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ABSTACT

Thi s masterés thesis proposes a methodol ogy
measurements applied in inclined borehol es c
exi stence of the boreholes progi dessaddmeéenbdas:;
combined investigation would benefit the find
not directly applicable to these arbitrarily
|l ectrode easaysi soevsdeht. I n this study, sch

e
protocols can be created for these measur emen:

For this purpose, an algorithm was designed
full and optimized datasets compatible with

designed to render the algoeithmhaodki tompTeka

o

uring the development of the code was to make

The algorithm was tested with numerous synth
borehole's inclination, unequal spacing betwe
created and inverted f or tbaosteht st.h eSofmel lofa ntdh ecste
di scussed in this thesis. Laboratory experi me.
applicability. For this purpose, a structure
i nsertedwdtndro t ank. Some targets with differ.e

generated protocol s.

Finally, it was feasible to apply this algor
boreholdeas Iwerde in the walls of the Rotunda chu
to investigate the interior of the walls wusin
given. Since the primary puripaosoen waust ntoot vteor ief

utility, only some of the results of the inve:

According to the results, the algorithm was
electrodesufhbacehaoabebehehel array), and the pr

depicted the investigated area.
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Mme®ewo Cl /.9

l'n this master's thesis, the electrical resi
surveys occur with gheuebdéstsodésacpl aBead, adue
field, many surveys have also been conducted
bet ween two parahdled) .boTrheihso | cesmb(icnreods si nvesti g:
therbholes are closer to the desired target e
area. I n many cases, the drilled boreholes ar
various degrees of inclinasilbhnhe @®asthieng-epdot

surface -borkboéebkbokenfigurations with differen:

For this reason, and since the standard conf
geometry, it was attempted to create an -algor
surf ace amnar eéolbalechomecasur @manigor i Then dcaVv €lud md e s
of the electrodes depending on the borehol e's
to fbwamda opti mized protocol

This algorithm was evaluated and tested for

borehole and the surface [/ second borfeundodlde el

optimized protocols. The resulting protocol s
and with field measurements. Especially for t
the full protocol 's reseotss wawstfudt meni gdh esct

according try,eanh ageempt was made to specify
The outline of the thesis is as foll ows:

T The theory and basic principles of t he ¢
refermdds presentation included the ways
geometry of the common el ectrode configu
process.

T The presentation of the generated al gorit

a full and optimized protocol
T The results of synthetic models and | abor
applicability of this algorithm.



f Lastly, the outcomes of apwhwieochkrg coomidacaled
wall s of Rotunda church i n Thesswalsonfiukrit,h

determined.
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This chapter presents some basic conmedtudi aa
t hbeasi c, tthe®riyes,i stthevidlye atrrriagasl resistivity t
t haer rogyt i miTzhaitsi oinnf ea imyt f cocrmwcsreade pftosr mehdaits hé obas

creation of the algorithm and the processing

The basicontheosythe equations that |l ead to
explhhamhee aanernd s ar.S&omequwifr edhe stanfdam dt he ss g
are pr,@&msenttlea pr op o sheodneaarsruaryesmefnotrs darnaest sa étshaeo r e ;
data acquisition umdorga pehkxyp tidsfoirecddlv erre s itshtei voiatsyi
the inverasndna@mey es@itd arhi rziag ureesh ewirleld .b e

HOEM aA 0 (GKS2NE

The electrical me t h ont hcea nd ipsrtorvii bduet iionnf oarfmad li &
groundceinscsestist of geol ogical formations and m:
to this discriminati on, it i's possible to me:

expected formate onmasciorfjsdthece car@Quin mlehttwo( el ectr
measthespot entusailnogditlfefroe reed re€€er odesy(Fi g, e bal b
resi g¢(@hwm)tyis given by the equation:

va 21

0
wheRO®hM is t heS ramsihgtiamcer;desc tcirpesesll (asn)liad n.gt h
The electrical resistivity depends on many f a
nature (mineralogy, particle size distributiol

encl osed flui dSamodwkitt adB@POBgt ur e
T3 kA "'- ‘;'r.-‘,fc;:m

\
\.e

Figre Cylindrical boeycdfi olnemad gtalr ela &nd cr
Thecirperoofc@as i stsi veiatlyl ed 0 Gohalmud t d & 8§ cnyaitbeersi atl s a b

conduct an electric current

T 2.2

Al s o, according to Ohmés | aw the electrical r



'Y (A) 2
0 3

wheV(eVi)s t heamat ént(iAal i s the current.

ConsadlRomogenous arpdacnédhoeir epieCt h aldishgepd ac & d
t heel ecéquicpbtenti al st lreess upamiensgpdweali ctso s o

"0
— 2.4

¢l

Wheries t he riesshies tciawmidtaymtealdi us of tWhee nh e nhies pehl eerc
arbeuri edgirouotdbhemi nat or4cohfa neggdisastiioome t he equi

turn spherical

As menti onepgdotadrotvieg! tdief f ecences me & $u rbdmnee nitn
el ecturcFabt . el ecntereoddeeds faore t hi s measur ement .
el ectarnoddreegsM and N) are t hleesipon stindee ad n @FEmgmir e d
22Accor di ng 24toh ee quoattd otni alAClamdph® nt M due to
®

~— T 25

Op p
60 6

Cc
C

hh| S

wheAMand BM ar e t hfer adm sA aanncde sB ol & adMos & terleoegN vy .

, "0
w - 1 i 2.6
¢ 00 00
A M M B

£ = 7 a7y
FigBX e Arbitrary arrangemétatn do)fB a2n dc urwoe npto teelnetcitarl o deel

Sot,aking into consl3sdezbatt be pbeestguati dnéferen

o Jop P P P 27
¢ 00 60 00 60
Sol vipntgh & oe @ubaet ci conme s
o ¢ 0 2.8
© p P P P O
oL ouv oL oV
K is the geometric factor that depends on the



Due to the fact that the underground is not
el ectrical reag st svecayl edli sjpahatr tepehpr esent s an
resistivities of the for mat iToon so bitnaipnt sticheet atwridu e
the grdthred data should undergo the inversion p

HAOWS aAdaoadAGe | NN éa
Sur fMecaes ur ement s

As mentioned abbuwoteakia gp rnmerassquuiesrmietng s ifsoutrhe
el ectprl m@desiown pds&edbrehnseabpbygojutbidbaamsdboumovi ng th
el ectirnodtelsweultcdsBabmoot e Fr®orve hi ssredeorseapdact.ii
i n the sftiaemhdda t da rcrad ypsr ed réeotrhaate a s ur .eSmecrht sar r ay s ¢
Wenner, Sc Dipwiperl ddet t-gpa @i eathail ry applied for

measur.ement s
Wenner

Il nhis array, theplcaocorenheabect hedp st tome dtahbe
i nsasseshbwg3Tehesipradiema al , BN=sMNbket apparent r e:c
calcul ate®8bgplkghbandgiontcaéances with

W w “ 29
_— U _—
M o) o) (G

Schl umberger

Thel ectrodeas tahwde npderarbaeyt t hei r & fhat ic negl redeir ftrf oedre
ar et hdm st ancel,equael ptoa eZatriem hdeieslt&gcatardodelslTh e
apparent ca&lscusltatved yby s

A, 36 210

¢ G
Di pdi eol e

The currediBt) dinp dilhgesy afrarbaeyd t he pot-Enti @aheddpp
have the scaeme asgeama mat, eidnmeigtedrfp | teh e i dri sstpgar&ci en, g
Thapparent resistivity results from the equat:.i

I N 36
M Al p o CA? 211



LI P 2 WENNER
A M N B
«— >51 —»]ets]«— >51 —»| SCHLUMBERGER
< L >
A B M N
a_le na » le2 DIPOLE-DIPOLE

Fi gl ®chemati c psrceme nudasttti oo nonfon e Exda wWll®@y arr a

Mul t-Grpaldei e nt

Il n t he-gmualdti iemlt e ctohnef iegluercattrioodne s .atrde Ipel nagctehd iisn
i nto equades s evftimeertcsur r ent el ectrodes are situ
(Dahlin & Zhou, 2004; Malr @ tow eaenra dpe dtodamep ih & 2&Od 7i) |

altlhaev ai il mbédpmmsdll iIFo y&daen exampl e i st heehowbeCFobonde
are placed only i n,atnide afl-be stthecandp obabscti QoS i &T €
pot emlte@tlr od,est. he&olri mee2i s divided into two equ

posistiaoce now three and so on.

