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ABSTRACT

An inteactive andobust computer jmgram br 1D forward modeling oSdlumbegerVettical Electrical Sounding

(VES) cuves br multilayered eath models is @sentedThe Grigphical User Inteaice (GUI) ertded softvare,

written in MATLAB v7.12.0.635 (R201Ia)¢ets usedeined golayic model pametes (i.enumber oflayers,

their thicknesses and resistivity values as well as number of data points) and computes apparent resistivity dataset
which is plotted as thesticaVES cuwe on a Ig-log gaph paer ty corvolving linearifter coeficients with
sampledasistiity transbrm function.For the pupose ofrelidility, the nevly developed softare was angled

for accuracy using an empirical approach and the applicability of the software was tested on some multilayered earth
modelsin all casest was estaished thathe computedppaent resistiity ddaset is ohigh accuwg. The

software is suitable for calculating the geo-electric response over any horizontally stratified multilayered earth
models for known layer configurations.

Keywords: Graphical User Integice Synthetic VEShlumbeger Cuwes Eath Models

INTRODUCTION curve for horiontaly nulti-layered eath models
One of the most popular methods for investigatiye been published and commercially available.
the resistivity of the subsurface is direct currekamples are the works of Leaman (1976),
(DC) soundingShlumbeger soundings ka a Haines and Campbell (1980ahvwagy (1980),
very long tradition and are frequently used to&d&eriff (1992), Patra and Nath (1999) and
in spite of the growing importance of twademilua and Olanfemi (2007)In most cases
dimensional measurements with multi-arthg programs do not meet the requirements for
arangmentsThe eason is thahe overall efort easy usage for large modelling work mostly
required to carry out multi-array measurementieigause of the limitation in the input and output
much higher than that for Schlumbergtnctionality of the programming language used
measwEments and in macases the imfmaion in developing them. Most of these existing
obtained from Schlumberger measurementsofgware are console based DOS program with
sufiicient to imge the subsuate (Yinus and little flexibility and poor user interface in addition
Alper, 2008). to limitations in the number of layers that can be
The work of several researchers in the subjecnoflelled or the number of electrode spacing
geo-electric sounding have resulted in ##dues that can be computed.

development of programmable algorithm fbhe computer program presented here took
genesting theoeticaVES cuve for horiontaly advantage of the high-level language, speed and
multi-layered eath models This algrithm robust computation ability in conjunction with the
requires one to evaluate a convolution intedlt-in graphical user interface (GUI) functionality
Sheriff (1992). This calculation, using lingaevided by the MATLAB programming language
filtering, is rapid and convenient with traditiorialdevelopment a new software which provides a
programming langu@s A grea variety of quick, convenient and graphical way of
computer programs for generating theoretical WB8culating the expected response from
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Schlumberger geo-electric sounding over any _ e 1 ®

defined horizontally layered model of tlv[rj_ 2n [r+zfﬂ- B(‘H’jfﬂuﬂﬂ] (1)
subsurface with no restrictions to the numbeghere:

layers or electrode spacing values that coul (r) - is the potential measured at a point on the
computeddr. The GUI gproad emplyed inits garth surface at a distance r from the current
development also facilitates easy usage fifce.

flexibility with advanced input and outpy ) is the resistivity kernel function for an n-
functionalities which are needed for 'ar%&erd earth.

modeling wrks The computer mgram has been . L
further developed into a standalone applicaf.ovl_nIS the esistiity of the upper et .

which  will un on all windes opeating system | is the strength of electrical current emitted by

where theWIN32 MCR installeVersion 7.15 hash€ Pole i.ethe curent intensity
been installed. r is the distance between the current source and

the potential measuring station.

