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PE3IOME

MokasaHu Ca Bb3MOKHOCTUTE 33 MPUTIOKEHWE M OrPaHUYEHUsATA 3a MOM3BaHe Ha reopafiap Bb3 OCHOBA Ha HAKOMKO NMpumepa. Hai- Hamped pagapbT Gelwe
13MI0oN3BaH B Kapuepy 3a BAapOBYK W COMHA MUHa C LieN OTKpUBaHe Ha kapcT (BbB BApOBMLWUTE) U MyKHATUHY (1 B BETE ckanHu cpeav). By BapoBukoBaTa kapuepa
CcpefiHaTa cKkopocT Moxe Aa Gbe M3dmMcrieHa Npu nonyyasaHe Ha AaHHW 3a cpeaHaTa oblua AbnGounHHa Touka. Bropo, Gelue cb3nafeH MHBEPCUOHEH METOA, KOWTO
Ce OCHOBaBA Ha YECTOTHOTO CbbPKaHWE Ha OTPA3EHUTE PaZapHW BbITHM, C MOMOLLTA Ha KOWTO fa Ce OXapakTepuaupar MykHATUHHUTE CBOICTBA (OTBOPEHOCT Ha
MyKHaTUHWTE W 3ambrBalyms Matepuan B TaX). Toi Gelle n3npoGBaH eKcrepyMeHTaIHO 3a MbpBY MbT BbPXY BApOBUKOBU BNOKOBE C KOHTPONMpaHa HamykaHoCT.
AHanuabT Ha pafiapHus CUrHan nokasa, Ye kakTo OTBOPEHOCTTA Ha MyKHATWUHUTE, Taka U MaTepuarTbT, C KOMTO Te ca 3ambiHeHN Moxe Aa 6bae onpegeneH, cTura
MyKHaTUHWTE [1a He Ca TOJKOBA TECHM, Ye fia Ce CbU3MEpSBaT C AbMKMHATA Ha BbiHaTa. BriocneacTsve MHBEPCUOHHUAT METOA Gelle MPUMOXEH B COMHUS PYAHUK C
orrep onpeaensiHe in-situ Ha WMpoYMHaTa Ha OTBOPEHUTE NMyKHATUHYW B FOPHULLETO Ha M3paboTkaTa. 3a CpaBHsIBaHe Ha MONyYEHUTE PE3ynTaTh ¢ [eicTBATENHaTa
HaMykaHOCT Ce M3non3Baxa KOHTPONHM COHOaxu. [oBeyeTo OT pesynTatute Gsixa 3afOBONMMTENHM, HO Bsixa MOMYyYEHM U HAKOW HE3a[OBOMUTENHU TakuBa.
MocriegHuTe Morar a ce 0BSICHSIT C reONOoXKY NPUYMHK, HO MOTaT [a Ce AbIIKAT U Ha CAMMSt METOf,.

BBLBEAEHME

PagapHusaT meTof ce OCHOBaBa BbpXYy MPOHMKBAHETO M
0Tpa3siBaHETO Ha BMCOKOYECTOTHU €MNEKTPOMArHUTHU BbiHM
(20 MHz- 2 GHz). Tasu TexHWKa e HaLIMPOKO onucaHa OT
Daniels, (1996). PapapHust MeTog [JaBa KapTMHU Ha
HempoBoZslla cpeda Ha Marnka gbnbounHa. EdpekTbt
OTPaXEHWE Ce [ObITKM Ha PasnMUMETO Ha AMENEKTPUYHWTE
CBOWCTBA. PafapHUAT UMNYyNC MMa LIMPOKOYECTOTHa fNeHTa C
orneg  MocTuraHe ronsma  paspellaBalla - CMocoBHOCT.
[MpoHMKBaHETO, KOETO MOXe Aa OOCTUTHE HSKOMKO AeCeTKW
MeTpa Npu PesnCTMBHA cpefa, Hamarnsea npu yBenuyaBaHe
Ha uecToTaTa. KauyectBoTo Ha npocdwnuTe Ce noBulLaBa
3HAUMTENTHO MPW W3MOM3BaHE Ha TEXHWKW KaTo PUNTpyBaHe,
aBTOMATUYHO perynupaHe Ha YCUrBaHETO, NpeMaxsaHe Ha
hoHa 1 MurpamsTa.

MpWHUMMTLT Ha MeTofa, KOWTO Ce W3non3Ba Ha
MOBBPXHOCTTA Ce BuxAa OT OT urypa 1. Mogasatya umnyncu
aHTEeHa M MpueMalla anTeHa ce ABWXAT MO AbITKMHA Ha
npodwmna € NOCTOSIHHA AMCTaHUMA MEexXOy npegaBaTens u
npuematens. [naHapeH pednekTop LWe fage nnaHapeH
obpas Ha pagapHusi npochun. XeTporeHHocTa (a MMEHHO
Hann4yneTo Ha OTBOpI/I) C No-Marnku pasmepu OT AbXuHaTa Ha
BbHATa LUE Ce MOKaxaT KaTo XunepbonuyHo sBReHne Bbpxy
pagapHust npocun. MeToabT MOXe Aa Ce M3non3ea Chblo U
Mpu W3nonaBaHe Ha eanH COHOAaX M MOBLPXHOCTTA W MEXZY
[Ba coHgaxa. [py MbpBWS Cnyyal aHammMabT Ocurypsisa
KapTWHa, MpW KOSTO KMMaMe HapyllaBaHe Ha Hemnpekbe-
HaTOCTTa OKOMO CoHAaxa. Mpu BTOpUs cryyail aHanuabT faBa
kapTa Ha Ha CKOpPOCTUTE U 3aTUXBAHETO MM Mexay ApaTta
coHgaxa. CkopoCTTa Ha pa3npoCTpaHeHWe Ha enekTpo-
MarHUTHUTE BbIHN MOXe Aa Obae onpedeneHa NocpeacTeoM
aHann3 Ha MpoHMLaeMocTTa Bbpxy 00asum B nabopaTopHu
ycnosus.  CpegHata  ckopocT in-situ  mMoxe [ga 6Obhe
onpefeneHa Bb3OCHOBa MOMYYeHWTE [aHHM 3a CpeaHaTa
obwa gvnbounHHa Touka (COLT) 3a koeTo pascTOSHMETO
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Mexay npepaeatensa W npuematensa ce yBenuMyaBa C
NOCTOAHHA CTbIMKa NPU NpuemMaHe Ha JaHHUTE. HapyLIJeHVIﬂ Ha
HeMNnpeKbCHAToCTTa, YCNnopeaHN Ha NMOBbPXHOCTTA pedynrtupar

