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ABSTACT

This master’s thesis proposes a methodology for acquiring electrical resistivity tomography
measurements applied in inclined boreholes combined with a surface or a second borehole. The
existence of the boreholes provides additional information to the surface measurements, and this
combined investigation would benefit the findings. However, because standard resistivity arrays are
not directly applicable to these arbitrarily positioned electrodes, the need to investigate alternative
electrode arrays for such cases is evident. In this study, schemes for generating complete and optimized

protocols can be created for these measurement arrangements.

For this purpose, an algorithm was designed in the Matrix Laboratory (MATLAB) that can produce
full and optimized datasets compatible with the resistivity meters. A graphic user interface was
designed to render the algorithm more comprehensible and flexible in handling. The basic concept

during the development of the code was to make it as practical and manageable in the field as possible.

The algorithm was tested with numerous synthetic models with diverse geometries (i.e., different
borehole's inclination, unequal spacing between borehole and surface electrodes etc.), which were
created and inverted for both the full and other optimized datasets. Some of these are presented and
discussed in this thesis. Laboratory experiments were also conducted to further assess the algorithm’s
applicability. For this purpose, a structure that simulates the surface and borehole electrodes was
inserted into a water tank. Some targets with different expected resistivities were tested for the

generated protocols.

Finally, it was feasible to apply this algorithm to real data. Owing to maintenance reasons, some
boreholes were drilled in the walls of the Rotunda church in Thessaloniki; therefore, the opportunity
to investigate the interior of the walls using the protocols produced by the mentioned algorithm was
given. Since the primary purpose was not to evaluate the wall’s condition but to verify the algorithm’s

utility, only some of the results of the investigated boreholes will be presented and discussed.

According to the results, the algorithm was deemed capable of coping with any geometry of the
electrodes (borehole - surface or borehole — borehole array), and the produced protocols accurately

depicted the investigated area.
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HEPIAHYH

2KOmOG OVTNG TNG UETOMTVYLOKNG €pyaciag eivar va mpotadel €vog TPOTOG TPAYLOTOTOINGNG
UETPNOEWMV TTOL VO UTOPEL Vo, VTOGTNPILEL TNV EQAPUOYT TNS NAEKTPIKNG TOLOYPAPIOG OE KEKAMUEVES
YEWTPNGELS, CUVOVACUEVEG EMMTALOV LE TEPOUITEP® NAEKTPOOID GTNV EMPAVELD 1] KOO KOl GE OAAN
yedTpnon. Ot YeoTpNGEIS TPOGPEPOVY EMTAEOV TANPOPOPIN, OTIG EMUPAVEINKES LETPNGELS, KAVOVTOG
TOV GLVOLACHUO TOVG TO MPEAUO GTNV TOVTOTOINGoN TV eupnudtwv. Enedn dpmg ot datdéelg tov
niektpodimv mov £yovv mpotabei oev eivar amevbeiog epapudoipeg oe vt TV awbaipetn TomobEnon
TOV NAEKTPOdimV, eppovileTor N avaykn va TportorombBodv. Me aTéC TIC LETATPOTES KOl LE KATO1EG
emmAéov mopepPacelc etvar duvatd va mpotadel Eva mANpeg Kot kmowo BEATIOTO TPOTOKOAAL Vi
TETOLOL E100VE HETPNOELS.

"o avtd Tov Adyo ompovpyndnke vag akyopBuog, o omoiog oxedidotnke oto Matrix Laboratory
(MATLAB) ot mopdyst minpn oAAd kot PeAtiotomompéva dedopéva, To omoio UmOpovv va
petatpamodv 6e mPOTOKOAAM cupfotd pe 1o Opyovo pétpnone. o va givor o adyopiBuog mo
KaTovonTog Kot EHKOAOGC GTOV XEIPIGUO, dNovpynRdnkKay ypoaeukd mapdbvpa aAAnieniopaons ypot
(graphic user interface windows). Katé tv dibpkela avadmtuéng tov K®OWKO, CMUAVTIKY EULOACT|
d00nKe 010 va gival 660 T SLVATOV O TPAKTIKOG KOt SLXEPIGILOG GTO TENTO.

Mo va dokipaotel kot va aglohoyndet to teEMkd amoTEAEGUO TOV TTAPAYETOL OO TOV KMOKA,
onuovpynOnkav kot vroPAnONKav otV ddKacio TG AVIIGTPOPNG, TOAAL GUVOETIKA LOVTELD LE
oupopeg yewpetpieg (.. OPOPETIKY] KAIOM YEDTPNONG, GVIGO Avoryplo TV MAEKTPOdiV NG
YEDTPNONG O OYECN HE NG eMPAvewns K.o.) TOG0 Yo Tt0 TANPES OG0 Kor Yo dtdpopa
BeAtiotomompéva chvora dedopévav. Mepikd amd avtd mopovcstaloviol Kot oYoAdloviol G ot
mv petomtuylokn epyacio. [Iépa amd ta ovvletikd povtéda, yio va a&toloynbel meportépm m
EQOPULOCILOTNTO TOV aAyOpIBloL Eytve amdmelpa HETPNONG He meipapa 6to gpyactipro. [V avtd to
AOYO KOTOGKELAGTNKE Lol dOUN|, WKOVY Vo Kpatdel otabepd Tor NAEKTPOOIA TG YEDTPNONG KO TN
emooaveiag. Avtq n doun ewodydnke oe oelapevn yepdatn pe vepd Kot GTOYOL UE OLPOPETIKEG
avapeVOUEVES avTIoTAoELS PuBioTnkay Kot 6TEPEDGONKAV OVAUECH GTO ETIPAVELNKE NAEKTPOOLO Kol
g yemTpnong, yia va eEakpipwbet av Ba eviomloToy amd to mapayOUevo TPOTOKOAAO.

Téhog, 060nKke 1 dvvatOTNTO VO TPAYLATOTOMOOVV UETPNOELS KOl O TPAYUHOTIKY épevva. [1a
AOYOLG GLVTIPNONG, KATOIES YEOMTPNGELS dlavoiydnkay 6Tovg TolYoug ToL PVNUEIOV TG EKKANGIOG TNG
Potévta otnv Occcarovikn, omoTe Kot 1)TOV EPIKTY 1] SIUCKOTNOT TOL ECOTEPIKOV TMV TOLYMV LE TNV
a&lomoinomn tov &v Aoyw aiyopiBuov. [Tapodra avtd, piog kot o Bacikdg oKomds dev NTov kabavtd 1

a&loAdynon TG KATAGTAONG TOV TOLY0V, 0AAG 1 emPePaimon TG AETOVPYIKOTNTAS KO PN OIUOTNTOG

v



oL OAyopiOuov, HOVo HEPIKEG amd TNG HEAETNUEVEG YEWTPNOELS B0l TAPOLGIACTOVV GE VT TNV
gpyacia.

e YEVIKEG YPOUUES, COLPMOVO. LLE TO OTOTEAEGLLOTO TTOV TPOEKLY OV, O OAYOPLOLOG givat tkovog Oyt
puévo va ovamoapdyst v emtBoun yeopetpio (YEOTPNOMN - EMPAVELN 1] YEDTPNOT - YEDTPNOT]), CALL

KOl V0L TPOGPEPEL IO KAAT EKTIUNOT TNG VIO HEAETT TTEPLOYNS.
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1.-PREFACE

In this master's thesis, the electrical resistivity tomography method is applied. Traditionally, the
surveys occur with the electrodes placed at the ground's surface. But, due to further advances in this
field, many surveys have also been conducted between perpendicular boreholes and the surface or
between two parallel boreholes (cross-hole). This combined investigation is a valuable tool because
the boreholes are closer to the desired target and may provide more detailed information about the
area. In many cases, the drilled boreholes are not always perpendicular to the ground but may have
various degrees of inclination. So, the need to provide some possible measuring protocols for borehole-

surface or borehole-borehole configurations with different degrees of tilt is evident.

For this reason, and since the standard configurations are not directly applicable to this arbitrary
geometry, it was attempted to create an algorithm to generate efficient protocols for the borehole-
surface and borehole-borehole measurements. The developed algorithm calculates the correct positions
of the electrodes depending on the borehole's inclination. Then, it generates a series of measurements

to form a full and optimized protocol.

This algorithm was evaluated and tested for its ability to handle diverse geometries between the
borehole and the surface / second borehole electrodes and to provide a specific format of full and
optimized protocols. The resulting protocols were examined with synthetic and experimental models
and with field measurements. Especially for the optimized protocols, their efficiency in approaching
the full protocol's results with diminished measurements was further discussed. Furthermore,

according to each geometry, an attempt was made to specify a trusted area for the inversion process.
The outline of the thesis is as follows:

e The theory and basic principles of the electrical resistivity tomography method were
referred. This presentation included the ways of acquiring the apparent resistivity data, the
geometry of the common electrode configurations and the inversion and optimization
process.

e The presentation of the generated algorithm and the proceedings led to the development of
a full and optimized protocol.

e The results of synthetic models and laboratory experiments that were used to examine the

applicability of this algorithm.



e Lastly, the outcomes of applying this algorithm in real data, which were conducted on the
walls of Rotunda church in Thessaloniki, and the feasibility of this approach was further

determined.



2. INTRODUCTION

This chapter presents some basic concepts concerning the electrical resistivity method, including
the basic theory, the resistivity arrays, the electrical resistivity tomography, the inversion process and
the array optimization. This information is mainly focused on concepts that formed the basis for the

creation of the algorithm and the processing of the results of this thesis.

The basic theory contains the equations that lead to the calculation of apparent resistivity and
explains how the measurements are acquired. Some of the standard resistivity arrays for the surface
are presented, and the proposed arrays for cross-hole measurements are also referred. Furthermore, the
data acquisition using electrical resistivity tomography is explained. Moreover, the basic principles of

the inversion process and some array optimization techniques will be referred.

2.1 Basic theory

The electrical method can provide information on the distribution of electrical resistivity of the
ground since it consists of geological formations and materials with different electrical properties. Due
to this discrimination, it is possible to measure their electrical resistivity and associate it with the
expected formations of the area. The technique injects direct current (DC) via two electrodes and
measures the potential difference using two other electrodes. For a cylindrical body (Figure 2.1), the

resistivity p (Ohm-m) is given by the equation:

2.1

o~ W

p=R-

where R (Ohm) is the resistance, S (m?) is the cylinder’s cross-sectional area, and L (m) is its length.
The electrical resistivity depends on many factors concerning the soil of the investigation, such as its

nature (mineralogy, particle size distribution), void presence, water saturation, electrical properties of

enclosed fluids and temperature (Samouélian

i

Figure 2.1: Cylindrical body of length L and cross-sectional area S.

The reciprocal of resistivity is called conductivity ¢ (Sm™) and describes the material’s ability to

conduct an electric current:

0= 2.2

p

Also, according to Ohm’s law the electrical resistance of a body is given by the equation:



R =

4
i 2.3

where V (V) is the potential and I (A) is the current.

Consider a homogenous and isotropic half-space and the current electrodes placed on the ground;
the electrical equipotentials are hemispheric, so the resulting potential is equal to:

1
s

= o 2.4

Where p is the resistivity, I is the current, and r is the radius of the hemisphere. When the electrodes
are buried into the ground, the denominator of equation 2.4 changes to «4nr» since the equipotentials

turn spherical.

As mentioned above, the potential difference measurement occurs with the injection of DC
electrical current. Four electrodes are needed for this measurement. Two (A and B) are the current
electrodes, and the rest (M and N) are the potential electrodes. Let’s consider the arrangement of Figure
2.2. According to equation 2.4 the potential in point M due to A® and B is

V_pl(l 1)
M~ on\aM BM 2.5

where AM and BM are the distances of M from A and B, accordingly. Likewise, for electrode N,

V_pI(l 1)
N7 2x\AN BN 2.6
A 1| M B

Figure 2.2: Arbitrary arrangement of 2 current electrodes (A and B) and two potential electrodes (M and N).

So, taking into consideration the equations 2.5 and 2.6, the potential difference is equal to:

_ pI( 1 1 1 4 1 ) 27
MN"2r\AM BM AN ' BN
Solving for p, the equation 2.7 becomes:
_ Vun 2n _ Vun 2.8
”‘T<L_ L_LJ,L) T f
AM ™~ BM ~ AN " BN

K is the geometric factor that depends on the distances between the electrodes.



Due to the fact that the underground is not homogenous but consists of different formations, the
electrical resistivity of equation 2.8, is called apparent resistivity, «pe». It represents an average of the
resistivities of the formations in place and not their true resistivities. To obtain the true resistivities of

the ground, the data should undergo the inversion process.