The newly developed software is relevant if$ the integration variable.
planning offield suveys or in designingeg- J, is the Bessel function of the first kind and zero

electric sounding experiments which allows orer o .

to exploit information of varidle \alue fom the 1Ne Esisity transbrm functionT (1) can be
local aea and fsm ones experienceFor example expressed in tems of the lemel function B(l )
one might usevaildle well contol to formulae by

a model, calculate the expected results, T(4) = py[1+ 2B(4)] (2)
subsequently design an efficient field prograrmherefore,

test the gpothesisAlteratively, one could 1

iteratively adjust a geologic model until ‘Tf[:r"] B ;f[, T(Do(Ar)da (3)
theoetical esultsif existing feld meas@ments For a Shlumbeger elecwde confyuretion, the
Likewise, if an assumption on the expect@sharent resistivig, (s) is given as:
resistivity conditions in the project area can he b ® Tap

madethis orward calcultion of sounding cwes 2. (s) = —"I—[;] . (4)
allow an assessment of the length of electrgye e

spread equied to gt informaion aout the taget
horizon, or show if the target horizon can B o :
detected on the Blambeger Vettical Electrical 10 &Ppress the gpaent esistity (o, ) in tems
Sounding (VES) cue in connection with aof the esistity transbrm functionT (I ), we

e—is halfthe curent electvde spacing

resolution stugl introduce a first order Bes&ahction given by
The greatest advantage of the newly develdp@dation (5)
software is its marked increase in .speec“r:fl (Ar)ddi = ~ (5)
computation, high accuracy and inhere... "
opestional simplicity Likewise,

d.lrn':?":' _

—— = () (6)
THEORETICAL BACKGROUND

The method for solving the one-dimensiorfaftting Equation (3) into Equation (4) and using
variation of resistivity with depth starts with tF&@uations (5) and (6) we have:
calculation of potential on the surface. Stefan¢_(s) = s* _r; T(A)], (As)AdA (7)

et aI(lQSQ) explained as S'Fated in Ghosh (19'E3cﬁ)aion (7) gies the ppaent esistiity in tems
and O'Neil (1975) that the integral representafion, esistiity transbrm functionT (1) for
for the potential at a distance r from a point SOUf&8arent values dhe electrode spacing (s).

of current | on the surface of a horizontalpyy ation (2) can be substituted into Equation (7)
stratified earth is given as: to yield
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p.(s) = [1+232 fDEBUJh (A.sj,l.:ﬂ) the appa.rent re.S|s.t|V|ty z.;md suitable for
programming use is given by:

(8) _ va
Equation (8) is fundamental to the interpretatiR?"’L = 25=p(5;Ty ) (12)
of resistivity sounding data. Where:

Furthemore, an expression ér the esistiity D, is the inerse fiter coeficients
transbrm function in tems ofthe Shlumbeger T, is the samplee@sistity transbrm.
apparent resistivity can be obtained by applyirg the subscript of the last leading inverse filter
Hanlels inversion to Equion (7) to gie: coefficients

_ rmpg ()] (As) b is the subscript of the first trailing inverse filter
T(4) = fu fdﬁ (9) coefficients
The integral Equation (7) is time consumingF@r eab calculeed \alue of m, the esistiity
evaluate because the Bessel function inttagsbrm T must be computedof enough
integrand oscillates and converges very slowlgdsiples to accommodate both the leading and the
mary geolagicaly reasonble modelsThe ony trailing fiter coeficients Therefore, the frst st
method in use today involves the substitutiofisthe deteminaion of gppaent esistity is the
x = In(s) and y = In(1/1) to convert it to a computéions of the esistity transbrm values
convolution integral Equation which is tHe be used.
standad form for linear iitering Several formulaion and computen methods &

= w2 e available for the calculation of the resistivity
po(x) = [ T (e* )= dy transbrm values ér use in Equ#on (12),a

(10) convenient brm for automac processing is\gn

Equation (10) is a convolution integral whej¢ pas and Ghosh (1974) and stated below:
2. (x) is the output function, T(y) from the model

is the input function arf, (e*™>7)e** ¥ dy is r Lt p;—ytanh (Ad;_,)

the filter function. e L o Litanh (Ad,,)

Since convolution can more simply be handle Pi—1

the frequency domain, Equation (10) is (13)

transbrmed to Eqution (11) br a case er Where:
resiswity transbrm is the input andppaent T, is the esistvity transbrm value br a

resistivity is the output as particular layer i
FO=G®HOHO (11a) b, is the resistivity value for the layer i
We can ewrite to hae d is the thickness for the layer,
GH=FH.Q0 | is inverse distance

(11b) Equation (13) symbolizes a process of stacking
Where: layer upon layer starting from the bottom layer
Q@ =21/H(. designated symbol ‘i’ till one reaches the layer

T(y) is a Burier tansbrm pair of F(f) and is a closest to the surface.