B xunepbonuyHo seneHne Bbpxy COAT rpadmkara.
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Queypa 1. MpuHyun Ha padapHusi Memod

dopmaTta Ha xunepboNNYHOTO SBMEHNE € CBBP3aHO CbC
CKOpPOCTTa Ha MPOBOAMMOCT Ha cpedata. Xunepbona ¢ no-
Marka KpuBMHa OTrOBaps Ha cpefa C no- BUCOka ckopocT. Mpu
cblliaTa CKOpOCT No- AbnOOKATE SBMEHMS CbLWO ca C no-
Marnka kpuBuHa. Kato wu3nonssame Tesu cbobpaxeHus e
Bb3MOXHO OMpPedensHeTo Ha CpegHaTa CKOpOCT — Ha
pa3npocTpaHeHue Ha BbiHaTa ¢ ocTaTbyHa TouHocT. Kato ce
3Hae ckopocTTa MaLaba Bpeme MoXe Aa ce TpaHchopmupa B
Mawab abnbounHa. EnektpomMarHuTHUTE BbAHM 3aTiXBaT B
ckanHata cpefa. 3a Cpeau C BMCOKA MPOBOAMMOCT METOABT
CTaBa HeedeKTUBEH (UMaT ce NPeABWA TMUHU, NeCHYNUBM Y
HEYUCTH TTINHN).
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[eopapapHuaT MeTod e edukaceH Korato ce Lenu
onpedensiHe MpekbCHATOCTTa Ha MacuBa (MMaT ce npeasua
NYKHaTUHW, Pa3nenuTenHn NOBbPXHUHK, IMTONMOXKN KOHTaKTH,
..... ) B PEe3uCTMBHM CPeau KaTo BapOoBMWK, TPaHUT, Xamwr,...(
Dubois, 1995, Halleux L.u ap. 2000.).

Mpn nbpBust TECT pajapHUTe AaHHM Gsixa cbbpaHu BbB
BapoBUUM C Orreq OTKPUBAHE W OMpepdensHe MECTOTO Ha
oTBOpeHu nykHaTuHu (Grégoire C. n Halleux L., 2002b). 3a pa
ce nonyun fobpa npoHuLaemocT belle n3nonseaHa pagapHa
aHTeHa 3a yectota 100 MHz. MonyyennaT npocun ce Buxaa
oT dmrypa 2. Moxe pga ce pocturHe 20 meTpoea
npoHuLaemocT. MbpeaTa HanykaHa 30Ha belle ycTaHOBeHa Ha
AbnbounHa mexay 5 1 10 m ot noBbpXHOCTTa. B Tasu 30Ha He
MOXaxa f[a Ce OTHeNsT OTAENHW NyKHaTMHW, Npeasug
pasgenuTenHata cnocobHoct. OTpaxeHue, KOeTo 0TroBapst Ha
oThenHa nykHaTuHa Gelwe peructpupaHa Ha okono 350 ns
BBbPXY pagapHus Nnpodoun, KOeTo 03HavaBa LbnbounHa oKono
17,5 m.
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Queypa 2 PadapeH npoghus eb8 8aposuk. M3nonssaxa
yecmoma 100 MHz.

CKopoCTTa Ha €eneKkTPOMarHUTHUTE BbSIHWM BbB BapoBMKa
(100 m/is) Gewe onpepeneHa NOCPEACTBOM W3MepBaHe Ha
cpefgHata obwa abnboumHHa Touka (durypa 3). IMbpBOTO
cbbuTtue Ha dur. 3 0TroBaps Ha AMPEKTHOTO MPEeMUHaBaHe Ha
BBITHUTE OT NpeAaBatens B npuemarens, 6e3 4a npoHWKBaT B
n3cnegeaHata cpega. Morat ga ce BMOST ABe rpynu xunep-
Bornm Bbpxy rpadmkata COLT. MbpBaTa rpyna kopecnoHampa
C OTpaxaTtenuTe BbB BapoBuka. BTopaTta rpyna kopecnoHaupa
C NPensiTCTBMSATAa Ha NOBLPXHOCTTA. Xunepbonute ca ¢ ronsam
pafuyc Ha KpUBMHA, KOETO € pesynTaT OT BUCOKaTa CKOPOCT Ha
MPOHWKBaHE BLB Bb3fdylwHa cpeda. Popmarta Ha mbpeaTa
tamunna  xunepbonu ce um3non3Ba 3a onpedensHe Ha
CKOPOCTTa Ha €neKTPOMarHUTHUTE BbIIHM BbB BapoBuka ( B
Taan kapuepa mexay 95 n 100 mfis).

[pyr npumep nokasBa Bb3MOXHOCTTA 3a OTKPUBAHE W
nokanuaupaHe Ha kapctoBu 3oHM nocpeacteom COAT BbB
BapoBMKOBA Kapuepa 3a OpHaMeHTEH kambk. MecTHOTO
Ha3BaHWe Ha To3u BapoBuK € ‘Mambk rpaHuT”. Tosn “Mambk
rpaHnT” € KOMNaKkTeH BapoBuMK OT TymesnaHckaTta cepwsi.
PbkoBoguTEnaT Ha Kapuepata Ce WHTepecysawe OT
€BEHTyaNnHO OTKpMBAHE Ha KapcToBM 30HM B 6nM3ocT Ao
pobushute pabotu (Grégoire. u Halleux, 2002 a; Grégoire
Halleux, 2002 b). TakbB aHanu3 no3sonsesa Aa ce onpefenu
poOpus 3a u33eMBaHe BapoBUMK. bsixa u3crnegBaHW HAKOMKO
yyacTbka. /3bupaHeTo Ha yectoTata, ¢ KOSTO fa ce MmpassT
T3 U3MEepBaHMS 3aBUCW OT  MECTOMOSIOKEHMETO Ha
n3bpaHaTa TouKa B kapueparta.
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Queypa 3. CpeOHama 6b3/108a MOYKa Ha 8aPOBUK

