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Study of Roadbed Stress State a3BUTHUE TSLKEJIOBECHOIO ABVKEHUS Ha
from the Impact of Freight Cars i
h OCCUICKUX XKeJIC3HbIX I0POrax, BHe-
with Axle Load up to 30 tnf p P ’
(TEKCT CTATLU HA GHIT, 53,— JIpeHUE I'PY30BbIX BATOHOB C OCEBBIMU
English text of the article — p. 82) ~Harpy3kamu 25 1c 1 B iepcriektuse 27 u 30 ¢
OCTPO CTaBSIT BOIIPOC 00 OLIEHKE Hecyllei
CraTbsi 3HAKOMUT C Pe3ynbTaTaMu  ¢110cOGHOCTU 3EMIISTHOTO MOJIOTHA HACHIMEH
MCcCneA0BaHNA HAMPSKEHHOTO COCTOAHMA )y 10y yyoTix MepeyBIaXHEHHBIX TPYHTOB
AEETEHbHOﬁ 30HbI 3€eMJISIHOro rnoJioTHa . pey py
OT BO34€/icTBNS rpy30Bbix BaroHos 1PV BUOPOBO3IEHCTBIY MOABMXHOTO COCTa~
¢ ocesbimu Harpyskamm 23,5, 25, Ba. [1oBbIlIEHHBIE OCEBBIE HATPY3KHU IMTPUBOISAT
27 n 30 TC Ha KOHEYHO-3/IEMEHTHOM 3 HEKOTOPBIX YYAaCTKAX K YBEJIMUCHUIO -

e B el L s el (deKToB U AedopMalrii 3eMJISTHOTO MOJIOTHA
npeaesibHOro paBHoBecus no pakTuyecku

3aperncTpupoBaHHbIM YPOBHIM [1-3].
BMGPOBO3AEICTBNII OnpeaesIeHbl YPOBHUA Cneunanucramu AO «BHUKTHW» mpoBe-

npepAesibHbIX HanpPsHKeHU AJ1s1 HACIMN  [leHBl TEOPETUYECKIE U DKCIIEPUMEHTAIbHbBIE
3EMJIHOrO M10NI0THA y4acTKa [onyTBUH— 0 e nopaHNs HAPSIKEHHOTO COCTOSHUS

O3epbl MOCKOBCKOW Xes1e3HOI [oporu. N
IMpoBesEHb! IKCIIEPUMEHTANBHBIE (HC) ocHoBHOI MIOIIAAKN 3€MJISTHOTO IO~

3amepsi u aHanmn3 Hanpsoxkenwsi  10THA (OT13IT) mpu Bo3neiicTBUM OT IPy30BBIX
Ha OCHOBHOVI n/ioLafike MOJIOTHA  BarOHOB C OCEBbIMU Harpyskamu 23,5, 25, 27,
¥ BbIMOIHEHa BEpUGUKALNS PACHETHBIX  3() rc. [py 5TOM N3YdJaoCh BIMSHUE HA YPOB-
un 3KcriepuMeHTasZibHbIX 4aHHbIX. .
HU HAIPSDKEHUM BEJIMYMH OCEBBIX HAIPY30K,
KrntoyeBble ciioBa: xenesHas gopora, aemasHoe  CKOPOCTU IBMXKCHUS, YIIPYTMX XapaKTEPUCTUK
MOJIOTHO, HAaNPSXEHHOEe COCTOSHUE, rPy30Bble  1IE0EHOYHOI0 OaIacTa, eCYaHoM IMOMYIIKH,
BaroHbl, MOBbILIEHHbIE OCEBbIE HATPY3KY, g TakKe COOTHOLIEHMS UX TOJIIUH.

rpenesibHble Harips>XeHws, B/1a>KHOCTb, I/ICC)'IC,[[OBHHO BITMSTHIE ypOBHCfI BI/I6pO—
BMOPOBO3AEVICTBUS.

N BO3/ICHICTBUA (aMTLINTYL BUOpOKONe6aHuii
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Puc. 1. KoneyHo-31eMeHTHas Mogesib 3e MJITHOro noJsioTHa ¢ 6as1acTHOW NPU3MOJA.
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Puic. 2. Cxema Harpy>xeHusi n 3aKpernsieHnsi KOHe4YHO-3J1eMEeHTHO MoAenu.

rpyHTta Ha OT13I1, nmoayyaeMbIX 9KCIIEpUMEH -
TaJIbHO MPU MPOBEICHUM XOIOBBIX MCITbITA-
HUI1), BIQXKHOCTU I'PYHTOB (MIOKa3aTesIsi TEKY-
yecTn J|) Ha MpeaenbHbIe HANPSXKEHUS 3eM-
JISTHOTO I10JI0THA. TeopeThyecKue Ucciie1oBa-
HMS TIPOBOAMJIMCH Ha MOJEIM HAaCHINHU,
reoOMeTpUYECKUe ITapaMeTphl KOTOPOIi MOJIy-
YEHBI C TTIOMOIIIBIO IIPSIMbIX U3MEPEHUIA HATYP-
HOTO yJacTKa MyTH, rjie ObUIM YCTaHOBJICHbI
MPpUOOPHI JUIS PETUCTPALIMN CUJIOBBIX (haKTO-
poB u HanpstkeHuit Ha OTT3I1.

® MWP TPAHCIOPTA, Tom 15, N2 4, C. 70-91 (2017)

KOHEYHO-3JIEMEHTHAY MOLEJ1b
N PACHETHAS OLLEHKA

MonenrpoBaHue U pacy€T MPOBOAUIUCH
Ha 0a3e MeToma KOHEYHBIX 3JIEMEHTOB, WC-
IMOJIb30BAIMCh MPOTrPAMMHBIC KOMILIEKCH
PATRAN, NASTRAN, MARC.

Hapuc. 1 npuBeneHa KOHEYHO-2JIEMEHT-
Hast Moaesib hparMeHTa IyTH (3eMIISTHOE
MnoJoTHO, OajsnacTt). B 3aBUucuMOCTU OT
BBICOTHI Oajijmacta KoianmdecTBo Hex8-ame-
MEHTOB B MOJEIN U3MEHSIOCH OT 336 896 110

Koccoe B. C., KpacHoe O. I'., lpoTononoe A. J1. Hanps)XéHHOe COCTOSAHME 3EMJITHOIO NMOJIOTHA
npu BO3AEVNCTBUU BaroHOB C OCEBbIMU Harpy3kamu Ao 30 Tc




Ta0amua 1

PacuéTHble MO/ 1151 OLEHKH BJIMSHUSA Pa3MepoOB H NApaMeTPOB CJIOEB OaJuiacTa®

Ne moze- | Ctpykrypa noauimnaibHoro | ToniuHa 6amnact- | Pacu€rHble mapamMeTpbl 6ajiacTHOrO
m OCHOBaHUS HOTO U 1o0aJIIIACTHOTO CJIOEB
M MOAGAIACTHOTO [ Nonyny, nedopmatmu | Koadduument [yac-
IOt E, MIla COHa, |1
1 basutact 0,3 254 0,27
recyaHas moayuka 0,3 110 0,3
2 basutact 0,3 150 0,27
recyaHasi mojayuka 0,3 80 0,3
3 Gayutact 0,4 254 0,27
TriecyaHasi MoyIIka — — —
4 Gaytact 0,4 110 0,27
recyaHast MmoayIKka — — —
5 Gasmact 0,4 254 0,27
rnecyaHas moaymka 0,2 110 0,3
6 Gasnact 0,4 150 0,27
recyaHas moayuka 0,2 80 0,3
7 basutact 0,4 254 0,27
recyaHas moaymka 0,3 110 0,3
8 basutact 0,4 150 0,27
recyaHas moayurka 0,3 80 0,3
9 GasacTt 0,5 254 0,27
riecyaHasi MoayIKka — — —
10 Gaytact 0,5 150 0,27
riecyaHasi MoyIka — — —
11 Gasmact 0,5 254 0,27
recyaHas moaymrka 0,2 110 0,3
12 Gasact 0,5 150 0,27
rnecyaHas moaynka 0,2 80 0,3
13 Gasnact 0,5 254 0,27
rnecyaHas moayuika 0,3 110 0,3
14 basutact 0,5 150 0,27
rnecyaHas moayuika 0,3 80 0,3

B3THIX ¢ yuyacTKa [omyTBUH—O3epbl.

355488, xKommuecTBO y3710B — OT 355272 no
381691.

B pacuérax yuutsiBanocs BiusiHue Ha HC
HACBIIHU CICAYIONINX (PaKTOPOB:

* BEJIMYMH BepTUKAIBHBIX CHII, TIepeaaBa-
€MBIX OT KOJIeca Ha peJibC;

* CKOPOCTH JIBVMKEHUS TTOE3/0B;

* COOTHOIIEHMS TOJIINH COCTABISIONINX
0aJIaCTHOTO CJIOST — IIeOHS, TT0A0a/IaCTHO-
TO CJIOSI;

* COOTHOIIICHMSI YIIPYTUX XapaKTePUCTUK
3JIEMEHTOB 0aJIJTACTHOTO CJIOSI M 3eMJITHOTO
ITOJIOTHA.

B xauecTBe MCXOMHBIX JAHHBIX PU MOJIE-
JINPOBAaHWUM TIPUHUMAIIA HATPy3KU, TIOJy4YeH-
HbIE TPU TMHAMWYECKUX UCITBITAHUSIX OITBIT-
HOTO I10€e3/1a, BKITFOYABIIIETO IPY30BbIe BATOHBI

® MWP TPAHCIMOPTA, Tom 15, N2 4, C. 70-91 (2017)

. ,[laHHI)IC I10 MOAYJIIO YIIPYTOCTU 111e6€HOYHOTO Oajtacta IIPUHUMAINCH 110 PE3YyJIbTaTaM UCIIBITAHUS l'[p06 11eOHsT 5

¢ oceBbBIMU Harpy3Kamu 23,5, 25, 27 u 30 1c
[17]. Ha puc. 2 moka3aHbI TpaHIYHBIC YCIIOBUS
W CXEeMBI IPUJIOXeHUS Harpy3ok. OceBas
Harpy3Ka IpUHUMAJIach pacIipeacIéHHOM Ha
Tpu 1mansl B iporopuuu 0,25, 0,42 u 0,25.
Ocrasieticsa Harpy3skoii (0,08), pacripenencéH-
HOI Ha cOCemHME INMaibl, BBULY MajloTro &
3HaYCHUS IMPeHeOperain.