Fourier tansbrm pair of G(f) and Hf) is the The fesistiity transbrm functionT, only dgoends
frequenyg damcteristic ofthe esistiity filter. on the thicknesses and resistivities of the
Q () is the frequency characteristic of the invesgelosing layers in a geo-electric section and can
filter and can be deteined fom Equéion (11b) be computedaily simpy.

by taking the &urier tansbrm of patial

resiswity transbrms (Koefoed, 1968;Ghosh, For this deelopmentthe O'Neil (1975) ®nty
1971). point filter coefficients for Schlumberger array

In the time domain, the discrete equivalentwafich allow sampling at the rate of six points per
Equation (11) which gives the digital values of
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decade as @sented iTable 1 vas adoptedof

the development of this software. The electrode
spacing (AB/2) values are automatically
detemined staing from a fxed initial alue ofl

m and inceasing taa constant intgal of six
points per decade until the user-defined number
of data point is reached.

Table 1:O’Neil (1975) 20dint Inverse Filter
Coefficients

(iii)

PROGRAM DESCRIPTION
The Forward Modeling
(Synthetic_VES

Basicajl the computtion process caied out ly

Software

and the O’Neil (1975) 20-point filter
coefficients developed for the
Stlumbeger aray as povided inTable

1 is carried out as mathematically
expressed by Equation (12) to obtain
digitized values of the apparent resistivity
dataset for the specified number of
electode spacing (AB/2)alues

The computation process mentioned in
step (i) and (ii) above is handled in the
MATLAB program by a function called
forwardsimThe source code is presented
below in Appendix A.

The computed apparent resistivity values
is then plotted against the electrode
spacing (AB/2) values on a log-log graph
pagoer to obtain a theetical Vertical
Electrical Sounding (VES) earfor the
user defined geologic model as shown in
Figure 1d. This is handled in the MATLAB
program by a function called
ForwardPlotl. The souce code is
presented beloin Appendix B

the software is in three steps outlined below:For ease ofisae, the softvare has been ftiver
(i) ~ Theuse of Equation (13) provided by Dggveloped into a stand-alone application which
and Ghosh (1974) to recursively calculgig un on ay Windows-based opaing system

the resistiity transbrm functionT (| ) for

where the MATLAB Runtime Compiler (MCR)

the user defined geologic model. The bagigsion 7.15 has been installadcopy of the
inputs for this computation are the modg|ATLAB Runtime Compiler (MCR)ersion 7.15
parameters which include the number @fn be downloaded freely at the following web
layers, their thicknesses and resistiyfress:http://aritter.websull.es/Softvare/
values and the number of data poin{fcRInstallezip

(AB/2 values) which is computed\ copy of the stand-alone application of the
automéicaly & a sampling inteal of six newly developed softwaByfthetic VES also
points per decade starting from 1 m. Novided feey for reades use and can be
these parameters are supplied to W®wnloaded at the following web addietss:/

software through the input graphical us§yww.4shaed.com/file/a6_Zvpxg/
interface (GUI) segment of the softwag ntheticvVEStm

(Figure 1c) either manually or through a
Microsoft Excel fles

After installing the MATLAB Compiler Runtime

(i)

