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Annomayua. B crtatbe IpencTaBleHbl CEHCMHYECKHE METOAbl O00CIeNOBaHUS U
pe3ysibTaThl MOHUTOPUHIA COCTOSHUSL KEJIE3HOJOPOKHOM HAChIIM C HCIHOJb30BAHUEM
cericMuyeckux MeTo0B B paitone Kpaitnero Cesepa.

Hean: IlpopaboTaTh TEXHOJOTHIO BBISBICHUS HAJIWYUS TPUYAH  TPOCATKH
MKEJIe3HOI0OPOKHON HAchINK Ha ydacTke CeBepHOMN KeJIe3HON JOPOTH.

Metoabl: OO6cnenoBaHus TPYHTOB OCHOBAHUN JKEIE3HOIOPOKHOW HACBHINM IIyTEM
OPUMEHEHHUs KOMIUIEKCAa AKTUBHBIX M ITACCUBHBIX CEHCMHUYECKHUX METOJIOB, BKIIIOYAIOIIMMI:
ceificMOpa3BeJOUHbIM METOJ] MpPEJOMJIEHHBIX BOJH, METOJ MHOTOKaHaJIbHOIO aHajlu3a
MOBEPXHOCTHBIX BOJIH U MHXEHEPHO-CEHCMUYECKUN METO]l, OCHOBAHHBIA Ha CIIEKTPAJbHOM
aHaJIM3€ CEHCMHUYECKOro IIyma.

PesyabTaThl: KoMiuieke METOI0B 1O3BOJIMII OLIEHUTH COCTOSIHUE CUCTEMBbI «HACHIIIb-
TPYHTBl OCHOBaHMI1». bbula BBISBIEHA OTHOCHUTENIBHO OOJIbIIAS MOIIHOCTH OCJIa0JIEHHBIX
IPYHTOB 10 9 M, BO3MOYKHO C BKJIIOUEHMSIMU TOp(]a, 3aJIeralolux MoJ| KeJIe3HOI0POKHON
Hachlnblo. [lOsSBIEHUIO MPOCaZOK CHOCOOCTBYIOT JUHAMHUYECKas Harpys3ka OT IO€3JI0B U
pe3oHaHCHBIN 3(h(heKT B 0CIa0IEHHOM TPYHTE, IPUBOASIIHIE K €r0 CKATHIO.

IIpakTnyeckas 3HAYMMOCTb: Pa3zpa0oTka TEXHOJOTUU SKCIPECC-OLIEHKH COCTOSHUS
KENe3HOIOPO’KHON HACKINHU JJISi ONEPATUBHOIO OOHAPYKEHHUs OMACHOTO SIBICHUS HAa paHHEH
CTa/INY €ro Pa3BUTHS SBJSIETCS aKTyalbHOM U BOCTpeOOBaHHOM 3a/1ayeil.

Kniouegvie cnoea: 3eMnsSHOE IOJOTHO JKEIE3HOJNOPOXKHBIX ITYyTEH, ITACCHUBHBIE U
aKTHBHBIE ceiicMuueckue Metoabl, Kpaiinuii Cesep

BBenenue

Ha teppuropun P® B 30Hax pacnpoCTpaHEHHs] MHOTOJETHEMEP3JIbIX
rpyHTOB 3KcIuTyatupyercst okosio 5 000 kM auHMI jKeNe3HBIX AOPOT (BKIIOYAs
BAM u 607biyro yacth Tpanccuba) [1]. [IpoMbliiieHHOE OCBOCHHE TEPPUTOPHUI
Ha Kpaitnem CeBepe u B Cubupu mpearnosnaraeT yBeJlIMYeHUE MPOTIKEHHOCTH
IIyT€d OJHOBPEMEHHO INPU HX AKTUBHOM OKCIUIyaTalluu. XapaKTepHbIMU
OCOOEHHOCTSIMM OCHOBAaHHMSI TIOJIOTHA C Yy4YyacTKaMd BEYHOM MEp3J0THI,
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3a00JI04EHHOCTH,  PACHpPOCTPaHEHUS  KAPCTOBBIX  MPOLIECCOB  SBIISIETCS
MOBBIIIEHUE Je(HOPMATUBHOCTH IMYTH, BBI3BAHHOE KPUOTCHHBIMU, KapCTOBO-
cy(pdo3uOHHBIMH MPOIIECCAMU B TPYHTaX OCHOBAHUH.

C uenpio yBelnrueHHs] O€30MaCHOCTH Ha HKEJIE3HOIOPOKHOM TPAHCIOPTE
OAO «PXI» ocoboe BHUMaHKE yeiseT pa3pad0TKe U BHEIPEHUIO PA3THMYHbIX
METOJI0B MOHUTOPHHTA 3€MJITHOTO MOJIOTHA MOOMIIBLHBIMU cpeicTBaMu. [Topsiaok
paboOT Ha HEYCTOWYMBBIX MECTaX 3E€MJIIHOIO IIOJOTHA YCTaHABIMBAIOT
WHJMBUAYaJIbHO HAa OCHOBAaHUU JAHHBIX HHCTPYMEHTAIBHBIX W BHU3yaJbHBIX
HAONIOCHUM, HATYPHBIX W HWHXEHEPHO-TCOJOTHUECKUX (TeOPU3NUECKHX)
oOcCJieToOBaHUM, pacuyeToB MPOYHOCTH, YCTOMUMBOCTH U IKCIUTyaTaIllHOHHOM
HaJe’)KHOCTH 00BeKTOB. B mocneanue roasl B Poccun u 3a py0exoM MoTydniiu
pa3BUTHE TMOJEBBIE METOJBI MCCIEAOBAaHUS TPYHTOB, MPEXKIE BCEro, 3TO
CTaTUYECKOE M JUHAMHUYECKOE 30HIUpoBaHWE. OTMETHUM, 4YTO NpPH BCEH
3¢ (HEKTUBHOCTH MPUMEHSIEMBIX METO/IOB OHU HE MOTYT BBITIOJIHSTH MIOCTOSTHHBIH
(HenpepBIBHBIN) KOHTPOJb 3€MJISTHOTO MOJOTHA U MOJCTUIAIOIINX €r0 TPYHTOB.
CymiecTBeHHO OOHapy)KEHHUE SIBJICHHUS HAa PaHHEH CTaauu €ro pa3BUTHS, UTO
3aTPYJHEHO TMpU NPUMEHEHHH JIMIIb KAaK pa3oBOMl JUArHOCTUKH Ha
OIMACHBIX/TIPOOIEeMHBIX yyacTkax. CyIiecTByeT He0OXOAUMOCTh 00Jiee ITyOOKOM
popabdOTKHU JAHHOTO BOIIPOCA.

WNupopMaTHBHOCTH N3yYCHUS BepXHel yacTH paspesa (BUP) 3eMHO#t KopbI
MOXET OBITh CYIIECTBEHHO YBEJIHWYEHA C TIOMOIIBI0O TMPUMEHEHUSI HOBBIX
reo(pU3UYECKNX TEXHOJOTUM, HCHOJB3YIOMUX MPUEMbl KOMIUIEKCUPOBAHUS
pa3IMUHBIX METOAOB. B mocneaHee BpeMsi ¢ pa3BUTHUEM anmapaTHOW W
METOJUYECKOM 0a3bl MPUMEHEHHE IMACCUBHBIX CEHCMHUUYECKHUX METOJOB, Kak
MpaBujIO, MHUKPOCEHCMUYECKUX, NpUOOpeTaeT Bce OoJiblliee 3HAYCHHUE B
reopusnveckux ucciaenoBanusx [2, 3, 4]. OCHOBHBIMH MPEUMYIIIECTBAMU TaKUX
METOJIOB SIBJISIIOTCS OTCYTCTBHE HEOOXOJAMMOCTH B CHEIUAIBHBIX MCTOYHHKAX
30HJIUPYIOILETO CUTHAJIA, OTHOCUTEINIbHAS IPOCTOTA U JOCTYITHOCTh PEATU3ALIUH.

[TonsaTne «MuKkpocercMudecKkre HaOII0ICHU 00BEIUHIET LIEJIbIH HaboP
TEXHOJIOTUH, OCHOBAHHBIX HA aHaJIu3€ BOJH pa3HOr0 TIeHe3uca W THIIOB
(ceificMu4eckasi YMUCCHSI, TEXHOTC€HHBIC CUTHAJIBI, TOBEPXHOCTHBIE BOJIHBI U TIP.).
Hamu mnpopabatbiBatoTcsi monaxojabl oOcnenoBanuss BUP mytem BbineneHus
«TIOJIE3HOTO» CUTHAJIAa U3 TEXHOTE€HHbIX MHUKpoceiicM. CyllecTBEeHHO, YTO IS
MOJYYEHUs] ~ MPUHUUNHAIBHO  Pa3HOPOAHOM  mHOpMaUM O  Cpele
3apEruCTPUPOBAHHOE BOJIHOBOE IOJIE MOXET NapajljiebHO 00padaThIBaThCA
pa3IMYHBIMM ~ CHOCO0aMH,  OMMPAIOMIMMHCS  HA  pa3Hble  «IOJIE3HBIEY
COCTaBJISIOIINE MUKPOCEUCM.

Pa3paboTka  TEXHOIOTMH  CEHMCMHUYECKOTO  MOHUTOPHMHTA  MOXKET
UCIIOJB30BaThCA KaK CaMOCTOSITEbHO, JJI1 TOJYYEHUS AKCIPECC-OLEHKH
COCTOSIHUSI 3€MJITHOTO TTOJIOTHA, TaK U B COUETAHUU C TPAIUIIMOHHBIMU METOaMU
JUISl BBISIBJICHUSI TTOJHOM KapTUHBI MPOUCXOJAIINX U3MEHEHUM Te0JI0rnyecKou
Cpepl B palilOHE Pa3MEILIECHUS )KEIE3HOIOPOKHBIX ITyTEU.
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ITocTanoBKka 3agaun

DKcIulyaTallMOHHAs JJIMHA TJIaBHBIX MyTeil CeBepHOM KeJIe3HOUW T0pPOru
(CK 1) nacuutsiBaeT okojio 1045 kM, O0JIbIlas 4YacTh U3 KOTOPBIX pa3MeEIICHa B
ycinoBusix ~ Kpaitnero  Cesepa.  IIpopaboTka  BONPOCOB  TEXHOJOTUU
MUKpPOCEHCMUYECKUX  HaOMIoJleHHud U crnocobam  00paboTKe  JTaHHBIX
npoBoauiack Ha yyactke CXKJI, Onexxckuil paiioH ApXaHTrenbCKOi 001acTH.