MbpBaTa wW3cnedBaHa MMoOW, Ce XapaKTepuaupalle ¢
HanMuMeTo Ha Croi rMuHa Ha AbnbounHa okorno 4 meTpa.
[poHMKBaHETO MOA TO3W crion Belle HEeBB3MOXHO. 3a Aa ce
MOBWWM KaKTO MpOHWL@EMOCTTa Hag 4 MmeTpa, Taka U
paspellaBaliata CrnocobHOCT 6sixa M3NON3BaHM aHTEHM 3a
yectota 500 MHz. lMbpeuaT npodun (curypa 4) ce Hanpasm B
30Ha, KbAETO BbPOBUKLT bele fobbp. PagapHnaT npodun ce
CbMOCTaBW C pasnuyHUTE NNacToBe BapoBWK, NPEACTaBEHM B
kapuepata. [lnactoBete Ce xapakTepusupaxa C pasiuyHO
kauecTBO Ha Kambka (ascHaTta uyacT Ha cwmrypa 4) u bsxa
pasgeneHn efuH OT ApYr OT ThHKW MPOCAOMKU. XOPU3OH-
TarHWUTe SIBNEHUs Ha pagapHus npodun OTroBapsixa Ha Tean
pasgensiy npocnoiku. Bunpekw, ye Tesn otpaxartenu bsxa
MHOTO TbHKM, Te Bsixa yCTaHOBEHW OT papjapa. FBnEeHWETO,
koeTo belue nokanuaupaHo Ha 50 ns He CLOTBETCTBYBALLE HA
peanHuTe SBMeHWsS B MacuBa. 10 Oele YMHOXeHWe Ha
SBMEHNETO Ha 25 ns.

Bropuat pagapeH npocun (curypa 5) bewwe HanpaseH Ha
cbliaTa Kapuepa B 30Ha, KbeTo ChblUECTBYBalUe KapCT.
OTpaxeHusiTa Ce Obkaxa Ha KOHTpacTa Ha MpoBOLMMOCT
MeXOy BapoBWKAa W MpOMeHeHUTe 30HW. Popmute Ha
OTpPaXeHusTa Ce AbMxaxa Ha HepaBHOMEPHWUTE pasgensy
MPOCMOiAKM, KOUTO HapyLLaBaxa HeNPeKLCHATOCTTa Ha MacuBa.
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Queypa 4.Padaper npocpun npu yecmoma 500 MHz,
HanpaseH 8b8 8apO8UK (/15180). CpagHeHUe CbC
cmpamuepagpusma Ha ‘Maek epaHum” (0scHo) u
pasnuyHUme niacmose, KOUmo ca npedcmaseHu 8
Kapuepama
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OT papfapHus Npoun MoXeLLe Aa Ce 3aKoum, Ye KapcToBuUTe
30HM Ca 3aMbJIHEHW C NPOBeXaLL MaTepuan ( cMec OT rnuHa
n nacek). Mog oTpaxeHusiTa curHambT Gelle 3HAYMTEmNHO
3aTuxHan. TakoBa 3aTWXBaHe Ha curHana ce Habnogasalle 1
B MeCTaTa Ha HapylaBaHe Ha HEeMpeKbCHATOCTTa Ha
OTPaXeHWETO, KOETO OTrOBapsiLLe Ha CIIoeBe IMuHa.

Papaprute npodunn 6sixa 13paboTeHu no aBe B3aUMHO-
NepneHauKYNAPHA HanpaBNeHus 3a Ja ce MocTurHe 4obpo
MnokpuBaHe Ha u3cneaBaHus yyactbk. Cnep obpaboTBaHeTo U
aHanuaupaHeTo Ha [aHHWTe, MECTOMOMOKEHMETO Ha KapcTa
Bewwe onpeaeneHo Ha 2 D ¢ uHopmauus, Ye nNpoabkasa u
Ha mo-ronsama gbnbounHa. AHanmM3bT Ha pagapHust Npodun
MO3BOMM YCTAHOBSBAaHE Ha NPOABLIKEHWE HA kKapcTa B
AbnbounHa, HO He YCTAHOBM HamansiBaHe pas3MepuTe Ha
kapcToBaTa 30Ha. TOBa TBbPAEHME MOXe Aa Ce MOTBbpAM C
paseuTMETO Ha p[obweHuTe pabotn. To OGelwe CbBCEM
3a[10BONUTENHO, CTUrA fa He Ce CTUrHe O NpeyBennyaBaHe
Ha pa3MepuTe Ha kapcToBaTa 30Ha.
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Q@ueypa 5. PadapeH npocur 8v6 8aposuk npu yecmoma 500
MHz.

[pyr npumep Ha W3non3BaHe Ha pagapHaTa TEXHWKA € B
CONHa MuHa. B comHuTe MWHM papgapbT € edukaceH npu
OTKpYBaHe HapyllaBaHe Ha HEMPEKbCHATOCTTa M MyKHATMHM.
(Halleux u gp. G., 2000.) Mpeau gBe roguHu bele HanpaBeHo
n3cneasaHe B conHus pyaHuk Werra ot cbetaBa Ha K+S KALI
GmbH ¢ uen ga ce yCTaHOBK HamMuYMETO Ha HapyLeHus B
TaBaHa Ha wu3paboTkuTe. [logoOHM HapylweHWs MoHsikora
Bb3HMKBAT B XOPW3OHTaNHUTE nnactoBe W gocturat go 3
MeTpa BICOYMHA Haj TaBaHa Ha n3paboTkaTa u ce gbImkar Ha
MOHWKaBaHE Ha HaNPeXeHWs B pesynTaT OT Cb3dafeHus
OTBOP B MacuBa. KoraTo TakuBa MyKHaTMHW ca Hanuue,
ropHueTo TpsibBa fa Obae ouykaHo W o6e3onaceHo Mo
MexaHUYeH HauMH WNK conHuTe ONOKOBE Aa Ce aHKkepoBsaT C
orned HefonyckaHe TSXHOTO oOpywasaHe B u3pabotkaTa. B
TO31 CMMCBJT PaHHOTO OTKPWUBAHE Ha TakuBa MyKHATUHW € OT
WM3KIMIOYMTENHA BaXHOCT OT rnegHa Touka besomacHocT. 3a
uunTa e obopyaBaH aBTOMOOMN C YeTupMKaHamHa reopagapHa
anapatypa 1 C MEXaHW4Ha pbka 3a NOBAUraHe Ha 4 aHTeHu Ao
FOPHULLETO Ha m3paboTkata. MoHTMpaHu ca fBe aHTeHu Gssi
3a yectota 900 MHz. [obpu pesyntati ce monyyaeat npu
paboTtHa auctaHums ot 0,5 go 1 meTpa. Anapatypata paboTu
npu paboTHa ckopoCT Ha gsuxeHue oT 15 km/h Taka, ye
OTHOCMTENHO ronsiMm obem paboTa Moxe [fa Ce CBbpM 3a
CPaBHUTENHO KpaTKO BPeME.
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Ha curypa 6 e nokasaH egwH npumep, perucTpupaH B
conHMst  pyaHuk. [TbpBOTO  OTpaxeHuMe OTroBaps Ha
OTPaXEHMETO OT TaBaHa Ha WapaboTtHaTa. OTpaxeHusTa,
nokasaHu Ha ¢ur. 6 ca oT pagapeH npodmn, HanpaBeH B
conHata MuHa. B comTta ca nocturHatM MpOHWKBAHMSA C
AabnbounHa 2 go 3 metpa. [MTbpBOTO OTpaxeHue OTroBaps Ha
OTPaKEHWETO OT TOPHULLETO Ha u3paboTkata. OTpaxeHusTa,
KOMTO Ca MoKasaHu CbC CTPENKW OTFOBapST Ha HanuM4MeTo Ha
NYKHATUHW B CONTA.
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Quaypa 6. PadapeH npochun e conHa MuHa npu Yyecmoma
1GHz. AimeHama He e onpsiHa 8 magaHa Ha u3pabomkama.

