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PENINGKATAN DALAM RESOLUSI KERINTANGAN BERDASARKAN

TEKNIK PENGGABUNGAN DATA

ABSTRAK

Kaedah pengimejan kerintangan 2-D menentukan taburan kerintangan pada

bawah permukaan Bumi. Peningkatan dalam kualiti data kerintagan 2-D dilakukan

menggunakan kaedah penggabungan tahap data (DLA) berdasarkan pertindihan tahap

data dengan kombinasi dua susunatur berlainan. Qjektif pertama kajia ini adalah

membangunkan penilaian perbandingan berangka bagi susunatur individu dan kaedah

DLA. Tujuan kedua adalah meningkatkan resolusi dengan kaedah DLA bagi dua

susunatur berlainan. Tujuan terakhir adalah mengesahsahihkan kaedah DLA bagi dua

Dalam usaha untuk mencapai ketiga-tiga objektif, kajiansusunatur berlainan.

dijalankan dalam tiga fasa yang berlainan. Fasa pertama melibatkan model-model

berkomputer 2-D atau dikenali sebagai model-model sintetik dan model lapangan

ditunjukkan. Lima model berkomputer berlainan dicipta dan digunakan bagi

menyiasat keupayaan pengimejan menggunakan empat susunatur. Dalam fasa kedua,

penilaian perbandingan berangka telah diperkenalkan bagi susunatur tunggal dan

kaedah DLA. Dua susunatur terbaik dan sesuai ditentukan berdasarkan keputusan

penilaian perbandingan berangka. Dalam fasa ketiga, pengesahsahihan bagi kaedah

lapangan yang sebenar. Bedasarkan kepada penilaian perbandingan berangka, bagi

model-model berkomputer 2-D dan model lapangan, ia menunjukkan bahawa kaedah

DLA bagi dua susunatur Pole-Dipole (P-D) dan Wenner-Schlumberger (W-S) dapat

memberikan kualiti data yang baik. Ini disumbangkan oleh jumlah bilangan data 
xiii

DLA menggunakan dua susunatur yang terbaik dan sesuai diaplikasikan pada tinjauan



kerintagan ketara berbanding kombinasi yang lain. Pertimbangan kedua adalah

peratusan pertindihan data songsangan bagi kaedah DLA adalah baik dengan nilai 79

% keatas. Pertimbangan terakhir adalah kaedah DLA bagi dua susunatur berlainan

dapat memberi gambaran sasaran yang baik dalam kedua-dua model kajian. Oleh itu,

dua susunatur ini dipilih bagi kajian lapangan di dua tempat berbeza. Keputusan-

keputusan pengimejan kerintangan 2-D daripada dua kajian lapangan ditentusahkan

dengan data-data lubang bor. Keputusan-keputusan kajian lapangan menunjukkan

bahawa kaedah DLA ini adalah berupaya dalam menghasilkan dan meningkatkan

resolutsi songsangan bagi kaedah pengimejan kerintangan 2-D. Bagaimanapun,

keadaan ini han ya dapat dicapai jika pemilihan susunatur-susunatur yang baik

dilakukan. Kesimpulan, kesemua ketiga-tiga objektif kajian telah beijaya dicapai.

xiv



ENHANCEMENT IN RESISTIVITY RESOLUTION BASED ON DATA

AMALGAMATION TECHNIQUE

ABSTRACT

The 2-D electrical resistivity imaging measured resistivity distribution at the

subsurface. Improvement in 2-D resistivity data quality was carried out by the data

levels amalgamation (DLA) technique which is based on overlapping data levels with

two different arrays combination. The first study objective is to develop the numerical

comparative assessment for individual array and the DLA technique of two different

arrays. The second objective is to improve resolution using the DLA technique on two

different arrays. The final objective is to validate the DLA technique of two different

arrays. In order to achieve all three objectives, the study was carried out in three

different phases. The first phase involved 2-D computerized models or namely

synthetic models and a field model are presented. Five different synthetic models are

created and used to investigate the imaging capabilities using four different arrays. In

second phase, the numerical comparative assessment is introduced for the individual

array and the DLA technique. The two best and suitable arrays were determined based

on the numerical comparative analysis results. In phase three, validation of the DLA

technique using two best and suitable arrays are applied to the actual field surveys.

Based on the numerical comparative assessment for both 2-D computerized models

and a field model, it shows that the DLA technique of Pole-Dipole (P-D) and Wenner-

Schlumberger (W-S) arrays are able to provide good data quality of image. This is

given by a greater total number of apparent resistivity data compared to any other

combinations. The second consideration is the percentage of overlapping in inversion 
XV



data for the two models using the DLA technique which is also good with a value of

greater than 79 %. The last consideration is ability of the DLA technique using two

different arrays to resolve image of the known target in both study models. Therefore,

these two arrays are chosen for the real field studies in two different areas. The 2-D

resistivity imaging results from these two field studies are validated by borehole data.

The field study results show that the DLA technique is very capable of producing and

enhancing the resolution of inversion of the 2-D resistivity imaging method. However,

this condition can only be achieved if proper selection of arrays is made. In conclusion,

all of three research objectives were successfully achieved.

xvi



CHAPTER 1

INTRODUCTION

1.0

Geophysics is one of the branches of applied earth science which uses

principles of physics to study the subsurface. Geophysics has been developing

rapidly through the years and has become the main technology in various studies and

investigations on the subsurface. Nowadays, it has also helped geoscientists to

understand the Earth’s phenomena. By measuring different physical parameters and

nature of materials in and/or on the Earth, geophysicists are able to study and explore

various ground resources such as groundwater, minerals and hydrocarbon. The

developing countries such as Malaysia.

The 2-D resistivity imaging method is one of the most popular geophysical

methods used for the subsurface imaging in environmental and engineering studies.

It is chosen for this study due to its ability to provide information of the subsurface

structure, water content, depth to bedrock and overburden thickness (Loke 2004;

2014; Reynolds, 1997). In addition, this geophysical method has also been

successfully used in complex and noisy geological areas where other geophysical

techniques such as seismic refraction/reflection, transient electromagnetic (TEM) and

ground penetrating radar (GPR) methods cannot be used for the Earth’s subsurface

imaging works (Reynolds, 1997).

1

exploitation of these resources helps many countries generate income including
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The purpose of 2-D resistivity imaging is to determine the distribution of

subsurface resistivity. 2-D resistivity imaging measurements are taken on the ground

surface. From these measurements, estimation of the subsurface true resistivity

values can be done by inversion RES2DINV software (Loke, 2001) and MATLAB

software (Candansayar, 2008). The subsurface true resistivity values are narrated to

many geological parameters: soil mineral, fluid content and water saturation degree

in soils/rocks. 2-D resistivity imaging has been used for many years in hydro-

geological, mineral exploration and subsurface engineering investigations (Loke,

2004; 2014). More recently, 2-D resistivity imaging method has been used in

archaeology, geological structure and groundwater surveys (Martorana et al. 2009;

Berge and Drahor, 2009; Muztaza, 2013; Ishola et al. 2014; Ishola, 2015).

With the suitable or right array, the 2-D resistivity imaging method is one of

the most suitable geophysical method in engineering and environmental field studies

(Dahlin and Zhou, 2004; Loke, 2004; 2014; Neyamadpour et al. 2010a, 2010b,

Muztaza, 2013). However, depth and size of the target is very critical in the

resistivity study. Resolution is decreased when current travels away from electrodes

at the surface (Loke, 199a; Loke, 2014). In addition, poor scalability of electrode

spacing, wrong array selection and poor ground contact lead to bad interpretation and

improper use of the 2-D resistivity imaging method.

In electrical resistivity surveys, high resolution, reliable and good imaging

depends

configuration used should provide adequate information about the Earth’s model

(Dahlin and Zhou, 2004). The selection of the most appropriate array has continued

to be a topic of discussion among researchers in view of their merits and limitations

(Olayinka and Yaramanci, 1999). The debate about how to select the most

2

on the choice of electrode configuration or namely array. The electrode



appropriate electrode array has been a long and continuing history in electrical

resistivity survey (Candansayar, 2008).

Several studies have been carried out regarding the performance of various

arrays. There are many types of arrays to be used for data acquisition in field survey.

Some of the common arrays are Dipole-Dipole (D-D), Pole-Dipole (P-D), Wenner

(W) and Wenner-Schlumberger (W-S) (Candansayar, 2008; Reynolds, 1997;

Chambers et al., 1999; Storz et al., 2000). It is generally recognized that W and W-S

arrays are less sensitive to noise and high vertical resolution (Dahlin and Zhou,

2004). Roy and Apparao (1971) and Barker (1979) studied the depth of investigation

of different array types. The resolution and accuracy of inverted data sets have been

investigated by various researchers (Sasaki, 1992; Dahlin and Zhou, 2004).

Problem statements1.1

At present, data processing techniques using only one type of resistivity array

have a few disadvantages such as low horizontal coverage, low vertical coverage,

low resolution, low signal strength, high noise level, and shallow penetration depth

(Loke, 2004; 2014). D-D, P-D and W-S arrays are easily contaminated by noise

compared to W arrays (Dahlin and Zhou, 2004). This is due to a good signal strength

by W array compared to other arrays. D-D array has low vertical resolution

compared to P-D, W and W-S (Barker, 1979).

D-D array is very sensitive to resistivity horizontal changes. However, this

array is insensitive to resistivity vertical changes (Loke, 2004; 2014). P-D array has

good horizontal coverage in 2-D resistivity imaging (Loke, 2004; 2014). This array

3



also has good depth of investigation compared to other arrays (Muztaza, 2013). W

array is sensitive to resistivity vertical changes. However, this array is less sensitive

to resistivity horizontal changes in subsurface. W-S array is moderately sensitive

both vertical and horizontal changes in resistivity (Loke, 2004; 2014). The horizontal

data coverage of W-S array is wider than W array (Loke, 2004; 2004).

To overcome these problems, the numerical comparative assessment is

carried out for individual array and the DLA technique for two different arrays. The

DLA technique used in this study is lightly similar to the joint-inversion technique.

The numerical comparative assessment is carried out for three main parameters.

These parameters are also vital in producing high resolution in the 2-D resistivity

imaging method. Based on the numerical comparative assessment and the DLA

technique, selection of the two best and suitable arrays can be made for the real field

studies to get the 2-D resistivity imaging results. Borehole records were used as

geological references in interpretation work.

1.2 Research objectives

The objectives in this research are:

i. To compare the numerical comparative assessment for individual array and

the DLA technique of two different arrays.

ii. To improve resolution in data processing using the DLA technique on two

different arrays.

iii. To validate the DLA technique of two different arrays to provide significant

improvement in 2-D resistivity imaging data quality.

4



Motivation and research novelty1.3

A previous study by as de la Vega et al. (2003) concluded that the joint­

inversion technique of W and D-D arrays can improves the depth of investigation.

Neyamadpour et al. (2010a) claimed that the joint-inversion technique of W and D-D

arrays can be highly useful for cavity detection. However, Berge and Drahor (2003)

claimed that the combination or joint-inversion technique of different arrays would

not be useful in every situation. Athanasiou et al. (2007) indicated that algorithm

used in combined weighted inversion does not necessarily gives optimum results. It

shows that, there are many debates in the joint-inversion technique of the 2-D

resistivity imaging. Critical comments on previous studies on the joint-inversion

technique in the 2-D resistivity imaging method are carried out in Chapter 2.

This research aims to modify the conventional resistivity data processing

technique. The originality of this research lies in the numerical comparative

assessment between the results obtained using individual array and the DLA

technique for the two best and suitable different arrays. The numerical comparative

assessment was developed and carried out with respect to (i) number of apparent

resistivity data, (ii) percentage of overlapping inversion model data and lastly (iii)

ability to resolve the known target. This novel approach allows the 2-D resistivity

imaging method to be carried out on the two best and suitable arrays rather than

using three or four arrays. In addition, this approach only focused on the use of

geophysical inversion software rather than using non-geophysical software. The

DLA technique for these two suitable arrays is a useful approach in data processing

strategy to enhance resolution of the 2-D resistivity imaging method.

5



Layout of thesis1.4

In general, the thesis content is systematized as follows.

In Chapter 1, the background of this research is introduced. Problem

Furthermore, motivation and research novelty as well as the layout of thesis are

presented in this chapter.

In Chapter 2, the general method and principle of electrical resistivity method

used are discussed. Several previous studies done by other researchers using

geophysical methods applied in environmental and engineering problems are also

discussed. In addition, recent development of resistivity method and critical

comments on the joint-inversion technique are also discussed to give an overview as

a stepping stone for this research.

In Chapter 3, research methodology is discussed on the development of the

DLA technique. This chapter continues to discuss five different 2-D computerized

models and a field model. The development of the numerical comparative

assessment is presented for the selection of the two best and suitable arrays for the

actual field studies. In addition, geological setting and survey geometry for two field

study areas are discussed.

Chapter 4 discusses the study results according to the flow of research; the 2-

D computerized models, a field model and the numerical comparative assessment.

Based on the conclusion of these two model tests and the numerical comparative

assessment, two best and suitable arrays are chosen to be used for the real field

6

statements and objectives to be achieved in this research are highlighted.



studies in two different areas. The discussion is followed by the results from these

field studies.

Lastly, Chapter 5 discusses the conclusion of the 2-D resistivity imaging

method using the DLA technique in data processing. The summary of the whole

research together with the advantages of the DLA technique are also discussed.

Finally, some recommendations for the future research are proposed.

7



CHAPTER 2

LITERATURE REVIEWS

Introduction2.0

Geotechnical studies are normally related to soils or rocks properties, man­

made structures, foundations and environmental works. Geophysical studies are

capable of providing supporting relevant imaging (data) in order to reduce operation

cost and time effective. Using drilling borehole only provides information in discrete

locations and incurs high cost to study the subsurface characterizations. Geophysical

methods such as the 2-D resistivity imaging method can be used to identify the

bedrock depth and overburden (soils) materials (Samsudin et al. 1998). In addition,

this geophysical method is capable of detecting or imaging some near-surface

structures such as sinkholes, faults and boulders. Selection of suitable and

appropriate geophysical method is closely related to

project and the site’s conditions (Reynolds, 1997). Geophysical methods allow the

ground subsurface conditions to be examined indirectly, quickly, reliably and cost

effectively with sufficient results. These geophysical methods utilize different

described by Samsudin et al. (1998). Geophysical methods are routine procedures to

delineate geological structures and other subsurface phenomena (Dahlin, 1996).

Proper usage of these geophysical methods could leads to an increase in resolution of

the ground subsurface model or pseudosection.