OOBEKTOM HCCIIEIOBaHUM SIBISIETCS 3€MIIIHOE TIOJIOTHO JKEJIE3HOM JOPOTH
B paiioHe 3aTop(oBaHHBIX TPYHTOB. Perianack 3a1aya 1o onpeaesieHuio MpuiuH
MIPOCaJKU TPYHTOB Ha y4acTKe, OTMEUYEHHBIN Ha cxeme Puc. 1.

=12
LIARE
Exop
=k

s

Puc. 1. Cxema npoBenenus padoT: 1 — TUHUS jKeJIe3HOM JOpOoTH; 2 — aBTOMOOMIIbHAS Tpacca;
3 — mpod sl HHYKEHEPHOM celicMOpa3BeIKH; 4 — MeCTa YCTAaHOBKU CEHCMUYECKOMH
anmaparypsl; 5 — jkene3Has J0pora; 6 — ydacTok oociae10BaHus

WHxeHepHO-TeoJOrHYecKue ycloBusl Tepputopun OHEXCKOro paiioHa
OTIPEeNeNISIIOTCS  PAaBHUHHBIM U CIIA0OBOJHHUCTBIM  XapaKTEepPOM MECTHOCTH,
pa3BUTHEM Ha Npeolajaroleil YacTH TEPPUTOPUN MOBEPXHOCTHBIX MECYaHO-
TJIMHUCTBIX JIGAHUKOBBIX OTJIOKEHUH, MECYaHO-TJIMHUCTBIX OCAJKOB MOCIEIHUX
MOPCKUX TPAHCTPECCHUI, Pa3IMYHON UX MOIIHOCTH [5, 6, 7].

CymiecTBeHHBIM ~ (pakTOpOM, OT  KOTOPOTO  3aBHCUT  COCTOSTHHE
KEJIE3HOJIOPO’KHOTO  TIOJIOTHA,  SIBJIAIOTCA ~ MH)KEHEPHO-TEOJOIMUYECKHUE
XapaKTePUCTUKU TPYHTOB, YPOBEHb IPYHTOBBIX BOJ U JUTOJOTHYECKHM COCTaB
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noAcTuiaromux mopoa. B menom, cormacuo CIT 11-105-97 [8], Tepputopus
paiiona otHeceHa ko II kareropum CIONKHOCTH HHXKEHEPHO-TEOJOTUUYECKUX
yCIIOBUM. Y4YacTOK HCCIEAOBaHUI HAXOAWUTCS B TMpejesiax aKKyMYJSTHUBHOM
PaBHUHBI 03€PHO-JICTHUKOBOTO MPOUCXOXKICHUSI, TPUMOPCKOH HU3MEHHOCTU. B
npenesniax HU3MEHHBIX PAaBHUH 3aJIeTal0T HEOJHOPOJIHBIE, TOHKOCJIOHUCTEHIE,
TEKy4Hl€ TJUHUCTBIC BOJIOHACHIIICHHBIE OTJIOXKEHHUS, MOIIHOCTh KOTOPBIX
KOJIEOJIeTCS OT HECKOJIBKUX MeTpoB 10 10 M [7].

OcobenHocTn  KiouMarta paiioHa (WM30BITOYHOE  YBIAKHEHHE) U
JUTOJIOTUYECKUI  COCTaB  CIA0ONPOHULIAEMBIX  IMOKPOBHBIX  OTJIOKEHHIA
XapakTepU3yroT NPUINOBEPXHOCTHOE 3ajieraHUe TPYHTOBBIX BOJ (MEHee 2 M).
[IoBepXHOCTh TPYHTOBBIX BOJ TOBTOPSIET OYEPTAHUS MOJOTOBOJHUCTOIO
penbeda U MecTaMu, BO BIIAJIMHAX MEXKIY XOJIMaMU U TPsIaMH, CMBIKAETCS C
O0onoTHhIMU BoJlaMu. Ha 3a00J0YEHHBIX TEPPUTOPUAX MOIIHOCTH TOopda
KOJIeOJIeTCs OT ACCATHIX J10Jiek MeTpa 10 2 M. Ha 00JI0THBIX MacCUBax MOITHOCTh
Topda, KaKk mpaBmio, cocraBisier 3-6 M, mecramu gocturaet 8-10 m. Topd
MOJICTUIIAETCS OOBIYHO CITA0BIMU TPYHTAMHU.

IIpuHsTHIE TONYLIEHUSI

JIJIs1 JAaHHOTO y9acTKa JKeJIe3HOJOPOKHOM HACKINH, B CBSI3U C OTCYTCTBHEM
uHopMaIMu 00 WHKEHEPHO-TEOJIOTHUECKUX HM3BICKAHHUSIX W THUIE 3EMIISTHOTO
MOJIOTHA, UCXOJS U3 OOIIMX CBEJICHUSIX O pailoHe mpoBeaeHus padot [5, 7] u CII
32-104-98 [9], Hamu chenaHoO MPEIIOIOKEHUE, YTO HACBITh BBICOTOMW 10 3 M,
CIIPOSKTHPOBAHA U BBHITIOJTHEHA C TIOJTHBIM WJIM YaCTUYHBIM YAAICHHEM Topda u3
OCHOBAHUS C 3aMEHOU €ro MUHEPaIbHBIM IPYHTOM (TIeCUaHO-TPaBHITHAS CMECh ).

CelicMuyeckas annaparypa

[Ipu perucrpannn MUKpPOCEHNCM pallOHa Pa3sMELICHUS KEJIEC3HOAOPOKHOU
HACBIIY, a TAKXKE BO3JCHCTBUI HA TPYHT OCHOBAHUS OT MPOXOISIIUX COCTABOB,
HCIIOJIb30BaIach IIMPOKOMOJIOCHAasT cedicMuueckas anmaparypa CMG-6TD
¢upmer Guralp (Bemukooputanus) [10] u Trillium Compact 120s ¢upmbl
Nanometrics (Kanama) [11]. laTunku ObUIM YCTaHOBIJICHBI COTJIACHO cxeMe Puc.
1. Ocu maTunkoB pacnojaranuck Baosb (X) u monepek (Y) Haceinu. [llar mexay
JaTYrMKaMyd ObLT BBIOpaH 15 M HMCXOAs W3 MPEAnoiaraeMoil 30HIUPYIOIICH
riyounst BUP.

Jlist manornyOMHHBIX celicMuueckux uccnegoBanuii BUP npumensiach
TeremeTpuueckas — ceiicMopasBegouHas cucrema  TEJICC-402  ¢upmbl
OO0 «I'EOCHUT'HAJI» [12]. [Tpuem ceiicmuueckux P 1 S BOJIH OCYIIECTBIISICS
BEPTUKAJIbHBIMU W TOPU3OHTAJIBHBIMM ceilicMonpueMHuKamMu. Bo30yxieHue
BOJIH MPOBOJMIIOCH YJapaMH KyBaJJIbl BECOM § KT MO IJIOCKOW METayuIM4eCcKou
mwTe. Cxema pacrnosioxeHus: npoduer mpeacrasiena Ha Puc. 1. Paccrosiaue
MEXIy TPHEMHBIMH KaHaJlamMu 2 M, CyMmMmapHas jiuHa npoduns 150 wm.
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OOpaboTka MaTepHaIOB IMPOBOAMIACH C MOMOINBIO CICIHATH3UPOBAHHBIX
nporpamm «RadExPro 2016» [13].

MaTepl/laJ'lbl " METOABbI UCCJICA0OBAHUA

OCHOBHBIM  MCTOYHHKOM  OTHOCUTEIBHO CHJBHBIX CEHCMHUYECKUX
KoJIeOaHMI B paiioHe MmpoJieraHus skene3HoiopoxkHoro nonotHa CXJ apusercs
YKEJIE3HOIOPOKHBIA TpaHCcnopT. [Ipu coBnazgeHnn pe30HaHCHON Y4acTOTHI OPOA
CUCTEMBl  «HACBINb-TIOACTWIAOIIAE TPYHThl OCHOBAaHUW» C  YaCTOTOU
CEHCMUYECKUX KOJIEOaHUH OT MPOXOJAUIUX COCTABOB, TMHAMUYECKAsS HArpy3Ka
Ha HACBINb CYIIECTBEHHO BO3PACTa€T, YTO MOXKET MPUBECTU K UYPE3BBIYANHBIM
CUTYaLUsIM.

B ycioBusiX BO3MOXHBIX BapHaldid COCTOSIHMS TPYHTOB HACBINU
(kapcToomnacHble pailoHbI, 3a00JI0YEHHBIE YYACTKHU) MPU HEBO3MOKHOCTU HIIU
HEIEJIeCO00Pa3HOCTH PEMOHTHBIX PabOT MO €€ PEKOHCTPYKIIMU ONTUMATbHBIMU
SBJIIIOTCSL HEMpPEphIBHbIE (MOHUTOPUHTOBBIC) HAOMIOEHUS 3a PE30HAHCHOM
4acTOTOM rpyHTOB. B aHHOM ciyuae, U3MEHEHUE PE30HAHCHON YacTOThl OyIeT
ABJATHCA MHAUKATOPOM IIPOMCXOIAIIMUX B TPYHTAX IPOLECCOB U3MEHEHUS HX
cocTtosiHud. B cBSA3U ¢ 3TUM, BO3HUKAET HEOOXOJAUMOCTh OIIEHKH PE30HAHCHBIX
4acTOT TPYHTOB, KOTOPbIE MOTYT OBITh PACCUMTAHBI KaK TEOPETHUYECKHU, TaK U
DKCIEPUMEHTAIIBHO.

