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B [lna o6ecneyeHus COXPaHHOCTM UHXKEeHEPHbIX 6apbepoB
XPaHUINLL paAnoaKTUBHBIX OTXOA0B HE0OX0AUM KOHTPONb
COCTOAHUA re0IorMUYecKoin cpefibl B paiioHax uX pasmeLLe-
HuA. OgHONM 13 BaXKHEMLLMX COCTABNAIOMX TAKOTO KOHT-
pona ABNAETCA OLEHKA KOMMIEKCHOro BO3AenCTBuA ¢ak-
TOpPOB, BbI3bIBALUX AepopmUpoBaHUe BEpPXHEN 4YacTu
3eMHOI KOpbl, Ha COCTOAHUE KOHCTPYKLWiA XpaHunuuy PAO.

CKPbBITBIE YIPO3bl

[TyHkT xpanenus paaroaktuBHbIX 0TX0710B (IIXPO) I'VII
MocHIIO «Panons pacnosioskeH Ha ceBepO-BOCTOUHOM TepH-
epum 1o5xHOTO KpBLTa MOCKOBCKOI crHeKmM3bL. [loBepxHOCTD
KPHCTAIITIECKOTO (hyHIaMeHTa KOPbI PacrioiaraeTcst Ha TTy-
6ute csoie 800—1000 M, TOCTENIEHHO CHUKAETCST B CEBEPO-
BOCTOYHOM HarpaBJjieHnu (110 JIMHUW BEPXHUX TEUEHUN peK
Bopu, Besin u [ly6ubr). Pegysibrarsl riiyGMHHOTO ceiicMudec-
KOTO 30HAMPOBAHMST CBUJETEJLCTBYIOT O GJIOKOBOM CTPOEHUM
BepxXHel W cpelHel yacTell KOHCOMMANPOBAHHOH Kopbl. Co-
IJIACHO JTAHHBIM TPABUMETPUHM, BBIIEJISIOTCS JIOKAJIbHBIE OITy-
IEHHBIE ¥ TIPUTIOAHSITHIE OJOKM KPUCTAIMYECKOTO TIOKOJIST;
TIEPBBIM B OCA/IOYHOM YeXJIe COOTBETCTBYIOT TEKTOHITIECKHE
BITQJIVHBI, & BTOPBIM — TIOAHATHUS BbIcoTOi 10 100 M. B 11eHTpe
OZTHOTO M3 HUX (HE Ha Pa3JioMe), BBITSIHYTOTO B CYOIITMPOTHOM
HarmpasJiennu Ha 16 kM, 1 pactiotoskensl xparmmiia PAO.

ITOT parioH I0CTATOYHO CIIOKOMHBIN C Te0TMHAMUIECKOM
To4kH 3peHnsa. OfHaKo Ha OTAETBHBIX yyacTKax BocTouno-
EBpometickoii niat(opMbl MOTYT /1eHICTBOBATh HETATHBHBIE
(aKTOpBI, KaK MPUPOAHBIE, TAK U TEXHOTEHHBIE, CIIOCOOHBIE
HAPYIIUTh YCTOWYMBOCTD Te0JIOTMYECKON CPE/Ibl U TIPUBECTU
K Pa3pyIIeHuIo 31eMEHTOB MHXEHEPHBIX COOPY/KEHUI.

K HUM OTHOCSTCSI: BBICOKAs aKTUBHOCTD OT/IE/IbHBIX y4ac-
TKOB 36MHO#1 KOPbI B PaliOHAX PACIIOIOKEHHS TEKTOHMIECKIX
Da3JIOMOB; JIOKaJIbHAS KOHIIEHTPAIMS TOJIEH HalpsKeHUH,
HAKOIUIEHHBIX B TE€UEHHE TeOJIOTUYECKOI MCTOPUH; U3MEHe-
HUe (PU3NKO-MEXaHWMIECKIX CBOMCTB CPEIbl MO/ BJAUSHIEM
Pa3ANYHBIX (haKTOPOB, OMPEEIISIONIIX SBOMIONNIO THPOTe-
OJIOTUYECKHX YCIOBUN MECTHOCTH; BBICOKAS TeXHOTEHHAs Ha-
TPy3Ka, KOTOpas, B YaCTHOCTH, MOKET TIPIBECTN K M3MCHEHNIO
TH/IPOTEOIOTUIECKOTO PeKMa Mofi3eMHbIX BoJL. [1ox Biwstam-
€M 3THUX IIPOIIECCOB BEPXHASI YaCThb 3eMHOI KOPBI ME/JIEHHO
nedopMUpyeTcs, OMHAKO aske He3HAUUTEIbHBIE CMEeHUs
B T€UEHUE JUTUTETIbHOTO BPEMEHU MOTYT BbI3BATh HAPYIIIEHLE
GETOHHBIX KOHCTPYKIIME XPaHWIHIL ¥ 0OpasoBaHUE B HUX
MaKpO- U MUKPOTPENTVH. /|71 BBISIBJIEHUS] HETATUBHBIX TIPH-
POIHO-TEXHOTEHHBIX (PaKTOPOB M TPOTHO3a WX BO3HUKHOBE-
HUST HEOOXOIMMbBI UCCHIEOBAHUS CTabbIX TOPU30HTATLHBIX
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m Jo ensure integrity of the engineered barriers in radwaste
storage facilities it is necessary to monitor the geological
conditions in the area where the storage site is located. One
of the most important elements of this monitoring is assess-
ment of the aggregate impact of factors that cause defor-
mation of the upper layer of the Earth’s crust, and the status
of the radwaste storage structures.