2.2 Resistivity arrays

Surface Measurements

As mentioned above, a prerequisite for taking measurements is the existence of at least four
electrodes placed at known positions. Theoretically, these positions could be random, but moving the
electrodes, in this case, would be more labour-intensive. For this reason and since it is more practical
in the field, standard symmetrical arrays are preferred for the measurements. Such arrays are the
Wenner, Schlumberger, Dipole-Dipole, Multiple-gradient, etc., mainly applied for surface

measurements.
Wenner:

In this array, the current electrodes are placed on the outside and the potential electrodes on the
inside, as shown in Figure 2.3. Their spacing is equal, AM=MN=BN=a and the apparent resistivity is

calculated by equation 2.8, replacing the distances with «a»:

V; V;
0g = I\;N K = A}IN na 2.9

Schlumberger:

The electrodes are placed as in the Wenner array, but their spacing differs. If the current electrodes
are in the distance equal to 2L, the potential electrodes are in the distance 2/, and L >> 10/. The
apparent resistivity is calculated by:

_ ml2 AV 2.10
P =17
Dipole-dipole:

The current dipole (A-B) in this array is separated from the potential dipole (M-N). The dipoles
have the same spacing, «a», and are separated in an integer multiple of their spacing distance, «nay.

The apparent resistivity results from the equation:

AV
pe = —mn(n+ 1)(n+ Z)aT 2.11
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Figure 2.3: Schematic presentation of some of the most common electrode arrays. (Tsourlos, 1995)

Multiple-Gradient:

In the multiple-gradient configuration, the electrodes are placed in one line. Its length is divided
into equal segments, «e», where the current electrodes are situated on the edges of each segment
(Dahlin & Zhou, 2004; Martorana et al., 2017), and the in-between potential dipole can be placed in
all the available internal positions. In Figure 2.4 an example is shown. For e=1, the current electrodes
are placed only in the first and last position, and all the in-between positions are utilized from the
potential electrodes. For e=2, the line is divided into two equal spaces; the current electrodes' available

positions are now three and so on.

o= 1 ﬁ,—’T"\\T

T
i} 10 20 30 40 50 (-] T0

Figure 2.4: Illustration of a cross-hole Multiple-gradient configuration. (Martorana et al., 2017)



Cross-Hole Measurements

To realize cross-hole measurements, the boreholes should be at a close distance for better resolution
in the area between them. The Wenner and Schlumberger are not optimum (Tsourlos et al., 2011), so
other arrays have been preferred, such as the Dipole-Dipole and Pole-Tripole (Goes & Meekes, 2004),
or the Bipole-Bipole (Bing & Greenhalgh, 2000). Some of them were also modified and applied in
different investigations i.e. to long-term monitor CO, (Schmidt-Hattenberger et al., 2016), to detect
ancient walls (Leontarakis & Apostolopoulos, 2013), or to investigate the subsurface for construction

purposes (Almpanis, 2018).

Dipole-Dipole:

In the case of a cross-hole arrangement, the possible configurations are AM-BN, AM-NB, and AB-
MN, where the first two electrodes are in one borehole and the other two in the second (Figure 2.5).
According to Goes & Meekes (2004), the first two configurations have the advantage that the potential
electrodes are in different boreholes and close to the current electrodes so that the potential difference
will be significant and less sensitive to the background noise. Also, the current has to flow between
the investigated area of the two boreholes.

Crosshole dipole-dipole

amean Ao . AM-NB
[ | | |
Alel LN || N Ale i
u°) |V ,‘|. N M [ ik
| 1) Ml ] | |
:*| ‘ { ¥ i I‘*’
[ f | , {
AB-MMN AB-MN
= — = — _
Ai‘r "=-|M M
Bl®| |"I'.N Flu
| N ::| 1 # A, B: current electrodes
L W M, N: potential elecirodes

Figure 2.5: Illustration of a cross-hole Dipole-Dipole configuration. (Goes & Meekes, 2004)
Bipole-Bipole:

There are three independent configurations for the cross-hole measurements with the bipole-bipole
array: AM-BN, AM-NB and AB-MN (Bing & Greenhalgh, 2000) (Figure 2.6). According to their
research, the first two have similar results for the cross-hole measurements. The last one has significant

differences since it is contaminated with noise, and the potential difference signal is very low.

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

ﬂﬂr Tﬁn Tﬁ
M @) " "’ ® |B B‘ © "

Figure 2.6: lllustration of a cross-hole Bipole-Bipole configuration. (Bing & Greenhalgh, 2000)
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Pole-Tripole:

In the pole-tripole array, three electrodes are situated in one borehole, and the fourth is in the second
(Figure 2.7). In this configuration, the direct line between the current electrodes is always such that it
creates a wide angle with the horizontal layers, so the current would flow through all of them and

would locate thin horizons (Goes & Meekes, 2004),.

Crosshole tripole-pole

MMA-B {'short-normal resistivity log') A-MN B ('Meekes') MM A-B ('Meekes’)
] e o e,
M| (®|g Al® ¥ M E 1 (T8
wil | e (.
al? 5 | v v |
1 | [ | | |
W | |
A |le |
| o | |

Figure 2.7: lllustration of a cross-hole Pole-Tripole configuration. (Goes & Meekes, 2004)

In many cases, though, the boreholes that may be drilled in a region are not at the appropriate
distance for cross-hole measurements, so the area between them cannot be investigated adequately.
For this reason, the need to combine borehole and surface electrodes has been proposed. In some cases,
in-line measurements are acquired where the sequence starts from one borehole, continues up to the
surface electrodes and maybe even end to the second borehole (Leontarakis & Apostolopoulos, 2013),
or the surface electrodes are independent and act like a second borehole (Zipvpdavng, 2013). In both

cases, the configurations used are modifications of the aforementioned basic cross-hole arrays.

2.3 Electrical resistivity tomography

Electrical resistivity tomography (ERT) is a widely used measurement procedure. Thanks to the
advances in the development of instruments and processing techniques (Griffiths & Barker, 1993),
obtaining crucial information regarding the subsurface is possible. The ERT-measured apparent
resistivities are presented as pseudosection, where the measured apparent resistivity values are plotted
between the centre of the quadrupoles. The ERT technique has been applied in many studies, such as
in cases where there was the need to detect underground utilities or cavities, investigate old and ancient
structures, determine fault zones and evaluate potential construction sites, assess hydrologic features

and detect the bedrock or other targets (Ducut et al., 2022).

The number of electrodes that will be equipped can vary, depending on the instrument’s availability
and ability to place them. The electrodes are placed in a line, and the device takes measurements
automatically using the desired array. Figure 2.8 (Fehdi et al., 2014) shows an example of an electrical
resistivity tomography using the Wenner configuration. The current electrodes (A and B) and the

potential electrodes (M and N) are in the position «Measure 1» for the first measurement, and the

-8-



potential difference is measured at the centre of the arrangement, as indicated by the blackened bullet
1. Then automatically, the current and potential electrodes are moved one position to the right, where
the measurement of the second bullet occurs. This routine continues up until the last four electrodes.
Then, the spacing between the electrodes increases and becomes «2a» and «Measurement 17» occurs.
Only this time, the depth increases; the measured point is shown with the blackened bullet 17. Again,
the electrodes move to the following positions until the measurements are completed. This procedure

is repeated until the acquisition of all the desired measurements.

Measure 30

[ T 232 1 2 |
M N B
Measure 17

I 2a | 2a [ 2a I

A M N B Resistivity PC

Measure 1 Cable equipment

a a a

A M N B

1 2 3 4 5 6 7 /8 9 101 12 13 14 15 186 17 18 1§

a a a

| I}I!/l | l%f[’,lﬁlll | Iml 1|
n=1 . o =] o =] -] -] Q ] < =] ] -] -] ° Q

1
n=2 - ] o o o o o o ] =] o o o
17
n=3 « o o © © ©o © ©o © ©
30

n=4 - o -] o ] o o
n=5 ¢« ©o o o
n=6 .

Figure 2.8: Example of the acquisition of measurements with the method of electrical resistivity tomography. (Fehdi et al., 2014)

One instrument manufactured to obtain these measurements is the multi-channel sounding and

profiling system, Syscal pro, manufactured by IRIS instruments (http:/www.iris-

instruments.com/syscal-pro.html). It is capable of measuring resistivity with a maximum current

injection 2500mA. A significant characteristic that improves the measurements’ acquisition speed, is
its ability to measure up to 10 channels automatically and simultaneously. The experimental and field

data were collected using this instrument (Figure 2.9).

Figure 2.9: The Syscal pro instrument, that was used for the acquisition of the measurements.
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2.4 Inversion

As mentioned above, the measured values are apparent resistivity, not true subsurface resistivity.
The primary process in geophysical practice is to find the distribution of the true subsurface resistivity
based on the measured apparent resistivities. The most common approach to achieve this is the
inversion process. The inversion aims to find a subsurface resistivity model that would generate
synthetic apparent resistivities as close as possible to the measured apparent resistivities. For this to be
feasible, the forward problem should be solved first. The forward problem correlates the distribution
of the subsurface resistivities with the measurements. More specifically, if x represents the resistivities

distribution and y the measurements, then the solution of the forward model is the variable, T, so that:

y=T(x) 2.12

The solution of the inverse problem is the reverse formation T-! that connects the known measurements

y (measured on the field) with the unknown resistivity distribution, x, meaning:

x =T 1(y) 2.13

There are two ways of handling the solution of the forward problem: the analytical and the
numerical approach. The former is mainly used for simple structures (i.e., buried sphere) because they
have known solutions. The latter can model even complex resistivity distributions as it involves
advanced numerical procedures performed by computers. Usually, the numerical approach is

implemented since the structure can be more complicated. (Tsourlos, 1995)

As for the inverse problem, its purpose is to identify the real resistivities of the subsurface, from the
measured apparent resistivities. Different deterministic techniques to solve the inverse problem include
the non-linear least-square, weighted least-square, Marquadt’s method, smoothness constrained
inversion (Occam), and inversion with apriori information (Tsourlos, 1995). Since the explanation of
each of them is beyond the scope of this thesis, only one of them, the least-square method, will be

referred to. The general equation that describes the resistivity problem is:

f)=y 2.14

where y is the observed data vector, x is the unknown parameter vector (resistivity distribution), and
f(x) is the forward solver. Expanding this non-linear equation into a Taylor series and ignoring the

higher-order terms, it turns out that:

fGx+dx) = f(x) +]dx 2.15
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dx is the resistivity correction vector, and J is the Jacobian matrix. The purpose is to find the minimum
error between the observed and the predicted data. At the least-square method, the iterative process
seeks to find the optimum dx vector for which the sum of errors becomes minimum. After some

calculations, the resulting dx vector is equal to:

dx = (J"D"YTdy 2.16

So, it is evident that calculating the Jacobian matrix (J) is significant in solving the inverse problem.
Consider as n, the number of elements in the parameter vector, x, and m the number of elements in the
observed data vector, d. The Jacobian J is a mxn matrix and its ith,jth element is expressed as:

_ad,

]ij—a_pj

2.17

where p; is the resistivity of parameter x;. The Jacobian matrix is also called the sensitivity matrix,
since it provides information about the sensitivity of the measured values, viz. it shows how much the
apparent resistivity changes if a minor variation in resistivity occurs. If the observed data are apparent

resistivities, then the equation 2.17 turns to:

_Opa;  Opa;  2maAV; 2.18

ap; da;  GI do;

Jij

where G is the geometric factor, and I is the intensity of the inserted current. These values are known,
and the only one remaining to calculate the Jacobian matrix is the variable (04V;/do;). This can be
calculated using the sensitivity, the adjoint equation and the perturbation technique (Tsourlos, 1995).
For this thesis, it was calculated using the equation for homogenous half-space by (Loke & Barker,

1995). For a rectangular block of finite dimensions (Figure 2.10), the partial derivative (04V /dp) is:

v 1 jzzfxzf”" x(x —a) + y? + z2 v de d
0p  4Am? )y Jy1 ) 2+ Y2 4215 [(x — a)? + y? + 22]15 yaxaz 219
C P
(0.0) (a.0)
|
(xq.21)
P
(x5.23)

location of Gaussian
guadrature points

Figure 2.10: Parameters of a rectangular block that affects the calculation of the 2D partial derivative of the block. C is the current
electrode and P the potential. (Loke & Barker, 1995)
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The iterative inversion process, described in equation 2.16, stops when some conditions are met.
One typical condition is the % relative root mean square (RMS) error: the error between the observed

and the calculated data. RMS is calculated by the following equation:

10 ((do; — dep)?
% RMS error = 100 - —Z G 2.20
me do

Where m is the number of measurements, doi is the observed data, and dc; is the calculated data. The
iterative process ends when there is no improvement in this error, meaning that the computed data can
no longer approach the observed, and the error remains approximately the same. This process can also
be stopped if the error between the real and observed data increases, or if the predefined number of

iterations has been reached, or if the misfit error is less than the observation error (Tsourlos, 1995).

