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AHHOTaums. lposegeHHble B 2014-2016 rr. ucnbiTaHUA No
BO3/[EMCTBMIO Ha NyTb Noe3aoB Maccon ot 2000 ao 8000 T npu oce-
BbIX Harpyskax BaroHos 230,5, 245,3, 264,9 kH v aBMXeHuUM ¢ pas-
JINYHBIMW CKOPOCTSMU NO3BONUIAN YCTaHOBUTb 3aBUCMMOCTb POCTa
BepTUKaNbHbIX CUJI, AENCTBYIOWMX HA Penbe, OT AIUTENbHOCTU U
YacToTbl NMPUNOXEHUS Harpy3ku. Ha Gase nonyyeHHbIX pe3ynbra-
TOB Obina paspaboTaHa MaTemaTuyeckasl MOoAesb, ONucbIBatoLas
3 eKT ycuneHns BO3AENCTBMSA BaroHOB Ha NyTb NpW yBENUYEHUN
LNUTENbHOCTU NMPUNOXEHUS Harpy3ku, No3Bonsiowas npoBoAnTb
pacyeTbl A8 pasnUYHbIX XapakTepPUCTUK OCHOBaHMS.

KnioueBble cnoBa: BO3[eWCTBME Ha NyTb; BepTUKasbHble
CUIbI; BIUTENBHOCTb, YacToTa NPUITOXEHUS Harpy3Kku

Bsene}me. [Ipu McnbITaHUSX IO BO3ACHCTBUIO Ha
IyTh BarOHOB CYIIECTBYIOIIMX U HOBBIX KOHCTPYK-
LIMI1 OOBIYHO OIPAaHUYMBAIOTCSI BHIYUCICHUEM CPEIHUX
3HAUYEHUI BEPTUKAIbHBIX CUJI, IEHCTBYIOIINX Ha PEJIbC,
HX CPEeIHEKBaIPaTUUYECKUX OTKIOHEHUM M MaKCUMaJlb-
HbIX BeauuuH [1, 2]. B cepenune 70-X IT. MpoOLIIOTO
BeKa IPEINPUHUMAINCH MONBITKA OIEHUTb BIMSHUE
MHTEHCUBHOCTU ABUXKEHHUS IMOE3M0B Ha paccTpoiicTBa
nytu [3]. B To Xe BpeMsi, KaK MOKa3bIiBaeT OMBIT 3apy-
OEeXXHBIX MCCIICIOBAaHUI 110 OLIEHKE BIUSHUS yBeIUde-
HUsI MacChI IMOE3[I0B Ha ITOKa3aTeId BO3IEICTBUS ITUX
COCTaBOB Ha ITyTh, POCT MaCChl U IJIMHBI COCTABOB IPU-
BOJIUT K IIOBBIINICHUI0O MHTEHCUBHOCTU PaCCTPOMCTB
MyTH, a B psifie C1ydyaeB — K HEOOXOAMMOCTU OrpaHUYe-
HUSI CKOPOCTE IBUXeHus [4, 5, 6].

B 2014—2016rr. Ha yuactke KoBmop— I[TnHO3epo
OKTSI0pbCKOI KeNe3HOM MOpOru ObLIM MPOBEASHBI MC-
MbITAHUS TI0 BO3AEUCTBUIO Ha IyTh BAarOHOB C OCEBLIMU
Harpy3kamu 245,3 n 264,9 xH B cpaBHeHUM CO CTaHIAPT-
HBIMM BaroHamu ¢ oceBoii Harpyskoii 230,5 kH. Ilpo-
rpaMMa UCIBITAaHUI MpeaycMaTpUBalla MOe3IKH IO IISTH
OIBITHBIM YYaCTKaM IIyTU C ONMHAKOBOW KOHCTPYKIIMEN
BEPXHEr0 CTPOEHMSI, HO Pa3IMUHBIMK MMapaMeTpaMu 3eM-
JisiHoro noJjotHa. CoctaBbl 151 9KCIIEPUMEHTAIbHBIX T10-
€310K ObLIM C(HOPMUPOBAHBI M3 TUIIOBBIX ITOJIyBaroHOB
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Ha Tenexkax 18-100 ¢ oceBoii Harpyskoii 230,5 kH u u3
BaroHoB 12-9828 Ha Tenexkax 18-9800 ¢ oceBbIMU Harpy3-
Kamu 245,3 u 264,9 xH. IlocaenoBarenbHOE YBeIMYeHUE
macchl rmoe3noB ot 2000 1o 8000 T (o 2000 T) 1 pa3nuyHbIe
CKOPOCTHU ABUKECHUS TTO3BOJIMIN OLEHUTh BIUSHUE TH-
TEJIbHOCTH M YaCTOThl IPUJIOKEHMSI HArpy3Ku Ha CHUJIbI,
NEHCTBYIOLIME HA IIyTh B BEPTUKAJIbHOM INIOCKOCTH.

