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ABSTRACT
Integrated site investigations using VES techniques, SPT, borehole drilling, soil moisture con
tent and specific gravity have been conducted at LFTZ, Lekki, Lagos, Nigeria. VES results 
correlated with borehole data revealed a lithological sequence with maximum five geoelectric 
layers. Inferred lithologies include low/moderate resistivity (45.6–206.3 Ωm) topsoil of sand/ 
silty sand followed by a succession of silty sand/sand layers to a depth of about 45 m. Low 
depth silty sand (resistivity <300 Ωm) is the prevalent soil in the second and/or third strata and 
sand (resistivity >300 Ωm) is the last layer across the traverses. SPT results correlate well with 
borehole data showing a subsurface lithological sequence of very loose/loose grading silty 
sand, loose/medium dense grading silty sand, medium dense/dense grading sand and dense 
grading sand. Soil density Increases downward in boreholes with SPT N-values (2–24). Grain 
size distribution curves depict uniformly graded/narrowly graded soil aggregates with Cu and 
Cc in the ranges 1.33–8.00 and 0.610–2.00, respectively. Moderate moisture content values 
(16.72–27.82) suggest that the water table is close to the surface toward the nearby Atlantic 
Ocean. Specific gravity values (2.60–2.78) lie within the range for most soils and indicate that 
salinity is minimal at the study location.
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1. Introduction

In the last five decades, the impact of population 
growth on natural resources such as land, water, 
ecosystem services etc., has been overwhelming in 
virtually all major cities of the world (Cruz 1994; 
Garg 2017). Particularly, as the world’s population 
continues to grow, there is a greater demand than 
ever for land development for continual human 
existence and sustainable development. Land 
reclamation in different geological terrains has 
increasingly been driven by the expanding need 
for residential, agricultural, industrial, commercial 
purposes and green space infrastructure, etc 
(McComas 1972; Sengupta et al. 2018; Zhang 
et al. 2021; Sheng et al. 2022). In Lagos 
Metropolis, the perennial population growth 
mainly due to rural–urban migration has 
prompted several developmental activities in pur
suit of acquisition and expansion of land for 
human habitation. The civil engineering practice 
of coastal reclamation, which transforms coastal 
wetlands or shallow seas into dry land or enclosed 
shallow water bodies, is very popular in coastal 
communities. It entails a number of procedures, 
such as building a seawall, draining saltwater, and 
filling the enclosed area with different materials 

including rocks, gravel, and sand (Chapman 1984). 
The coastal areas of Lagos State such as Ikoyi, 
Lekki, Ajah etc. have been more impacted because 
they are attractive to settlements due to factors 
including economic opportunities, tourism, 
resources, and urbanisation trends. Land reclama
tion efforts and practices to resolve these existen
tial conflicts between human needs and land 
resources have seen significant surges over time, 
posing enormous issues for coastal reclamation 
planning, sustainable growth, and coastal ecosys
tem conservation (Mostafa 2012; Burak and 
Kucukakca 2015; Gatto 2015; Olatinsu et al.  
2019). Foundation and by extension, its peculiar 
ground environment, is a major factor that deter
mines the longevity and ability of structures to 
cope with the stress of time, use, and some other 
inevitable natural situations. Within the Lagos 
metropolis, it is often common to find residential 
and commercial buildings and other infrastructure 
built on waste landfills and man-made fills, as well 
problematic soils rich in clay materials. Such 
ground conditions pose enormous structural sta
bility issues which often result in fatal conse
quences to human lives and properties (Gidigasu  
1972; Bain and Highley 1978; Oyelami and Van 
Rooy 2016; Agasnalli et al. 2022). Building in 
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coastal areas is notably challenging. Residential 
buildings and infrastructural facilities in coastal 
areas are particularly faced with challenges due 
to some natural occurrences such as breaking 
waves or strong wind, erosion and scour, high- 
velocity storm surge, moving floodwater, flood- 
borne debris etc. (Afolayan et al. 2014; Rahman 
and Rahman 2015; Owamah et al. 2018; Griggs 
and Reguero 2021; Hernández-Delgad 2024). 
With the intention of improving the state’s eco
nomic standing, the Lagos State government cre
ated the Lekki Free Trade Zone in order to meet 
the increased demand for land, particularly on the 
Lekki Peninsula. This business concern is an off
shoot of the 2006 Beijing Summit of the Forum on 
China-Africa Cooperation, and serves the con
struction of the Belt and Road Initiative. This 
special economic zone situated on a massive 
16,500-hectare plot of land has been created to 
make the most of the strategic location of Lagos 
as a major West African distribution hub. 
A project of this magnitude is typically linked to 
significant infrastructure development, including 
high-rise buildings, bridges, and networks of 
roads and trains.