Fig4& el l |l ustr antoiloen Muyfrl aal ipdnmed s (oM ri tgeutr gaat B) 0oIn7.



CroHdobs e Measurement s

Ta eatrn ehwdneasur e mentbodr e hodée sc |sohsoell bddi sbteatntceer r €
i n arhkeat weenhd hWamnelr and rSaotipltu fmilieno @e¢ [ @& Gdol )
ot herhavealsejms uprhehirey eDieg@ln® |-Teipo ( Eoes & Me,ekes,
or BilpeBl pdlBea ng & Gr eeSdredfgh,leedeD 60V ) mo da pf p lieine da n
di fferent ii.nev.e dttedrghadmamibst b H attd e nebke|r.g2Q ldée)t e c t
anci en(tLewanltlasr aki s & Apostol opvebbosgal@lBhe su

pur poAlempanis, 2018)

Di p-®OI pol e

| hhcease ohoadecrmos aapge steobntfei gtuhrAaMBiNg n-$4 Ba nAB
MN, where thecfrodéestwpetihoet lbawve bor ghied 2Heeaadd
Accor ddonegs t&o (M p#ias r st t wo hcaowmd itghuer aatdi voannst a g e
el ectrodes baorreefldondedsi Ifdsea ethda t e Ttheatrpott e etl iealt r
wi || be signifid¢arhte drad kigeaAb sitolkeemoietaieV daw s wé en
t henvestrgated the two borehol es

Crosshole dipole-dipole

AM-BMN AM-BN AM-NEB AM-MNB
r 1. e
Al el TR ale ey i
Ml"= |s|~ A|., I in M [© |}B Al ||B
i M | a | l M| I
(¥ ‘ | ¥ | |\# | ¥
|| | | ] | | |
AB-MN AB-MN
] — 1
Al® |-|M Flm
Bl®| |I.N Flu
| N ::: i #A, B current electrodes
i | l\!-'| W oM, N: potential elecirodes
| LI
FigaF el l |l ust rcahtoidoenp-@ifeol e ¢ o.{Goiegsu réa tMe@denk e s

Bi p-Bl piol e

There are three indepenhtdelndg meoadurgameatdti p akietf |
arrfaMBN, -RB andINABing & Greelfhgb&@é&cc@ondiOng to
resedechjha&avwe tswiomi | ar +Hhed el me ablwe® eimibsatscosagan i f i
di fferences since i,andstbenpamsn@ginall wdist vemegn

( A, B: current electrodes; M, N: potential electrodes )

ﬂﬁi jﬁF Tﬁ
" ) " " ® ||B B‘ © "

FigR@Gell |l ustr ahtoiloen -Boifp oal ec rcoogndB i mgr &t Goemenhal gh,

-7-



PodTei pol e

| n t hter ippodjeet mrea@ayel ectrodes are sitonathd BBRC

(Figan.e n ¢dnfsi gur at i ongt weheen dtilreecaurlrienret el ect 1
creates a WwWiheranghe awi tlayers, thooulgd albtr edt
woul d | ocateGoés n&hbleekens 2004)

Crosshole tripole-pole

MMA-B ('short-normal resistivity log') A-MN B ('Meekes') MM A-B ('Meekes’)
—_ — B - - — "
M| (e|g al®l T Ef [* &
N [T | f| N !
a|? | | W W |
, | | |
v ' |
A |le |
| o | |

Fig%lel |l ustrat-hohedPoheteoss@ofeisg u& dMeigckne.s (

Il n many tcheegh, the boreholes thathenagpmreo mr
di st anc ehofl cker nteraossusrheembaertesae e s 0t hem c ammdetqulae el
For this reason, the need t dchacso beieme slerdr chmd ec
ihine measuremeheseatbeasiggmeade bbornehsl e, co
surface emagbeedawehseercdnd (blbeemtodreaki s & Apost
or the surface el ectliokesa as e dFamedge)iplevRdijeis i)z catnhd

cases, the camrfed dgiufriad d toinsn suscefd t heh ocalfeo aag sment i C

Hagof SOGNAROFf NBaAdea@AlGe G(G2Y23INIFLKE

El ectri catlonroggs(i&gRifipgy iwwiyd eimg a sisee me n tT h gart ébcheed u r e
advances in the development of instruments an
obt aicmiurigndlor mati on regardi ngThéRMmesaisbwsrued aa ep
resi saneiprnaspsseenudads ect imem,s awlpar eqitb € i v iptlyo tvtaeldu
bet weenr éathet ltepod readdhre ERThasecthenemueppl i ed i n m;
in cases where there was the need to detect wun
structures, determine fault zones and eval uat
andletect the bedf{De&Gubrebobtaler, t20832) s

Threumb erl exfttrhad e svi | | c dbnre ,desgpuginpdp Bhdg s o mawmamnti abi |
anability t.odhel atecthedes ,araemdplteheeddeivn ca It ial
aut omausicmg Ityhe FdegBfdeah adir raty. al ., 2014) shows
resistivity tomographyniliiBenguthentWeehectrcod¢é¢s

potenti al el ectrodes (M and N) are inamndet Ipe:s

-8-



potential di ff & hceemnad it ema,a gansngicndeitndt atceka nkeyd tht
1.Then aut,omurirceadtl yand potenti al el ect ywohdeerse ar
the measurement of Tthhres usceocmoeni dn ubeusl | udpto eubnetci il r st dhee
Thenthe spacing between the electrodes increa:
Only thihe tdiempdsh hneenacs weraesce p avii n thb lit ahcels enrobvdA glau Inl, e t
the electrofdels| gwismsgmh oinlt htthe measurements are

i's r epetaht e da awniltdhiet idoensiofed measur ement s

Measure 30

M N 8
Measure 17

[ 2a T 20 T 20 |
A " N s Resistivity -

Measure 1 Cable equipment

a a a
A M N B
1.2 3 4 5 6 7/8 9 101 12 13 14 15 16 17 18 1§
Lalelal | 1 Av) 1 ] |

i

Fi gB& e Examplee accfqui sition of mealsacttmenals we gk liedhive 2afine4

Onéenstrmarenftact ur ed measaob® a@adret ol a e | soundi

profiling syptem, m&ygstattured byt tIpRI/$ wwiwn

instrument-pEr.ac.gmt/ mlylstc ails capabl e oamame ansiur icrug r

injection 2500mA. A significant @ahcagrua csip ¢ & ibsat i
its ability to measure up to 1Dhe hanmed ismantt al

dawar e col Itehcitse d nésstgph®@mee nt (

Fi g% e The Siymstadumpdmtt was used for the acqui si

-9-


http://www.iris-instruments.com/syscal-pro.html
http://www.iris-instruments.com/syscal-pro.html

HANY OSNEAZ2Y

As mentighnhkee mbmowlereasgparenty, riecuestswvhsurface
Theri maroycess 1| mpraedpocysidnaitrheéouti on of the tr
based on the meawsiutrielms amppsatr ecd mincers & 8 o pi S atclieh
i nvepsioc®hses .i naemsfiionnslulmasur face rtlatstwvout d e
synt heti c wapmise galdo Jredsss dbhdeseud apean setovi t hes . t
f eastilbd ef or ward pr obfliernrsTihileo d lod veleoer d seqhirad datisesnt r i b
o f stuhbes urrefsai csavii tv mtetiatsess r .e mMenptesc i ,f X craé p 1y erseesnitsstsitvhie
di stribution antdhgnstotl buet meoans uorfe mehnet af roi,raddred hrad d

®w Y® 21 2

Theol utiiomvefsehprebtemeiddtitmdmennect s the known

y (measured onunhreowmned a@gi wi.,t hindagreidng:t ri buti or
w Y w 21 3

Ther et waor ewmdy shandd alnigotthheeff or wat thepraoal gmi c al
numer i calThep Fioganibal . @ sseidnpl e structurbsc@ause. th
have knownThsaltctaenro me d e | erveesni sccomplteyd dne ok v és
advanced mruoeaedearadesr med byWs walmpw,t et be numer i
i mpl enseinntceed t he structur éTsanrbesmolB89Bbdmplica