(MCR)Version 7.15the stating point of using
A click on the Compute and Plot buttoghe software is to make a double click on the
on the input GUI screen (Figure 1c) staggndalone application icon (Figure 1a). This will
up a convolution process involving the Usgp-up a welcome screen (Figure 1b) which
of the sampledesistvity transbrm jnforms the userbmut the functionality ofhe
function T(I') computed irstep (i) above goftware. A subsequent click on the start button
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on Figure 1b then pop-up the inputs GUI screeor eab computéion, the gppaent resistvity
(Figure 1c). dataset, the user defined geo-electric parameters
for the earth model and the plotted theoretical
The software works using two modes wértical electrical sounding (VES) \auiis
opertions The paametes fixed option allws automatically saved in a folder located in the
for one computation at a time and the parametamputer directory where the software is installed
varying option allows automatic generationfaif future use.
geologic models by varying user defined initial geo-
electric paametes. Likewise there ae two LIMIT ATION OF THE SOFTWARE
methods of supplying user defined inputs to Tige major limitation of the algorithm used in
software. One is by manual typing and the ottheveloping the software is that it does not allow
is by uploading a Microsoft Excel file containiogmputation for arbitrary values of electrode
the inputs in a spei@fl brma. A compehensie spacing (AB/2) because the O’Neil 20-point filter
flowchartt containing detailed ingtition on hav  coefficients used are optimized for sampling at
to use the software utilizing both modes sik points per decadddis inheently places a
operation and input methods is provided in Figuestriction on the values of electrode spacing that
2. can be acpted and computeaif Likewise the
minimum electrode spacing (AB/2) value cannot

be less than 1 m.
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Figure 1: (apynthetic_VESoftware Icon (bYVelcome Screen (c) Input GUI (d) Output GUI
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Duouble Click the
SvntheticVES leen
(weboome Screen pop-up)
[ ]
Click on the Start Butten
to launch the Inpe GUI
Scxten
¥
Choose
INPUT METHOD
¥ [ ]
MANUAL INMUT MICROSOFT EXCEL FILE INPUT
L 1
TYPE Prepare a Microsoft Excel File Contaming
- Omly One Sheet
.\[ndl!l.l\m'ne fior single computation depictmng the Parameters Fized Mode of Openation
oea
TYPE Mulsi-Sheet
Number of Lavers Microseft Excel File for multiple computation of &fferent mamsally input-
¥ ted geclogc models deprting the Parametess Vanymg Mode of Openation
CLICK
on the Body of the FORMAT
Input Graphical User Interface {GUT) T-mlﬁ?hnm with or without Headings
o Cogitrme First Column: Layer number
Y Second Column: Layes Resistnaty
Instruction Box P Third Column: Layer Thickmesses
CLICK e Fourth Column: Layer lithology
Ok Busten to Contine The Number of Rows Equals the Number of Layers.
CLICK i I
FRadie Bution to Specily the Modc of Radio Button to Specify the Mode of CLICK
Opesation Operation Onthe Click to add file button
First Option (Parameters Fixed) Second Option (Parzmeters Varving) T
thiPnp- Instnaction Box Pop-up Reminding the User the Specs-
o Fop-up fied File Format
TYPE CLICK
Constraint Layer Thickness to be Varied Ok Button to Continue
(Layer Number, Initial , Step and Termina] Thickness Values) I
CLICK Ok Bution to Conti
o e Afoldes Box Pop-up Enabling the user o Browse to the Com-
[] puter Directory ahere the Macrosoft Excel File to be loaded s
Input Box Pop-up saved, then
TYPE CLICK
( Initial, Step and Terminal Thickness Vahes) on the Specific Fale
for Overlying Laver 50 as to Vary the Depth of the Laver Specified Above ¥
CLICK Ok Button to Continue CLICK
[ On the Open Bution located on the Pop-up Folder Box to
TYPE Load the User Defined Parameters mto the SyntheticVES Software and also to
Continue
First Option (Parameters Fix Layer Paameters
<, {i) Layer Resistivities 4
(i) Laver Thicknesses (Optional Step)
(i) Layer Lithology (Optional) The Qutput Folder whach will contam the Computed Data Set and Screen Shot of
the Cutput Graphecal User Inteface (GLUT) and which will sutomatically saved m
¥
the FormardSim Work Folder inthe computer Directory where the Synthetic VES
. TYPE . Saftware is saved will be named after the Input Folder
Number *}iDaﬁPM5 Otherwise the user can
' CLICK
. . . CLICK The Compute and Flot Button on the Test box Titled “Name the Cutput Folder™ and pick the Browse Option in
First Option (Parameters Fixed) | 3 | the drop down menu which Pop-ug an mpuat box where 2 new name for the Out-
A dislogue box pop-up askmg if the user would like to specify the resistvity of a spe- put Fow"m“'é‘:‘e;:ﬂ”‘m"ma
cific kayer m terms of reflection coefficient (k) vahae, A CLICK on “No' button 25 an o the Ok button allorw the user to C.
answer contimes the computation wsing the manually mputted resistivity values
whereas 2 CLICK on “Yes' button pop-up an ingut box where the user can then spec- ]
ify the resistrvity of 2 particular laver of mterest m terms of the reflection coefficient CLICK
(k) vahue which overwrites the masgally inpuned vakie The Compute 2nd Plot Button
| ¥
r The Output G ll-nlrl}“ Imterface (GUT
*| Output Graphical User Interface (GUI) P Crapkie ey terace (6ED
IJ'm.'up New Modeling work ]
¥ ¥
Exit Exit
Close the GUT interfaces Close the GUT interfaces