Except for cost implications, the importance of 
comprehensive site investigation embracing geolo
gical, geotechnical and geophysical techniques, in 
civil engineering projects cannot be overempha
sised. This is due to the fact that it is a highly 
effective preliminary exercise that often uncovers 
critical subsoil conditions and features essential 
for foundation quality and bearing capacity of 
structures. The understanding of subsoil condi
tions is even more critical for foundations in 
very complex and highly inhomogeneous terrain 
such as coastal environments, for stability and 
durability of structures and their resilience to 
environmental stresses that might arise from the 
effects of climate change (Manap and Voulvoulis  
2016; Boateng 2020; Ohenhen and Shirzaei 2022). 
Foundation in coastal areas must support the load 
of the building despite the forces of weathering 
and corrosion that are usually harsh. Unfavourable 
soil conditions may jeopardise a building’s struc
tural stability, perhaps leading to significant foun
dation damage and collapse. Remedying the 
damage may require expensive renovations.

Global statistics indicate that unanticipated ground 
conditions account for 80% of the construction project 
issues (Sanders 1994; Badu et al. 2013; Amarasekara 
et al. 2018; Loulakis and Gransberg 2022). Many 
buildings collapse has been reported in the Lagos 
metropolis and are more common in coastal areas 

(Oloke et al. 2017; Awoyera et al. 2021; Ohenhen and 
Shirzaei 2022; Alabi et al. 2023). These situations could 
have been prevented or handled more effectively had 
appropriate site characterisation procedures been con
ducted (Peacock 1990; Ashton and Gidado 2001). 
Weak or faulty foundations are the main factor 
responsible for the collapse of buildings and other 
infrastructure, and they are , typically, the direct con
sequence of building foundations on subsoil region 
with non-uniform composition, low strength and 
load bearing capacity. In addition, regions with these 
features are more likely to experience differential or 
unequal settling as a result of the supporting soil’s 
inconsistent response.

Geotechnical analysis has been utilised to fur
nish relevant data relating to soil and rock condi
tions, groundwater levels, and possible risks that 
may have impart on the stability and safety of 
structures. Soil characterisation by sampling and 
in-situ testing such as standard penetration test 
(SPT), is a typical point-to-point investigation 
subject to some inevitable uncertainties such as 
measurement error, parameter uncertainty etc 
(Wagner 2020). However, interpretation of test 
results is not usually too complex because the 
relationship between the blow count (N-value) 
and the angle of shearing resistance is currently 
well established. Also, some regional and global 
relations between N-value and other soil engineer
ing attributes are also known (Kulhawy and 
Mayne 1990). Hence, SPT is a straightforward 
and inexpensive process that is especially well- 
suited for cohesionless soils (Holtz and Kovacs  
1981). Borehole drilling is also a point-to-point 
method of gaining more relevant data on the 
properties of the subsurface rock and soil (Kruse 
et al. 2018). By collecting samples and conducting 
numerous in-situ tests (such as moisture content 
and specific gravity), borehole investigations 
enable geotechnical engineers and other field spe
cialists to better uncover the characteristics and 
locations of different soil/rock layers (Price 2009; 
Monnet 2015; Kruse et al. 2018). The positions of 
boreholes and their unique testing circumstances 
are key points in project’s objectives (Kruse et al.  
2018). In the absence of borehole data, the inter
pretation of geophysical and geotechnical data fre
quently introduces some degree of inconsistencies 
(Reynolds et al. 2017). For large-scale projects, 
drilling wells may be a cost intensive and intricate 
process requiring a lot of planning, equipment, 
and experience. The cost of drilling a borehole 
well depends on the well’s depth, location, and 
geological circumstances (Danert et al. 2009). 
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However, the cost of the investigation can be sig
nificantly reduced by utilising geophysical survey 
in conjunction with geotechnical investigations 
(Azahar et al. 2019; Liu et al. 2023). This is due 
to the fact that geophysical techniques are extre
mely quick to implement, non-invasive and non- 
destructive, and can lower project duration (Sahoo 
et al. 2007; Preko et al. 2009; Capizzi et al. 2020). 
Geophysical techniques have been used in civil/ 
geotechnical engineering projects for decades, 
from site characterisation to foundation quality 
assessment. Near surface site characterisation 
using seismic, electrical/electromagnetic and 
ground penetrating radar (GPR) methods often 
yields valuable information that relates to soil 
characteristics such as the spatial distribution of 
subsurface materials, elastic properties and electri
cal characteristics (Ward 1990; Reynolds 2011; 
Niederleithinger et al. 2012, 2015; Ikard et al.  
2014, 2015; Rumpf and Tronicke 2014). These 
techniques have assisted greatly in improving 
structural imaging quality and spotting minute 
alterations in concretes. 1-D vertical electrical 
sounding (VES) surveys are widely utilised in geo
technical assessments for many applications in the 
building industry. VES techniques are a great 
reconnaissance tool to obtain a quick and accurate 
delineation of the electrical characteristics of soil/ 
rock in various geological formations, which can 
help with foundation designs. This is because of 
their speedy, easy, and uncomplicated data gather
ing procedures. By gathering many 1-D soundings 
throughout an area, a 2-D pseudo-section of the 
subsurface resistivity distributions can be pro
duced. Applications of VES in geotechnical works 
currently include groundwater exploration, where 
soil electrical resistivity can reveal groundwater 
accumulation; landfill mapping, since waste con
tent affects soil electrical conductivity; earthing 
systems, in which it provides resistivity distribu
tion profiles; pipeline route planning stages to 
facilitate the design and installations of buried 
pipelines since burial depth is a direct conse
quence of the external corrosion protection 
requirements; and soil lithology identifications, as 
variations in the electrical characteristics (resistiv
ity or conductivity) of geological formations cor
respond to variations in their physical attributes. 
This study is a multi-technique approach aimed at 
detailed understanding of subsurface conditions at 
the Lekki Free Trade Zone, despite the presumed 
coastal geological complexity and heterogeneity. 
Data and the deductions from the integrated geo
logical, geotechnical and geophysical investigations 
at this zone could serve as a guide in future 