O1eHKa TTIPOYHOCTU 3eMJISTHOTO TTOJIOTHA
Ha OCHOBHOM €ro IUIomanKe MpoBOAUIACH
MYTEM CpaBHEHUS PACUETHBIX HAIPSIKEHUN
CXKaTHS C IOIMyCKaeMbIMU 3HAYCHUSIMU Ha-
npsckeHnit, paBHpIMH 80 kI1a. Mx BenmunHa
B ICHCTBUTEIBHOCTU 3aBUCUT OT (PU3UKO-
MEXaHMYEeCKUX MTapaMeTPOB TPYHTOB 3eMJISI-
HOTO TTOJIOTHA, CTCIICHU YBJIAXKHEHUSI 1 YPOB-
Hell BuOpoBo3aeiicTBus. B padborax [18—20]

Koccoe B. C., KpacHoe O. I., MpoTtononoe A. J1. HanpsaXXéHHOEe COCTOSAHNE 3EMJISHOIO NONIOTHA
npu BO3AEVNCTBMU BaroHOB C OCEBbIMU Harpy3kamu Ao 30 Tc
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JlaHbl PE3YJIbTaThl UCCAEAOBAHUS MOIYJICi
YIPYTOCTH IPY TPEXOCHOM CXKATUU B 3aBUCH -
MOCTH OT YHUCJIa IUKJIOB 00KaTHUS Y BEJIUYMH
naBiaeHuii. [Toka3aHo, 4TO BeJTMYMHA MOIYJIS
YIPYrocTy OalJIaCTHBIX MATEPUAJIOB CYILIECT-
BEHHO 3aBUCUT OT CTENEHU YILUIOTHEHUS
OajutacTa, JaBJI€HMSI Ha IMOBEPXHOCTU MPU
TPEXOCHOM CXaTHU U MaTepuajia 4acTHIL
1e0oHs (rpaHuT, 6a3a1bT). AHAJIOTUYHbIE UC-
clieloBaHUs MPOBEACHBI ClelMalucTaMu
LIEHTpa UCIIBITAHUI MaTepUaIOB U KOHCTPYK-
uuit — ¢unmanom OKTIOPbCKOI XKeae3HO
JIOPOrY Ha 0aJUIaCTHBIX MaTepuajiax, IMecke
M TPYHTE, B3ATHIX C TOIIIIAILHOTO OCHOBA-
HUST U3MEPUTEIHLHOTO yJyacTKa rneperoHa [o-
nyTBUH—O3ephl.

J1J1s1 OLIleHKU BJIIMSIHUS CTPYKTYPBI U YIIPY-
TUX XapaKTePUCTUK 0aJJIACTHOI'O CJIOS U TIeC-
YaHO1 MOAYIIKY Ha HAIIPSLKEHHOE COCTOSIHUE
OII3I1 6n110 paccMoTpeHO 14 pacuy€THBIX
mogeneit (Tadbnuua 1).

J1J1s1 OLIEHKM YCJIOBUIA ITPOYHOCTHU B pac-
Yy€Tax MPUHUMAIMCh MaKCUMAaJIbHO BEPOSIT-
HbI€ 3HAYEHMS BEPTUKATbHBIX CHJI:

pmax _ —N —N
P = i) +2,550,

rie rﬁ}v — MaTeMaTU4ecKoe OXUIaHue aH-
caMOJIsi BEPTUKAJIbHBIX CHJI OT BO3IEWCTBUS
KOJIECHBIX TIap TPY30BbIX BATOHOB C OCEBBHIMU
Harpy3kamu 23,5, 25,27 u 30 Tc; 5}: — cpea-
Hee KBaJIpaTUYecKoe OTKJIOHEHUe aHCcaMmOJIs
BEPTUKAJIBHBIX CHJI OT BO3IEHCTBYSI TPY30BBIX
BaroHoB.

B peanbHOIT 3KCIUTyaTalliy BEPOSITHOCTh
TOSIBJICHUST MaKCUMAaJIbHO BEPOSITHBIX 3HAYE -

® MWP TPAHCIOPTA, Tom 15, N2 4, C. 70-91 (2017)
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Puc. 3. Pacnpeanenexune
HanpsHKeHnii Npy pasandHbIx
XapakTepucTukax Mmogynen
ynpyroctu 6annacTtHoro
un noa6annacTtHoro c/0és
(oceBas Harpy3ka 30 Tc,
ckopocTb 90 km/4).

10 15 20 25 3,0 35 40

HUMI1 BepTUKAJIbHBIX CUJI Maja. IToaTtomy st
BepU(DMKALINY KOHEYHO-3IEMEHTHOI MO/
C OKCIIEPMMEHTAIbHO MOJYyYeHHbIM 3HAYeHM -
eM BennuuH HanpspkeHuid Ha OTT311 npunu-
MaJIli CpelHMEe MaKCHMaJbHble BEIUYMHBI
BEPTUKAJIBHBIX CHUJI, KOTOPBIEC OIPEAC/ISINCh
U3 BbIpAXKEeHUSI:

= ;Tz}," + EI’,‘: )

JI71s1 OLICHKU BJIMSIHUSI YIIPYTHX XapakKTe-
PUCTUK OAJJIACTHOIO CJIOS U IIeCYaHOM I10-
IYLIKY MPEACTaBlIeHbl Pe3yJIbTaThl PacuéToB
HanpsokeHuit Ha OTT3TT a1 1By BapuaHTOB
Mozeneit 5Su 6. Ha puc. 3 nmpuBeneHo pacripe-
JeieHre pacYETHBIX HAIMPSLKEHUI 110 IoIle-
PEYHOMY CEUYEHMIO 3eMJISIHOIO IOJIOTHA OT
MaKCHMaJIbHO BEPOSITHBIX 3HAYEHUI BEPTHU-
KaJIbHbIX CHUJI TPY30BbIX BATOHOB C OCEBOM
Harpy3koit 30 TC mpu CKOPOCTU IBUXKEHUS
90 km/4.

W3 rpadukoB pacnpeneneHus HampsoKe-
Huit Ha OT13I1 BugHO, 4TO yIIpyrue xapakre-
PUCTUKU — MOJYJIM YIPYroCTU 06a/UIaCTHOIO
CJI0sl U MEeCYaHOM MOMYIIKU CYILIECTBEHHO
BJIMSIIOT Ha HanpspkeHue. Tak, 17151 OAMHAaKO-
BOI KOHCTPYKLMU I10A0A/UIACTHOIO CTPOE-
HUs, HopMupoBaHHoro mig myreit I, 11, n 111
kinacca — 0,4 m meoHs u 0,2 M recka, 3Hade-
HUS HaMPSDKEHUST MOTYT OTiIM4yaThes Ha 30—
40 %. dna pacyéTHOro ciaydast (BapuaHTHI 5
1 6) pazHuiia coctaBmia 34 %.

Ha puc. 4 nipeacraBiieHO pacripeaeiecHue
HaIpsKeHUI B IMOALLIIAILHOM IIPOCTPAHCTBE
11t BapuanTa 2. [Tpy 2Tom B KauecTBe 3HaUe-
HUIl BEpTUKAIbHBIX CUJI IPUHUMAIUCh MaK-
CHMAaJIbHO BEPOSITHbIE 3HAYEHUSI, [I0JTyYeHHbIE

Koccoe B. C., KpacHoe O. I'., Mpotononoe A. J1. Hanps)X€éHHOEe COCTOSHNE 3EMASHOIO NONOTHA
npu BO3AEVNCTBUU BaroHOB C OCEBbIMU Harpy3kamu Ao 30 Tc
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Puc. 4. UsmeHeHuss Hanps>xeHnii Ha OCHOBHOW rJiowjagke 3eMJISHOro noJsioTHa
B 3aBUCUMOCTM OT OCEBbIX Harpy30K npu ckopocTu Asmkenns 90 KkM/4.

Ta0amua 2

PacuéTnble HaNpPsKeHKWs HA OCHOBHOI IIIOIIA/KE 3€MIISTHOTO MOJIOTHA

OT MAKCUMAJIbHO BEPOATHBIX B CPEIHNX 3HAYEHUI BEPTHUKAJBHBIX cmr*

Ne CKopocTb Ocesast Harpy3ka | OceBas Harpy3ka | OceBast Harpy3ka | OceBasi Harpyska
n/n JIBYKEHUST 23,51C 25 1C 27 ¢ 30 Tc

1 40 59,8/51,1 64,5/52,1 67,2/55,7 71,9/59,6

2 60 61,1/53,1 67,7/56,7 69,0/60,7 72,5/64,9

3 80 63,2/54,6 70,1/58,4 72,5/62,4 78,6/66,7

4 90 65,7/56,2 74,1/60,1 77,6/64,3 86,3/68,8

*Yucnuresib — MaKCUMAaJIbHO BEPOATHBIC, 3HAMCHATEJIb — CPEOIHNE 3HAUYCHM I BEPTUKAJIBHBIX CHUJI.

SKCTIEPUMEHTAIbHO BO BPEeMsI TIPOBEACHMUS
XOJIOBBIX TMHAMWYECKUX UCITHITAHU TTOJTyBa-
TOHOB C OCEBbIMM Harpyskamu 23,5, 25, 27
u 30 Tc.