PasrnegaHute npuMepu nokassart, Ye pajapHUsT MeToq e
euKkaceH 3a OTKpUBAHe W YCTaHOBSIBAHE MECTOMONOXEHNETO
Ha MecTa, B KOUTO € HapyLUeHa HeNPeKbCHATOCTTa Ha MacvBa
KaTo MyKHaTUHW, NPOCIOMAKM UMK KapCTOBE BbB BApOBULM UIK
con. lNpogmnute obaye He AaBaT MHAOPMALMSt OTHOCHO
kayecTBaTa Ha HapylleHusTa (OTBOPEHOCT Ha MyKHATMHWTE,
HanMume Ha MbITHEeX B TAX U HEroBWS CbCTaB).

N3YNCNABAHE OTBOPEHOCTTA HA MYKHATUHUTE

3a a MoXe [a ce YCTaHOBW OTBOPEHOCTTA Ha MyKHAaTUHUTE
e HeoBXoAMMO No- AeTairNeH aHanua Ha pagapHNs curHan

Teopus

KoethMUMEHTLT Ha OTpaeHue Ha MOBBLPXHOCTTa Mexay fABe
nony Ge3kpaiiHu cpegn ce onpegens oT dyHKuMs Ha Bpost

BbJTHU k
ki ks

27T (1)

kbpeto ki, k, npeacrasnssat 6posi Ha BbIHUTE, KOUTO
“MaT OTHOLLEHWe KbM cpegaTa (1) u cpeaara (2).

Bpos € CBbp3aH C ENeKTpuYeckUTe U
LVeneKTpUYeckuTe CBONCTBA Ha cpefaTa NnocpeLcTBOM:

keoes

KbAEeTO  npeacraBnsaBa MarHUTHaTa NpoBOAMMOCT
£e KOHCTAHTA Ha ANENeKTpU4Ha NPOHNLaeMoCT

BBJIHK k

(2)

dakTnyeckata [WeneKkTpuyHa npoHMUaemMocCT 3aBUCK OT
yecrtoTara. PaﬂapHMﬂT CUrHan e LNPOKOBBLITHOB U TpH6Ba na
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Ce AbPXM CMeTKa 3a Tasn 3asucumocT. MogensT Ha Jonscher
C Tpu napameTbpa Ce W3Mon3Ba 3a OnpefensHe Ha
yecTOTHaTa 3aBUCUMOCT U (hakTUyeckata [AUEeNneKTpuYHa
1977).Tosa o3HayaBa, Ye ca

npoHuuaemoct  (Jonscher,
HeoGxomuMmu 3 napaMeTbpa 3a [a Ce ONUILE NENeKTPUYHOTO
noBefeHe Ha 3ambnBalins MaTtepuan. lopagu YecToTHaTa
3aBMCMMOCT Ha (bakTudeckaTa [AMEeneKTpuyecka npoHu-

LlaeMocCT, KOGd)VILWIeHTbT Ha OTPaXeHne € CbLlOo 3aBUCUM OT
yecToTarta.

EanH ToHBK Cnoi ce xapakTepuanpa ¢ aebennHa no- Manka
OT BepTMKanHaTa paspeluaBalia crnocobHocT. BbamoxHO e
OTPaXeHWeTo fa Ce OTAenM UM 3a [BeTe MOBLPXHOCTU.
KoednumeHTbT Ha OTpaxeHue, KOWTO Bb3HMKBA MPU ThbHBK
cnoit (<0/2) oTroBaps Ha cymaTta OT OTpaXeHusTa OT BCsKa
OTAenHa NOBbpXHOCT. TOBa € CrcTpupaHo Ha durypa 7
(Hollender and Tillard, 1998).
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kbpetod = 2k,d € w d npeacraensea WwupounHata Ha
nyKkHaTMHaTa.
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Queypa 7. KoeghuyueHm Ha ompaxeHue npu MbHBK CiOU.

KoenuneHTsT Ha OTpaxeHue e npeacTaBeH Ha durypa 8,
a Ha durypa 9 e npefcTaBeHa NykHaTUHA, 3aMbIIHEHA CbC CyX
NACHK (NepdekTeH OMenekTpuyeH matepuan ¢ OTHOCUTEMNHa
NPOHULLIAEMOCT paBHa Ha 2,5) 1 CbOTBETHO C rnHa (MPoBOAUM
MaTepuan C OTHOCWTENHA MPOHMLAEMOCT paBHa Ha 55).
[ObmkiHata Ha BbMHATa NpU [MMHaTa € fo- Manmka oT
ObIKMHATa Ha BbrHaTa npu nsacbka (npu 1GHz, gbmkuHaTta
Ha BbIHaTa Npu NACbKa W rMKUHaTa ca CbOTBETHO PaBHW Ha
0.19 m 1 0.04m). PasnunyHuTe KpUBM OTTOBapST HA NPa3HUHK C
Hakonko pasmepa (1mm, 10mm, 50mm and 100mm). B
cnyyai, Ye maTepuanbT, 3ambiBall MPasHUHUTE € CyX MACHK,
chopmata Ha kKoeuUMEHTa € NMUHEHa KakTo (hyHKUMSTa Ha
yectoTata 3a nykHaTuHu ¢ oTtBopeHocT 1mm u 10mm. 3a
NYKHATWHU C TONsIM OTBOP, KOE(MUUMEHTLT A0OMBA KpalHu
cToiHoCTM. KoraTo ce kacae [O MyKHAaTUHW, 3ambilHEHW C
[MMHA, CaMOo KpuBaTa KOSTO kacae NyKHaTUHM C OTBOPEHOCT [0
1 mm e nuHenHa yHKUMA Ha yectotata. Kpueute, KouTo
OTrOBapSAT Ha MO- LIMPOKW MYKHATWUHM Ca U3NpaBEHH, KOeTO ce
LBITKM HA NPOBOAVMMOCTTA Ha IMMHNTE.

