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Abstract

2D siesmic refraction and electrical resistivity surveys have been conducted at the KNSUT
Business School extension site to find out how suitable the subsurface is for building
construction purposes. The survey focused on using resistivity and p-wave velocity values
obtained from the subsurface at the study area to predict clay zones, voids, fissures and faults,
depth to the bedrock and also examine the campaction of the weathered zone. Fourteen
traverses each 240 m long oriented in the north to south with an inter-profile separations
of 10 m were covered. Resistivity data were collected using the ABEM Terrameter SAS
4000 with the Wenner array and an electrode separation of 4 m. To cover the whole profile
length, the roll-along technique was employed. Seismic data were collected using 10 Hz
electromagnetic geophones with the ABEM Terraloc Mk.6, a 24 channel recording system.
A full version of the RES2DINV software was used to obtain 2D inverse models of the
resistivity data. The 2D resistivity data were collated and into 3D model of the subsurface.
Seismic data was also processed with the ReflexW software into 2D velocity depth models
unveiling three acoustic layers. P-wave velocity ranges of 699-870 m/s, 1189.1-1450.5 m/s
and 3759-5321 m/s were recorded for the first, second and third layers respectively. The use
of the 2D velocity depth models and the geoelectrical inverse models together with geologic
information from the study area helped in the interpretations. Weak zones, distribution of

the subsurface resistivity and possible voids were mapped with the resistivity method. The

i



seismic method delineated the bedrock at depths > 20 m at the north which becomes close to
the land surface at about 13 m at the south with p-wave velocity > 3759 m/s. The north and
east display a highly compact weathered layer that can hold the weight of buildings but the
south and part of the west cannot support the weight of buildings due to a highly weathered

subsurface with low degree of compaction.

iii



Contents

Abstract

List of Tables

IList of Figures|

List of Symbols|

'Acknowledgements|

1 INTRODUCTION

1.1 Background| . &L .M. Seo—=al> .. . . . . . ... ... ...

[1.2  Review of Literature! . . . . . . . . . . . . e

(1.3 Problemof The Research| . . . . . . . . . . . . . . . . . . . . . . . . ...

1.4 Objectivesof The Research| . . . . . .. ... ... ... ... ... ....

1.5 Structure of Thesis| . . . . . . . . . . . . e

2 BACKGROUND THEORY

2.1 The Seismic Methodl . . . . . . . . . . . ...

v

iv

viii

ix

xiii

xiv

10

12



2.1.1  Overview of Seismic Waves and Velocity) . . . . . ... ... ... 12

2.1.2  Seismic Refraction Method|. . . . . . .. ... ... ........ 14

2.1.3  Traveltime Curve, Velocity and Layer Thickness| . . . . ... ... 15
2.1.4 Multiple Layer| . . . . ... .. ... ... . 17

2.1.5 Dipping Layers| . . . . . . . .. ... 18

2.2 The Geo-electrical Resistivity Method| . . . . . . ... ... ... ... .. 21
2.2.1 Current flow in a continuous medium| . . . . . ... ... ... .. 22

[2.2.2 The Four Electrode System|. . . . .. ... ... ... ....... 25
223  Array Types|. . . . . .« o 26
2.2.4 1D Resistivity Methods|. . . . . . . ... ... ... ... 31

2.2.5 The Multi-Electrode System| . . . . . . . ... ... ........ 32

3 METHODOLOGY] 35
3.1 Introdilion—wru - L@\ B/ FF . ......... 35
[3.2 Location and Accessibility of Site| . . . . .. .. ... ... 35
[3.3  Description gRSTHGVIRTCaEN. A — | . . .. ... ... 38
|3.4 Physiography and Geology of Study Area] . . . . . . .. ... ... ... .. 39
3.5 ClimaticConditions|. . . . . . . .« . L L e 41
3.6 Field Procedurcll .Jgr- awwwe=—T0. M. . . . . . ... . ... ... 42
B3.6.1 Introduction]. . . . . . ... ... ... ... 42

3.6.2 Layoutof Profile Lines| . . . . . . ... ... ... ......... 42
13.6.3 Resistivity Data Acquisition| . . . . . . . .. ... ... 43
13.6.4 Processing of Resistivity Data] . . . . . . ... ... ........ 45
13.6.5 Seismic Refraction Survey Design and Data Collection| . . . . . . . 46
[3.6.6 Seismic Data Processing| . . . . . . . ... ... ... ... ..., 51




4 RESULTS AND DISCUSSIONS| 54

4.1 Introduction| . . . . . . . . . .. 54
4.2 Interpretation of Seismic Refraction] . . . . .. ... ... ... ... ... 55
4.3 Interpretation of Resistivity Results| . . . . .. ... ... ... ... ... 59
4.4 Results of Resistivity and Seismic Refraction Surveys|. . . . . .. . .. .. 62
441 ProfileOnel . .. ... ... ... ... 62
442 ProfileTwol . . . . . . . . . . 63
443 ProfileThreef% . § . %0 &. .} . % .} ... .. ... ... ... 64
444 ProfileFour . . . ... ... ... ... .. ... ... ... 65
445 ProfileFivel . . . . .. .. L 66
4.4.6 ProfileSix| . ... ... .. 67
447 ProfileSeven| . . . . . . L. 68
KA Prelllakishi— . w. B~ &x —5 2 JF. . ....... 69
[4.4.9  ProfilENImE ™. ol ot - e e e e 70
[4.4.10 ProfilSCRIRE" /. oS —— .. . . . . ... ... 71
[4.4.11 Profilc'ElEVehir——r— . - . . - « « o e oo 72

4.4 00=Brofle Twelyal S A1 . . . . =) . ... .. .. 74
4.4.13 Profile Thirteen . . . . . . . .o on ol Lo 75
4.4.14 Profile Fourteen]. . vl L L L L L L 76
4.4.15 3Dresistivitymodel] . . . . ... 77

4.5 Discussionof Results| . . . . .. ... ... ... ... ... ........ 78
5 CONCLUSIONS AND RECOMMENDATIONS] 81
5.1 Conclusions| . . . . . . . ... 81
5.2 Recommendations and Future Work| . . . . . ... ... ... ... ... 83

Vi



References

|IA.1 Layer velocities on the various profiles.| . . . . .. ... ... ... ....

B.1 Used Softwares|

vil

84

93

93

94



List of Tables

2.1 A table of elastic wave velocity for some earth materials in ice (Kohnen,

[1974). Depend strongly on tempareture.| . . . . . . . . .. .. ... .... 21

2.2  Some Earth materials and their corresponding apparent resistivity values

(Lokel[2001).] . . . o v o e e e e e 34
[3.1 Acquisition parameters used for apparent resistivity measurements.|. . . . . 45
[3.2 Seismic acquisition parameters.|. . . . . . . ... 49
4.1  Geologic interpretation of resistivity values obtained for this work| . . . . . 60
|A.1 Primary wave velocity of the various layers on each profile.| . . . . . . . .. 93

viii



List of Figures

[2.1 Schematic diagram of a p-wave travelling from a top layer with velocity V; |

| into a layer with velocity Vo -0 oo o L oL 14

2.2 Schematic diagram showing critically refracted p-wave at a plane boundary |

| generating upward moving header waves. V; and V, are the velocities of |

| the overburden and underlying layers respectively and i. the critical angle |

| (Telford and Sheriff}[1990).] . . . . . . . .. . .. ... .. ... 15

2.3 A traveltime curve of seismic refraction first arivals. V; and V, are velocities |

| of the first and second layers respectively. Note : V, is assumed to be greater |

| than Vi.|/. . PN,/ AR Vo R . | . . . . . ... 16

2.4 Refraction at multiple horizontal interfaces (Downloaded from www.google.com/sgismic

refraction/images on the 24 July, 2014)} . . . . . . .. . . .. . ... ... 18
g Yy

[2.5 Schematic diagram of a dipping interface. t, is the down-dip intercept time, |

| t, 1s up-dp intercept time, V,, and V,, are the velocities of the refractor in |

| the down and up-dip directions respectively and CP is the crossing point of |

| the refracted traveltime curves. . . . . . . . . .. ... ... ... ... .. 19
2.6 Schematic diagram of a current carring conductor. . . . . . . ... ... .. 22
[2.7  Current flow from an electrode through an isotropic subsurface.]. . . . . . . 23

X



2.8 A diagram of the conventional four electrodes showing current flow pattern |

| and the equipotential surface. A and B are current electrodes with M and N |

| as potential electrodes.| . . . . .. ... oo o Lo 26
2.9 An electrode configuration of the Wenner array.| . . . . . . ... ... ... 27
2.10 The dipole-dipole configuration.| . . . . . ... ... ... ... ...... 28
[2.11 A pole-dipole configuration with C, as the remote current electrode.| . . . . 28
[2.12 A pole-pole array showing the two remote electrodes C, and P,.| . . . . . . 29
[2.13 Schematic diagram of the symmetrical Schlumberger array|. . . . . . . . . 29

99,2

[2.14 A diagram of the schlumberger asymmetrical array. “x” is the distance |

| between the midpoints of Pj-P, and C-C,.|. . . . . . . .. ... ... ... 30

[2.15 The alpha [A], beta [B] and gamma [C] square array configurations.| . . . . 31

[2.16 Profilling method showing the movement of electrodes using the Wenner array.| 32

[2.17 Sounding resistivity measurements using Wenner array. The electrode spacings |

| are increased about the midpoint.| . . . . .. ... o000 o000 32

12.18 A 2D pseudosection from a multi-electrode resistivity survey using twenty |

| electrodes (Loke,[2001).] . . . . . . ... . ... oL 34

3.1 Map of KNUST showing project site. Downloaded and modified after www.knust.eflu.gh|

| (2014) on 37 Al g ——. N . . . .. 37
3.2 Pictures of projectsite.] . . . . .. ... o Lo Lo 38
13.3  Geological map of study area. (Modified after GSD (2009)). . . . ... .. 40

3.4 Layout of the profile lines at the site showing river Wiwi, Business School |

| food market and the feeder road that links KNUST and Gyinyase.,| . . . . . 43

3.5 The ABEM Terrameter SAS 4000 device, electrode selector ES 10-64C and |

multi-core cables with their connectors., . . . . . . . . . . . ... ... .. 44



3.6 A setup of the ABEM Terrameter taking readings.|. . . . . . .. ... ... 45
13.7 Flow chart of resistivity data processing.| . . . . . . ... ... ... .. .. 46
13.8 Design of the survey diagrams. [A] Shows the different shot locations S;-Ss |

and the some receiver positions, R;-Ry,. [B] Shows the two spreads on a |

profile line and the points of overlap.| . . . . . . ... ... ... ... ... 47
13.9  Pictures of the Terraloc Mark 6, refraction seismic cables and spiky 10 Hz |

geophone.| . . . . ..o oL 48
[3.10 Forward shot unfiltered seismogram.| . . . .. .. .. ... ... .. .... 48
[3.11 Picture of a trigger geophone connecting the trigger cable beside a metal |

block at the shotpoint.|. . . . . .. . .. .. ... 50
13.12 Pictures of operator taking seismic measurement.| . . . . . .. .. ... .. 50
[3.13 A seismogram with picked firstbreaks.|. . . . . .. ... ..o 52
[3.14 Flow chart of seismic data processing.| . . . . . . .. .. ... ... .... 53
4.1 Traveltime curve for forward shot of profile 1 spread 1 showing direct waves |

in green and refracted waves inblue andred.|. . . . . . . .. ... ... .. 55
4.2 Combined traveltime curves of profile 6 showing an error margin of 0.1624222 |

for underground model generation. Green lines for layer one, blue lines for |

layer two and pink lines for layer three assignment.| . . . . . .. ... ... 57
4.3  Stratigraphic diagram of the study area.| . . . . .. ... ... ... ... 58
4.4 2D apparent resistivity model section and velocity-depth model of profile 1.| 62
4.5 2D apparent resistivity model section and velocity-depth model of profile 2., 63
4.6 2D apparent resistivity model section and velocity-depth model of profile 3. 64
4.7 2D apparent resistivity model section and velocity-depth model of profile 4| 65
4.8 2D apparent resistivity model section and velocity-depth model of profile 5.] 66

xi



49

2D apparent resistivity model section and velocity-depth model of profile 6.|

410

2D apparent resistivity model section and velocity-depth model of profile 7|

411

2D apparent resistivity model section and velocity-depth model of profile 8.|

412

2D apparent resistivity model section and velocity-depth model of profile 9.|

413

2D apparent resistivity model section and velocity-depth model of profile 10.]