As for the i tppwearpoe epritsh & eomd ale nrt assuiypsst yifr uf idatloiee s
measured appaDiefnfte & eeti siercitsnttigpbees t o sol ve t he
t he -lnorea-squaeraes,t wesiqguhatreed, |Maarsgqge mdbdé s nened hoon
inversion i(Mcerasn)gn amidt h( apouolkr.éics hokd2 et eapl :
each ofbetyhdermbciogpfe t hi s thesi,s,t hh@aglyasmomtemetf hd d,e
ref erThegde nteorqaulatt hadodns st hber esi stiisvity probl em

Qw 21 4

wh eyies otbhseer v e d ,xiasthae vuenckt noorwwne @taroeasmestteirvi,apddi s
f (x99 ftohrewsaorldeE® pandinnogni nleias eqUWayion setiobeswa and

higtrder,itetmsns out that:

MNQw Qw Qo VAow 215
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dx | s esheti vivteycacnodreJdeat b bnhahhenap urn xotemniins muom f
error between the obsAktr vielse cpinaia & three tphrcedd,i ctt lea
seeks to find the optimum dx vector for whic
cal cultdtei oresul ting dx vector is equal to:

Qw 0L VQW 216
So, davi déadl cul ating the Jacobi an hneatirnive r(sle) p
Consi cmgrheasrumber of el ement sanhdhet hembar ambeter e
observed d &htéa Jvadothd epramnixmi x t Hredl e mesnte x pr essed &
.1 Q
v —— 217
T
whejiies rtebsei ofi t parxaThet eJlracobi an matthsedexsi i al 69
since it provides information waibzs.lhtoiwtsh én osve Mmalic

apparent r esias mivwaotiyancewansgd sviitfy occurs. | f th
resis,thentte@fl1®2qguasi bo:

T 7 T"liT@ 218
T T, 00,

whe@ei s t he ggegomhdeghrd ci nftaecnsoirty of Theseimakuéesd
and the only one remaining war cladt glThitsanct he J
cal cuwlsatinegel s e,n stdlp el evggattyi on and the gdéastownrlatsi, o
For thijig twhessical cul at ed usi nhga-s$tphabcyed plk @t i&o B afr ¢
1995)For a recfamgtdleadribgdrdek oohse par tTiapll”ider i v
o O OO O O

T ® O a 83Jw & o

—a

5060 680 & 219

—n

P
(0.0) (a.0)

(x1.21)

(x5.23)

location of Gaussian
guadrature points

Fi g Parameters of a ect
t

r gul a@ Dpbal rotcika It ddaet it itad af teilcvd es k
el ecanddpPp L

an
hé Loaee &t Balr ker, 1995)
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The i tienrveetpiswoepdeesssadli nbequastops2wkhémdsodomens al
Oneypi cal i 68 Perdeiattriiavoet me aRiMPe q utaree dr r or bet ween
andctlhedu |doBtME ciad cul atedl|l Bwiutaty € on:

p Q Q

P 220
G Q

PYOD®RIii épma
Wh e meée & hneu mlodre a s ur edriesnhbeb s er v,addtd stheea |l c ul altheed d a
iterative procesismpephemwhdean st kenmr o ra, sgmed nd antga t «
nNd ongepr oach tahned otbhsee rewrerdor r emai hisi approxe snat
be stopped i f the error betwewenh ptriheed enfa ambeeda n d f

i t er atheoenns rheaascihfedt he mi sf it error is |l ess tha

Thienveofi &GRT tchatsa tihresi s WwexrCG_ 2rDsPalfoit gvd rmwi 28 1 7
The pr ogr aam pietrsfmaadtidvyea s 6 r as rokhd ecrasnv eirnt er f er e w
and adjust the FingZlnls i olmh ep asrodf mewaerres a(l | ows t he
bl ock size and provides t hfeorc htohiec es yt.not Aded c ca fn
i nversion process,antdhea fRNMS ,der anauts eoppaamadde | et

mi sfiesuantdhme fi v eb eti toer resul t s.

=
EFiIe Import  Export  Inversion  Drawing | rZane
= = Block #1 a0y = Block#1 (£) |18 =
= E 7T8ea P fEm 2 % (2 =
FE Block #2 (<) |26 Elj Block#2 (Z) |18 EI:
~ rInformation categories —— —Information
Irwversion " Moinformation - Resistivity
Model [area. mesh. etc) " Fixing resistivity 100
Set basic model Yar g
et basic model (~ Aptio constraint 1 - Chargeability

Set node coord <]
Set node coord [£]

[variahle weighting)
0
¢~ #priori constraint 2

(canstantweighting) -WWeighting

& MNumercal modeling 0

Irwersion block size

| atesouuy | yip3 yoojamsa

Topography data

Load model

¥l File import Expon Ed Drawiny " jew Window Help
& a Al VB k[ zZ[ w1 e[ [ e s
== Rx. No. B
ad [ T
Fodtve  [37i

5 10 15 20 25 30
Rx. No.

|

{ohm-m

3a+001

arent Resistivit:
| log(df)-log(dt) |
&

5 10 15 20 25 30 00
x. No.

App

’—Rﬂ‘pmlm
© Symhasic © Mgtz - v Rx. No.

Figﬁ.]rle” Windows that show some of t hBCp2aDb3aRarettvearse .t

5 10 15 20 25 30
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HdhpLde YAT | a2y

Recent |l vy, due to ,geokhelcdgi cdals t ande\mama asaQu i r
signirfumbmait measurement sgaiut @ mBlatpc d b ight eameElsr v e
condintaiyoengsoint  a | i mi ted n unbbeerc oddlremntdlmsdu me ane un t
needs to be obtained i momnheé of aaygelenx ppuwssse bbhs
me a s u roeprteinmi z a tciaonh dperef T letesiasai gseste bseocnte of t he mea:
of t hnee afswirfermetnatc wadtprwvi de siwmifleaweearaessulement s
reduacceqdui si F D o mrtetaismaennye t hlvadwse phreoggm@aa@dne ofwitlHem
bepresemt egche f ol |(oSwiumgmePsidtdi; o nWielt KiaRH@ 3 UGaasg
2009)

HOPp ®Mu mié r2ofomgd K2 R2t 238
Beforegi ngif snetdhod) yt, hceonceptmodeésbdleuti gn smatur idx,
presédmtiesd matrix is defined as:

a Yo 221

whemtédrteheest i mat ed madet " pfaechentnad | p atrhaame t aerr e
unmk wrResol ut i, ommmatmat kKhsshowew welplarti cumadekst
par amsettehheruiref ,RhéeH s itdheemtaitttyhe, mo d e | par amet er
det er(mp emrefdaatd ftfhteyyoetaghet ewd av arc amarta mEh @ rheeaxt R

isal cul ated by:
Y 00 22 2
wherle sJthe genemaalfiiMeendk ei,n v2elr1s8e)

The optimizatitchre incdeadseadcomst ddamen mgit ali x mod
homogenaspaktad f dNonegl (&9 Jfin el ect r od e st heegruea lalrye
€Q £¢2¢ pI& ¢ ¢ o 7Ty 22 3

possi ble,ci pfoosactaelccombée nRejensi ng SE@Nfduehnhi ohem
geomet rsi(¢ . feac ttawnw ostihgagtrahle)efaiswal meéEd uumendeni2ath@ 4) t h

used was
e £€0¢ pIO¢ ¢ O¢ ofy ¢ 22 4

This setcoingprredamaedkiseassattime a nm inversion C

compr ehenmdandIndga tpao,s si b &@sCeB B r o aseoitnbfe greid® &ti o n
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configurati ouncsh @thhea t3 @t°&b's @ bl d siviiadite d 2 ¢ mat F #5¢

andé¢a £Q X amat Pi%t Jt he begi nni nth e3teotnhfe goaprtaitmio:
theneashat correspond to the aaarcagyuitShhati owand | e c
that are %thatemi Redrenrdnked according to the

0 Y -
00Q , p Q pBheQ ¢ 225
v Y
wh e,r e
. Y .
V] T o v 22 6
O ia8 normalizabalbandascstohethiagisusémsiet iceil 1 y ovi

deewdiaxrhe i mposed to REéEFsdyYRoe saun <ielgguaiao.n
foreghieval ent Jacobian matrices.