The inversion of ERT data in this thesis were realized with the DC_2DPro software (Kim, 2017).
The program performs an iterative smoothness-constrained inversion. Users can interfere with the data
and adjust the inversion parameters (Figure 2.11). The software allows the alteration of the inversion
block size and provides the choice to add apriori information for the synthetic models. After the
inversion process, the RMS error appears, and if it’s not optimal, the user can delete data points by

misfits and rerun the inversion for better results.
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Model [area, mesh, etc) 2  Fising resistivity ,1007
getbosiliodcl E ~ Aptioti constraint 1 - Chargeahility
Set node coord (4] = [variahle weighting)
0
Set node coord [2) = o~ Aprio constraint 2
= 1 .
Inwersion block size ] (cap=Eatreichila) -YWeighting
@ o i
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Figure 2.11: Windows that show some of the parameters that the user can alter in the DC_2DPro software.
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2.5 Optimization

Recently, due to technological advances, geoelectrical measuring instruments can acquire a
significant number of measurements automatically and quite rapidly. But sometimes, the survey
conditions may require only a limited number of measurements to be collected, or the measurement
needs to be obtained in the fastest possible way (i.e., monitoring experiments). In such cases, a
measurement optimization process can be beneficial. The target is to select some of the measurements
of the full measurement protocol that would provide similar results with fewer measurements and
reduced acquisition time. For this reason, many methods have been proposed, and some of them will
be presented in the following sections (Stummer et.al., 2004; Wilkinson et.al., 2006; ABovaciov,

2009).

2.5.1 Stummer et al. (2004) methodology
Before referring to this methodology, the concept of the model resolution matrix, R, should be

presented. This matrix is defined as:

est

m —_ Rmtrue 22]

e are the actual model parameters that are

where m*®' are the estimated model parameters, and m
unknown. Resolution matrix, is a m x m matrix that shows how well a particular estimated model
parameter fits to the true one. If R=I, where I is the identity matrix, the model parameters are uniquely
determined (perfect fit), and if not, they are weighted averages of the actual parameters. The matrix R

is calculated by:
R=]Y 2.22
where J'! is the generalized inverse matrix. (Menke, 2018)

The optimization is based on the model resolution matrix, considering the initial model a

homogenous half-space. According to Noel & Xu (1991), for n electrodes equally spaced, there are:
nd=n-(n—-1)-n—-2)-n—3)/8 2.23

possible, non-reciprocal four-electrode combinations. Rejecting some of them (n®") due to high
geometric factors (i.e. low signal) or other reasons, the final measurements that Stummer et al. (2004)

used was
nd'=mn-(n-1)-(n-2) (n—3)/8) —n® 2.24

This set is named comprehensive data. Let’s assume a nm inversion cell and the Jacobian of the

comprehensive data, meaning all possible combinations, as J*™". From the nd’ configurations, n®**
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configurations are selected such that the Jacobian, J°°™", is subdivided into a (n?%€ - nm) matrix Jba

and a [(n?%¢ — nd’) - nm] matrix J*4. At the beginning of the optimization, the n®*°

configurations are
the ones that correspond to the array that was used for the initial data acquisition. The configurations

that are contained in J*! matrix are ranked according to the goodness function:

. |]gdd| Rp.ase . ,
jJ

where,
nd’

sum — Z
Jj " nd

J;*™ is a normalization factor that balances the high sensitivity of the near-surface cells with the ones

compr

2.26

deeper, which are imposed to less good sensitivity. R? and R®™" are calculated using equation 2.22

for the equivalent Jacobian matrices.
Except for the goodness function, the candidate configurations are also checked for their linear
independence from the base data set using the following equation:

]ll}ase]add

|]base||]kdd| L= 1’__.’nbase 2.27

LI(i) =

The LI values below a threshold will be added to J**° and the procedure repeats for each candidate

configuration. After this process, the R is calculated again with the added values.

2.5.2 Wilkinson et al. (2006) methodology

Wilkinson et al. (2006) proposed a different version based on the Stummer's et al. (2004)
methodology. The optimization starts with a data set (base) of configurations. From the comprehensive
data set that contains all the possible configurations, each one of them that is not included in the base

data set is ranked by a goodness function:

m
] Rbase
F (i) =Z (1D 2.28
4 ]sum) R
J

where m is the number of model cells, and

i = nbz 175 2.29
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Index k indicates all the nb configurations included in the base set. The difference between the
proposed method by Stummer et al. (2004) is that equation 2.29 summarises only the base
configurations and not the entire comprehensive data set, which provides a higher weighting to the
configurations that are linearly independent of the data set. Also, with the implementation of both
equation 2.28, which chooses configurations that enhance the poorly resolved regions of the model,
and equation 2.29, the selected configurations are checked simultaneously for their linear independence

from the base set. So, this excludes the time-consuming stage of calculating the equation 2.27.

2.5.3 Athanasiou (2009)
A different method was proposed by ABavaciov (2009), where the optimized measurements were
extracted from the full protocol using only the Jacobian matrix, J, and not the resolution matrix, R.

This way, the process would be much quicker since the inversion would not have to occur.

More specifically, all the possible measurements are calculated. Then, some of them can be
eliminated if their geometric factor is higher than a value, indicating a measurement with a low signal.
From the remaining measurements, the Jacobian matrix is calculated. For instance, let’s consider the
example of Figure 2.12, which consists of four parameters and five apparent resistivity measurements.
So, the Jacobian is a matrix of (five rows) x (four columns) that correspond to each measurement and

parameter, respectively.

Jacobian Matrix
Pa rameters 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

Figure 2.12: Example of the optimization process for four parameters and five measurements proposed by Athanasiou. (Modified from
Athanasiou, 2009)

Measurements

The proposed method is that each time, the chosen measurement for each parameter is the one that
results in the value with the highest absolute sensitivity and has not been selected by any other iteration.
So, in Figure 2.12, for the P1 parameter, the highest value is the one noted with blue colour, which
corresponds to the measurement M4. The chosen measurements for the P2 and P3 parameters are the

MS5 and M3, respectively. But for the parameter P4, the highest absolute value is this of M3, which
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was previously chosen for P3. So, the iterative process will seek the second higher value, that is, this
of M5. Once again, this measurement has been chosen, so the process continues until it finds a
measurement that another parameter has not used again. In this case, the measurement that finally

corresponds to the P4 parameter is M1.

An additional process was added (ABavaciov, 2009) to calculate explicitly the less sensitive
parameters based on the Jacobian matrix. First, the sum of the absolute values of each parameter, called
L1-norm, is calculated. The parameters are then sorted according to their L1 norm value and grouped
into clusters, the number of which is selected by the user. The number of measurements for every
parameter is predefined for each cluster and is proportional to the ranking. The number of
measurements chosen for parameters with low L1-norm (poorly resolved) is much higher than those

with high L1-norm values (well resolved).
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3. A FLEXIBLE PROTOCOL GENERATION ALGORITHM

The algorithm generated to achieve this thesis' scope will be presented and explained in this chapter.
The algorithm was developed in Matrix Laboratory (MATLAB) and is partly based on an existing
algorithm provided by P. Tsourlos. To be more user-friendly and accessible, a graphic user interface

designed by a Matlab App designer was also included.

The code’s primary purpose was to create a full and propose some optimized protocols for diverse
geometries of borehole-surface electrodes. This capability was further updated to include the
possibility of generating protocols for geometries between two dipping boreholes. The algorithm’s
presentation is divided into two parts: the theoretical analysis of the algorithm and the practical. The
former describes all the theory that formed the base for the generated algorithm, and the latter includes
a short description of the graphic user’s interface windows. More specifically, the steps followed to

produce full and optimized datasets are presented on the flow chart of Figure 3.1.

Figure 3.1: Flow chart that presents the steps that were followed for the production of the full and optimized datasets.

3.1 Theoretical analysis

The algorithm initiates with the insertion of some parameters, such as the number of electrodes that
will be utilized, the coordinates of the first electrode, the electrode spacing, and the degrees of
inclination so that the desired geometry can be formed. With this information, it is possible to calculate
the coordinates of the electrodes. The electrodes that will be inserted into the borehole and the ones at
the surface/second borehole are independent, meaning that the electrode coordinates are joined in a
matrix while being calculated separately. In this way, the mentioned values could be unequal, and the

possibility of different inclinations between two boreholes could be feasible.

Consider an arbitrary coordinate system of «x» and «z» axes. The coordinates of the first borehole
electrode correspond to the shallower placed electrode, and the calculation of the rest borehole’s
electrode coordinates occurs according to this point, the spacing and the degrees of inclination. The
same is applied in the case of a second borehole. As for the surface electrodes, the first electrode has

the smaller «x» value (i.e., x=0) and the rest are calculated according to the spacing.

While calculating the electrode coordinates matrix, a unique ID number is appointed to each
electrode and will be used in the next step. In the case of a borehole-surface array, by default, the

numeration starts from the deepest borehole electrode and continues until the farthest surface electrode.
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Similarly, in a borchole-borehole array the numeration initiates from the deepest left borehole’s
electrode to the deepest second borehole’s electrode. The spacing in every borehole could vary, and

the degrees of inclination can be between 0 and less than 180 degrees.

The second step involves the generation of the full protocol. The measurements are collected with
the available arrays. Since there are no standard arrays for borehole-surface measurements, the cross-
hole arrays are applied, considering the surface to be a second borehole. The arrays included are the
pole-tripole, bipole-bipole equatorial, bipole-bipole diagonal, dipole-dipole and in-line multi-gradient
in the borehole and the surface / second borehole, separately. A schematic illustration for a borehole-
surface measurement was created for each configuration, with 12 electrodes each and the same spacing,
«a», to both borehole and surface. Two current electrodes (A and B) and two potential electrodes (M
and N) illustrate the arrangements and how the measurements are acquired. The symbol «-» will

indicate the division of the electrodes in the first borehole and the surface / second borehole.

For the pole-tripole array, the configuration (B-NMA and NMA-B), that was proposed by Goes &
Meekes (2004) and referred to in a previous chapter (2.2) was applied. Also, the configuration B- AMN
and AMN-B were used, where the current poles are situated in the borehole and at the surface (Figure
3.2). The parameters that the user can alter are the current step for every iteration and the maximum

potential dipole separation from the source electrodes (1a, 2a, ..., etc.).

B-NMA NMA-B
NMA B

B-AMN a AMN-B

o Current electrode

o Potential electrode

®  Electrode position

Figure 3.2: Illustration of a borehole-surface measurement with the pole-tripole array and the different configurations.

Other arrays that the user can choose are the bipole-bipole equatorial and diagonal. The
configuration used is the BN-AM (Figure 3.3). The current electrodes are placed again on cross-
symmetric positions, and the potential dipole recedes at farthest distances. Different maximum
separations of the two pairs can be selected. After collecting these measurements, the current electrodes

move to the next step, and the potential electrodes move away. The discrepancy between the equatorial
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and diagonal configurations is that in the latter, one of the potential electrodes, instead of moving
simultaneously with the other, remains fixed in its position and only the second one moves to further

distances (again, the opening of the electrodes can vary) and vice versa.

Equatorial

AM-— Diagonal A M

o Current electrode

o Potential electrode

*  Electrode position
Figure 3.3: lllustration of a borehole-surface measurement with the equatorial (top) and diagonal (bottom) bipole-bipole array.

The dipole-dipole array is available only for borehole-surface measurements since the configuration
used was the MN-AB (Figure 3.4), with the current electrodes always on the surface. The user can
define the maximum separation of the current and potential electrodes from each other. The current
and the potential electrodes from the first position, where they are at a distance equal to one spacing,
«a», move one step at a time until their last position. A second sequence will start but with the current
electrodes at a distance equal to two spacings, «2a», three spacings, «3a», etc. The same will happen

if the maximum potential separation would advance.

A B

o Current electrode
o Potential electrode

®  Electrode position

Figure 3.4: Illustration of a borehole-surface measurement with the dipole-dipole array.
Lastly, the final arrays are the in-line multiple gradient at the surface and in the borehole separately

as indicated in Figure 3.5. This routine continues with electrode A, which is stable in its position, and
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then another sequence begins with the movement of this electrode. The process ends when the desired

measurements have been taken.