@14

2D apparent resistivity model section and velocity-depth model of profile 11.]

415

2D apparent resistivity model section and velocity-depth model of profile 12/

4.16

2D apparent resistivity model section and velocity-depth model of profile 13

417

2D apparent resistivity model section and velocity-depth model of profile 14.]

418

Six slices of a 3D resistivity model.] . . . . ... ... ..o

4.19

3D model of the top of the bedrock.| . . . . . ... ... ... ... ....

xii

67

68

69

70

71

72

74

75

76



List of Symbols

K Bulk Modulus

u Shear Modulus

V, Velocity of primary wave

V,  Velocity of secondary wave

i Critical angle

P.  Apparent resistivity

t,  Arrival time of seismic waves at
a receiver offset X from shot point

t;  Intercept time

V;  Seismic velocity in pore fluid.

V.. Seismic velocity in rock matrix.

¢  Porosity

V  Electrical potential

R Electrical resistance

I Electrical current

J Current density

o Electrical conductivity

E  Electric field intensity

Q  Ohm

xiii

Infinity

Above Sea Level



Acknowledgments

I would like to thank my parent for their prayers and support throughout my studies. To
all my siblings most especially Mercy Paddy and Gladys Paddy I say God favour you in

abundance.

My profound gratitude goes to my supervisor Prof. Sylvester Kojo Danuor, Mr. Van-Dycke
Asare Sarpong and Mr. Thomas Dwomoh for their selfless support during data acquisition.
Dr. A.A Aning is highly acknowledged for his advice and introduction to geophysical field
work. I will be very ungratefull if I don’t appreciate Mr. Ernest Ohene Asare for his kind

support and tutorials on ETEX.

All the following names are appreciated for their support on the field: Dorcas Attuabea
Addo, Issahaku Jackalia Sontaa, Nathaniel Sackey, George Hinson, Obed Sedowua and

Victor Mensah. God richly bless you.

X1v



CHAPTER 1

INTRODUCTION

1.1 Background

Geophysical techniques are widely known in every part of the globe for their outstanding
role in the exploration of some natural resources such as gold, buaxite, diamond, copper,
oil and gas and other minerals that the world can not live without. Geophysics is simply

investigating the Earth’s interior structure using the principles of physics.

Information from beneath the earth surface can be derived either by direct or indirect
means. Topographic map interpretation, aerial photography and the study of existing
geological reports, maps, and soil surveys indirectly provide subsurface information. Direct
methods include drilling of boreholes from which disturbed and undisturbed samples of
the in situ materials may be collected and analysed, geotechnical field tests, such as the
standard penetration test (SPT), which can be correlated with other engineering parameters,
the use of modern geophysical techniques for mapping structures of the subsurface and
geologic field reconnaissance, including the examination of in situ materials, man-made
structures and groundwater level (Soupios et al., 2007). Among these, geophysical methods
with continuous measurement can provide copious information over a wide range of area.
Borehole provides information from only its location invading the formations but does not

show the extent. Generally, collecting data without invading or non destructively from a



prefered area is a major concern in any geophysical exploration (Olona et al., 2010a; Scollar

et al.,|1990).

Over the past three decades in West Africa and Ghana to be precise, the application of
geophysical techniques in site investigations for civil engineering works is gradually gaining
roots. Application of geophysical methods in geotechnical investigations has the capability
of bringing out the subsurface image of a construction site which is very essential to the
civil engineer (Goldstein, 2009; Benson et al., 1984; Benson and Yuhr, 1995; 2002). It must
be admitted as a fact, that lack of knowledge about the subsurface strength distribution at a
site before erecting a structure is in disguise a risk to the inhabitants and people living in its
environment. Normaly, questions pertaining to the foundation of buildings come to the fore
when issues of buildings submerging under their load arise at a later time. Early detection of
subsurface conditions that may pose potential danger to a building is crucial at the begining
and can be accomplished with geophysical survey. Undetected cavities, fissures and other
near surface features such as high clay content are the sources and risk to buildings put up

without any geotechnical investigations.

Unfortunately, a lot of buildings are constructed on soils with insufficient bearing capability
to support the weight of the structure. These soils may be partly made of expansive clays that
shrink or enlarge as the moisture content is changed and can cause the foundation of these
buildings to respond resulting in unexpected breakdown from cracks if the moistening and
drying of the clay is anomalous. Geological features and conditions beneath the surface such
as voids, conduits, fractures, nearness of the water table to the surface, depth to bedrock are
some of the prominent threats to the foundations of buildings (Andrews et al., 2013; |Cecil,

1971).



Electrical resistivity tomography (ERT), high resolution seismic, magnetic, the ground
penetrating radar (GPR) and electromagnetic (EM) methods are the most commonly
employed geophysical techniques in near surface exploration for natural resources,

geotechnical evaluation and environmental assessment (Butler, 2005).

Widely applied in assessing the suitability of the near subsurface conditions in sites which
involve subways, tunnel alignment, nuclear power plants, bridges, roads, dams, quarries and
hydroelectric power plants is the high resolution seismic refraction. Refraction seismic is one
of the most effective geophysical tools that has gained much engagement in site investigation
for civil engineering work. It is a simple and effective means of obtaining valuable p-wave
velocity information about a large volume of the subsurface in 2D. P-wave velocity affects
a number of geotechnical properties such as elastic and shear moduli, porosity and poisson
ratio. In seismics, velocities sometimes may not be influenced by clay and low friction joint
filling which are some of the causes of instability in a rock mass and must be taken into

consideration in interpretation of refraction seismic data.

Though refraction seismic may be limited as a result of geometries of the subsurface like
hidden and thin layers (lower velocity layer sandwitch in high velocity layers), refraction
seismic is capable of revealing significant information about the velocities of layers beneath
the surface besides their thicknesses, elastic properties and water content when used
in conjunction with particularly exploratory drill. Seismic refraction data can therefore
strengthen the usefulness of exploration drill data (Rucker, 2000; Dutta, 1984; Sjggren et al.,

1979; Hatherly and Neville, |1986; Kilty et al., 1986; Moustafa et al., 2012).

One leading basic application in the early days of the seismic refraction technique was to

estimate the depth to bedrock but the method has been successful in the mapping of weak



shear and faulted zones and also to indicate the quality of rock mass in fresh igneous and
metamorphic rocks. These faulted and shear zones are characterized by lower velocities in
reference to the host rock formations. Refraction seismic technique makes effective use of
the propagation of an elastic compressional (primary) seismic wave. The bulk and shear
moduli of the rock can be estimated from the ratio of the longitudinal and transverse sonic
velocities (Sjogren, [1984; Sjegren et al., [1979). Anthropogenic activities (mining, burning
of fossil fuels etc), excess pore water pressure besides weathering of the soil profile are some
of the factors contributing to the loss in shear strength. Reduction in shear strength can
lead to landslides on slopes. The seismic refraction method has been applied to study these
factors that can cause landslide in addition to other geotechnical problems like compaction
certification, evaluation of bearing capacity, earthquake site classification and subsidence

investigation (Varnes, 1978).

Besides seismic refraction, the geoelectrical resistivity imaging technique is also increasingly
becoming popular in environmental and engineering investigations (Coskun, [2012;
Aizebeokhai, 2010; |Yilmaz, 2011). 2D multi-electrode electrical imaging system which
simultanuously takes into accounts sounding and profiling has successfully been applied
to map areas with fairly complex geology (Dahlin and Loke, 1998} |Griffiths and Barker,
1993; |/Amidu and Olayinka, 2006; |[Aizebeokhai et al., 2010; |Olayinka and Yaramanci,
1999). Depending on how the survey is designed and carried out, the electrical resistivity
tomography can be used to acquire data that will give subsurface images in either two
or three dimensons. Lately because automated data acquisition systems and efficient user
friendly inversion softwares are accessible, the electrical resistivity imaging technique has

the potential to give more reliable images of the subsurface (Aning et al., 2013).

Electrical resistivity method has wide variety of applications with the objective to determine



the physical parameters of a rock formation and map geologic structures in mineral and
groundwater exploration and also investigate the subsurface (Soupios et al., 2007; Aning
et al., 2014; [Lowrie, 1997; Telford and Sherift, 1990; |Andrews et al., 2013). Subsurface
geology in geotechnical and environmental assessments is generally heterogeneous and

multi-scale such that the physical properties vary both vertical and laterally.

In this work, the seismic refraction and resistivity methods were used to image the subsurface

and find it capacity to hold the weight of giant buildings.

1.2 Review of Literature

Ambiguities in geophysical data interpretation make the demand for an integrated survey
very imperative. The combined use of geoelectrical resistivity and seismic refraction
techniques for site investigations these days is very effective because each method has
a distinct response to a geophysical property with varying resolution. Elastic p-wave
velocities and apparent resistivity values from beneath the subsoil in a given area can give
comprehensive geological information and helps draw good conclusions and predict which

part of the subsurface has a good load bearing capacity.

To assess the nature of the subsurface at the site for the proposed KNUST Teaching Hospital
building in Kumasi-Ghana, |Andrews et al.| (2013) employed the 2D and 3D geoelectrical
resistivity imaging technique. Their work was mainly to locate faults, voids, clay, water-table
and depth to the bedrock. They used the multi-electode ABEM Terrameter SAS 4000 with
the Wenner array and an electode separation of 4 m to collect 2D resistivity data over 28

profile lines each 200 m in length. The geoelectrical method used by Andrews et al. (2013)



was able to delineate potential clay portions at the site in addition to weak zones like voids
that cannot support the load of the buildings and other part with leachate from a nearby old
waste dump site. From their pseudosections, part of the subsurface was made of clay but no

faulted zones were found.

The seismic refraction survey has been used by Palmstrom (1996) in a geotechnical study
to assess the jointing in rock mass which gives information about the quality of the rock.
Palmstrom found out a seismic refraction limitation in jointing assessment due to the fact
that, seismic velocity is controled by many properties and features which make uncertainties
inevitable when variations in the velocity 1s predominantly linked to one or more of these.
Moreover, where the stress level is moderate or low at near surface, seismic refraction gives
satisfactory results as closing of joints are due to increase in stress level which is an indication

of variation in joint density.

Khan (2013) used shallow seismic refraction and electrical resistivity techniques in an
integrated engineering geophysical approach to assess unconsolidated topsoil. The motive
of his work was to determine the nature of the shallow subsoil with the refraction seismic
and confirm it using the resistivity method. He used the SAS 4000 ABEM Terrameter
with the Shlumberger array and a 24-channel Geometrics digital seismograph (Geode) for
the resistivity and seismic data collection respectively. Two levels of weathering within
the overburden of thickness 4 m were revealed. These layers of weathering composed
of superficial dry unconsolidated sediments showing high resistivity influenced by the air
spaces. This is underlain by a thicker conductive water saturated layer with clay which the

resistivity method easily delineated.

Moustata et al. (2012) in Southwest of Saudi Arabia assessed the source and groundwater



pathway seepage under a dam site by combining dc resistivity and near surface seismic
refraction methods. In doing this, they used a 48-channel seismograph with a geophone
separation of 5 m for refraction seismic data over three profile lines. Four layers were
delineated with fractures in the third layer. These fractures have resulted in two depressions
which extend in the form of buried channels filled with porous alluvium and fractured
greenstone. Interconnected fractures in rocks are permeable zones and represent favourable

pathway for leakage of dam water.

Geotechnical evaluation of soil at the site for the Teaching Hospital project at Mosul
University in Mosul City, Iraq, has been done by (Ahmed, 2014). To determine the
engineering parameters such as stress ratio, material index and density gradient, they
employed a 12-channel ABEM Terraloc MK.6 seismograph and a sledge hammer as p-wave
source to carry out the refraction seismic survey over twelve profile lines each of length 280
m. In this work, three acoustic layers were identified. From the elastic wave velocities that
were computed, the first and second layers composed of recent superficial deposits and river
terraces respectively but the third layer had high velocity and very competent for building
foundation purpose. P-wave velocity gives valuable information in determining soil types

and their level of weathering which affects compaction.

