation model have been estab-
lished; the stressed-strained state of the roadbed structure has
been simulated using a finite element method. When modeling the
stressed-strained state and calculating based on the strength cri-
terion, different vehicle traffic conditions have been considered,
as well as the effect of temperature on the strength parameters of
the asphalt-concrete layer and the tar layer. The conditions for
vehicle movement, taken into consideration when designing, cor-
respond to the conditions of movement along the road, along the
curves in the plan and profiles, and notion conditions at car emer-
gency braking. Practical recommendations have been compiled for
assigning the minimum permissible thickness of an asphalt-con-
crete layer on a rigid base, which must be followed at the design
stage due to the condition for ensuring reliable adhesion between
the layers’ contacts. The minimum permissible thickness ranges
Jrom 2 cmto 10 cm, depending on the conditions of movement, tem-
perature, and the type of tar

Keywords: asphalt-concrete layer, elasticity module, stressed-
strained state, adhesion, cement-concrete slab
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1. Introduction

In most countries of the world, a common technology
for constructing motorways involves a roadbed of the rigid
type in the form of cement-concrete slabs [1]. Cement-con-
crete slabs have a longer service life between major repairs
compared to an asphalt-concrete road surface, however,
there comes a time when cement-concrete slabs need repair.
In most cases, cement-concrete slabs retain high enough
strength and only require improvements in their evenness,
roughness, as well as repair of deformation joints between
the slabs [2].

Roadbed in the form of cement-concrete slabs presents
difficulties when executing repair work, so quite often
such structural solutions are used that involve covering
slabs with a thin asphalt-concrete layer [3]. This technolo-
gy makes it possible to quickly and efficiently improve the
transporting and operational indicators of cement-con-
crete slabs. In this case, the asphalt-concrete layer acts
as a protective layer or the wear layer on cement-concrete
slabs. The combined slab made in this way is characterized
by a high bearing capacity due to the cement-concrete
slab at its base, comfortable driving conditions, and the
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relative ease of repair work owing to the asphalt-concrete
layer. For such structures, it is necessary to ensure the
strength of the asphalt-concrete layer of the roadbed since
the road surface state depends on it.

The most common deformations and destructions in-
herent in the combined slabs include the shear and detach-
ment of an asphalt-concrete road surface from the rigid
base, caused by the loss of adhesion at the contact of layers
[4]. Given this, it is a relevant task to undertake a study
aimed at ensuring the reliable adhesion of the contact of
an asphalt-concrete layer on a rigid base at the stage of
roadbed design.

2. Literature review and problem statement

Paper [3] reports an analysis of the practical operation
of asphalt-concrete layers on a rigid base abroad. The re-
sults of observing the experimental sections of roads estab-
lished the most common deformations and destruction of
asphalt-concrete road surface on a rigid base. Most often,
asphalt-concrete road surface undergoes destruction in the
form of reflected cracks over the temperature seams of ce-




ment-concrete slabs, as well as destruction caused by loss of
adhesion between layers. The reported conclusions coincide
with the findings described in work [4], which states that
under the condition of unsecured adhesion between the lay-
ers, there is the rapid destruction of asphalt-concrete road
surface on a rigid basis due to the action of the transport
load. Therefore, it is imperative to take structural mea-
sures to prevent the emergence of reflected cracks in the
asphalt-concrete road surface above the temperature seams
of cement-concrete slabs and provide for reliable adhesion
between the layers.

Study [5] confirms the need to ensure reliable adhesion
between the asphalt-concrete layer and a rigid base in the
form of a bridge structure, as well as the feasibility of tak-
ing measures to prevent the emergence of reflected cracks.
According to work [6], one of the most successful measures
to eliminate the reflected crack formation is the method
for arranging deformation joints in an asphalt-concrete
coating over the seams of cement-concrete slabs. Thus,
the design of the roadbed is cut into combined slabs that
work separately from each other. However, works [3-6]
do not consider the procedure for assessing the strength of
the adhesion in contact between the asphalt-concrete road
surface and rigid base. Paper [6] also substantiated the
need to take into consideration the horizontal component
induced by the transport load arising from traction force or
emergency braking.