Except for fumetgoodneéedhe candidate configur at
i ndepefndemctdchet & aseff ol s ionvg nghequati on:
B 0 0

0@ , , 0 pB I 227
L U

Thiel vhkeuews a threshal28nwi Itlhebe radcckadirteo r epea
configuration,t hARiRer cahicsl pt adesglaival wiesh t he

HOp WHI k iSnlistpdd 0865 K2 R2f 2 3@

Wil ki nso200gt) opbosiedf ae e gbtaosned h®@thu mmetr (200 4)
met hodlbHe gypti mi zati on starts withr@amdiahea cemp
data set that cont ai n®acah |o et doidg otslsd hceudedf i

dat asaemmtked by a goodness function:

o0 0 Y
5 p V. 2.2 8
whemei s the numbamndof mo d e | cel |l s
o 20 229
¢



| ndex k indicates iahd¢!| udced nibnT btemddii ldd eavemetred h
proposed Beumme r @YWM)i al t hat 220gumetreiosn onl y t he
conf i gur attiheen sd canapdr enhoetn s,i vwelpirdeat adhdiegehter wei ght i
configurations thaotf dree dlaAtlaseos ey i Mgeé e ebmdiehatt |
equa2zigonwltihohcsoensf i gur ati onpobhhy eebahuvedt hegi
and e ®ag@gthsemIineccotnefd g u rcahteicskirestuetr s hny f or t heir | ir
from t he biass ee xsceltua a3 stuhlngh ntgicumld aatgeen epgf Rdcva lo n

HOPp A K yd A RGD

A different met hdds WEa®@IWhpeorsee d hbey opt i mi zed
ett acftream t he fweiohngtpyreotdoacomwdbi an matri x, J, and
This way, the process woul dwoudaadmubhbvguitokerccsi

More specifically, aldr et heea | pcdysbmimbeldeo f metalsaum e
eliminated i f 1t ®Beihi gd ewaleitheadnicc & taicnt g ra nse agsnuarl e n
Fr otmh anarn emenags ur @ hentlsanad bii an i s cabtladtwee dchoaroir ¢
exXxampHRieg2drf2Zee hiaccdinsi st s of ffoiuargppaarreann arneeerssu sanmy n t
So, the Jacobian KkK@Gf @aumaddlakmmod) ( énsepassnudreemnsk) neta

parametespectively.

Jacobian Matrix

Parameters

P1 P2 P3 P4

M1 | 0.798 | 0.226 | -0.025 | 0.128

M2 | 0.625 | -0.276 | 0.220 | -0.028

M3 | -0.356 | 0.856 | -0.986 | 0:935.
M4 | 0.832 | -0.347 | 0.856 | 0:658
M5 | 0.556 | 0.885 | 0.659 | -0:663

timization proces
At hanasi ou, 2009

Measurements

ST
£k
B
]
el
]
A

FigRr2Exampl e of the o s for four pafrra
)

The proposed met hocdh oi sse atshuarfeoeeaneth chi meayramét er
resiutthe val ue wit hséhegiatnidgntokigsé e & Bosypyadhthee r i t er ¢
So,FiigRr22 for the,thhke pargdamestterval ue i surt hehowrea
corresponds to The méasenememasuMéments foe th
M5 amBd MespeButi vedby the parameter P4, the hidg
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was previously chosen for PBe Seconhdehigbheat v
of M5 . Once agai n, t his, nseoasturee mgmoc ehsas deretni
measurement thatamonto tangaidriprar aimes ecas e, f itrhael Inye
correspohtte P4 parameter i s M1.

An additional frddeeltisuB@acsa)l adidad e e xpdrn ciittilw
par anbeaseatdiJearc obi afi mhsett rsiuxn of t he apaobhmeeeaebvhec
Linorm, isTbel paramedtders arethdédiem sbrhnedmaxcalouw
into clusters, the numbemTh®d mhwehri chf | rifieoas e Uerevaertre
par amegp eef ifnoerd elacht er armhido niasl ptroo pthlee nmuanbleir n
measurements chosen tnoorr np arpaonoertl eyr sr ewsiotl hv eldow i Ls
wi th hniogrhm Lvlal ues (wel | resol ved) .
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O®C[ 9 tLwhH®h/ D9b9w! ¢Lhb ! [DhwL¢I a

The algorithm generated to achieve this .thesi

Theal gomwiatshmevel oped i n Matrmindp & stbdoyead oary g rMA@
al gompirtovindddobifd Bar e-fusemdalicegasddprieephi c user
desilgyMat | ab Apwa 9d dalicgouare d

The cprdiempairrypose was tpropeaeetsiamézandst ompmat veo
geometfrbiocaese-fiol face el eatpraddads .tfydTht stto umpdlat &
possiobfi lgamnerattd ol e bme twre iednisptpwonrge hTbdad sgod $ t h m
presentati @mwios : fdhrelt sdedt i aal anaawys psla@Theak.
former descriybésdnrameld ftdreebhBeeaeer aard Bhgolr at he
ashort descriapthii @n uac favi thiddedog tee rsfpaeccei f ifcod Il by e dt h
produce full a nadrpeo ptseedmi ozne dt hdek tifg 8devie sc h ar t

FigBreFl ow phasenthathe steps that were followed f
OoWVMKS2NBEaOlIf ylfeaaa

The algorithmnsertianesfwsbmet pbariameters, su

wi bk utilized, the coordinates of the first
i ncl isnoa ttihoant gtehoemedtersyi rcedh t het hosméedi sr massobl e
the coordinat elsheofeltehce reoldeecst rtohdaets .wi | | be inse
t he dJsuadmamck borehole are independent, meani ng
matrix while beinlgmctal wahatedesmpantnbpéeeg.iival u
possibility ofsbhbdit weenentwoi boriehaltiesncoul d be

Consider an arbitrary cosThle nater diysmdbweene ool €
el ectoodetsposhidel | owerl epgftaanadghée cal cul ati on of t
el ectrode ceacdomaitredi scpoint, the spaciThg an
same i s tahpepbeedfia second borehqgtt ke fAisr hhtasel &

t he soxvlall@ire e., x=0) and the rest are calcul at

Whi t &l cul aetliencgt rtoldee co,orai nah @mleerh Dirs xappoi ni
el ectrode and mweXAtl.l wtbespussee do fi rautrbdicer cadehyod degtfalge,) | t

numer ation starts from the deepest borehol e el
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Simi,) arhya-bboebtbobteheeameaghni dofnradme st he dee piesst I
el ectoottbe deepest s ecTohned alddmmedhwe reye shue ide wahir ey d
t hdeegrees of i1 nclination can be between 0 and

Tke second step involves tThenegsneaaenawl okctek
t he availSamlce drhreayes are no sutahdaedmansaysmta
hole arrayscamsidegpl ngaselt® nslu ffbaeeddolkaal yayde dt h e
poteipol-bipbipoetqu-di poi al di bdgippoaltkh | Miekpoilaa i ent
i hhbeor ehotlheseunfidsecongd bepAheatbkbématic il |l ustrat
surface measurement was ovidet d@®@ fadtdhseaasgithaersonmefai
cae, to both borTemoolceuraredts werlfeccee.odes (A and B
and N) il lustrate the arrtanmgamenatasaingeewd .o WT H e
indicate the divi si obnoroehdlhee aenste cttohmed dsdusr rfieamcoe I

For thei pole array,-NMAecacdBRNMAUNat | waso €Br &p o
Me e K2®0ad4n)d r ebaraepgdrev2)2wascshappbcecentf.i gAdAddd,i o n
and AMblruesedwhere pgdhleesrusi snbhedbarebhbé(Esgmibac
32. The paramet er s attbBhaet ctuhrer eunste rs tceapn faolrt eerver y

potential di polseo usrecpea réaltea cotn2adreosm .t ,heet c.)