Seismic refraction has been used in many parts of the world to delineate aquifer zones
capable of producing potable water. The groundwater level is known to be a boundary
of acoustic impedance by seismic refraction method and this is of much interest to the
geotechnical engineer (Ushie and Eminue, 2013). Olona et al. (2010b) successfully mapped
weathering variations in a granitic massif and related geotechnical properties such as rock
quality designation and weathering grade by integrating seismic refraction and electrical

resistivity methods in parts of North-West Spain. At the proposed site for Kauridan Estate



at Ibagwa-Nike, Southeastern Nigerian, Ugwu and Ezema (2013) used the 2D electrical
resistivity imaging technique to evaluate the subsoil. Potential subsurface structures which
can pose danger to the estate houses were mapped with the multielectode ABEM Lund
imaging system. 2D data have been collected on six parallel profiles using the Wenner array.
Coarse sand and gravel at the near surface to a depth of about 7 m produced high resistivity

values with a low resistivity underlying layer (shaley sand) with no fissures and faults zones.

A 2D electrical resistivity survey has been carried out by (Osazuwa and Chii (2010) at the
periphery of the reservoir of the Ahmadu Bello University farm dam in Northern Nigeria.
Their work was to assess the subsurface around the dam and find out weak zones which are
potential paths for seepage of dam water. 2D data was acquired on eight profiles with the
ABEM Lund imaging system. There was a low resistivity zone delineated within the bedrock

which represents a weak zone serving as a pathway for water from the reservoir.

1.3 Problem of The Research

Much attention has not been given to the nature of the subsoil at construction sites although
there has been cases in the nation where buildings have collapse unexpectedly taking the lives
of precious citizens without knowing the cause. But rather, sudden collapse of buildings have

mostly been attrbuted to the use of poor building materials.

The increase in students population year after year on campus of KNUST had led to more
expansion work. Over the past few years buildings such as Engineering audithorium,
Chancellor’s Hall, College of Science and Art buildings, the KNUST Mall at commercial

area have been constructed. But the question still remains as to whethere there were any



geophysical work prior to laying the foundation of these buildings. There is the need for
site characterization using geophysical methods at potential building sites on the campus for

which the extension for the Business School is one.

This work aimed at using seismic refraction and electrical resistivity methods to map voids,
fissures, clay, faulted zones and degree of compaction of the weathered zone at the KNUST

School of Business extension site and find out its geotechnical properties.

1.4 Objectives of The Research

Geotechnical investigations are paramount for civil works such as the construction of dams,
bridges and overpasses, underground tunnels, skyscrappers etc. The primary objective of the
geophysicist in site characterization is to investigate the subsurface and delineate possible
features that can adversely affect the foundations of structures. A fair idea of the near subsoil
geologic features at a site prior to construction is essential for the civil engineer to lay the

best of foundations and position a building appropriately.

Site investigations are usually carried out to determine geotechnical parameters that reflect
the behaviour of the subsurface from the engineering point of view. Some parameters that
are measured in geotechnical studies may include the velocity of elastic waves, soil porosity,
density of rock, water saturation, shear modulus, poisson’s ratio etc. All these parameters
are relevant in a geotechnical work to assess a site’s suitability for a particular structure.
The primary role of the geophysicist in site investigation is to determine the thickness of
the regolith and elastic wave velocities of acoustic layers which is a guide to the strength

of rocks. Compact soils (normally volcanic soil) have low amount of pore spaces, high



bulk density and elastic wave velocity. Areas where volcanic soils predominate such as the
Pacific and Caribbean islands, Central and South America, Indonesia and Africa usually fall
within tropical regions with high annual rainfalls and intense precipitation most often. These
volcanic soils are normally able to bear near-vertical slopes, advantage of which is often

taken for road cuts (Bommer et al., 2002; Bommer and Rodriaguez, 2002).

The main objective of this research work is to examine the subsurface at the site and find out
it competence for supporting structures using the seismic refraction and resistivity methods.
These are the specific objectives of this research work; delineate the bedrock, examine the

weathered zone and its degree of compaction and also identify voids, faults and clay zones.

1.5 Structure of Thesis

The whole body of this thesis work comprises of six chapters. Each chapter with its
corresponding sections and subsections unfolds distinct information. Chapter one introduces
the research problem, outlines the need for this research and also reviews work done by other

people using the multielectrode dc resistivity and/or seismic refraction method.

The basic theory that underpin the electrical resistivity and the compressional p-wave
refraction seismic methods are reviewed in chapter two with some data interpretation

techniques.

The study area’s geological settings revealing the main rock formations underlining the
Kumasi metropolis is in chapter three. This chapter also unveils the location, accessibility
and climatic conditions of the site, design of the survey, methods and other field procedures

adopted for a successful data acquisition. Further discussed in this chapter are the processing

10



steps and the softwares used.

Interpretation of the 2D resistivity model section and seismic refraction velocity-depth
models are presented in chapter four. Also, this chapter presents geologic implications of

the results and 3D models of the top of the refracting interfaces.

Finally, chapter five draws inference from the outcome of the research and make

recommendations for future work.
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CHAPTER 2

BACKGROUND THEORY

2.1 The Seismic Method

2.1.1 Overview of Seismic Waves and Velocity

A single shot seismic record has direct, refracted and reflected waves. In an environment with
faulted zone in the bedrock, diffracted waves are also recorded. In this work only refracted

seismic waves are made use of.

Seismic waves are in the form of packets of elastic strain energy that travel from a naturally
or artificially generated source. It has two major components, the Body and Surface waves
(Reynolds, 2011). Body waves propagate through the whole internal structure of the earth.

It comprises of the compressional (primary (P)) wave and shear (secondary (S)) wave.

P-waves are longitudinal and cause the particle of the medium to vibrate in the same direction
as the wave propagate but s-waves are transverse and cause the particles of the medium to
vibrate perpendicular to direction of propagation of the wave. In the same medium, p-wave

travels faster than s-wave.

Surface waves are in the form of Rayleigh and Love waves. These waves travel along the

surface of the Earth with a more complicated particle motion and are responsible for damages

12



during the release of energy from earthquakes (Kearey et al., 2009; Sheriff, 2002). The
velocities with which seismic pulses move are determined by the density (p), the bulk (K)
and shear moduli () of the medium through which they pass. The seismic velocities are

given by the following relations:

K+3
Vv, = H (2.1)
P
and
v,= |H 2.2)
P

The estimated primary wave velocity from a refraction seismic survey is linked to porosity
(¢) of a rock with the equation below.

9 1-0
A

(2.3)

1
Vp

V is pore fluid velocity typically 1500m/s and V,, is the velocity of the rock matrix (2800

m/s) (Wyllie et al.[ 1958; Reynolds, 201 1).

In near surface seismic exploration geophysics, elastic p-wave velocity is normally utilized
but developments in recent years combine s-waves with p-waves for lithostratigraphic

characterization (Telford and Sheriff, 1990).
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2.1.2 Seismic Refraction Method

In a homogeneous earth layer, a wave travels in a straight path but changes direction as it
enters a different acoustic layer (figure 2.1). The ratio of the sine of the incident angle to the
sine of the angle of refraction is equal to the ratio of the velocity of the first layer to that of
the second layer given by equation 2.4. As the incident angle increases, the refracted angle
in the second layer also increases. Critical refraction is reached when the angle of refraction
in the second layer equals 90° as the incident angle is further increased. At critical refraction,

the refracted ray travels along the interface separating the two acoustic layers.

Medium 1

Figure 2.1: Schematic diagram of a p-wave travelling from a top layer with velocity V; into
a layer with velocity V;.

sina; Vi

= 24

sina, Vo 2:4)
In refraction seismology, part of the seismic impulses sent into the subsurface are critically
refracted in response to changes in acoustic impedance of the earth layers. Acoustic
impedance is the product of the density (p) of a given formation and its velocity. The
critically refracted waves travelling along the discontinuous boundary break off to the surface

as head waves (figure 2.2) as points on the wavefront act as secondary wave sources based
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on the Huygens’ principle. Equation 2.5 and 2.6 give the relationship between the critical

angle (i.), refracted angle (90°) and the layer velocities (V; and V,).

Lower velocity material Head wave
Vi
I
—
V2 VQ
Higher-velocity material

Figure 2.2: Schematic diagram showing critically refracted p-wave at a plane boundary
generating upward moving header waves. V; and V, are the velocities of the overburden
and underlying layers respectively and i, the critical angle (Telford and Sheriff,1990).

Sini, Vi
e~ A 2.5
sin90° Vv, 2.5)
Vi
. .c = T 2.6
sini Vi (2.6)

2.1.3 Traveltime Curve, Velocity and Layer Thickness

The time taken for seismic pulse to arrive at the receivers (geophones) are plotted against the
distance of the receivers from the shot location in order to compute the velocities of layers
present using the slopes of the T-X curves (figure 2.3). The direct wave plot passes through
the origin and has velocity V; given by the inverse of its slope (equation 2.7). The distance

15



from the shot location to the point the refracted waves start arriving at the geophones is the
critical distance (X,,;). From the crossover point (X,,,s), the refracted waves take over as

first arrivals. Velocity of the refracted waves (V) is given by equation 2.8.

time

-+
\

|
I
I
i
X crit X cross Offsetl X1

Figure 2.3: A traveltime curve of seismic refraction first arivals. V; and V, are velocities of
the first and second layers respectively. Note : V, is assumed to be greater than V.

The layer velocity is related to the slopes of the travel time plot according to the following
equations:
1

slope_girecr = 7 (2.7)
1

1

l refracted — <, 2.8
Sltope_refracted v, (2.8)

The velocities obtained from the slopes of the traveltime curve are used to find the layer
thicknesses. Refraction seismology uses velocity and layer thickness to describe the

subsurface geology. The arrival time t, of a pulse at the receiver placed at a distance X
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from the shot point is given by equations 2.9 and 2.10.

y 2 \Vi- V2

o= —+
V, ViV,

(2.9)

t,=—+1 (2.10)

t; is intercept time and h; the depth to the refracting interface. If the shot and receiver
locations are assumed to be at the same point, then X = 0 and t, = t;. The following equations
therefore holds for t; and h; (thus the depth to the first refracting interface).

it |

e, 2 . 2.11
ViV, (2.11)

by, i (2.12)

2\V2-V?
2.1.4 Multiple Layer

For a subsurface with multiple acoustic horizontal layers (Figure 2.4), the principle of
reciprocity is valid. Both the forward and reverse traveltime curves are of the same nature
with a symmetrical crossing point of the refraction curves about the profile. The arithmetic
mean of the apparent velocities obtained from the refraction curves is equal to the true
velocity of the refractor. Generally, the travel time equation for a subsurface with many
horizontal plane layer interfaces is given by equation 2.13. Where ”n” is the number of

993199
1

layers and 1" is the refracting interface number.
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Seismic Refraction

Receivers

Source

Figure 2.4: Refraction at multiple horizontal interfaces (Downloaded from
www.google.com/seismic refraction/images on the 24™ July, 2014)

o=k Y (2.13)

2.1.5 Dipping Layers

Traveltime curve for a nonparallel or dipping refractor gives apparent velocity which can
result in incorrect depth computation. The crossing point [CP] of the forward and reverse
refraction curves is nonsymmetrical about the profile. It always shift towards the down-dip
direction. Interchanging the shot and receiver positions would not produce the same

travel-time curves (figure 2.5).

1%
= — (2.14)
sin(i. —y)
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Vi

sin(i. +y) @15

Vop =

The dip angle () is related to the velocity of the first layer (V), refractor’s velocity in up-dip

direction (V,y) and that in the down-dip direction (V;p) by equation 2.16.

1 . Vl .1 Vl
= —[sin"!(—) — sin”' (—)] 2.16
Y=3 (Vzn) (VZU) (2.16)

1V 1/V24
CcP

time
7
!
I

T tu

ta [© /
j‘\\ 1/Vs

OffsetIX1 R

Figure 2.5: Schematic diagram of a dipping interface. t, is the down-dip intercept time, t, is
up-dp intercept time, V,,; and V,, are the velocities of the refractor in the down and up-dip
directions respectively and CP is the crossing point of the refracted traveltime curves.