Pacu€rHble 3HaYeHUs HAIpSIKEHUI Ha
OII3I1 (nnst BapyaHTa 2) OT MaKCUMaJIbHO
BEPOSITHBIX M CPEIHUX MaKCUMaJIbHBIX 3Ha-
YeHU BEPTUKATbHBIX CUJI MPEJCTaBICHbBI
B Tabauue 2.

[IpoBeneHbI UccIeT0BaHUSI Ha KOMITbIO-
TEPHON MOJIEIN 3aBUCUMOCTH 3HAYEHMI Ha-
npsikeHuit Ha OTI3I1 gns monyBaroHos
¢ oceBoii Harpy3koii 30 TC OT CKOPOCTH JIBU-

® MUP TPAHCMNOPTA, Tom 15, N2 4, C. 70-91 (2017)

JKeHUsI, TOJIIIMHBI 0a/UIacCTHOTO U Toa0a-
JIAaCTHOTO CJIO€B. Pe3yabTaThl pacu€ToB npe/-
cTaBJIeHbI B TabauLe 3 1 Ha puc. 5.

WUccnenosanue HC xene3HOAOPOXHOT
HACBIIKU OT BO3IACHCTBUSI IPy30BbIX BarOHOB
¢ oceBbIMM Harpy3kamu 10 30 Tc rokasao:

* MMEEeT MECTO TEHIEHIIMs K POCTy Ha-
npsikeHuit Ha OTI3I1 kak ¢ moBbILIEHUEM
0CEBOI HAarpy3ku, Tak M C YBeJIUYECHUEM
CKOPOCTH IBUXKEHMUS;

* Ha Hanpsik€éHHoe coctosiHue OTI3I1
0Ka3bIBalOT BIMSIHUE YIPYrie XapaKTepu-
CTMKM 0aJyIaCTHOTO CJIOSI M TIeCUYaHOM T10-

Koccoe B. C., KpacHoe O. I., MpoTtononoe A. J1. HanpsaXXéHHOEe COCTOSAHNE 3EMJISHOIO NONIOTHA
npu BO3AEVNCTBMU BaroHOB C OCEBbIMU Harpy3kamu Ao 30 Tc



Taoamna 3

MaxkcumabHble HaNpPsZKEeHUus1 HA OCHOBHOI IJIOINA/IKE 3€MJISTHOTO MOJIOTHA npu 0CeBOit

Harpyske 30 Tc B 3aBUCHMOCTH OT CKOPOCTH H CTPYKTYPbI 02/1JIACTHOTO CJIOS

Mogpens | Ctpykrypa Gayutacta Hanpsxenust ot oceBoit Harpy3ku 30 Tc (k[1a)
MPH 3aTaHHOM CKOPOCTHU (KM/4)
40 60 80 90
4 Ile6eHb 0,4 M 101,3 102,2 110,8 121,6
10 Ille6enn 0,5 M 81,4 82,1 89 97,7
6 Ile6ens 0,4 M 71,3 71,9 78 85,6
ITecok 0,2 M
12 Ile6eHb 0,5 M 61,4 62 67,2 73,7
IMecoxk 0,2 M
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Puc. 5. UameHeHne Hanps>keHUr Ha OCHOBHOM MJioLjazike 3eMJISSHOrO MoJIOTHa
B 3aBUCUMOCTM OT CTPYKTYPbI 6a/11aCTHOIr0 U noA6asn1acTHOro C/10€8 U CKOPOCTY [IBYXKEHUS.

JYIIKW, TOJIIMHA KaXI0H M3 COCTaBIISIO-
KX 1 0011ast TOJIIMHA 0a/UIaCTHOTO CJIO0ST
M TeCYaHOU MOAYIIKY;

* Mpu ToAIIMHe OajacTHoro cios 0,3 M
v necyaHoit moaywku 0,3 M (puc. 5) npu
JEMCTBUM MaKCUMAaJIbHO BEPOSITHBIX 3Haue-
HUII BEPTUKAIBHBIX CHJI M CKOPOCTU JIBHIKE -
Hust 10 90 kM/u HanpspkeHust Ha OTI3IT or
BO3JIEUCTBUS IT'PY30BBIX BATOHOB C OCEBBIMU
Harpy3kamu 27 1 30 Tc mpeBbIIIaIOT JOITyCcKa-
emble 3HayeHus [o,, | = 80 kIla, a or BaroHOB
C OCEBBIMM Harpy3kamu 25 T¢ — HaXOIsITCs
B nipenenax 77,6 MIla;

* 3a cU€T 3(p(peKTUBHOTO pacrpeneeHust
YCWJIMI OT BO3JICICTBUS TPY30BBIX BarOHOB
¢ OCeBbIMM Harpy3kamu 1o 30 Tc 1 yBeaude-
HUS TOJIIMHBI 0aJIaCTHOTO CJIOSI MOXHO
Io00UThCs ypoBHelt Hampspkenuii Ha OTT3I1,
He TIPEeBBIIIAIOIINX HOPMATUBHBIC 3HAUYECHMS;

* TIpU CTPYKType OaJlJIaCTHOTO CJIOS, pe-
komeHayemoit nng myteii I, 1T u 111 kinaccos
U ToJIIMHE cJios 6aiacta 0,4 M, a mecyaHoi
noaywku — 0,2 M, HanpsikeHust Ha OTT3IT ot
BaroHoOB ¢ OceBbIMM Harpy3kamu 30 TcC Ipe-
BBILIAIOT HOPMATHUBHBIC 3HAYEHUST TIPU CKO-
pOCTSIX ABMKeHUs 6osiee 80 KM/4;

® MWP TPAHCIOPTA, Tom 15, N2 4, C. 70-91 (2017)

* MIPY U3MEHEHUM COOTHOIIEHMUSI TOJIIIUH
0ajIacTHOTrO cyiost U necyaHoi mogymku HC
3eMJISTHOTO I10JIOTHA 3aBUCUMO M3MEHSIETCS
(Tabnuua 4);

* IIPY YBEJIMYCHUU OAJIJIACTHOTO CJIOSI 10
0,5 M 1 ToNIIMHE OasuTacTHOM moayiiku 0,2 M
HanpskeHust Ha OT1311 He nmpeBbILLIATIY HOP-
MaTuBHBIX 3HaueHuit 80 kIla oT rpy30BBIX
BaroHOB C OCEBBIMM Harpyskamu 1o 30 Tc
U CKOPOCTH ABMXKEeHUs 10 90 KM/4.

NPEAEJIbHbIE HANMPA)KEHUSA
B AEATEJIbHOW 30HE

J11s1 onipesiesieHUsT HeCyIlei CToCOOHOCTHI
KeJIe3HOMOPOXKHOIO 3eMJISTHOTO MOJIOTHA
Obll1a MCIOJIb30BaHa TEOPUS MPEACTbHOIO
paBHOBecus. [IpUMEHMMOCTDb 3TOI TEOPUHU
IIJIS1 MHXKEHEPHBIX PACYETOB M XOPOLLIast CXO-
IMMOCTb TEOPETUYECKUX U MPAKTUYECKHUX
3HAUEHUI Harpy30K MOATBEPXKAAIOTCST pabo-
tamu [8, 11, 12, 16].

IMpenenbHoe HAMPSIKEHHOE COCTOSIHUE
MOAIUNAJIBHOTO OCHOBAHUST — TAKOE COCTOSI-
HUE, IIPU KOTOPOM MUHUMAJILHOE MPUpaLe-
HUE CTATUYECKOM WM IMHAMUYECKOM HATPY3-
KU MPUBOJIUT K BOZHUKHOBEHUIO B Oajuiacre
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Puc. 6. Cxema u reometTpuyeckue pa3mepbl HaCbINN Ha U3MEPUTEJIbHOM y4acTKe.
TaGmuua 4
I‘eOMeTpnqecxne napamMeTpsbl NONEePEeIYHOro CEYCHUA
)KEJIe3HOIl0p0)KHOﬁ HACBIIIA HA ONBITHOM Y4YaCTKe
CeueHust JleBast cropoHa I1paBas cropoHa
aﬁZ’ M hGZ’ M hSZZ’ Mo 62° : h32’ M a32’ M o 322 ° aGl’ M hﬁl’ M hGll’ Mo 61° ° h}l’ M a}l’ M a 31° :
5™ g0 0,36 0,55 10,72 |20,5 |2,23 |1,05 |35 0,35 (0,61 |0,78 |21,5 |2,04 |1,23 |35,5
0— BctBOpPe |0,34 0,61 |0,77 |22 2,42 | 1,00 |34 0,36 0,56 0,75 |23 2,23 | 1,17 |26
JIaTYUKOB

5 M nocje 0,37 10,63 0,76 |23 2,28 1,12

36 0,35 (0,56 0,75 22,5 (2,32 |1,21 |35,5

CpenHee 0,36 0,60 0,75 |21,8 [2,31 |1,06

35 0,35 0,58 0,76 |22,3 (2,20 |1,20 |35,7

1 3¢MJISTHOM TIOJIOTHE CILTOIITHBIX TIOBEPXHO-
CTell CKOJNIbXKCHUS, TA¢ CABUTAIOIINE CHIIBI
MPEeBHIIIAIOT yaepxkuBatommue. [ToBepxHOCTH
CKOJIBXEHUS TIPEICTABIISIOT COOO0I COBOKYII-
HOCTB OTAEbHBIX IIOMIAT0K, 00pa30BaBIIIIX-
Cs IIPU MPEBBIIICHUN YACPKUBAIOIINX CHIT
capurapomuMu. KacaterbHbIe TNIOCKOCTH
K TTOBEPXHOCTSM CKOJIbXCHUSI COBITAAAIOT
C TUTOIMAaAKaMU CKOJbXeHUs. OTmeIbHbIe
IUTOIIAAKKA CKOJIBXEHHUSI MOTYT 00OpPa30BHI-
BaThCS B TPYHTOBOU Ccpefie U IIpU Harpy3Kax,
HE MPEeBHIIIAIONINX MIPeaeTbHbIC, HO OHU HE
BBI3BIBAIOT AehopMalinii MaccuBa. JIMIIb mpu
Harpy3Kax He HIKe MPeAeTbHBIX (popMupy-
FOTCSI TPYIIITHI TJIOIIAI0K — IIEJIbIC ITIOBEPXHO-
CTH, TIIe TIPOMCXOIUT CABUTOBAS AeDOpMaIIsST
TPYHTOBOT'O MacCHBa.