TeopeTnueckuil pacueT pe30HAHCHOW YaCTOTHI BBITTOIHAETCS TPU HATUIUHU
MH(OpPMAIUU O CKOPOCTSX MONEPEUHBIX BOJIH B UCCIEAYEMOM cpefie o hopmyIie
[14]:

frn = ®)

rae V; — cpenHssi CKOPOCTh MONEPEYHBIX BOJIH B BEPXHEM CJOE; Z —
MOITHOCTb BEPXHETO CJIOS; N — HOMEDP MO/JIBI.

OCHOBHBIM  TMIPEUMYIIECTBOM  TEOPETHUUYECKOIO  pacuera  SBISIETCS
BO3MOYKHOCTb MOJICJIMPOBAHUS, MO3BOJISIONIETO OLUEHUTh U3MEHEHUS 3HAYCHUMN
COOCTBEHHBIX YAaCTOT TIPM HW3MEHEHUU COCTOSIHUSA CHUCTEMBI «HACHINb-
MOJICTUJIAIONIIME TPYHTHI OCHOBaHUI (HampuMep, 3a CYET BIAroHACHIIIEHHOCTH,
rIIyOWHBI POMEP3aHUS U T.]1.) U/UITU €€ CTPOCHHUs (HapuMep, 3a CYeT U3MEHECHHUS
MOIIHOCTU HACBINU, U3MEHCHUS XAPAKTEPUCTUK CTPOUTEIBHOIO MAaTepuajla U
np.). Takum o0pa3oM, pe3ylbTaThl TEOPETUYECKUX PACUETOB, MOTYT OBIThH
WCMOJIb30BaHbl MpPH  IUIAHUPOBAHUU  MEPONPUATHUM, HAIpPABJICHHBIX Ha
PEKOHCTPYKLMIO M YKPETUIEHUE KEITEZHONOPOKHBIX HACHINIEH.

B OCHOBY »MIIMpPUYECKHMX HCCIEAOBAHUM ObUT TOJOXKEH KOMIUIEKC
MACCUBHBIX U AKTUBHBIX CEMCMUYECKUX METOJIOB.

Jna  pacuera pE30HAHCHOM  YAacTOTBl MO JAHHBIM  ITACCHUBHBIX
ceficMMUecKUX HAOIIOACHUM, CYIIECTBYET PsiJl METO/IOB:

1. MnxeHepHO-CEHCMUYECKUN METOJI, OCHOBAaHHBI HA CHEKTPaJIbHOM
aHaJIN3€ CEMCMUYECKOTO IIyMa, MO3BOJSIIOLINAN U3 BCErO CIEKTPa MUKPOCEHUCM
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BBIJICIUTE ~ CUTHAJBI, COOTBETCTBYIOUIME TapMOHHUYECKUM  HCTOYHHKAM
xonebanwmii [15]. Ouenka TUHAMUYECKOW XapaKTEPUCTUKHU 3aIMCH OCHOBAaHA Ha
TIOJTyYE€HHH CIIEKTPOB MOIIHOCTH S;; (f ) U1 KajKI0M U3 KOMIIOHEHT PETUCTPALMH

(i, =X, Y, Z) u pynkuun xorepenTHOCTH K;;(f) MOMapHO 111 KOMIIOHEHT:

|Si;(D)]

K (f) = L4 2

rae |Si i(f )| — B3aMMHBIA OCPEIHEHHBIN CIIEKTP. DYHKINS KOT€PEHTHOCTH
NPAKTHUECKU SBISETCS KOIPPHUIMEHTOM KOPPENSALUU IS KaXKI0M 4aCTOTHOM
COCTaBJISIONICH, MPUCYTCTBYIOIIEH Ha KOMITOHEHTaX peructparuu [16].

Jns  cinexeHuss 3a JUHAMHKOM  MHMKPOCEHCMHMYECKOTO Mpolecca
aHAIM3UPYIOTCS U3MEHEHMSI BO BPEMEHU 3TUX OLEHOK. IIpoBoasTcs pacdeTsl B
CKOJIB3AILEM 10 BPEMEHHU OKHE, CTPOSITCSI CIIEKTPAJIbHO-BPEMEHHBIE THATPAMMBI
(CBAH) - S;;(f, t) mnst cOOTBETCTBYIOIIMX 3amKCEH.

2. Metoa H/V — oTHOIIIEHUS TOPU30HTAIBHBIX KOMIIOHEHT MUKPOCEHCM K
BEPTHKAIBHBIM. JlaHHBI MeTOa omucaH B padore [17] m ocHOBaH Ha TOM, 4YTO
pE30HaHCHAs YacToTa (PYHIaMEHTAJbHON MOJbBI MOXKET OBITh OMNpeleieHa W3
OTHOUIEHUS!  CIEKTPOB TOPU3OHTAIBHBIX M  BEPTUKAJIbHBIX KOMIIOHEHT
CEHCMHUYECKOTO LIyMa:

2 2
fo= Js (@ns+5* @ws 3)

25%(w)y

rae S(w)ys, S(W)ywp — CHEKTPbI TOPU3OHTAIBHBIX KOMIIOHEHT 3aIiCH;
S(w)y — CIEKTp BEPTUKATHHOW KOMITOHECHTHI 3aITHCH.

Takum oOpazoM, B 3aBUCHUMOCTH OT YCJIOBHI, BO3MOXHO, TPUMEHSTh KaK
TEOPETHUYECKHM, TaK U IMIUPUYECKUI NOIXOMBI K ONPENEICHUIO PE30HAHCHBIX
4acTOT IPYHTOB >KEJIE3HOOPOKHBIX HACBINEH.

MeTo10M MHOTOKaHAIBHOTO aHaln3a MOoBepXHOCTHBIX BodH (MASW) Ha
OCHOBE TIOJIEBBIX 3aMKMCEH BOJHOBOI'O MOJS MOJYYEHbl CKOPOCTHBIE MOJEIH
M3MEHEHUs] 3HAYEHUI CKOpOCTEeM MonepeuHbiX BOJH. JlaHHBIM MeTonx ObLd
BIIEpBBIC omrcaH B padoTax [18, 19, 20] u B mocneayroiieM pa3BuT B padote [21].
MeTon no3BoJsSeT NOAyYaTh OJTHOMEPHBIE CKOPOCTHBIE MOJIETH T€0JIOrMYECKOM
Cpellbl BIIOJIb JIMHEHHBIX CEHCMOpa3BEelOYHBIX MPOQUiIei HA OCHOBE aHaIU3a
JUCIIEPCUOHHBIX ~ CBOMCTB IIOBEPXHOCTHBIX BOJH. B ocHOBe Merona
MHOTOKaHAJIBHOT'O aHAJIW3a MOBEPXHOCTHBIX BOJIH JIEXKHUT CIEKTPATIbHO-BOJHOBOE
(f-k) mpeoOpazoBaHue curHajga ¢ MOCICIYIOUIMM €ro CIOKCHHEM IO BCEM
KaHayaMm [22].

B kadyecTBE aKTHBHOIO CEMCMHYECKOTO METO/Aa HCIOJIb30BaIach
WH)XEHEepHas cericMopasBeika Ha npesomieHHbIX (MIIB) u otpaxenubix (OI'T)
BOJTHaX [23], KOTOpas MPUMEHSIACh JJIsl TIOCTPOCHUS TEOJIOTO-TeO(DU3NIECKUX
pa3pe3oB, BBIAEICHUS BO3MOXHBIX 30H HEOAHOPOJHOCTEH U ONpEeeIeHUs
CKOPOCTHBIX XapakTepuCTUK cpeasl. B ocHoBe MIIB nexur onpeneneHue
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BpeMEHHU Mpobdera npesoMIEHHOW BOJIHBI (MPOJOIBHOM WM MOMEPEYHOM) OT
UCTOYHUKA €€ BO30YXKIEHHS O MyHKTa peructpanuu. OIHUM U3 YCIOBHM
NPUMEHEHUsI JAHHOTO METO/A SIBJISIETCS YBEJIMYEHUE CKOPOCTH MPOIOJbHBIX
BOJIH ¢ MIyOMHOW. Bhruncnsiercs riryOrHa 3ajeranus 1Mo CUCTEME BCTPEUHBIX U
HAroHSIIOIIMX TojaorpadoB, COBMEIICHHBIMU CIOCOOaMU t, W TOJIed BpEMEH,
CTPOSITCSL TIPEJIOMJISIONINE TPAHUIIbI, TPAaHUYHAS CKOPOCTh B MPEIOMIISIONIEM
1acTe ¥ oTHomenue Vg /V,, XapakTepu3yeT ero JIMTONOIUYECKHI cocTaB [24].

Pe3yabTaThl uccae10BaHUI

Ha Puc. 2. npexacraBien o000IIEHHBIH CKOPOCTHOM TTyOMHHBIM pa3pes
cpenbl mo mnpodpmwmo | (cxema mpexacraBiena Ha Puc. 1) Ha yuwacTke ¢
HapylIICHUSIMA B CUCTEME «HACHIIb-TPYHThI OCHOBaHU». KomrmiekcupoBanue
AKTUBHBIX CEHCMHMUYECKHUX METOJOB IO3BOJISIET MOJYYUTh Oojiee JeTalbHbIN
CKOPOCTHOM pa3pe3. MeTogoM MHOTOKaHAIbHOTO aHaIM3a TOBEPXHOCTHBIX BOJIH
YAQJIOCh BBIJCTUTh HWKHIOO TpaHUIy HACBIMHM, KOTOPYIO HE YIaJoCh
oOHapyuThb 1o Metoy MIIB, u3-3a CHIIBHOM 3alIlyMJIEHHOCTH CUTHAJIA.

Takum oOpasom, repBas rpaHuiia BbieseTcss Ha rnyoune ot 0 1o 3w,
CpellHHE CKOPOCTH IIONEPEUHbIX BOJH, oOmpezaelieHHbie o Meroxy MASW,
cocrapustior 150 m/c, ornomenne Vi/V, =033 —0.4 u COOTBETCTBYIOT
eOCHOYHO-TIECUaHOMY CJIot0 [5, 7].