HIDDEN THREATS

The Moscow Radon radwaste storage site is located in the
north-eastern periphery of the Moscow syneclise’s southern
wing. The surface of the crust’s crystalline foundation is lo-
cated at the depth of over 800—1000 m, gradually depressing
toward north-east (following approximately the same lines
as the upper sections of the rivers Vora, Vela and Dubna).
The results of deep seismic probing have confirmed the block
build-up of the upper and middle consolidated crust. Accord-
ing to gravimetric data, distinguishable are local depressions
and elevations of the crystalline base; the former in the sedi-
mentation layer are represented by tectonic depressions, and
the latter by elevated areas up to 100 high. The centre of one
of these, that extends 16 kilometres in the sub-latitudinal di-
rection, is the location of the radwaste storage site.

This region is fairly “quiet” in terms of geodynamical ac-
tivity. However, in some areas of the Eastern European plat-
Jform, certain negative factors are possible, both natural and
man-caused, that are capable of disturbing stability of the
geological environment and destroying elements of the engi-
neered structures.

Such factors are represented by high activity in some crust
areas where tectonic faults are located; local concentrations of
tension fields accumulated over the geological history, chang-
es of physical and mechanical properties of the environment
caused by various factors that determine the evolution of
the local hydrogeological conditions; high man-caused loads,
which, in particular, can lead to the changes of underground
water hydrogeology. Under the influence of these processes,
the upper part of the crust slowly deforms, but even small
displacements over long time periods may damage the con-
crete storage structures and lead to formation of micro and
macro cracks. In order to identify the relevant natural and
man-caused factors and forecast their occurrence, research
of insignificant horizontal crust displacements is necessary
along with a system of continuous monitoring.

In 2002-2005, personnel of the Centre of Geophysics
under the Russian Academy of Science together with special-
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CMellleHUi 3eMHOI KOPBI U Op-
TaHW3AIUS CHCTEMBI TTOCTOSH-
HOTO MOHUTOPHHTA.
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s m3yuenus reopwHa-
MHUYECKHX IIPOIECCOB B OJIMIK-
Herl 3oHe xpamminir PAO
paszpaboTanm  METOMOJIOTHIO
U TexHOJOTHIO mpoBeennst GPS-HabmoneHmit TOTHOCTHIO
onpesesieHrst aGCOMOTHBIX KoopauHat 10 10 MM, a Takxke
METOAMKY M TIPOTpaMMHOEe obecredeHre BbICOKOTOUHOM
obpaborku gannbix. Ha ocHOBe 9TOro ObLI CO3JaH Teo uHa-
MUYECKUN TIOJIUTOH, HA TIYHKTaX KOTOPOTO MPOBENEHO He-
cKoJIbKUX 1MKI0B GPS-Habmonenwit. IosyueHHbIe TaHHBIE
6b1TEE 06pabOTAHbI, TOCTPOEHBI BpEMEHHbIE PSIIIbI K BEKTOPHI
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Puc. 1. KapTa paiioHa 1 cxema pervioHanbHomn GPS-cetu B panoHe YN MocHIO «PapoH»
Fig. 1. Area map and schematic of the regional GPS network around SUE SIA Radon Moscow

ists of the Centre of Geoecology and Land Rehabilitation of
SUE SIA Radon Moscow performed pilot surveys to evaluate
the possibility of applying the space geodesy methods (GPS-
technology) in monitoring of the deformation processes. Such
technologies have a number of advantages over the tradition-
al geodetic methods: accuracy an order of magnitude higher
with the process itself taking a lot less time (for instance, three
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CMeIIeHU 3eMHOI KOPBI C YBSI3KOM C MUPOBOI CUCTEMOM
koopauHat. [losydeHsr mpenBapuTeTbHBIE PE3YIbTATEI, OT-
pernesieHs! TTPOCTPAaHCTBEHHO-BpeMeHHbBIEe 3aKOHOMEPHOCTH
U InHaMuKa (popMUPOBAHUS U Pa3BUTHUS T€OINHAMUYECKUX
U IPYTUX MIPUPOHO-TEXHOTEHHBIX ITPOIIECCOB B 30HE Pa3Me-
TeHNST XPAHWIIATIL.