Hcronb3yst anroput™sl [11], BEIMOJIHEHO
WHTETPUPOBAHNE KOHEYHO-Pa3HOCTHBIM M-
TOIOM ypaBHEHUI XapaKTePUCTUK U mudde-
PEHIIMATbHBIX COOTHOIIIEHMH 10 pa3paboTaH-
Ho#t cneumanuctaMu AO «BHUKTU» mipo-
rpamMme.

Pacuérnl nmpoBeneHbl 111 HACBIIIU, CJIO-
JKeHHOM M3 TJIMHUCTHIX TPYHTOB.

® MWP TPAHCIMOPTA, Tom 15, N2 4, C. 70-91 (2017)

TeoMeTprueckuie mapaMeTphl IIOIIEPEIHOTO
CEeUYeHMs XKeJIe3HOJOPOKHOM HACKITTU, 00bEM-
HBIC XapaKTePUCTUKH TPYHTOB, KO3 hUITNEH-
THI, XapaKTEPU3YIOIINE CHIDKEHUE TIPOYHOCT-
HBIX CBOICTB IPYHTOB, ITPEACTABJICHBI HA pUC. 6
U B Tabuute 4.

Pacuértel HecyIeit crtocoOHOCTH 3eMIISTHO-
TO TIOJIOTHA BBITIOJTHEHBI JIJIST:

* HACBIIM BBICOTOM 3,1 M C reoMeTprye-
CKMMU TTapaMeTpaM#, KOTOPBIC OIpeaeIeHBI
MYyTEM MPSIMOTO TEOMETPUICCKOTO U3MEPEHUS
10 CEYCHUIO YCTAHOBKY N3MEPUTEIBHBIX ITPH -
00pOB;

* 3eMJITHOTO ITTOJIOTHA, CJIOKEHHOTO TJIHM-
HUCTBIMU TPYHTAMMU;

* ypoBHel BuOpokonedanuii Ha OIT3I1,
3apEeTUCTPUPOBAHHBIX OT BO3ICHCTBUS TPY30-
BBIX BATOHOB C Pa3HBIMU OCEBBIMM Harpy3KaMM
TIpY KaYeHNH KOJIEC TT0 peTbcaM IIPU OTCYTCT-
BUU HEPOBHOCTEH HA TTOBEPXHOCTH KaTaHUSI;

* clyJasi U3MEHEHUSI BIXKHOCTH TPyHTa
Ipu M3MEHEHUU ToKa3aTedsl TEeKY4deCTH
¢J<0,25100,25<J<0,5.

B pesymbrate skcnepuMeHTaTbHBIX MCCIIe-
JOBaHWI BUOpPALIMOHHBIX BO3AECTBUI Ha

Koccoe B. C., KpacHoe O. I., MpoTtononoe A. J1. HanpsaXXéHHOEe COCTOSAHNE 3EMJISHOIO NONIOTHA
npu BO3AEVNCTBMU BaroHOB C OCEBbIMU Harpy3kamu Ao 30 Tc



Puc. 7.
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Puc. 8. lMpenenbHbie 3Ha4eHNSI HANPSXKeHUI i Ha OCHOBHOW NJioLaaKke 3eMJISHOro noJiIoTHa.

3JIEMEHTBI BEPXHETO CTPOCHMSI ITyTHU YCTAHOB-
JIEHO, YTO IIPU YBEJIMYSHUU OCEBBIX HATPY30K
Ha KOJIECO MMEETCS TEHACHLIMS K ITOBBILLICHUIO
BubOpaumii. [Ipn 3TOM 4eM BBIIIE CKOPOCTH
JBVXKEHMS, TEM BBIIIE YPOBHU YCKOPEHUIA.
I1pu yBenmueHUM OCeBBIX HaTrpy30K ¢ 23,5 o
30 Tc ypoBHUu BuOpokosebanuii' Ha OII3I1
U3MEHSUTUCh B nipeaenax ot 40—48 no 57—
84 MxM. JI1g HachIIM ¢ TEOMETPUYECKUMU
rmapaMeTpamu, IIpeaCTaBJIeHHbBIMU Ha pUC. 6,
CJI0KEHHOM U3 IJIMHBI C YIJIOM BHYTPEHHEIO
TpeHUs ¢ = 19°, OTHOCUTENbHBIM CLICTUIEHUEM
C =0,054 MIla paccunTaHbl pacrpeaeieHUus
HOPMaJIbHBIX HAIIPSKEHUH 110 JIMHUSAM CKOJIb-
KeHus (puc. 7) ¥ mpeaeabHbIe 3HAYCHMST Ha-

! DKcrepuMEeHTAIbHO OTIPE/IeIISUINCh YPOBHHU YCKO-
pennii Ha OI13I1. BubponepemerieHus: — myTém

repecyéra JIBOMHBIM WHTETPUPOBAHUEM TPOIIECCOB
3apernuCTPUPOBAHHBIX YCKOPEHUIA.

® MWP TPAHCIOPTA, Tom 15, N2 4, C. 70-91 (2017)

npsekeHuit Ha OTI3IT ng pasHbIX ypoBHei
BUOpoIepeMeIieHuit (puc. 8).

AHanM3 pacyETHBIX JAHHBIX ITOKa3aJl, YTO
IS TJIMH C pacCMaTprUBacMbIMU (DM3UKO-Me-
XaHUYECKMMU TT0Ka3aTeJISIMU ITPU TEKYIECTHU
J <0,25 ypoBHM HanpsLKEHW, BO3HUKAIOIIIE
OT TPY30BBIX BarOHOB C OCEBOM HArpy3kou
30 Tc, MEIOT 3arac MPOYHOCTHU 10 HeCyIlei
CIMIOCOOHOCTH HACHITIH.

BrInosHeHBI pacuéThl TTpeIeIbHBIX HATIpsI-
KEHUU IS YCIIOBUM CIIOXKEHMSI HACBITIY TN -
HaMM U CYTJIMHKaMH, a TaKXKe YBEJIUYCHUS
BraxkHoctu rpyHTa cJ <0,25100,25<J<0,5.

YcTaHOBJIEHO, YTO HeCyIast CITOCOOHOCTh
3¢MJISTHOTO TTOJIOTHA CYIIIECTBEHHO 3aBUCUT OT
THUIIa TPYHTA U €TO (PU3UKO-MEXaHUIECKUX
CBOWMCTB.

[Ipu nBUXEHMM BaroHOB C OCEBBIMU Ha-
rpy3kamMu 30 TC TI0 HACBINHU, CIIOXXKEHHON M3
[JIMHBI, MUHUMAJIbHOE TIPeIeIbHOE HaTIPSTKe -
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Puc. 9. UameHeHne MUHUMabHbIX MNPeAesbHbIX HANPsH)KeHnii B 3aBUCUMOCTN
OT B/IA)KHOCTU rPYHTa Npu pa3/indHbIX OCEBbIX Harpy3Kax.
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Puc. 10. UameHeHne npeaesibHbIX HANPSKEHWIA B 3aBUCUMOCTHU OT YPOBHSI BUGpaunii (rpyHT — CyrniimHok ¢ = 20°,
C = 0,019 MIlla, nokasaresnb Teky4ecTu rpyHta 0 <J<0,25).

cyrnuHok C = 0,019, ¢ =20°

Puc. 11. UsMeHeHne MUHUMaNbHbIX NpeaesibHbIX Harnp i B

rmuHa C = 0,054, ¢ = 19°

UMOCTHU

OT BeJIN4YNH OCEeBbIX Harpy30K.

Hue coctaBsieT 170,4 MIla, ipu repexone Ha
CYIJIMHKHY BeJIMYMHEI IIPeIeIbHBIX HAIIPSIKe -
HUU CHIKaroTCs 10 95,4 MIla. I[Tpu uameHe-
HUM mokaszatenst Tekydectu ¢ J < 0,25 mo
0,25 <J <0,5 Hecymiast crtocOOHOCTh TPYHTOB
CHIXAETCs B cpeHeM Ha 15,4—16 % 11st tiuH
u 16,5—17 % mis cyrinHKoB (puc. 9).
BrimoHeHbI pacu€ThI 17151 CITydast BRICOKUX
BubposoaaeiicTBuii Ha OI13I1, uro xapakrep-
HO JUISI yIapHOTO B3aUMOJIEHCTBUS KOJEC
C peibcaMM B 30HAX OOJTOBBIX CTHIKOB, TIPU
OTCJIOEHUSIX MeTaJlIa OT ITOBEPXHOCTHU KaTaHUST
CO CBEPXHOPMATUBHBIMU TTapaMeTPaMHU U T.JI.
YcTaHOBIEHO, UTO YBeIUUYEeHUE YPOBHEH
Bubpokonedanuii Ha OT13I1 npuBoaUT K CHU-

® MUP TPAHCMOPTA, Tom 1

JKEHUIO YPOBHEN IpeAebHbIX HAPSKEHUI
B 1,26—1,36 pa3a, T.e. Ha 26—36 % (puc. 10).

CHIXeHNEe HeCyIIel CITIOCOOHOCTH 3eM-
JISHOTO IIOJIOTHA OT M3MEHEHUsI OCEBOI Ha-
rpy3ku ¢ 23,5 mo 30 TC 3a CUET MOBBIICHUS
BUOpPOHAIPYKEHHOCTU COCTaBjsgeT 12,5—
12,9 % (puc. 11).