Figure 2: Comprehensive Flowchart 8ymthetic_VE&orward Modelling Software.
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ACCURACY TEST Figue 3 and Figer4 pesents gphicaly, sample

For the pupose ofreliaility, ary nevly developed result of the accuracy test for a 3, 4, 5 and 7-layer
software needs to be testedrfaccuacy, earth model. The result showed that the geo-
consistenc and dpendaility. Hence the nevly €lectric parameters of the actual geologic model
developed softwar8ynthetic_VE®as checkedused in the forward modeling step were recovered
and analyzed for accuracy using an emp“b@@lk accurately from the iterative inversion
approach proposed by Ademilua (2007). THecess using the WinResist v1.0 software within
approach involves using the newly deve|o&2§)t Mean Square error of 0.0 to 0.2. It was noted
software to generate theoretical apparé&rat none of the inversion stage allowed for any
resisﬁlity ddaset 6r different ggok:gm models form of iteration i.e the umber ofiteration was

The computed apparent resistivity dataset is #&® This olviousy shaved tha the computed
inputted as field data into pre-existing renowi@parent resistivity dataset is of high accuracy and
geo-electric sounding inversion softwdkat it has comparable accuracy to the forward
(WinResist v1.0) in order to recover a geoldgiedeling module of the iterative inversion
model. The Root Mean Square (RMS) errorseftware. Hence, it can be concluded that the
fitness leel is then used in demeining the newly developed softwar@y(qthetic_VESs
accuracy level of the newly developed softwaiable and dependable.
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Figure 3: (a) Forward Modelling of3-Laer Model
(b) Inversion of 3-Layer Model
(c) Forward Modelling of4-Lgyer Model
(d) Inversion of 4-Layer Model
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Figure 4: (a) Forward Modelling of5-Laer Model
(b) Inversion of 5-Layer Model
(c) Forward Modelling of7-Lger Model
(d) Inversion of 7-Layer Model

CONCLUSIONS ~ pger. The pesenteddrward modeling $eme
A MATLAB-programmed 1-D forward modeling computationally simple, fast efficient and easy
software developed for Schlumberger electrgd@se. The program simply convolves sampled
configuration for computing the theoretical 9&@sistity transbrm function with linearilter
electric signature over a horizontally stratifiggfficient to obtain digitized values of apparent
multi-layered earth model is developed and teglegstivity which is plotted against electrode
for accuracy using synthetic geologic modgj§cing as thestical VES cuwe. The esults
consisting of different number of layers resultiigtained from the accuracy test ascertain the
into differentVES type cwe is pesented in this rejiability of the newly developed software. The
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function out_data=forwardsim(al,a2,a3,a4,a5)
%Layer Resiswity Values=al;

%Layer thicknesses=az2;

%No. of daa_point=ag3;

%No. of layes=a4;

%sampling_inteal=a5;

b=[0.003042 -0.001198 0.01284 0.0235
0.08688 0.2374 0.6194...