NCCNEQOBAHMA NOATBEPXKAAKOT BE30MACHOCTD

Teommuammuaecknii mosmuron 'Y I1 MocHIIO «Pazon», co-
3nannbiit B 2002 romy, cocToss u3 2 ypoBHel: TIEPBbIN BKJIIO-
yan 4 GPS-mynkra, pacnosnioskeHHbIX B pamuyce g0 10 kM ot
I[IXPO (puc. 1); BTopoit — 12 TyHKTOB HEMIOCPEICTBEHHO HA
TeppuTopuu TUTomaAku. OnopHas TOYKa pacroJiarajach Ha
KPBIIIIe OZTHOTO 13 HazeMHbIX XpaHwuil PAO.

W3aMmepeHus Ha TEPBOM YPOBHE IIOJIMTOHA, Hanboee
YAQJIEHHOM OT OMOPHON TOUKHU, TPOBOIUJIN €KETOHO B Te-
YeHne 3—4 YacoB, BHYTPU IJIOMAAKN — B Tedenne 1 gaca.
3amMepsl Ha OTIOPHOM TOYKE BBITTOTHSIN CUHXPOHHO C U3-
MEePEeHUSIMH Ha BCEX PerepHbIX TouKax. /lJid usmepenuii uc-
MMOJIb30BaIN 3 KOMILJIEKTAa HABUTAIIMOHHON reoie3M4ecKoi
JIByX4acTOTHOH anmnaparypsl JAVAD.

B teuenne 2002—2005 ro10B ObLIN BBITOJTHEHBI 4 TTUKIA
Habmonenuii. [1o ux pesyJbraTaM BBIIIOJHEH aHAJIN3 CKO-
pocTeli cMellleHU i 3eMHO TOBEPXHOCTH.

Janee B Kak10ll TOYKe PeryJsspHOA CETKU [IJI TOpU-
30HTATBHBIX KOMIIOHEHT CKOPOCTEH CMEIeHN i pacCUnTaIN
1oJie HOPMAJIbHBIX Jlepopmariuii (AUIaTainuio) — OTHOCH-
TeJbHOE M3MeHeHre eMHUIIbI TITIOAId, KOTOPOe OTpaka-
€T CPeIHETO/IOBble TOPU30HTAIbHBIE eDOPMAITUN CKATHS
U PACTSKeHUST TIOBEPXHOCTH (pHC. 2).

JlanHble MpeIBapUTEIBHBIX UCCIIe/JOBAHNN CBI/ICTEIIBC-
TBYIOT 00 001IeH TEKTOHUYECKON CTaOUIBHOCTH MJIOTIAIKH
I[IXPO. CormnacHo pe3ysibTaTaM aHAJIN3a, CKOPOCTb CPeJIHE-
TO/IOBBIX CMEIIEHUI JJOCTATOYHO MaJjia U HAXOAUTCS B TIpe-
Jlesiax TIOTPEeITHOCTH U3MEPEHUSI.

MaxkcuMabHass CKOPOCTh JAedopMaiuu, 3apuKCHpo-
BaHHAs 3a BeCh mepuoj HabmmoxeHuil (3 roaa), cocraBuia
npuMepHo 2,5%10° B rox . [Ipu coxpaHeHnn TaKoil CKOPO-
ctu eMelenus B Omkaiimme 100—150 et He mpousoiizer
KpUTHYECKHUX AedopMaIinii moBepXHOCTU (MX TIpeieTbHas
BEJIMYITHA JIJIS JKeJIe300€TOHHBIX KOHCTPYKITUI COCTABJISIET
oK0J10 3—4x107?),

CrenoBaTesibHO, €CTh OCHOBAHME CUUTATh, YTO B yCJIO-
BUSIX JITUTENBHON aKcIuryatanuu xpanuiui PAO maso-
BEPOSATHO 0OpasoBaHWe B CTEHAX XPaHWJIWII HapylleHMWii,
KOTOpPbIE MPUBEAYT K BbIIEIAYNBAHUIO PALUOHYKIUIOB U
PACTBOPEHUIO UX IPYHTOBBIMU BOJIAMU.