Study [7] found that the existing strength criteria did
not sufficiently meet the most common mechanisms of de-
struction of asphalt-concrete road surfaces on a rigid base.
None existing estimation method provides for the verifi-
cation, according to the strength criterion, of the contact
between the asphalt-concrete layer and cement-concrete
slab in terms of adhesion. The calculations do not take into
consideration the horizontal force arising from traction
force or braking of the car. Similar conclusions are drawn in
paper [8], which reports a study into the working conditions
for asphalt-concrete layers on a rigid base and determining
appropriate strength criteria. It is noted that under the
condition of unsecured adhesion of layers, there is the rap-
id destruction of the asphalt-concrete road surface due to
the effect of a horizontal force. Therefore, when designing
asphalt-concrete layers for road surfaces on a rigid base, it
is advisable to check if the adhesion between layer contacts
is ensured.

Study [9] tackles determining the most common mech-
anisms of destruction of the asphalt-concrete road surface
layers and establishing their cause. In addition, the anal-
ysis of the stressed-strained state of the asphalt-concrete
road surface layers on a rigid base was performed for
different options in the location of the transport load
relative to the edges of a cement-concrete slab. When
modeling the stressed-strained state of asphalt-concrete
road surface, work [9] considers only the vertical pressure
from vehicles while the horizontal force is neglected. The
results in the cited work lack recommendations on the
strength of the asphalt-concrete road surface, which could
prevent destruction.

The above gives reason to assert that it is advisable to
conduct a study to analyze the stressed-strained state in the
contact between the asphalt-concrete road surface layer and
the rigid base and devise a procedure for checking if reliable
adhesion between the layer contacts is ensured. That could
prevent the premature destruction of an asphalt-concrete

road surface, extend the roadbed service life, and reduce the
cost of non-scheduled repairs.

3. The aim and objectives of the study

The purpose of this study is to identify patterns in
the formation of the stressed-strained state in the contact
between an asphalt-concrete layer and a rigid base under
different driving conditions, which would make it possible
to devise recommendations for designing the road surface
asphalt-concrete layers on a rigid base under the condition
of ensuring reliable adhesion.

To accomplish the aim, the following tasks have been set:

— to model numerically the stressed-strained state of a
roadbed structure by a finite element method for different
traffic conditions;

— to determine the minimum permissible thickness of an
asphalt-concrete layer on a rigid base under the condition
of ensuring reliable adhesion at layer contacts for different
types of tarring and traffic conditions.

4. The study materials and methods

4. 1. Substantiating the criterion of adhesion strength
in the contact between an asphalt-concrete road surface
and the rigid base

The strength of the material under any strained state
would be disrupted when the magnitude of the most dan-
gerous factor reaches its limit value [10]. Under the action of
transport load and temperature deformation, the loss of in-
terlayer adhesion between the asphalt-concrete road surface
and a cement-concrete slab is possible since tangent stresses
act in the layer contacts [5, 6, 11]. When an asphalt-con-
crete layer is arranged and compacted on a cement-concrete
slab, there is no overlapping of the mineral frames of the
asphalt-concrete layer and the cement-concrete slab. The
adhesion between layers occurs due to the binder film. In
this case, the grip forces are due to adhesion — sticking the
binder to the surface of layers of the mineral material, and
cohesion — the strength of the binder in thin layers [5, 6].

The condition of strength in the layer contacts can be vi-
olated for several structural and technological reasons. The
structural reasons include [11-13]:

— irrationally selected structural layers (the asphalt-con-
crete elasticity module, tarring type, layer thickness). As a
result, significant shear stresses occur in the plane of the
layers’ contacts;

—the structure and composition of asphalt-concrete
(mineral composition, bitumen grade) do not provide the
necessary shear resistance in layer contacts.

The technological reasons include [11-13]:

— the use of low-binding bitumen for tarring, reducing
the shear resistance of the asphalt-concrete layer in the con-
tact area between layers;

— clogging of the lower layer, insufficient cleaning of the
cement-concrete coating before the asphalt-concrete layer is
arranged,;

In the latter case, a weakened zone has already been laid
in the coating, in which the adhesion of layers is provided
mainly only due to friction forces.