Pesyabratel mcciaenoBanmii. Pe3yiabTaThl MCIIBITAHMIA
0 BO3IEMCTBUIO HA IIyTh BCEX OCEH KAXIOTO I10€31a Mpu
00paboTKe OBUIM CTPYIITUPOBAHKI TI0 OJIOKAM B COOTBET-
CTBUM C MACCOM Ioe3/a, 10 KOTOPBIM ONPeAeISIIUCH CPeI-
HUE 3HAYCHHUS UICKOMBIX 3aBUCUMOCTEH.

Jnst mpumepa Ha puc. 1 TipencTaBieHa 3aBUCUMOCTD
CPEIHMX 3HAYCHUI BEPTUKAJIBHBIX CUJ, NEUCTBYIOLIMX
Ha peJIbC Ha OJHOM M3 OMNBITHBIX yY4aCTKOB, OT MacChl
moesaa ¢ yuyeToM (hOpMUPOBAaHUSI COCTaBa M3 BaroHOB
¢ oceBbiMu Harpyskamu 230,5, 245,3, 264,9 kH. (Pa-
00Ty MO perucTpaluy BEePTUKAIbHBIX CUJ MPOBOAWIU
crnelnuaancTel otaeneHus «I1yTb U ImyTeBoe XO3s1iCTBO»
AO «BHUMXKT».)
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Macca noespa, T
Puc. 1. 3aBUCUMOCTb CpEeTHUX 3HAYCHU BEPTUKATBHBIX CHLT,
NEHCTBYIOLIMX Ha PeJIbC, OT MACCHI MOe3/1a Ha OHOM U3 OMBITHBIX
YYacTKOB IpU oceBoii Harpyske: [ — 230,5 kH; 2 — 245,3 xH;
3—264,9xH
Fig. 1. Dependence of average values of the vertical forces acting
on the rail, on the mass of the train at one of the experimental sites
with axial load: 7 — 230.5 kN; 2 — 245.3 kN; 3 — 264.9 kN
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Tab6auna 1

OueHKa BIMSIHUS UTATEbHOCTH MPUIOKEHUs HATPY3KH
P_=245,3 KH Ha 01HOM 13 ONBITHBIX YYACTKOB

oc

Table 1

Evaluation of the influence of duration
of the load application P, = 245.3 kKN on one of the experimental sites

Tab6nauma 3

Poct paccTpoiicTB myTH B 3aBUCHMOCTH OT YBeJIMUEHHUS MACCHI T0e31a

(AMTETLHOCTH NPUIIOKEHUS HATPY3KH)
Table 3

Growth of track failures, depending on the increase in train mass
(duration of load application)

Macca HnuHa | Ckopoctb, | dautens- | CpenHue 3HaU€HMS Poct paccTpoiicTB yTH B 3aBUCUMOCTU
mnoesza, T | moe3zia, M M/c HOCTb Ha- | BEPTUKAJbHBIX CUJI, OceBas OT MaccChl TIoe3/1a (IUTMTEeTbHOCTH HArpy3Ku), %
Ipy3KH, C kH Harpyska, (YucmTeNTb — CTeneHb 2, 3HaMeHaTe)Ib — CTEIeHb 4)
kH
2000 240 13,32 18 123,01 4000 6000 8000
4000 480 13,68 35,1 123,99 230,5 3/6 5/10 12/26
6000 720 13,2 54,5 127,63 245,3 3/6 10/21 14/31
8000 960 12,51 76,6 129,59 264.,9 9/13 11/24 16/34
* 144
Tab6nuua 2 g ‘70Kl\‘/l/‘-l
. S 142
3aBHCHMOCTb POCTA CPETHUX 3HAYEHHIT BePTHKAIBHBIX CUI (%) x Pt
Table2 3 40 o
© -~
Dependence of the growth of the average values of the vertical forces (%) E 138 S5 |- L
3 136 =
Ocesast Poct cun mpu mMacce moe3nos, T § L
Harpyska, 3 184 "
kH 4000 6000 8000 % 132 45 K/ / i
I s o
230,5 1-2% 2-3% 5-7% ® 130 A=
s
2453 1-2% 4-6% 6—8% & 128
§ 404244464850525456586062646668707274767.8