ITH BBIBOJIBI, OJIHAKO, TIpeiBapuTebHbie. /It 060cHO-
BaHUs YCTONYMBOCTH reOJIOTUIECKON Cpe/ibl B palioHe pas-
merierust [IXPO TYIT MocHIIO «Pamon» HabsoneHwvst
cienyeT BecTH 2—3 pas3a B TOJl B TeUueHne, Kak MUHUMYM,
5—6 set. CeTb OMOPHBIX TOUEK TOJKHA OBITH B 2 pa3a MmIoT-
Hee. BesrezicTBrEe MaJTBIX BEJTMYUH CPETHETOOBOM CKOPOCTH
CMETIEHUS W ¢ T[eJIbI0 TTOBBIIEHUS TOUHOCTUA Pe3yTbTaTOB
HaOMIOeHU T ONITUMAJIbHBIM ObLIO ObI pasMelNeHre B KaxK-
nom xpanuinie PAO 2 reoe3nyeckux mMyHKTOB.

B cBsasu ¢ atum Ha tepputopuu ['YII MocHIIO «Pa-
non» B Tedenne 2007-2010 rozioB njaHUpyeTcss OpraHu-
3aI[Usl TIOCTOSIHHO JIEWCTBYIOIIET0 reOIMHAMUYECKOTO TI0-
surona GPS-wabuonenuit. ByayT co3aaHbl KanuTagbHbIe
periepbl HaGJTIOIEH ST, B TOM YKCJIe HEMTOCPEACTBEHHO Ha TEX
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[aHHble npepBapuTeNbHbIX WUCCNefoBaHUA CcBUAe-
TeNbCTBYIOT 06 06Leil TEKTOHNYECKOW CTabuUNbHOCTH
nnowaaku MXPO. CornacHo pe3synbraTtam aHanmnsa, CKo-
POCTb CpeAHEerofoBbIX CMELLEHUI JOCTaTOYHO Mana U
HaxXoAWUTCA B NpeAenax NnorpewHocTy U3MepeHus.

The preliminary survey data confirms that the radwaste
storage site area in general is tectonically stable. According
to the analysis results, the average annual displacement
rate is fairly small and is within the measurement error.

instruments over two days can measure the position data and
heights of 20—25 reference points).

The project was to establish the basis for a future integrat-
ed system for monitoring of geodynamic processes in the up-
per earth’s crust in the vicinity of the radwaste storage site.

During the first stage, a system of geological and geophysi-
cal data with ties to geographical references was created. Sys-
tematic analysis of geological and geophysical information
using geoinformational technologies, including volumetric
computer visualisation of the geological medium (geomorphol-
ogy, geological mapping, structural tectonic models and cross-
sections, hydrogeological conditions, etc.) was performed.

1o study the geodynamic processes in the vicinity of the
radwaste storage sites, a methodology and technology were
developed that enabled GPS-monitoring with 10 mm accura-
cy, as well as the methodology and software for high-accura-
cy data processing. On that basis, a geodynamic polygon was
created, where several cycles of GPS-monitoring have been
performed. The data obtained was processed, time graphs
and crust displacement vectors built and tied to the global
positioning system. Preliminary results have been obtained,
time and space change patterns identified along with the dy-
namics of geodynamic and other natural and man-caused
processes in the area where the storage facilities are located.

RESEARCH CONFIRMS SAFETY

The geodynamic polygon of SUE SIA Radon Moscow,
created in 2002, consisted of two levels: the first included
Jour GPS posts located within the 10 kilometre radius of the
radwaste storage site (fig.1); the second included 12 posts di-
rectly within the site. The reference point was located on the
roof of one of the overground radwaste storage facilities.

Measurements on the polygon’s first level, farthest from the
reference point, were performed annually during 3-4 hours,
within the site — during one hour. Measurements on the refer-
ence point were synchronised with measurements on all other
posts. For measurement, three sets of JAVAD dual-frequency
geodetic navigation devices were used.

During 2002-2005, four monitoring cycles were per-
Jformed. From their results, analysis of the surface displace-
ment rates was performed.

Then, in each point of the regular graticule, normal defor-
mation fields (dilation) were calculated for horizontal compo-
nents o [ displacement rates, i.e. the relative change of area
unit that reflects the average annual horizontal compressive
and tensile deformations of the surface (fig. 2).