8

the objective of a study or

physical properties of the ground’s material to study the subsurface structures as



The 2-D resistivity imaging method is used to detect groundwater and

subsurface characterizations (Araffa et al. 2015). IP method is normally used in

waste landfills mapping while self-potential method is normally used in seepage

tracks mapping (Loke, 2004). The electrical method’s applications in environmental

and engineering studies are widely used for many aspects such as slope monitoring,

soil characterizations as well as mineral and groundwater explorations (Samsudin et

al. 1998; Samsudin et al. 2008; Nordiana et al. 2012; Seaton and Burby, 2000).

Electrical resistivity theory2.1

The general partial differential equation governing electrical resistivity

method can be derived from basic electrical principle. The fundamental physical law

used in electrical resistivity method is Ohm’s Law that governs the flow of current in

the ground. Equation 2.1 shows Ohm’s Law in vector form for current flow in a

continuous medium:

J =crE (2.1)

is current density and E is electricwhere

field intensity. In practice, what is measured is an electric field potential. Note that

the conductivity, and p = 1 / cr , is more commonly used. In 1827, a German

scientist, Georg Simon Ohm found that an electrical current, (I) in a conducting wire

is proportional to potential difference, (V) across it (Equation 2.2).

Vai (2.2)
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cr is conductivity of the medium, J

for electrical resistivity method, medium resistivity, p is equal to a reciprocal of



To grasp the theory of resistivity, potential difference, (V) and current, (I)

that flows through the circuit are measured. Thus, an increase in resistance, (R) value

across the circuit will result in the dropping of current, (I) (Equation 2.3). It shows

that current is inversely proportional to resistance.

(2.3)

The potential difference is measured experimentally using a voltmeter while

the current is measured using an ammeter. The SI unit for resistance is volts per

ampere or Ohm, (Q). The resistivity can be calculated using Equation 2.4.

(2.4)p = R

where:

p = Resistivity of the conductor material (O.m)

R = Resistance

A = Cross-sectional area (m2)

L = Length of the conductor (m)

For a homogeneous media with one electrode, the potential will separate

radially outwards from the current source where area, (A) will be a half sphere, (2jrr2)

with radius, (r). Equation 2.4 is rewritten as Equation 2.5.

X? = k R (2.5)

resistance, (R) and the second part is geometric factor, (k) which describes the

geometry of electrode configuration.
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where, k = 27tr for the half sphere. Equation 2.5 consists of two parts. The first part is

I-X
R



Basic concept of 2-D resistivity imaging2.2

A fundamental property of any volume of material is its resistance measured

in the unit of Ohm. The resistance is defined as the material’s opposition to the flow

of electrical current (Reynold, 1997). Resistivity (in unit of O.m) is related to this

property and is expressed as resistance through a distance, which makes it

independent of material geometry (Reynold, 1997).

Resistivity is considered as functions of rock porosity, volumetric fraction of

saturated pores and resistivity of pore water (Archie, 1942). In many cases, it is the

pore fluid of rock that accounts for the overall resistivity signature rather than the

host rock (Lowrie, 1997). In 2-D resistivity imaging measurement, the basic

procedure is to establish a subsurface distribution of resistivity by injecting current

into the underground between two current electrodes planted on ground surface. The

resulting potential difference are measured between two potential electrodes in a line

or grid (Ramirez et al., 1993). The ground (Earth) can be considered as one

component of an electrical circuit known as the resistor. An interpretation of the

measured parameters yield information about the electrical conductivity beneath, the

ground’s surface.

normally made by injecting current into the ground through two current electrodes

(Cl and C2) and measuring the resulting voltage difference between two potential

apparent resistivity, ( pa ) value is calculated (Equation 2.6).
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The 2-D resistivity imaging measurements for a homogeneous medium are

electrodes (Pl and P2) (Figure 2.1). From the current, (I) and voltage, (V), an



(2.6)

where, k is the geometric factor which depends on the arrangement of the four

electrodes. Figure 2.1 shows common electrodes array for resistivity measurement.

P2 C2PlCl

Ground surface

inhomogeneous case, the resistivity meter normally

measures resistance value, (R) as given by Equation 2.3. In practice, the apparent

resistivity value is calculated by Equation 2.7.

(2.7)

The geological structures of the Earth’s subsurface are inhomogeneous and

the resistivity, that is collected, does not represent the true resistivity, but it

represents an apparent resistivity (Paul, 2007). The relationship between the

“apparent” and “true” resistivity values is a multiplex connection. In order to

determine true subsurface resistivity values from its apparent values, an inversion

using a computer program is needed for measured apparent resistivity data (Loke,

1999a; Loke, 2014).
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subsurface
Figure 2.1: Common electrodes array for resistivity measurement.

kV

Therefore, for an



The general four-electrode method2.3

pair of potential electrodes. Figure 2.2 shows a diagram of the four-electrode method.

This arrangement will be used to illustrate the current flow into the ground.

i
M

V
D

tcb

Figure 2.2: Arrangement of four-electrode in electrical resistivity method.

The current electrodes A and B act as the source and sink. At the detection

electrode C, potential due to the source A is +pI/(2jrrAc), while potential due to the

sink B is - pI/(27trAc). The combined potential at C is given by Equations 2.8-2.10.

(2.8)
k

(2.9)

1 1
(2.10)c

\rAC KCB J

This is similar to the resultant potential at D. This is given by Equation 2.11.
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r 11
(2.11)

^DB 7krAD

The potential difference measured by a voltmeter connected between C and D

is given by Equation 2.12-2.14.

(2.12)

x/ 1 11 1
(2.13)

rDB 7V7DrCB 7

1 11 1
(2.14)

\rAD rDB J \rAC rCB 7

All quantities in this Equation (2.14) can be measured at the ground surface

except the resistivity value, which is given by Equation 2.15.

(2.15)x x1 1 1 1
_\rAC rCB 7 \rAD rDB 7 

rewritten as Equation 2.16.

(2.16)x x1 1 1 1
rCB 7 \rAD rDB 7 _
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This P is called apparent resistivity. Therefore, Equation 2.15 can be



Then, Equation 2.16 can be rearranged as Equation 2.17 to get the final

equation as Equation 2.18. Therefore, Equation 2.18 is equal to Equation 2.6 and

Equation 2.19 is equal to Equation 2.7.

Pa (2.17)/ 1111
\rAD rDB ) rCB 7Vac

(2.18)

A =kR (2-19)

Selecting electrode array for 2-D resistivity survey2.4

The 2-D resistivity survey has remained an essential tool for over two

decades (Dahlin, 1996; Seaton and Burby, 2000; Loke, 2014) as geophysical

geotechnical engineering and archaeological prospecting. The success of the 2-D

other factors in the choice of suitable electrode array.

Among the several electrode arrays that are commonly used in 2-D resistivity

imaging are standard arrays; Dipole-Dipole (D-D), Pole-Dipole (P-D), Wenner (W)

and lastly Wenner-Schlumberger (W-S) (Chambers et al., 1999; Storz et al., 2000).

The difference between these array types lies in separation between the electrodes

pairs that provide variation or differences in the geometric factor for each electrode

15
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/

resistivity imaging method in mapping Earth’s subsurface structures depends on

Pa=k~

investigations are used for hydrogeology, subsurface exploration, mining,



array (Loke, 2004; Loke et al., 2010). In view of advantages and limitations of one

resistivity survey capabilities of different electrode arrays by comparison (Dahlin and

Zhou, 2004; Perren, 2005, Putiska et al., 2012; Alwan, 2013).

D-D array2.4.1

In D-D array (Figure 2.3), a pair of potential electrode are on the outside of a

pair of current electrode. Each pair of electrode has a constant electrode separation

(a) and the distance between two innermost electrodes is (na). The measured

apparent resistivity, pa is given by Equation 2.20.

C2 Cl Pl P2

Surface
a na a

Figure 2.3: Electrode’s arrangement for D-D array.

pa = 7ma(n + l)(n + 2)R (2.20)

where;

n = Ratio of n(a) over a

a = Distance between two electrodes

R = Resistance (Ohm)
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electrode array over another, several researchers have investigated electrical



P-D array2.4.2

P-D array (Figure 2.4) is an electrical array for 2-D resistivity imaging that

contains four co-linear electrodes with one of the current electrodes (which acts as

positioned at

approximately five to ten survey depth (Loke, 2001). The other current electrode is

placed in vicinity of a pair of potential (receiver) electrode. This geometry is used

because it reduces the distortion of equipotential surfaces (Smith, 1986). The

measured apparent resistivity, pa is given by Equation 2.21.

Cl Pl P2

Surface

ana

Figure 2.4: Electrode’s arrangement for P-D array.

pa = 2yma(n + 1)R (2.21)

where;

n = Ratio of n(a) over a

a = Distance between two electrodes

R = Resistance (Ohm)
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the source) positioned at an infinity distance. Usually, it is



2.4.3 W array

electrodes are arranged collinearly and separation between adjacent four electrodes

are equal. This separation is denoted by (a). Due to simplicity in its geometry, this

array is often used in electrical resistivity survey. In normal electrical resistivity

sounding measurement using W array, distance (a) is increased step by step, while

keeping middle-point of electrodes fixed. The measured apparent resistivity, pa is

given by Equation 2.22.

Cl C2P2C2

Surface

aa a

Figure 2.5: Electrode’s arrangement for W array.

pa = 2/zaR (2.22)

where;

a = Distance between two electrodes

R = Resistance (Ohm)
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In W array (Figure 2.5), a pair of current electrodes and a pair of potential



2.4.4 W-S array

W-S (Figure 2.6) array is also one of the most commonly used array for the

ground subsurface investigation. This array has a pair of current electrodes and a pair

of potential electrodes are arranged collinearly. In this array, separation between the

pair of current electrodes is much larger than separation between the pair of potential

electrodes. In this array, the electrode layout for the first data level (n=l) is same as

W array. The measured apparent resistivity, pa is given by Equation 2.23.

Cl C2Pl P2

Surface

na na

Figure 2.6: Electrode’s arrangement for W-S array.

pa = OTia(n + 1)R (2.23)

where;

n = Ratio of n(a) over a

a = Distance between two electrodes

R = Resistance (Ohm)
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Electrode arrays2.5

An arrangement of the electrodes is called an electrode array. The apparent

resistivity value depends on the geometry of the electrodes (geometric factor, k)

(Reynolds, 1997). The geometric factor depends on the position of electrodes in the

array. Resistivity imaging employs different types of electrode arrays.

According to Norman and Fujita (1997), the most common arrays used in

resistivity imaging survey are W, D-D and W-S. Choosing the right array for a

resistivity survey is important for two reasons. The first one is that for each array,

there are varying degrees of advantages and disadvantages when compared with

other arrays. The second reason is that the resistivity image of the same structure is

different when produced by a different array.

Choosing the appropriate array depends on the survey’s objective. Moreover,

choosing the appropriate array requires some considerations such as depth of the

object, vertical and horizontal changes of the subsurface and signal strength (Loke,

2001; Dahlin and Zhou, 2004). Figure 2.7 shows some common arrays used in

resistivity surveys together with their geometric factors.
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P2P2C2
nanaa

k = 2 n n (n + 1) ak = n n (n + 1) (n + 2) a

Wenner-BetaWenner-Alpha

P2C2 C2Cl
aaaaaa

k = 6 n ak = 2 n a

Wenner-SchlumbergerWenner-Gamma

C2 C2PlCl
nanaa a

k = n n (n+1) ak = 3 n a

Inversion of resistivity data2.6

The objective of electrical resistivity inversion is to find a model which

adequately reproduces the observed data (Oldenburg, 1978). In recent years, several

methods have been developed for the direct interpretation of the 2-D electrical

non-unique, iterative methods are commonly used for practical inversion of the data

(Jupp and Vozoff, 1975). The iterative method successively improves the model

parameters by reducing the error between the model response and observed data.
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Figure 2.7: Common arrays used in resistivity and their geometric factors (ABEM, 
2006).
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The ridge regression method (Imam, 1975) has been used by other

researchers (Rijo et al., 1977; Petrick, et al., 1977) in inversion of one-dimensional

electrical resistivity sounding data. This method was extended by Pelton et al. (1978)

to invert electrical resistivity and induced polarization data over two-dimensional

structure. This method requires many forward modelling evaluations for each ridge

regression inversion as well as large memory space. Furthermore, this method gives

inversion (Constable et al., 1987).

Tripp et al. (1984) used the transmission surface analogy to generate the

initial model of D-D electrical resistivity data. For noisy data, the resulting model

after inversion is diverged from the real model. Shima (1990, 1992) used the alpha

centre method for the 2-D inversion of surface and cross-hole electrical resistivity

data. The main disadvantage of the alpha centre method is that it is not suitable for

complex structures with high contrast and sharp boundary.

The effect of topography plays a significant role in the inversion scheme (Fox

et al., 1980; Spiegel et al., 1980). Tong and Yang (1990) proposed a finite element

forward modelling scheme that takes into account topographic feature in the

a modification of Zohdy’s optimization technique (Zohdy, 1989) to convert the 2-D

data pseudosection. Although improvements were made by Loke and Barker (1995a)

to overcome problems of the relatively slow convergence and instability, this method

does not converge to the real model for complex geological structures.

workstation computers. Many electrical
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inversion of electrical resistivity data. The Zohdy-Barker method (Barker, 1992) uses

an erratic electrical resistivity distribution when many model layers are used in the

implemented on mini or mainframe or

It is obvious from the literature that most of these algorithms are



resistivity surveys are carried out by small companies for mineral, hydrogeological

and engineering purposes. The computing resources needed may not be available,

and it would not be practical to carry out the inversion during the field survey or data

acquisition.

The recent improvements to data acquisition equipment for electrical

resistivity surveys require a similar development of more sophisticated inversion

algorithms to fully utilize electrical resistivity data (Griffiths and Turnbull, 1985;

Griffiths et al., 1990). Loke and Barker (1995b, 1996) have developed a fast

inversion algorithm whereby a 2-D structure can be modelled on a computer during

field survey or data acquisition of electrical resistivity.

2.7 Previous studies

Several case studies are discussed in this chapter, which involve the

application of electrical resistivity with other geophysical methods and electrical

resistivity with some geotechnical engineering methods. These previous geophysical

studies are related to engineering and environmental perspectives. Furthermore, the

discussion includes recent developments of 2-D resistivity imaging method by

various researchers.

reflection survey with hydro-chemical methods. The study was carried out to map

saline water intrusion into coastal groundwater aquifers in Kelantan, Malaysia.

Integration of all results apart from delineating the subsurface geologic units also

the water.

23

indicated the extent of presence of total dissolved solids among other components in

Samsudin et al. (2008) combined 2-D resistivity imaging and seismic



Saad et al. (2011) presented integrations between 2-D electrical resistivity and

seismic refraction methods to study shallow subsurface. The study was carried out in

Selangor, Malaysia.