Multiple gradient surface Multiple gradient borehole

A MNB

o Current electrode

o Potential electrode

®  Electrode position

Figure 3.5: [llustration of a borehole-surface measurement with the multiple-gradient array. The measurements are collected
separately in the borehole and surface, as it is indicated in the figure.

The measurements generated by the chosen configurations are then evaluated for their geometric
factor and sensitivity error. The geometric factor of each one of the quadrupole measurements is
calculated, and all those over a given threshold are rejected. The user can choose between the option
to input an arbitrary threshold value or calculate a threshold from the instruments and soil’s properties

using the equation:

) Source Voltage - Minimum expected resistivity
Resulting threshold = - 3.1
Voltage accuracy - Contact resistance

where the source voltage and voltage accuracy are related to the employed instrument, and the
minimum expected resistivity and contact resistance are dependent on the region’s geological

formations. After choosing the threshold, the rejection of the measurements occurs.

A second filtering was also applied to the candidate measurements (Wilkinson et al., 2008). The
concept of this filtering is to discard configurations that are very sensitive to positioning errors. This
is an indication of a potentially “unstable” measurement that could contaminate the results of the

inversion with noise.

The sensitivity error was calculated according to Wilkinson et al. (2008). Based on their research,
when placing the electrodes, some errors occur in the geometry (i.e., uncertain positions, imprecise
spacings, inaccurate depth) and thus in the geometric factor. The following equation gives the

generalized geometric factor:

4 41

O S S SRS S SN W U W A7) 3.2
BNt AM~ BM ANTBN
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where, A and B are the current electrodes, M and N are the potential electrodes, AM is the distance of
electrode A from M and A’M is the distance of M from the symmetrical point of A, considering the
surface as the line of symmetry. The same is applied for the rest of the distances. The sensitivity, s,

(Loke et al., 2014) of the geometric factor to errors is given by:

_ (aK)Z N (aK)Z N (61()2 N (61()2 3.3
*=\ea) "\a8) "\am) " \an
For the electrode A, which is placed in the position (Xa, Ya, Za) the sensitivity error is:
OK\* [OK\*> [0K\* [0K\*
@) =G) + &) &) .
0A 0x, 0y, 0z,

An error in x, will only affect the AM and AN distances so:

0K  4m( 0H 6AM+ oH 6AN+ oH 6A’M+ 0H 0A'N 35
dx,  H2\0AM 0x, 0AN dx, 0A'M dx, 0A'N dx, '
where,
oH 1 36
0AM ~—  AM?
AM? = (x4 — xp)* + Va — Yym)?* + (24 — zu)? 3.7
0AM 38

axa = _Z(xA _xM)

Similar equations will hold for the rest of the distances and points (ya, za). These equations apply to
3D investigations, but since this thesis concerns 2D surveys, the “y” dimension is ignored, and only x
and z contribute to the sensitivity calculations. The geometrics’ factor relative error is then defined as:

S

Re = e 3.9

According to Wilkinson et al. (2008), the removed measurements had estimated relative error Re >
5m’!. Since the uncertainties in the array depth were ~1cm, this limit equates to geometric factors of
~5 per cent. For the created algorithm, the sensitivity error corresponds to the error that would occur
if all the electrodes had 3% displacement on their expected position. The borehole electrodes may be
displaced in the horizontal and vertical distance, which is considered by assuming the error above in
both directions. Instead of eliminating measurements as Wilkinson et al. (2008) proposed, a threshold
value was chosen (AovBapng, 2020). The threshold for the accepted relative error values is selected

according to each geometry.
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The next step is the calculation of the Jacobian matrix. A regular grid of «x» and «z» points is
formed based on the electrode coordinates. This grid corresponds to the parameters for which the
Jacobian matrix will be calculated. The Jacobian matrix is calculated for every accepted measurement
and every parameter. Also, the cumulative Jacobian (L1-norm, ABavaciov (2009)) for each parameter

1s calculated.

Some points (parameters) can be eliminated to define a more specific area of interest near and
around the electrodes. Effectively, the process attempts to limit the region of interest only to parameters
which exhibit a cumulative sensitivity above a given threshold. For this reduction of points, the median
of the cumulative Jacobian was used. All the values less than the median of the cumulative Jacobian
or the median multiplied by a given value are disqualified, and only the rest of the values remain. After
this elimination and when plotting the remaining points, the areas of low expected sensitivity are

rejected from the optimization procedure.

In the following, the optimization based on the method proposed by ABavaciov (2009) was used
but with some modifications. The first change is that, as mentioned above, after calculating the
Jacobian matrix and the L1-norm, there was the possibility of eliminating some parameters of the
Jacobian matrix that were considered less sensitive. Secondly, the optimization occurs so that the
resulting number of optimized measurements can be controlled. This was achieved by automatically
calculating the clusters, depending on the desired number of the final measurements, which were
chosen between three possible percentages concerning the number of measurements of the full
protocol. The available percentages are of 25%, 50% and 75% of the full protocol, meaning that if the
total measurements of the full protocol are for example, 10000, the optimized protocol of 25% will
choose the most appropriate number of clusters so that after the optimization the final measurements

are approximately 2500, etc.

More specifically, an iterative process was created to find the most appropriate number of clusters
that would eventually lead to an optimized protocol with the chosen percentage of full measurements.
For this iterative process, many clusters were tested, and the one that would result in measurements
closer to the desired percentage was finally chosen. The following equation calculated the cluster

length:

P
cluster_length = floor( max) i=123,..,50 3.10

where, Pmax is the total number of the parameters of the “new” Jacobian and «i» is the cluster

examined each time. Then, for each iteration, meaning for each of the 50 different clusters, a temporary
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variable was created which stored the total number of the measurements that would be enlisted to each
cluster if the chosen cluster was the examined one. Finally, the cluster with the smallest deviation from

the desired number of final measurements is selected.

After completing all these processes, the full and optimized protocols are saved into output files as
protocols, which can then be uploaded to the instruments (*.txt for Syscal and *.org for ABEM-
Terrameter) or can be used to generate synthetic data (*.A2D for the DC_2DPro program) to test the

performance of the protocols.

3.2 Application of the algorithm

3.2.1 Parameters

Initially, the user can choose between borehole-surface or borehole-borehole array and then input
the appropriate information to form the desired geometry. For this purpose, there are two panels, one
for the borehole electrodes and one for the surface (Figure 3.6) or the borehole 2 (Figure 3.7)
electrodes. After inserting the parameters and clicking the ‘Preview’ button, the electrode coordinates
are calculated and plotted along with their ID number on the graph. Examples of measurements are
shown in Figure 3.6 and Figure 3.7 for a borehole-surface and borehole-borehole configuration,
respectively. Note that surface electrode IDs have been reversed because the borehole’s tip is closer to

the last surface electrodes. The ID number is essential when making the cable connections in the field.

() Borehole-Surface array
() Borehole-Borehole array Electrode coordinates

Horizontal distance

Borehole . : 4 60 | ? 80 90
Number of electrodes
X of first electrode St
Z of first electrode 1o} l2
Electrode spacing |11
Degrees of inclination " ho lo

Surface
Number of electrodes
X of first electrode
Z of first electrode

Electrode spacing

[l
F

-

17
Is

11

[ Change variables ] | Refreshplot |

Figure 3.6: Geometry window. The user can add the appropriate information so that the desired geometry could be calculated and

implemented.
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(") Borehole-Surface array
(®) Borehole-Borehole array

Electrode coordinates
Horizontal distance

Borehole 1 _wﬂ S 5 1.0 1.5 2=0w 25 '3:0 '3».5 4.0 4.5 50
Number of electrodes I la I
X of first electrode lil 15} |10 15'16
Z of first electrode I 9 li7
Electrode spacing 20 | g |13 |19

inclinati I20
Degrees of inclination % N | 7 |21
Z Is 122

Borehole 2 Is I23I
Number of electrodes -30 Is 24 ]
X of first electrode B
Z of first electrode -35T 1>
Electrode spacing I
Degrees of inclination -40 *

[ Change variables ] [ Refresh plot ]

Figure 3.7: Example of the geometry window when the borehole — borehole array is selected.

3.2.2 Configurations

The process continues with the user choosing one or more of the given arrays (Figure 3.8). The
available arrays are the 1) pole-tripole, 2) bipole-bipole equatorial, 3) bipole-bipole diagonal, 4)
dipole-dipole, 5) multi-gradient in the borehole and finally 6) multi-gradient in the surface. The dipole-

dipole is only available in borehole-surface measurements. A matrix with all the quaternary

Choose configurations:

[ 11)Pole-Tripole

[13)Bipole-Bipole diagonal

["]4)Dipole-Dipole

["]5)Muilti-gradient borehole

[ | 6)Multi-gradient surface

Figure 3.8: Configuration window. The user selects the desired configurations.

-4 -



measurements is calculated depending on the chosen configurations and the variables that the user can
interfere with. This matrix contains the ID of the four electrodes utilized each time for the

measurement.

3.2.3 Geometric factor / Sensitivity error

Then, the user can eliminate some measurements due to geometric factors (Figure 3.9). This can be
realized with two options. The user can input an arbitrary threshold value or calculate the threshold
with equation 3.1, in which case some more variables should be added. When clicking the ‘Reject
measurements’ button, all the measurements with higher threshold values are dismissed, and their
percentage is shown. The user can also choose whether the rejection of some more measurements due
to sensitivity error will be applied. The relative error value (Re) of each quaternary measurement
appears in the histogram, and then the user can choose a threshold that will be deemed reasonable to
dismiss all those values that are out of charts. Again, the percentage of the rejected measurements can

be seen.

Reject Measurements

Geometric factor Sensitivity erro

() Input a thresheld value

Threshold

-~ Calculate threshold from instrument's/soil's
' properties

Source voltage

Voltage accuracy

Contact resistance 2500
Minimum expected resistivity

Resulting Threshold

| Reject measurements |

Rejected measurements (%) 0

|M| Continue
Figure 3.9: Geometric factor and sensitivity error window, where the user can eliminate some of the measurements.
3.2.4  Jacobian calculation
The next step is to calculate the Jacobian matrix (Figure 3.10). Once again, there is a choice between
using the default grid or creating a new one. In the first option, the resolution of the cartesian grid
affects the step for the in-between points. For example, if the 0.5 resolution is chosen, it will produce

approximately quadripole points compared to selecting “resolution 1”. The second choice was added
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because the default grid might not be preferable since the geometries that may be used are theoretically
unlimited. The user, depending on the electrode coordinates, needs to input the minimum desired «x»
and absolute «z» value to indicate the top left corner of the grid, the step for the calculation of the in-
between points and finally, the desired maximum «x» and absolute «z» value for the completion of the
grid. The minimum «x» value does not have to be equal to the exact coordinates but may be smaller

to cover the surrounding area. The same is applied to the maximum values.

Then, the Jacobian matrix is calculated following the selected parameter’s elimination. The
rejection degree depends on the user and how strict or not the chosen threshold would be. The presented
examples in the following chapter use three different thresholds: a) low threshold, where only a few
points are eliminated (10% of the median cumulative Jacobian), b) medium, where the threshold is set
to be 50% of the median cumulative Jacobian and c) a high threshold where the median cumulative

Jacobian is multiplied by 1.5 and much more points are dismissed.

Calculate Jacobian

(®) Use default cartesian grid

Reszolution of the cartesian system
(") Create a cartesian grid

min_x ) step 1 max_x

min_z 0.5 step 1 max_z

[ Multiply jacobian with geometric factor

Title

Horizontal Distance
0 0.2 0.4 0.6 0.8 1

02

0.6

Depth

0.4

02

| Plot cumulative jacobian |

Eliminate measurements (by cumulative’s median)

| Try ancther threshold | | Resetplot |

| Change variables | Continue

Figure 3.10: Calculation of the Jacobian matrix window. The Jacobian matrix is calculated for the desired grid and some of the
parameters can then be eliminated to define a more restricted area.
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3.2.5 Optimization

Optimization is the process after which the final protocol contains only those measurements of the
entire protocol that are considered more valuable and necessary for depicting the targets in the
investigated area. In Figure 3.11 the generated window for the optimization is presented. The user can
choose between the three available percentages and how the parameters will be assigned into clusters
(linear or quasi-linear option). Then follows the plot of the cumulative Jacobian of the optimized
dataset. Sometimes, with this way of cluster calculation, the resulting cluster may be 1, which is not
preferable, and to avoid this, a less dense grid (fewer parameters) should be employed, or perhaps

some of the choices could be 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:
0.8
() 25% of ful
() 50% of full 0.8
=
() 75% of full
- 0.4
Parameter's assignment in the clusters with
the option: 0.2
(w) Linear
o 0
[_)Quasi linear

| Plot [

| Change variables | Continue
Figure 3.11: Optimization window.