[Ipenomisitonias rpaHUIa BBIACISIETCS Ha TITyOUHE OT 2 710 5 M, C 3aMETHBIM
MOTrpyKeHUEeM B LeHTpe 110 8-9 M. CpegHue CKOpOCTH MPOAOJBHBIX BOJH A0
rpanunbl  V, = 333 — 443 m/c, YTO XapakTepusyeT JaHHBIA CJIOH Kak
HeBooHachIeHHbIA. OTHOmenue Vs /Y, = 0.56 m03BOJIAET NPENONIOKHUTH, YTO
JAHHOMY CJIOK0 COOTBETCTBYIOT II€pecilauBaHUE CYIECEW, CYIJIMHKA M IecKa
JEeTHUKOBOro Bo3pacta [5, 7]. [amee 3aneraer cjod € MOBBIIIEHHBIMU
ckopocTsiMu J10 2117 M/c, 9TO COOTBETCTBYET TJIMHHUCTBHIM BOJIOHACHIIIICHHBIM
OTJIOKEHUSIM.

PacctosHne, m

70 20 . Vp, m/c
2117
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Puc. 2. O60061meHHbIN CKOPOCTHOM ceicMUUecKuit pa3pes 1o npoduiro |,
IOTPUXOBAHHBIC IMHUW — HUXXHSAA I'PaHUIla HACBITIW, BEIACIICHHASA 110 MECTOAY
MHOTOKaHaJIBHOTO aHAJIH3a TIOBEPXHOCTHBIX BOJH
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Ha Puc. 3 mpeacraBieH CKOPOCTHOM TIyOMHHBIM pa3pe3 cpeibl I10
npoduiio |l (cxema Ha Puc. 1) Ha ydyacTke ¢ HapyIICHUSIMH B CHCTEME «HACHIITh-
IPYHTBl OCHOBaHWI1» IO JPYryl0 CTOPOHY OT Hachimu, 4yeM mnpoduis |.
Ananoruyno npoduio |, BeiaensieTcs cioi 1mebeHOYHO-TIECUYaHbIX OTJIOKEHUN
no Meroxy MASW, nHa rinyoune ot 0 10 4 M, cpeHHE CKOPOCTH IOINEPEUHBIX
BOIIH cocTaBisAoT 150 m/c, ornomenue V; /V, = 0.3 — 0.47.

[Ipenomnstomas rpanunia, coritacHo oobonm metomam MASW u MIIB,
BBIICIISIETCST HA TiIyOmHE OT 8 70 12 M C OOJBIIUM TMOTPYKEHHUEM B Hadaie
npoduis. CpeqHue CKOPOCTU HPOJIONBHBIX BOJH 10 rpanuusl V, = 315 — 495
M/c, cpennue ckopoctu monepednbix BonH (V) Ha rioyO6uHax ot 3 1o 13 M B
npenenax ot 250 no 280 m/c, ornomenue V; /V, = 0.56. M0OKHO IIPEATIOI0KHTS,
YTO  JIAHHBIC  XapPaKTEPUCTHUKA  COOTBETCTBYIOT  TIEPECIaWBAaHHWIO WA
CYTJIMHUCTOTO, CyTeCe, CyTJIMHKA U TTeCKa JIETHUKOBOTO BO3pacTa.

B HmKHEM clloe 0TMEYaroTCs BRICOKME TPaHUYHbIE CKOpocTH 110 2397 m/c,
MPEANOJIOKUTEILHO  COOTBETCTBYIOIIME  TJIMHUCTBIM  BOJIOHACHIIIICHHBIM
OTJIOKEHHUSM [7].

PacctosHue, m
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Puc. 3. O6001eHHBIN CKOPOCTHOM celicMuueckuit paspes mo npoduro 11 (4-6),
IOTPUXOBAHHBIC IMHUW — HUXXHSAA I'PaHrla HACBITIW, BEIACICHHASA 11O MECTOAY
MHOTOKaHAJIBHOTO aHAJIN3a TOBEPXHOCTHBIX BOJIH

Taxum 06pa3oM, Ha HEOIArOMPUATHOM YUACTKE BBIACISIETCS CJIOM IPYHTOB
(oT 4 10 8 M) C MOHWKEHHBIMU CKOPOCTSIMH, UMCIOIINIA Pa3IMYHbIN HAKIIOH —
penbed, CO3MaHHBIA JICAHUKOBOM akkymyssiiued. JlaHHas 0COOEHHOCTH
IIOAYEPKUBACTCS W IIOBBIIICHHBIMM CKOPOCTHBIMU XapaKTEPUCTUKAMH —
BOJIOHACBIIIEHHOCTBIO TJIMHUCTBIX MTOPOJ, YTO, BO3MOXKHO, SBJISIETCA OJHOW W3
IIPUYMH IIPOCAKU I'PYHTOB HA JAHHOM Y4acCTKe.

Ha Puc. 4 npencraBiieH CKOpPOCTHOM TJIyOMHHBIM pa3pe3 cpeabl Mo
npoduito 1 g GmaronpusTHOTO yyacTka 6€3 HapyIICHU B CUCTEME «HACHIITh-
IpyHTBl OCHOBaHMi». Cnoil MEeOEHOYHO-NIECUaHbIX OTJIOKEHUH 10 METOIY
MASW Beigensiercss Ha rinyomHax okono 1.5 wm. [lpenomusromiast rpaHuia
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BBIJIEJISIETCS Ha TIyOouHax oT 2.5 10 4 M ¢ HeOOJIbIIMM IIPOTrHOaHUeM 10 5 M B
neHTpe. CpeaHre CKOpOCTH MPOJOJIBHBIX BOJIH JO IPaHULIbI Vp = 344 — 702 m/c.
Cpennue ckopoctu nornepeunsix BoaH (V;) B BepxaeMm cioe ot 150 mo 250 m/c,
ornomenne Vi /V, = 0.35—0.43. MOXHO NpPEANOIOKHUTb, YTO JaHHBIE

XapaKTEepPUCTUKH, AHAJOTUYHO M TMPEAbIAYIIEMY Y4YacTKy, COOTBETCTBYIOT
NepeciiauBaHuIo 1e0EHOYHO-TIECYaHOT0 CJIOS, CYTJIMHUCTOTO Wjla, Cyrecei,
CYyrJIMHKa M TIecKa JIGAHMKOBOrO Bo3pacta [/]. Jlamee 3ameraer CIloi,

IPENOI0KUTENBHO, TIMHUCTHIX BOJOHACBHIIICHHBIX OTIOXKEHHN (CKOPOCTH OT
1212 o 2102 m/c).
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8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96 100 OVp, Mm/c

2102
1471

4 W839
208

1228 = 6

Mny6uHa, m

o o &~ N o

10
8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96 100 H.m

Puc. 4. OG00IIIEHHBII CKOPOCTHOM celicMuyeckuii paspes mo mpoduo I (7-8),
IITPUXOBAHHBIC IMHUY — HIKHSISI TPAHUIIA HACKIITH, BBIJICIICHHAS 110 METOTY
MHOT'OKaHAJIBHOTO aHAJIN3a TOBEPXHOCTHBIX BOJIH

Kak BugHo n3 Puc. 4, nns maHHOrO ydacTKa CJIIOW C MOHWKECHHBIMU
CKOPOCTAMH HMEET 3HAYUTEIBHO MEHBIIYKD MOIIHOCTh M OTHOCHTEIBHO
IJIOCKYIO TPAHUILYy, TTIOKA3aTelId YBEINYCHUS CKOPOCTH €NMHUYHBIL. JlaHHBIHN (pakT
SIBJISIETCS KOCBEHHBIM TMPHU3HAKOM OOJIBINECH HECyIIel crnocOOHOCTH IPYHTOB Ha
3TOM Yy4YacTKe.

Takum 00pa3oM, HCMOJB30BAaHUE AaAKTHBHBIX CEHCMHYECKHX METOJIOB
MO3BOJIMJIO  TIOJYYUTh CKOPOCTHYIO MOJI€NIb CHUCTEMBl «HACBHIIb-TPYHTHI
OCHOBaHU» 10 TiayouH 22.5 M. CyliecTBEHHO, YTO BEJIWYMHBI CKOPOCTEH U
dhopma rpaHuI] TO3BOJISIOT MPEANOI0KUTE IPUPOY HEOJIATOMPHUSTHBIX SBJICHUM
B ITPYHTE IMOJIOTHA.

[IpoBenem KOMILIEKCUPOBAHUE TTOTy4YEHHON HH(GOPMAIIUU C pe3yIbTaTaMu
MMACCUBHBIX CEMCMHUUYECKHX METOJOB. PaccMOTpuUM pe3ysbTaThl CIEKTPAIBLHOIO
aHaJIM3a HAa OCHOBE JAaHHBIX IMACCUBHBIX CEMCMMYECKHX METOHOB. [[JIsI OLICHKHU
YPOBHSI BO3JECUCTBUSL IMOE300B [UJI YYacTKa WCCIENOBAaHUS CPaBHUBAIUCH
CHEKTPbl YCKOPEHHI O U BO BpeMs ABUXKEHHs Ipy3oBoro cocrara (Puc. 5).
BriaensroTcs 1Ba IMPOKONOJIIOCHBIX MMHKA, COOTBETCTBYIOLINE IIEPBOU U BTOPOU
MOJaM KOJIEOAHUS CHUCTEMBI «HACHITb-TIOJICTUIIAIONINE TPYHTHI OCHOBAHU,
nuanaszonsl — 1.6-2.4 T'n u 4.7-5.5 T'. B cpeqneM nBukeHne rpy30BbIX TIOE3/10B
yBEIMYMUBACT 001N ypoBeHb Kojiebanuit cucteMsl B 100 pa3 (Puc. 5a), mpu aTom
HanOOJIBIIIEMY YCUJICHUIO aMIUIMTYJ] YCKOPEHUW TOJBEpraeTcsi BTOpas MoJa.
Haunbonee «spko» Beiensercs yactora 5.9 ', nmospistomasics Ipu ABUKESHUU
COCTaBa U XapaKTEPU3YIOIasd MAKCUMAJIbHYIO HArpy3Ky Ha CUCTEMY «HACHIIb-
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MOACTIWIJIAIOIINUEC T'PYHTHI OCHOBAHUI». HpI/I 9TOM aMIIINTyaa HOHCquHOf’I
KOMITIOHCHTBI YBCIIMYUBACTCA CLIC B 2 pa3a 10 OTHOICHHIO K YBCINYCHHUAM Ha
APYIrux KOMIIOHCHTaM U HJIA APYTUX 9aCTOT, CBA3AHHBIMU C JABH)KCHHCM I10C31a