Giang et al. (2013) presented results of geophysical methods such as vertical

electrical sounding, very low frequency, seismic refraction and electrical resistivity

imaging. The work’s purpose was to locate the aquifers and to assess the hydro-

geological conditions for groundwater potential. The research location is in the

industrial zones of North Hanoi, Vietnam.

Geophysical methods-seismic refraction, electrical resistivity tomography and

microgravity were applied to Dead Sea sinkhole problem in the Ein Gedi area at an

earlier stage of the sinkhole development. The methods allowed the determination of

the sinkhole formation mechanism and localization of the hazardous sinkhole zones.

This study was conducted by Ezersky et al. (2013). The suitability of the combined

microgravity and resistivity tomography to detect and characterize caves deeply

buried in limestone is proposed by Martinez-Moreno et al. (2013). At the

investigation site, microgravity, electrical resistivity and IP data was collected along

four profiles.

Hamdan and Vafidis (2013) presented the development of joint-inversion

strategies. The research was conducted to improve on electrical resistivity and

seismic velocity models for delineating saline water zones in karst geological

formations. The 2-D resistivity imaging method was carried out to provide a better

geotechnical properties of the subsurface. The study was presented by Rucker and

Noonan (2013) at Panama Canal. Dahlin et al. (2013) proposed calibration of
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means of bridging information. This electrical resistivity method is used to map



electrical resistivity method and cone penetration tests with resistivity measurement

located at Frastad, Sweden.

Dahlin et al. (2014) presented the application of electrical resistivity

monitoring in soils to trace the water transport during an irrigation study. Chambers

et al. (2014) proposed electrical resistivity tomography monitoring research to be

used in observing and characterizing the ground embankments. Meanwhile, Cho et

al. (2014) studied the effects of the 2-D electrical resistivity monitoring created on

the Earth-filled dams. Heenan et al. (2015) presented

degradation processes in hydrocarbon impacted beach sediments. In this study, an

autonomous electrical resistivity monitoring system was deployed on Grand Terre,

Louisiana.

Robinson et al. (2015) performed a 3-D cross-borehole electrical resistivity

method on a limestone quarry in which transport and flow are controlled by a

used to perform the 3-D model’s evaluation.

An electrical resistivity method was performed by Oladunjoye and Jekayinfa

(2015). The study compared vertical electrical sounding data using conventional

Schlumberger array and modified Schlumberger array to assess the effectiveness of

modified Schlumberger array for groundwater exploration. The study found that the

modified Schlumberger array is a good alternative compared to the conventional

Schlumberger array.

Juhojuntti and Kamm (2015) developed

seismic refraction and electrical resistivity data. A method is developed using sharp
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an attempt to monitor natural

bedding plane feature. Static and time-lapse of electrical resistivity data sets were

(CPTU-R). These methods were successful to map the quick clay site which is

a method for joint inversion of



boundary models with few layers. The study demonstrated the usefulness of the

approach using some examples from case studies related to the shallow groundwater

exploration and geotechnical investigations.

Recent developments of electrical resistivity method are discussed where

these research are the continuation of all these research works proposed by

geophysicists throughout the recent years.

Recently, various studies have described the use of electrical resistivity

method for environmental and engineering studies. Ward (1990) has studied the

combination of aluminium and soaked soil with salt water used as a current electrode

in an investigation area where it is difficult to plant electrodes into ground surface.

The combination of horizontal long electrodes with vertical long electrodes, i.e.,

pipes was proposed by Ramirez et al. (2003). Meanwhile, inclined wells were

proposed by Hatanaka et al. (2005). Stainless steel electrodes are widely used in the

2-D resistivity imaging methods. LaBrecque and Daily (2008) have investigated

different metals and graphite (carbon) types as electrodes. Tsokas et al. (2008)

successfully used a flat base or plate as a new alternative for electrodes. Zhu and

Feng (2011) proposed that the combination of long electrodes with a large number of

short electrodes planted on the ground surface would enhance the vertical resolution.

Several different approaches have been suggested which led to novel survey

rapid data inversion by multichannel deconvolution. Mitigation measures were also

proposed by many researchers; roll-along (or multiple line) data acquisition (Dahlin
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technique was proposed by Abdul Nassir (1997). Moller et al. (2001) proposed a

design in the 2-D resistivity imaging method. An independent configuration on

multielectrode array is proposed by Lehmann (1995). The multiscale survey



2005). Muztaza (2013) developed

Resolution (EHR) for 2-D resistivity survey in various environmental perspectives.

Critical comments on resistivity data processing technique2.7.1

In recent years, there has been a significant development in the algorithms to

automatically determine non-conventional arrays such as D-D and P-D that would be

able to produce a better image resolution. This approach is conducted by using the

same number of datum points as the selected array (Stummer et al., 2004; Wilkinson et

al., 2006b). Minimization of data error and model parameters errors is significantly a

good inversion method especially in resistivity data processing (Narayan et al. 1994).

A large amount of time series monitoring data set which leads to the time­

lapse development was proposed by Loke (1999b). Some other different approaches

have also been proposed in order to design arrays that maximize the image

resolution, including optimized or modified arrays development (White et al., 2001;

Wilkinson et al., 2006a; Nyquist et al., 2007; Saad, 2009), maximizing Jacobian

sensitivity matrix elements summation (Furman et al., 2007), maximizing the

sensitivity of cumulative while minimizing the distribution of mutual current (Nenna

et al., 2011), maximizing the normal matrix determinant (Coles and Morgan, 2009)

and maximizing the model resolution matrix elements summation (al Hagrey, 2012).

Loke and Dahlin (2010) proposed horizontal diagonal roughness filters used

in inversion setting and Biome et al. (2011) proposed the concept of experimental
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et al., 2002), survey line in orthogonal directions (Chambers et al., 2002) and no

a new technique called Enhancing Horizontal

more than two-electrode distance used as line separations (Gharibi and Bentley,



design which is based on complete data sets in linear independence term. Donohue et

al. (2012) proposed overlapping sections to be used for very long 2-D survey lines. A

current and potential electrodes for this new array is CPCP. These arrays are called

quasinull arrays which can be useful as they complement the traditional arrays.

Reliability assessment of 2-D inversion in apparent resistivity data was

proposed by Olayinka and Yaramanci (2000). An important development is

resistivity data processing made by Stummer et al. (2004) who successfully proposed

an accurate and fast method in selecting arrays that could maximize the model

resolution. In the study, an experimental design procedure is developed to identify

further improved by Wilkinson et al. (2006a) who proposed novel methods to

enhance quality of optimized arrays.

Szalai and Szarka (2008) proposed surface geoelectric arrays classification.

Loke et al. (2010) proposed four different methods to automatically in choose an

subsurface with limited number of measurements. Four methods used in this study

Modified GF and Compare-R (BGS-CR) methods.

Comparison study between smooth and blocky inversion in 2-D resistivity data

processing is carried out by Loke et al. (2003). The results are tested for both several

synthetic and field surveys with smooth and blocky inversion method. The study
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new array type, the yl In arrays is introduced by Szalai et al. (2015). The sequence of

are the Compared-R (CR), Original GF (ETH), Modified GF (BGS) and Combined

determined from comprehensive data sets of much larger data points. Then, it was

electrode configurations to provide information of subsurface which is based on

predefined optimization criteria. The study suggested that the best images are

optimal array. This approach was carried out to give maximum information on



concluded that blocky inversion is suitable where there are sharp boundaries.

Meanwhile, the smooth inversion method is suitable for areas where the subsurface

appropriate inversion algorithm and suitable electrode spacing effect on the efficacy in

the 2-D resistivity imaging. In the study, poor selection of electrode spacing will gives

inversions were used.

Loke et al. (2013) presented a review of the electrical resistivity method which

includes recent development over the past few decades. Fraquharson and Oldenburg

(2004) studied two automatic ways namely the generalized cross-validation and L-

only size of uncertainties are known. The linearized least-squares optimization method

This approach studied the relationship between the measured data and model

parameters.

Zhou and Greenhalgh (2000) studied the relative advantages and effectiveness

of cross-hole resistivity imaging using four arrays. They are Pole-Pole, Pole-Dipole,

bipole-pole and bipole-bipole on synthetic models. The results show that images

yielded by these arrays are very competitive. The best images are given by Pole-Pole

electric properties around

boreholes. Schwarzbach et al. (2005) introduced the concept of multi-objective

optimization. This approach is to cast regularized inverse resistivity problem into the

general formulation.
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curve criteria. Both criteria provide means of estimating regularized parameters when

was proposed by (deGroot-Hedlin and Constable, 1990; Ellis and Oldenburg, 1994).

resistivity changes in a gradual manner. However, Adiat et al. (2013) proposed an

unsuccessful result, even though both standard constraint and robust constraint

array because it contains maximum information on



Ishola et al. (2014a) and Ishola (2015) combined the results from three arrays

using image processing technique after the 2-D resistivity data inversion took place.

After inversion, data sets were merged using basic statistical parameters such as

minimum, maximum, median and average. This approach was carried out using the

PCI Geomatica Software which is commonly used in remote sensing. Ishola et al.

(2014b) proposed multiple electrode combination for 2-D resistivity imaging. This

approach was carried out using unsupervised classification technique for post-inversion

of resistivity data.

In data processing, the joint-inversion in the 2-D resistivity imaging method

has been used by various researchers. The joint-inversion in the 2-D resistivity

imaging method was used only for two or three different arrays without specific

consideration on other arrays (de la Vega et al. 2003; Neyamadpour et al. 2010a;

2010b).

Candansayar (2008) suggested the application of three and four electrode

array data for combined inversion. There are four different arrays used in the study,

which are W, W-S, D-D and P-D. Comparison study was carried out for a single

array combined inversion of any two arrays. Comparison study showed that the

combined inversion of two different sets of arrays is able to provide better resolution

jointly gave a better result than the single use of array. This approach was carried out

by developing a new inversion algorithm using MATLAB software.

The 3-D resistivity imaging survey was carried out along seven parallel lines

using D-D and W arrays (Neyamadpour et al. 2010a). In the study, only two different

the study, they
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arrays were used for synthetic model analysis and field study. Based on

than an individual array. However, inversion of the P-D and D-D data set arrays



proposed that the joint-inversion for both arrays is suitable and useful for engineering

and environmental applications especially cavity detection. Neyamadpour et al.

(2010b) investigated applicability of three different arrays in 3-D resistivity imaging.

Based on the study, the joint-inversion of W-S with D-D or W with D-D in

combination with an appropriate 3-D inversion method is capable of being highly

useful when then site condition is not suitable for P-D and P-D arrays.

Comparative test on different arrays such as W, D-D and W-S was proposed

by Martorana et al. (2009). In the 2-D simulation model, different levels of Gaussian

noise was added. Comparison study was carried out between interpretive models and

the initial models to estimate the quality of the match.

contaminated soil by de la Vega et al. (2003). In order to improve the inversion of

resistivity model, the joint-inversion of W and D-D data sets was carried out. From the

analysis of the inversion resistivity model, it shows that depth of investigation is

improved to 25 m compared to the results from each array separately. The study

concluded that the joint-inversion improves the depth of investigation while

maintaining shallow lateral resolution.

Athanasiou et al (2007) examined combined weighted inversion in electrical

resistivity data using different arrays. An algorithm for the 2-D combined inversion

was examined too. The study introduced weighting factor from Jacobian matrices for

each array data set. The results indicate that algorithm provides 2-D resistivity model

of all data sets which is not necessarily optimal. In conclusion, the combined weighted

inversion would probably give low quality of the 2-D resistivity results which is caused

by low quality of individual inversion data sets.
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The 2-D resistivity imaging survey was conducted to study a gasoline-



More than two different arrays used in the joint-inversion of 2-D resistivity data

structure and resistive increase or decrease is based on type of array and number of

array used in combined different array. In the study, the optimum electrical resistivity

tomography revealed was given by the usage of combined different array. The

conclusion of the study was that the combined or the joint-inversion of different arrays

would not be useful in very situation.

2.8 Chapter summary

This chapter was to review the foundation of the 2-D resistivity imaging

method in geophysics. Furthermore, previous studies by many researchers in

application of 2-D resistivity imaging, recent development in electrical resistivity

method and the joint-inversion technique were reviewed. This approach is carried out

to identify any gap or space left by the previous studies. Resolution enhancement in

2-D resistivity imaging method is a focussed matter in this research. An overview

from various data processing and the joint-inversion techniques by different

researchers showed that different parameters and a few arrays was used. An

platform for this research to take place. Therefore, in the next chapter the research

methodology to comprehensively improve understanding about the near surface

condition are described.
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was carried out by Berge and Drahor (2009). The study demonstrated that conductive

overview of the DLA technique in the 2-D resistivity imaging method, provides a



CHAPTER 3

RESEARCH METHODOLOGY

3.0 Introduction

This chapter discusses the methodology and technique used in this study.

Methodological framework overview that is used in data acquisition and data

analysis is presented. The DLA technique used in this study is based on the

overlapping data levels in apparent resistivity data set. In this study, an improvement

in data quality for the 2-D resistivity results was carried out using the DLA technique

which consisted of different combinations of number of electrode spacing (a) and

number of data levels (n) values. The results in 2-D resistivity model were presented

with the overlapping number of data levels for two different arrays.

In order to achieve all the objectives, the study methodologies were carried

namely synthetic models and a field model is presented. Five different synthetic

models were created and used to investigate the imaging capabilities using four

introduced for individual array and the DLA technique. The two best and suitable

arrays was determined which is based on this numerical comparative assessment

results. In the phase three, validation of the DLA technique using two best and

suitable arrays were applied to the actual field surveys.
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out in three different phases. The first phase involved 2-D computerized models or

different arrays. In the second phase, the numerical comparative assessment was



Research methodology flowcharts3.1

The summary of both Phase 1 and Phase 2 as parts of the research

methodology are shown in Figure 3.1 and Figure 3.2. These flowcharts summarise all

the steps including preparation of the data sets for the DLA technique and the

numerical comparative assessment used in this study. In addition, these flowcharts

can be used as a guide for other researchers to use the DLA technique in the 2-D

resistivity data processing. For the filtering section, the resistivity data set can be

viewed from the RMS error statistics section in RES2DINV program. After carrying

out inversion, switch to the ‘Display’ window in RES2DINV program. Then the INV

file consisting the inversion results is read. The ‘RMS error statistics’ option is

selected that will display the percentage of difference in distribution between the

measured and calculated apparent resistivity data (Appendix A).
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Phase 1

Data acquisition for field modelCreate synthetic models

Data transfer in s4k file format

Figure 3.1: Research methodology flowchart for the Phase 1.
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Phase 1: 2-D computerized models and field model3.2

Four different computerized (synthetic) models were used for the simulation

purpose. Each of the created models were transformed into sets of physical property

by assigning true resistivity values to each cell unit. Once the physical property

models were created, then the forward modelling was performed to establish the

synthetic apparent resistivity data.