3.2.6 Save
After all these processes, the user can finally save the full and optimized files (Figure 3.12). The
user has to input some further information that will be valuable. One is the region’s name that will be

referred to in the produced files.

The number of «skipped cable 2 electrodesy is related to the cable connected to the second borehole
electrodes or perhaps to surface electrodes. As already mentioned, the numbering of the ID’s starts at
the bottom of the first borehole and goes up to the last surface electrode or the electrode of the second
borehole. But if it is impossible to insert the cable in the second borehole fully and some of the cable
outputs remain outside, a problem in the numeration will appear. That’s why a variable is used to skip

these electrodes.
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4. B2S/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

Figure 3.12: Save window. The generated files are saved.

3.3 Data processing

Each instrument recognizes a specific format, so the uploaded protocols should be compatible with
this form. As mentioned above, the available exports of the algorithm are *.a2d, *.org and *.txt files
of the full and optimized data following an appropriate format. To acquire the measurements for the
Syscal pro instrument, this generated *.txt file must be converted to a protocol (*.sqz) readable by the
instrument. This is feasible with the upload of the *.txt file on the Electre Pro Software, where the user
can also interfere with different parameters. One of them is the allowance of gap fillers. With the
selection of «creation of standard sequence», the generated protocol is in the appropriate format to be

uploaded to the instrument.

After that, the measurements are obtained. With the completion of the data acquisition, the type of
file exported from the instrument is *.bin. This information is downloaded using another processing
software, the Prosys II. This software displays all the measurements with the positions (X, y, z) of each
electrode (A, B, M, N) and the resistance, the deviation, the potential difference, the injected current
of each measurement, etc. These can be submitted to an initial process. For instance, the deletion of
the gap-fillers inserted in a previous step should occur, since they are not actual measurements and the
extermination of bad data could make the provided information more optimal. An example of the
application of the extermination of “bad” data is shown in Figure 3.13, where some of the deleted data

that seem to diverge from the gathered points appear in red.
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Figure 3.13: Data proccessing, bad data extermination using the software Prosys II.

Since the *.bin file is not readable from the software that will be used for the inversion (DC_2DPro),
another process should occur. An algorithm was coded in Matrix Laboratory based on an existing
available algorithm. Taking this code and making some adjustments, the *.bin files that include the
desired information could be read, and the apparent resistivity of each measurement could be
determined. The exported file of this algorithm is of type *.A2D that is readable from the DC_2DPro
inversion software. Also, another algorithm was created for the optimized protocol to retrieve only the
resistivity values that correspond to the optimized measurements from the full protocol since only the

full protocol was measured in the field.
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4. EVALUATION WITH SYNTHETIC AND EXPERIMENTAL DATA

This chapter includes the evaluation of the protocols produced with the algorithm over synthetic
and experimental data. After creating the exported files, using all the available configurations, they
were tested before applying the algorithm to real data. So, many synthetic models of various
geometries went through the inversion process to test the effectiveness of the full and optimized
datasets in locating different targets. Three different threshold values for the defined area of sensitivity
and three different optimized datasets were created for each geometry to determine which would be
the most appropriate. Finally, some models were tested in an experimental tank in the lab to investigate
the algorithm's applicability in models where the conditions are not ideal, like in the synthetic models,

and noise may affect the results.

4.1 Synthetic models

After the generation of the algorithm, the results of the full and optimized protocol had to be tested.
For this reason, some synthetic models were created and inverted using the DC_2DPro software. The
process of this evaluation is the following. The *.a2d files of the full and optimized measurements are
inserted into the software. Then, the user can modify the half-space by adding modelling properties,
e.g., bodies, layers or other formations that could have geological significance with various resistivity
values. This model should be the final “image” after the inversion of full and optimized data. The
models were examined over the defined area of sensitivity, the number of the final optimized data and
the behaviour of different geometries and targets were tested. Many models were assessed, but only

some of them will be presented and discussed.

Models with the same geometry will be examined for different threshold values (low, medium, high)
and three optimized datasets (approximately 25%, 50% and 75% of the full). For these models, 20
surface and 20 borehole electrodes with a spacing of Sm were considered. The borehole’s inclination,
defined clockwise from the surface, is 30° with the first electrode at 10m depth. In a half-space with
resistivity 100 Ohm-m, there are 3 conductive blocks (10 Ohm-m) (Figure 4.1 a-c). The first and the
second blocks are in the same position for the three models, but the location of the third one is altered.
The first one is at Sm depth and 15m horizontal distance, having dimensions 5x5m. The second is at
40m depth and 35m horizontal distance, measuring 15x15m. The third one, with dimensions 20x20m,
is placed in three different locations a) 15m depth / 70m horizontal distance, b) 25m depth / 70m
horizontal distance and ¢) 20m depth / 75m horizontal distance, to evaluate the capability of the

optimized datasets with different threshold values to detect it. The blue colour bar of Figure 4.1,
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indicates the low resistivity areas (i.e., the conductive blocks) whereas the lilac, red colour, shows the

high resistivity areas (i.e., the half-space).

Model 1a

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

-
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

®
Resistivity [ohm-m)

Figure 4.1: Synthetic model 1 with a resistive half-space of 100 Ohm-m and three conductive blocks (10 Ohm-m). The first block of
dimensions 5x5m is positioned at depth z=5m and horizontal distance x=15m, the second block (15x15m) is at z=40m and x=35m and
the third one (20x20m) is situated in three positions a) z=15m, x=70m, b) z=25m, x=70 and c) z=20m, x=75m.

N

The inverted results of the full and the three optimized protocols with the three threshold values of
each model (Figure 4.1 a-c), with 6 iterations and the L1 norm option at DC 2DPro, are shown in
Figure 4.2, 4.3 and 4.4, respectively. In each figure, on the left, the synthetic model appears and follows
the inverted results of the full protocol with 9202 measurements. Each of the three columns
corresponds to the same percentage of optimized data, containing approximately the same number of
measurements and each row to a specific threshold value. At the top of each figure, the number of
measurements and the used clusters are mentioned. The areas noted with a grid in the optimized models

correspond to the assumed trusted areas of each one of the thresholds (low, medium, high). Also, the
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% difference in the inverted image of the full and each optimized protocol compared to the original
synthetic model was calculated. The values are shown in the highlighted at the top right box of each

figure.
Model 1a:

For this model (Figure 4.2), with the increasing percentage of the optimized datasets, the number
of measurements rises, and the image (75% of the data) tends to resemble the results of the full protocol
more. Also, with this increase in the measurements, the artefact that appears near the third block is not
intense. The models with 50% of the data also manage to achieve a valid representation. Since the
measurements are approximately 50% less, acquiring them would theoretically take half the time in
the field. The models with 25% data can locate the third block (on the right), but its boundaries are not
well identified, and this percentage should not be preferred for this environment. The % difference
values between the models also confirm these conclusions since the difference rate decreases as we

move to the optimized protocol of 75%.

As for the threshold, it seems that as it proceeds to higher values, more measurements participate,
but without an apparent improvement in the results. On the contrary, the targets appear weaker,
especially at the bottom and on the right. This is visible to both 25% and 50% optimized datasets,
whereas on the 75%, the difference is not so noticeable. Except for these subtle changes, the different
threshold values do not seem to affect the inversion process significantly since the targets in some
models are reconstructed, although they are placed out of the supposedly trusted area. Despite that, the
threshold could be valuable in determining which of the proposed trusted areas is more appropriate for
each geometry. For this specific geometry only, it is apparent that the low threshold is the best fit since
all the targets are included in the specified area, and the artefact is excluded. The other thresholds are

stricter and eliminate points in regions that are trustworthy.
Model 1b:

For this position of the third block (Figure 4.3), it appears that none of the models can depict the
boundaries of the third block as clearly as they did in their first position. This probably occurs because
the target is far from the surface electrodes. The models compared to each other do not differ
significantly. Still, once again, the models with the high threshold produce a weaker reconstruction
even though they manage to detect the blocks. This is also evident by the calculated % errors between
the original and reconstructed models. Also, the 50% and 75% models have better resolution since
more measurements are employed. The artefact on the right is not so intense relatively to model la,

and once again, it tends to get weaker as the percentage increases.
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Model 1c:

In this position (Figure 4.4), the third block is not depicted as accurately as in the previous models,
not even in the full protocol. There is an artefact attached to it that alters entirely its boundaries. The
optimized 50% and 75% datasets can locate the target more clearly without apparent variability
between the different thresholds. Also, the percentages that show the % differences of each optimized
protocol with the initial synthetic model are similar, except for the optimized protocol of 25%,
especially with the medium and high threshold, which provides more increased values and fails to
identify the block’s shape. This model shows that a part of the block crosses the untrusted area, as the
low threshold indicates, and for this reason, an artefact appears attached to it and could be mistaken as

an actual target.
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Figure 4.2: Inverted results of the full protocol of model 1a and three optimized datasets (25%, 50%,
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Figure 4.3: Inverted results of the full protocol of model 1b and three optimized datasets (25%, 50%, 75% of the full) with three thresholds (low, medium, high). On top of each model there is the number of
measurements and the clusters used for the optimization. The noted area in the optimized models corresponds to the area of sensitivity of each threshold.
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Figure 4.4: Inverted results of the full protocol of model 1c and three optimized datasets (25%, 50%, 75% of the full) with three thresholds (low, medium, high). On top of each model there is the number of
measurements and the clusters used for the optimization. The noted area in the optimized models corresponds to the area of sensitivity of each threshold.
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For the same geometry, another synthetic model (model 2) was created (Figure 4.5 a-c), but this
time, with a conductive half-space (50 Ohm-m) and resistive blocks (100 Ohm-m) of the exact
dimensions and in the same positions as the above three models. These models aimed to examine the
inversion behaviour in another geological background. The process was identical to that of the previous

models.
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Figure 4.5: Synthetic model 2 with a conductive half-space of 50 Ohm-m and three resistive blocks (100 Ohm-m). The first block of
dimensions 5x5m is positioned at depth z=5m and horizontal distance x=15m, the second block (15x15m) is at z=40m and x=35m and
the third one (20x20m) is situated in three positions a) z=15m, x=70m, b) z=25m, x=70 and c) z=20m, x=75m.

Model 2a:

For this model (Figure 4.6), the targets seem to be reconstructed without being contaminated by
artefacts. The first block, between and close to the surface and the borehole, is again detected
accurately by all the models. All models locate the second block, but its boundaries are somehow

disturbed. The third block is located in the correct position, but its shape is a bit blurred in the optimized
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dataset of 25%. The other datasets produce results very similar to the one obtained from the full
protocol, with no noticeable differences between the three thresholds. This is also apparent in the
percentage of the model difference, which is systematically much lower than in the errors observed for

model 1, as fewer artefacts appear here.
Model 2b:

For this position of the third block (Figure 4.7), all models manage to locate the targets, but the
third block is more weakly presented compared to model 2a. This probably happens due to the fact
that this block is more distant from the surface electrodes. The different thresholds do not significantly
affect the depiction of the targets, and only the optimized protocol of 25% with the high threshold
provides blurrier results. We could assume, that all the optimized datasets with the low threshold,

provide adequate results close to the full protocol.
Model 2c¢:

These models (Figure 4.8) struggle even more to locate the third block accurately and with discrete
boundaries. Still, contrary to the first model (Figure 4.4), where an artefact appeared, and the target
was distorted, the results are relatively better in this geological background. Furthermore, in those
figures, the discrepancy between the different thresholds is more apparent with careful observation and
with the assistance of the highlighted values that indicate the differences in the images. The most
optimized datasets fail to detect the blocks finely, with only the optimized protocol of 50% with the

low threshold managing to recreate the synthetic model adequately.
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Figure 4.6: Inverted results of the full protocol of model 2a and three optimized datasets (25%, 50%, 75% of the full) with three thresholds (low, medium, high)
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Figure 4.7: Inverted results of the full protocol of model 2b and three optimized datasets (25%, 50%, 75% of the full) with three thresholds (low, medium, high). On top of each model there is the number of
measurements and the clusters used for the optimization. The noted area in the optimized models corresponds to the area of sensitivity of each threshold.
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Figure 4.8: Inverted results of the full protocol of model 2c and three optimized datasets (25%, 50%, 75% of the full) with three thresholds (low, medium, high). On top of each model there is the number of
measurements and the clusters used for the optimization. The noted area in the optimized models corresponds to the area of sensitivity of each threshold.
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Two more models were examined except for models 1 and 2. The same geometry was applied for a
more objective comparison. In a resistive half-space (100 Ohm-m), there is a conductive inclined layer
(10 Ohm-m) starting at 10m depth and horizontal distance of 92.5m advancing towards the borehole
until the depth of 60m or more (model 3, Figure 4.9). This layer could resemble a fault zone. Similarly,
in a conductive half-space (50 Ohm-m) there is the same inclined layer, only this time it is resistive
(100 Ohm-m) and could resemble a dyke (model 4, Figure 4.9). The inverted results of the full and the
optimized models of 25%, 50% and 75% will be presented for the two models using the same three
thresholds (low, medium, high).