®urypnte ACHO NOKa3BaT, Ye KoeuUMEHTa Ha OTPaxXeH e B
YECTOTHWS OManas’oH € MHOTO YYBCTBUTENEH MO OTHOLLEHWE
CBOWCTBOTO HamnykaHOCT (OTBOPM M 3ambfiBally, MaTepuan
XapaKTepuaupaH OT ANeneKTpUYHaTa KOHCTaHTa).
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Queypa 8. KoecuyueHm Ha ompaxeHue 8 YeCMomHUSsI
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Belue npeanoxeHo Aa ce U3cnensaT pagapHUTE OTpaxeHus
B YECTOTHWS [ManasoH C Offef XapakTepusupaHe Ha
nykHatuHuTe (Grégoire, 2001 a; Grégoire, 2001 b).

annO)KEHMe Ha UHBEPCUOHHUA MeTOA Npu peanHwu AaHHU

BAxa HanpaBeHM eKCTIepUMEHTW Aa ce CcuMynupar
MyKHAaTUHU C OMpeferneHn CBOICTBa Mexay Asa broka oT
BapoBuK. CuMynupaxa ce NykHaTUHU C pasnuyeH OTBOP M C
pa3nuyeH 3ambnealy matepuarn. Tesu U3vMepBaHus Lensxa aa
MPOBEPAT  TEOPETWUYHO  OrpeferneHns  KoedMLMEHT  Ha
oTpaxeHue. B pesyntar Ha Tean onuTn Gelle paspaboTeH
WHBEPCUOHEH METOA, KOWTO [a ce npurara KbM pafapHuTe
OTpaxeHWsl 3a 4a Ce onpeaenit OTBOPEHOCTTa Ha NMyKHaTUHIUTE
W BMOLT Ha MaTepuara, KOWTO M 3ambriBa.(thakTudecka

QVENeKTpUYHa KOHCTaHTa onpeaeneHa no 3 napameTbpa,
Jonscher).

3a fa ce uanuTa MHBEPCUOHHMS MeTog Bsixa HanpaBeHu
[OMbIHUTENHN M3CnenBaHns B pyaHuka Werra ot kombuHata
K+S KALI GmbH. /HBepcnoHusT Metog Belle npunoxeH npu
pafapHu OTpaXeHWs C Orned OnpefensHe Ha CbLiecTBy-
BalluMTe MNyKHATUHW B TOPHULLETO Ha MWHHU Vl3p860TKI/I
(Grégoire and Halleux, 2002a). Tean nscnegsaHus Lensxa ga

FOOMLIHMK Ha MuHHo-eeonoxkus yHueepcumem “Ce. Mear Puncku’, mom 46 (2003), ceumnk II: [JOBMB U IIPEPABOTKA HA MUMHEPAJTHV CYPOBUHU

19



Ce BWAM BNMSHUETO Ha CKOPOCTTA Ha MOJyyaBaHe Ha [aHHUTe
W [1a Ce OLIEHM BINSHUETO Ha PA3CTOSHUETO aHTeHa- FTOpHULLE
BbPXY KAa4eCTBOTO Ha MONy4eHUTe AaHHN.

Cratnynute (aHTeHa (uKcMpaHa npy e4HO MOMOXEHWE) W
AUHaMUYHM JaHHu (Mpy ABWXKeLLa ce aHTeHa) 6axa cbbpaHm B
ABe MUHHW M3paboTku B pyaHuKka. M3nonssaxa ce ABa Buaa
pagapHu cuctemu (aHteHa 900 MHz Gssi u aHTeHa 1 GHz
Ramac). B aBete u3pabotku Bsixa npegocTaBeHm 3a nonasaHe
15 coHpaxa 3a 4a Ce CPaBHAT MPecMeTHaTUTe OTBOPU Ha
nyKHaTMHUTE C (pakTyeckn cbluecTayBalumTe. OTBOpUTE Ha
nykHaTUHUTE Bapupaxa ot 1mm go 90mm B MHOro CoHaaxu
MOXexa Aa Ce BWASAT CMOXHW CUCTEMM MYKHATMHW, KOWTO Ce
Xapaktepuaupaxa C MyKHaTiHW, PasmnonioXeHn MHOro 6mm3o
egHa Ao Apyra. MUHMManHOTO pascTosHWe Mexay mnykHa-
TUHWTE, KOETO MOXelle Aa ObAe onpedeneHo chbBnagalle
BepTUKanHata paspellasalla cnocobHocT (62mm 3a comnTa
npu 1GHz).

[OuHamnyeH npodmn e npeacraseH Ha durypa 6. MocoyeHo
€ MECTOMOMOXEHUETO Ha COHpaxuTe. [TbpBOTO OTPaXeHUe Ha
eHeprus e oT ropHuLleTo. OcTaHanuTe OTpaXeHUsl OTroBapsT
Ha CbluecTByBaWmTe nykHaTuHW. OT npodmna Moxe ga ce
BMOM, Y€ amnnuTydata Ha OTPaXEHWETO CE MPOMEHSI MHOMO
Obp30 npu nmpomsHa Ha aucTaHuusTa. [poHuuaemocTTa B
ConTa € oKono 3m.

/HBEPCHOHHMST MeTof Belle NpUNoXeH Npu reopafapHuTe
W3crneaBaHus 3a Aa Ce Orfpedenu mbpeaTta CaMOCTOSITENHA
nykHaTWHa B ropHuweTo. 3a pedepeHTeH curHan 6eue
MpUeTo OTpaXeHWeTo OT TaBaHa Ha wapaboTkata. CurHambT
MMalle BUCOKO OTHOLIEHWE CUrHam KbM LUYM Mopagn KoeTo
fewe MHOro cTabuneH C U3KMKOYEHWE HapylLeHWs B
ropHuLleTo. [uenekTpuyeckute napameTpu Ha comnTa Gsixa
n3secTHun (1= 5.85, 1= 0.5 mS/m), nopagu KoeTo Moxaxa fa
OboaT HanpaBeHM KOPeKUWMTe Ha CurHana 3a Bbagyxa W
conTa. Korato mbpBaTa nykHaTWHa Gelle MHOTO TscHa ce
aHanuaupalle BToparta.