B-NMA N MAB
NMA B

B-AMN a A MNB

o Current electrode

o Potential electrode

®  Electrode position

FigB.ZteIIIusboe-tloeameasuremérptolveitahrtaryeamcdlethe

Ot her arrays that t he ubsieprol eanequlao @s e alar ear
configurati oprAMiIFK(eg83)ies The ®BWNrrent el eceameosgdses
symmepgosicti amd the potentfiaalt heisp Didé fsd maetld s sna x
separaft itomes ctawmo bpea isradg klelt €edeiseg measuhement sent

move to t,hennde xtth es tpeopt e nt i.Tah e ed iescct rr eopdaensc ymohveet vae
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;--;_an,d di agonal configurations i s thianstienadt hoef |Ire
simultaneouslIrye maiitnhsi thloex eddticdmelryy@n doencemve s t o f u

distances (again, tdhaenagpemidngicfe Wwleesal ectr od

Equato
AM-——

\

AM Di agor am

o Current electrode
o Potential electrode

®  Electrode position

FigB¥elllustratsonfateambasaehement with the eqghbapoleéea

The ddippdlee array i s asarfabéeemeasyr Emenber eh
used wasABtFhegBMMi t h the curremt teHecdurfdece .all
define the maxi mum &remboatreantiioanlf roetlaetdhteroocdoeesr € n T h
and the potential el ectr odesadfirsotna ntchee efqgiurasit tpo
ca, move one step at aAsgdomer dqudanlde tshtearrt |baustt w
el ectraddes aate equadg2at ot t rweoe sap@aagtimggesThe s ame
if the maxi mum potential separation would adv.

A B

o Current electrode
o Potential electrode

®  Electrode position

FigB4&elllustrat-sonfateambaseheihéepol wi ahrake d
Lastly, the f#hnmlel arphgsganadi ehe at the surf.
as indhFcgd®@hiis routine continues with electrc
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t hen another sequence begins with the movemen:

measur ementtsakleaave been

Mul tiple gra Mul tiplebagmrah

A MNB

m o Current electrode

i o Potential electrode

j ¥ el e e ; A 2 y ; . ®  Electrode position
FigBFelllustrat-sonfateambasaehemgnadiwenth aheayul Thel m
separately in the borehole and surface, a

The measurements generated by the chosen con

factor and sldresigteiovmettyr i er rfoarc.t odrr uqrfoel agsaucrhe noemet
cal cudnd ealolv atrhgosveen t hreshold are rejected. T

to input an arbitrary threshold value or <cal ct

using the equation:
2 AOOIOEBIAD é\fé‘.éx"%m 0 M VD "QADcEN Q d R WMi o
S wE a o@mAARO 1 3D & & 0INDIoQI 0 wE

31

wherlke source voltage and voltage acgcamwrdactyhea
mi ni mum expected r est srareei td/e pemd eabd ntoanctt hrees

formatiAdner choosing the threshold, the rejec

A second filteringawasmealtsseaog ¢avemlkised oh ol dtteh e |
concept of this filtering is to discard confi
is an indication of a potepnuldllcpynfiamshabked|

i nversion with noi se.

The sensitivity err oW lwaiems(@l C)Based aoac o hei

when placingsoeme edrents odesur in the geometry
spacings, i naccur bhge odreepttrhi)c fafonddd totoami unsg Tiheleq u at i c
generalized :geometric factor
0 T ™
P P P P P P p p O 3.2




wheAeand B are the cuarteinet peolteecnttAddd ¢ se,| telt @ ar mbad <!
el ectrode Adfriremt MeaddsAaryanenead fr i KAl r qaonn ibc eorf i
surface as the The es ame siysnmepg plyi e dl hfeo rs etnlsd tri e
(Loktel] . 2014 he geometrscgfaehobyto errors

o te ot 1 33
T o T 6 T o y

i
T U
For the ,awhecthr ode pA aceaygaz)tnh et hsee npsoistiitviiotny (exr r or

ro ro 1o 1o 3.4
Toe o To o Ta '
An er rwirl li noxl AMadrn e cANtdhiest ances so:
o ™ 1’goé0TQoe0 T @ 10O @ 35
Tw ©OTo0dw TOoOdw T @@To T @Tw '
wher e,
ro o 3.6
o ¢
60 o ® © ® a a 3.7
160 R, 3.8
To o ©

Si mielgarati ons$owi t hehldksdtanafe s(tajfgdh d Theiset £quati o
3Dvexntigations, bdoancesimee2bDhdismegdmeso st s dilt gomd n
and z ctomttehndsut € vi tTyhgeeaolnted laatcisadbn g et hdefvienedr a

Yo — 3.9
(V]

Accor dawing itns(@@Qt®ffe aremoved hmeaesst ¢ mantalOr el a
5m. i Bce the uncertaiat-elecsm,i netjbatiasmritty depmet
~5 peFocehhe cretdisechsalt gonittyhmrror correspond
i dltlhe ekkradrdWedi eopl| BlxepeeEented position. The bo
di splaced in the horwliodadtoanls i dyed esds udni m@gi it dlke s\
bot h dilrnesctteiaodn so.f e @4 termé& m a aisn Wil mk i( 2DOMA) ettphir @E O D¢
val ue wasscicthlbjs@dh®e) t hfr es ho h dr ealcateipvasd diesrsrl @rst e d

according to each geometry.
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The next step is the <caA crudguliarn grfi dt hoef Jcaxcé
formed based on t hEBhied egniraegdmo cdo r tdfoorra hwehsi pcahr &
Jacobi awmi Imadimdt .dcthacl Jacobi an nfadrr iexv @rsy caad cceup tae o
and @aeayreltsear, t he cumu-hat)niyles UE2o@dDiYa ne a(cLhl p ar
is calcul ated

Some pointscapamamedtla rnd gnfaitneed a more speci fic
around thEf Ekegtipthelgd.€ mpttshreego foinimiotné ryedsto par a
whi ch axmudeatdnsvieti vity abdwe a hgisvermrdtulcrt @ 9o lod
of the cumul atsegedAlllactolbe analwaess | ess than the
or the median mul tipl i egdnbdy oan leggiftvivihaidew @ad uree ma ien
this elimination and wheame pdroegas ngf tlhewr rexme a

rejected from the optimization procedur e.

| n t bwei nfgbpeplt i mibzassteidomen pohep o g edsfiz@G®a3y used
but with somdhmodihfaisdgcatawantment i oafetdaarbolhat i ng
Jacobian matmarxm,antdh etrhee Wwals t he possibility o
Jacobian matri x Itehsast sweenrsei ttcihmees. i dtezesodsidddna,t t h e
resulting number ofc aonpctbienmirzod d emde a shihyi esanevinadsead d h
calcuttlae i ocogdepteerds hg on the desired numbemre of
chosen bepwessp dl cenctoanges ni ng tmeeasoumbiehdetud f of
prot.ocfTdnle avail abl25%,erx®%tamgdk ph 8% ecfo ft, h enefawliln
tot al measurements of theo0o00] | tpeobptomi aee P

choose t heri aolsmb earp pesftoprt hat after the optimiza
are approximately 2500, &etc.

More specifically, an iterative process was
t hat would eventually |l ead to an ©prhdas wreadmenmnt

For this i trmearnayt icvlieu spereobceedswse he one t mabaswoeimndni
cl oser t opetrhcee nd easgiec ewdasse rff.o InTalMekiyng equati on ca

l engt h

&aoi_wmmagaée“—_‘;a Q pltiols b 310
whePemax Iis the total number of t hcei pat ame tcd ru
examined eatbrteameh Themati on, meaning for eac
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vari abl e was created which stored tehrel itsotteadh c ht
cluster I f the choserFicladdtyer tvmeaes ctlhues teexra mii it ehc

the desired number of final measurements i s s

Af tceormp | &It li ntghesehfpudddesppbsmi aedl| sth@u tefp islasvse d
pr ot,owdhdlcsht hckaen upl oaded t d . tfkaS8yisecalr dmaBENE o(f g
Terr aamet ean be used t of *g.eM2eD aftoer rspyhnet gnbe@ mpc® &dta tt

pdror mance of. the protocol s

0 WHLILIXE A O & & y3 2N; GIKKS

0o dH®HMNI YSUSNEH

Ini t i,tath & yuasnbioos e bet weuernf abcoer ebhoorl bed o iadmynl | & mppewnt
the appmdprimatd onm t he . #esi t &d shge@moenepidasses, | dn e
for t heelbec tamadhees f or t(Fhi eg 88)werrtf deoe e B @-li @ B.7) e

el ectAfotdeerser ti ng the parameters and clicking
are cal culloagteadd ganwdi t h t hei r .ExDa nmpdifeb enre ac mr ©me n
showrigge6andi gB7feor a -bor malmaé eb ebroerheohloel e ¢ onf i
respectNwoted yt hat surface el ecttrhoed eb olrDBesh ohl aevbes It €
the | ast suTHeacleD ersemtemmibalratsmaki ng t he caebllde. co