Model 3 Model 4

0 5 10 15 20 25 M B 40 45 s 5 60 65 70 75 80 85 80 0 5 10 15 0 25 30 3B/ 40 45 50 E5 ED B5 70 75 80 85 90

i3
Resistivity {ohm-m)
Resistivity (ohm-m)

Figure 4.9: Synthetic models of a conductive line (10 Ohm-m) in a resistive half-space (100 Ohm-m) (Model 3) and a resistive line
(100 Ohm-m) in a conductive half-space (50 Ohm-m) (Model 4).

Model 3:

From the inverted results of all the different models (Figure 4.10), it is evident that in the area where
the “fault” crosses the borehole appears to be the most detailed representation of the target. In the
region below the borehole and at some depth, the model fails to represent the “fault’s” continuation
accurately. In the area above the borehole and between the surface, the continuation of the fault zone
becomes blurrier at the part where it crosses the untrusted area, as indicated by the low threshold

deemed more appropriate by the previous models.
Model 4:

In these models (Figure 4.11), the resistive target has a visibly better reconstruction quality than the
previous conductive model. It seems that all the models fail to depict the “dyke” continuation at ~15-
25m depth and ~80-85 horizontal distance, where it seems to be interrupted. Especially in the
optimized results of 75%, the line appears more intensely split, creating a block at its swallower part,

which could lead to false interpretation if the fact that this region is not to be trusted was not considered.
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Figure 4.10: Inverted results of the full protocol of model 3 and three optimized datasets (25%, 50%, 75% of the full) with three thresholds (low, medium, high). On top of each model there is the number of
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measurements and the clusters used for the optimization. The noted area in the optimized models corresponds to the area of sensitivity of each threshold.
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Figure 4.11: Inverted results of the full protocol of model 4 and three optimized datasets (25%, 50%, 75% of the full) with three thresholds (low, medium, high). On top of each model there is the number of
measurements and the clusters used for the optimization. The noted area in the optimized models corresponds to the area of sensitivity of each threshold.
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After evaluating these models over their defined area of sensitivity and the number of optimized
measurements, an examination of the algorithm's flexibility for different geometries over the same
geological background was deemed necessary. The model is a half-space with a resistivity of 500 Ohm-
m, including a highly resistive (5000 Ohm-m) block with 10x10m at 10m depth dimensions. Also, two
conductive formations (50 Ohm-m), starting from 5m depth and dipping with a random inclination,
are included. The electrodes used are 40 altogether, 20 at the surface and 20 at the borehole, with a
spacing 5Sm. The created optimized protocol for each geometry chosen to be presented, is this of 25%,
to examine the «worst-case scenario» and the threshold value was the medium, as it was deemed

preferable for the investigated geometries.

For the first geometry (Figure 4.12), the borehole was vertical, with the first electrode at 10m depth
and 35m horizontal distance from the origin. The full protocol consisted of 10365 measurements. The
resulting optimized protocol has 2492 measurements divided into 8 clusters. After the inversion of the

data with 6 iterations and the L1 norm option at DC_2DPro, the results are shown in Figure 4.13 a-b.
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Figure 4.12: Synthetic model with half-space 500 Ohm-m, one resistive block (5000 Ohm-m) and two conductive lines (50 Ohm-m)
resembling fault zones. The electrodes were placed with Sm spacing in the surface and at a vertical borehole.

Apparently, for this geometry, the areas with good sensitivity are at the first meters and around the
borehole electrodes, where the targets are depicted more clearly. Both the full and optimized protocol
detects the block and the fault zones especially in the areas where they cross the borehole electrodes.
It is worth mentioning that around the borehole electrodes, some artefacts appear with resistivities a
bit higher than expected. Similar artefacts are created below the fault lines. So, before the

interpretation, there should be a general consideration of the lightened areas of the investigated region.
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a) Full Protocol (10365) b) Optimized Protocol (2492)
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 0 5 10 1520 25 30 35 40 45 50 55 60 65 70 75 80 65 90

5000 5000

1581 1581

500 500

Resistivity (ohm-m)
Resistivity (ohm-m)

50 50

E 05
100 E 100
105 E 105
10 E110

Figure 4.13: Inverted results of the a) Full and b) Optimized protocol.

Another geometry that was used with the same model is this of Figure 4.14, where there are two
boreholes of the same inclination (40°) over a horizontal distance of 25m, with 20 electrodes each and
Sm spacing between them. Their first electrodes were at 10m depth. The full protocol had 8936
measurements and the optimized 2252, divided in 8 clusters with the linear option. After the inversion

with the abovementioned properties, the full and optimized results are shown in Figure 4.15 a-b.
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Figure 4.14: Synthetic model with half-space 500 Ohm-m, one resistive block (5000 Ohm-m) and two conductive lines (50 Ohm-m)
resembling fault zones. The measurements took place in two parallel boreholes with inclination 40°.

For this geometry, the trusted area is expected to be mostly between the two boreholes and very
closely around them. Once again, the targets are visibly detected with high accuracy both in the full
and optimized data, especially in the regions where the fault lines cross the borehole electrodes, while
at a greater distance from the borehole, the continuation of the layers is not accurately depicted. The
sensitive area appears more restricted this time due to the implemented geometry. The optimized

protocol impressively resembles the entire protocol with only a few visible discrepancies, so it may be
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assumed that for this specific geometry, the «worst-case scenario» is more than capable to detect the

targets accurately.

a) Full Protocol (8936) b) Optimized Protocol (2252)
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Figure 4.15: Inverted results of the a) Full and b) Optimized protocol.

Also, another geometry was implemented with the borehole horizontal and at a vertical distance of
25m from the surface electrodes (Figure 4.16). For this geometry, the full protocol had 9542 final
measurements, and the optimized protocol of 25% had 2120, divided into 2 clusters with the linear
option. The inverted results of the full and optimized protocol, with the same inversion properties as

the other models, are shown in Figure 4.17.
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Figure 4.16: Synthetic model with a half-space of 500 Ohm-m, one resistive block (5000 Ohm-m) and two conductive inclined layers
(50 Ohm-m) resembling fault zones. The measurements occurred between the surface electrodes and a horizontal borehole’s
electrodes, that had a vertical distance of 25m from the surface.

For this geometry, the expected area of high resolution is between the borehole and the surface.
This is also apparent since the DC_2DPro software proposes the depth of investigation at 30m and
excludes the greater depths. Both the full and the optimized protocols manage to detect the targets
quite accurately (Figure 4.17). The optimized protocol of 25% was created with a medium threshold.
Since the previous models showed that the threshold value does not affect the inversion significantly,
the trusted area of the model was deemed the one depicted in the figure and results from using a less

strict threshold that eventually shows as trusted, all the area between the electrodes.
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Figure 4.17: Inverted results of the a) Full and b) Optimized protocol.

Finally, an arrangement of electrodes in two boreholes with different degrees of inclination was
examined (Figure 4.18). The boreholes at the left and right had an inclination equal to 80° and 110°,
respectively (measured clockwise from the surface). Both are at 10m depth and over a horizontal
distance of 60m measured from the shallower electrodes. Each has 20 electrodes with a spacing of Sm.
The full protocol has 9408 measurements and the optimized 2346. After the inversion with the

abovementioned properties, the full and optimized protocol results are the following (Figure 4.19 a-

b).
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Figure 4.18: Synthetic model with half-space 500 Ohm-m, one resistive block (5000 Ohm-m) and two conductive lines (50 Ohm-m)
resembling fault zones. The geometry used, was two boreholes of different inclination (80° left, 110° right).
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For this arrangement, the area with good sensitivity is expected to be around the boreholes. In the
first meters (<25m depth), due to the more considerable distance between the boreholes, the resistive
block and the continuation of the fault appear blurry in both figures. The targets appear clearly in larger
depths where the boreholes converge, and their horizontal distance reduces. The optimized protocol

once again seems to have similar results to the full, with only some differences.
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Figure 4.19: Inverted results of the a) Full and b) Optimized protocol.

If there were also surface electrodes, the entire area between the boreholes would probably be better
depicted. This hypothesis was tested by adding 16 surface electrodes with a spacing Sm, and the results
of the full (15100 measurements) and optimized dataset are shown in Figure 4.20 a-b. The full protocol

combines three datasets, meaning the measurements between the two boreholes and the measurements
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Figure 4.20: Inverted results of the a) Full and b) Optimized protocol with the added surface electrodes.
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of the first borehole-surface and the second borehole-surface. That is the reason why there are so many
measurements. These combined protocols were created individually and then merged, taking care not
to include repeated measurements. It’s obvious now that the block is precisely detected without
distortion in its shape, and also, the upper fault zone is more finely formatted. The rest of the area has
the same presentation since the surface electrodes can only increase the resolution until a specific

depth. Again, the optimized dataset significantly resembles the imaging of the full protocol.

4.2 Laboratory experiments

In addition to the synthetic models, some experiments were conducted using a plastic tank with
dimensions 125 cm x 80 cm x 90 cm (length x width x height) filled with tap water up to 60cm. The
base for the surface and borehole electrodes was a plastic double “rail”, cut in two pieces of
approximately 1m (part of the structure is shown in Figure 4.21). These two pieces, after some
modifications, were joined in their edge with a plastic screw so that they are on the same vertical plane

and with the ability to form various angles.

Also, a part of the “borehole’s” plastic was cut so that only one rail would remain to avoid its
presence influencing the measurements. Plastic nodes were added to these rails and filled with silicone
in their circular edge so the nails (electrodes) could pierce them and stay relatively stable. This
structure was chosen since the double rail was stiff and would not curve and because the nodes could

be moved at different distances but also stay firm in place when screwed.

Figure 4.21: The structure for the surface and borehole s electrodes.

For these experiments, 2 multi-electrode cables with 24 exits were utilized. The electrodes were
placed in the “borehole” and at the “surface”, 12 each, spacing 3cm. Their position was approximately
in the middle of the tank to avoid the influence of the surroundings. The borehole’s inclination was
35° for all the measurements. The first borehole and surface electrodes were situated on the same
horizontal distance (0m) with the former at ~14cm depth. The water’s resistivity was calculated at

approximately 30 Ohm-m. The conducted experiments had as targets 3 items: a resistive plastic water
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bottle (0.5L) full of sand to increase the weight, a conductive fragment of pyrite rock, and a conductive

metallic block. These targets were sunk in the water, each fixed at different depths and distances.

For each target, a full and three optimized protocols with final measurements of approximately
25%, 50% and 75% of the measurements of the full protocol were created using a medium threshold
value. Only the full protocol was measured in the lab, and the optimized protocols were extracted
afterwards from the full protocol. The software used for the inverted results was the DC_2DPro. The
x and z axes were multiplied by x100 to convert the meters (0.03m) into centimeters (3cm). This did
not affect the geometric factor since the modification occurred after its calculation. This scaled
depiction was applied because the software did not respond well to decimal values. So, all the results

will be presented in a scaled manner.

Before the experiments with the targets, some measurements were acquired in the homogenous
environment with just the water to confirm its resistivity. The inverted results of the full protocol,
composed of 2428 measurements, are shown in Figure 4.22. It seems that most of the space in between
the borehole and the surface electrodes has a resistivity of ~30 Ohm-m. However, some regions have
lower and higher resistivity values, especially on the right and at the bottom left of the figure. These
changes were anticipated since these areas are probably out of the trusted area. Still, some distortions
that appear near the electrodes may be due to the dispositions of the nails, which were not precisely

perpendicular.

Full (2428)

Horizontal distance (cm)
15 18 24

200

Depth (cm)
Resistivity (ohm-m)

Figure 4.22: Inverted results of the full protocol of a homogenous environment (water).