PesyntaTtite, nomyyeHu creg npurnaraHeTo Ha MHBEp-
CMOHHMS MeTOZ ca npeacTaBeHu Ha urypa 10. MoseyeTto ot
T4X Ca 3a40BOJIUTENHWU, HO CbLLO Taka bsxa NONy4YeHU 1 HAKOU
He3a0BONMUTENHM pe3ynTaTh. ToBa MOXe Aa ce 0BsCHM ¢
MPOCTPaHCTBEHATa N3MEHYNBOCT Ha MyKHATWHUTE (NO3WLMATa
Ha npodmnuTe He Gelue TOYHO OnpeaeneHa), NyKHaTUHUTE He
crefBaxa HKakbB MOPSAbK, CNOXHA cUCTEMA OT MyKHATWUHM
pe3ynTaT Ha HSKOMKO Pa3KbCBaHMsl, KaYecTBO Ha pedepeHT-
Hus curHarn. ToBa Moxe Aa e craba cTpaHa M Ha camus MeTog
B CMyyau, MpW KOWTO OTpaxaTenHata crnocobHOCT He mpuTe-
aBa YyBCTBUTENHOCT, KOSTO Aa OTrBaps Ha BapuauusTa Ha
OTBOPEHOCTTA Ha  MyKHATMHUTE (Grégoire, 2001 a).
[ocToBepHOCTTa Ha [OaHHWTE MOXe Aa ce mogobpu mpu
Nnon3BaHe Ha CTaTUCTU4ECKM aHanus. anpekm, Yye MeToabT He
e nepdekTeH, Toi No3sonsBa nopgobpsisaHe MO3HaHWEHO 3a
HaNMYHUTE NYKHATUHN.

SAKITFOYEHNE

Bb30cHOBa Ha HAKOMKO MpYMepa Ca NokasaHW Bb3MOX-
HOCTUTE W OrpaHUuYeHWsiTa 3a MpuraraHe Ha papapHaTa
TEXHUKA B OTKPUTUS W NOA3eMHWs [o6uB. MeToabT € edu-
KaceH 3a OTKpWBaHe Ha MyKHaTWHW, MPOCHOMKM B MONE3HOTO
W3KOMAeMO M 30HM Ha MPOMEHEeHW CkarM B CPeau Kato
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BapoBuUM M con. MoraT ga ce nomyyaT M3obpaxeHus Ha
TEONIOKKM HapyLIEHWs Ha HenpekbcHaToCTTa Ha Ccpedata.
[lbnbounHata, 4O KOSTO MOXe fAa Ce MPOHWKHE 3aBUCU OT
W3Mon3BaHaTa YecToTa W e pasnuyHa 3a PasnuYHUTE CKaHK
cpeau.
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Queypa 10. Pesynmamu om npunazaHe Ha UH8EPCUOHHUS
memodu nonyyeHama uHgopmayus 8 pyoHux Werra.

3a [1a ce xapakTepuaupa HanykaHocTTa Gelle aHanmanpaHo
YECTOTHOTO CbAbpXaHWe Ha PagapHOTO OTpakeHue M
CpaBHEHO C pedepeHTHUS curHar. OTBOPEHOCTTa Ha MykHa-
TUHWUTE U MaTepUaTbT, C KOITO T€ Ca 3amb/IHHEHN He MoraT fja
Ce OmnpefensT eaHOBPEMEHHO KOraTo OTBOPBT Ha MyKHATUHITE
e TBbpAe MambK B CpaBHEHMe C AbMKWHATA Ha BbHaTa.
CbOTHOLLEHMETO 3aBUCK KAaKTO OT M3ron3BaHaTta 4ecToTa,
TaKka 1 OT BUAA Ha 3aMbnBalus MaTepuarn.

3a onpefiensHe Ha HanykaHOCTTa M OTBOPEHOCTTa Ha
MyKHaTUHITE in-Situ B TOPHULLETO Ha MUHHA WU3paboTka Gelue
MPUMOXEH NHBEPCUOHHNAT MeTOA. TMoBeYeTO OT pesynTaTute
Ca 33[0BOSMTENHW, HO Ce TMOMyyMxa M HsKOM Hesado-
BONUMTENHN. TOBa MOXe f1a Ce 0BSACHH C reonokkuTe thaktopy,
HO MOXe [a € U B pesynTaTa Ha HEeCbBBbPLUEHCTBA Ha MeToaa.
[locToBEPHOCTTa Ha Te3W pesynTaTit MOXe Aa Ce MOBULIN MpU
W3MON3BaHe Ha CTaTUCTUYECKM aHamnus.
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APPLICATION OF GROUND PENETRATING RADAR IN A MINING ENVIRONMENT

Grégoire C., Halleux L., Vervoort A.

KU Leuven, Department of Civil Engineering,

Kasteelpark Arenberg 40, B-3001 Leuven, Belgium
ABSTRACT
The possibilities and limitations of the ground penetrating radar in quarries and mines are illustrated, using several examples. First,
the radar was tested in limestone quarries and in a salt mine to detect karsts (in limestone) and fractures (in both media). In the
limestone quarry, the medium velocity could be estimated using a common-mid-plot acquisition. Second, an inversion method based
on the frequency content of the radar reflection was developed to characterise the fracture properties (filling material and opening). It
was first tested on experiments using limestone blocks with controlled fracture properties. The radar signal analysis showed that
both the opening and the filling material could be estimated, if the openings are not too small compared to the wavelength. The
inversion method was then applied to in-situ data registered in a salt mine to estimate the opening of open fractures present in the
roof of the drifts. Boreholes were available to compare the estimated opening with the real opening. Most of the results were
satisfactory, although some poor results were also obtained. It can be explained by geological factors or it can also be due to the

method itself.

INTRODUCTION

The radar method is based on the propagation and reflection
of high frequency electromagnetic waves (20MHz-2GHz). The
technique is widely described in Daniels (1996). The radar
method provides images of non-conductive media at shallow
depths. The reflections are due to a contrast in the dielectric
properties. The radar pulse has a large bandwidth to achieve a
high resolution. The penetration, which can reach several tens
of meters in resistive environments, decreases when the used
frequency increases. The quality of the profiles is well
improved by using processing techniques like filtering,
automatic gain control, background removal and migration.