(Puc. 56). Bo3moxHO, 3T0 00YCIIOBICHO KPUBH3HOU HCCIIEAYEMOTO yUaCTKa Iy TH
(Puc. 1).
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Puc. 5. Criektpbl BO31€HCTBUS 10 U BO BpEMS JIBUKEHUSI TOBAPHOT'O COCTaBa JJIs
HeOJaronpUATHOTO Y4acTKa 3€MIITHOTO TOJIOTHA () U CIIEKTPhl YCKOPEHUS MPH JIBUKCHUU
noe3nia (0)

Ha CBAH-mmnarpamMe CHEKTpOB MOIIHOCTH CKOPOCTEM CMENICHHWM s
HeOJIaronpusiTHOTO y4acTka, MpeAcTaBlIeHHON Ha Puc. 6, Takxke BbIACISETCS JIBE
BEPTHUKAJBHBIE IOJOCHI B pailoHe 2 I'm m 5 I'm, oTpaxammue AUHAMUKY
KOJICOAHMI CHUCTEMBI «HACHIIb-TPYHTHI OCHOBaHMi». Hanbonee oTueTIMBO
posiBiIsieTcs: curHai Ha yactore 2 'y (ogHa U3 Koyie0aTeIbHbIX MOJI CUCTEMBI)
JUIs ~ TOPU3OHTANbHBIX  coctaBistromux (X, Y), 4To  0OyCIIOBJICHO
KOHCTPYKTUBHBIMU OCOOCHHOCTSIMU HACBIITH.

142



05 5 10 15 20 25 30f L

Puc. 6. CBAH-auarpaMmma CUCTEMBI «HACHITTH-TIO/ICTHIIAIONINE TPYHTHI OCHOBAHUI.
SIpKuii MUPOKOIIOIOCHBIN TOPU30HTAIBHBIN CUTHAI — IIPOE3XKAIOLIUN IPY30BOM COCTAB

Curnan Ha yactore okojo 5 ['m dyumie «BUIIEH» Ha BEPTHUKAJIbHOU
KOMITOHEHTe Z, Ha TOPU3OHTAJbHBIX KOMIIOHEHTaX CUTHAJ MPOSBISETCA TPU
BO3JICMCTBUM Moe3/a (SIPKUM MHPOKOMOJOCHBIM TOPU3OHTANIBHBIA CUTHAIT), YTO
OTpa)kaeT MOABJICHUE PE30HAHCA MPH JBUKEHUHU COCTABA C CUCTEMOW «HACBIMb-
TPYHTBI OCHOBAaHHI.

JIns1 CpaBHUTENBHOIO aHaIW3a PACCMOTPUM AHAJIOTUYHYIO CUTYALUIO JIJIS
onaronpuaTtHoro yyactka (Puc. 1), ypoBeHb OpOBKM HACHIIIM HE MPEBBIIIACT
0.4 m. Ha Puc. 7 mpeacTaBiieHbl CIIEKTPbI BO3JACHCTBUSI 10 U BO BPEMsI JIBUKEHUS
rPy30BOr0 COCTaBa JJIsl 3TOr0 y4acTKa 3€MJISTHOTO MIOJIOTHA U CIIEKTPBI YCKOPECHUS
IIPY IBUKEHHUU COCTaBa.

Ananu3 Puc. 7 mokaspIBaeT JOCTaTOYHO PAaBHOMEPHOE pacCIpeiesiCHue
Harpy3ku 10 4dacTtoTam. Pa3HWIla B ypOBHSX MOIIMHOCTH (hOHA MHUKPOCEHCM B
CIIOKOWHOE BpeMsl M MPHU JBIKEHUU TOe371a OOJIbIIe HA TP MOPSIKA, YEM IS
HEOJIaronmpusITHRIX YYaCTKOB. B CIiekTpax mpu JBMIKEHWU COCTaBa MO JaHHOMY
y4acTKy HauboJjee sipko BbiaenseTcs nuk Ha yactore 2.0 'r, uyTo, ckopee Bcero,
00YCIIOBJICHO SIBJICHUEM PE30HAHCA C CUCTEMOM «IOJOTHO-TPYHTHI OCHOBAHUIY.
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OI[H&KO, a0COJIFOTHBIN YPOBCHb BOBﬂGﬁCTBHH Mal WM HC OKa3bIBacT
CYIICCTBCHHOI'O BJIIMAHUA Ha COCTOAHUC paCCManHBaeMOﬁ CHCTCMBEI.

9/ 45
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Puc. 7. Cniektpsl BO31€HCTBUS 10 U BO BpEMS IBUIKEHUSI TOBAPHOT'O COCTaBa
U1 OJIarONPUATHOIO Y4acTKa 3€MJIIHOTO MOJIOTHA (a)
U CIEKTPHI YCKOPEHUSI IIPH IBUXKEHUH 11oe3/a (0)

O0cy:xkaeHue pe3yabTaToB

K onacHbIM (hU3BUKO-TE€OJIOTHYECKUM MPOIECCaM Ha paccMaTpUBaeMOM
TeppUuToprn BAoJIb CEBEPHOM KENE3HOU TOPOTH OTHOCATCS:

— HAJIMYME B BEPXHEM CJIO€ T'€OJOTMYECKOI0 pa3pe3a HEYCTOMYMBBIX IO
(bU3UYECKUM XapaKTEPUCTUKAM IPYHTOB;

— 3a0onauyvMBaHUe, BBI3BAHHOE T'€OMOP(HOIOTHYECKUM  IOJOKEHUEM
OTZIEJIbHBIX YYaCTKOB JOPOTH, BEICOKUM YPOBHEM I'PYHTOBBIX BOJ TEPPUTOPHH,
HAJIMYMEM B pa3pe3e PHIXJIBIX OTIOXKEHHH CIabO0MPOHUIIAEMBIX TJIMHUCTHIX
OTJIOKECHUH.

Pe3ynbTaThl aKTUBHBIX CEMCMUYECKUX METOJIOB MO3BOJIJIM BBISIBUTH HA
HCCIIETyeMOM yYacTKE€ OTHOCHUTEIBHO OOJIBIIYI0 MOIIMHOCTh OCIa0JICHHBIX
ITPYHTOB 70 9 M, BO3MOXHO C BKJIIOYEHUSAMH TOopda, 3aJeraliux M0/
JKEJIE3HOIOPOKHOW Hachllblo. Harpy3ka OT 10€310B B COBOKYIIHOCTH C
pe3oHaHCHbIM  3(dekTom, 00pa3yromuMcs B  OCIa0JICHHOM TpPyHTE U
OOHApyXEHHBIM TACCUBHBIMU CEUCMUYECKUMHU METOJAaMH, MPUBOIAT K €ro
MOBBIIIEHHBIM JepopManusiM, YTO CHOCOOCTBYET TMOSIBIICHUIO MPOCAJIOK.
Jedopmartinm, BbI3BaHHBIE SBICHUEM PE30HAHCA, HE3HAYUTENbHBI IO CPABHEHUIO
C HArpy3KOH, CO3aBacMOM MPOE3KAIOIUMHU COCTAaBAMHU.

MOHUTOPUHT COCTOSIHUS HACKINH (yd4acTok muHOoU A0 300 M) nmst aHanu3a
PE30HAHCHBIX YacTOT BO3MOXEH C UCIOJIb30BAaHUEM OJIHOTO JIaTYMKa,
MNPEANOUYTUTENBHO aKCeJIepoOMeTpa € HIKHel dactorod or 1 I, HO u
HCITOJIb30BAaHUE KOPOTKOTIEPUOTHOTO BEIIOCHMETPA TaKkKe OYIET JOCTATOYHBIM
YCIIOBHEM.
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Crietyrolnm 3TarnoM JJaHHBIX UCCIIEIOBAHUM SIBIISIETCS 3aJaHUE PAaCUECTHOU
MOJICNIA U PACCMOTPEHUE PA3JIMYHBIX CUTYyallMd MpPU U3MEHEHUM (U3UYECKUX
XapaKTEPUCTHUK MOACTHIAIOIIUX TPYHTOB U BO3ICHCTBUN OT MOE3/I0B.

B KoHeyHOM pe3ynbpTaTe MPENIoNaraeTcsi CO3JaHue JEHCTBYIOLIETO
MaKeTa TEXHOJIOTUM SKCIPECC-OUEHKH, BKIIOYAIOUIETO0 SKCIEPUMEHTAIBHYIO
4YacTh: ammaparypy, HOpoueaypy coopa, oOpabOTKM W Tiepefadyl JIaHHbIX,
aNropuT™Ma NpUHATUS penieHus. [Ipyu BBIMOJIHEHUHM TEOPETUUECKON YacTu
IJTAHUPYETCS TTOTYYEHUE HOBBIX MPEACTABICHUN O B3aUMOJICUCTBAM MO IBUKHOU
CUCTEMbl «HACBINb-TIOACTUIAIONIME TPYHTHl OCHOBAaHUW» U CO3JaHUE 0asbl
JAHHBIX 00 W3MEHCHHMHM HECYIIEH CIOCOOHOCTH TPYHTOB TMPU PEAThHBIX
MPUPOTHO-TEXHOTEHHBIX BO3JIEUCTBHAX. Heobxoammo pa3paboTaTh METOAHUKY
MPOTHO3UPOBAHUS  MOBEACHUA IMOJIOTHA TPU  PA3JIMYHBIX  BapHUaHTaXx
KJIIMMaTUYECKNX U3MEHEHHI U pa3HbIX Harpy3Kax.

baarogapuocTu

Pabora BemonHeHa npu noaaepxke rpanta POOU Ne 17-20-02119
«Pa3paboTKa TEXHOJOTMU CEHCMHUYECKOIO0 MOHUTOPHMHIAa M SKCIPECC OIEHKA
COCTOSIHUS 3€MJISTHOTO ITOJIOTHA YKEJIE3HOIOPOKHBIX MyTeW B ycsioBusax Kpaitnero
Cesepa u Cubupmy.

bubanorpadguveckuii cnucox

1. Espazus Bectu 1X 2010.

— URL.: http://www.eav.ru/publs.php?nomber=2010-09 (28.08.2017).