For the next experiment, the water bottle of dimensions 20cm x 6¢cm (height x diameter) was placed

horizontally over the bottom of the tank and vertically to the construction. Its centre was 15cm from
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the first surface electrode, and its top was 8cm from the water’s surface (Figure 4.23). The inverted
results of the full and three optimized protocols (25%, 50%, 75%) with the medium threshold will be
presented (Figure 4.24 a-d). In the full protocol (Figure 4.24 a), there is a distinct increase in the
resistivity in the middle of the tomography. This is where the bottle was inserted, meaning this protocol
managed to detect it. It appears with resistivity >50 Ohm-m, in contrast to the environment with
resistivity around or less than 30 Ohm-m. Once again, some artefacts are present on the right, at the
bottom of the tomography, and in the middle with similar positions as in the previous example, i.e., at

a depth of 3m and in horizontal distances 6-9m and 21-24m.

Figure 4.23: The experiment s setup, with the bottle as a resistive target (on the left). A 2D illustration of the experiment (on the right).

The optimized dataset of 25% (Figure 4.24 b) fails to discriminate the target accurately. The chosen
measurements are not enough to depict the target. There seems to be a region of higher resistivity
where the bottle was inserted, but an artefact is also associated with it, creating a disturbed shape. The
optimized dataset of 50% (Figure 4.24 c) manages to detect the bottle and has a better representation
than the data of 25%. The best protocol is the one that uses 75% of the measurements (Figure 4.24 d)
with 1706 measurements, where the target is in the correct position at approximately 6cm depth. Again,
the contrast between the bottle and the environment is clear, and the figures' artefacts are less intense.

As the medium threshold indicates, the trusted area includes the target and excludes the artefacts.

The following experiment had a portion of pyrite (Figure 4.25) of irregular dimensions as a target.
Its dimensions were approximately 10 x 9cm (width x height). The rock’s centre was located at a
distance of 11cm and at a depth of 8cm from the water’s surface to its top. The inverted results of the
full and three optimized protocols (25%, 50%, 75%) with the medium threshold will be presented
(Figure 4.26 a-d). The full protocol has 2428 final measurements and seems to detect a target of low
resistivity starting at 6cm depth, although the rock was expected at 8cm depth. The shape of the rock,
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.-" as the low resistivity area outlines it, appears more distorted than anticipated. Once again, some

artefacts on the right of the figure out of the high-resolution areas.
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Figure 4.24: The inverted results of the a) full and optimized datasets of b) 25%, c¢) 50% and d) 75%, with the bottle as a target. On the
brackets appear the total measurements of each dataset. The dotted circle on the full protocol represents the target.

Figure 4.25: The experiment’s setup, with the pyrite rock as a conductive target (on the left). A 2D illustration of the experiment
(on the right).
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The optimized dataset of 25% has a different appearance from the target. Due to the lower number
of measurements, the image is not that detailed, and that’s probably why the target appears with greater
dimensions. The optimized datasets of 50% and 75% resemble the image of the full protocol, with

artefacts in similar positions.
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Figure 4.26. The inverted results of the a) full and optimized datasets of b) 25%, c) 50% and d) 75%, with a metallic block as a
target. On the brackets appear the total measurements of each dataset. The dotted line on the full protocol represents the target.

Finally, the last target was a conductive circular metallic block with a hole in its centre. Its top edge
was situated at 8cm depth from the water’s surface and at 15cm horizontal distance, with a random
inclination since fixing it at a particular angle was difficult (Figure 4.27). The inverted results of the
full and three optimized protocols (25%, 50%, 75%) with the medium threshold will be presented
(Figure 4.28). The measurements can identify this block as a conductive target in the full inverted
results. Some artefacts are present below the borehole and on the right of the figure, which was

expected based on the previous experiments.
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Figure 4.27: The experiment s setup, with a metallic block as a conductive target (on the left). A 2D illustration of the experiment (on
the right).

The optimized protocol of 25% this time gives results closer to the full protocol than the previous
models. The optimized 50% and 75% results significantly approach the imaging of the full protocol
and locate the target more clearly. It is worth mentioning that in all the models, a target of high
resistivity value appears near the conductive target at 21-24cm horizontal distance and in 9-12cm

depth, which is considered an artefact out of the trusted area of this model.
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Figure 4.28: The inverted results of the a) full and optimized datasets of b) 25%, c) 50% and d) 75%, with a metallic block as a
target. On the brackets appear the total measurements of each dataset. The dotted line on the full protocol represents the target.
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4.3 Concluding remarks

According to both the synthetic and the experimental models that were presented, the following

conclusions could be drawn:

» The algorithm can deal with various geometries and produce the full protocol and three
optimized datasets.

» As the percentage of the measurements participating in the optimized protocols increases,
the final inverted results are improved and closer to the reconstruction produced by the full
protocol.

» The optimized datasets of 50% and 75% do not differ drastically, and the percentage of 50%
is generally considered capable of reconstructing the tested models. Also, this protocol
would require fewer resources when used in the field. The optimized dataset of 25%
struggled to reconstruct the targets in some cases; however, for some models (mostly
resistive), it worked pretty well and could approach the imaging of the full protocol.

» The different threshold values have no significant influence on the inversion process, as in
some models, the targets were reconstructed even though they were outside the considered
trusted area. Still, it seems a valuable tool in determining which of the examined trusted

areas are more appropriate for each geometry.

So, it can be assumed that both the threshold and the optimized datasets depend on the geometry of
the borehole-surface or borehole-borehole configuration and the chosen cartesian grid. So far, an
optimum value for the measurement threshold or the most appropriate optimized dataset cannot be
suggested due to the abundance of the different geometries that can be encountered. This problem can
be partially solved by creating synthetic models for the desired geometry, with different values of the
above parameters, to monitor their behaviour and recommend a trusted area and the most appropriate

optimized protocol.
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5. FIELD MEASUREMENTS

Besides applying the algorithm to synthetic and experimental models, the opportunity for its
implementation in field measurements was given. This was achieved as part of a project carried out in
the monument of the Rotunda church in Thessaloniki (Figure 5.1). Several boreholes were drilled into
the monument's walls for maintenance purposes, marked with purple circles in the figure. This enabled
the possibility to further investigate the interior of the wall’s status in terms of moisture content, which
threatens its preservation. Since the main purpose of this thesis is not to determine the wall's condition
but to test the protocols generated by the algorithm and its utility in surveys with inclined boreholes

further, only the results of two boreholes will be presented and discussed in this chapter.
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Figure 5.1: Top view of the monument of Rotund church in Thessaloniki. The purple circles indicate the walls that the
measurements occurred.

5.1 Results

The walls were used as the reference plane, where the surface-borehole measurements were
accomplished. The surface electrodes were placed on the wall, and the investigated area was a vertical
or horizontal slice through the wall. Some boreholes were drilled approximately vertically to the walls,
and others with another inclination. All the drilled boreholes had a diameter of 30cm and a length of
3m. Small nails with a mixture of wet bentonite for enhanced contact were employed as surface
electrodes. The number of electrodes varied according to the capability of inserting them. The borehole
electrodes were placed in a 3m PVC pipe construction (Figure 5.2). The plastic pipe was cut per 15cm
(first electrode at 15cm), and the 18 cable’s exits were attached to it, using aluminium foil tape with

conductive adhesive to ensure the coupling of the electrodes with the wall’s interior. Conduct was
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further enhanced with the injection of small quantities of water around the borehole during the

measurement.

Figure 5.2: The PVC pipe construction thatAwas ;s;dfbr the support Q};'the borehole electrodes.

Only some of the tomographies will be presented to evaluate the applicability of the generated
algorithm. In all tomographies, the designated electrode IDs start from the borehole electrodes, where
the deepest into the wall is the number 1. So, electrodes with ID 1-18 correspond to borehole
electrodes, with the 18 closer to the tip of the borehole. The surface electrode IDs start from 25 since
the instrument had two 24-channel exits. Also, the numeration of the surface electrodes is initiated
from the external electrode closer to the borehole’s tip, and the inclination of the borehole is measured
clockwise from the appointed zero-point marker. Lastly, the inverted results are scaled; since the
DC 2DPro did not respond well to decimal points, the measured distances (m) were converted to

decimeters (dm).

One of the tomographies occurred in the interior of the Rotunda church. A picture of the field
measurements is presented (Figure 5.3), where the dashed yellow line indicates the horizontal line
where the measurements took place. The position of the surface electrodes is pointed with red circles,
and the arrow points to the borehole’s tip. The investigated area is a slice through the wall parallel to
the ground (Figure 5.4). The number of installed electrodes was 36, with 18 surface electrodes at the
wall spaced 30cm apart, and 18 in the borehole spaced every 15cm. Two of them were skipped because
the one at the surface could not be placed in the correct position due to a cavity in the wall, and the
one in the borehole exhibited high contact resistance values. For this ERT section, the corner of the
wall near the borehole was considered the origin. The borehole was situated at a horizontal distance
1.05m from the corner and formed an angle of 48° with the surface electrodes. The «shallowest»

borehole electrode (18™) was at 12cm vertical distance from the «surface».

Except for the full protocol, the optimized datasets of 25%, 50% and 75% for three thresholds (low,
medium and high) will be presented to test the algorithm's effectiveness in real data. The original full

protocol with all available configurations comprised 8513 measurements, including gap fillers. The
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- total final number of the protocol after skipping 2 electrodes, rejecting gap-fillers and exterminating
bad data was 6047. The inverted results of the full protocol had an RMS error of 7.2% and are presented
in Figure 5.5.
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Figure 5.3: Photograph of the investigated wall (on the right). The dashed yellow line indicates the reference plane where the surface
electrodes (red dots) are situated. The arrow points to the tip of the borehole. On the top left corner there is the top view of the
monument and on the bottom corner a picture of the borehole s core.
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Figure 5.4: Top view of the investigated area. The surface and borehole electrodes are noted with black circles and the boreholes
inclination is 48°. Two electrodes were skipped and are indicated with red cross.

According to the inverted results of the full protocol, a zone with relatively low resistivity values
around 50-100 Ohm-m appears near the borehole. Locally, there are areas with even lower resistivities,

10-30 Ohm-m, which could indicate that the material in this area is disturbed and possibly more prone
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to contain moisture. The core log of the borehole shows the existence of mixed material of masonry
bricks and mortar for the first 1m, while the deeper parts (1-3m) comprise of greenschist blocks. A
more resistive block appears at around 9-12dm and at depth 7dm with resistivity values around 250
Ohm-m, which could be more compact. In greater depth (18-21dm) and around 10-18dm horizontal
distance, appears a body of high resistivity ~1000 Ohm-m, which could be a solid block or a generated
artefact since it is a bit distant from the borehole and the surface electrodes.
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Figure 5.5: Inverted results oflhefullprotocol.
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On the right of the borehole is a very resistive material (>1000 Ohm-m), which probably
corresponds to undisturbed and solid rock. These are probably blocks of green schist that are also
apparent at the exterior of the wall in the middle of the photograph (Figure 5.3), where there is a
discrepancy between the construction blocks that could justify these higher resistivity values. This

material seems to continue in greater depth.

To define the trusted area of the model, a synthetic model was compiled (Figure 5.6) for the exact
measurements and similar targets for this particular geometry. The forward model was calculated for
the full and the three optimized protocols with the different threshold values. Since this synthetic model

was meant to be realistic, the findings can be used to assess the actual data results.

Synthetic model

Horizontal distance (dm)
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Figure 5.6: Synthetic model that resembles the target of the full protocol.
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The inverted results of the full protocol are shown in Figure 5.7. According to these results, the full
protocol can accurately represent the synthetic model, except for the lower right corner, where the
resistive target cannot be detected. Thus, this region is outside of the trusted area. Interestingly, the
resistive target between 11-18dm horizontal distance and >15dm depth, suspected to be an artefact,
appears in the inverted image of the full protocol. Therefore, it is inside the trusted area of this

geometry.

Inverted results of the full synthetic model

Horizontal distance (dm)
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Figure 5.7: Inverted results of the full synthetic model.

According to the inverted results of the synthetic optimized datasets (Figure 5.8), it is evident that
the one that approaches the initial synthetic model with utmost accuracy is the 75% optimized data set
with the medium threshold. No artefacts appear, and the targets are in the correct position. All other
models recreate the space between the borehole and the surface electrodes well but exhibit artefacts.
It could be inferred that although the optimized protocol with the medium threshold provides the best-
inverted results, the trusted area should be less strict because the resistive area on the bottom left is
detected by all the models, meaning it’s a valid target. So, for this specific geometry, it could be

suggested that the low threshold indicates the trusted area.