The principle of the method used at the surface is presented
in Figure 1. A transmitter antenna and a receiver antenna are
moved along a profile with constant transmitter-to-receiver
offset. A planar reflector will give a planar event on the radar
profile. Heterogeneities (e.g. a hole) with smaller dimensions
than the wavelength result in a hyperbolic event on the radar
profile. The method can also be used in reflection from a
borehole or in transmission between two boreholes. In the first
case, the analysis provides an image of the discontinuities
around the borehole. In the second case, the analysis provides
a map of the velocities and attenuation between the two
boreholes. The velocity of the electromagnetic waves can be
estimated by permittivity analysis of samples in laboratory. In-
situ the medium velocity can be estimated by a common-mid-
point (cmp) acquisition, whereby the distance between the
transmitter and the receiver increases with regular steps during
the acquisition. Discontinuities parallel to the surface will result
in a hyperbolic event on the cmp plot. The shape of the
hyperbolic events is related to the propagation medium
velocity. Flat hyperbolas correspond to media with higher
velocity. For a same velocity, deeper events are also more flat.
Using those considerations, it is possible to estimate the mean
propagation velocity with a satisfying accuracy. With the
knowledge of the velocity, the time scale can be converted in a
depth scale. The electromagnetic waves are attenuated by the
medium. For very conductive media, the method becomes
non-effective (e.g. in clay, loam).
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Figure 1. Principle of the radar method.

APPLICATIONS

The radar method is effective to detect discontinuities
(fractures, bedding planes, lithologic contacts,...) in resistive
media such as limestone, granite, salt,... (Dubois, 1995;
Halleux, et al., 2000). The penetration and the resolution
obtained depend on the used frequency.

In a first test, radar data were collected in limestone to
detect and locate open fractures (Grégoire and Halleux,
2002b). The 100MHz radar antennas were used to insure a
good penetration. The profile is presented in Figure 2. A
penetration of about 20m could be obtained. A first fractured
area was located between 5m and 10m from the surface. The
individual fractures within this zone could not be differentiated
due to the resolution. A reflection corresponding to an isolated
fracture appeared at about 350ns on the radar profile
corresponding to a depth of about 17.5m.
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Figure 2. Radar profile carried out in limestone. The
frequency used is 100MHz.

The velocity of the electromagnetic waves in the limestone
(100mfls) was established using common-mid-point
measurements (Figure 3). On Figure 3, the first event
corresponds to the direct wave propagating from the
transmitter to the receiver without penetration in the
investigated medium. Two groups of hyperbolas can be
observed on the c¢cmp plot. The first group corresponds to
reflectors in limestone. The second group corresponds to
obstacles at the surface. The hyperbolas are flat due to a
higher propagation velocity in air. The shape of the first family
of hyperbolas is used to determine the velocity of the
electromagnetic waves in limestone (in this quarry 95-100
m/ls).
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Figure 3. Common-mid-point plot in limestone (100MHz).

Another example shows the ability of GPR to
detect and locate karstic areas in a working
limestone quarry of ornamental stone. The stone is
locally called ‘Petit Granit. The ‘Petit Granit’ is a
compact encrinidic limestone from the Tournaisian
serie. The operator in the limestone quarry was
interested in the detection of possible karsts prior to
the excavation (Grégoire and Halleux, 2002a;
Grégoire and Halleux, 2002b). Such analysis allows
to estimate the volume of good limestone which can
be extracted. Several areas in the quarry were
investigated. The frequency which is chosen for the
measurements depends on the location in the

quarry.

The first investigated area was characterised by
the presence of a thin clay layer at 4m depth. The
penetration below this layer was not possible. The
900MHz antennas were used because they insure a
penetration of 4m and to improve the resolution in
the investigated area. The first profile (Figure 4) was
registered in an area where the limestone was good.
The radar profile was compared to the different
limestone banks present in the quarry. These banks
are characterised by different limestone quality
(Figure 4 at right) and are separated by very thin
bedding planes. The horizontal events on the radar
profile correspond to these bedding planes.
Although these reflectors are very thin (order of size
of millimetres), they were detected by the radar. The
event located at 50ns does not correspond to a real
event in the ground. It is a multiple of the reflection
at 25ns.
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Figure 4. 500MHz radar profile carried out in limestone (left).
Comparison with the stratigraphy of ‘Petit Granit’ (right) and
various banks present in the quarry.

The second radar profile (Figure 5) is carried out in the same
quarry but in a different area where karsts are present. The
reflections are due to contrast in permittivity between the
limestone and the altered areas. The shapes of the reflection
are due to the irregular interfaces of the discontinuities. From
the radar profile, it can be deduced that the karstic areas are
filled with a conductive filling material (mixing of clay and
sand). Indeed, the signal is very attenuated below the
reflections. This signal attenuation can also be observed on the
discontinuity of the reflection corresponding to the clay layer.

Radar profiles were carried out in two
perpendicular directions in order to get a good
coverage of the investigated area. After processing
and analysing of the profiles, the location of the
karsts was mapped in 2D with information about the
extension over depth. The analysis of a radar profile
allows the determination of extension of a karstic
area with depth but not a decrease of the size of the



karstic area. This interpretation could be verified
after extraction. It was quite satisfactory, except for

an overestimation of the karstic areas.

Another example of the use of the radar technique is
situated in a salt mine. The radar is efficient in salt to image the
fractures or geological discontinuities (Halleux, et al., 2000).
Two years ago, a trial was conducted in the Werra mine of K+S
KALI GmbH to use the ground penetrating radar as a possible
method to detect fractures in the roof of the drifts. These
fractures sometimes occur in horizontal bedded salt up to
approximately 3 m above the roof because of stress relief due
to mining. When fractures are detected, the roof has to be
scaled mechanically or anchors have to be installed to prevent
blocks falling. The early detection of these fractures is
therefore very important. A car is equipped with a control unit
(4 channels) and a hydraulic arm to lift a maximum of 4
antennas near the roof of a drift. Two 900 MHz Gssi antennas
are installed. A working distance of 0.5 to 1m from the roof
gives a satisfactory signal quality. The survey speed is about
15km/h so that an extensive survey can be realised in a
relatively short time period.
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Figure 6 shows an example of radar profile registered in the
salt mine. A penetration of 2 or 3m is obtained in salt. The first
reflection corresponds to the reflection of the roof of the drift.
The reflections which are indicated by an arrow correspond to
fractures present in the salt.
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Figure 6. Radar profile carried out in a salt mine at 1GHz.
The antenna is not located against the roof of the drift.