OKCNEPUMEHTAJIbHbIE
UCCNEOOBAHUA

Jnst BepuduKaim pe3yiabTaToB KOMITBIO-
TEPHOTO MOJIETMPOBAHUS TIPOBEJCHBI IKCIIE-
pUMEHTAJIbHbIE U3MEPEHUSI HAMPSDKEHUH Ha
OTI3IT na nonmurone AO «BHUKTHW» (yua-
crok [onyrBun—O3epsi). BepxHee crpoenue

70-91 (2017)
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Puc. 12. O6wynii BUA yCcTpoO#rCcTBa AN UBMEPEHNS [aB/eHNIA
Ha OCHOBHO nyiowjaake 3eMJISHOro rnoJsIoTHa: a) NaacTuHa c 3aKpenaéHHOW Mecao30¥i;
6) ycTpoWicTBO C MEcA030¥i, yCTaAHOB/IEHHOE B 3€MJISIHOE MOJIOTHO.

BKJIIOYAJIO: pesibehbl P65, 1imaibl xene3o00e-
ToHHBIE, cKperuieHus Kb-65, 6aiact 1e6é-
HOYHBII ToIIMHOM 0,3 M, TIecyaHast IoayIKa
ToamuHoi 0,3 M, 3eMJISTHOE MOJIOTHO — CYy-
TJIMHOK.

WUccnenosanue HanpsikeHuit Ha OT13T1
BBIMOJIHEHO C MCIIOJIb30BaHUEM MECI03
tuna KDE-200KPA (SImonus). Insg Bo3-
MOXXHOCTH MX OIIepaTMBHOM YCTAHOBKHU 1O
PEeIbCONITNAIbHYIO PEIIETKY CIIeIMaTuCTaMK1
BHUKTMH pazpaboraHa HOBasi KOHCTPYK-
1us yctpoiictpa (puc. 12).

DKCIEepUMEHTATbHbBIN 3aMep HAMPSDKeHU I
MPEACTABISIET OINpeneI€HHbIE TPYIHOCTH,
CBsI3aHHBIE C MIOMEILIEHUEM MECI03bl BHYTPb
TPYHTOBOI'O MaccuBa. DTOT MPOLIECC BbI3bIBa-
€T HapyIllIeH1Ee MOHOJUTHOCTH MacCuBa 1 10~
SIBJICHME MCKaXXeHWI B CHJIOBOM I10JI€, YTO
MoTpPe0OBaIO U COBEPIICHCTBOBAHUS CAMOTO
criocoba M3MepeHus HapsDKeHUI B 3eMJIsI-
HOM I10JI0THE. MOIepHU3MPOBAHHOE YCTPOI -
CTBO COCTOMT M3 MECI03bI, HECYILICH TIacTH -
HbI, a yIpyrasi MeMOpaHa IocTaBjieHa I10JI0-
JKEHMEM BBEPX M COIPUKACAETCS C TPYHTOM
Mpu MPOBeIeHUN U3MepeHuii (puc. 12).

BHyTpM I1acTMHBI HaXOAUTCS Kabeb-
KaHaJ 3 111 TPOKJIaJKK IIPOBOIOB OT U3Me-
PMTEJIBbHBIX 1aTYMKOB MeCI03bl. TaprupoBKa
MECJ03 NMPOBOAMIACH ITPU CTYNEHYATOM

Harpy>xXeHuu pabodyeil MeMOpaHbl paBHO-
MEpHO pacrpenesi€HHOM Harpy3Koii B qua-
nazoHe aapjaeHuii ot 0 1o 200 kIla u ¢ ma-
rom 20 kITa.

KoHcTpyKIus Mecio3bl 1Mo3BoJsieT 6e3
HapyLIeHUs 1IeJIOCTHOCTH TPYHTA yCTaHABIIM -
BaTh YCTPOMCTBO Ha IUIOLIAAKY 3EMJISTHOIO
IOJIOTHA TTOJI ITOIOIIBOM ILIMAJIbI ¢ pPa3Mele-
HUEM JesTEeJIbHOM 30HBI MOJ PebCOM Ha
ryouHe 10 1 M HuKe c1os1 basiacTa.

Arnipo0aliysi ycTpolicTBa IMPOBOAMIACH Ha
Ha3BaHHOM ye neperoHe MOCKOBCKOM Ke-
JIe3HOI noporu. Mecao3a ¢ I1acTUHOM 3a0u-
Bajiach Ha r1yorHe 10 650 MM HVKE ITOJOLLBbI
LLITAJIBI ITOJI CJIOH 11IeOHSI ¥ TTeCYaHO Oy~
Ku. B morepeuyHoM HampaBjeHUU MECa03a
YCTaHABJIMBAJIACh MO PEIbCOM.

3aMephl BBITOJHSUIMCH IIPU IIPOE3/Ie IPy-
30B0ro JJokomoTusa 2TD116 co ckopocTIMu
20—90 kM/4 B TeueHuUe ABYX THei. Pe3ybra-
ThI TIPEJCTABICHBI B TAOIUIIE 5.

AHaJu3 pe3y/IsTaToB U3MEPEHMI1 TOKa3aJl:

* [0 Mepe YBEJIMYEHUs MPOMYLIEHHOTO
HaJl UBMEPUTEIbHBIM CEUEHUEM TTOBUKHOTIO
COCTaBa HaNPSIKeHUsI CHUXKAJIMCh B CpeIHEM
Ha 6—7,5 %, 4TO MOXET ObITh OOBSICHEHO
JeopMUpPOBaHUEM JIOKAJIBHO-YTUIOTHEHHBIX
30H IPYHTA ITPU BHEAPEHUH IJIACTUH C MEC/I0-
3014 B 30Hy OI13IT;

Ta6mmuna 5
Hanpskenusi Ha OCHOBHO¥ ITOIIA/IKE 3eMJISTHOTO MOJIOTHA OT Mpoe3/a Jokomotusa 2TD116
CKopocThb, KM/4 11.05.2017 12.05.2017 YMmeHbImiocs Ha ... %
40 71,65 67,03 6,4
50 73,25 67,66 7,5
80 76,58 72,00 5,9
90 81,80 75,69 7,45

® MWP TPAHCIOPTA, Tom 15, N2 4, C. 70-91 (2017)

Koccoe B. C., KpacHoe O. I'., lpoTononoe A. J1. Hanps)XéHHOe COCTOSAHME 3EMJITHOIO NMOJIOTHA
npu BO3AEVNCTBUU BaroHOB C OCEBbIMU Harpy3kamu Ao 30 Tc




Tab6auna 6
DKCnepuMeHTANIbHbIE HANPSKEHUS HA OCHOBHOW TUIOIIA/IKE 3eMJISTHOTO TOJIOTHA
OT IPY30BBIX BATOHOB C OCeBbIMHU Harpy3kamu 10 30 Tc

3amep | CKopocCTb, Baron 23,5 ¢ Baron 25 ¢ Baron 30 Tc
Ne KM/4
Tenexka Tenexka Tenexka Tenexka Tenexka Tenexka
Ne 1 Ne 2 Ne 1 Ne 2 Ne 1 Ne 2
1 40 59,218 53,673 49,223 52,509 66,132 67,433
3 60 54,357 55,115 47,306 56,690 63,736 71,335
5 80 52,167 59,428 54,768 63,805 62,778 76,128
7 90 58,196 59,810 69,418 65,653 67,022 79,961
9 90 55,8 62,577 71,267 63,531 65,653 79,071
11 90 55,594 64,426 70,308 63,189 61,682 77,565
13 80 57,237 61,208 36,010 68,118 61,477 78,592
15 80 50,866 53,193 48,264 62,998 61,956 75,443
17 5 46,005 47,511 47,511 47,648 57,917 59,697
19 60 54,015 54,357 57,027 39,228 60,587 63,325

* YPOBHM HANIPSKEHU I MMEJTA 3HAYCHU S,
01M3KHE K PaCYETHBIM;

* C YBEJMYEHUEM CKOPOCTH JBUKEHUS
MMeJI0 MECTO TTOBBILIIEHNE YPOBHEI HAIPsSTKe -
Huii Ha OT13I1.

JlaNbHEMUIIIMM L1arOM SIBJISUIOCH OTIpe/iesie-
Hue HanpsikeHuit Ha OTT3I1 ot Bo3aeiicTBUs
I'PY30BBIX BATOHOB — CEPUITHOTO C TEJIEKKON
18—100 1 BaroHOB-YIJIEBO30B, 3arpy>KeHHBIX
JI0 OCeBbIX HAarpy3o0kK 23,5, 25 u 30 Tc. Pe3yb-
TaThl U3MEPEHMUIT JaHbI B TaOIMIIE 6.

IMpencraBnensl HanpstkeHust Ha OTI311
TPY ABUKEHUU OTBITHOTO T0€3/1a B HaIlpaB-
snennu TomyrBuH—O3epsl [Tl cyvasi, Koraa
TeseXku Ne 2 ObUTA TIEPBBIMU 10 XOIY JBU-
keHust. CpaBHUTEIbHBIN aHaIM3 PaCUETHBIX
(Tabnuua 2) 1 3KCnepruMeHTaIbHbIX (Ta0au-
11a 6) JTaHHBIX MO3BOJISIET KOHCTATUPOBATH:

* PacXOXKICHUSI MEXIY pe3yJibTaTaMu pac-
yéra ¥ 9KCIePUMEHTAIBHO 3aMePEHHBIMU Ha-
npsekeHussMu Ha OTT311 He mpeBbiIaoT 15 %;

» HanpspkeHust Ha OT13IT ot Bo3neiicTBuUs
KOJIEC TIOABMKHOTO COCTaBa MMEIOT Pa3opoc 10
10 %, 4TO CBSI3aHO C KOJIEOAHUSIMU MTOAPECCO-
PEHHBIX MacC TOABMKHOTO COCTaBa M Pa3HbIMU
BEJIMYMHAMU BEPTUKATBbHBIX HArPy30K, JICHCT-
BYIOIIUX Ha ITyTh ITPY IPOXOXKASHUM KOJIEC Hal
30HOM YCTAHOBKW MECI03bI.