We have considered the work of a layered system under
the condition that in the plane of layer contacts there was a



zone in which there is no adhesion between layer contacts
(zone KL) in Fig. 1, according to papers [12, 13].
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Fig. 1. Schematic crack evolution between an asphalt-
concrete layer and a cement-concrete slab

When the transport load ¢ is at a distance from the site
KL, the layers would perform similar to connected ones. This
is due to the fact that the tangent stresses 1, in the contact
plane are not able to overcome the friction force, that is, the
following condition is met:

1.<K,- /-0, )

where K,, is the coefficient that takes into consideration
the possibility of increasing the shear resistance in case the
shear occurs not in the contact zone of the layers but in the
asphalt-concrete layer; f is the friction coefficient; o, is the
normal stress, MPa.

During movement, the transport load (g) would begin to
approach the KL zone shown in Fig. 1. In this case, the stress
1, in the KL zone does not coincide in terms of its maximum
with the stress o, and condition (1) may be violated. If the loss
of adhesion in the KL zone crack resulted from a shear with
the destruction of elastic bonds (adhesion and cohesion), and
condition (1) is not met, a relative shift of the two edges of the
crack would occur. At the same time, the stresses 1., would de-
crease to zero on the KL site, and stresses would be redistrib-
uted in the structure. Given the solutions from elasticity theo-
ry [14], it is known that at points K and L the tangent stresses
1> would increase sharply. The destruction of the material
would occur, and the size of the KL site would increase. Along
with the development of cracks, the surface of the cement-con-
crete slab and the asphalt-concrete layer would be eventually
mated, which could lead to a decrease in the friction coeffi-
cient (especially in the case of moisture ingress between the
layers). The calculation according to the criterion for ensur-
ing the adhesion in the contact between an asphalt-concrete
layer and a cement-concrete slab implies comparing the active
tangent stresses in the layer contacts with the shear strength
of the contact. The loss of an interlayer adhesion between the

asphalt-concrete layer and cement-concrete slab is most likely
at the highest possible temperature, since, at this time, the
strength of the tarring layer decreases [5, 8]. The criterion of
strength in the layer contacts can be recorded as follows:

T
~>K,, (2)
T

where 1., is the maximum active shear stresses in the layer
contacts due to the action of transport load, MPa; 1, is the
permissible (limit) tangent shear stresses in the layer con-
tacts, MPa; K,, is the coefficient of margin of shear strength
in the layer contacts.

4. 2. The estimation model parameters

The designed estimation scheme and the choice of a mod-
el of materials are based on the general methods for solving
problems related to the mechanics of a deformed solid. The
rigid base is adopted in the form of a monolithic cement-con-
crete slab with temperature seams, in which it is inherent
that its module of elasticity and strength does not depend
on the temperature, humidity, and duration of the load. The
cement-concrete material is adopted as an elastic, solid ho-
mogeneous, and isotropic body [2, 15-17].

The rigid base is characterized by:

— the size of a cement-concrete slab in the plan;

— thickness;

—a module of elasticity and a Poisson coefficient;

—a general (equivalent) module of elasticity of the base
under cement-concrete slabs.

An asphalt-concrete layer is considered to be a layer with
the properties of crushed mastic asphalt concrete arranged
atop a cement-concrete slab. According to [9, 10, 18, 19], an
asphalt-concrete layer is adopted as an elastic body, that is, it is
deformed without residual deformations. For the elastic defor-
mation adopted in our study, such a property of the body model
as creep and viscous elasticity [9-11] is completely rejected.
This approach is possible because the duration of the transport
load isless than 0.1 s, and, during this time, the asphalt concrete
does not have time to manifest the viscous-elastic or plastic
properties of the material. The structural elements of asphalt
concrete are located within the solid at random. Macro de-
fects [9—11] are also distributed in the volume of the material.
It is known from [9, 10, 14, 20] that the body that has macro
defects can be considered as a quasi-homogeneous system
within its base — the matrix. In this case, the idealization of the
real environment in relation to its homogeneity, the solidity of
isotropy do not lead to fundamental errors in calculations based
on general solutions in elasticity theory [9, 18, 20, 21]. The es-
timation model used to simulate the stressed-strained state of a
roadbed structure is shown in Fig. 2.