3.2.1 Forward modelling

The main objective of this approach is to numerically study the capabilities of

four different arrays used on near surface imaging targets on the synthetic resistivity

Schlumberger (W-S) arrays were used to implement these simulations. The 2-D

computerized models were constructed using 41 number of electrodes and minimum

electrode spacing of 1 m. The forward modelling responses were calculated using

RES2DMOD program (Loke and Barker, 1996). It is

program that calculates apparent resistivity values for 2-D subsurface model. This

forward modelling program uses finite-difference scheme which was based on a

method described by Dey and Morrison (1979a). However, modification was made

by Loke (1994) to correct for minor inconsistency in discrimination of Dey and

Morrison by area method.
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data. Dipole-Dipole (D-D), Pole-Dipole (P-D), Wenner (W) and Wenner-

a 2-D forward modelling



Geological models test3.2.2

In this stage, the geometry and dimensions of the targets were specified.

These included the size, value and number of block for the model and lastly its

resistivity value. A summary of the model parameters used in all synthetic models

for four different arrays was presented in Table 3.1.

Table 3.1: Parameters of forward modelling for four different arrays used.

3.2.2.1 A block model

The model consists of a rectangular block as the target with resistivity value

(light green) as background as shown in Figure 3.3. A block is positioned between

distance of 18 m and 24 m. The dimension of a block is 8 m in length and 3.25 m in

height.

38

Parameters___________
Number of electrode
Number of a spacing (m)
Number of data points

W
41
1 

245

D-D
41
1

741

P-D
41
1 

780

W-S
41
1 

380

of 100 Q.m (blue) embedded in a high resistive homogenous medium of 417 Q.m



Figure 3.3: The synthetic model showing a block embedded in homogenous medium.

3.2.2.2 Two blocks model

The model consists of two rectangular block as targets with resistivity values

of 50 fl.m (blue) and 100 Q.m (light blue) embedded in high resistive homogenous

medium of 700 Q.m (green) as background as shown in Figure 3.4. The first block of

50 £2.m is positioned between the distance of 13 m and 16 m. The second block of

100 Q.m is position between 24 m and 27 m. The dimension of a block is 3 m in

length and 2.13 m in height.
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Figure 3.4: The synthetic model showing two blocks embedded in homogenous 
medium.



3.2.2.3 Contact zone model

The model consists of two different layers as targets with contact zone of

resistivity value of 100 Q.m (light blue) attached with a high resistive homogenous

medium of 700 Q.m (green) as shown in Figure 3.5. The contact zone is positioned

between distance of 20 m and 40 m. The dimension of the contact zone is 20 m in

length and 4.44 m thick from the surface.

3.2.2.4 Vertical dyke model

The model consists of an intrusive vertical dyke of infinite extent as the target

with resistivity value of 70 Q.m (blue) crossed high resistive homogenous medium of

700 Q.m (green) as shown in Figure 3.6. The vertical dyke is positioned between the

18 and 22 electrodes. The dimension of a block is 4 m in width.
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Figure 3.5: The synthetic model showing contact zone attached with homogenous 
medium.



3.2.2.5 Fault model

The model consists of two different layers as targets with fault of resistivity

and 40 m. The dimension of the fault is 20 m in length and 3.19 m thick from the

surface.

Figure 3.7: The synthetic model showing fault attached with homogenous medium.
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3.2.3 The DLA technique for two different arrays

For each synthetic model data sets reproduced using RES2DMOD program

(copyright by M.H. Loke), the reconstructed new data set is needed for two different

arrays. This approach was carried out using the general array format (*.dat) for the

DLA technique in inverse modelling RES2DINV program (copyright by M.H.

Loke). The general array format is used to cater for arrangement of electrode that do

not fall under the conventional array types. This approach gives the user greater

latitude in the arrangement of electrode. The general array format used in this study

is shown in Appendix B. Two separate data sets from each individual arrays were

combined together using the general array format. A new data set was obtained and

the number of apparent resistivity data is the summation of these two data sets.

Therefore, the DLA technique used in this study is capable of providing a dense data

set from two different arrays.

3.2.4 Field model

A bunker in Universiti Sains Malaysia (USM) main campus was

selected for field model study using the 2-D resistivity imaging method. The spread

length of study line is 60 m with minimum electrode spacing of 1.5

the buried bunker. The dimension of this target is known.
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m and crossing



3.2.5 The DLA technique for field model data

For each data conversion in SAS4000 utilities program (copyright by ABEM

Instrument AB), the user will get raw data set for individual array in the s4k file

format (*.s4k). ERIGRAPH program (copyright by Torleif Dahlin) was used for

conversion from the s4k file format (*.s4k) to the text file format (*.dat). The general

array format which was used in this study is shown in Appendix B. Two separate

data sets from each individual arrays were combined together using the general array

format. A new data set was obtained and the number of apparent resistivity data is

the summation of these two data sets. Therefore, the DLA technique used in this

study is capable of providing a dense data set from two different arrays.

3.2.6 Inversion modelling

Prior to inversions of apparent resistivity values for all synthetic models, 1 %

random noise level is added to each inversion model to reflect field condition

(Olayinka and Yaramanci, 2000). The type of noise added in was apparent resistivity.

The 2-D inversion modelling was carried out using RES2DINV, a commercially

available inversion program (Loke and Barker, 1996). This inversion software uses

smooth-constrained inversion routine (deGroot-Hedlin and Constable, 1990; Ellis

and Oldenburg, 1994).

For all the synthetic models, the inversion routine took between 5 to 7

number of iterations depending on models and array types used to converge to misfit

data to less than 10 %. This inverse modelling calculates resistivity distribution that

is consistent with true values of models. Once, the resistivity data inversion has been
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carried out, the 2-D inverse resistivity models for all four different arrays were saved

in the SURFER format or the text file format (*.dat). SURFER software (copyright

by Golden Software, LLC) is a contouring and surface modelling package for

visualization purposes.

Phase 2: The numerical comparative assessment3.3

After obtaining the inversion of model resistivity for all selected arrays, the

numerical comparative assessment of individual model resistivity and the DLA

comparative assessment is used for quality assessment. There are three different

parameters were used in this quality assessment. They are (i) total number of data

points (apparent resistivity) (£DPapp(dla)), (ii) percentage of overlapping inversion

of model resistivity data (APOdla) and (iii) the ability to resolve the known target.

Total number of data point (apparent resistivity) used in the inversion modelling is

given by Equation 3.1.

(3.1)

where; DPapp.(1) is number of apparent resistivity data for array 1.

DPapp.(2) is number of apparent resistivity data for array 2.
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TDPApp.(DLA) = DPApp.(l) + DPaPP.(2)

model resistivity for two different arrays were carried out. The numerical



developed in this study for numerical comparative assessment. They are the number

of overlapping inversion of model resistivity data (OD) and the percentage of

overlapping in the DLA technique (APOdla) which are given by Equation (3.2) and

Equation (3.3) as below.

(3.2)

IM2 is inversion of model resistivity data array 2.

IMdla is the DLA of model resistivity data for both arrays.

xlOO (3.3)

where; OD is the number of overlapping inversion of model resistivity data.

IMdla is the DLA of model resistivity data for both arrays.

For overview of the characteristics of the DLA technique for two different

developed which is given by Equation (3.4). This approach is not the main parameter

to be used in the selection of the best two arrays, but it is more on general knowledge

about the DLA technique in the 2-D resistivity imaging method.
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percentage of overlapping inversion of model resistivity data. Two formulations were

OD 
imdlaA POdla

arrays, the percentage change in inversion depth of investigation (ADdla) was

where; IMi is inversion of model resistivity data array 1.

In addition, two new formulations were developed to determine the

OD = (IMj + TM2)-(IMdla)



(3.4)

where; Ddla is depth of investigation of the DLA model resistivity.

DMax i is the maximum depth of investigation of model resistivity of

any individual array used for the DLA technique.

The numerical comparative assessment was used for the quality assessment to

select the two best and suitable arrays for the DLA technique. Decision and

consideration will be based on the three main parameters as stated previously. The

decision to select only the two best and suitable arrays for the DLA technique is due

to cost constraints and also limitation of work force. In addition, the approach in this

research can be a guideline for other researchers to use the DLA technique in the 2-D

resistivity imaging method especiallyfor those with non-geophysics background.

3.4 Phase 3: Validation of the DLA technique

Based on the final decision of the numerical comparative assessment in the

applied to actual field surveys. The subsurface investigation for site characterization

using the joint-inversion technique have been receiving growing attention (de la

Vega et al. 2003; Athanasiou et al. 2007; Candansayar, 2008; Berge and Drahor,

2009; Neyamadpour et al. 2010a, 2010b). The reduction in processing time and data

acquisition has made this approach economically viable to acquire complementary of

the 2-D resistivity imaging method. Therefore, the DLA technique used in this study
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Phase 2, validation of the DLA technique using the two best and suitable arrays was
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for the best and suitable arrays was carried at two different sites for validation

purposes. The first field study was located at Minden, USM, Penang and the second

field study was located at Bukit Bunuh, Lenggong, Perak.

3.4.1 Minden, USM, Penang

Penang is the second smallest of the 11 states of Peninsular Malaysia. It is

situated in the northern region. The island and mainland are linked by regular ferry

service, a 13.5 km long Penang First Bridge and a 24 km long Penang Second

Bridge. Penang Island is located between latitudes of 5° 8’ North and 5° 35’ North

average mean daily temperature of approximately 27 °C and mean daily maximum

and minimum temperatures between 31.4 °C and 23.5 °C respectively (Fauziah et al.,

2006). Penang Island consists of coastal plains, hills and mountains with three main

geological formations of igneous rock (Figure 3.8). All igneous rocks are granites in

terms of Streckeisen classification (Ong, 1993). The granite is classified based on the

basis of the proportions of alkali feldspar to total feldspars which is divided into two

main groups. The first one is North Penang Pluton and second one is South Penang

Pluton (Ong, 1993; Pradhan et al., 2012). Minden, USM area is classified as medium

to coarse grained biotite granite. The orientation of the Minden valley is along the

North-South direction. The valley marks the position of Central Penang Fault Zone

(Streckeisen, 1967; Ong, 1993; Fauziah et al., 2006).
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and longitudes of 100° 8’ East and 100° 32’ East. The climate is tropical with an



Figure 3.8: Penang Island geological map (Ong, 1993).

The spread length of the 2-D resistivity survey is 200 m with minimum

electrode spacing of 5 m. The borehole location was located at 90 m and 120 m in

the 2-D resistivity survey line.

3.4.2 Bukit Bunuh, Lenggong, Perak

Bukit Bunuh, Lenggong, Perak is the second field study located at latitude of

5° 3’ North and longitude of 100° 59’ East (Figure 3.9). This area is surrounded by

mountainous terrain underlain by granitic rock which is from Jurassic end-

Carbonaceous low era. This

Lenggong town (Saidin, 1997; Azwin et al., 2015). Bukit Bunuh is about 10
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area originates from Bintang Range in the west of



kilometers from Lenggong town and it is near to the archaeological site of Kota

The first

workshop dating 40,000 years ago

and suevite boulders area which is dated 1.83 million years ago.
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The spread length of the 2-D resistivity survey is 200 m with minimum

electrode spacing of 5 m. The borehole location was located at 90 m and 120 m in

the 2-D resistivity survey line.
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Chapter summary3.5

This chapter discusses the research methodology and technique used in this

research. Methodological framework overview that was used in data acquisition and

data analysis is presented. In order to achieve all the objectives, the methodologies

employed were carried out in three different phases. The decision for these two

arrays was made after full consideration of all investigated parameters. There are two

field study areas in this research, which are Minden, USM, Penang and Bukit Bunuh,

Lenggong, Perak respectively. In short, these two different areas were selected for

the validation of the DLA technique using a combination of two different arrays data

sets. This approach is carried to answer the third objective in this study.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.0 Introduction

The results of this research will be presented and discussed in the ways the

research methodology were carried out. The following discussions are summaries of

the obtained results which are followed by the figures and tables to give more insight

into the results’ explanation.

4.1 Results of 2-D computerized models

The results of reconstructed 2-D resistivity imaging for the synthetics models

using individual inversion and the DLA technique are presented in this section as

shown by the figures and tables. In addition, the results of the reconstructed

numerical comparative analysis approach which was explained in Chapter 3 are

presented too.

A block model4.1.1

image of a block as shown in Figures 4.1 until 4.4. From the results, it shows that
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image of a block is well resolved only by D-D array. This array is able to image a

Some 2-D resistivity imaging results for individual array data sets recover



able to resolve the image of a block moderately, which means they give the right

location, but with high resistivity value. However, W array cannot resolve image of a

block and higher

resistivity than the true resistivity value. The reason is because this array is less

sensitive to resistivity horizontal changes (Loke, 2004; 2014).
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Figure 4.1: The block model results given by D-D array. A) Apparent resistivity data 
points arrangement. B) 2-D resistivity model result and C) Model resistivity data 
points.

block with the right location and the same resistivity value. P-D and W-S arrays are

block with good results. W array gives wrong location of a
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Figure 4.2: The block model results given by P-D array. A) Apparent resistivity data 
points arrangement. B) 2-D resistivity model result and C) Model resistivity data 
points.
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Figure 4.3: The block model results given by W array. A) Apparent resistivity data 
points arrangement. B) 2-D resistivity model result and C) Model resistivity data 
points.



Some of the 2-D resistivity imaging results for the DLA technique data sets

recover the target of a block image as shown in Figures 4.5 until 4.10. From the

results, it shows that a block image is resolved well by (D-D+P-D, D-D+W, D-D+W-

55

Figure 4.4: The block model results given by W-S array. A) Apparent resistivity data 
points arrangement. B) 2-D resistivity model result and C) Model resistivity data 
points.

S, P-D+W and P-D+W-S) arrays. All of them are able to image the right location and 

the same resistivity value of a block. However, onl^ t^ie DLA technique of (W-rW-S) 

is able to resolve a block image with moderate reS1^8* gives the right location



but with high resistivity value. This may be due to domination of W array in the

DLA technique. W array is less sensitive to resistivity horizontal changes (Loke,

2004; 2014).
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Figure 4.5: The block model results given by the DLA technique of (D-D+P-D) 
arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.
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Figure 4.6: The block model results given by the DLA technique of (D-D+W) arrays. 
A) Apparent resistivity data points arrangement. B) 2-D resistivity model result and 
C) Model resistivity data points.
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Figure 4.7: The block model results given by the DLA technique of (D-D+W-S) 
arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.
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Figure 4.8: The block model results given by the DLA technique of (P-D+W) arrays. 
A) Apparent resistivity data points arrangement. B) 2-D resistivity model result and 
C) Model resistivity data points.