B Tabn. 1 npeacrasieHbl cpeaHUEe 3HAYEHUST BEPTU-
KaJIbHBIX CHJI OT BCEX OCEil KaXKIoro Imoe3aa B 3aBUCHUMO-
CTHU OT JUIMTEJIBHOCTHU IEUCTBUS HAIPy3KU TSI COCTaBa U3
BaroHOB ¢ OCeBOt Harpy3koii 245,3 kH.

JaHHBIE O YBEJIWUYCHUIO CPEIHUX 3HAUYCHUI BEPTH-
KaJIbHBIX CIJI, ICHCTBYIOIINX HAa MyTh, OTHOCUTEIBHO T10-
e3ma maccoit 2000 T T0 BCeM IISITH OIBITHBIM y4acTKaM
pu oceBoit Harpy3ke 245,3 kH nipencraBneHsl B Ta0. 2.

ITo nccnenoBanusiM psma aBropoB [7, 8, 9, 10] Ha-
KOIUIEHHE PACCTPOMCTB IIyTH IPOMOPIIMOHAIBHO POCTY
CPEeMHUX 3HAYCHUI BePTUKAIBHBIX CHII, IEMCTBYIOIINX Ha
MyTh, B CTETIEHU C TTOKa3aTelsMu 2—4.

B Ttabn. 3 mpencraBieH MPOTrHO3 pacCTPOMCTB ITyTH
B 3aBHCHMOCTH OT MacChl moe3na (IJIMTeIbHOCTH IIpH-
JIOXKEHMS HArpy3KM) 1O JaHHBIM O pOCTe CUJI U3 TabJ. 2
MIPY UCIOJIb30BAaHUU CTEIICHEH 3aBUCMMOCTH C MOKa3a-
Tensamu 2—4.

DKCIepUMeHTAJIbHbIC TaHHBIC O BEJIMUYMHAX BEpPTHU-
KaJIbHBIX CUJI IO IBMKYIITUMUCS C Pa3IMIHBIMUA CKOPO-
CTSIMU COCTaBaMM pa3HOM MacCChI IIO3BOJIMIN ONIPEISTUTD
BIMSIHUE YaCTOTHI IPUJIOXKEHUSI HAarpy3KM Ha YPOBEHb
cut. Ha rpacduke (puc. 2) mist mpuMepa ImpuBeaeHBI Cpe-
HUE 3HauYeHUs BepTUKaIbHBIX cwi (KH) B 3aBUCMMOCTHU
OT YaCTOTHI IIPUJIOXKEHMST HATPY3KHM IJISI COCTABOB MACCOM
6000 T ¢ oceBoii Harpy3koi BaroHoB 245,3 kH. Ha sror
Ke TpadMK HaHeceHa TOYKa MO JAaHHBIM, ITOJTYYeHHBIM
B XOI¢ MWCIBITAHMI Ha DKCIEPUMEHTAIHBHOM KOJbIIC
AO «BHUMXKT» nipu IBMXKEHUU M0E3/1a CO CKOPOCTHIO
70 xm/4 (7,4 ukia/c).
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YacTtoTa umknos/c
Puc. 2. 3aBucUMOCTb CpeTHUX 3HAYEHU BEPTUKATBHBIX CHJT
OT YaCTOTHI MIPUJIOKEHUST HATPY3KH JUTst cocTaBoB Maccoii 6000 T
¢ oceBoi Harpy3koii 245,3 kH
Fig. 2. Dependence of average values of vertical forces
on the frequency of load application for trains weighing 6000 tons
with an axial load of 245.3 kN