The critical angle is given by:

i, = l[sin—l(ﬁ) + sin—l(i)] (2.17)
Va
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Velocity in the up-dip shot is always greater than that in the down-dip. The extent of dip of
the refractor determines the magnitude of its apparent velocity.
Vapp =Viue : Y = 0°.

Vpp =01y =90°.

The true velocity of the half-space is given by the product of the cosine of the dip angle and
the harmonic mean but not the arithmetic mean of the measured up and down dip velocities
(equation 2.18). This velocity of the seismic waves predicts the kind of material present in
the propagating medium (table 2.1) with the aid of geologic information of the area.

2V V.
G 20¥op

= oS (2.18)
Vou + Vap 4

Depth to the refractor in the down-dip (h,) and up-dip (h,) directions are given by:

Vit

hi= - (2.19)
2cosi,
Vit,
hy= —2 (2.20)
2cosi,
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Table 2.1: A table of elastic wave velocity for some earth materials in ice (Kohnen,1974).
Depend strongly on tempareture.

Material V,(m/s)
Air 330
Water 1450-1530
Sand(Loose) 200-2000
Sand(Loose, dry) 200-1000
Sand(Water saturated, loose) 1500-2000
Floodplain alluvium 1800-2200
Sandstone 1400-4500
Limestone 1700-4200
Dolomite 2500-6500
Shale 2000-4500
Rock salt 4000-5500
Granites 4600-6200
Gabbro 6400-7000
Basalts 5500-6500
Gneiss 3500-7600

2.2 The Geo-electrical Resistivity Method

Induced polarization, self-potential and resistivity are among the electrical survey methods.
Electrical methods use direct currents (dc) or low frequency alternating currents to
investigate the electrical properties of the subsurface. The induced polarization method
makes use of the capacitive action of the subsurface to locate zones where conductive
minerals are disseminated within their host rocks. Self-potential method makes use of natural
currents flowing in the ground that are generated by electrochemical processes to locate
shallow bodies of anomalous conductivity. The resistivity method uses current injected into
the subsurface to study horizontal and vertical discontinuities in the electrical properties of
the ground. Electrical surveys in which currents are made to flow inductively are referred to

as electromagnetic (EM) surveys (Kearey et al.,2009).
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Electric current has three ways of conducting through rocks namely dielectric, electronic
(Ohmic) and electrolytic. Electrolytic conduction occurs by the relatively slow movement of
ions within an electrolyte in a rock matrix. Electronic conduction involves rapid movement
of electrons in metals. Dielectric conduction occurs in very poor conducting materials (or
insulators) when an external alternating current is applied, so causing electrons to be shifted
slightly with respect to their nuclei. In most rocks, conduction is electrolytic as a result of

fluids in their pores (Milsom, 2007; Kearey et al., 2009).

2.2.1 Current flow in a continuous medium

Considering an element of a homogeneous material in figure 2.6 with length L and
crossectional area A, there is a potential drop between the ends of the material when current
I is passed through as a result of the resistance (R) by the medium. Ohm’s law links the

current (I), potential difference (V) and resistance (R) according to equation 2.21.

Length=L

RA

Resistivity p = -

Figure 2.6: Schematic diagram of a current carring conductor.

V=RxI (2.21)
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R="— (2.22)
The resistance of the medium is given by equation 2.22 where ”p” is the "true resistivity”
which is the property of the isotropic conducting medium that opposes the current flow. For
an anisotropic medium, resistivity varies and the output resistivity is not the true value of the

medium but “apparent resistivity (p,)”.

A single electrode on a surface with a uniform subsurface of resistivity (o) (figure 2.7)
requires a current sink at a large distance from the electrode to complete the circuit. Current
flows radially away from the electrode so that the current distribution is uniform over
hemispherical shells centred on the source electrode (Kearey et al., 2009). A shell at any

point ”r” in the medium from the electrode has a surface area (A) of 2ar2. The current

density (J) and potential gradient (‘Z—‘r/) are respectively given by equations 2.23 and 2.28.

Current electrode

Earth surface

T T
il '-\ =l i, | ‘|
- | P | /
\ = e !
- P
st hS d ~
\\ g N &/ ~ /f—bequipntential
\ e / surface
N # T , /
a N\ ol a2 } / N
N g % / T
N /
\\ Vé .'\//
“‘ ~ o “—»current flow
/ e = N
Semep | e \,
;'_/ N
» ®4

Figure 2.7: Current flow from an electrode through an isotropic subsurface.
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Also

but

and

therefore

hence

D (=

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

The potential (V) measured at any point ’r”” in the homogeneous subsurface is the integral of
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the potential gradient given by equation 2.30.

pl 1
=-— | = 2.2
Vv | 7 or (2.29)

[
v, == (2.30)

2rtr
Electrical resistivity surveys are carried out with the conventional four electrode or
continuous vertical electrical sounding (CVES)/multi-electrode system. In either case,
an artificially generated electric current is injected into the ground through two current

electrodes and the resulting potential at point in the subsurface measured with two potential

electrodes to compute the resistivity.

2.2.2 The Four Electrode System

The four electrode system uses two current and two potential electrodes for the survey. The
current is sent into the ground through the electrodes A and B and the potential at any two

points on the surface measured with electrodes M and N (Figure 2.8).
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Equipotential
surface

d

Current Flow
through Earth

Figure 2.8: A diagram of the conventional four electrodes showing current flow pattern
and the equipotential surface. A and B are current electrodes with M and N as potential
electrodes.

Given the geometric factor k (equation 2.31) which is strictly determined by the arrangement

of the electrodes, the apparent resistivity is given by equation 2.32.

2
£ = Z 2.31)

[L_L _[L_L
AM  MB AN =~ NB

0o = —k (2.32)

2.2.3 Array Types

There are different configurations of the electrodes used in electrical resistivity survey. The

choice of an array in a particular work may depend on the anticipated depth of probe and
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other objectives of the survey, such as mapping of dykes, sills etc. Diagrams of some

electrode arrangements known in resistivity survey are shown in figures 2.9-2.15.

Wenner Array

This array has a pair of potential electrodes between two current electrodes (figure 2.9) in
a straight line. The electrodes have equal separations (a). The wenner array has better
sensitivity to vertical changes in apparent resistivity beneath the array’s midpoint (Loke,
2001). This electrode cofiguration is good for resolving horizontal structures (eg. sills). The
apparent resistivity as a result of the wenner configuration is given by equation 2.33.

G P, P, G,

Figure 2.9: An electrode configuration of the Wenner array.

Po2no— (2.33)

Dipole-dipole Array

This arrangement has two equally spaced current and potential electrode pairs (figure 2.10).
The two pairs of electrodes are separated by a distance “an”. The factor ’n’ is the ratio
of the distance between C;-P; electrodes to the C,-C;/P,-P; separation (a) and should not
exceed 6 in a survey as resolution becomes very poor beyond this value (Loke, 2001). Hence
”a” should be increased when ’n” is approaching 6. The sensitivity of the dipole-dipole
array concentrates below either the current electrode pair or that of the potential. Generally
it is sensitive to horizontal changes in resistivity and can easily detect vertical structures
(conduits, dykes etc.). This array is very popular in induced polarization (IP) work. Equation
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2.29 gives the apparent resistivity as a result of the dipole-dipole arrangement.

¥ Y . l

Figure 2.10: The dipole-dipole configuration.

s F gﬂan(n + D +2) (2.34)

Pole-dipole Array

This array also has two pairs of current and potential electrodes separated by “an”. Here
the second current electrode is placed at a far end (figure 2.11). Pole-dipole array is a good
detector of vertical structures as it has good horizontal coverage (Loke, 2001). It is less prone
to telluric current and has a better signal strength. Equation 2.35 gives the apparent using the

pole-dipole array.

Cz Cl PI PZ
oo an
| |

Figure 2.11: A pole-dipole configuration with C, as the remote current electrode.

Vv
Pa = 2man(n + 1)7 (2.35)

Pole-pole Array
As shown in figure 2.12, the pole-pole configuration has two pairs of potential and current

99,9

electrodes separated by a distance ”a”. The second current and potential electrodes are
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placed at far ends. This array is not commonly used but is well known in 3D surveys and
where small electrode spacings are required such as archaeological survey. Among the other
configurations, it has the poorest resolution picking up a lot of telluric noise but with the
deepest depth of probe (Loke, 2001). Equation 2.36 is the apparent resistivity as a result of

using the pole-pole configuration.

Cy Gy Py )

Figure 2.12: A pole-pole array showing the two remote electrodes C, and P,.

0o = 2na— (2.36)

Schlumberger Array

This electrode arrangement has a pair of potential electrodes between two current electrodes
(figure 2.13). The distance between the midpoint of the potential electrodes to the first
current electrode is equal to that between the second current electrode and the midpoint of the
potentials. This makes the Schlumberger array symmetrical. It has a horizontal sensitivity
to resistivity for low values of "n”” and a vertical sensitivity when "n” values are high (Loke,
2001). ’n” is the ratio of the distance between either C;-P; or P,-C, and the P,-P, elctrode

separation. Here the apparent resistivity is given by equation 2.37.

“ o Cz
A P,
4 20l o 2
4+ ¥
¥ ¥

Figure 2.13: Schematic diagram of the symmetrical Schlumberger array.
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L’V

. 2.37
T (2.37)

Pa

Gradient Array (Asymmetrical Schlumberger)

This is a Schlumberger array which is not symmetrical about its midpoint. The configuration
(figure 2.14) is capable of taking large number of readings. It is normally used in
reconnaissance survey. Using the gradient array, the apparent resistivity is given by equation

2.38.

& 2L G,

99,2

Figure 2.14: A diagram of the schlumberger asymmetrical array. ”x” is the distance between
the midpoints of P;-P, and C,-C,.

L~ x2)2 VA

—pl i 238
Lo 12 A (2.38)

Square Array

The square configuration consist of two pairs of current and potential electrodes laid
parallel (figure 2.15 [A] and [B]) or diagonal (figure 2.15 [C]). In any of these cases, the
separations between the electrodes are the same, that is the side of the square (a). The
electrodes are expanded symmetrically about the center during measurements, usually in
increments of aV2 and has no geometric factor when used diagonally. Square array is
usually used for taking data in three-dimenson and provides a measure of resistivity less

orientation-dependent than that given by an in-line array such as wenner, dipole-dipole,
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gradient etc (Habberjam and Watkins, 1967). 3D data taken with the square array are
orientationally stable, therefore there is no need for prior knowledge of the electrical

heterogeneity orientation (Senos, 2002). The apparent resistivity here is given by equation

2.39.
[A] [B] [C]
a a
C, a P, Py P, P, C,
a X a ¥ a
cql P, C, C, Cq P,

Figure 2.15: The alpha [A], beta [B] and gamma [C] square array configurations.

2ra 'V

Ve, = mY (2.39)

Milsom (2007), Loke (2001) and Reynolds (2011) teach more on the different electrode

configurations and their respective resolutions.

2.2.4 1D Resistivity Methods

Electrical resistivity method has two main types of measurement procedures in 1D with only
four electrodes using any of the configurations discussed in subsection 2.2.4 above. These

are profiling/constant separation traversing (CST) and vertical electrical sounding (VES).

In profiling (figure 2.16), the whole set of the electrode configuration is moved along the
profile line at regular intervals without any change in the electrode spacing. Profilling
resolves vertical structures such as dykes and shear zones (Kearey et al.,2009).
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Figure 2.16: Profilling method showing the movement of electrodes using the Wenner array.

In VES, resistivity measurements are taken vertically by varying the electrode spacing about
a fixed central point (figure 2.17). The 1D sounding resolves horizontal structures and

good for mapping overburden thickness and delineating aquifers in bedrocks with complex

geology (Kearey et al.|[2009).

2 G A 22 P G

]

Figure 2.17: Sounding resistivity measurements using Wenner array. The electrode spacings
are increased about the midpoint.

2.2.5 The Multi-Electrode System

The multi-electrode system also known as the electrical resistivity tomography (ERT) or

continuous vertical electrical sounding (CVES) is a 2D method that combines profiling and
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sounding at the same time in measuring the subsurface distribution of apparent resistivity.
In this method, more than four equally spaced electrodes are layed on the profile line. The
resistivity meter chooses a suitable electrode permutation at a time for measurements based
on the selected configuration. This is repeated by the device untill there is no permutation.
The resulting apparent resistivity plots take the shape of a trapezium showing the covered
part of the subsurface. Reference to Loke (2001) gives more information on the electrical
resistivity method using multi-electrode. Figure 2.17 demonstrates the multi-electrode

configuration using the Wenner array.