60

Figure 4.9: The block model results given by the DLA technique of (P-D+W-S) 
arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.
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4.1.2 Two blocks model

Some 2-D resistivity imaging results for individual array data sets recover the

targets of two blocks images as shown in Figures 4.11 until 4.14. From the results, it
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shows that two block (50 Q.m and 100 Q.m) images are fairly well resolved by D-D

and P-D arrays with the right location and acceptable resistivity values. However, W

array cannot resolve image with well. W array gives the wrong location of a block

and higher resistivity value than the true resistivity value. W array gives unclear

image about the location of the two blocks and it gives higher resistivity value than

the true one. This is due to poor ability to resolve vertical structure (Loke, 1999a;

2014). W-S array is able to resolve image of two blocks with moderate results. W-S

arrays is able to image these two blocks with the right location, but it gives higher

resistivity than true resistivity value. It shows that W-S array is moderately sensitive

to both vertical and horizontal changes in resistivity (Loke, 2014).
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Figure 4.11: The two blocks model results given by D-D array. A) Apparent 
resistivity data points arrangement. B) 2-D resistivity model result and C) Model 
resistivity data points.
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Figure 4.12: The two blocks model results given by P-D array. A) Apparent 
resistivity data points arrangement. B) 2-D resistivity model result and C) Model 
resistivity data points.
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Some of the 2-D resistivity imaging results for the DLA technique data sets

recover the targets of two blocks (50 Q.m and 100 O.m) as shown in Figures 4.15

until 4.20. From the results, it shows that the two block images are resolved with

good results by (D-D+P-D, D-D+W, D-D+W-S, P-D+W and P-D+W-S) arrays. All

of them are able to image these two blocks with the right location and acceptable

resistivity values. Only the DLA of (W+W-S) is able to resolve the two block images
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Figure 4.14: The two blocks model results given by W-S array. A) Apparent 
resistivity data points arrangement. B) 2-D resistivity model result and C) Model 
resistivity data points.



with moderate results, which gives the right location but high resistivity values. This

is may be due to domination of W array in the DLA technique. W array is less

sensitive to resistivity horizontal changes (Loke, 20014).

2 4 34

2 4 22 32

34 40

66

0 
(A)

D-D data point 
P-D data point

770
710
650
570
530
490
450
410
370
340
310
270
210
150
100
70
50
0

Legend
(+)
(*)

+:::::i:::::::::::::::::::::t::::::::+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + 4- + 4-4--f + + -»-

-4-
-6

1 -8
•£&■ -10
Q

-12
-14-
-16
-18 -0

Legend 
(+)
2

Resistivity (Ohm.m)

-4

-6

1 -8
■=

S- -io
Q

-12

-14

-16

-18 - 
0

0-
(B) 

-2

-4

-6

I -8 
■= 

&■ -10
Q

-12

-14

-16

-18 - 
0

0-4
(C) J

D-D+P-D data point 

~6 8 10 12 17

26 2822 24

24 26

26 28

38 4018 20

18 20

28 30

30 32

30 32 36 38

34 36

36 38

14 1610 12

14 1610 12

X X T X X X „
X X X X X X XX X X X X XX X X X X X XX X X X X XX X X X X X XX X X X X X
XXXxXX*XXXX
X X X X X 

X X X X
XXX

X X 
X

16 18 20 22 24
Distance (m)

Figure 4.15: The two blocks model results given by the DLA technique of (D-D+P- 
D) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.

6 8

6 8

X X
X X

X X

X

I*!*:*:*:*:*:::*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*:*

:! 11!!1 !! 15 !!!
X XX

X



14 24 34

40

26 32

67

770
710
650
570
530
490
450
410
370
340
310
270
210
150
100
70
50 
0

Legend 

(+) 
(+)

2

8 10

-m t+ + + ++ + + +

Legend 

(-) 

2 4~~

D-D+W data point 

~6 8 10 12 17

26 28 36 38

38 40

20 22

34 36

w■r

28 30

2 4 6

♦ + ‘ + ♦+ + + + + + ++ + + + + +

16 18

34 36 38

rrrrt+ ♦ + +

r
_[ Resistivity (Ohrn.rn) 

■1

Or
(A) 2

-4

-6-

I ‘8
S- -io
Q

-12-

-14

-16

-18 -
0

Or
(B)

-6

I -8
& -10-
Q

-12

-14

-16

-18 - 
0

or
(C) 2

-4

-6

I -8 
-= 
8- -10
Q

-12

-14

-16

-18 - 
0

D-D data point 
W data point

4 6 8 10 12 30 32

12 14 16 18 20 22 24 26 28 30 32
t‘t t! ft n n t: ft 11 *•? t

♦ ♦♦ + + + + + + 4-r + -t-»- + + + + + + + 4-
+ + + ■*• + + + + + + + + + + + + •♦• + + + + ♦

16 18 20 22 24 
Distance (m)

Figure 4.16: The two blocks model results given by the DLA technique of (D-D+W) 
arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.



2 4 6 20 22 32

32

2 12 34 40

68

e

D-D data point
W-S data point

770
710
650
570
530
490
450
410
370
340
310
270
210
150
100
70
50 
0

Legend
(+)
( )

0 
(A)

1 -8 
•S 
S- -10Q

-12
-14
-16
-18 - 0
Or (B)

-6
| -8

& -10 Q
-12
-14
-16
-18 -

0
o -

(C)
-2-
-4
-6

I -8
-S8- -io Q

-12
-14
-16
-18 -0

24 26

36 3826 28

38 40

30 32

28 30 34 36

34 36

38 4016 18

14 16

i
| Resistivity (Ohm.m)

18 20 22 24 
Distance (m) 

Figure 4.17: The two blocks model results given by the DLA technique of (D-D+W- 
S) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
rm ft t t ft ft ft ft rtft ft ft ft it t’rrT-rrrrrr + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + ++ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + ++ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + ++ + + + + + + + + + + + + + + + + + + + + + + + + + + + + ++ + + + + + + + + + + + + + + + + + + + + + + + + + + +

+ + + + + + + + + + + + + + + + + + + + + + + + + +

8 10

Legend
(+ ) D-D+W-S data point

4 6 8 1?

12 14



69

Figure 4.18: The two blocks model results given by the DLA technique of (P-D+W) 
arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.
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Figure 4.19: The two blocks model results given by the DLA technique of (P-D+W- 
S) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.



Contact zone model4.1.3

Some 2-D resistivity imaging results for the individual array data sets recover

the targets of the contact zone images as shown in Figures 4.21 until 4.24. From the

71

Figure 4.20: The two blocks model results given by the DLA technique of (W+W-S) 
arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.



results, it shows that the contact zone (100 Q.m) images are fairly well resolved by

D-D array with acceptable shape and right resistivity value. However, P-D, W, and

W-S arrays are only able to resolve image of the contact zone with moderate results.

The results show that these three arrays able to give right resistivity of the contact

reason is because these three arrays is less sensitive to resistivity changes (Loke,

2004; 2014).
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Figure 4.21: The contact zone model results given by D-D array. A) Apparent 
resistivity data points arrangement. B) 2-D resistivity model result and C) Model 
resistivity data points.
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resistivity data points arrangement. B) 2-D resistivity model result and C) Model 
resistivity data points.
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Figure 4.23: The contact zone model results given by W array. A) Apparent 
resistivity data points arrangement. B) 2-D resistivity model result and C) Model 
resistivity data points.



All of the 2-D resistivity imaging results for the DLA technique data sets

From the results, it shows that the contact zone is resolved with good results by all

models using the DLA technique (D-D+P-D, D-D+W, D-D+W-S, P-D+W, P-D+W-

75

recover the target of contact zone (100 Q.m) as shown in Figures 4.25 until 4.30.

Figure 4.24: The contact zone model results given by W-S array. A) Apparent 
resistivity data points arrangement. B) 2-D resistivity model result and C) Model 
resistivity data points.



S and W+W-S). All of the DLA models are able to image the contact zone with the

acceptable shape and the right resistivity value.
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Figure 4.25: The contact zone model results given by the DLA technique of (D-D+P- 
D) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.
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Figure 4.26: The contact zone model results given by the DLA technique of (D- 
D+W) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity 
model result and C) Model resistivity data points.
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Figure 4.27: The contact zone model results given by the DLA technique of (D- 
D+W-S) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity 
model result and C) Model resistivity data points.
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Figure 4.28: The contact zone model results given by the DLA technique of (P- 
D+W) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity 
model result and C) Model resistivity data points.
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Figure 4.29: The contact zone model results given by the DLA technique of (P- 
D+W-S) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity 
model result and C) Model resistivity data points.



4.1.4 Vertical dyke model

Some 2-D resistivity imaging results for individual array data sets recover the

targets of the vertical dyke images as shown in Figures 4.31 until 4.34. From the

81

Figure 4.30: The contact zone model results given by the DLA technique of (W+W- 
S) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.



fairly well resolved by

these three arrays only (D-D, P-D and W) with right shape and right resistivity value.

However, W-S array is able to resolve image of the fault with moderate results. W-S

array is able to image the vertical dyke with right resistivity value. However, the

vertical extension of the fault is not imaged with well enough. The reason is because

W-S array has moderate sensitivity to resistivity horizontal changes (structure of the

vertical dyke) (Loke, 2004; 2014).
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Figure 4.31: The vertical dyke model results given by D-D array. A) Apparent 
resistivity data points arrangement. B) 2-D resistivity model result and C) Model 
resistivity data points.
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Figure 4.32: The vertical dyke model results given by P-D array. A) Apparent 
resistivity data points arrangement. B) 2-D resistivity model result and C) Model 
resistivity data points.
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Figure 4.33: The vertical dyke model results given by W array. A) Apparent 
resistivity data points arrangement. B) 2-D resistivity model result and C) Model 
resistivity data points.
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All of the 2-D resistivity imaging results for the DLA technique data sets

From the results, it shows that the vertical dyke is resolved well by all the models

using the DLA technique (D-D+P-D, D-D+W, D-D+W-S, P-D+W, P-D+W-S and
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recover the target of vertical dyke (70 Q.m) as shown in Figures 4.35 until 4.40.
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Figure 4.34: The vertical dyke model results given by W-S array. A) Apparent 
resistivity data points arrangement. B) 2-D resistivity model result and C) Model 
resistivity data points.



W-i-W-S). All of the models of the DLA technique are able to image the vertical dyke

with the acceptable shape and the right resistivity value.
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Figure 4.35: The vertical dyke model results given by the DLA technique of (D- 
D+P-D) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity 
model result and C) Model resistivity data points.
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Figure 4.36: The vertical dyke model results given by the DLA technique of (D- 
D+W) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity 
model result and C) Model resistivity data points.
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Figure 4.37: The vertical dyke model results given by the DLA technique of (D- 
D+W-S) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity 
model result and C) Model resistivity data points.
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Figure 4.38: The vertical dyke model results given by the DLA technique of (P- 
D+W) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity 
model result and C) Model resistivity data points.

2 4



90

Figure 4.39: The vertical dyke model results given by the DLA technique of (P- 
D+W-S) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity 
model result and C) Model resistivity data points.
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Fault model4.1.5

Some 2-D resistivity imaging results for individual array data sets recover the

targets of the fault images as shown in Figures 4.41 until 4.44. From the results, it

shows that the fault (100 Q.m) images are fairly well resolved by D-D, P-D and W-S
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Figure 4.40: The vertical dyke model results given by the DLA technique of (W+W- 
S) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.



arrays with the acceptable shape and the right resistivity values. However, W array

that these three arrays are able to give the right resistivity value of the fault. The

bottom part of the fault is not imaged with good enough. The reason is because this

array is less sensitive to resistivity horizontal changes (Loke, 2004; 2014).
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was only able to resolve image of the fault with moderate results. The results show

Figure 4.41: The fault model results given by D-D array. A) Apparent resistivity data 
points arrangement. B) 2-D resistivity model result and C) Model resistivity data 
points.
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Figure 4.42: The fault model results given by P-D array. A) Apparent resistivity data 
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All the 2-D resistivity imaging results for the DLA technique data sets

results, it shows that the fault is resolved with good results by all models using the

DLA technique (D-D+P-D, D-D+W, D-D+W-S, P-D+W, P-D+W-S and W+W-S).

95

Figure 4.44: The fault model results given by W-S array. A) Apparent resistivity data 
points arrangement. B) 2-D resistivity model result and C) Model resistivity data 
points.

recover the target of fault (70 Q.m) as shown in Figures 4.45 until 4.50. From the
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All of the DLA models are able to image the fault with acceptable shape and right 

resistivity value.

Figure 4.45: The fault model results given by the DLA technique of (D-D+P-D) 
arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.
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Figure 4.46: The fault model results given by the DLA technique of (D-D+W) arrays. 
A) Apparent resistivity data points arrangement. B) 2-D resistivity model result and 
C) Model resistivity data points.
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Figure 4.47: The fault model results given by the DLA technique of (D-D+W-S) 
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result and C) Model resistivity data points.
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Figure 4.48: The fault model results given by the DLA technique of (P-D+W) arrays. 
A) Apparent resistivity data points arrangement. B) 2-D resistivity model result and 
C) Model resistivity data points.
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Figure 4.49: The fault model results given by the DLA technique of (P-D+W-S) 
arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.
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4.1.6 The numerical comparative assessment

Based on 2-D computerized models’ results, the numerical comparative

assessment is carried out to determine the data quality for the individual array and

the DLA models. Tables 4.1^4.5 show the summaries of the individual array and the
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Figure 4.50: The fault model results given by the DLA technique of (W+W-S) 
arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity model 
result and C) Model resistivity data points.



DLA technique for two different arrays. Two investigated parameters used in this

assessment are total number of apparent resistivity data (before inversion) and total

number of model data points (in inversion). These two parameters are important

because the inversion models are generated by them. All the values for these two

parameters can be obtained from RES2DINV program. Then, the third parameter is

number of overlapping inversion of model resistivity data (OD). The main reason

these parameters were used in this assessment is to study the percentage of

overlapping in the DLA technique (APOdla) given by Equation (3.3). In this study,

greater than 79 % of overlapping data levels of data points (in inversion) is selected

denser the data set used in the DLA technique, the better information about the

subsurface can be obtained from the 2-D resistivity imaging survey.