() Borehole-Surface array
() Borehole-Borehole array Electrode coordinates
Horizontal distance
Borehole _ ] 60 | ?E 80 90
Number of electrodes
X of first electrode St
Z of first electrode “10b l2
Electrode spacing l11
15 ho
Degrees of inclination - | q
§-20 ls
e |
Surface 7
-25F Is
Number of electrodes Is
X of first electrode [ o ] -30f I4
Z of first electrode 55 I3 I
sk P
Electrode spacing | 1
. -40

[ Change variables ] | Refreshplot |

FigB&a®emetry window. tThhee aupsperro pcrainataeddi nf or mat i onc asloc ulha
i mpl emented
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0 DH
The

(") Borehole-Surface array

(@) Borehole-Borehole array

Electrode coordinates

Horizontal distance

Borehole 1 0 5 10 15 2.0 25 30 35 40 45 50
Y yr T T T L L] T T T T
Number of electrodes I I
lis
X of first electrode
I T S s
Z of first electrode I 9 li7
Electrode spacing 20 | g |13 |19
Degrees of inclination I20
; | v !
=7 Is I22
Borehole 2 Is I23
Number of elecirodes -30 |4 124 .
X of first electrode 1 1
Z of first electrode -35 1>
Electrode spacing I
M -40 :
Degrees of inclination 35
- [Changevariables] [ Refresh plot ]
FigBtExample of the geometibowehdbwewweeaydhe b

Py U3 dzNI a2y a

process

continuese wot hrhéeeheg r wflcairg 8.8)leoDis e n ¢
avai babags 1liphoe e i,polRiephoil pol e

.08 ptbhippdallaeg d n a |

di paoil go hba)lgtria ditehped r eadhrddi en@ )nli hgtria diinehwet r fTehake p-o |l e

di po

| e i s onl svaflhalkel

y

!I

Choose configurations:

[ 11)Pole-Tripole

["]5)Muilti-gradient borehole

[ | 6)Multi-gradient surface

Fi g8&onfiguration wi
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measuremeoaadabcul ated dependingthbe vheiabbsent be
i nt ewf ehe Thi s smetero XD tcloemt & oourt | éd azoeld rf ook met h e

measur.ement

OPHDE2YSINRO FFHOG2NI k {Syairo@dAide SNNEBNJ

Thetnhe cuasnerel i mi nate some measugiFe p@N.TEbi dueano
real i zed wi.t Hl htewal sagra ticlmimis rianrpyu tt h rceuslhaotl ed tvhael utet
with e3wai homhich case some mWwhenvaildi eaRji gt gt
me a s ur Gmd it tosn , all t he measur emandiss nwistskdeidh hgh
percent agde iwsasrhawoesaoh g tthheer r e jseoantei oma sl r ement s
to sensiwilIii t i eTehaepepl taetei dvoe! (URee ) ogfu ad eamary meas
appsdaar the ,andt obeamtheasskrescsaml d t haasoonoabl &
di smiss altlhathodsreo WAgtajd ahiet sp.e r ¢ erne jaegcet eod mehaes u r ¢

be seen.
4. B25 / B2B_Geometric_factor/Sensitivity_error — O *

Reject Measurements

Geometric factor
# ) Input a threshold value
Threshold 1e+05

Calculate threshold from instrument's/soil's
properies

Source voltage

Voltage accuracy

Contact resistance

Minimum expected resistivity

Resulting Threshold

Reject measurements

Rejected measurements (%) 0

Change variables
Fi gBX e Geometric factor and sencdrn ieliitmi reatrers wne dof
OPHWH O20Al Yy O f OdZ I a2y
Threext tsd ecpatliltses | ha o (Fii gRIrPp@Atace xagaraea i s a choi
usitnhge def awrgatgirngdlarneéeve dtibestr eogpdliwtni on of t
affects theedtwepnf roitnfie .GtiFbes ok xhimgi@aeiw | | pr c

appr oxgmapdledoyi mdmpar ed firoe ssoel liuefchteinnsgd c omals cahdd e d
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becauluse def aul t pgrreifde rsaibpbleeo nmeottr ibees tahrbeh e ma gt b e a
unl i mMihteediependi md ecn riolde ne e disndp wta ttehsd e snicx@ € chu m
analb s ogzéwtad ue to indicaterdhbetepepefootbbeeena
bet ween poi,bhdee sammade df ean d yalgzoalute for the com
griTthe mi gxewmallmdueen o0t hawegquatbhebeecxarcdi nat esmalulterm

t o ctohveersurrounfddiengaameeas applied to the maxir

Thret he Jacobian maot i xtvhies § epad realdeat eebrd mThneat | o
rejection degtbhe dependibldehowoséni thlrheges kcRthtwea
examphes he fol Us&i dthigf fedraenste)rlaohw etshhroelhstiheorth§de w
poiarees i Md(h@%edfe nrewdmuwlnat i vienddcomi, awheesehohe I
to be S5 tm&doant bemul andpv eh iJgahc otbhraens ho lcd muh et e v
Jacoibs amul tli.pbhde chub h modeies miod ;nd k.

4 B25 / B2B_Jacobian_calculation - O X
Calculate Jacobian

®) Use default cartesian grid

Reszolution of the cartesian system 1
Create a cartesian grid
min_x step max_x

min_z step max_z

Multiply jacobian with geometric factor

Title
Horizontal Distance
10 0.2 0.4 0.6 0.8 1
0.3
= 06
=3
@
o4
0.2
0
Plot cumulative jacobian
Eliminate measurements (by cumulative’s median) 0.5
Try another threshold Reset plot

Change variables

Fig8r@®al cul ation of the Jacobian matrix window. The J
parameters can then beest@améemaded to defi
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oDPHBpIYAT Faz2y

Optimization 1 s t hfe nparl o cpersost oacfotl e rcsownia im@ Imtsts hoenfl
entpmraet ocol thamoravead uabd eiheéeredamirdthidaocgrget s i n
i nvesti.dat g@lrehenaegent ad ow for the optimizati on
choose between the thhewhavpataméeeperwieht abe
('t near -l o memtuiddne)n f ol |l ows the pl otofoft hteh eo pdun
dat.as®@dtmeti mes, cwiutsh etrhicalway adfmafpd ,t hweh i rcens uls
prefeambltto avoddns$ éf guead almesthvus d beomeenphayed

some hoef chowulckeshe altered

Optimization
Title
X
0 0.2 0.4 0.6 0.8 1
Automatically calculate the number of 1
clusters so that the resultiing measurements
would be approximately: 08
! 25% of full
() 50% of full 0.6
() 75% of full ~
) 0.4
Parameter's assignment in the clusters with
the option:
0.2
(w) Linear
(") Quasi linear o
| Plot [
| Change variables |
Fi gBIripti mi zati on window.
0 PH PPE DS
Af tadrl thesehprodédemnsasyg the fulfli (RERsYXBI@EIhemi z
user has to input some furthieg timd omrenqit o mis trhe
referirned hteo produced fil es
The number of c¢skipped cable_2 electrodese i ¢

el ectrodes or perhaps to surface el et hsetoadrBt8ss a
the bottom of the first borehole and goes up |
boreBafietismossiibnseertto t he cabl e i andohned sceacbel ned
outspetmaubhsi deproblem in the numaevraatiiaddteoiissk iugs

these el ectrodes
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4 B25/B2B_Save - O x

Save

Region's mame
Borehole's cable exits 0
Surface’'s cable exits 0

Mumber of skipped surface electrodes i]

Multiply coordinates 1

Save Full protocol Save Optimized protocol
A2D A2D
Jxt Jxt
.org .org
Save
Fi gBr2 Save window. The generated files

odool G LINRPOS&aaAy3

Eaecmstrument recog,siozeheaupp ®aidfeidc pfrot mato!l s
t hi s Akommnti oned aall @absdo,é¢ whgegormitt@dd, * . *otgsanmnd Il
of ftunlel and ofpalilnmovwaipdg degpnt a.dat ea cfgouintrag t he measu
Syscal pr,dihgaester.amemufiteloen ver t ed (t*o. saga@ibgrted ¢ e |
i nstrument . Thiuspliosh dft enaeso fib hHiEax ¢ Ritf Botbfet , Wawheer e t he
caal so iwittklrfffeereent ®aramdt eerhsem 1 sf itlhWietasl |tohsvea
sel ect¢circemtafon sefqguetnlgeedctaerrdat ed pr ot ocol i's in t

upl oaded to the instrument.