2. Cheng F. Multichannel analysis of passive surface waves based on cross
correlations / F. Cheng, J. Xia, Y. Luo, Z. Xu, L. Wang, C. Shen, R. Liu, Y. Pan,
B. Mi, Y. Hu /I Geophysics. — 2016. — no. 81(5). — pp. 1-10. DOI:
10.1190/9ge02015-0505.1.

3. Draganov D. Reflection images from ambient seismic noise /
D. Draganov, X. Campman, J. Thorbecke, A. Verdel, K. Wapenaar //
— Geophysics, 2009. —no. 74(5). — pp. A63-A67.

4. Le Feuvre M. Passive multi-channel analysis of surface waves with
cross-correlations and beamforming. Application to a sea dike / M. Le Feuvre,
A. Joubert, D. Leparoux, P. Céte // Journal of Applied Geophysics, 2015.
—no. 114, — pp. 36-51.

5. Cxema TEPPUTOPUAIBHOTO TTAHUPOBAHUS OHexcKoro
MyHUIUNanpbHOTO  pariona. Tom 1. —  Canxkr-Ilerepbypr, 2014.
— URL: http://'www.onegaland.ru/about/gradostroitelstvo/skhema_terr_plan/
(02.10.2017).

6. 3openxo T. H., Yepemxuna I'. M., Kopenanos B. C., Beprynosa JI. C.,
JleBun B. U, Peibanko A. E. 'ocynapcTBeHnHas reosoruueckas kapra Poccuiickoit
Oeneparun macmtaba 1:200000. Cepus Onexckas. Jluct Q-37-XXXIII,

145


http://www.eav.ru/publs.php?nomber=2010-09
http://www.onegaland.ru/about/gradostroitelstvo/skhema_terr_plan/

XXXIV. OobscautenbHas 3anucka. Cankr-IlerepOypr, 2000. — 118 c. — URL:
http://www.geokniga.org/sites/.../q-37-xxvii-xxviii-petrominsk-
gosudarstvennaya-geologic (02.10.2017).

7. KmoeBa B. H., Ilokposckas M. B., bapanos M. N. UnxenepHo-
reojioruueckas cpbemka Maciirada 1:200000. Jlucter: P-37-111, 1V, X, Xl, XIlI,
XVI, XVII // TIpou3BOACTBEHHOE  TEOJIOTMYECKOE  OOBEAUHEHHUE
«I'mppocnenreonorusi», ['maporeosiormueckas skcrenuius 29  paloHa.
Apxanarensckuii punmuan OBY «TOI'U mo Ceepo-3anagHomy deaeparbHOMY
okpyry». — 1984.

8. CII 11-105-97 W mxeHepHO-TEOJIOTHYECKUE  M3BICKAHUS IS
crpoutenberBa. CBoj mpasmi. — URL: http://docs.cntd.ru/document/1200000255

(28.08.2017).
9. CII32-104-98 IIpoekTHpOBaHHE 3eMIITHOTO [IOJIOTHA JKEIE3HBIX OPOT
kosen 1520 mm. — M.: TOCCTPOMU Poccun, 1999. — URL:

http://aquagroup.ru/normdocs/4321#i486962 (28.08.2017).

10. Guralp Systems. — URL.: http://www.guralp.com/ (28.08.2017).

11. Nanometrics. — URL.: http://www.nanometrics.ca (28.08.2017).

12. I'eocurnan. — URL: www.geosignal.ru (28.08.2017).

13. RadEXxPro. — URL.: http://radexpro.com/ (28.08.2017).

14. Lane J. W. Estimation of bedrock depth using the horizontalto-vertical
(H/V) ambient-noise seismic method / J. W. Lane, E. A. White, G. V. Steele, J.
C. Cannia // Theses. Near Sur face 2008-14th EAGE European Meeting of
Environmental and Engineering Geophysics. — Philadelphia, 2008. — pp. 1-13.

15. FOpgaxun  @®. H. HHXeHepHO-CEHCMUYECKHE  HUCCIIEIOBaHUS
IEOJIOTUYECKOW CpeAbl M CTPOUTENBHBIX KOHCTPYKLIMH C MCIIOJIb30BAHUEM
BETpOBBIX Kojebanuii 3manuii / @. H. HOpaxma, H. K. Kamycrss,
I'. H. Antonosckas. — Exatepunoypr: YpO PAH, 2007. — 156 c.

16. FOnaxua ®. H. BrisBienne ciraboakTUBHBIX Pa3ioOMOB ILIATHOPM C
HCIIOJIL30BaHUEM HaHoceilicmuueckor TexHonormn / @. H. HOpaxum,
H. K. Kanycrsn, I'. H. ArTonoBckas, E. B. [llaxoBa // Jloknaasl akageMun HayK.
—2005. — T. 405. — Ne 4. — C. 533-538,.

17. Nakamura Y. A. Method for dynamic characteristic estimation of
subsurface using microtremor on the ground surface // Quarterly Report of
Railway Technical Research Institute. — 1989. — vol. 30. — no. 1. — pp. 25-33.

18. Al-Husseini M. I. Dispersion patterns of the ground roll in eastern Saudi
Arabia / M. |. Al-Husseini, J. B. Glover, B. J. Barley // Geophysics, 1981.
—no. 46(2). — pp. 121-137.

19. Mari J. L. Estimation of static corrections for shear-wave profiling
using the dispersion properties of Love waves // Geophysics, 1984. — no. 49(8).
— pp. 1169-1179.

20. Gabriels P. In situ measurements of shear-wave velocity in sediments
with higher-mode Rayleigh waves / P. Gabriels, R. Snieder, G. Nolet //
Geophysical prospecting, 1987. — no. 35(2). — pp. 187-196.

146


http://docs.cntd.ru/document/1200000255
http://aquagroup.ru/normdocs/4321#i486962
http://www.guralp.com/
http://www.geosignal.ru/
http://radexpro.com/

21. Park C. B. Multichannel analysis of surface waves / C. B. Park,
R. D. Miller, J. Xia // Geophysics, 1999. — no. 64(3). — pp. 800-808.

22. Douze E. J. Seismic array noise studies at Roosevelt Hot Springs, Utah
geothermal area / E. J. Douze, S. J. Laster // Geophysics, 1979. — no. 44(9).
— pp. 1570-1583.

23. boranuk I'. H. CeiicmopasBenka: Yuebnuk ams By3os / I'. H. boranuk,
N. 1. T'ypsuu. — Teeps: UznatensctBo AUC, 2006. — 744 c.

24. Meron mnpenomieHHbIX BoiH / mox pea. A. M. EnuHaTbheBoi.
— M.: Henpa, 1990. — 297 c.

Nudopmanus 06 apropax:

AHTOHOBCKAS Tl'anuna HukomaeBHa, K.T.H., 3aBeayroIIas J1aboparopuel cCerncMOJIOTHH,
®enepalibHbIl  UCCIIEOBATENIbCKUM LEHTP KOMIUIEKCHOTO H3y4YeHHs] ApPKTUKM HMEHU
akanemuka H. I1. JlaBepoBa Poccuiickoit akagemun Hayk, e-mail: essm.ras@gmail.com.
AD®OHHMH Hukwura FOpheBud, Miaammii Hay9HbIH COTPYIHHUK JIAOOPATOPUH CEHCMOJIOTHH,
@denepalibHBI  UCCIIEOBATEIBCKUM LEHTP KOMIUIEKCHOTO H3y4eHMs ApPKTUKM HMEHU
akanemuka H. I1. JlaBepoBa Poccuiickoit akagemun Hayk, e-mail: afoninnikita@inbox.ru
BACAKWHA Hpuna MuxaiinoBHa, K.T.H., CTapIIMi HAY4YHBIH COTPYIHHUK J1abopaTOpuu
ceiicmonoruu, denepanbHblii UCCIENO0BATENBCKUNA LEHTP KOMILJIEKCHOTO M3yYeHUs] APKTHKHU
umenu akaaemuka H. I1. JlaBepoBa Poccuiickoii akagemuu Hayk, e-mail: ibasakina@yandex.ru
KAIIYCTAH Haramus KoncrantuHoBHA, [1.¢.-M.H., TJaBHBIA Hay4HBId COTPYIHHUK
nabopatopun ceiicmosnoruu, denepanbHbli HCCIEAOBATEIbCKUI LEHTP KOMILIEKCHOTO
u3ydenus: Apkruku umenu akagemuka H. I1. Jlaepoa Poccuiickoit akanemun Hayk, e-mail:
nkapustian@gmail.com

BACAKUH bopuc I'puropbeBuu, uHkeHep naboparopuu ceiicmonoruu, PenepanbHbIil
WCCIJIEIOBATEIbCKAN ILIEHTP KOMIUIEKCHOIO H3ydeHUs ApkTuku uMmeHu akagemuka H.IT.
JlaBepoBa Poccuiickoit akagemun Hayk, e-mail: bgborislen@gmail.com

JAHWIIOB Anekceit BukropoBuu, Miaammidi HaydHbIH COTpYOHMK JabopaTopuu
ceiicmonoruu, denepanbHblii UCCIENOBATENBCKUNA LIEHTP KOMIIJIEKCHOTO M3y4eHHUs] APKTHKHU
umenn akagemuka H. II.  JlaBepoBa Poccuiickoii akamemun Hayk, e-mail:
danilov.aleksey.vikt@gmail.com.