é%i%g 0.4248 -3.4507 2.7044 -1.1324 0.3930 -
0.05812 -0.02521 0.01125 -0.004978 0.002072
0.000318];

b=b(end:-1:1); _
m1=2.5*a5; % first sampled data point
m2=ml+a3-1;
aaa=logspace(0,ceil((a3-1)/a5),ceil((a3-1)/
ab)*a5+1);

XVAL=aaa(l:a3y0 AB/2 terms

n=1:m2+5;

L=10.~(2.556757-(n/ab));

T:z_eros(l,néend));

for ii=1:n(end)

for jj=a4:-1:1

if jj==a4

temp=al(ad);
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else

*tanh * /
tem (temp+a1(d?)£gg(”SL§|/gﬁJZD i)

(1+c-j temp*tanh(L

end
T(i)=temp;

en
out_data{1,1}="AB/2 (m)’;
out data{l,2

gOhm m)’;

or ik=m1:m2
TT=T(ik-14:ik+5);

out_dda{ik-m1+2,1}=XVAL(ik-m1+1);
=dot(RTT);

out_daafik-m1+2,2

end

APPENDIX B

=’'COMPUTED RESISTIVITY

‘Position,[66 63 490 490]);
hDaaTade = uitdle(...
‘Parent’,hDataPanel,...
‘Units’;pixels’,...s
‘Positiori,[14 11 196 552],...

‘BackgroundColor’,[1 1 1;0.702 0.780 1.00]....

‘Columnferma’ {'bank’;bank’},...
‘RowStriping’on,...
‘RowName’,{'numbered’},...
‘ColumnName’,£B/2(m)’’Res(ohm-m)’},...
‘Data’,handleplotddal);

hPlotTade = uitdle(...
‘Parent’,hPlotPanel,...

‘Units’;pixels’,...

(MATLAB Source Code for Theoretical VE®osition,[66 535-18*(handl&gerNo+1) 410

Plotting)

function hldel = ForwardPlotl(handles)
forma bank

hMainFigure = figure(...
‘Units’;pixels’, ...

‘Merubar’figure’,...
‘Toolbar”none’,...

‘Name”SyntheticVESSynthetic/ES Cuve

for Model Parameters’,...
‘NumberTitle’,'off’,

‘Positioni,[470 100 886 601],...
‘PaperPositionMode’marual’, ...

‘PaperUnits’jnches’, ...

‘PaperOrientéion’, landscpe’,...

‘PaperType”A4',...

‘PaperPositionMode’auto’,...

‘WindowStyle’'normal’);
hDataPanel = uipanel(...
‘Parent’,hMainFigure,...
‘Units’;pixels’, ...
‘Title’,handleplotname..
‘Position,[0 7 222 590]);
hPlotPanel = uipanel(...
‘Parent’,hMainFigure,...
‘Title’,handleplotname..
‘Units’;pixels’, ...
‘Position,[226 7 648 590]);
hPlotAxes = axes(...
‘Parent’,hPlotPanel,...
‘Units’;pixels’, ...
‘YLimMode"marual’,...

‘Handle\Visibility”,callbak’,...

‘YScale'log',...

18*(handles

layerNo+2)],...

‘BackgroundColor’,[1 1 1],...
‘Data’,handleplot_tdle,...
‘RowStriping’off’,...

‘RowName’,{},...
‘ColumnName’,{'Lger’;Res(ohm-

m)’, Thidk(m)’;Depth(m)”Lithology

i

axes(hPlotAxes);
loglog(handleplotddal(:,1),handlgdotddal
(:,2)*,handleplotddal(:,1),handles
plotdaal(:,2););legend('Computed Da
Point’,Computed
Curve’,Locdion’,SouthEast’);

axis([1 100000 1 100000});
xlabel(AB/2 (m)");

ylabelAPPARENT RESISTIVITY (ohm-m)’);
grid;

hlabel=hMainFigure;
sareas(hMainFiggfhandlegolder‘\
handleplotnamée.jpg’]);