When modeling, the condition of secured adhesion be-
tween the asphalt-concrete road surface layer and the rigid
base is accepted. To prevent cracks in the asphalt-concrete
layer above the seams of cement-concrete slabs, the esti-
mation model accounts for arranging deformation joints in
asphalt-concrete layers above the seams of cement-concrete
slabs. Thus, the roadbed structure under consideration is the
combined slabs. A combined slab is composed of a cement-con-
crete slab on an elastic semi-space, atop of which is an as-
phalt-concrete layer arranged under a condition of adhesion
between the asphalt-concrete layer and the cement-concrete
slab. We consider the stressed-strained state of the combined




plate whose dimensions are limited by temperature seams.
The legitimacy of this approach is justified in works [8, 9].
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— the total equivalent modulus of elasticity at the surface
of the base is 150 M Pa, the Poisson coefficient is 0.3.

5. The results of studying the
strength of adhesion between an
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Fig. 2. Estimation model of an asphalt-concrete layer on a rigid base: 1—1 — projection

of the model onto a horizontal plane

4. 3. Simulating the stressed-strained state of a road-
bed structure by a finite element method

The stressed-strained simulation was performed by a
finite element method in the ANSYS software package.

The model’s grid is built using elements of a predomi-
nantly hexagonal shape. The elements’ shape was selected on
the basis of works [5, 9, 20, 21]. An example of the estimation

ment method

The result of simulating the
stressed-strained state has es-
tablished the tangent stresses in
the contact between an asphalt-concrete layer and a ce-
ment-concrete slab for different conditions of movement and
climatic conditions.

An example of the simulation results is shown in Fig. 4, 5,
and in Table 1.
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Fig. 3. Estimation model for determining the stressed-
strained state of the roadbed structure

The static load is applied using a round press tool
whose diameter is equivalent to the imprint of the wheel of
an estimated vehicle of group A, in accordance with DBN
V.2.3-4. The magnitude of the vertical load is 0.8 MPa,
the horizontal force is taken in the range from 5 kN (for
rectilinear sections along the road) to 45 kN (for emer-
gency braking). The diameter of the press tool is 34.5 cm.
In the models:

— the modulus of elasticity and the Poisson coefficient of
cement-concrete are constant (E,=27,000 MPa, p.=0.15);

— the thickness of the cement-concrete base varied in the
range from 20 cm to 28 cm in increments of 4 cm;

— the thickness of an asphalt-concrete layer is accepted
tobe2cm, 5cm, 7 cm, 10 cm;

— the modulus of elasticity and the Poisson coefficient of
asphalt-concrete varied from E,.=5,000 MPa and p,.=0.25
to E,.=400 MPa and p,.=0.4;
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Fig. 4. The result of determining the tangent stresses 1., for a
model with the thickness and modulus of elasticity of an asphalt-
concrete layer of 2 cm and 400 MPa, respectively, the thickness
and modulus of elasticity of a cement-concrete slab of 24cm
and 27,000 MPa, respectively, under a vertical load of 0.8 MPa,
a horizontal force of 5kN: a — the overall form of the model;
b — the enlarged image of a model’s part under a press tool



A\ ANSYS Multiphysics Uility Menu

File Select List Plat PlotCtils WorkPlane Parameters Macro

bl &g sl & 2| E

ANSYS Toalbar

SAVE_DB| RESUM_DB| QUIT| POWRGRPH

MenuCtils  Help

o E @

crete slab is 24 cm and 27,000 MPa, respectively, the vertical
pressure value is 0.8 MPa, the diameter of the press tool
imprint is 34.5 cm), used in the search simulation, is shown
in Fig. 6.

Table 1

Example of a summary table of the tangent stresses 1, in
the contact between an asphalt-concrete layer and a cement-
concrete slab, MPa

b

Fig. 5. The result of determining the tangent stresses 1,
for a model with the thickness and modulus of elasticity
of an asphalt-concrete layer of 10 cm and 400 MPa,
respectively, the thickness and modulus of elasticity
of a cement-concrete slab of 24 cm and 27,000 MPa,
respectively, under a vertical load of 0.8 MPa, a horizontal
force of 45 kN: @ — the general form of the model; b — the
enlarged image of a model’s part under a press tool