Based on this analysis, it shows that the DLA technique of (D-D+P-D and P-

D+W-S) arrays are able to provide good data quality with the total number of

apparent resistivity of 1521 and 1160 respectively. The percentage of overlapping

inversion data points for these two combination in the DLA technique are also good

with values greater than 79 %. This assessment is based on the five computerized

models (Tables 4.1-4.3 and 4.5). However, in the fourth model of the vertical dyke

(Table 4.4), only the DLA techniques of (P-D+W-S and W+W-S) arrays are able to

give the percentage of overlapping in model data points of 79.10 % and 89.02 %,

whereas other DLA techniques gave less than 79 %. However, the total number of

apparent resistivity data (625) of the DLA technique of (W+W-S) arrays collected is

not sufficient to give more information about the subsurface. Nevertheless, the DLA

technique of (P-D+W-S) arrays is able to provide dense resistivity data with total

number of apparent data points of 1160. In conclusion based on this numerical
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comparative assessment have revealed that the DLA technique of different arrays

would not be useful in all situations (Berge and Drahor, 2009). Therefore, only two

best and suitable arrays will be selected to be used for the real field study which are

selected from the 2-D computerized models and the numerical comparative

assessment results.

In this study, another parameter is used in the numerical assessment which is

the percentage change in inversion depth of investigation. However, this parameter is

not main parameter used in consideration of selection the best two arrays. The main

purpose of including this parameter in the numerical comparative assessment is to

determine the depth of investigation changes. In conclusion, the DLA technique of

two different arrays would not necessarily enhance the depth of investigation and

model resolution. This is because of this parameter was not constantly change or no

pattern. This finding has shown that the statement claimed by de la Vega et al. (2003)

is not right. This happened because in that previous study, only two different arrays

were used in the joint inversion technique, which are D-D and W arrays.

Conclusion of 2-D computerized models4.1.7

From the results of 2-D computerized models and the numerical comparative

assessment, the selection of the two best and suitable arrays is made based on three

criteria. They are (i) total number of apparent resistivity data points, (ii) the

percentage of overlapping in model data points and (iii) the ability to image the

target. The conclusion from all 2-D resistivity models and the numerical comparative

assessment shows that the DLA technique is suitable for P-D and W-S arrays.
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Field model4.2

Field model is chosen in this study because the protocol to be used in the real

field is different from the 2-D computerized model. In addition, the actual conditions

for the field model is different such as high noise level, negative apparent resistivity

values is rejected by the equipment (SAS4000) during data acquisition and different

amount of current is injected into the ground surface. Therefore, the numerical

comparative assessment is important in order to select the best two arrays for the real

field study.

The results of reconstructed 2-D resistivity imaging for the field model using

individual inversion and the joint-inversion technique are presented in this section as

shown by figures and tables. In addition, the results of the reconstructed numerical

comparative analysis approach which was explained in Chapter 3 are presented too.

The buried bunker, USM, Penang4.2.1

image of the buried bunker as shown in Figures 4.51-4.54. The buried bunker was

indicated by low resistivity values (Saad, 2009; Muztaza, 2013). The low resistivity

values (less than 20 Q.m) given by the target is because to the structure is made of

concrete and the corrosion of concrete have occurred. The low values of this buried

bunker was due to increases in both concrete water content and porosity (Neville,

2006). Therefore, the rate of corrosion increases (Broomfield, 2003). From the buried

bunker results, it shows that image of the buried bunker is resolved well using P-D

array (Figure 4.52). This array is able to image the target with good results and it is
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represented with the low resistivity values. However, D-D, W and W-S arrays are

only able to resolve image of the buried bunker with moderate results, giving low

resistivity values of the target but with unclear shape. D-D array is able to gives a

moderate image about the buried bunker which is due to small signal strength (Loke,

2004). W array gives moderate results about the target which is due to less sensitive

in resistivity horizontal changes (Loke, 2004). Meanwhile, W-S array gives moderate

result which is due to moderate sensitive to horizontal changes in resistivity (Loke,

1999a; 2004).
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Figure 4.51: The buried bunker model results given by D-D array. A) Apparent 
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only able to resolve image of the buried bunker with moderate results, giving low

resistivity values of the target but with unclear shape. D-D array is able to gives a

moderate image about the buried bunker which is due to small signal strength (Loke,

2004). W array gives moderate results about the target which is due to less sensitive

in resistivity horizontal changes (Loke, 2004). Meanwhile, W-S array gives moderate

result which is due to moderate sensitive to horizontal changes in resistivity (Loke,

1999a; 2004).
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Figure 4.53: The buried bunker model results given by W array. A) Apparent 
resistivity data points arrangement. B) 2-D resistivity model result and C) Model 
resistivity data points.

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58



Some of the 2-D resistivity imaging results for the DLA technique data sets

recovered the buried bunker (less 20 Q.m) as shown in Figures 4.55 until 4.60. From

the results, it shows that the buried bunker is resolved with good results by three

models using the DLA technique of (D-D+P-D, P-D+W and P-D+W-S). These three

DLA models are able to image the buried bunker with good results and give low

resistivity values. Meanwhile, the other three models using the DLA technique of (D-

D+W, D-D+W-S and W+W-S) are only able to resolve the buried bunker with
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Figure 4.54: The buried bunker model results given by W-S array. A) Apparent 
resistivity data points arrangement. B) 2-D resistivity model result and C) Model 
resistivity data points.



with well but they are able to give low resistivity values.
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Figure 4.56: The buried bunker model results given by the DLA technique of (D- 
D+W) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity 
model result and C) Model resistivity data points.
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Figure 4.57: The buried bunker model results given by the DLA technique of (D- 
D+W-S) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity 
model result and C) Model resistivity data points.
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Figure 4.59: The buried bunker model results given by the DLA technique of (P- 
D+W-S) arrays. A) Apparent resistivity data points arrangement. B) 2-D resistivity 
model result and C) Model resistivity data points.
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The numerical comparative assessment4.2.2

Table 4.5 shows the summary of the individual array and the DLA technique

for two different arrays. Two investigated parameters used in this assessment are the

total number of apparent resistivity data (before inversion) and total number of

model data points (in inversion). These two parameters is are important because the
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be obtained from RES2DINV program. Then, the third parameter is the number of

overlapping inversion of model resistivity data (OD). The main reason this

parameters is used in this assessment is to study the percentage of overlapping in the

DLA technique (APOdla) given by Equation (3.3). In this study, greater than 79 % of

overlapping data levels of data points (in inversion) is selected as suitable margin

point for the DLA technique. This indicates that the denser the data set used in the

DLA technique, the better information about the subsurface can be obtained from the

2-D resistivity imaging survey. In addition, it can increases the confident level of an

interpreter (a geophysicist) on the 2-D resistivity imaging results.

Based on this analysis, it shows that the DLA technique of (P-D+W-S and P-

D+W) arrays are able to provide good data quality with total number of apparent

resistivity of 1716 and 1384. Overlapping inversion data points for the DLA

technique of (P-D+W-S) is good with value of 86.61 %. However, only the DLA

technique of (D-D+P-D) gives the percentage of overlapping in model data points of

75.10 % which is less than the required margin bar (Table 4.6).

In this study, another parameter is used in the numerical assessment which is

the percentage change in inversion depth of investigation. This parameter is not the

main parameter used in consideration of the selection of the two best and suitable

arrays. From Table 4.6, it shows that the depth of investigation is reduced by 2.55%

for the DLA technique of (P-D+W-S and P-D+W). This is due to overlapping in data

levels (Loke, 2004; 2014).
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Conclusion of field model4.2.3

From the results of 2-D computerized models and the numerical comparative

assessment, selection of the two best and suitable arrays is made based on three

criteria. They are (i) total number of apparent resistivity data points, (ii) the

percentage of overlapping in model data points and (iii) the ability to image the

target. The conclusion from 2-D computerized models and the numerical

comparative assessment shows that the DLA technique is suitable for two different

arrays which are P-D and W-S.
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Field studies4.3

Results are shown from two field studies which were carried out at Minden,

USM, Penang and Bukit Bunuh, Lenggong, Perak are discussed. The following

discussions are a summary of obtained results followed by the figures and to give

the 2-D resistivity imaging results.

Minden, USM, Penang4.3.1

All of the 2-D resistivity imaging results give fairly good information about

the subsurface. Figure 4.61 shows the results of the individual array and the DLA

technique (W-S+P-D) respectively. Total number of apparent data points for W-S

array is 665, P-D array is 1188 and the DLA technique is 1843. The number of

apparent data points is obtained after the filtering process. The overburden is made

up of clay/silt/sand material mixed with some gravels at depth range of 38.5-7.0 m.

represented by resistivity values of 160-1400 Q.m. Meanwhile, theIt is

The

interpretation of these values were made from the resistivity values along two

borehole data (BH 1 and BH 2).
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more insight into the results’ explanation. The borehole data were used to validate

weathered/ffactured granite has resistivity values of 100-1600 Q.m.



4.3.2 Bukit Bunuh, Perak

Figure 4.62 shows inversion of model resistivity results for W-S array, P-D

array and the DLA technique respectively. Total of datum points for W-S array is

124

Figure 4.61: Inversion of model resistivity results at Minden, USM, Penang. A) W-S 
array; B) P-D array and C) the DLA technique.



665, P-D array is 1317 and the DLA technique is 1982. The number of apparent data

points is obtained after the filtering process. It shows that the subsurface is made up

It is represented by

resistivity values of 120—400 Q.m. The weathered granite has resistivity values of

300-2100 Q.m. The interpretation of these values were made from the resistivity

values along a borehole data (BH 6).
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Figure 4.62: Inversion of model resistivity results at Bukit Bunuh, Perak. A) W-S 
array; B) P-D array and C) the DLA technique.

of overburden (sandy and silty soils) at depth of 81.5-70.0 m.



Chapter summary4.4

In this chapter, the results of the 2-D computerized models or namely

synthetic models and a field model are presented. Four different synthetic models

different arrays and the DLA technique of two different arrays. Secondly, the

numerical comparative assessment was introduced for individual array and the DLA

technique. The best and suitable two arrays were determined which was based on the

numerical comparative analysis results and their ability to image the known target.

applied to the actual field studies.

In conclusion, the field study results show that the DLA technique is good in

producing and enhancing the resolution of inversion of model resistivity results. This

resistivity when compared to individual array (Dahlin and Zhou, 2004). The DLA

technique is also more acceptable in subsurface study compared to individual array

(de la Vega et al. 2003; Candansayar, 2008; Berge and Drahor, 2009; Neyamadpour,

2010a; 2010b). In addition, by using this approach, the effect of noisy apparent

resistivity data points can be reduced (Loke, 2004; 2014). Even though, the time

taken using the DLA technique was twice, the outcome is reliable and this technique

has good technical merit. Therefore, good quality and reliability of the field study

data is a more important matter than speed of data acquisition. However, this

condition can only be achieved if a proper selection of arrays is made.
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Lastly, validation of the DLA technique using the two best and suitable arrays are

was supported by the increase of total datum point (dense data quality) of model

were created and were used to investigate the imaging capabilities using four



CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

Conclusion5.0

With proper array selection, 2-D electrical resistivity method seems to be the

most suitable geophysical method in all study fields such as engineering and

environmental. However, the depth and size of the target is very critical in the 2-D

resistivity imaging (Loke, 2004; 2014). Resolution is decreased when current travels

away from electrodes at the surface (Loke, 1999a). Poor scalability of electrode

spacing, wrong array selection and poor ground contact lead to bad interpretation and

improper use of the electrical resistivity method (Loke, 2014).

The 2-D electrical resistivity survey with common arrays such as Dipole-

Dipole (D-D), Pole-Dipole (P-D, Wenner (W) and W-S has advantages and

disadvantages (Loke, 2004; 2014). This research aims to realize the modification in

data processing of common 2-D electrical resistivity method. This research is

classified into three phases.

The first phase involved 2-D computerized models or namely synthetic

created and used to investigate the imaging capabilities using four different arrays

and the DLA technique for two different arrays. In the second phase, the numerical

technique of two different arrays. The two best and suitable arrays were determined
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models and a field model was presented. Four different synthetic models were

comparative assessment was introduced for each individual array and the DLA



which is based on the numerical comparative analysis results and their ability to

image the known target. In phase three, validation of the DLA technique using two

carried out

respectively.

In this study, inversion of model resistivity results (individual and the DLA

technique) were validated with inline borehole data. The DLA technique used in the

data processing is successful in enhancing inversion of model resistivity results. This

array selection, the numerical comparative analysis was carried out for three main

investigated parameters. They are (i) total number of data points (apparent

resistivity) (XDPaPp(dla)), (ii) percentage of overlapping inversion of model

resistivity data (APOdla) and (iii) the ability to resolve the known target. This

successfully applied in this research.

In addition, the DLA technique can increase the confidence level of

geophysicists in data interpretation. The technical merit of this geophysical method

interpretation works. Even though, the time taken in data acquisition using the DLA

technique is twice as long, the result is reliable and acceptable which is helpful in the

In conclusion, all the three study objectives weresubsurface interpretation.

successfully identified in this study. The first objective of the study is to compare the

numerical comparative assessment for individual array and the DLA technique of

two different arrays. The second objective of the study is to improve resolution in

data processing using the DLA technique on two different arrays. The last objective
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best and suitable arrays were applied to the actual field surveys. The field study was

can only happen when proper consideration is given to type of arrays used. For the

research indicates that the DLA technique has its technical merit and was

can also be improved well with this approach in data processing and data

at Minden, USM, Penang and Bukit Bunuh, Lenggong, Perak



of the study is to validate the DLA technique of two different arrays to provide

significant improvement in 2-D resistivity imaging data quality.

Recommendations for future research5.1

An application of 2-D resistivity imaging method with the DLA technique

has proven beneficial and useful for shallow subsurface investigation. In future

research, it is recommended that the processing software should be improved so that

the computer used is more stable during handling the large number of data points. It

is also recommended to use portable battery pack for injecting current especially for

complex geological studies and long period of field survey. Lastly, wireless

electrodes can be developed in the future to be more cost and time effective. That

be more effective.
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means, heavy resistivity cables would no longer be needed and travelling cost would
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APPENDIX A



2-D RESISTIVITY DATA FILTERING
The OLA technique (P-D+W-S) (Bukft Bunuh, Perak)

Percentage

30

of total

datum points

1016
80
1

120 
1

140 
1 200 

1 2281
260 
0

100 
2

180 
0 240 

0 300 0
60
11

160 0
Use the left and right arrows keys to 
move the green data selection line.

280 
0

App. reals. % error 40
Number of points 1016 171 52
Total number of datum points Is 1914 
Number of datum points selected Is 1914 
Maximum error 226.3. Cutoff error selected 300.0. 
Minimum value 0.00.