G,

N2
Puc. 3. Monenb crannapTHoro Tsepaoro Tena: G, u G, — Monyau
ynpyrocti, MIla; n, — koadduumenr Bsizkoct, MIla-c

Puc. 3. Standard solid model: G, and G, — modulus of elasticity, MPa;
1, — viscosity coefficient, MPa-s

J7s1 BO3BMOXHOCTU OOOOILEHUSI PE3YJIbTATOB IMPOBE-
JIEHHBIX UCIIBITAHUI U UX IIPUMEHEHMSI K IPYTUM YCIOBH-
SIM 9KCITTyaTaluy Oblja pa3paboTaHa U BepuuLmpoBaHa
MaTtemaTnyeckasg wmonenb [11], ommcwiBatomas 3¢pdexT
YCWICHHS BO3ICHCTBYSI BATOHOB Ha MYTh ITPU YBEJIMICHUN
ITUTEJIBHOCTY TIPUJIOXKEHUST Harpy30K. Moaenb COOTBeT-
CTBYET PEOJIOTMYECKO MOIENIN CTAaHZAPTHOIO TBEPHOTO
TeJsa C TTOC/Iea0BaTeIbHO COSMMHEHHBIMU YIIPYTUMU 1 BSI3-
KOYIIPYTUMH 3eMeHTaMu (puc. 3). OmpeneaeHbl mapame-
TPBI OTOM PEOJOrMYECCKOM MOAEIN IS JAHHOTO ydacTKa:
G, =41 Mlla, G,= 17 MIla, n, =5670 MIla-c.

Jna ciydass HUKIMYECKOTO HATpPYXKEHMS TIOIy4eHO
AHAIMTUYECKOE BBIpaXKCHME, OIMMCHIBAIOIICEe TUHAMUKY
neopMUPOBAaHUS U peaKCallly ITyTH:
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Puc. 4. AHauTUYecKoe pelleHre 0 MOJEIM CTAHIAPTHOTO TBEPIOTO
Tesa (JIMHUS) U 9KCIIepUMEHTaIbHbIe TaHHbIE (KBaApaThl)
Fig. 4. Analytical solution using standard solid model (line)
and experimental data (squares)

c,|G,+G, 1t,|1
fl=—0| 1 72 20— (1— —.1))—
8() 2 Glﬂz G1 T2< exp( E ))

1 [ [27:Nt]
— T, COS +

2aN y
T, + (27N / T)z T

T

><sin[2nNt]—r2 exp(—rzt)] +—(o(r)—o(0))exp(—1,1);
g ()=2|0tG )l = nm
2\ Gn, G\ ’E% +(2‘IIN/T)

x(1—exp(—t,T))exp(x, (T 1)),

rie 1, =G, /M, — XapakTepHOe BpeMsl pejlakcalluy Ha-
npsokeHuid, (1/c); o, — Harpyska Ha IDyHTOBOE OCHO-
BaHME OT OJHOI ocu; N — UYMCIO MPOIMYIIEHHBIX OCEil;
T — Bpemsi TIPOXOXKACHUS Toe31a; ¢ — BpeMsl OT Hauaja
Mpoxoja Ioes3ia, T.€. OT TOr0 MOMEHTa, KOrja Harpyska
Ha JaHHYIO IIMajy cTaja HeHyJIeBol; e(f) — nedopmanus
noada/IaCTHOrO OCHOBAHUS TMYTH TIPY MPOXOXKIAECHUU TI0-
esna (1<7); €,(t) — penakcauus IyTH M0CJIe POXOXIECHNUS
noesna (t>7); c(t) — CHHYCOMJAJIbHOE IO BPEMEHHU 3a/a-
HUE MOe3HOI Harpy3KH, OTNPENesieTCs IO BhIpAXXEHUIO

So

1—

[2nNt]
0s

, 0<t<T
G(t): .

0 , 1¢[0, T

Ha puc. 4 npuBeneHo cpaBHEHHE aHATUTUUYECKOTO pe-
LIEHUsI 00 OcaKe IMyTH MO YPOBHIO TOJIOBKU Pejibca ¢ IKC-
MepUMEHTATbHBIMU JaHHBIMU. Kak BUITHO 13 TIpeicTaBIeH-
HbIX TaHHbIX, HAOII0AAETCS YIOBIETBOPUTENILHOE COorlacue
pPacUeTHOrO pelleHus C pe3yJibTaTaM1 9KCIIEPUMEHTOB.