The preliminary suroey data confirms that the radwaste
storage site area in general is tectonically stable. According to
the analysis results, the average annual displacement rate is
Jairly small and is within the measurement error.
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00BbeKTaX, pagualioOHHas 6e30TTaCHOCTh KOTOPBIX TPeOyeT
0co60T0 BHUMaHUs, a TAKJKe CUCTEMa TTOCTOSTHHOTO HabJIro-
JIEHVST B pesknMe on-line ¢ mcmob30BaHneM HAITHOHATBHON
ciytaIKOBOH cuctembl [JIOHACC.

[Munotusie wccaenoBanust okazanu 3GhPEKTUBHOCTD
npuMeHeHuss GPS-texHosornu 18 KOHTPOJIS TEOJOTH-
YEeCKOH cpeibl. ITOT METO/ T03BoJIsAeT [udepeHInpoBaTh
TEPPUTOPUIO TI0 CKOPOCTH JiehopMaIinii 1 NPOrHO3UPOBATh
UX M3MEeHeHUe BO BpeMeHU. Pe3yibTaTbl HaOMIOAEHUN 3a
[IPOCTPAHCTBEHHO-BPEMEHHbBIM U3MEHEHUeM T10Jeit gedop-
MAaIil MOTYT CTAaTh OCHOBOU IMOCTPOEHUs HeopMaIiioH-
HBIX MOJIeJIell BepXHel YacTH Te0JIOTMYeCKOro pa3pesa.

C nomouipio GPS-Habmogennii Bo3MoKHa pa3paboTKa
TIPEBEHTUBHBIX WH)KEHEPHBIX U MPOEKTHBIX PENIeHUI 10
CHUKEHWIO PUCKA Pa3pylIeHus] WHXEHEPHBIX Oaphepos.
B unciie Takux permeHuil: yKpersieHre KOHCTPYKITUI Xpa-
aunm PAO Ha y9acTkax ¢ MAaKCIMaJIbHOM CKOPOCTBIO Jie-
(bopmaruu, n3mMeHeHne MECTONOJIOKEHNST U HATIPABJIEHUS
JUIMHHBIX OCEH IPOEKTUPYEMbIX OOBEKTOB IIYHKTOB J0JII0-
BpemenHoro xpanenus PAO.

The maximum deformation rate registered over the entire
monitoring period (three years) was approximately 2.5x10/
year. If this rate is maintained, during the next 100—150 years
there will be no critical deformations of the surface (critical
deformation for reinforced concrete structures equals ap-
proximately 3-4x107).

Correspondingly, there is basis to believe that during
long-term operation there will only be small probability that
the walls of the storage facility will deteriorate so much that
radionuclides would leach into the environment and become
dissolved in ground waters.

These conclusions, however, are preliminary. In order to justify
stability of the geological medium aroundthe Radonradwaste stor-
age site, monitoring needs to be performed 2-3 times a year during
at least another 5—6 years. The graticule of monitoring points must
be twice as dense. In order to improve accuracy and due to small
average annual displacement rates it would seem optimal to place
two geodetic posts in each radwaste storage facility.

In connection with this, it is planned that during 2007-2010
there will be a permanent GPS monitoring polygon established

on the Radon radwaste stor-

age site. Capital monitoring
references will be created,
including on the facilities
whose radiation safety re-
quires special attention, as
well as a permanent on-line
monitoring system, using the
GLONASS national satellite
system.

Pilot research has proven
that GPS technologies are an
effective means of geologi-
cal environment monitoring.
This method enables dif-
[erentiation of the area de-
pending on its deformation

GO rate, and allows forecasting
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Puc. 2. KapTa annatayuy 3eMHol NOBEPXHOCTY (OTpMLaTeNbHble 3HAaYEeHUA COOTBETCTBYIOT fedopmaumam
©KaTyA, NoNoXuTenbHble — aepopmaumam pacTaxeHna) Ha nonuroHe MNYMN MocHMNO «PapoH» 3a 2002-2005 rogbl
Fig. 2. Dilatation map of the land surface (negative values correspond to compressive deformations, positive values to
tensile deformations) on the Radon polygon during 2002-2005
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how deformation will change
with time. Results that have
been obtained through mon-
itoring of the deformation
Jield changes in space and
time can be used as basis
Jor building deformation
models of the top geological
sections.

GPS-based  monitoring
can facilitate preventive en-
gineering and design meas-
ures aimed at reducing the
risk of engineered barriers
deterioration. Such measures
may include reinforcement
of radwaste storage struc-
tures in areas with the high-
est deformation rates; re-lo-
cation and re-direction of
long axes during the design
of long-term radwaste stor-
age installations.
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