The data points 1-17 in figure 2.18 use a permutation such that the electrode separation is
”a”. The separation is then increased to twice the initial (a) for the next readings, thus ”2a”
for data points 18-31. This value keeps increasing till a value for the factor ’n”” where no four
electrodes on the profile can be used for the separation “na”. Knowing the geologic setting
of the area, the apparent resistivities computed can predict the kind of formations present in

the subsurface (table 2.2).
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Sequence of measurements to build up a pseudosection

Figure 2.18: A 2D pseudosection from a multi-electrode resistivity survey using twenty
electrodes (Loke, [2001).

Table 2.2: Some Earth materials and their corresponding apparent resistivity values (Loke,

2001).
Materials Resistivity(€2.m)
Granite 6x10°-10°
Basalt 1x10°-107
Gabbro 1x103-10°
Schist 3x10'-10*
Quarzite 1x10'-108
Conglomerate 3x10°-10%
Sandstone 1x10'-10*
Shale 2x10'-10°
Limestone 7x10'-10°
Clay 1.0-100
Alluvium 1x10'-10°
Fresh groundwater 1x10'-10?
Sea water 0.2
Oil sands 7-900
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CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter of the thesis work describes the research area, materials and geophysical
methods together with the field procedures that were used for the collection of data. Besides,
the various editing and processing techniques used for both the refraction seismic and dc

resistivity methods are also presented in this chapter.

3.2 Location and Accessibility of Site

Kwame Nkrumah University of Science and Technology located within the Kumasi
metropolis at the heart of the Ashanti region centered in the middle belt of Ghana. It falls
within the transitional forest zone with varying elevation ranging between 200-271 meters
ASL. The highest elevation point on the campus is recorded at the Chancellor’s Hall (271 m

ASL).

KNUST has vast land which covers about 18,000 m? with some parts undeveloped. The
school has one major entry with other supporting ones linking it to neighbouring towns like

Bomso, Ayeduase and Ahinsan. A feeder road runs north through south at the eastern part
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of the project site to another neighbouring town, Gyinyase. KNUST has six Colleges and
six traditional halls of residence with some hostel facilities in and around the campus. Its
population is about 32,000 comprising of both post and undergraduate students. Farmers and
traders dominate its surrounding towns. There are numerous second class roads that connects
the colleges, departments, halls and other facilities on the campus (www.knust.edu.gh, 3™

March, 2014).

From the geographic point of view, KNUST is located on the following longitudes and
latitudes with reference to the World Geographic System (WGS) 84 with units in decimal
degree: -1.590 and 6.672, -1.564 and 6.678, -1.543 and 6.680, -1.548 and 6.693, -1.564 and

6.662 forming five of its corners (figure 3.1).
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3.3 Description of Study Area

The project site is a farm land covered with secondary degenerated forest vegetation on the
northern and eatern sides (figure 3.2). The land surface slopes gently from north to south.
Most part of the south, west and northwestern sections have grass with a river running from
west through the south. Although the topsoil at the west and part of the south is mainly loose
sand with low water holding capacity, it is used by the natives of neighbouring towns for

vegetable cultivation. A sandy-loam soil dominates all parts of the north and east at the top.

2014/02/15 05:13

2014/02/06 04:09

Figure 3.2: Pictures of project site.
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3.4 Physiography and Geology of Study Area

The geological setting and subsurface conditions are of much interest to any geotechnical
engineer and are therefore not underestimated in this research. With a knowledge of all these,
the civil engineer can then make a more reliable decision with regards to the foundation of a

structure.

The rock formations that underlain most parts of Ghana which is found within the West
African Craton are metamorphosed and paleoproterozoic (2300-1900 Ma) in age related
to the Eburnean orogenic cycle. These paleoproterozoic rocks comprise of the Birimian
and Tarkwaian groups associated with some mafic and granitoid intrusives. The Birimian
supergroup is subdivided into the Lower Birimian series dominated by sedimentary units
believed to be classical miogeosynclinal basin sediments. The Upper Birimian series is
largely metavolcanic which represent eugeosynclinal units (Junner, 1940). Within the
Birimian groups are extensive faults and folds. The Takwaian formation is on top of the

Birimian and is widely exposed in the Ashanti belt (Robert et al., 2002).

The lower Birimian system is the rock formation underlying Kumasi (figure 3.3). This is
compose mainly of schist, phyllites and greywackes intruded by quartz veins and stringers
(GSD, 2009). Besides these intrusives 1s a post-Birimian Precambrian age massive granitic
batholiths (Kesse, | 1985) cut by pegmatite veins. Chemical weathering of the granitic bedrock

and schist have resulted in dominant loose sand at the site.

The topography of the Kumasi Metropolis is that of varying elevations. It lies within the
plateau of the South-West physical region which ranges from 250-300 metres above sea

level.
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3.5 Climatic Conditions

According to the Koppen-Geiger classification, Kumasi has a tropical wet and dry/savanna
climate with a pronounced dry season in the low-sun months, no cold season. The movement
of the Inter-tropical Convergence Zone (ITCZ) influences the two seasons (dry and wet) of

Kumasi.

In the dry season which normally occurs between the months of December and February,
when the ITCZ has shifted southwards, dust-laden North Easterly (NE) Trade winds blows
southwards over Kumasi, thereby influencing a dry period. The rainy season starts in March
peaking in May with a slight drop in July. It then picks up again in August ending in
November. In this season, when the ITCZ has moved northwards, moist South Westerly
(SW) monsoon winds move northwards over Kumasi, thereby influencing a wet period.
Temperatures for the dry season are approximately 20.4 °C minimum and 33.5 °C maximum,
whereas temperatures for the wet season are approximately 21.0 °C minimum and 32.3 °C

maximum respectively (www.goggle.com/ghana/districs/kma, 2014).

Kumasi has an average maximum rainfall of 214.3 mm in June and 165.2 mm in September.
The minimum rainfall for Kumasi metropolis of approximately 15 mm is recorded in January.
The metropolis is drained by major river bodies that traverses the city like Subin, Aboabo,

Sisai, Owabi and Wiwi which passes through central part of KNUST.
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3.6 Field Procedures

3.6.1 Introduction

In this part, the thesis work outlines all the activities that were carried out on the field during
the collection of data. Field work started in the last week of December 2013 and ended on
28th February 2014 which fall within the dry season of Ghana where the weather is dry, hot
and dusty. This was approximately for two months one week period including a try work and
also cutting of profile lines. Daily transportion of equipment to the project site was made easy
with a second class road linking the Physics department and Business School. The resistivity
data collection took a month experiencing some breaks. Seismic data collection lasted for

exactly three weeks.

3.6.2 Layout of Profile Lines

The area covered was 31,200 m? (240 m x 130 m). Fourteen straight profile lines each of
length 240 m running north to south were created with an inter-profile spacing of ten meters
(figure 3.4). The end of the last four traverses were very close to the river creating shoting
inconveniencies when carring out the seismic survey. Consequently, the last shotpoint of the

last line was at 230 m instead of 240 m.
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Figure 3.4: Layout of the profile lines at the site showing river Wiwi, Business School food
market and the feeder road that links KNUST and Gyinyase.

3.6.3 Resistivity Data Acquisition

The ABEM SAS 4000 resistivity Lund imaging system was used in this work for resistivity
data collection together with four multi-core cables (figure 3.5). Each of these cables is
40 m long has twenty-one take-outs with separations of 2 m. The ABEM SAS is used in
carring out high resolution 2D electric imaging surveys using numerous electodes giving
the operator the the chance in choosing protocols for a wide range of arrays like gradient,
dipole-dipole, Schlumberger, Wenner, pole-dipole, square, pole-pole etc. It supports one- or

four-channel operations. The device is powered with a 12 V car accumulator.

Forty-one steel electrodes were laid with separations of 4 m on a profile covering a length of
160 m. Take-outs on the cables were connected to the electrodes with the aid of jumpers. The
multi-core cables 2 and 3 which are linked to 1 and 4 respectively were fixed on the electrode

selector ES 10-64C connected to the resistivity device at the midpoint of the layout.
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Figure 3.5: The ABEM Terrameter SAS 4000 device, electrode selector ES 10-64C and
multi-core cables with their connectors.

To ensure continuity of the four cables, the last take-out of the previous cable and the
first take-out of next cable were connected to the same electrode (take-out 21 and 1).
This is a special characteristic of the ABEM lund imaging device used but not for other
resistivity devices. Table 3.1 contains the neccessary acquisition parameters that were set for

measurements.

Roll-along was employed to cover the 240 m profile length. This was achieved by
disconnecting the first cable from the second after the first readings and connecting it to
the fourth cable for the next readings. This covers a length of 200 m. The second cable was
taken and connected to the last cable to make the 240 m length after the second data readings.
In all cases the resistivity meter together with its sellector were moved to the centeral point

of the four cables for measurement (figure 3.6).

Electrode coupling which is a usual problem in dc resistivity survey occuring in very loose
or dry soils was experienced at most parts of the south-west. Poor coupling of electrodes is
as a result of bad contact with the ground. This was taken care of by rehammering the failed

electrodes to ensure better contact with the ground and adding water to enhance conductivity.
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The ends of the profiles and cables were marked for proper location of electrodes as

mislocation of electrodes can result in contamination adding misleading features to the

inverted data (Oldenborger et al., 2005).

Table 3.1: Acquisition parameters used for apparent resistivity measurements.

Smallest electorde spacing 4 m
Power line frequency 50 Hz
Midpoint 40 (160 m)
Array type Wenner Long
Output 200 mA
Acquisition delay 0.2 sec
Acquisition time 0.3 sec
Maxamum stack 4
Minimum stack 2
Error limit 1.0%
Data buffer size 20

3.6.4 Processing of Resistivity Data

The acquired data was processed using the Res2D INVERSION software. Measured
apparent resistivity values are plotted in a psuedosection which take the form of a trapezium
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showing the part of the subsurface covered. The data was edited taking off all bad data points
before the inversion process. Bad data points include spiky and negative data which may
have resulted from poor ground electrode contact, the presence of loose sandy soil or stony
ground. The L; norm (robust inversion) which gives a more stable result (Dahlin and Zhou,
20044 Aning et al., 2013; Zhou and Dabhlin, 2003) was employed using the Gauss-Newton
method for the computation of the sensitivity matrix for all the iterations. The 2D data
from the various lines were collated and inverted to generate a three dimenson model of the

subsurface. The processing flow is shown in figure 3.7.

Load raw data

Take off bad data points :

Collate edited 2D data l

Load edited data

Vs

Least square inversion

Vi

2D resistivity model section 3D resistivity model

Figure 3.7: Flow chart of resistivity data processing.

3.6.5 Seismic Refraction Survey Design and Data Collection

The offset and other shots locations were carefully chosen considering the probing depth of
this work. In seismic work, the depth of probe primary depends on energy of the source and
length of the spread. Each profile line had two spreads (figure 3.8) to occupy the entire 240
m length. Five shot points were selected for each spread resulting in ten shot locations on a

profile. The two offsets, the forward and reverse, were shot at 10 m before and after the first
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and last geophones respectively. The inline shots were the central shot at the middle of the
entire spread, the midpoint of the first twelve receivers and that of the last twelve receivers.
The locations of the shots were 0 m, 37.5 m, 67.5 m, 97.5 m and 135 m on spread 1 and 105

m, 142.5 m, 172.5 m, 202.5 m and 240 m on spread 2.

For the sake of continuity, the two spreads were made to overlap thirty meters. This was
done by leaving the last three geophones after shoting the first spread to serve as the first

three receivers for the second spread.

R, Rs R, Riz Ry Ryg Ry L
A A 53 54 Ss
105 135 Spread 2 240
1 I + |
[B] : i
105 135
e 240m »

Figure 3.8: Design of the survey diagrams. [A] Shows the different shot locations S;-Ss and
the some receiver positions, R;-Ry4. [B] Shows the two spreads on a profile line and the
points of overlap.