Af t ert htehanteasuokbtmeadWihtther eompl edat @ na otflud hiey p @ n
fidxpofrtemd t he insThiusneinnf dsmadedaédtng anot her
softwar e, Tthhes Pibdspstdalyest he meiatshurtelhme ngessi ti ons
el ectrode alndheByr el sNhantclee @ ditee rdtetivia éa tid mojiné, @ r e ah -
of each medas udntemeutb mi t tiendi ttioa.la mparo ciersst anc e, t
t he-fgdipnesresrt ed i n a previous step shoul dt mecur
exterminati on noafk ebpatdo ed adtead donudlod mat i on nmdree o
application of fibtabdea teax tiesFned@d@mhoeanemte of t he del
that seem to diverge from the gathered points

-28



Si

(e e, o e

n

anot

avai

desi
det e

i nve

resi

f ul

[ Logsithrmic ssis <) Q 267 /58261 X oue o Save % Pint

Rno (ohm.m)

100 1000 10000
5
55
K
45
4
a5
3
25
2
15
-1
05
0
0s
1
15
2
25
3
35
4
45
5
55
3
[
7
s
8
85

report point (m)

95
10
105

Fi g8r3® Data proccesxséengysibigondad asof t ware Pro

®e *t iisn nfoitl e e asdoafbtl vea rfe otnh athewi | ( D€Ee 2 DPe @ ) |
her proceAsns adigoulid honc omars. c o bead eidn oMa tami xe
| abl elTakli gogr itthima k isroghe and gtuds t*mebnittisat i i @esl ud
red icmofudrdmgbbentdtheadpparent resistivity of
rimheedxported file of thirseadagmlre tfBMdm et loe
rsi oAl sanfott wemre.al goritlomtwaps ne ecentemd lofyo t hte
stivity values that correspond BOonthHe®aplyi]

pvract one@alsured in the field
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n®+! [ "1 ¢Lhb 2L¢I { _ be¢lOo9c¢L/ ! b5 9.

I

Thi s cihmpltiedes t htehper wd lowcatl isorprafdyucreidtemm ¢ yrn tt
and exper iAfetcetreh ) dtah @ . e g oanigle dt Ha | &ewsagi |, abhkg cC
werteest edaprelfwirreg the eal gSobmatalym synt hetviao i modge
geomewenmntst hrough thetesitvetrbeomff peloeetehé vand
dat asnetlsocati ng Thli ¢ ¢ edtiehhrteest hmanigde tvsa.l ues f or t he
and threeptdiimifzedndatdwe §t £ awdtr é¢gectoarerhirye uvtdi bl
t he most FRipmalolpy,i asteame siteend eelxsp er i me h & B Intvbeasnt ki giar
t hdegor it hm' si napnpolldieddseiwciotnydi it d @alk,earn e ndhte, synt

and noise may affect the results.

ndMyiKSa0O Y2RSt a

After the generati ontohfeut heaatdgopthiahiing etddrptr @«
For this reason, some siynvV aet & iDecOnsRidDep 0t. Wlrr e c

proomdsdg his evalugti®ha&e2d ftihleed odfl otwher f ul | anq
i nserted into,tthlree uscefrt tvdesne hreadbdddd dfdgngo dlei ng pr oper
e.godies, |l ayers or other fsoirgmmaitfiiocnasmateh suitis tticho wl

val.0déds model shoul d be tha ofni nafl ffuilnha gadnhdde aof ptt
model s were examined over the defined area of
th d e haroifdo f f er e n easngde cknaenipge s Mandy mwaerad s eb goendl y

some of them wil!/| be presented and discussed.

Model ¢ hwei slaommet ry wil |l betéaxeaemhoEldo Ww,at netdif d rar
and three optimized datasets ( aphpaoroxti mag2edl o @
surface and 20 baspaomibewert® ot ddiéehed biotrlehol eds
defined clockwise from the surf aclen aisghad @A wivit
resi sti vintyhelrOed ahemb3 o€ & 8 d-@pFAni ydelrae). The dnd stthe
secbhadake in the same position for the three r
The firstaton®2mbmelpdrhi zanndthallv ddhijpenS R dms The seco
4 dept@Bim @amd i z on,t anhe ad$bxdbt lamgcTeh e ,wihtd r de ro20i8® m s

i pl aced diinf ftebea®)ild&ms dept h / driOsnt ahlobren, zdleng a0l m

horizontanhdad8dDmsmt a@epe h / 75 m, thoo rd vzeolnunapthewoidtli hstdthygen
opti ndiazt eadsietths di fferentottde®Ebbbtedr v dlakriegaft, e
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i nditclae elso wtayeqsaise tciontd ulelt d)ovhe® rtehaes | iclodr,®e,h otwks d
hi gh r &agidiatse v,-spBheehalf

Model 1a

0 & W 15 W0 X N FH LH &£ H 5 60 6 W 75 0 8 W
0

3

0

%
20
]

Resistivity (ehm-m)

Model 1b

0 5 W 15 W X N FH 0 &£ W 5 0 6 N 5 0 85 W

®
Resistivity (ohm-m)

Meodel 1c

0 5 W 15 W X N FH 0 &£ W 5 0 6 N 5 0 85 W

a

5
1 1
15 15
o o

]
0 [
k3 3
E] © @

40
4
1 0
%
E:

Resistivity [ohm-m)

Figdr®ynthetic model -slpawiet ho fan 1e0e0sl i Ghinr ee lkcahdwmgt i vidh eblfa
di mensions 5x5m is positioned at depth z=5m and horizd
the thlei (&0x20m) is situated in three positions a)

Thienv erretseod tftudel d t hihoee | miroegssvc bh t he t hreoef t hr
each rmodgdlras,wi th 6 i1terations B€6d2DHAeswhllwnn arnn
Fi g4z ed4. 3,reemsdp edd.td ealcyn ftihgeutlleef t® y nt h ea nfdo | shoodwe |
t hienveresul t s of twhiet hf udl 210 2p rnoetaoscuorle ment s . Eac
corresposnametoenhhage ofcooapti mi ngd apgatraxi mat el
measuramdntesaoh spéediteisth oAtd tvlaéd uteop tohfe enaucnmb efri
measur emenst et amttnedr lBtei. Tomee dapeasah wirtid i n the opt
correspard utme da h e auss tomfee edaflt htess e (0ll @ w, meAd iswom, thi

-3t



%di ffer enneeirmmaegiehes f f ul | and each roepdbihoeri izgidn glr
synthetic modé@hewasal cak oahiagmsitioghnt ed platxf t d&c h
figure.

Mo d el 1la

For thiFsi gd@deeilt h( t he i ncreasing percentage o0
of measur ement s r iostehdea)t atnedn d sh dt hoieansaegdedf blidbd&boptr lod C
mor eAl so, with this i ncrefeatsheati na ptpheea rne anssuar neont eht
i ntense. The aodtehasl sdea ttrda nma@%v atloiedarc ds.eivie@ae¢ai b he
measurements a50% alpegsixn imad et yem woul d theor e
t he .f iTéhled mo d edl ast alwd cthhh e2 5t% i r d bl lmectk i(tosr hdrendar
wel | i daentdthii fsi @dsrhodedht mgt be pernevfierroén@iechitd f et Bn s
val hbesween theomddeesimondlsepsnodi theradrece eases a
move to the opti.mi zed protocol of 75%

As ¢tfehr e,s hiott ds eeprso d dhead s atsgmdimmpheur pametéesi pa
but wi tahpoouatr m@m ove mentlt.sOm tthe  Ckestutaarpgears we ak
especially at theThowtiekmboed &% Wolpe dmb@IRpd da
wher eas otnhe hdkei f7fse@bmeornt d eckiadelpgotf or t hese subtl e
threshold va¢mdsfoedcd nhte i nver ssiomc e rtoite ssamg «
modalkreeconsalrultcoegh they are placedDespi pdet ha
t hr eshaoled viadwladb | ewh inctdhp@s e pims eslhsg dhoarceappropr.i
each geofert rtyhi s omd gi fiisc aghgncemebtoriy t I & & &sH entcde |
all thericnatgedtes i n jtamwheepact fi sllleaacketallerd t hr e

straotdeelpanimasdgeai maset hatst worthy.
Mo d el 1lb

For this positiFoingd®fe tihte amh@medr cbfl totchkidte gmoadte | tsh
boundaries ods tdlee drli y dafdi |rtodttek yiphaissidt piiraonb.tatbé iyr o ¢ c
the tdraberomishe surTlhoedeellseedctoonpeeasc.tho ondter di f
signi fi 8anictel yagai n, the modeprsodwudéd 4 hwe dak g@rh
even though they mahhige it aledoeaddor idedeetndm toscnkish e
t hoer i gi nal and r.é&Ad¢ chédtOrtu atnald 7rcAdvesiosh elt $ er r eso
more measur ement s efaacet eanp | tolye drtiegetistér yiaoav temood e | 1

anance ,atgateands a®hgepeweaeakhtetage I ncreases.
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Mo d el 1c