© AHTOHOBCKAAT. H., AOOHHH H. 10., BACAKHNHA U. M., KAIIYCTAH H. K.,
BACAKHMH b.T'., IAHWJIOB A. B., 2017

147


mailto:essm.ras@gmail.com
mailto:afoninnikita@inbox.ru
mailto:ibasakina@yandex.ru
mailto:nkapustian@gmail.com
mailto:bgborislen@gmail.com
mailto:danilov.aleksey.vikt@gmail.com

UDC 550.34.01

G. N. Antonovskaya, N. Y. Afonin, I. M. Basakina, N. K. Kapustian,

B. G. Basakin, A. V. Danilov

N. Laverov Federal Center for Integrated Arctic Research

Russian Academy of Science

(Arkhangelsk, Russia)

POSSIBILITIES OF SEISMIC METHODS FOR ESTIMATION OF RAILWAY
SUBGRADE STATE IN CONDITIONS OF FAR NORTH

Date of receipt 06.10.2017
Decision to publish on 28.10.2017

Abstract. The article presents results of monitoring state of railway subgrade using
seismic methods in the Far North area.

Purpose: The purpose of the studies is to find out reasons of subgrade subsidence in
turfed soils of Onezhsky District of Arkhangelsk Oblast.

Methodology: Studying soils in foundations of subgrade, a complex of active and
passive methods was used, including: seismic exploration of refracted waves, multi-channel
analysis of ground waves, and engineering seismic analysis based upon spectrum analysis of
seismic noises. This complex enabled considering and estimating the system “subgrade-soils of
foundations”.

Results: A relative high capacity of weak soils, probably containing turf, lying under
subgrade. Sections of increased water saturation in subgrade soils were found out. Loads from
passing trains and resonant effect in weak soils cause its compression resulting in emergence
of subsidence. Resonant effects whereby are not that strong, whereas passing trains have a more
significant impact on the state of subgrades.

Practical significance: Elaboration of technology of quick estimation of state of
railway subgrade for immediate detection of a dangerous defect at an early stage of its
development is a topical and acute challenge.

Keywords: railway track subgrade, seismic vibrodiagnostics, passive seismic methods,
Far North.

Introduction

In the territory of the Russian Federation, in the regions of permafrost soils,
more approximately 5 thousand kilometres (including the Baikal-Amur Mainline
and most part of the Trans-Siberian Railway) of railways are operated [1].
Industrial exploration of the Far North and Siberia territories requires extending
railway tracks with their simultaneous operation. A distinguished feature of
subgrade foundations with permafrost, swampy and karst sections is an increased
proneness to deformation of tracks caused by cryogenic, karst and suffosion, and
suffosion processes in subgrade soils.

In order to increase traffic safety, JSC “RZD” pays special heed to
development and implementation of different methods for monitoring subgrade
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by virtue of mobile devices. Order of works in unstable places is set individually
basing on data of instrumental and visual monitoring, on-site and engineering nd
geological (geophysical) investigations, calculations of strength and operation
reliability of objects. In recent years, in Russia and abroad field measurements of
soils have been gaining their popularity. These are, first and foremost, cone
penetration test (CPT) and standard penetration test (SPT). It should be noted that,
despite these methods being very efficient, they are not able to perform constant
(uninterrupted) control of subgrade and soils under it. It is significant to detect
failure at its early stage of development which is complicated when only one
single method is used on dangerous/problematic sections. There is a necessity in
much deeper study of the issue.

The amount of information about upper part of section (UPS) of the Earth
crust could be significantly increased by virtue of new geophysical technologies,
employing integration of different methods. In recent time, with development of
instrumental and methodological bases, application of passive seismic methods,
mainly microseismic, have been gaining more significance in studies [2, 3, 4].
The main advantages of such methods are lack of necessity in special sounding
signal sources, relative simplicity and realisation accessibility.

The notion “microseismic monitoring” encompasses a whole range of
technologies, based upon analysis of waves of different origins and types (seismic
emission, technology-related signals, surface waves, etc.). We are exploring
methods of investigating UPS by means of picking out “necessary” signals from
microseisms. It is essential to mention, that for getting fundamentally different
information about the sphere, the captured wavefield may be simultaneously
processed by different methods based on different “useful” constituents of
microseisms.

Elaboration of technology of microseismic monitoring may be used either
individually for acquiring quick estimation of subgrade state, or in combination
with conventional methods for getting a picture of all alterations in the geological
terrain in the area of railway construction.

Setting of the task

Mainline operation length of the Severnaya Railway (Northern Railway)
makes approximately 1045 km, most of which is located in the conditions of the
Far North. Development of issues of technology of microseismic monitoring and
methods of data processing was carried out in a section of the Severnaya Railway,
Onezhsky District of Arkhangelsk Oblast.

The object for investigation is subgrade of railway in the area of turfed
soils. During the investigation, a task was being solved to find out reasons of soil
subsidence (pic. 1).
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Pic. 1. Scheme of works carried out: 1 — railway line; 2 — automobile mainline;
3 —engineering seismic survey; 4 — places of installment of seismic equipment; 5 — railway in
the area of the works; 6 — area of investigation

Engineering and geological conditions of the area near Onezhsky District
are dictated by flat and slightly undulating features of terrain, development of sand
and clay glacial deposits, sand and clay sediments of latest marine transgressions
of different intensity [5, 6, 7].

A significant fact, on which the railway subgrade is dependent, is
engineering and geological features of soils, groundwater level, and lithological
composition of underlying rocks. Generally, according to Russia’s Design and
Construction Specifications 11-105-97 (CIT 11-105-97) [8], the territory belongs
to Il category of complication in terms of engineering and geological conditions.
It is our believe, that the section under investigation is located in area of
depositional plain of glaciolacustrine deposits, seacoast lowland. In the lowland
plains, there are basically non-homogeneous, thin-layered, flowing clay water-
saturated deposits with the capacity varying from several to 10 metres [7].

Peculiarities of the region (excessive hydration) and lithological
composition low permeable blanket deposits characterise shallow deposition of
groundwater (less than 2 metres). The surface of groundwater contours outline of
undulating relief and at some places, in pits between hills and ridges, converge
with swamp water. In wetlands, turf capacity varies, as a rule, from 3 to 6 metres,
or even 8-10 metres in some places. Turf is usually underlain by soft soils.
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Accepted assumptions

For this section, due to lack of information about engineering and
geological surveys and type of subgrade, bearing in mind common data on the
region of the work conducted [5, 7] and Construction Specifications 32-104-98
(CIT 32-104-98), let us assume that a subgrade is up to 3 metres high. It has been
designed and constructed after full or partial removal of turf layers from
foundation being later replaced by mineral ground (sand and gravel mixture).

Seismic equipment

Measuring microseisms in the region of subgrade location and traffic-
induced impacts on subgrade soils, the Giiralp CMG-6TD broadband seismometer
(Great Britain) [10] and the Nanometrics Trillium Compact 120s (Canada) [11]
were used. The sensors were deployed as in picture 1. Axes were located along
(X) and across () the subgrade. The distance between the sensors was set 15
metres on the basis of prospective depth of sounding of the UPS.

For shallow seismic surveys of UPS the “GEOSINGAL Ltd.” TELSS-402
telemetry seismic surveying system was used [12]. Receipt of P-waves and S-
waves was carried out by vertical and horizontal sensors. Waves were induced 8
kg hammer being pounded on a flat metal plate. Scheme of profile location can
be seen in picture 1. The distance between receiving channels was 2 metres, total
length of profile was 15 metres. Processing of received data was carried out in
programmes “RadExPro 2016” [13].

Materials and methods of studies

The main source of strong seismic vibrations in the region of the Severnaya
Railway track is railway transport. When resonant frequencies of rock system
“subgrade and underlying soils” equal seismic vibrations frequencies of passing
trains, dynamic load on subgrade significantly rises, which may result in
emergency situations.

In the conditions of possible variations of subgrade soils state (karst
regions, swamp areas), if it is impossible or not reasonable to carry out its
reconstruction works, the most optimal would be to uninterrupted monitoring of
resonant frequencies of soils. In this case, changes in resonant frequency would
mark processes of changes in soils. Therefore, there arises a necessity of
estimation of resonant frequencies of soils, which can be calculated both
theoretically and experimentally.

Theoretical calculation of resonant frequency is carried out, provided that
the information about speeds of transversal waves in the soils being surveyed is
available, according to the formula [14]:
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frn = (2n;-zl)V_5,

where V, — average speed of waves in the upper layer; Z — upper layer
thickness; n — mode number.

The main advantage of theoretical calculation is that it provides the
possibility of modeling, which allows to estimate alteration of values of natural
frequencies when the state of the system “subgrade and underlying soils” changes
(for example, because of water saturation, depth of freezing, etc.) and/or (for
example, because of alteration of thickness of subgrade, changes of construction
material properties, etc.). Thus, results of theoretical calculations could be used
while planning works aimed at reconstructing and reinforcing railway subgrades.

The empirical studies were based upon a combination active and passive
seismic methods.

For calculation of resonant frequency by passive seismic surveys, there
exists a range of methods:

1. Engineering and seismic methods based upon spectrum analysis of
seismic noise, allowing us to single out signals from the whole spectrum of
microseisms corresponding to harmonic sources of oscillations [15]. Estimation
of dynamic property of the record is based upon obtaining power spectrum S;;(f)
for each of components of registration (i, j = X, Y, Z) and coherence function
K;;(f) in pairs for components:

|Si;(D)]
Ky () = 20
X [sutrrs;;)

where |Si j (f)| — mutual averaged spectrum. Coherence function is
practically a correlation coefficient for each frequency constituent, present in
registration component [16].

For monitoring dynamics of microseismic process of alterations in time of
changes of these estimations are analysed. Calculations are carried out in moving
average, spectral time diagrams (STD) are built up — S;;(f, t) for corresponding
records.