Based on the simulation results, it has been determined
that when changing the module of elasticity of an asphalt-con-
crete layer, the tangential stresses in the layer contacts change
linearly. To identify this dependence, a search simulation was
performed. The thickness of an asphalt-concrete layer in the
models was taken equal to 2 cm, 5cm, 7 ¢cm, and 10 cm; the
thickness of a cement-concrete slab was taken equal to 20 cm,
24 cm, 28 cm, with an elasticity module of 27,000 MPa.
The models varied only the value of the asphalt-concrete
layer elasticity module, which was taken equal to 400 MPa,
1,000 MPa, 1,500 MPa, 2,000 MPa, 2,500 MPa, 3,000 MPa,
3,500 MPa, 4,000 MPa, 4,500 MPa, and 5,000 MPa. In all
estimation models, there is a linear dependence of changes
in the value of tangent stresses when changing the module of
elasticity of the asphalt-concrete layer. The pattern of change
in the tangent stresses in the contact between an asphalt-con-
crete layer and a cement-concrete slab depending on the size
of the asphalt-concrete layer elasticity module for one of the
models (the thickness of the asphalt-concrete layer is 2 cm,
the thickness, and modulus of elasticity of the cement-con-

Vertical load, 0.8 MPa; press tool diameter, d,=34.5 cm; horizontal
force, 5 kN; E =400 MPa; u,.=0.40; E,=27,000 MPa; p,=0.15;
E=150 MPa, p=0.3
cement-con-| asphalt-concrete layer thick-
ss (h... Point location relative
crete slab ness (fqc)
thickness to the press tool axis
a (hae) 2cm | S5em | 7em |10 cm according to Fig. 1
I\ ANSYS Multiphysics Utiliey Menu
m ym@@@ﬂ ;I S Do T B SIEIr 0.206 | 0.232 | 0.238 | 0.213 [press tool edge (point 1)
%iw e 20cm  [—0.095|-0.043|-0.033(-0.026| press tool axis (point 2)
—0.284(-0.290(-0.277—0.254 | press tool edge (point 3)
0.204 | 0.228 | 0.229 | 0.209 |press tool edge (point 1)
24cm  [—0.095)-0.043|-0.033(-0.025] press tool axis (point 2)
-0.282(-0.287[-0.275(—0.250| press tool edge (point 3)
0.202 | 0.226 | 0.227 | 0.206 |press tool edge (point 1)
28 cm  [-0.095|-0.043|-0.033(-0.026| press tool axis (point 2)
—0.278]-0.285[—0.272|—0.248 | press tool edge (point 3)

Based on the simulation results, it has been deter-
mined that when the value of the horizontal force changes
in the range from 5 kN to 45 kN, the tangential stresses
in the contact between an asphalt-concrete layer and a
cement-concrete slab change linearly. The thickness of
the asphalt-concrete layer and the elasticity module in
the models were accepted equal to 2 ¢cm, 5 cm, 7 cm, and
10 cm, and 400 M Pa, 1,500 MPa, 3,000 MPa, 5,000 MPa,
respectively; the thickness of the cement-concrete slab
was taken equal to 20 cm, 24 c¢m, 28 cm, with an elasticity
module of 27,000 MPa. The values of the horizontal force
of 5kN, 10 kN, 20 kN, 30 kN, 40 kN, and 45 kN varied
in the models. In all estimation models, there is a linear
dependence of change in the value of tangent stresses in
the layer contacts when changing the value of the hori-
zontal force, other conditions being equal. The pattern
of change in the tangent stresses in the contact between
an asphalt-concrete layer and a cement-concrete slab
depending on the value of the horizontal force for one of
the models (the thickness and modulus of elasticity of the
asphalt-concrete layer is 5 cm and 1,500 MPa, respective-
ly, the thickness and modulus of elasticity of cement-con-
crete slab is 24 ¢cm and 27,000 MPa, respectively, the
vertical pressure is 0.8 MPa, the diameter of the press
tool imprint is 34.5 cm), used in the search simulation, is
shown in Fig. 7.