APPENDIX B



GENERAL ARRAY FORMAT

Header

60,15
2__
0

Comments _____________________
Name of surfey line_________________________
Unit electode spacing________________________
Array type (11 for general array)_______________
Array type, 0 to indicate non-specific; 1 for Wenner

0 to indicate apparent resistivity_______
Number of data points_______________
Type of x-location, 2 for surface distance 
Flag for IP data, 0 for none (1 if present) 
The format for each data points is 
Number of electrode used,___________
x- and z-location of Cl, C2, Pl, P2, 
Apparent resistivity value

Same format for other data points_________________
Last data point_______________________________
Extra header required for the general array__________
2 to indicate surface distance____________________
Number of of topography data points______________
Horizontal and vertical location of 1st point_________
2nd topography data point______________________
3rd topography data point_______________________
This is follow by similar topogarphy data point 
Last topography data point______________________
The topography data point number with first electrode 
End with zero.

General array format file__________________
Bunker USM_____________________________
1.5______________________________________
11_______________________________________
0 __________________________________
Type of measurement (0=Apparent resistivity, 
l=resistive_______________________________
0 ____________________________________
1716_____________________________________
2________________________________________
0________________________________________
4 0.0,0.0 3.0,0.0 1.0,0.0 2.0,0.0 10.753 
4 1.0,0.0 4.0,0.0 2.0,0.0 3.0,0.0 10.309 
4 2.0,0.0 5.0,0.0 3.0,0.0 4.0,0.0 10.007 
4 3.0,0.0 6.0,0.0 4.0,0.0 5.0,0.0 10.538 
4 4.0,0.0 7.0,0.0 5.0,0.0 6.0,0.0 10.957

4 0,0,0.0 20.0,0.0 40.0,0.0 60.0,0.0 10.312
Topography in separate list_______________
2 __________________________________
17_____________________________________
0,15____________________________________
3.16 _________________________________
5.17 



APPENDIX C

BOREHOLE DATA (BH 1) AT MINDEN, USM, PENANG.



MZ ERAT SERVICES DEEP BORING LOG.

PROJECT : KAJIAN SUB-PERMUKAAN DI KAWASAN RUMAH TETAMU, USM, PULAU PINANG.

Borehole No: BH 1 Reduce level: meter Supervisor: Osman B Abdullah.
Sheet No: 1 of: 4 Type of Drill: YWE (Wash) Date: 03.12.2013

REMARKS

Medium stiff, light brown reddish CLAY with1.50 1.50- P1 1 0 1 1 2 2 N = 6
traces of gravel and decayed wood. 1.95 D1 Rr = 300/450 mm

Very stiff, yellowish brown reddish CLAY3.00 3.00- P2 2 3 4 4 5 6 N = 19
with a little gravel, (rock fragment) 3.45 D2 Rr = 370/450 mm

Stiff, reddish grey yellow CLAY4.50 4.50- P3 1 2 3 3 4 3 N = 13
with traces of gravel. 4.95 D3 Rr = 350/450 mm

Stiff, reddish grey brown CLAY6.00 6.00- P4 2 2 3 4 4 4 N = 15
6.45 D4 Rr = 310/450 mm

Very stiff, ditto.7.50 7.50- P5 2 3 3 4 5 5 N = 17
7.95 D5 Rr = 280/450 mm

Stiff, light grey yellow reddish CLAY9.00 9.00- P6 2 3 3 3 4 4 N = 14
with some gravel. 9.45 D6 Rr = 200/450 mm

Very stiff, reddish light yellow SILT10.50 10.50- P7 3 3 4 5 5 5 N = 19
with some gravel. 10.95 D7 Rr = 320/450 mm

DESCRIPTION OF SOIL, 
COLOUR CONSISTENCY, RELATIVE DENSITY 
________ GRAIN SIZE, TEXTURE ETC.

= Core Recovery Ratio (%) 
= Rock Quality Designation

DEPTH 
(meter)

75
mm

75
mm

75
mm

75
mm

75 
mm

DEPTH 
(meter) No. 

(Cis.)

c
w
W.L =

CR =
R/r

0-4
4-10 :
10-30 :
30-50 :
50 - Above : • Very Dense

0-2 :
2-4
4-8 :
8-15 :
15-30 :
30 - Above :

SAMPLE_______
______ Field Test 

75

mm

NQN CQHE §IVE SQIL (N)
Very Loose 
Loose
Medium Dense
Dense

CRR
ROD
COHESIVE SQIL (N)

Very Soft 
Soft
Medium Stiff
Stiff
Very Stiff 
Hard

N(J I ES
N = Standard Penetration Test (S.P.T)
UD = Undisturbed sample
D - Disturbed Sample
V.S = Vane Shear Test

= Core Sample
= Water Sample

Water Level.
Core Recovery (mm)
- Recovery Ratio (%)



MZ ERAT SERVICES DEEP BORING LOG.

PROJECT : KAJIAN SUB-PERMUKAAN DI KAWASAN RUMAH TETAMU, USM, PULAU PINANG.

Borehole No: BH 1 Reduce level: meter Supervisor: Osman B Abdullah.
Sheet No: 2 of: 4 Type of Drill: YWE (Wash) Date: 03.12.2013

REMARKS

Medium dense, reddish SAND12.00 12.00- P8 4 6 5 5 6 6 N = 22
12.45 P8 Rr = 320/450 mm

Medium dense, ditto.13.50 13.50- P9 4 5 5 6 6 6 N = 23
13.95 D9 Rr = 280/450 mm

Medium dense, ditto.15.00 15.00- P10 5 6 5 5 6 5 N = 21
15.45 D10 Rr = 450/450 mm

No Recovery16.50 16.50- P11 2 2 2 2 2 3 N = 9
16.95 Rr = NIL

Very stiff, light grey yellowish CLAY18.00 18.00- P12 2 3 3 4 4 5 N = 16
with traces of gravel. 18.45 D11 Rr = 400/450 mm

Stiff, light grey yellowish SILT19.50 19.50- P13 3 3 4 3 4 4 N = 15
19.95 D12 Rr = 450/ 450 mm

21.00 21.00- P14 8 7 7 10 10 12 N = 39
21.45 D13 Rr = 320/450 mm

Hard, reddish light grey SILT 

with traces of gravel.

c 
w Water Sample

Water Level.
Core Recovery (mm) 
= Recovery Ratio (%)

DESCRIPTION OF SOIL, 
COLOUR CONSISTENCY, RELATIVE DENSITY 
________ GRAIN SIZE, TEXTURE ETC.

= Core Recovery Rato (%) 
= Rock Quality Designation

DEPTH
(meter)

75
nun

75 
nun

75
nun

75 
mm

DEPTH
(meter) No.

(Cis.)
75

mm

0*4 
4*10 : 
10-30 : 
30-50 :

0-2 :
2-4 :
4-8 :
8-15 :
15-30 :
30 - Above:

SAMPLE______
______Field Test 

75
mm

CRR
ROD
COHESIVE SOIL (N)

Very Soft 
Soft
Medium Stiff 
Stiff 
Very Stiff 
Hard

NQN CQHE SIVE SOU f N>
Very Loose 
Loose
Medium Dense
Dense

50 - Above : ■ Very Dense

rslUlES ---------------------------------
N - Standard Penetration Test (S.P.T) 
UD = Undisturbed sample
D = Disturbed Sample
V. S = Vane Shear Test

= Core Sample

W. L = 
CR = 
R/r



MZ ERAT SERVICES DEEP BORING LOG.

PROJECT :

Borehole No: BH 1 Reduce level: meter
Sheet No: 3 of: 4 Type of Drill: YWE (Wash) 05.12.2013

REMARKS

22.50 22.50 - P15 3 4 3 4 4 4 N = 15
22.95 D14 Rr = 400/450 mm

24.00 24.00 - P16 5 7 11 9 10 13 N = 43
24.45 D15 Rr = 280/450 mm

Hard, ditto.25.50 25.50- P17 13 17 28 N = 50
25.75 D16 Rr = 220/250 mm

No Recovery27.00 27.00 - P18 9 8 7 7 8 8 N = 30
27.45 Rr = NIL

Hard, reddish yellowish light grey SILT28.50 28.50- P19 9 10 10 10 12 13 N = 45
28.95 D17 Rr = 300/450 mm

30.00 30.00 - P20 11 9 12 13 10 10 N = 45
30.45 D18 Rr= 120/450 mm

Hard, reddish light grey SILT31.50 31.50- P21 29 21 N = 50
31.60 D19 Rr = 100/100 mm25 mm

J]

Hard, light grey brown SILT 

with some gravel.

Hard, light grey yellowish SILT 

with some gravel.

Stiff, yellowish light grey CLAY 

with some gravel.

Water Level .
Core Recovery (mm) 
= Recovery Ratio (%)

DESCRIPTION OF SOIL, 
COLOUR CONSISTENCY, RELATIVE DENSITY 
________ GRAIN SIZE, TEXTURE ETC.

= Core Recovery Ratio (%) 
= Rock Quality Designation

DEPTH
(meter)

75 
mm

75
mm

75 
mm

75
nun

C 
W

DEPTH 
(meter)

75| 

mm

No. 
(Cis.)

0-2 :
2-4 :
4-8 :
8-15 :
15-30 :
30 - Above :

0-4 :
4-10 : 
10-30
30-50 :

Supervisor: Osman B Abdullah.
Date:

NQN COHE SIVE SOIL (N)
Very Loose 
Loose
Medium Dense
Dense

50 • Above : • Very Dense

SAMPLE______
______ Field Testn

CRR
ROD
COHESIVE SOIL (N)

Very Soft 
Soft
Medium Stiff 
Stiff
Very Stiff 
Hard

22|
25 mm

KAJIAN SUB-PERMUKAAN DI KAWASAN RUMAH TETAMU, USM, PULAU PINANG.

NO I hb
N = Standard Penetration Test (S.P.T)
UD = Undisturbed sample
D = Disturbed Sample
V. S = Vane Shear Test

= Core Sample
= Water Sample

W. L » 
CR = 
R/r



MZ ERAT SERVICES DEEP BORING LOG.

PROJECT :

Borehole No: BH 1 Reduce level: meter
Sheet No: 4 of: 4 Type of Drill: YWE (Wash) 05.12.2013

REMARKS

33.00 33.00 - P22 26 24 N = 50
33.12 Rr= 100/120 mmD20 45 mm

No Recovery34.50 34.50 - P23 N = 50
34.52 Rr = NIL

Brown light grey moderately weathered GRANITE.36.00 36.00 - C1 CR = 1500
37.50 CRR= 600/1500

RQD= 100/600

Light grey brown hightly weathered GRANITE.37.50 37.50 - C2 CR = 1500
39.00 CRR= 650/1500

RQD= 0

39.00 Brown light grey moderately weathered GRANITE. 39.00 - C3 CR = 1500
40.50 CRR= 1100/1500

RQD= 150/1100

Ditto.40.50 40.50 - C4 CR = 500
41.00 CRR= 300/500

RQD= 180/300

Hard, light grey yellowish SILT 

with traces of gravel.

c 
w

N 
uo 
o

Water Level.
Core Recovery (mm) 
= Recovery Ratio (%)

CRR
ROD

DEPTH 
(meter)

75 
mm

50

20 mm

75
mm

75
mm

75 
mm

75
mm

DEPTH
(meter)

DESCRIPTION OF SOIL, 
COLOUR CONSISTENCY, RELATIVE DENSITY 

GRAIN SIZE, TEXTURE ETC.
No.

(Cis.)

0-2 :
2-4 :
4-8 :
8-15 :
15-30 :
30 • Above:

0-4 :
4-10 :
10-30 :
30-50 :
50 - Above : • Very Dense

Supervisor: Osman B Abdullah.
Date:

NON CQHE $IVE SOIL INI
Very Loose 
Loose
Medium Dense
Dense

SAMPLE_______
______Field Test 

75 
mm

= Standard Penetration Test (S.P.T) 
= Undisturbed sample
= Disturbed Sample

V. S = Vane Shear Test
= Core Sample
= Water Sample

W. L = 
CR = 
R/r

Ground Water Level At 5.93 m

End Of Borehole At 41.00 m

= Core Recovery Ratio (%)
- Rock Quality Designation 

COHESIVE SOIL (N)
Very Soft
Soft
Medium Stiff
Stiff
Very Stiff
Hard

KAJIAN SUB-PERMUKAAN DI KAWASAN RUMAH TETAMU, USM, PULAU PINANG.



APPENDIX D

BOREHOLE DATA (BH 2) AT MINDEN, USM, PENANG.



MZ ERAT SERVICES DEEP BORING LOG.

PROJECT : KAJIAN SUB-PERMUKAAN DI KAWASAN RUMAH TETAMU,
USM, PULAU PINANG.

Borehole No: BH 2 Reduce level: meter
Sheet No: 1 of: 4 Type of Drill: YWE (Wash)

REMARKS

No Recovery1.50 1.50- P1 1 2 2 1 2 1 N = 6
1.95 Rr=NIL

3.00 3.00- P2 2 2 3 2 2 2 N = 9
3.45 D1 Rr = 300/450 mm

Loose, reddish SAND4.50 4.50- P3 2 2 2 2 2 2 N = 8
with traces of gravel. 4.95 D2 Rr = 350/450 mm

6.00 6.00- P4 2 2 3 3 2 2 N = 10
6.45 D3 Rr = 400/450 mm

Stiff, ditto.7.50 7.50- P5 2 2 2 3 2 2 N = 9
7.95 D4 Rr = 380/450 mm

9.00 9.00- P6 2 3 3 2 3 3 N = 11
9.45 D5 Rr = 420/450 mm

10.50 10.50- P7 3 3 4 3 3 4 N = 14
10.95 D6 Rr = 450/450 mm

Stiff, light grey yellowish reddish SILT 

with some gravel.

Stiff, light grey reddish SILT 

with some gravel.

Stiff, light grey reddish SILT 

with some gravel.

Stiff, yellowish light grey reddish SILT 

with some gravel.

w.l = 
cr » 
R/r

= Core Recovery Ratio (%) 
= Rock Quality Designation

DEPTH 
(meter)

DESCRIPTION OF SOIL
COLOUR CONSISTENCY, RELATIVE DENSITY
________ GRAIN SIZE, TEXTURE ETC

DEPTH
(meter)

No.
ICIsJ

0-2 :
2-4
4-8
8-15 :
15-30 : 
30 - Above:

Supervisor: Osman B Abdullah.