BbiBOAbl U NPEOJTOKEHUA

1. BeimosiHeHHbBIE HA KOHEYHO-3JIEMEHT-
HOI MOJIEJIM TeOPETHUYECKUE MCCIIeIOBAHUS
HAIPSDKEHHOTO COCTOSTHYS 38MJISTHOT'O TIOJIOT-
Ha OT BO3JEHCTBUS TPY30BbIX BATOHOB C OCE-
BbIMU Harpyskamu 10 30 Tc rmoxkaszaiu:

* ypoBHU HanpsikeHuit Ha OTT3IT moHo-
TOHHO TTOBBIIIAIOTCS C YBEIMYCHUEM OCEBBIX

® MWP TPAHCIMOPTA, Tom 15, N2 4, C. 70-91 (2017)

Harpy3oK 1 CKOpPOCTeli ABUXKEHUSI: 10 PacyeT-
HBIM JaHHBIM TP MaKCUMaIbHO BEPOSITHBIX
cuax — Ha 16—24 %, 1Mo sKCrepuMeHTaTbHO
3aperucTpMPOBAaHHBIM TaHHBIM — Ha 20—21 %);

* Ha ypoBHHU HampsikeHuit Ha OII3I1
OKa3bIBAIOT BJAMSIHUS TOIIIMHBI CJIOEB Oasiia-
CTa U MecyaHoi MOAYIIKU, UX COOTHOLIEHUE
W yIIpYrue XapakTepucTUKU — MOIYJIU YIIpY-
rocTH 6a/UIaCTHOTO U MOA0a/IaCTHOTO CJIOEB,
MpPU 5TOM 3HAYEHUST HAMPSIXKEHUI MOTYT OT-
nuyatbest Ha 30—40 %;

* JUIsI HauboJiee pacrpoCTPaHEHHBIX TPYyH-
TOB — CYIJIMHKOB IPY YPOBHSIX BUOPOBO3IEii-
CTBUU, CO3JaBaEMbIX OT I'PY30BbIX BarOHOB
C 0ceBbIMU Harpy3kamu a0 30 Tc mpu TOIIIU-
He 1mebéHouHoro 6autacta 0,5 M 1 necyaHoit
noaywke 0,2 M, ypOBHM HamNpsiKeHUI Ha
OTI3I1 cocrasastior 77,6 kI1a u He npeBbILIA-
10T HopMaTuBHOro 3HayeHus 80 klla mpu
CKOPOCTSIX IBMKEeHUST 10 90 Km/4.

2. PacuéramMu Hecylieil cmocoOHOCTHU
3eMJISTHOT'O ITOJIOTHA 110 TEOPUHU MTPEAETbHOTO
paBHOBECHSI YCTAHOBJICHO:

* TIpe/esibHbIe HAMPSDKEHUS 3aBUCST OT
GU3NKO-MEeXaHUYECKUX CBOMCTB I'PYHTOB
HachINU, €€ TeOMEeTPUUYECKUX MapaMeTpoB
(BBICOTHI, 3HAYEHUI YIJIOB OTKOCA U 1p.),
BJIAXXHOCTU, YPOBHEN BUOPOIMHAMUYECKOTO
BO3JEHCTBUS;

* TIOBBIILIEHME YPOBHEN BUOPOBO3IEICT-
Buii ¢ 60 10 250 MKM (XapaKTepHBIX IS yaap-
HOTO B3aMMOJAEUCTBUS MTPU HAIMYUU feheK-
TOB Ha MOBEPXHOCTU KaTaHUS KOJEC WU
PEJIbCOB) CHUXXAET HECYIYI0 CITOCOOHOCTh
HachInu Ha 26—32 %; yBeJIMUeHUE BAAKHOCTH
rpyHTta ¢ J < 0,25 no 0,25 <J < 0,5 — Ha
15—17 %j;
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* MOBBILLIEHNE OCEBOI HArpy3ku ¢ 23,5 1o
30 TC CHMXKAeT HEeCYILYIO CITOCOOHOCTb TPYH-
TOB 3a CYET yBEeJIMYEHUS ypOBHEl BUOPO-
BO3aecTBUS B cpeaHeM Ha 12,5—12,9 %.

3. CpaBHUTENbHBIM aHAIU3 PACUETHBIX
HanpsikeHuit Ha OTI3I1 mo cpenHUM 3Have-
HUSIM BEPTUKAJIbHBIX CUJT ITOKA3aJ1 JOCTATOY -
HO XOPOIITYIO0 CXOAMMOCTb PACUETHBIX U KC-
MepUMEHTATbHBIX JAHHBIX: PACXOXICHUE He
npesbiaio 15 %.

4. IOTOJTHUTELHO JIJIST TIPUHSITHSI peliie-
HUS O BHEIPEHUM I'PY30BBIX BaTOHOB C OCe-
BbIMU Harpy3kamu 27 u 30 Tc TpeOyeTcs:

YCTAHOBUTH BJIMSIHUE TTOBBIIIEHHBIX
OCEBBIX HATPY30K Ha YCTOMYMBOCTD KeJIE3HO-
JIOPOXHBIX HACBITIEH Ha CJIA0BIX OCHOBAHUSIX;

* OIpeNeJIMTh UHTEHCUBHOCTH HAKOII-
JIEHWST OCTaTOYHBIX JiePopMaIIuil NesITeb-
HOI 30HBI 3¢MJISTHOTO TTOJIOTHA TIPY TTOBBI -
IIEeHHBIX OCEBBIX HAarpy3kax ¢ yu4éToM Ha-
XOXJIEHUSI TPYHTOB B MSTKOTJIACTUIHOM
COCTOSTHUM B 30HaX HEJIOCTAaTOYHOM pabOTHI
JNPEHaXHBIX CUCTEM, OCOOEHHO B TIEPUOJ
OTTauBaHUs TPYHTOB M MX MepeyBlIaxHe-
HUSL.
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ABSTRACT

The stress state of the active area of the roadbed
caused by the impact of freight cars with axle loads
23,5; 25; 27 and 30 tnf is studied on the basis of a
finite-element model. Using Coulomb’s wedge
theory as per actually registered vibration impact

Background. The development of heavy traffic
on Russian railways with the implementation of freight
cars with axle loads 25 tnf (and in the long term of 27
and 30 tnf) raises the topical issue about the
evaluation of the bearing capacity of the roadbed of
embankments composed of excessively moistened
clay soils under a simultaneous vibration impact. The
development of the operating domain of trains with
high axle loads on the railway network leads at some
sections to an increased number of defects and
deformations of the roadbed [1-3].

Specialists of JSC VNIKTI have conducted
theoretical and experiment studies of the stress state
ofthe main site of the roadbed (MSRB) caused by the
impact of freight cars with axle loads 23,5; 25; 27;
30 tnf. At the same time the influence of axle load
values, running speed, elastic behavior of crushed-
stone ballast, sand bed and also their thickness ratio
on the roadbed stress levels have been studied.

The influence of vibration impact levels (soil
vibration amplitudes on the MSRB obtained
experimentally while conducting line tests), of soils
humidity (flow index J,) on limit stresses of the
roadbed embankments has been studied. Theoretical
studies have been conducted on the embankment
model which geometrical parameters have been

Subgrade
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levels, limit stress levels for the embankment of the
roadbed of the section Golutvin—Ozery of Moscow
railway have been determined. Experimental studies
to determine stresses on the main site of the roadbed
have been conducted and design and experiment
data have been verified.

Keywords: stress state, roadbed, freight car, high axle loads, limit stresses; humidity, vibration impact.

obtained using direct measurements on the testing
track section where measurement equipment to
register force factors and stresses on the subgrade
was installed.

Objective. The objective of the authors is to study
roadbed stress state due to the impact of freight cars
with axle load up to 30 tnf.

Methods. The authors use general scientific and
engineering methods, comparative analysis, graph
construction, experimental data.

Results.

Afinite-element model of the roadbed and its
stress state estimate

Modeling and calculation were performed based
on the finite-element method using such software
packages as PATRAN, NASTRAN, MARC.

Pic. 1 shows a finite-element model of a track
section (roadbed, ballast). Depending on the ballast
height the number of Hex8-elements in the model
changed from 336896 to 355488, the number of
nodes — from 355272 to 381691.

The influence of the following factors on the
embankment stress state has been studied during
calculations:

* magnitudes of vertical forces transferred from
wheels to rails;

Subgrade

N

17.2m

Pic. 1. A finite-element model of the roadbed with a ballast section.
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Outside force P is applied on 3 sleepers in the ratio

Z- and Y-movement is forbidden

0,25P, 0,42P, 0,25F

X-movement is forbidden

Pic. 2. The scheme of loading and fixing a finite-element model.

« train running speeds;

« thickness ratio of ballast layer components —
crushed stone, subballast layer;

« elastic behavior ratio of ballast layer and
roadbed components.

Loads obtained during dynamic tests of the train
prototype with freight cars with axle loads 23,5; 25;
27 and 30tnf[17] were taken as benchmark reference
data for simulation. Pic. 2 shows boundary conditions
and schemes of loads application. The axle load was
assumed to be distributed on three sleepers in the
ratio of 0,25, 0,42 and 0,25. The rest of the load(0,08)

distributed on adjacent sleepers is neglected due to
its small value.