foundation work and design that would engender 
stability and safety of structures and facilities.

2. Location and accessibility of the area

The study location is situated within the Lekki Free 
Trade Zone (LFTZ). LFTZ is a special economic zone 
designated within the Lekki Peninsula in the south
eastern axis of Lagos, southwest Nigeria. It is accessi
ble through both sea and land. It shares boundary with 
the Atlantic Ocean towards the south (Figure 1) and 
the Lekki Lagoon towards the north. It is bordered by 
5 km of coast line and stretches 50 km away from the 
centre of Lagos Metropolis. It is 70 km from the 
Murtala Mohammed International Airport (MMIA), 
10 km from the site of the proposed Lekki interna
tional airport and 50 km from the Apapa Port, the 
largest port in West Africa. The LFTZ covers an 
expanse of land which is about 16,500 hectares and is 
linked through excellent road networks to the Lekki- 
Epe Expressway, a major transportation route in Lagos 
State. The strategic location of the LFTZ provides easy 
access to Lagos, Nigeria’s commercial hub, and other 
major cities in the West African sub-region. Figure 2 
shows a typical settlement within the study location 
close to the shore of the Atlantic Ocean.

3. The geology of the area

The geology of Nigeria is shared in almost equal pro
portions between the crystalline and sedimentary 
rocks (Burke et al. 1976; Woakes et al. 1987). The 
crystalline rocks consist of the Precambrian basement 
complex found mainly in parts of southwest and north 
central Nigeria (Figure 3). The Precambrian basement 
rocks comprise the Migmatite-Gneiss Complex, the 
Schist Belts (biotite, schist, quartzite schist and mus
covite schists) and the Older Granites of the Early 
Proterozoic. The Younger granites which are predo
minantly magmatic rings of the Jurassic age are found 
mainly in Jos and parts of north-central Nigeria (Jones 
and Hockey 1964; Burke et al. 1976; Tijani 2023). The 
Sedimentary Basins (Figure 3), which include the 
Dahomey Basin, the Sokoto Basin, the Chad Basin, 
the Benue Trough, the Bida/Nupe Basin and the 
Niger Delta Basin are composed of sediment fill of 
the Cretaceous to Tertiary ages (Obaje 2009).

Some regions of southwest Nigeria fall within the 
Dahomey Basin in West Africa, which is 
a combination of inland/coastal/offshore basin that 
stretches from southeastern Ghana through Togo 
and the Republic of Benin to southwestern Nigeria to 
the Western margin of the Niger Delta Basin 
(Reyment 1965; Adegoke 1977). Lagos State lies on 
the eastern segment of the low-lying Dahomey Basin 
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in West Africa (Omatsola and Adegoke 1981). The 
base of the eastern Dahomey Basin consists of 

unfossiliferous sandstones and gravels obtained from 
the weathering of the underlying Precambrian base
ment. Overlying these are marine shales, sandstones 
and limestones from the Albian to Santonian ages 
deposited prior to the tectonic episode.