Date: 31.12.2013

75
mm

75
mm

SAMPLE_______
______ Field Test 

75 
mm

75 
mm

75
mm

75
mm

CRR
ROD
COHESIVE SOIL (N)

Very Soft 
Soft
Medium Stiff 
Stiff
Very Stiff 
Hard

0-4 :
4-10 : 
10-30 : 
30-50 :
50 - Above : • Very Dense

NQN CQHE SIVE SOIL IN)
Very Loose
Loose
Medium Dense
Dense

ND IbS
N = Standard Penetration Test (S.P.T) 
UD = Undisturbed sample
0 = Disturbed Sample
V.S = Vane Shear Test
C = Core Sample
W « Water Sample

Water Level.
Core Recovery (mm)
= Recovery Ratio (%)



MZ ERAT SERVICES DEEP BORING LOG.

PROJECT : KAJIAN SUB-PERMUKAAN DI KAWASAN RUMAH TETAMU,
USM, PULAU PINANG.

Borehole No: BH 2 Reduce level: meter
2 of:Sheet No: 4 Type of Drill: YWE (Wash) 03.01.2014

REMARKS

12.00 12.00- P8 4 4 3 4 4 5 N = 16
12.45 D7 Rr = 300/450 mm

13.50 13.50- P9 4 3 5 4 4 4 N = 17
13.95 D8 Rr = 320/450 mm

15.00 15.00- P10 4 5 5 4 4 5 N = 18
15.45 D9 Rr = 450/450 mm

16.50 16.50- P11 3 3 4 4 3 4 N = 15
16.95 D10 Rr = 400/450 mm

18.00 18.00- P12 4 5 5 4 4 5 N = 18
18.45 D11 Rr = 350/450 mm

19.50 19.50- P13 5 5 5 5 5 5 N = 20
19.95 D12 Rr = 400/ 450 mm

21.00 21.00- P14 3 4 6 5 5 5 N = 21
21.45 D13 Rr = 300/450 mm

Very stiff, dark grey reddish SILT 

with some gravel.

Stiff, light grey brown SILT 

with some gravel.

Very stiff, light brown reddish SILT 

with some gravel.

Very stiff, light grey yellowish SILT 

with some gravel.

Very stiff, light grey yellowish SILT 

with some gravel.

Very stiff, light grey to dark grey brown SILT 

with some gravel.

Very stiff, light grey reddish yellowish SILT 

with some gravel.

DESCRIPTION OF SOIL, 
COLOUR CONSISTENCY, RELATIVE DENSITY 
________ GRAIN SIZE, TEXTURE ETC.

CRR
ROD

DEPTH
(meter) DEPTH

(meter)
No.

(Cis.)

0-4 :
4-10 : 
10-30 : 
30-50 :

0-2 :
2-4
4-8
8-15 :
15-30 :
30 - Above :

Supervisor: Osman B Abdullah.
Date:

75
mm

SAMPLE______
______Field Test

75 ~ 75 
mm

75
mm

75 
mm

75
mm

« Core Sample
■ Water Sample

Water Level.
Core Recovery (mm)
- Recovery Ratio (%)

NON COHESIVE SOIL <N)
Very Loose 
Loose
Medium Dense
Dense

50 - Above: ■ Very Dense

= Core Recovery Ratio (%)
- Rock Quality Designation 

cohesive soil(n)
Very Soft
Soft
Medium Stiff
Stiff
Very Stiff
Hard

TOTES -------------------------
N ■ Standard Penetration Test (S.P.T) 
UD = Undisturbed sample
0 ■ Disturbed Sample
V. S = Vane Shear Test
C
W
W. L «
CR «
R/r



MZ ERAT SERVICES DEEP BORING LOG.

KAJIAN SUB-PERMUKAAN DI KAWASAN RUMAH TETAMU, USM, PULAU PINANG.PROJECT :

BH 2 Reduce level:Borehole No: Supervisor: Osman B Abdullah.meter

of: Type of Drill:4 YWE (Wash)3 Date:Sheet No: 03.01.2014

REMARKS
75 75 75 75 75

mm mm mm mm mm mm

Very stiff, light grey brown SILT 22.50 - P1522.50 4 4 5 5 N = 184 4
with some gravel. 22.95 D14 Rr = 320/450 mm

Very stiff, ditto. 24.00 - P1624.00 5 5 4 N = 175 4 4

24.45 D15 Rr = 350/450 mm

Very stiff, light grey reddish brown SILT 25.50 - P17 525.50 5 5 N = 205 5 5
with some gravel. 25.95 D16 Rr = 400/450 mm

Very stiff, dark brown reddish SILT 27.00 - P18 N = 235 5 6 6 6 527.00
with some gravel. 27.45 Rr = 400/450 mmD17

Very stiff, ditto. 28.50- N = 20P19 4 5 5 5 4 628.50
Rr = 300/450 mm28.95 D18

Very stiff, light grey dark brown SILT N = 2630.00 - P20 5 5 6 6 6 830.00
Rr = 300/450 mmwith some gravel. 30.45 D19

N = 50Hard, yellowish dark brown SILT 28 2231.50- P2131.50
Rr = 120/120 mmD2031.62 45 mm

N

DEPTH 
(meter)

DESCRIPTION OF SOIL, 
COLOUR CONSISTENCY, RELATIVE DENSITY 

GRAIN SIZE, TEXTURE ETC.
DEPTH
'meter)

No.
(Cis.)

0-2 :
2-4 :
4-8 
8-15 : 
15-30 :
30 - Above :

SAMPLE______
Field Test

75

= Core Recovery Ratio (%) 
a Rock Quality Designation

CRR 
ROD 
COHESIVE SOIL (N)

Very Soft 
Soft
Medium Stiff 
Stiff
Very Stiff 
Hard

C
W
W.L a
CR » 
R/r

NOILS
= Standard Penetration Test (S.P.T) 

UD » Undisturbed sample 
D = Disturbed Sample 
V.S « Vane Shear Test

= Core Sample 
a Water Sample

Water Level.
Core Recovery (mm) 
= Recovery Ratio (%)__________

NON CQHE SIVE SOIL (N)
0*4 : Very Loose
4*10 : Loose
10 * 30 : Medium Dense
30 *50 : Dense
50 - Above : • Very Dense



MZ ERAT SERVICES DEEP BORING LOG.

PROJECT : KAJIAN SUB-PERMUKAAN DI KAWASAN RUMAH TETAMU,
USM, PULAU PINANG.

Borehole No: BH 2 Reduce level: meter
of:Sheet No: 4 4 Type of Drill: YWE (Wash)

REMARKS
75

33.00 Light grey slightly weathered GRANITE. 33.00 - C1 CR = 1500
34.50 CRR= 1450/1500

RQD= 1450/1450

Yellowish light grey slightly weathered GRANITE.34.50 34.50 - C2 CR = 1500
36.00 CRR= 1380/1500

RQD= 1380/1380

Light grey slightly weathered GRANITE.36.00 36.00 - C3 CR = 1500
37.50 CRR= 1300/1500

RQD= 1300/1300

Ditto.37.50 37.50 - C4 CR = 500
38.00 CRR= 500/500

RQD= 500/500

N

DESCRIPTION OF SOIL, 
COLOUR CONSISTENCY, RELATIVE DENSITY 
________GRAIN SIZE, TEXTURE ETC.

= Core Recovery Ratio (%) 
= Rock Quality Designation

DEPTH
(meter)

DEPTH
(meter)

c 
w 
W.L = 
CR = 
R/r

No.
(CIS.)

0-4 :
4-10 :
10-30 :
30-50 :

0-2 :
2-4 :
4-8
8-15 :
15-30 :
30 - Above:

Supervisor: Osman B Abdullah.

Date: 04.01.2014

75
mm

SAMPLE______
______Field Test 

75
mm

75 
mm

75
mm

75
mm

Ground Water Level At 4.70 m

End Of Borehole At 38.00 m

CRR
ROD
COHESIVE SOIL (N)

Very Soft 
Soft
Medium Stiff 
Stiff 
Very Stiff 
Hard

NQN QQHE SIVE SOU (N> 
Very Loose 
Loose 
Medium Dense 
Dense 

50 - Above: • Very Dense

Nt) IES - --------------------------
= Standard Penetration Test (S.P.T) 

UD ■ Undisturbed sample
0 = Disturbed Sample
V.S = Vane Shear Test

= Core Sample
= Water Sample 

Water Level. 
Core Recovery (mm) 
= Recovery Ratio (%)



APPENDIX E

BOREHOLE DATA (BH 6) AT BUKIT BUNUH, PERAK.



MZ ERAT SERVICES DEEP BORING LOG.

PROJECT : REGIONAL GEOPHYSICS FEILDCAMP 2013, BUKIT BUNUH CRATER STUDY.

BH 6Borehole No: Reduce level: meter
1 of:Sheet No: 2 Type of Drill: YWE (Wash) 07.07.2013-08.07.2013

REMARKS

1.50 1.50- P1 2 2 3 2 2 3 N = 10
1.95 D1 Rr = 220/450 mm

S-F

3.00 3.00- P2 3 3 4 5 5 7 N = 21
3.45 D2 Rr = 300/450mm

MIS

4.50 4.50- P3 4 4 5 5 4 6 N = 20
4.95 D3 Rr = 230/450 mm

MHS

6.00 6.00- P4 4 4 4 4 5 4 N = 17
6.45 D4 Rr = 210/450 mm

MV

7.50 7.50- P5 5 5 6 4 4 5 N = 19
7.95 D5 Rr = 400/450mm

MH

Medium dense light brown SAND.9.00 9.00- P6 5 4 5 5 4 6 N = 20
9.45 D6 Rr = 240/450 mm

S

10.50 Medium dense light brown SAND with traces of fine soil. 10.50- P7 5 5 5 6 6 6 N = 23
10.95 D7 Rr = 360/450 mm

S-F

Loose raddish SAND with a little gravel 

and fine soil.

Very stiff yellowish light grey reddish SILT of high 

plasticity with some gravel.

Very stiff light grey reddish brownish SILT of very high 

plasticity with a little sand.

Very stiff light brown reddish sandy SILT of high 

plasticity with a little gravel.

Very stiff light brown reddish sandy SILT of intermediate 

plasticity with a little gravel.

Core Recovery (mm) 
° Recovery Ratio (%)

DESCRIPTION OF SOIL, 
COLOUR CONSISTENCY, RELATIVE DENSITY 
________GRAIN SIZE, TEXTURE ETC.

DEPTH
(meter)

75
mm

75
mm

75
mm

75
mm

75 
mm

DEPTH 
(meter)

Very Soft
Soft
Medium Stiff
Stiff
Very Stiff
Hard

No.
(CIS.)

Supervisor: Osman B Abdullah.

Date:

SAMPLE 
_____ Field Test 

75 
mm

CRR 
ROD 
COHESIVE SOIL(N) 
0-2 : 1
2-4 : |
4-8 : I
8-15 : I
15-30 : '
30 - Above : I

= Core Recovery Ratio (%) 
- Rock Quality Designation 0-4 :

4-10 : 
10-30 : 
30-50 :
50 • Above: • Very Dense

NON CQHE SIVE SOIL (N>
Very Loose 
Loose
Medium Dense
Dense

Noils '--------------------------
N = Standard Penetration Test (S.P.T)
UO - Undisturbed sample
O = Disturbed Sample
V. S = Vane Shear Test
C = Core Sample
W = Water Sample

W. L = Water Level.
CR =
R/r



ml MZ ERAT SERVICES DEEP BORING LOG.

PROJECT : REGIONAL GEOPHYSICS FEILDCAMP 2013, BUKIT BUNUH CRATER STUDY.

Borehole No: BH 6 Reduce level: meter
2Sheet No: of: 2 Type of Drill: YWE (Wash) 07.07.2013-08.07.2013

REMARKS

No Recovery12.00 12.0- P8 50 N = 50
12.02 20 mm Rr =NIL

Yellowish light grey highly weathered GRANITE.13.00 13.0- C1 CR = 500
14.5 CRR=300/1500

RQD=0

14.50 Yellowish light grey moderately weathered GRANITE. 14.5- C2 CR = 1500
16.0 CRR=500/1500

RQD = 0

Light grey slightly weathered GRANITE16.00 16.0- C3 CR = 1500
17.5 CRR=850/1500

RQD = 850/850

Ditto.17.50 17.5- C4 CR = 500
18.0 CRR = 450/500

RQD = 450/450

End Of Borehole At 18.00 m

Supervisor: Osman B Abdullah.

Date:

= Core Recovery Ratio (%) 
= Rock Quality Designation

DEPTH 
(meter)

DESCRIPTION OF SOIL, 
COLOUR CONSISTENCY, RELATIVE DENSITY 
________GRAIN SIZE, TEXTURE ETC. 75

nun
75 

mm
75

mm
75

mm
75

mm

DEPTH
(meter)

No.
(Cis.)

0-2 :
2-4 :
4-8 :
8-15 :
15-30 :
30 - Above :

SAMPLE 
_____ Field Test 

75 
mm

CRR
RQD
COHESIVE SOIL (N)

Very Soft 
Soft
Medium Stiff 
Stiff 
Very Stiff 
Hard

0-4 
4-10 : 
10-30 : 
30-50 :
50 - Above: ■ Very Dense

Ground Water Level At 4.70 m

NON COHESIVE SOIL IN)
Very Loose 
Loose
Medium Dense 
Dense

WTES --------------------
N = Standard Penetration Test (S.P.T)
UD = Undisturbed sample
D = Disturbed Sample
V. S = Vane Shear Test
C = Core Sample
W = Water Sample

W. L = Water Level.
CR = Core Recovery (mm)
R / r = Recovery Ratio (%)________



APPENDIX F



2-D RESISTIVITY SURVEYS’S EQUIPMENT

LIST OF 2-D RESISTIVITY SURVEYS’S EQUIPMENT

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Equipment________________________
AB EM Terrameter SAS4000_________
ABEM Electrode-Selector (ESI0-64) 
AB EM LUND Multi-Electrode cables 
Remote cable_____________________
Jumper clips______________________
Stainless steel electrodes____________
Connecting cable SAS4000-to-ES 10-64 
Transfer cable____________________
Cable-Joint_______________________
Brunton compass__________________
Battery sealed acid 12 volt__________
Hammer________________________
Global Positioning System__________
Log book________________________
Measuring tape___________________
Walky-Talky_____________________
ABEM Terrameter manual book_____
Chopping knife___________________

Label
A
B 
C 
D 
E 
F 
G
H

__ I_
J
K
L 

__ M
N 

__ O
P 
Q 
R



APPENDIX G



a

View from outside the buried bunker (Field model).

Inside the buried bunker (Field model).



Borehole (BH 1) location at Minden, USM, Penang.



2-D resistivity survey line at Bukit Bunuh, Perak.

k



Boring (BH 6) work in progress at Bukit Bunuh, Perak.

2 BH- (z;
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