These examples have shown that the
radar method was effective to detect and
locate discontinuities like fractures,
bedding planes, or karsts in limestone and

salt. Nevertheless, the analysis of the

profile does not give information on the

fracture properties (opening and filling
material).

ESTIMATION OF FRACTURE OPENING

In order to characterise the fractures, a more
detailed analysis of the radar signal is required.

Theory

The reflection coefficient at the interface of two
semi-infinite media (1) and (2) is defined in function
of the wavenumber k:

: ki- k>
2 Bt ks

(1)

where k:, k, are the wavenumbers related to
medium (1) and medium (2).

The wavenumber % is related to the electric and
dielectric properties of the medium by:

k=t 2)

where [ the magnetic permeability
0 « the effective permittivity

The effective permittivity is frequency dependent.
The signal radar being broadband, it is important to
take into account this frequency dependence. The
Jonscher model with 3 parameters is used to
characterise the frequency dependence of the
effective permittivity (Jonscher, 1977). It means that
3 parameters are required to describe the dielectric
behaviour of a filling material. Due to the frequency
dependence of the effective permittivity, the
reflection coefficient is also frequency dependent.

A thin layer is characterised by a thickness smaller than the
vertical resolution. It is not possible to differentiate the
reflections on both interfaces. The reflection coefficient due to
a thin layer (<0/2) corresponds to the sum of the reflections on
each interface. This is illustrated on Figure 7 (Hollender and
Tillard, 1998).

-ip
. R,+R,.e
12 -ip
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(3)

where¢ = 2k,d and d the fracture width.
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Figure 7. Reflection coefficient due to a thin layer.

The reflection coefficient is represented on Figure 8 and on
Figure 9 respectively for a fracture filled with dry sand (perfect
dielectric material, relative permittivity equal to 2.5) and filled
with clay (conductive material, relative permittivity equal to 55).
The wavelength in clay is smaller than the wavelength in sand
(at 1GHz, the wavelengths in sand and clay are respectively
equal to 0.19m and 0.04m). The different curves correspond to
several openings (1mm, 10mm, 50mm and 100mm). In the
case of dry sand as filling material, the shape of the reflection
coefficient is linear as a function of the frequency for fracture
openings of 1mm and 10mm. The reflection coefficient
presents extremes for larger openings. In the case of a fracture
filled with clay, only the curve related to a fracture of 1mm is
linear in function of the frequency. The curves corresponding to
larger openings are smoothed due to the high conductivity of
the clay.

The figures show clearly that the reflection coefficient in the
frequency domain is very sensitive to the fracture properties
(opening and filling material characterised by the permittivity).
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Figure 8. Reflection coefficient in the frequency domain due to
a thin layer filled with dry sand.
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Figure 9. Reflection coefficient in the frequency domain due to
a thin layer filled with clay.

It was proposed to study the radar reflections on fractures in
the frequency domain in order to characterise the fractures
(Grégoire, 2001a; Grégoire, 2001b).

Application of the inversion method to real data

Experiments were carried out to simulate fractures with
controlled properties between two limestone blocks. Fractures
with various openings and various filling materials were
simulated. These measurements aimed to test the theoretical
formulation of the reflection coefficient. From this analysis, an
inversion method was developed to be applied to the radar
reflection to estimate the fracture opening and the filling
material (effective permittivity characterised by the 3 Jonscher
parameters).

To test the inversion method on in-
situ data, complementary testing
measurements were carried out in the
Werra mine of K+S KALI GmbH. The
inversion method was applied to the radar
reflections to estimate the opening of
fractures present in the roof of the drifts
(Grégoire and Halleux, 2002a). These
measurements aimed also to see the
influence of the acquisition speed and to
evaluate the effect of the antenna-roof
distance on the data quality.

Static (antenna fixed at one position) and dynamic data
(moving antenna) were collected at two sites of the mine. Two
radar systems were used (a 900MHz Gssi antenna and a
1GHz Ramac antenna). Fifteen boreholes were available on
the two sites to compare the estimated fracture openings with
the measured fracture openings. The fracture openings vary
from 1mm up to 90mm. Complex fracture systems,
characterised by fractures located very close to each other,
could be observed in several boreholes. The minimal distance
to separate the fractures is the vertical resolution (62mm in salt
at 1GHz).



A dynamic profile is represented in Figure 6. The location of
the boreholes is indicated. The first energetic reflection
corresponds to the reflection on the roof. The other reflections
correspond to fractures. It can be observed on the profile that
the reflection amplitude can vary very fast with the distance.
The penetration in salt is about 3m.

The inversion method is applied to the radar
measurements to determine the opening of the first
individual fracture in the roof. As reference signal,
the reflection on the roof is chosen. This signal has
a high signal-to-noise ratio and is quite stable,
except in areas with irregularities in the roof. The
dielectric parameters of the salt being known (I=
5.85, 1= 0.5 mS/m), the corrections related to the
propagation in air and salt can be applied to the
signal. When the first fracture is very thin and not
detectable, the second fracture is analysed.

The results of the inversion method are presented
in Figure 10. Most of the results are satisfactory
although poor results are also obtained. It can be
explained by the fast spatial variation of the
fractures (the position of the profiles was not
accurately defined), the irregularity of the fracture,
the complex fracture systems composed of several
fractures or the quality of the reference signal. It can
also be due to the method itself for opening ranges
where the reflectivity is less sensitive to opening
variations (Grégoire, 2001a). The reliability of the
results should be improved using a statistical
analysis. Although the method is not perfect, the
knowledge of the fracture is improved.

CONCLUSION

The possibilities and limitations of the radar technique in
quarries and mines are illustrated, using several examples.
The method is efficient in media such as limestone and salt to
detect fractures, bedding planes or altered areas. Geological
discontinuities can also be imaged. The penetration depends
on the used frequency and is particular to each site.

The frequency content of the radar reflection was analysed
and compared to a reference signal to characterise the fracture
properties. An inversion method was developed and first tested
on laboratory experiments with controlled fracture properties.
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Figure 10. Results of the inversion method applied to the radar
data collected in the Werra mine.

Both the opening and the filling material can not be
estimated if the openings are too small compared to the
wavelength. The ratio depends on the used frequency and on
the filling material.

The inversion method was applied to in-situ data registered
in a salt mine to estimate the opening of open fractures present
in the roof of the drifts. Most of the results are satisfactory
although poor results are also obtained. It can be explained by
geological factors or it can also be due to the method itself.
The reliability of the results should be improved using a
statistical analysis.
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