This dependence holds for the entire selected interval
of values for the asphalt-concrete layer elasticity modules
and the thicknesses of structural layers. Therefore, linear
interpolation can be used to determine the stresses due
to the action of the horizontal force in the range of values
from 5 kN to 45 kN.
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Fig. 6. Dependence of the magnitude of tangent stresses 1., in the layer
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concrete layer

where 7 is the temperature in the contact between
an asphalt-concrete layer and a rigid base, °C;
tum is the average monthly air temperature, °C;
tem ™™ is the average monthly maximum air tem-
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Fig. 7. Dependence of the value of the tangent stresses 1., in the layer

contacts on the value of the horizontal force

5. 2. Determining the minimum permissible thickness
of an asphalt-concrete layer on a rigid base

The permissible (limit) tangent shear stresses in the layer
contacts, according to [22, 23], can be determined from the
following formula:

Tpl,’ =T X(1_Vt Xt)’ (3)
where 1 is the shear strength (the maximum tangent stress-
es between an asphalt-concrete layer and a cement-concrete
slab, determined experimentally according to the procedure
given in [22, 24]; v, is the coefficient of variation of shear
strength; ¢ is the coefficient of deviation variance, depending
on the level of reliability of the structure).

For the practical assessment of shear strength in the
layer contacts, the values of the active tangent stresses
and strength parameters of different types of tarring have
been analyzed. To this end, all regions in the territory of
Ukraine, under the conditions of asphalt-concrete oper-
ation, in accordance with the classification set by DBN
V.2.3-4, were divided into three groups according to
similar temperature intervals of asphalt-concrete road
surface heating:

— group I — regions Ay, Ay, A3 heated to 53 °C;

— group II — regions A4, Ag heated to 55 °C;

— group III — regions As, A7 heated to 57 °C.

The maximum shear strength of the adhesion between
layer contacts depends on the temperature in the contact
between the layers [5, 8, 13].

The dependence of temperature in the layer contacts on
the thickness of an asphalt-concrete layer was determined
from formula (4), according to the procedure given in [22].
The results are shown in Fig. 8.

45 12:00; K,, is the dust coefficient (a decrease in the
intensity of solar radiation due to dust formation);
hge is the thickness of an asphalt-concrete layer,
m; o is the angular frequency of temperature fluc-
tuations, rad/h; a,, is the thermal conductivity of
asphalt-concrete, m?/h; 1 is the point of time from
the beginning of the fluctuation period, h.

Fig. 9 shows the dependence of change in the maximum
active shear stresses (determined by a finite element meth-
od) and the maximum strength of different types of tarring
(depending on the temperature and determined according
to data in Fig. 8 according to formula (3)) on the thickness
of an asphalt-concrete layer. At the intersection point of
the curve of values for the maximum active shear stresses
with the curve of the maximum strength of tarring, the
minimum allowable thickness of the asphalt-concrete layer
is determined.

The result of analyzing our calculations has estab-
lished the minimum permissible thicknesses of an as-
phalt-concrete layer on a rigid base, which must be con-
sidered during the design, to ensure reliable adhesion in
the layer contacts.

A value for the minimum permissible thickness of an
asphalt-concrete layer has been determined for different
types of tarring and different temperature conditions.
When a bitumen emulsion is used for tarring, the min-
imum allowable thickness of an asphalt-concrete layer
would be:

— for conditions of movement along the road and curves in
the plan, for groups I, II, 111, at temperature intervals, — 2 cm;

— for conditions of movement along the sections of emer-
gency braking, for group I based on temperature intervals,
— 4 cm; for the conditions of group 1T based on temperature
intervals, — 5 cm; for the conditions of group III based on
temperature intervals, — 6 cm.

When surfaced waterproofing insulation is used for tar-
ring, the minimum permissible thickness of an asphalt-con-
crete layer would be:




— for the conditions of movement along the road, for groups
I and II based on temperature intervals, — 2 cm; for the condi-
tions of group 111 based on temperature intervals, — 5 cm;

— for the conditions of movement along curves in the
plan, for group I based on temperature intervals, — 2 cm; for
the conditions of group II based on temperature intervals, —
5 c¢m; for the conditions of group I1I based on temperature
intervals, — 6 cm;

— for the conditions of movement along the sections of
emergency braking, for group I based on temperature inter-
vals, — 7 cm; for the conditions of group 11 based on tempera-
ture intervals, — 8 cm; for the conditions of group I1T based
on temperature intervals, — 9 cm.