After this process and having estimated the most appropriate optimized protocol and threshold using
the synthetic models, the actual optimized protocols can now be evaluated for the real data. The
inverted results of the optimized protocols appear in Figure 5.9. On top of each figure, the number of
the final measurements and the RMS error are noted. It is worth mentioning that the algorithm did
provide the optimized protocols with measurements at around 25%, 50% and 75% of the full protocol,
but due to the processes followed (i.e. skipped electrodes, bad data) and the fact that the protocols were
created before the actual measurement, the final number of the remaining measurements is way

decreased. In each of these models, the area of expected sensitivity was noted.
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Figure 5.8: Inverted results of the synthetic optimized protocols with final measurements of approximately 25%, 50% and 75% of the full protocol with three different thresholds (low, medium, high). The crosses on

the optimized models represent the trusted area that corresponds to each threshold value.
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Real data

Optimized 25% o R Optimized 50% Optimized 75%

(1171) / RMS 4.4% (2510) / RMS 6.3%
Horizontal distance (dm) Horizontal distance (dm|
n 2z ™ ™

(3828) / RMS 7.0%
Horizontal distance (dm)
2 n

7 B - =

087

h (dm)

m

Low Threshold

B
Resistivity (ohm-m)
Dej

B
Resistivity (ohm-m)
Depth {dm)
Resistivity {ohm.m}

E

5

(1329) / RMS 5.6%

Horizontal distance (dm)

(2652) / RMS 6.8%
Horizontal distance (dm)
ko n n Ed

(3764) / RMS 5.6%
izgntal distanee (dm)

©

=] 24

Depth {dm)
o

Resistivity (ohm-m)
Depth {dm)
Resistivity (ohm.m)
Depth (dm)

8
Resistivity {ohm.m)

Medium Threshold

(2748) / RMS 7.1% (3872) / RMS 7.2%
Horizontal distance (dm)
n k1 n n n 3

(1405) / RMS 9.2%

Horizontal distance (dm) Horizontal distance (dm)
n x ¥ ™ B B -

High Threshold
Depth (dm)
g
Resistivity (ohm-m)
g
Resistivity (ohm-m}
Depth {dm)

10 10

Figure 5.9: Inverted results of the real data of the optimized protocols with final measurements of approximately 25%, 50% and 75% of the full protocol with three different thresholds (low, medium, high). The
crosses on the optimized models represent the trusted area that corresponds to each threshold value.
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The inverted results of the 75% optimized data significantly resemble the full protocol's inversion,
especially the one with the medium threshold. On the left of the borehole is the region with low
resistivities, whereas on the right is compact material with high resistivities. The boundaries of the

formations are blurrier compared to the full protocol.

The inverted results of the 50% optimized data differ slightly from the results of the full protocol,
especially in the area of the resistive target to the right. Despite that, these models give a reasonable
area reconstruction and detect the low resistivity zone. In the inverted results of the 25% optimized
dataset, the image is fairly distorted, especially on the right corner, where at depth ~12 dm, a very
conductive artefact is depicted, which is not present in other models. To be fair to these two cases of
optimized datasets, it should be pointed out that the resulting number of measurements is way lower

than even half of the full protocol, so no good resolution should be expected.

The same borehole was used for another measurement where the surface electrodes were placed on
another side of the same column (Figure 5.10). For the surface electrodes, only ten could be placed per
30cm. All the borehole electrodes participated in the measurements this time, including the one
dismissed in the first tomography. The first surface electrode was at a 12cm distance from the corner,
which was closer to the borehole. The borehole was calculated to form a 57° (clockwise) angle with
the new electrode line. Since the reference point of the axes was chosen to be the corner of the column
and the two sides of the wall form an obtuse angle, the first borehole electrode had a negative «x»

coordinate. The top view of the measurement is also available (Figure 5.11).

Figure 5.10: Photograph of the investigated wall (on the right). The dotted yellow line indicates the line of the surface electrodes (red
dots). The arrow points to the tip of the borehole. On the top left corner there is the top view of the monument.
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The original full protocol had 3613 measurements, including gap-fillers. The final protocol after all
the processes had a total of 3040 measurements. The inverted results with an RMS error of ~10.8%
are presented in Figure 5.12. This time, the low resistivity zone is on the right of the borehole, the same
area discussed above. Except for that, there are regions of low resistivity near the surface electrodes,

especially in distances 0-3dm with depth ~2-9dm but also at 12-27dm horizontal distance and depth

around 6dm, that are prone to contain moisture.

Figure 5.11: Top view of the second measurement that occurred with the same borehole at another side of the investigated column. The
surface and borehole electrodes are indicated with black circles and the borehole created an angle of 57° with the surface electrodes.
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Figure 5.12: Inverted results of the full protocol.
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It is also apparent that in the middle of the figure, there is a block with resistivity >170 Ohm-m that
possibly corresponds to undisturbed or drier material. On the top left of the figure is an area of high
resistivity. This is where the wall ends, so this region is filled with air, which explains the high
resistivity. On the bottom left of the borehole, at around 21-27dm depth and 2-7dm horizontal distance,
an area of high resistivity is present and probably corresponds to compact material observed in the first
tomography. The deeper block at the corner, with even higher resistivity, could probably be an artefact

since it is removed from the borehole and was not observed in the first tomography.

The inverted results of the optimized protocol of 75% with the medium threshold and RMS error
of ~11% are shown in Figure 5.13. The total measurements were 2401, but after some rejections, only
2293 participated in the inversion process. The imaging of the optimized protocol is similar to that of
the full model. A significant part of this tomography seems to be subjected to moisture with low
resistivities. It is worth mentioning that the optimized model provides more artefacts, especially on the
bottom right and left corner.
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Figure 5.13: Inverted results of the optimized protocol of 75%.

This second tomography enlightened areas that the first one could not evaluate and improved the
conclusions of a significant part of this column. To better depict the investigated column (top view
Figure 5.14), we combined these two datasets and inverted them all together. The inverted results of
this combined full protocol with 8843 final measurements are shown in Figure 5.15. A new coordinate
system was created, where the second wall’s surface electrodes were vertical, and the surface
electrodes of the first wall were imported as topography. Two more electrodes (with red X in the figure)

were added to help the grid’s appearance but were not included in the inversion process. The area of
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negative «x» coordinates with high resistivity values (lila colour) was added as apriori information
since it is outside of the wall’s boundaries and consists of air. The trusted area results from the
combination of the trusted area of the two individual tomographies, and its boundaries are indicated

with a white dashed line.

— s+ &/

Figure 5.14: Top view of the combined tomographies.

According to these results, it is apparent that the area that probably contains the higher degree of
moisture is near the second wall (vertical electrodes in the figure) until at around 60dm horizontal
distance through the wall. The zone of low resistivities around the borehole comprises of material
prone to contain moisture. Still, it may also be affected due to the insertion of a small quantity of water
during the measurements. The other regions with high resistivity values correspond to the appearance

of greenschist.
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Figure 5.15 Inverted results of the combined protocol. The electrodes with the red X were added to improve the appearance of the results
and were not included in the inversion process. The area on the left (purple color) was imported as a priori information with high
resistivitv because the end of the wall is at the vertical electrodes. The dashed white line outlines the trusted area.
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Except for these two tomographies, another was contacted in a different monument column (Figure
5.16) with the surface electrodes vertical to the ground. So, the investigated area is a slice through the
wall and perpendicular to the floor (Figure 5.17). This time, the borehole was almost vertical to the
surface electrodes with an inclination of 92°. Again, 18 borehole electrodes were equipped with a
spacing of 15cm. There were only 8 surface electrodes for this tomography since no more could be

added to the wall. Their spacing was again 30cm. The borehole’s tip was at a horizontal distance (in

reality, vertical) of 1.25m from the bottom electrode.

Figure 5.16: Photograph of the investigated wall (on the right). The dotted yellow line indicates the line of the surface electrodes (red
dots). The arrow points to the tip of the borehole. On the top left corner there is the top view of the monument and on the bottom
corner a picture of the boreholes core.

1.25m

Figure 5.17: Schematic presentation of the investigated area. The surface and borehole electrodes are indicated with black circles and
the borehole is almost vertical to the surface electrodes with inclination 92°.
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The original protocol uploaded to the instrument consisted of a total of 2816 measurements,
including gap fillers. All the placed electrodes participated in the investigation, and after the processing
of the data, the final number of measurements was 2086. The inverted results of the full protocol with
an RMS error of ~10.8% are shown in Figure 5.18. According to this, there is a region of relatively
low resistivity values around the borehole at a horizontal distance of 6dm-21dm and until 6dm depth,
where the area is more prone to containing high moisture. The resistivities are even lower at the
beginning of the borehole in the first four electrodes. They may be influenced by the insertion of small

quantities of water during the measurements.

Also, there is a resistive target between 3dm-6dm horizontal distance with visibly higher resistivity,
caused by a marble block of the wall that also appears externally (Figure 5.16). Its continuation is
apparent until at least 12dm depth. Below this target is a region with low resistivities that probably
corresponds to an artefact since low resolution is expected at this part of the model. Finally, the
interesting aspect is that around the borehole, at depths higher than 12dm, more resistive material
appears, with resistivities greater than 500 Ohm-m. However, according to the core of the borehole
(Figure 5.16) there is no change in the material, which leads to the conclusion that the material is more
resistive because it is drier than the shallower regions. Furthermore, very close to the borehole, the
resistivity values drop since the material was affected due to the drill and the water injected to the

borehole.
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Figure 5.18: Inverted results of the full protocol.
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Except for the full protocol, some optimized ones were again examined. Three optimized protocols
were created with 25%, 50%, and 75% of the original full protocol measurements (2561 without the
gap fillers). The trusted area of the models is depicted by a threshold deemed appropriate. The inverted
results of each protocol are shown in Figure 5.19. The optimized protocol of 25% with 441
measurements and RMS error of ~5.8% shows an inversion image similar to the one created by the
full protocol in the trusted area. Some discrepancies, i.e., the resistive artefact, appear on the left (6dm-
12dm depth), but generally, the results are satisfying. As for the optimized protocol of 50% (1081
measurements, RMS error ~9,5%) and 75% (1977 measurements, RMS error ~10.2%) they generate

an inversion image close to the one of the full protocol.

It is worth mentioning that compared to the first two tomographies, the number of measurements
of these optimized protocols is near the actual 25%, 50% and 75% of the full protocol (2561
measurements) because no electrodes were skipped, so fewer data points were eliminated. These
optimized datasets provide more accurate results with less artefacts than those of the first tomography.
Since the optimized models are produced before the investigation, caution must be taken not to
overestimate the number of measurements available after data processing. These results suggest that

all these optimized models could be used to have a general overview of the investigated area.
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Figure 5.19: Inverted results of the optimized protocols of ~25%, 50% and 75% of the full protocol. On top of each image, the number of measurements used for the inversion and the RMS error is
referred. The crosses on the optimized models represent the area of high sensitivity appointed by the threshold value that deemed more appropriate for this geonetry.
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5.2 Concluding remarks

Considering all the above, it can be said that the designed algorithm can produce full and optimized
protocols capable of supporting measurements between borehole-surface and borehole-borehole
arrays. The user can modify different parameters to obtain the final protocols. According to the tested

synthetic models, experimental models and real data, the following conclusions can be conducted:

» The threshold, which is added to the norm of the Jacobian and was supposed to show the
trusted area of the model, does not seem to affect the inversion significantly since some
targets of the synthetic models were detected. However, they were out of the trusted area.
For this reason, the threshold is only valuable in determining the most appropriate trusted
area for a specific geometry.

» The results suggest that no universal threshold value would indicate the trusted area of every
possible geometry and environment. This value differs for every case and can only be
decided empirically. An investigation using synthetic models is recommended.

» The final number of measurements of the optimized protocols depends on the number of
measurements of the full protocol. More specifically, three percentages are available: the
25%, 50% or 75% of the full protocol. The 50% and 75% optimized datasets provided better
results in most examined models, producing results quite close to the full protocols. In most
cases, the optimized protocols of 25% showed increased artefacts even though they could
provide a general overview of the examined area.

» In real data, where some of the electrodes were skipped due to technical issues, or some
measurements were eliminated due to the process, sometimes the resulting number of
measurements of the optimized datasets is not approximately 25%, 50% or 75% of the full
protocol. This happens because the protocols were created before the measurement,

considering all the available electrodes.
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