Seismic data were collected with the ABEM Terraloc Mark 6 (figure 3.9). It is a twenty-four

channel seismic recording system. The frequency of all the twenty-four geophones used as

receivers is 10 Hz with a twenty pound sledge hammer as the source.

47



2014/04/01 01:31

Figure 3.9: Pictures of the Terraloc Mark 6, refraction seismic cables and spiky 10 Hz
geophone.

The receivers are electromagnetic geophones (figure 3.9). These are tranducers that convert
the ground vibrations into electric signals which are recorded and saved by the seismograph
as wiggles (figure 3.10). Electromagnetic geophone consist of a mass with wrapped strand
wire placed in a magnetic field that is fixed to the Earth. Movement of the Earth causes the
magnet to move up and down around the mass. The magnetic field of this moving magnet
generates an electrical voltage in the wire which can be amplified and recorded by a simple

voltmeter. The velocity of the ground movement can then be linked to the recorded voltage.

1. CAUSERS\HADI\DESKT OPSLISPD_1\PROCDATAN9SP11__01T / races: 24 / samples: 4096

80 E) 100 110 120

Figure 3.10: Forward shot unfiltered seismogram.
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Twenty-four 10 Hz geophones with five meter separations were planted erect to the ground.
The first was planted at the 10 m mark to give space for the ten meters forward offset
shot with the last on the 125 m mark. The refraction cables connecting the receivers
were connected to the terraloc placed at the middle of the spread. The position of the
trigger geophone connecting to the recorder through the trigger cable was varied based

on the shot location. The acquisition parameters in table 3.2 were used throughout the survey.

Table 3.2: Seismic acquisition parameters.

Sampling interval 25 us
Number of samples 4096
Record length 102 ms
Number of stacks 3
Delay/Pre-trigger 10 ms
Stacking mode Preview
Source type Hammer
Receiver type Vertical geophone
Cutoff frequency 48 Hz
Attenuation 12.dB
Measurement standard

After all the required parameters were set, the trigger geophone was planted close to the
metal plate at the shot point (figure 3.11) and connected to the trigger cable. The terraloc

was armed and the receivers triggered after every shot.
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Figure 3.11: Picture of a trigger geophone connecting the trigger cable beside a metal block
at the shotpoint.

Three best seismic records of all the shots at a particular shot point previewed on the terraloc
were selected for stacking and saved in SEG2 format. This was done for the other shot

points.

All the geophones were taken off leaving the last three after the first spread. The geophones
taken off were planted after the last three, now the first three, maintaining the same five
meter separations to form the second spread. Figure 3.12 shows operators on the field with

the ABEM Terraloc Mk.6 taking data.

Figure 3.12: Pictures of operator taking seismic measurement.
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3.6.6 Seismic Data Processing

Seismic data was processed using ReflexW version 7 developed by Sandmeier (2008). This
software employs the the intercept time analysis, tomography as well as raytracing for

interpretation.

Processing refraction seismic data requires much care and experience as noise can be
deceptive in picking first breaks. The main noise sources in the project environment were
airplanes from the Kumasi airport and a water pumping machine used by the vegetable

farmers for irrigation.

Using the 2D-data-analysis window of the ReflexW, a bandpass frequency of 15 Hz low
cutoff and 300 Hz high cutoff were applied to take out the low and high frequency noise.
These cuttoff frequencies were chosen considering the range of seismic frequencies (5 Hz-50
Hz) and observing the seismogram. In addition, a manual gain filter was also performed on
the band filtered data. The gain function helped in revealing positions of the first arrivals

much better (Sandmeier, 2008).

On a seismogram, the part of the wiggle where it deviates from being straight is the first
break point (figure 3.13). As mentioned above, other amplitudes and breaks before the first
break point may be deceptive and should be noted. First arrivals have very small amplitudes
and are normally not sharp at the remote geophones. In a very noisy data, the first breaks

occur just below the sharp waves with big amplitudes (shear waves).
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Figure 3.13: A seismogram with picked first breaks.

The first arrivals saved picks of the single shots on each traverse were combined in the
traveltime-2D analysis window and assigned the various layer points. The part of a traveltime
curve where any of the dotted-lines meet is the crossover point and indicate a change
in velocity or density. Parallel to near parallel curves carry information from the same
layer. The combined traveltimes curves were inverted directly using the wavefront inversion
method into the underground model (Sandmeier, 2008). This model allows interactive back

propagation of the wavefronts using finite differences approximation of the eikonal.

The eikonal equation is a non-linear partial differencial equation encountered in wave
propagation problems, when the wave equation is approximated using the WKB
theory (method for finding approximate solutions to linear partial differential equations
with spatially varying coefficients). It can be derived from Maxwell’s equations of
electromagnetics, and gives a relationship between physical (wave) optics and geometric
(ray) optics equation (Sethian and Vladimirsky, 2000; Gremaud and Kuster, 2006;

www.wikipedia.org/wiki/Eikonal_equation, 2014).

[Vu(x)| = F(x),x € Q 3.1)
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F(x) is a positive function, € is an open set and u(x) is the solution, thus the shortest time
needed to travel from the boundary 0Q to x inside €, with F(x) being the time cost (not

speed) at x.

The forward raytracing method used helped in validating the underground models derived
from the wavefront inversion. Moreover, it gives correlation between the observed and
calculated traveltimes hence improving the models. There is no need for approximations
concerning the complexity of the models and makes this method very suitable for near
surface investigations. Figure 3.14 describes the processing sequence of the refraction

seismic data.

ta import and geomx

-
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Figure 3.14: Flow chart of seismic data processing.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Introduction

In this chapter, the 2D apparent resistivity model sections obtained from each traverse
are displayed showing the distribution of subsurface resistivity described in details. Each
traverse 240 m long is oriented north-south with 10 m separations. A full version of the
Res2DINV software was used to process all the resistivity field data. Depth of probe for
the resistivity survey was approximately 27 m. The user defined contour option of the
Res2DINV processing software was used to obtain same range of color shades for the
2D resistivity model sections for easy correlation. Also this chapter presents the geologic

interpretation of the resistivity survey.

Presented in this chapter also is the qualitative and quantitative interpretations of the
refraction seismic data. A fitted traveltime curve for the first single shot on profile one and

all the velocity-depth models are displayed in this chapter.

For all the refraction seismic data obtained on the fourteen profiles, a full version 7 of the
ReflexW 2D/3D interpretational software was used for processing. Depth to the bedrock and

the bedrock’s surface geometry was computed using the intercept time analysis.
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4.2 Interpretation of Seismic Refraction

Relevant information required for the computation of thicknesses and the velocity of the
near surface weathering layers which give indication of the geological structure on this
basis are provided by refraction seismic surveys. Typically in long offset seismic reflection
surveys, refractions are used to obtain the velocity structure of the subsurface (Cox et al.,
1999; |Ahmad et al., 2009). According to|Cox et al. (1999), the velocity and weathered layer

thickness derived from seismic refraction are essential for static correction.
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Figure 4.1: Traveltime curve for forward shot of profile 1 spread 1 showing direct waves in
green and refracted waves in blue and red.

Seismic refraction make use of the traveltime of the waves arriving first at the geophones
from the source. Data interpretational method may be chosen depending on the complexity
of the geologic setting. The intercept-time analysis, plus-minus method by Hagedoorn or
the tomography technique (good for soils with high lateral velocity variation) can be used
for seismic refraction interpretation. Here, a reverse profile was carried out employing the

intercept-time method of interpretation.
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Traveltime curves of the forward and reverse profiles are the same for horizontal interfaces
but differ for undulating/dipping refractors. The traveltime of the first arrivals at the receivers
were plotted against their corresponding distance from the source (figure 4.1). Parts of
the traveltime plot where there is a bend represent crossover points and indicate change in
acoustic impedance. Plane refractor interfaces produce a straight or nearly straight refraction
curves. If the refractor is undulating, the refraction curve is linked by scattered velocity
points. Traveltime curves derived from properly picked first breaks on a seismogram show
an offset in the refracted arrivals for an environment with faulting in the subsurface. The
extent of the offset in the refracted line can give a fair idea of how much the two halves of

the faulted formation are displaced.

In the intercept-time interpretational method, a simple geology and a horizontal refractor is
assumed. One major shotcoming of this interpretational method is its inability to efficiently
account for lateral velocity variation. Both the direct and refracted curves were fitted and
their slopes and intercept time computed using linear regression (equation 4.1 and 4.2).
The velocity of the layers delineated are the reciprocal of the slope of their curves given by

equations 2.7 and 2.8.

All the velocity-depth models showing the levels of weathering at the site were generated
with the inversion of the combined traveltime curves of all the shotpoints of the two spreads
on a given profile assigning it the right layer velocity. Differences between the forward
and reverse shots of the combined and assigned traveltime curves for all the spreads were
less than 3.0 (figure 4.2). This shows a good layer assignment in generating stratigraphic
models of the underground. Computation of the true layer velocities taking into account the
geometry of the refracting interfaces follow equations 2.7, 2.8, 2.17, 4.1 and 4.2. Where x =

offset, y = arrival time, n = number of data points to be fitted and m = gradient of the line of
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best fit.
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Figure 4.2: Combined traveltime curves of profile 6 showing an error margin of 0.1624222
for underground model generation. Green lines for layer one, blue lines for layer two and
pink lines for layer three assignment.

The refraction seismic survey revealed three acoustic layers showing the stratigraphy of the

study area (figure 4.3).

Dry rocks have their pore spaces filled with air and have low elastic velocity. Also, poorly

consolidated rocks and disseminated soils may have strong absorbtion of shear waves if they

do not respond elastically (Milsom|,[2007). For very dry unconsolidated overburdens, p-wave
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Figure 4.3: Stratigraphic diagram of the study area.

velocity can be as low as speed of sound in air (330 m/s) or even less. Poorly consolidated
soils hosting high amount of water have velocity slightly greater that of speed of sound in
water (Milsom, 2007). Hence the influence of fluid being water, air or oil on the seismic
velocity of materials cannot be understimated. Furthermore, weathering also has a marginal
reduction in the velocity of rocks by increasing its pore content. This condition reduces
the rippability of rocks and is a major concern to the geotechnical engineer especially on

mountaineous areas.

At deeper depths, layers with low velocity will not give rise to critically refracted head waves.
Also in seismic refraction surveys, high-velocity thin layers cannot be detected. Refracted
waves within such geologic feature rapidly lose energy with increasing distance from the

shotpoint and makes it blind. Direct measurement of vertical velocity may reveal such zones.

Generally, most pristine bedrocks have p-wave velocity greater than 2500 m/s (Milsom,
2007). In this work, a weathered zone which has velocity range between 1189-1450 m/s

overlays the bedrock which has velocities > 3700 m/s.
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4.3 Interpretation of Resistivity Results

Basically the electrical properties of soil and rocks that form the Earth’s crust are determined
by factors such as porosity, permeability, tempareture, clay and water contents (Loke,
2001). High weathering in rocks increases the porosity as well as permeability. These
two factors give more room for water to find its way into soils and rocks aided by gravity.
Water conducts electrolyticaly and therefore causes reduction in the resistivity of rocks.
In water-bearing rocks, the presence of clay minerals boost conductivity as a result of the
ion-exchange process in clay. Sometimes, particles of clay coating on the surfaces of rocks
may affect the rock’s bulk resistivity (Ward, |[1990; |Andrews et al.,2013; Revil and Glover,
1997). Increase in tempareture causes ions to move faster thereby enhancing the subsurface
conductivity (Keller and Frischknecht, 1966). This effect is very minute and negligible
in most environments as tempareture variation in the subsurface is small but cannot be
ruled out in permafrost regions (Aizebeokhai, 2010). According to /Campbell et al. (1948),

conductivity increases by 2.02 % per °C between 15 and 30 °C.

Geologic inference drawn from resistivity surveys must be done with a lot of considerations
such as geologic information of the area under study (Kesse, 1985), external features at the
site and reviewing similar work by other authors as there is no fixed resistivity for soils and
rocks of the Earth crust. In this work, geologic implications of the range of resistivity values
obtained from the 2D apparent resistivity model sections have been presented in summary

on table 4.1 and also further discussed below.
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Table 4.1: Geologic interpretation of resistivity values obtained for this work.

Resistivity (€2.m) Description

50-200 Clay or saturated zone
200-600 Sandy-clay formation or lateritic soil
600-1600 Hard zone and fairly weathered bedrock
> 1600 Loose sand at surface, very hard zone or rock at deeper

depths. Possibly an air-filled void if confined.