The roadbed strength on the subgrade has been
evaluated by comparing design compression stress
with limit stress values. Limit stresses on the subgrade
are assumed to be 80 kPa. In fact their value depends
on physical and mechanical parameters of roadbed
soils, their moistening intensity and vibration impact
levels. In works [18-20] Young moduli at triaxial
compression depending on the number of reduction
cycles and pressure values were studied. It is shown
that the value of Young’s modulus of ballast materials

Distance, m

fﬁye """" T

Stress, kPa

—— Model 5

-~ Model6

4,0 -35 -30 -25 -20 -1,5 -1,0 0,5

Pic. 3. The stress distribution with various Young modulus characteristics of ballast

and subballast layers (axle load 30 tnf, speed 90 km/h).
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i Table 1
3
‘ i{’ Design models to evaluate the influence of ballast layers’ size and parameters

Model Undersleeper Thickness of ballast and | Design parameters of ballast and subballast layers
No. foundation structure subballast layers, m Deformation modulus | Poisson ratio,
E, MPa

1 ballast 0,3 254 0,27
sand bed 0,3 110 0,3

2 ballast 0,3 150 0,27
sand bed 0,3 80 0,3

3 ballast 0,4 254 0,27
sand bed — — —

4 ballast 0,4 110 0,27
sand bed — — —

5 ballast 0,4 254 0,27
sand bed 0,2 110 0,3

6 ballast 0,4 150 0,27
sand bed 0,2 80 0,3

7 ballast 0,4 254 0,27
sand bed 0,3 110 0,3

8 ballast 0,4 150 0,27
sand bed 0,3 80 0,3

9 ballast 0,5 254 0,27
sand bed — — —

10 ballast 0,5 150 0,27
sand bed — — —

11 ballast 0,5 254 0,27
sand bed 0,2 110 0,3

12 ballast 0,5 150 0,27
sand bed 0,2 80 0,3

13 ballast 0,5 254 0,27
sand bed 0,3 110 0,3

14 ballast 0,5 150 0,27
sand bed 0,3 80 0,3

Note. Data on crashed-stone ballast Young modulus have been assumed as per results of testing crushed stone
samples taken at the section Golutvin—Ozery of Moscow railway.

Table 2
Design stresses on the main site of the roadbed from maximum possible
and average values of vertical forces

No. Running speed, km/h | Axle load 23,5 tnf | Axle load 25 tnf Axle load 27 tnf Axle load 30 tnf
1 40 59,8/51,1 64,5/52,1 67,2/55,7 71,9/59,6
2 60 61,1/53,1 67,7/56,7 69,0/60,7 72,5/64.,9
3 80 63,2/54,6 70,1/58,4 72,5/62,4 78,6/66,7
4 90 65,7/56,2 74,1/60,1 77,6/64,3 86,3/68,8

Note. Numerator — maximum possible values; denominator — average values of vertical forces.
Table 3
Maximum stresses on the main site of the roadbed at the axle load 30 tnf depending
on the speed and ballast layer structure

Model | Ballast structure Stresses from the axle load 30 tnf (kPa) at the speed (km/h)
40 60 80 90

4 Crushed stone 0,4 m 101,3 102,2 110,8 121,6

10 Crushed stone 0,5 m 81,4 82,1 89 97,7

6 Crushed stone 0,4 m Sand 0,2 m 71,3 71,9 78 85,6

12 Crushed stone 0,5 m Sand 0,2 m 61,4 62 67,2 73,7
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Pic. 5. The change of stresses on the main site of the roadbed depending on ballast
and subballast layers’ structure and running speed.

mainly depends on the extent of ballast consolidation,
a surface pressure at triaxial compression and the
material of crushed stone particles (granite, basalt).
Similar studies have been performed by specialists of
the Centre of testing of materials and structures — the
branch of October railway, regarding ballast materials,
sand and soil taken from the undersleeper foundation
of the haul testing section Golutvin—Ozery.

14 design models have been considered to
evaluate the influence of ballast layer and sand bed
structure and elastic behavior on the MSRB stress
state (Table 1).

To evaluate strength conditions maximum
possible values of vertical forces calculated have been
assumed in calculations as per the following
expression:

pmax _ —N =N
P™ =mp +2,56,,,
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where rﬁﬁ' is a mathematical expectation of vertical

forces assembly from the impact of freight car wheels
with axle loads 23,5; 25; 27 and 30 tnf, respectively.

6,'{ is a mean-square deviation of vertical forces

assembly caused by those freight cars.

Under real operation conditions the probability of
appearing maximum possible values is small. Thus to
verify a finite-element model with an experimentally
obtained stress magnitudes on the MSRB average
maximum values of vertical forces which have been
assumed as determined from the following expression:

P =iy +5, .
To evaluate the influence of ballast layer and sand

bed elastic behavior results of stress calculations on
the MSRB are provided for two variants of model 5

15, Iss. 4, pp. 70-91 (2017)
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Pic. 6. Schematic illustration and geometrical dimensions of the embankment
in the instrumentation site.
Table 4

Geometrical parameters of the railway embankment cross section in the experimental site

Cross sections Left side Right side
a5, M hbz’ m hbzz' m|a,, : h:z‘ m |ay m @ o a,, m hbl’ m hbll’ mja,, : hm m |a,,m g

5 m before 0,36 0,55 10,72 20,5 {2,23 [ 1,05 |35 0,35 {0,61 |0,78 [21,5 |2,04 | 1,23 |35,5
0 — in the section of | 0,34 [ 0,61 | 0,77 |22 2,42 11,00 {34 (0,36 |0,56 0,75 |23 2,23 (1,17 |26
the sensors
5 m after 0,37 10,63 |0,76 |23 2,28 | 1,12 |36 [0,35 [0,56 [0,75 [22,5 |2,32 | 1,21 |35,5
Average 0,36 10,60 |0,75 21,8 |2,31 [ 1,06 |35 0,35 10,58 [0,76 [22,3 12,20 | 1,20 |35,7

and 6. Pic. 3 shows the distribution of design stresses
on the track formation cross section from maximum
possible values of vertical forces of freight cars with
axle load 30 tnf at the running speed 90 km/h.

The diagrams of the stress distribution on the
MSRB show that elastic characteristics — Young
modulus for ballast layer and sand bed have a
significant effect on subgrade stresses. So for a similar
subballast structure standardized for tracks Class |, Il
and Ill (0,4 m of crashed stone and 0,2 m of sand),
stress values may differ by 30-40 %. For a design case
(variants 5 and 6) the difference was of 34 %.

Pic. 4 shows the stress distribution in the
undersleeper area for variant 2. Vertical forces values
have been assumed to be maximum possible values
obtained experimentally during running dynamic tests
of open cars with axle loads 23,5; 25; 27 and 30 tnf.

Stress design values on the MSRB (for variant 2)
depending on maximum possible and average maximum
values of vertical forces are provided in Table 2.

Stress values in the MSRB for open cars with the
axle load 30 tnf were calculated with the help of a
computational model depending on the running
speed, ballast and subballast layers’ thickness.
Results of calculations are provided in Table 3 and in
Pic. 5.

Analysis of stressed state of the embankment due
to the impact of freight cars with axle loading up to
30 tnf showed:

- there is a tendency of stress increase on the
MSRB due to both growth of axle loading and raise of
speed;

+ MSRB stressed state is influenced by the elastic
behaviour of the ballast layer and of the sand cushion,
the thickness of each component and the total
thickness of the ballast layer and the sand cushion;
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- if thickness of the ballast layer is 0,3 m and of
the sand cushion is 0,3 m(Pic. 5), and vertical forces
have maximum possible values, at speed up to
90 kmy/h, the impact of freight cars with axle loads of
27 and 30 tnf causes MSRB stresses exceeding
permissible values [cS] =80 kPa, MSRB stresses from
freight wagons with axle loads of 25 tnf are within the
limit of 77,6 MPa;

« efficient distribution of the forces caused by
freight cars with axle loading up to 30 tnf and
increasing the thickness of the ballast layer make
possible to obtain stress levels in the MSRB not
exceeding standard values;

« using ballast layer structure recommended for
Class I, Il and Ill tracks at the thickness of the ballast
layer 0,4 m and the sand cushion 0,2 m, the stresses
in the MSRB from 30 tnf cars exceed standard values
at speeds exceeding 80 km/h;

+ changing (Table 4) the ratio of thicknesses of
the ballast layer and the sand cushion changes
accordingly stress state of the roadbed;

« when the ballast layer thickness is increased up
to 0,5 m and the ballast bed thickness is 0,2 m, the
stresses in the MSRB did not exceed standard values
of 80 kPa from freight wagons with axle loading up to
30 tnf and speeds of up to 90 km/h.

Limit stresses in the active zone of the
roadbed

Coulomb’s wedge theory was used to determine
bearing capacity of the railway roadbed. Applicability
of this theory to engineering calculations and good
convergence of theoretical and operational load
values are confirmed by works [8, 11, 12, 16].

The limit stress state of the undersleeper
foundation is the state at which the minimum
increment of the static or dynamic load results in
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Pic. 9. Change of minimum limit stresses depending on soil moisture at different axle loads.

formation of closed sliding surfaces in the ballast and
roadbed, where the shearing forces exceed the
retention forces. Sliding surfaces are a group of
separate area elements formed when the shearing
forces exceed the retention forces. The tangent
planes to the sliding surfaces coincide with the area

elements of the sliding surfaces. Some area elements
of the sliding surfaces can be formed in the soil
environment and under loads not exceeding the limit
ones, but they do not cause deformation of the soil
body. Only under loads not lower than the limit ones,
groups of area elements are formed. They represent

® WORLD OF TRANSPORT AND TRANSPORTATION, Vol. 15, Iss. 4, pp. 70-91 (2017)

Kossov, Valery S., Krasnov, Oleg G., Protopopov, Andrey L. Study of Roadbed Stress State from the Impact

of Freight Cars with Axle Load up to 30 tnf




210

70

190

170

150

~

& 130
b 0 ——A=40 pm
90 —m—A=45 um
—4—A=51 um

A=60 pm

50 H |

200

.2
Distance, m

Pic. 10. Change of limit stresses depending on level of vibrations
(loamy soil $ =20°, A= 0,019 MPa, flow index of soil 0 <J < 0,25).

——A =250 um

3 4

190

180

kPa

170

Pic. 11. Change 160

of minimum limit stresses
depending on values
of axle loads.

150

-7.3% N235¢f
B25¢f
27 tf

30tf

clayA=0,054, =19

75

70

surfaces, over which shear deformation of the soil
mass occurs.