— for the conditions of movement along the curves in
the plan, for group I based on temperature intervals, —
4 cm; for the conditions of group III based on temperature
intervals, — 6 cm; for the conditions of group I1I based on
temperature intervals, — 7 cm;

— for the conditions of movement along the sections of
emergency braking, for I based on temperature intervals, —
8 cm; for the conditions of group IT based on temperature
intervals, — 9 cm; for the conditions of group III based on
temperature intervals, — 10 cm.

6. Discussion of results of simulating
the stressed-strained state of a

¢ I Group roadbed structure and estimating the
m I Group strength of adhesion between layer
® 11l Group contacts
60
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Fig. 8. Dependence of temperature in the layer contacts on the thickness of an
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the conditions for ensuring reliable ad-
hesion in layer contacts, are the sec-
tions of roads with emergency braking
conditions, which is obvious given the
content in Fig. 7. This is explained by
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Fig. 9. Strength parameters for different types of tarring for emergency braking
conditions (horizontal force, 45 kN) in group Il of regions

When using spray tarring, the minimum permissible
thickness of an asphalt-concrete layer would be:

—for the conditions of movement along the road, for
group I based on temperature intervals, — 2 cm; for the
conditions of groups IT and III based on temperature inter-
vals, — 6 cm;

to a decrease in the likelihood of loss of
adhesion in the layer contacts because of
the following:

— there is a decrease in the amount
of tangent stresses in the layer contacts;

— there is a decrease in temperature in the layer contacts,
which, in turn, leads to an increase in the maximum shear
strength of the tarring material.

The conclusions from our study could be considered
appropriate since they make it possible to substantiate the
minimum permissible thickness of an asphalt-concrete layer




on a rigid base. These conclusions are applicable for different
types of tarring, different movement conditions, and differ-
ent regions based on temperature conditions.

However, it is impossible not to note that the findings
could be used only for the design of roadbed without re-
inforcement of the transverse and longitudinal seams and
for a group of estimation load A,. This assumption imposes
certain restrictions on the use of the reported results, which
may be interpreted as a lack of this study. The inability to
remove this assumption within the framework of the cur-
rent study suggests a potentially interesting area of further
research. This study could be advanced by taking into con-
sideration the reinforcement of the seams with pins, which
would account for the possibility of partial transfer of the
load from a slab to a slab.

7. Conclusions

1. The numerical simulation of the stressed-strained state
of a roadbed structure was performed by a finite element
method for different movement conditions and different re-
gions based on climatic conditions. According to the simula-
tion results, it has been determined that when changing the
module of elasticity of an asphalt-concrete layer in the range
from 400 MPa to 5,000 MPa, the tangential stresses in the
contact between an asphalt-concrete and a cement-concrete
layer change linearly. When the horizontal force changes in
the range from 5 kN to 45 kN, the tangential stresses in the

contact between the asphalt-concrete and cement-concrete
layers also change linearly. The result of the simulation of the
stressed-strained state has established the following:

—an increase in the thickness of an asphalt-concrete
layer from 2 cm to 10 cm leads to a decrease in the tangent
stresses 1., in the layer contacts;

— the tangent stresses 1, increase significantly when the
value of the horizontal force increases.

2. The strength parameters of an asphalt-concrete layer
and the tarring layer significantly depend on temperature;
therefore, in order to devise practical recommendations,
different groups have been taken into consideration based on
the temperature intervals in the heating of an asphalt-con-
crete road surface:

—group I, heated to 53 °C (regions Ay, Ay, Ag for the
operational condition of an asphalt-concrete road surface);

— group I, heated to 55 °C (regions A4, Ag for the opera-
tional condition of an asphalt-concrete road surface);

— group III, heated to 57 °C (regions As, A7 for the opera-
tional condition of an asphalt-concrete road surface).

Based on the analysis of our calculations, the minimum
permissible thicknesses of an asphalt-concrete layer on a
rigid base have been established, which must be provided
for during the design, in order to ensure reliable adhesion
between the layer contacts. We have devised recommenda-
tions for the use of spray tarring, surfacing waterproofing,
and bitumen emulsion under conditions of movement along
the road, along curves in the plan, and along the longitudinal
profile, as well as along sections with emergency braking.
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