Clay/Saturated Zones

Clay conducts and sometimes may creat an impression of groundwater on resistivity model
sections if it is moist. Very low resistivity values in the range of 50 to 200 Q.m found on
the 2D apparent resistivity model sections about 4 m below the surface and also at deeper
depths could be clay or water saturated zones. This sort of resistivity at the begining of the
profile lines is mainly due to clay. These resistivity values occuring close to the end of the
2D resistivity model sections are probably as a result of clay at the surface to depths of about

4 m and saturated clay at depths > 4 m.

Sandy-clay/Laterite Soil

Portions of the 2D apparent resistivity model sections with low resistivity between 200 and
600 Q.m probably represents sandy-clay formation or laterite soil. This range of resistivity
occurs at both shallow and deeper depths in the subsurface on all the 2D apparent resistivity
model sections. At shallower depths (< 5 m) beneath the surface, these resistivity values may
be as a result of lateritic soils but represent highly weathered besides weak zone at deeper

depths.

Hard Zones
On the 2D apparent resistivity model sections, moderately high to high resistivity, 600 to

1500 Q.m, suggest resistive hard and more compact zones. In addition, it also suggest minor
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weathered part of the bedrock if it occurs just on top of it. This parts of the subsoil are

competent and have high capacity to hold the weight of giant structures.

Loose sand/Very hard zones/Rock

Parts of the 2D apparent resistivity model sections display very high resistivity ranging
between 1600 and 3000 Q.m. These resistivity values occuring on the surface to depths
< 2 m probably may be dry and highly desseminated mixture of sand and alluvium deposits
with pore spaces filled with air. “Air have infinite resistivity and its presence in a porous
medium may cause increase in apparent resistivity. Also at deeper depths, these resistivity

values suggest a very hard zone which represents the bedrock with a fairly weathered top.

Possible Void

On an apparent resistivity model section, a faulted zone appears as a continuous formation
with a sharp slip up or down. It can also be identified as a very high or very low resistive
thin zone depending on the infill within a formation (Aning et al.,2013). This also applies to
voids. According to|Sheets (2002), very high localized resistivities on a 2D resistivity model
section deviates from normal geologic materials. The 2D apparent resistivity model sections
obtained for this work show portions with confined high resistivity greater than 1500 Q.m.
These confined regions with very high resistivity could possibly be voids filled with very

loose sediments and air.
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4.4 Results of Resistivity and Seismic Refraction Surveys

4.4.1 Profile One
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Figure 4.4: 2D apparent resistivity model section and velocity-depth model of profile 1.

Low resistivity regions (< 600 Q.m) on the apparent resistivity model section of profile 1
(figure 4.4 [A]) can be found from the begining of the profile to 56 meters, 72-112 meters,
180-196 meters and 204-220 meters. These low resistive regions extend to depths of about
5-7 m with later trending deep into the subsurface. Another low resistive region occurs at
a depth of about 10-26 m from 44-72 meters. Most of the central portions show dominant

moderately high resistivity. Confined resistivity > 1500 Q.m can be found about 5 m below
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48 and 118 meter.

The velocity-depth model of profile one (figure 4.4 [B]) shows quite uniform velocity with an
average of 870 m/s and thickness of about 8 m for the first layer. The second layer recorded
an average elastic wave velocity of 1206.7 m/s in a depth range of 8-28.6 m. Velocity of
5321 m/s, a signature of the hard underlying bedrock on this profile was found at depth

greater than 28.6 meters for layer 3.

4.4.2 Profile Two
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Figure 4.5: 2D apparent resistivity model section and velocity-depth model of profile 2.

The apparent resistivity model section of line 2 (figure 4.5 [A]) displays low resistivity
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portions (< 600 Q.m) from 20-56 meters, 80-100 meters, 116-132 meters and 170 meters in
the subsurface to depths of 4-7 m. The latter is about 15 m deep in the subsurface. Portions
of localized high resistivity (> 1500 Q.m) are located at 5 m beneath 44 and 152 meter. The
centeral parts of this resistivity model section exhibit very high resistivity > 1500 Q.m from

depths of about 7 m to 26 m.

Layer 1 of the velocity-depth model of line 2 (figure 4.5 [B]) has an average velocity of 747
m/s and thickness of about 7 m. Layer 2 has average velocity of 1189.1 m/s. The third layer
recorded an average velocity of 4817 m/s and delineated > 26 m at begining of the line and

15 m at the profile end.

4.4.3 Profile Three

A
Elew. N [ ]

275.0 §
0.8
2700 L. .8 128.9

265.8

260.8

255.8

250.8

245.8

240.8

235.0
N N BN N O ] O (] T ..
100 159 252 400 635 1068 1660 2540

Resistivity in ohn.n
[B]

N aistance Lmj S
o 100 200

Vi= 795 m/s

-
o

V2= 1349.5 m/s

depth ]
(=]

(%]
Q

V3=4678 m/s

40.

Figure 4.6: 2D apparent resistivity model section and velocity-depth model of profile 3.
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Profile 3 displays moderately high resistivity in the central parts on the resistivity model
section (figure 4.6 [A]). Patches of low resistivity occur at 16 meters, 32 to 44 meters and
160 meters in the subsurface to depths of 3-5 m. There is also a low resistive region that
extends about 15 m deep into the subsurface from 168 to 220 meters. A confined high

resistivity (1700 Q.m) is located 5 m below the 28 meter.

The first layer of the velocity-depth model of profile 3 (figure 4.6 [B]) recorded an average
velocity of 795 m/s with an average thickness of 6 m. Layers 2 and 3 have velocities of
1349.5 m/s and 4678 m/s respectively. Layer 3 occurs at depths > 30 m at the begining of

the profile and > 12 m at the end of the profile.

4.4.4 Profile Four
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Figure 4.7: 2D apparent resistivity model section and velocity-depth model of profile 4.
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On the apparent resistivity model section for line 4 (figure 4.7 [A]), low resistivities (< 600
Q.m) are found at 14 meters, 24 to 48 meters, 56 to 68 meters, 96 meters, 124 to 132 meters
and 144 meters. Other low resistive regions are located at 94-106 meters from about 7 m to
26 m depth and also from 140 meters to the profile end 10 m in the subsurface. Confined
high resistivity regions (> 1500 2.m) 4 m deep in the subsurface are encountered at 44, 120

and 144 meters.

The velocity-depth model of line 4 (figure 4.7 [B]) has average velocities of 816 m/s, 1207.3
m/s and 5016 m/s for layers 1,2 and 3 respectively. Averagely, layer 1 is 6 m thick. Layer 3

is buried at depths > 30 m at the begining of the line and > 15 m at the end of the profile.

4.4.5 Profile Five
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Figure 4.8: 2D apparent resistivity model section and velocity-depth model of profile 5.
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Low resistivity (< 600 Q.m) can be found at 12 to 36 meters and 86 to 124 meters on the
apparent resistivity model section (figure 4.8 [A]). The central portions are dominated by

moderately high resistivity > 600 Q.m.

On the velocity-depth model for line 5 (figure 4.8 [B]), average velocities of 815 m/s, 1273
m/s and 4345 m/s were recorded for layers 1, 2 and 3 respectively. The third layer is buried

32 m deep in the subsurface at begining of the line and about 12 m at the profile end.

4.4.6 Profile Six
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Figure 4.9: 2D apparent resistivity model section and velocity-depth model of profile 6.

The apparent resistivity model section of line 6 (figure 4.9 [A]) has a low resistive region

below a very high resistive subsurface 7 m thick from 152 meters to the end of the profile.
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These low resistivities (< 600 €2.m) also occur as patches at 12 to 26 meters, 50 meters, 80
to 108 meters and 126 meters to depths of 4 m in the subsurface. A confined high resistivity

(1600 Q.m) is found about 5 m below 126 meters.

The average velocities on the velocity-depth model of line 6 (figure 4.9 [B]) for the first,
second and third layers respectively are 734 m/s, 1211.1 m/s and 3943 m/s. Layer 1 is very
thin about 1.5 m from 100 to 200 meters and increases in thickness from 100 meters to the
begining of the line. Layer 3 was delineated at depths > 25 m at the begining of the line and

> 12 m at the end of the profile.

4.4.7 Profile Seven
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Figure 4.10: 2D apparent resistivity model section and velocity-depth model of profile 7.
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Profile seven displays uniform distribution of moderately high resistivity in the central
portions on the resistivity model section (figure 4.10 [A]). The subsurface exhibit high
resistivity from 136 to 168 meters to depth of 5 m. Low resistive region between 188 and
204 meters trends 15 m deep into the subsurface. Others low resistive zones occur at the

begining of the profile and also at 76-120 meters to depths of about 5 m.

The velocity-depth model of line 7 (figure 4.10 [B]) has an average layer 1 velocity of 754
m/s. Layer 2 and 3 have velocities of 1252.1 m/s and 4009 m/s respectively. Layer 3 was
mapped at depths > 15 m deep at the profile end and dips downwards to 30 m at the begining

of the line.

4.4.8 Profile Eight
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Figure 4.11: 2D apparent resistivity model section and velocity-depth model of profile 8.
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The apparent resistivity model section for profile 8 (figure 4.11 [A]) has low resistive zones
(< 600 Q.m) located at the begining of the line to 22 meters and 196-204 meters extending to
depths of 25 and 15 m respectively. Other low resistive zones in the subsurface are found at
52 to 66 meters and 76 to 128 meters about 7 m deep. The central parts exhibits moderately

high resistivity > 600 Q.m.

Layer 1 of the velocity-depth model for line 8 (figure 4.11 [B]) is about 4 m thick with
average velocity of 704 m/s. Layer 2 and 3 have average velocities of 1287 m/s and 4139
m/s respectively. Layer 3 is buried > 29 m deep at the begining of the profile and also > 12

m deep at the end of the line.

4.4.9 Profile Nine
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Figure 4.12: 2D apparent resistivity model section and velocity-depth model of profile 9.
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The apparent resistivity model section of profile 9 (figure 4.12 [A]) shows low resistive zone
from the begining of the line to 22 meters that extends to 25 m depth. Low resistive zone can
also be found at 84 to 126 meters in the subsurface to 15 m depth. The subsurface from 136
meters to end of the line displays high resistivity to depth of about 6 m. Below this zone is a

low resistivity zone that becomes more resistive beyond 20 m.

Figure 4.12 [A] is the velocity-depth model of line 9 and has an average velocity of 805 m/s,
1379.8 m/s and 4305 m/s for layers 1, 2 and 3 respectively. Layer 1 is about 6 m thick. Layer
3 is about 14 m deep at the end of the line but was delineated at depths > 30 m at the begining

of the profile.

4.4.10 Profile Ten
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Figure 4.13: 2D apparent resistivity model section and velocity-depth model of profile 10.
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The apparent resistivity model section of profile 10 (figure 4.13 [A]) has low resistivity (<
600 Q.m) from the begining of the line to 132 meters that extends to depths of about 27 m
in the subsurface. The subsurface from 140 to 190 meters to depth of 6 m shows moderately
high resistivity and becomes highly resistive from 190 meters to the end of the line. Below
this high resistive zone is a 10 m thick low resistive zone seated on a region with very high

resistivity (> 1500 Q.m).

Layers 1, 2 and 3 of the velocity-depth model of line 10 (figure 4.13 [B]) have average
velocities of 699 m/s, 1211.3 m/s amd 3759 m/s. Layer 1 is 4 m thick. Layer 3 is located at

depths > 20 m at begining of the profile and about 10 m at the profile end.

4.4.11 Profile Eleven
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Figure 4.14: 2D apparent resistivity model section and velocity-depth model of profile 11.
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The subsurface to depth of 5 m of the apparent resistivity model section for line 11 (figure
4.14 [A]) displays low resistivity (< 600 2.m) from the begining of the profile to 140 meters.
Below this zone is a confined high resistive region (> 1500 2.m) in the subsurface about 7
m thick. This highly resistive zone has a sharp reduction in resistivity (< 600 2.m) at deeper
depths. The subsurface from 140 meters to the end of the profile show high resistivity to
depth of 7 m. This region is followed by a 10 m thick low resistive zone (< 600 2.m) which

also precedes a very high resistive region (> 1500 2.m).