Using the algorithms [11], the finite difference
method is used to integrate the equations of
characteristics and differential relations according to
the program specially developed by JSC VNIKTI
specialists.

Calculations were carried out for the embankment
composed of clay soils.

Pic. 6 and Table 4 show the geometrical
parameters of the railway embankment cross section,
the volumetric characteristics of soils and relevant
coefficients for decrease in the strength characteristics
of soils.

Calculations of bearing capacity of the roadbed
are carried out for:
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- 3,1 m height embankment with geometrical
parameters which are determined by direct
geometrical measurement along the section of
installation of measuring instruments;

« roadbed composed of clay soils;

- for levels of MSRB vibrations observed due to
the impact of freight cars with different axle loading
while wheels rolling on rails without irregularities on
the rolling surface;

« for the case of change in soil moisture with flow
index changing from J < 0,25t0 0,25< J< 0,5.

As a result of experimental studies of vibration
effects on the track superstructure elements, it has
been established that with increasing axle loads on
the wheel, the vibrations also have the tendency to
increase. At the same time, the higher the running
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Pic. 12. Overview of the device for measurements of pressure values in the main site of the roadbed:

a) a plate with a fixed load cell; b) device with load cells installed in the subgrade.

Table 5
Stress measured in the main site of the roadbed during the run of the locomotive 2TE116
Speed, km/h 11.05.2017 12.05.2017 Decrease, %
40 71,65 67,03 6,4
50 73,25 67,66 7,5
80 76,58 72,00 5,9
90 81,80 75,69 7,45

speed is, the higher are the acceleration levels. With
the increase in axle loads from 23,5 to 30 tnf, the
vibration levelsin the subgrade varied from 40-48 um
to 57-84 um. Distributions of normal stresses along
the sliding lines (Pic. 7) and limit values of MSRB
stresses for different levels of vibratory displacements
(Pic. 8) are calculated for the embankment with the
geometrical parameters shown in Pic. 6 and filled from
clay with the angle of internal friction ¢ = 19° and
relative adhesion A = 0,054 MPa.

Analysis of the design data showed that for clays
with the considered physical and mechanical
parameters at flow index J < 0,25, the stress levels,
arising from freight wagons with axle loading of 30 tnf,
have factor of safety for the bearing capacity of the
embankment.

Calculations have been carried out for the limit
stresses in the conditions of embankment made from
clays and loams, as well as for the condition of soil
moisture increase from J < 0,25t0 0,25 < J < 0,5.

It is found that the subgrade bearing capacity
depends essentially on the type of soil and its physical
and mechanical properties.

When cars with axle loads of 30 tnf move along
the embankment composed of clay, the minimum limit
stress is 170,4 MPa, while at passing to loams the
values of limit stresses decrease to 95,4 MPa. With
the increase in the flow index from J < 0,25 to
0,25 < J <0,5, the bearing capacity subgrade soils
decreases on the average by 15,4-16 % for clays, and
by 16,5-17 % for loams (Pic. 9).

Calculations have been carried out for the case
of high vibration effects on the MSRB, what is typical
forimpact interaction between wheels and rails in the
areas of bolted joints, for metal flaking from the tread
surfaces with excessive parameters, etc.

It is found that increase of vibration levels on the
MSRB leads to 1,26—-1,36 times decrease of the limit
stresses levels, that is by 26-36 % (Pic. 10).

Decrease of subgrade bearing capacity following
change of axle load from 23,5 to 30 tnf due to increase
of vibrational loading is 12,5-12,9 % (Pic. 11).

Experimental studies

To verify the results of computer simulation,
experimental measurements of subgrade stresses
were carried out at JSC VNIKTI testing site (Golutvin—
Ozery section of Moscow Railway). The track
superstructure included: R65 rails, reinforced-
concrete sleepers, KB-65 fastenings, 0,3 m thick sand
cushion, loam soil roadbed.

Analysis of stresses in the MSRB was performed
using KDE-200KPA load cells (Japan). To provide the
possibility of fast installation of the load cells under
the track panel on the subgrade, the specialists of
JSC VNIKTI developed a new design device. The
overview of the device is shown in Pic. 12.

There are some certain difficulties with
experimental roadbed stress determination caused
by placing the earth pressure cell into the roadbed.
This process causes the disturbance of the ground
base solidity and the distortions in the field of forces
created by the acting loads.

It determined the demand to develop advanced
way of measuring stresses in a railway track roadbed.
The device for measuring subgrade stresses consists
ofan earth pressure cell and a bearing plate (Pic. 12).
The elastic membrane is placed in an upward position
and contacts the ground while conducting
measurements.

Inside the plate there is cable trunking 3 for wiring
from measuring devices to the earth pressure cell.
Calibration test of the earth pressure cell was
conducted by incremental loading of the working
membrane within regular intervals by a distributed
load ranged from 0 to 200 kPa with an increment of
20 kPa.

The design of the earth pressure cell allows its
installation without disturbing the solidity of the ground
base on the roadbed under the sleeper base disposing
an active zone under the rail on the depth 1 m below
the ballast layer.

Approbation of the given device was conducted
on a test running line Golutvin—-Ozery. The earth
pressure cell with a plate was placed below a sleeper
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Table 6
Experimental stress in the main site of the roadbed due to freight cars with axial loads up to 30 tnf
Measurement | Speed, | Car, 23,5 tnf Car, 25 tnf Car, 30 tnf
No. km/h
Bogie No. 1 | Bogie No.2 | Bogie No. 1 Bogie No.2 | Bogie No. 1 | Bogie No. 2
1 40 59,218 53,673 49,223 52,509 66,132 67,433
3 60 54,357 55,115 47,306 56,690 63,736 71,335
5 80 52,167 59,428 54,768 63,805 62,778 76,128
7 90 58,196 59,810 69,418 65,653 67,022 79,961
9 90 55,8 62,577 71,267 63,531 65,653 79,071
11 90 55,594 64,426 70,308 63,189 61,682 77,565
13 80 57,237 61,208 36,010 68,118 61,477 78,592
15 80 50,866 53,193 48,264 62,998 61,956 75,443
17 5 46,005 47,511 47,511 47,648 57,917 59,697
19 60 54,015 54,357 57,027 39,228 60,587 63,325

base under ballast aggregates and the sub-ballast at
a depth of 650 mm. In the lateral direction the earth
pressure cell was installed under a rail.

Measurements were carried out with a freight
locomotive TE116 operating at speeds from 20 to
90 km/h. Measurements were carried out within two
days. Results are presented in Table 5.

The analysis of measurements results showed:

« While the rolling stock passing over the
measuring cross-section was increasing there was
an average stress decrease of about 6-7,5 % that can
be explained by the deformation locally compacted
ground areas formed during the location of plates with
fixed earth pressure cell into the subgrade;

- Stress levels were close to the estimated values;

« With an increase in traffic speeds there was an
increase in stress levels in the MSRB.

The next step was determination of the MSRB
stress under the impact of freight cars (of a serial one
with a bogie 18-100 and of a coal hopper with axial
loads 23,5, 25 and 30 tnf). Results of measurements
are presented in Table 6.

The presented results of the measured MSRB
stress were obtained during the test train run in the
direction Golutvin-Ozery for the case when bogies
No. 2 were the first in the direction of travel. The
comparative analysis of estimated values (Table 2)
and experimental data showed:

 The discrepancy between estimated values and
experimental data of the MSRB stress measured do
not exceed 15 %;

+ Subgrade stresses under the impact of rolling
stock wheels have 10 %-spread in values; it can be
explained by the vibration of sprung parts of a rolling
stock and different values of the vertical loads acting
on a track area where earth pressure cell was
installed.

Conclusions and suggestions

1. The accomplished theoretical research
based on a finite-element model of the stress state
of a roadbed of a railway embankment under the
impact of freight cars with axial loads up to 30 tnf
showed:

+ Levels of MSRB stresses are monotonically
increasing with the increase in axial loads and speeds:
in accordance with the design data with maximum
possible forces — by 16—-24 %, in accordance with the
experimentally measured data — by 20-21 %;

+ Levels of MSRB stresses are influenced by the
thickness of ballast and sub-ballast layers, their
proportions and elastic characteristics — ballast and
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sub-ballast layer elasticity modulus. The values of
stress can differ by 30-40 %;

« For the most widespread type of soil, which is
loam soil, vibration effect levels, created by freight
cars with axial loads of 30 tnf and the thickness of
ballast layer of 0,5 m and sub-ballast layer of 0,2 m,
MSRB stress levels are 77,6 kPa and do not exceed
rated values 80 kPa at speeds up to 90 km/h.

2. The executed numerical calculations of the
roadbed bearing capacity according to the Coulomb’s
wedge theory showed:

« Limit stress values depend on mechanical-and-
physical properties of soils comprising an
embankment, its geometrical parameters (height,
slope angle values, etc.), moisture, vibration effect
levels;

« The increase in vibration effect levels from 60
to 250 um (characteristic of impact interaction with
defects on wheel threads or running surfaces of rails)
reduces the bearing capacity of embankment by
26-32 %;

« The increase in soil moisture from J < 0,25 to
0,25 < J < 0,5 reduces the embankment bearing
capacity by 15-17 %;

« The increase in axial loads from 23,5 to 30 tnf
reduces soil bearing capacity due to the average
increase in vibration effect levels by 12,5-12,9 %.

3. The comparative analysis of MSRB design
stresses based on vertical forces mean values has
shown good convergence of estimated and experimental
data. The divergence did not exceed 15 %.

4. Making of a decision whether to introduce
freight cars with axial loads 27 and 30 tnf or not
requires solving of additional problems:

« To determine effects of increased axial loads
on stability of railway embankments on weak
subgrade;

« To define the development rate of cumulated
residual deformation within the active areas of the
roadbed under the effect of increased axial loads
taking into account high-plasticity of soils in section
with poor drain systems, in frost-melting period and
water saturation.
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