B nanpHeiiimeM miaHupyeTcsl UCMOJb30BaTh 3TY MO-
JIeJTb U OLEHKM HaKOoIUIeHUs nedopMaluii ImyTu Mpu
pPa3IMYHBIX XapaKTepUCTUKAX OCHOBAHUS M BapuaHTax
MOEe3QHOI HAarpy3KH.

3akmoyenue. [lomyyeHHbIE pe3yJbTaTbl IMO3BOJISIIOT
KOHCTaTUPOBaTh, YTO HAKOTUIEHUE PACCTPOMCTB ITyTH 3aBU-
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CUT HE TOJIbKO OT YPOBHSI OCEBOI Harpy3KU 1 MacChl IOe311a,
HO 1 OT [UIUTEJTbHOCTY TIPUJIOKEHUSI U YaCTOThI HATPY3KH.
Jlannas paboma evinoanena 6 pamkax npoeKma OpueH-
MUPOBAHHBIX PyHOameHmanvHuIX uccaedoganuil Poccuiickoeo
@onoa @yHdamenmanvHbiX UCCACO08AHULI NO AKMYAAbHbIM
Mmedxncoucyunaunapuolm memam 6 unmepecax OAO «PXKI]»
(koukypc ogpu-m-PKJ] No 17-20-01152 « Hayuroe obocrosa-
HUe Memoooe onpedeneHust PuUKo-namemamu4eckKux 3aKo-
HOMepHOCmell pa3gumus deghopmauuil nymu 6 3asUcUMocmu
OM 4ACMOMHO20 COCIMABA U OAUMENbHOCIU NPUAONCEHUS HA-
2PY30K NPUMEHUMENbHO K NPONYCKY MANCEA0BECHbIX N0E3006
PA3NUMHOU OAUHBL U C PABAUMHBIMU CKOPOCMAMU, COPMUPO-
BAHHDIX U3 8A20H08 C NOBLIUEHHBIMU OCEBbIMU HASPY3KAMU» ).
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Influence of duration and frequency of load application on the stress-strain state of the

track

M. M. ZHELEZNOV", V. 0. PEVZNER?, V.P. SOLOV'EVZ, A.V. ANISIN3, 1. M. ANISINAZ, S.S. NADEZHIN?, I.V. TRET'YAKOV?
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3Federal State Unitary Enterprise “Russian Federal Nuclear Center — Russian Research Institute of Experimental Physics”
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Abstract. In 2014-2016 on the Kovdor—Pinozero section of
Oktyabrskaya Railway tests were carried out on the impact of cars
with axial loads of 245.3 and 264.9 kN on the track in comparison
with standard cars with an axial load of 230.5 kN. Test program in-
cluded trips to five experimental sections of the track with the same
construction of the track superstructure, but different parameters of
the road bed. Tests carried out on the impact on the track of trains
weighing from 2000 to 8000 tons at different axial loads of cars and
moving at different speeds made it possible to estimate the depen-
dence of the growth of vertical forces acting on the rail on the dura-
tion and frequency of load application. Work on the registration of
vertical forces was carried out by the specialists of the Department
“Tracks and track facility” of the JSC “VNIIZhT". On the basis of the
results obtained, a mathematical model was developed that de-
scribes the effect of increasing the impact of railcars on the track as
the load application increases, allowing calculations for various cha-
racteristics of the base. In the future, it is planned to use this model
to estimate the accumulation of deformations of the track with dif-
ferent characteristics of the base and variants of train load. Obtained
results allow stating that the accumulation of track failures depends
not only on the level of the axial load and the mass of the train, but
also on the duration and frequency of the load application.

The work was carried out within the framework of the project
of oriented fundamental research of the Russian Foundation for
Basic Research on current interdisciplinary topics in the interests of
JSC “Russian Railways” (ofi-m-RZhD competition No. 17-20-01152
“Scientific substantiation of methods for determining physical and
mathematical patterns of track deformation development in depen-
dence on the frequency composition and duration of load application
in relation to the passage of heavy haul trains of various lengths and
at different speeds, formed from cars with increased axial loads”).
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