Il n thi sFipgdeiethieont h(i rd bl @a®&lc ciusassn @tiny dtehped ap reeslv |
not even in Ther d ud A tptr avd ehdalttt @ rist ent i rely it
opti miOz2% dand 75%ndaltacettes t he taragepavmeamritaabcel €
bet ween t he diAfl fsedr,ee n e st dite Imedstedh gt lnloswk f efm e els opt |
protwictoh the i nitiaaki miylnamhet excenwtdef or t,he o]
especially with the , wteiddgrun i alred hnoglte ti mrce shhcsled
identify the Thl &c kst stad dtatgreewotdt o ¢ kuetsr uat,ad he
| ow t hirredihodatdeds f oryantdaasgtr appanmsndl tcouiltd be mi
an actual target.

-33



Optimized 25% Optimized 50% Optimized 75%

(2114 / 4 clusters) (4670 / 10 clusters) (7280 / 16 clusters)
T . - oo,
2 ‘ ‘
-:m - " g " 'g . " 'g
Model 1a o “ H I H
0 s M B M E DL OE W W@ BN oW E W = - 4 “ oz o= “ z
J = ® z z ® z
. ; “ E‘ n ;” n ;”
: 2 . a
" = = » » 4‘- £
15 1® p o
: @ @
2 n E % %
] g @ @ 0 @ )
] %z
. H (2187 / 6 clusters) (4704 / 14 clusters) 7216 / 22 clusters
[\ aiedues) 59,97 W0 Al 44,59 1 U216/22¢usters) 40,48
“ “ E T
Y “ T
% % [=] 10 " .
. , -
1] n E n E n E
= £ £ £
Full (9202) 35.38 E - <3 “ 3
5 M 3 P -5 -5
5 [7) ® 0 ® = “ =
. = . ®
1% L & . B
: s ﬁ 3:,
» n B & &0 @ @ @ &
s g
. s (2259 / 9 clusters) 4760 / 20 clusters (7856 / 32 clusters)
Ces 00N ., 53.18 L, yeoj0dusters) | 47.45 | USB/szdusters) 42,11
o
P o 10 10 -
) o
“ “ = n n € "
= s 3 s 3 ,;.
o E s F .
5 . N . .
T = . " » -
® @
s 5 -:é

Figdxlenverted results of the full protocol of model la ladhsd (tlhave,e noepdtiiumi,z ehdi gdha)t.a s@nt st o
measurements and the clustodred wged fiar tthlkee opati immizzalt imord.el Bheomresponds to
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Model 1b

05 W B W BN B LS

N % WB N B W W

1
x

n
0 &%
%

n
o
5 ™
EY
%
@ e

Full (9202) 45.68

5 W B D B LA W B W BN MBS W

0
1% 100
n

n
®
0 %
®

a
u:
#® 0
@
s 5
@ &

Figd¥elnverted
measurements

Resistivity (ohm-m)

Rosistivity (anm-m)

resul

Optimized 25%

Low Threshold

(2114 / 4 clusters)

005 W B W B N K L L N B WG N B W6

46.28

®
Rasistivity (ahm-m)

BB B K B K 8 N ¥

@ ]

Medium Threshold

(2187 / 6 clusters) 50.92

5 M B D B N B O B W B OB NS E S

®
Reosistivity (ahm-m)

]

§ 8 kK B K BN H &

B & 8 & 8 K ¥ B 8 & 3 w

&

High Threshold

(2259 / 9 clusters)

5 10 B W ¥ W %K D & W % BB N B @

53.33

&
Rosistivity (onm-m)

B & B & 8 K ¥ B ¥ 3 &

Optimized 50%

(4670 / 10 clusters)

0 5 10 ¥ M B N B 0 5 WK 0B AWK

44.42

®
Raesistivity (ohm-m)

(4704 / 14 clusters)

5 10 15 M X W B 4 5 W % 0 6 M 5 W B

46.93

®
Rosistivity (ohm-m)

8 8 B & B8 K 5 B 8B 5 3 o
B & 8 &6 &6 % & B 8 &

(4760 / 20 clusters)

5 10 15 M X N B M 45 M %5 B0 65 MW 5 8

'S
e
w
00

®
Rosistivity (ohm-m)

B & 8 & 8 8 8 ¥ ¥ &

%
"
El
=
0

Optimized 75%

(7280 / 16 clusters)

5 10 15 D™ X W K M 5 W % WG M5 W

45.63

#
Resistivity (ohm-m)

B 8 B &6 &8 K & ¥ ¥ & & v

5 1 15 M X W B 4 45 W B 0 6 MW 5 W 8

(7216 / 22 clusters)

10

w
B B
5 £
k-3
w | % =
% 3
2
o =
& B.x
o
5
@

B 8 8 & 8 K 8 ¥ ¥ & 3 o

(7856 / 32 clusters)

015 M X M OB M B WM K 0 B W 5 @

47.41

ts

full
cl

of

t h
and t

e
he

protocol
usneresd uaraa fionm

of mo d el
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8 8 8 & & B % M ¥ 3

Optimized 25%

Optimized 50%

Optimized 75%

(2114 / 4 clusters)

5 0 5 W X N % 0 &5 W B W G5 AN I @

61.13

#
Rosistivity (ohm-m)

0

(4670 / 10 clusters)

5N B W B L L N B @B N @B

56.46

100
& P

5 E .
z

w|ts 2 ,
Z

® g %

0 e« a

= M, =

& @

L]

G @

(7280 / 16 clusters)

015 W B W BN LD K DB W W

58.25

®
Rosistivity (ohm-m)

(2187 / 6 clusters) - 72.78

5 M B M B W B L L W B W B AT

10

(4704 / 14 clusters) 59.97

5 M B W B L L M H WKW W W

100
G B
% £ %
olls 31
=4 ‘é ]
o & ©
s W5 “
£ E
£
& @

(7216 / 22 clusters) 58.96

015 WM B W B LS WKWK WS W ®

®
Rosistivity (ohm-m)

T
Q
=
Model 1c o
W B N B W B M K N K W B N5 0N B W iE
3
=)
-
n €
£
-
E
.
T
Q
=
[%]
(1]
=
Full (9202) 58.33 'E
o
1]
=
100
u g
£
.
-
=
Q
=
wv
@
i
<=
™
=
B
x

(2259 / 9 clusters) ~73.34

5 1 B M B W B L &5 W B W B AT

(4760 / 20 clusters) 60.98

5 D B W B L 5 W B @B W5 E B

]
Rosistivity (ohm-m)

(7856 / 32 clusters) 59.79

015 W B W B L s W B WG W5 BB

®
Rosistivity (ohm-m)

Figd4delnverted results
measurements

of
and

t he
the clusters

full protocol

used
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For the saanmrotgleeormes y (ytinb d avlacs2 jnqdrkbedtd&ax), b ut t hi s
t i me, wi th asmgandaduen)d varhdnarl dsi st i vie) bolfextkise ( :
di mensions and in the same Tpsee i ma detse aek aakn ea
inversionnbehaviheur geoTlhhg i twmds draddmpwioutmide pr ev

model s.

Model 2a

0 & W o1 W0 X N B 0 & N 5 B0 B N 75 0 8 W

Resistivity {ohm-m}

Model 2b

§ W 15 W H¥ N FH 0 &£ W 5 0 6 N 75 0 85 W

O

0) I

Resistivity (ohm-m)

Model 2¢

0 5 M 15 M ¥ W B 0 & W 5 0 S W 75 B B W

o
n
o

Resistivity {ohm-m)

O

s 8 &5 B W M
2

L3

8
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