2. H/V Methods — the relation of the horizontal to vertical components of
microseism. This method has been described in the studies [17] and is based upon
the fact that resonant frequency of fundamental mode can be determined from the
relation of spectra of horizontal and vertical components of seismic noise:

fro = S2(w)ns+S%(W)wE
o 252(w)y

where S(w)ys, S(w)wr — Spectra of horizontal components of the record,
S(w)y — spectrum of vertical component of the record.
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Thus, bearing in mind dependence upon conditions, we can use either
theoretical or empirical approaches to determination of resonant frequencies of
railway subgrade soils.

By virtue of multichannel analysis of surface waves on the basis of field
records of wavefield, velocity models of alteration of transverse wave speed value
have been obtained. This method was first described in the studies [18, 19, 20]
and was further improved in the study [21]. The method allows obtaining one
dimension velocity models of geological terrain along linear seismic profiles on
the bases of analysis of dispersive properties of surface waves. The multichannel
method of surface waves analysis is based upon the spectral-wave (f-k) signal
transformation followed by its addition in all channels [22].

As the active seismic methods, engineering seismic tomography was used
for refracted and reflected waves [23], which was used for geological and
geophysical profiles, identification of possible zones of inhomogeneities and
determination of velocity properties of terrain. The refracted waves method is
based on determination of refracted wave travel time (longitudinal or transverse)
from the source of its excitation till the registration point. One of the conditions
for this method to be applied is to increase velocity of transverse waves with
depth. The depth of occurrence is calculated by the system of catching and counter
travel time, combined by methods t, and time fields, refracting boundaries are
created; boundary velocity in refracting layer and relation V; /V,, characterise its
lithology [24].

Result of the studies

In the picture 2 the generalised velocity depth profile | (scheme can be seen
the picture 1) in the section with “subgrade and underlying soils” system of
disturbances is shown. The integration of active seismic methods allows receiving
a more detailed velocity profile. Using methods of multichannel analysis of
surface waves, we achieved to detect lower boundary of subgrade, which was not
possible to do by means of refracted waves method due to excessive noise
contamination.

Thus, the first boundary is singled out in the depth from 0 till 3 metres,
average transverse waves velocity, determined by method MASW (multichannel
analysis of surface waves), made 150 m/s, relation was V;/V, = 0.33 — 0.4 and
corresponded to sand and gravel layer [5, 7].

Refracted boundary is detected at the depth from 2 till 5 metres, with
noticeable immersion in the centre up to 89 metres. Average velocity of
transverse waves before the boundary V,, = 333 — 443 m/s, thus making it an
aerated zone. The relation V; /V, = 0.56 makes it possible to assume that this layer
is characterised by intercalation of sand, sandy loam and loam of ice age [5, 7].
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Further below, there is a layer with increased velocities up to 2117 m/s, which
corresponds to clay water-saturated depositions.

Distance in metres
Vp m/s
80 4 )
0

2117

1753

1389

1025

952

Pic. 2. Generalised velocity profile 1. Hatched lines — lower boundary of subgrade, detected
by virtue of MASW

In the picture 3, the velocity depth profile Il (scheme is in the picture 1) in
the section with “subgrade-underlying soils” disturbance system is shown, but on
the other side of the subgrade with profile I. Just like profile I, the layer with
crushed rock and sand depositions was singled out by means of MASW, at a depth
from O till 4 metres, whereby average transverse waves velocities make 150 m/s,
the relation is I /V, = 0.3 — 0.47.

Refracted boundary is detected, according to both methods at a depth from
8 till 12 metres with deep submergence at the beginning of the profile. Average
transverse waves velocities up to the boundary is V, = 315 — 495 m/s, average
transverse waves velocities(V;) at depths from 3 till 13 metres are from 250 till
280 m/s, the relation is V;/V, = 0.56. It could be assumed that these properties

correspond to intercalation of ooze, loam, sandy loam and sand of ice age.
In the lower layer, high boundary velocities up to 2397 m/s are registered,
which presumably correspond to clay water-saturated depositions [7].
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Pic. 3. Generalised velocity profile 1l (4-6), hatched lines — lower boundary of subgrade,
detected by virtue of MASW

Thus, in an unfavourable section a layer of soils (from 4 till 8 metres) with
decreased velocities is singled out; this section has various gradients — relied made
by glacial deposits. This peculiarity is also underlined by increased velocity
properties — water saturation of clay rock, which is presumable is one the reasons
of this sections soils’ subsidence.

In the picture 4, one can see the velocity depth profile 111 for a favourable
section without any disturbances in the system “subgrade-underlying soils”. A
layer of crushed rock and sand was detected by virtue of MASW at 1.5 metres.
Refracted boundary is detected at depths from 2.5 till 4 metres with a slight 5
metres sag in the centre. Average transverse waves velocities up to the boundary
are V, = 344 — 702 m/s. Average transverse waves velocities in the upper level

(V;) are from 150 till 250 m/s/, the relation isV;/V,, = 0.35 — 0.43. It could be

assumed that, these properties, just like in the previous section, correspond to
intercalation of crushed rock and sand layer, loamy ooze, sandy loam, and sand
of ice age [7]. Below, there lies a layer of presumably water-saturated deposits
(velocities from 1212 till 2102 m/s).

Distance in metres
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1471
4 839
208

2

8 8
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10
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Pic. 4. Generalised velocity profile 111 (7-8), hatched lines — lower boundary of subgrade,
detected by virtue of MASW
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As it is seen from the picture 4, this section’s layer with decreased velocity
has significantly lower capacity and relatively flat boundary, and values of
velocity increase are solitary. This fact indirectly indicates that this section soils
have stronger bearing capacity.

Thus, application of active seismic methods enabled obtaining velocity
model of the system “subgrade-underlying soils” to a depth of 22.5 metres.

Let us carry out integration of the received information with the results of
passive seismic methods. We will consider results of spectral analysis based on
the data of passive seismic methods. For evaluation of levels of impact of train
for the section of survey acceleration spectrums before and during the train traffic
were compared (Picture 5). Two wide-range peaks, corresponding to the first and
the second modes of oscillations in the system “subgrade-underlying soils”, are
singled out, with their ranges being equal to 1.6-2.4 hertz and 4.7-5.5 hertz. On
average, passing freight trains increase general level of the system oscillation 100
times (Picture 5a), whereby the second mode is subjected to the most of the
amplification of acceleration amplitude. The most “vivid” is the frequency 5.9
hertz, coming up when the greatest load of the rolling stock is exerted on the
system “subgrade-underlying soils”. At the same time, the amplitude of the
transverse component increases twice with respect to increases at other
components and for other frequencies, related to train traffic (Picture 5b). This is
presumably due to curvature of the track section surveyed (Picture 1).

5004

400 4 i

300
2004

1004% |

107 - . . . . . 0 . . . : - ,
0 10 20 f.hertz 30 0 5 10 15 20 25 fihetz 30

Picture. 5. Spectra of impacts before and during freight train traffic for unfavourable section
of subgrade (a) and spectra of acceleration during train traffic (b)

In spectral-time analysis (STAN) diagram of power spectrum of
displacement velocity for unfavourable section (show in the Picture 6) two
vertical lines of 2 and 5 hertz are singled out. They reflect oscillation dynamics of
the system “subgrade-foundation soils”. The signal is most vividly seen at
frequency of 2 hertz (one of the oscillation modes of the system) for horizontal
constituents (X, Y), which is due to constructive peculiarities of the subgrade.
The signal at the frequency of 5 hertz is better seen in the vertical component Z,
whereas in the horizontal components the signal comes up during train traffic
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(bright wide-range horizontal signal), which reflects occurrence of resonance
during train traffic with the system ‘“‘subgrade-foundation soils”.

1600

t,c
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800

400

o 5 10 15 20 25 30 f, ry

Picture. 6. STAN — diagram of the system “subgrade-underlying soils”. Bright wide-
range horizontal signal is the passing train

For comparative analysis, let us consider the same situation but for a
favourable section (Picture 1), where the level of the edge of subgrade does not
exceed 0.4 metres. In the Picture 7, impact spectra before and during freight train
traffic in this section of the subgrade and spectra of acceleration during train
traffic.

Analysis in the Picture 7 shows sufficiently equal distribution of load by
frequencies. The difference of power levels of microseism phones in the state of
rest and during train traffic is more than three orders of magnitude than for
unfavourable sections. In the spectra, during train traffic in this section the most
vividly seen peak is at 2.0 hertz, which is most like due to resonance with the
system “‘subgrade-foundation soils”. Yet, absolute level of impact is low and does
not significantly influence the state of the system considered.
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Picture. 7. Spectra of impact before and during freight train traffic for favourable section of
the subgrade (a) and spectra of acceleration during train traffic (b)

Discussion of the results

The dangerous physical and geological processes in the described territory
along the Severnaya Railway are:

— presence in the upper layer of geological section of physically unstable
oozy sandy loams and sands up to 8-12 metres;

— bog development, caused by geomorphologic location of some track
parts, high level of groundwaters, presence of loose depositions of low-permeable
clay depositions in the section.

Results of active seismic methods enabled singling out relatively thicker of
softened soils, probably with turf, which lie under the subgrade. Sections with
excessive water saturation in the foundations soils have been identified. Impact
by trains, as well as resonant effect, causes its compression, leading to occurrence
of subsidence. At the same time, resonant impact is not significant, whereas loads
of passing trains contribute more to the state of soils.

Monitoring of the state of the subgrade for resonant frequency analysis is
possible with the use of one sensor, preferably with accelerometer with lower
frequency from 1 hertz. At the same time, application of short-range velocimeter
will also be sufficient.

Another stage of these surveys will be assigning the calculation model and
considering different situations with changes of physical properties of underlying
soils and train impact.

The final stage of these studies predisposes creating functional model of
technology of express evaluation, including experimental components:
equipment, process of accumulation, processing and transmission of data, and
decision algorithms. Implementing the theoretical task, we plan to obtain new
ideas of interaction of the system “subgrade-underlying soils” and create data base
of changes of bearing capacity of soils under real natural and man-caused impacts.
It necessary to work out methodology of prognosis of subgrade behaviour in
different options of climate changes and different loads.
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