On the velocity-depth model of line 11 (figure 4.14 [B]), layers 1, 2 and 3 recorded average
velocities of 712 m/s, 1433 m/s and 4063 m/s respectively. Layer 1 is about 7 m thick from
the begining of the line to 100 meters and 4 m thick from 100 meters to the end of the line.

Layer 3 was delineated at depths > 16 m averagely.
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4.4.12 Profile Twelve
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Figure 4.15: 2D apparent resistivity model section and velocity-depth model of profile 12.

Low resistive zones (< 600 €2.m) on the apparent resistivity model section of line 12 (figure
4.15 [A]) are located from the begining of the line to 44 meters that extends to depths of 26
m in the subsurface. From 120-220 meters of the subsurface to depths of 6 m shows high
resistivity (> 700 2.m) underlain by a very low resistive zone (< 200 Q.m) 12 m thick which
extends to the end of the line. This very low resistive zone is seated on a very high resistive

zone (> 1008 Q.m).

The velocity-depth model of line 12 (figure 4.15 [B]) has an average velocity of 719 m/s and
thickness of about 4 m for layer 1. Layer 2 and 3 have average velocities of 1254.4 m/s and
4012 m/s respectively. Layer 3 is 14 m deep from 120 meters to the end of the profile but

was delineated at depths > 18 m from the begining of the line to 120 meters.
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4.4.13 Profile Thirteen
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Figure 4.16: 2D apparent resistivity model section and velocity-depth model of profile 13.

The apparent resistivity model section of line 13 (figure 4.16 [A]) displays high resistivity (>
700 Q.m) in the subsurface from 68-120 meters to depths of about 7 m. This high resistive
zone is bouded by a region of low resistivity to depths of about 20 m in the subsurface. From

20-27 m depth of this resistivity model section has resistivities of about 700-1500 Q.m.

On the velocity-depth model of line 13 (figure 4.16 [B]), layer 1 recorded and average
velocity of 715 m/s with thickness of about 5 m. Layer 2 and 3 recorded average velocities
of 1450.5 m/s and 4192 m/s respectively. Layer 3 is located at depths > 14 m at the begining

of the line and > 20 m close to the end of the line from 180-240 meters.
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4.4.14 Profile Fourteen
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Figure 4.17: 2D apparent resistivity model section and velocity-depth model of profile 14.

The 2D apparent resistivity model section of line 14 (figure 4.17 [A]) displays very high
resistivity in the subsurface from 64 to 192 meters to 7 m depth. The central portions of this

model section is dominated by low resistivity (< 500 Q.m).

Layer 1 of the velocity-depth model of profile 14 (figure 4.17 [B]) has a thickness of 6 m
recording an average velocity of 715 m/s. Layers 2 and 3 recorded average velocities of
1382.5 m/s and 4018 m/s respectively. The third layer slopes gently from the end of the

profile at 12 m to the begining at 24 m.
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4.4.15 3D resistivity model
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Figure 4.18: Six slices of a 3D resistivity model of the underground.

Figure 4.18 shows slices of a 3D resistivity model of the underground. The first layer at
depth of 2 m shows parts at the North marked as clay zones (CZ) with resistivities < 400
Q.m. This formation is also encountered at the same positions on the model for layers 1,
2, 3 and disappears on layers 4, 5 and 6 at deeper depth. High resistivities (> 1500 Q.m)
encountered at the Southwest part on slice 1, could be dry and disseminated sand (LS). The
parts circled on layers 1, 2 and 3 of the model probably are air-filled voids. From 184-240 m
at the Southern part of layers 2, 3 and 4 has dominant resistivities < 500 Q.m probably due to
the presence of sandy-clay. At depth of 7-17 m considering layers 4, 5 and 6 at the Northeast,
the subsurface displays high resistivities > 640 Q.m reflecting a compact subsurface at that
region. The parts marked SSC with resistivities < 200 Q.m on layers 2, 3, 4 and 5 are

probably resulting from saturated sandy-clay. On layer 6 occuring at depth 17.5 m from 184
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m to the end of the profile is a highly resistive region which probably is part of the underlying
bedrock. It can be deduced that the bedrock is located at a shallow depth in the subsurface >

13.5 m at the South.

4.5 Discussion of Results

As a result of compaction, materials beneath the Earth surface have increasing velocity and
resistivity with increasing depths. Elastic wave velocity and apparent resistivity are essential
rock parameters from which the geotechnical engineer can deduce the rippability of rocks.
A rock that can be ripped with less difficulty is partly weathered. Weathered rocks have low

seismic velocities and resistivities.

Loose and disseminated soils sometimes have p-wave velocities as low as the velocity of
sound in air (Milsom, 2007). The first layer revealed by the seismic data is interpretated to
be the topsoil. An average velocity of 782.22 m/s and 711.6 m/s for profiles 1-9 and 10-14
respectively were recorded for the topsoil. The velocity difference suggest that the topsoil
for lines 1-9 (east) is a little compact than that of lines 10-14 (west). The subsurface to depth
of about 5 m for profiles 1-9 show dominant moderately high to high resistivities > 500 Q2.m
suggesting a compact topsoil. The subsurface to depth of 5 m of profiles 10-14, from the
middle to the end of the lines, have very high resistivities (> 1600 Q.m) which probably is
as a result of laterite and mixture of dry loose sand and alluvium. Disseminated sediments
have high porosity with air if dry. The presence of air in these sediments results in very high
resistivities. From the midpoint to the begining of profiles 10-14, the subsurface to depth of
5 m have resistivities < 500 Q2.m also suggesting less compact topsoil at the west of the study

area.
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Second layer of the velocity-depth models is a weathered zone.

The weathered zone (layer 2) has p-wave velocities between 1189 m/s and 1450 m/s. Layer
2 for profiles 10-14 has a little high velocities (1200-1450 m/s) which may be the influence
of water. Compact zones have high resistivities. The subsurface for lines 1-9 have high
resistivities > 650 Q.m which suggest a compact weathered zone. On profiles 10-14, the
weathered zone have dominant resistivities < 500 Q.m indicating a highly weathered zone.

Weathering reduces compaction by increasing pore content.

The depth to the third layer on line 10-14 suggests less compact subsurface at the west side
of the project site leading fast attenuation of the seismic waves. A close examination of the
velocities with depth, shows higher velocities at deeper depths and also the occurence of
layer 3 close to the surface on the southern parts of the study area (figure 4.19). Layer three
is the underlying hard rock with velocities in the range of non rippable granitic formation.
A survey by Milsom (2007) showed granite with velocity 3800 m/s not rippable. Also Bell
et al. (1992) found out in his work some granitic formation with velocity a little > 1800 m/s

which could not be ripped by a D-9 tractor. Layer three has velocities > 3759 m/s.
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Figure 4.19: 3D model of the top of the bedrock.

Fissures are cracks that provide room for hydrothermal fluids, air or water and are
characterized by very small regions with sharp resistivity contrast depending on the fluid

chemistry. Also sharp resistivity contrast zones that appear as thin lines within formations

on 2D resistivity models are faults (Aning et al., 2013). Faulted zone can also be identified

as a continuous formation with a sharp slip up or down on a 2D resistivity model section.

Very high confined resistivity zones on resistivity model sections deviates from normal
geologic formations and represent air-filled voids 2002). Part of the subsurface
on profiles 1, 2, 3, 4, 5, 6, 10 and 11 have confined high resistivities that probably might be
resulting from voids filled with and air. The presence of water or clay cause low resistivities
on 2D resistivity models. Part of the subsurface has very low resistivities < 250 2.m which
may be the cause of clay or water. This very low resistivities in the subsurface occur mostly

on the southern and western parts.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Integrating dc resistivity and seismic refraction methods provides one of the effective means
of environmental studies in geophysics. The physical properties, resistivity and p-wave
velocity, help in making reliable inferences about the nature of the subsurface for the purpose
of construction. In this work, the main focus was using refraction seismics and resistivity
methods to image the subsurface to locate the presence of voids, fissures and faults, in

addition examine the compaction of the weathered zone and find the depth to the bedrock.

Under different surface conditions, the mineral composition of a rock is transformed by
virtue of biogeochemical hydrolysis (Tardy, 1971; |Olona et al., 2010b). This process is
referred to as weathering. In a granitic environment especially, this process together with
alteration have a basic effect on their geotechnical properties such as p-wave velocity and
resistivity (Dewandel et al., 2006; Olona et al., 2010b; Begonha and Braga, 2002; Lan et al.,
2003). This makes it neccessary to investigate a site prior to construction as alteration,

weathering and other rock properties may be irregularlly distributed in a bedrock.

To depth of about 7 m from profile 1 to 9 in the subsurface on the east and north show very
good compaction and become less compact from line 10 to 14. Resistivity > 1600 Q.m found
in the subsurface to depths of about 3 m close to the end of the profiles at the south is as a
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result of mixture of loose sand alluvium deposits. The subsurface to 7 m depth for profile
1 to 9 display moderately high resistivities > 600 Q.m. Below depths of about 5 m from
profile 10-14 in the subsurface, the 2D apparent resistivity model sections display dominant
low resistivities < 500 Q.m that suggest a highly weathered underground incompetence in
supporting the weight of giant buildings. The weathered zone (layer 2) for the velocity-depth
models show decreasing thickness from north to south. Confined high resistivity regions (>
1500 ©Q.m) below depths of about 5 m encountered on lines 1, 2, 4, 5, 10 and 11, strongly

could be voids filled with air.

The seismic method delineated the hard underlying bedrock at varying depths (17-32 m).
The bedrock was found at deeper depth of > 24 m at the north with an up-dip in the southern
direction about 17 m from the surface which could not be clearly mapped by the resistivity
method. A sharp down slip in the bedrock on the velocity-depth model of profile 13 from

180 meters to the end of the profile suggest a fault in that region.

The 2D electrical resistivity method is very reliable in delineating low resitive formations
sandwiched between highly resistive regions and even patches of less resistive boulders
within the matrix of a rock formation. The subsurface of lines 1-9 has resistivities > 600
Q) and an average elastic wave velocities of 782.22 m/s, 1261.7 m/s and 4497 m/s for layers
1, 2 and 3 respectively which indicate a competent subsurface for contruction purposes. For
lines 10-14, the subsurface has resistivities < 500 € and an average p-wave velocity of 711.6
m/s, 1346.34 m/s and 4008.8 m/s for layer 1, 2 and 3 respectively reflecting a less competent

subsurface for the purpose of construction.

Generally, the subsurface is made of clay, sandy-clay, fairly weathered granite and schist,

laterite, dry loose sand and alluvium deposits.
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5.2 Recommendations and Future Work

These recommendations were made based on the results and discussions, critical
examination of the resistivity model sections and seismic velocities obtained from the
underground models and the external features found on the study area, mostly anthills and

dry superficial deposits.

1. The subsurface to a meter depth should be be graded off before construction. This
will help take off part of the subsurface dominantly made of laterite and loose sand to

expose a hard surface.

2. The subsurface at the southern parts is highly weathered and buildings at that part may

possibly submerge. Inview of this, that side should be used as a parking lot.

3. Seismic refraction and resistivity surveys should be carried out on cross profiles at the

site to compare information at points of intersection of the profiles.
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Appendix A

A.1 Layer velocities on the various profiles.

Table A.1: Primary wave velocity of the various layers on each profile.

Profile | Average p-wave velocity (m/s)
No. | Layer1 ‘ Layer?2 Y Layer 3

870 1206.7 5321
747 1189.1 4817
[ 3] 1349.5 4678
816 1207.3 5016
815 1273 4245
734 1211.1 3943
754 1252.1 4009
704 1287 4139
805 32 4305
699 120 13 3759
%12 1433 4063
719 1254.4 4012
715 1450.5 4192
3 925 4018

T = N=TECC RN B ) U RSN OV S R
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Appendix B

B.1 Used Softwares

e Maplnfo : Location Map of study area.

e ReflexW version 7: Seismic data processing and modelling.
e ArcGis: Geologic Map of study area.

e Res2D INV : Processing of resistvity data.

o I5TEX: Typesetting and layout

e Golden Software Grapher 10 : X-T graph plots.

e Microsoft Paint: Ehancement of velocity-depth and 2D resistvity models.
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