Lagos State is majorly littoral, low-lying and 
swampy, except for some areas inland. Several rivers 
in the southwest such as the Ogun, Osun, and, Yewa 
Rivers among others drain into the various Lagoons 
and creeks in Lagos such as the Lagos and Lekki 
lagoons, the Badagry creek etc (Awomeso et al.  
2011). Lekki peninsula in Lagos State belongs to the 
coastal plain sand formation which is made up of 
loose sediment ranging from silt, clay and fine to 
coarse grained sand (Figure 3). The uncovered litho
logical unit in the area comprises of poorly sorted 
sediments of sands with lenses of clay (Adegoke et al.  
1980; Longe et al. 1987). The sands are in part cross 
bedded and show transition to continental character
istics (Jones and Hockey 1964; Reyment 1965; 
Adegoke 1969).

4. Data acquisition and processing

The data acquisition map for the study depicted in 
Figure 4, shows the arrangement of the SPT points and 
VES stations along six traverses (TR1-TR6). For cross- 

Figure 2. Some views of the settlements within the study 
location and environs close to the Atlantic Ocean in Lekki, 
Lagos, Nigeria.

Figure 1. Google earth satellite image showing a 3D view of the study location and environs in Lekki, Lagos, Nigeria.
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Figure 4. Data acquisition map showing the six traverses consisting of 36 resistivity sounding (VES) stations and 18 boreholes (BH) 
and other features around the study location.

Figure 3. Geological map of Nigeria, Lagos State and Ibeju-Lekki. The study location the Lekki Free Trade Zone (LFTZ) within the 
Lekki peninsula falls within alluvial coastal deposit environment.

NRIAG JOURNAL OF ASTRONOMY AND GEOPHYSICS 55



correlation purpose so as to achieve a high level of 
confidence in the data analysis and interpretation, 36 
VES stations and 18 SPT/borehole points were strate
gically distributed along the six equally spaced tra
verses to make up the grid-format field configuration 
(Figure 4). TR1 and TR4 each consist of nine VES 
stations only, TR2 and TR5 consist of five boreholes 
and four VES points, while TR3 and TR6 has four 
borehole and five VES points. Table 1 gives the coor
dinates (latitude and longitude) of all the boreholes 
and VES survey locations.

5. Electrical resistivity data

The VES technique permits fast data acquisition 
through discrete sampling of the subsurface at dif
ferent depths along laid out profile lines (Ward  
1990). VES data was acquired through the deploy
ment of ABEM Terrameter SAS 1000 and its acces
sories. The surface position (x- and y-location) 
remains fixed, while the depth of the data point 
(z-position) varies during the survey. The 
Schlumberger configuration with four electrodes 
was employed, with two outer current electrodes 

Table 1. Coordinates (latitude and longitude) of all the boreholes and VES 
survey locations.

Traverse Borehole/VES Latitude Longitude

TR1 V1 6° 25’ 54.372’’ 3° 57’ 24.714’’
V5 6° 25’ 55.902’’ 3° 57’ 24.754’’
V9 6° 25’ 57.331’’ 3° 57’ 24.754’’

V13 6° 25’ 58.728’’ 3° 57’ 24.757’’
V17 6° 26’ 00.193’’ 3° 57’ 24.761’’
V21 6° 26’ 10.622’’ 3° 57’ 24.764’’
V25 6° 26’ 3.052’’ 3° 57’ 24.764’’
V29 6° 26’ 4.513’’ 3° 57’ 24.768’’
V33 6° 26’ 5.878’’ 3° 57’ 24.772’’

TR2 BH1 6° 25’ 54.444’’ 3° 57’ 22.741’’
V6 6° 25’ 55.873’’ 3° 57’ 22.813’’

BH5 6° 25’ 57.403’’ 3° 57’ 22.817’’
V14 6° 25’ 58.696’’ 3° 57’ 22.817’’
BH9 6° 26’ 0.161’’ 3° 57’ 22.788’’
V22 6° 26’ 1.626’’ 3° 57’ 22.756’’

BH13 6° 26’ 3.124’’ 3° 57’ 22.792’’
V30 6° 26’ 4.452’’ 3° 57’ 22.795’’

BH17 6° 26’ 5.950’’ 3° 57’ 22.763’’
TR3 V2 6° 25’ 54.412’’ 3° 57’ 20.837’’

BH3 6° 25’ 55.877’’ 3° 57’ 20.837’’
V10 6° 25’ 57.306’’ 3° 57’ 20.876’’
BH7 6° 25’ 58.735’’ 3° 57’ 20.844’’
V18 6° 26’ 0.164’’ 3° 57’ 20.848’’

BH11 6° 26’ 1.662’’ 3° 57’ 20.848’’
V26 6° 26’ 3.059’’ 3° 57’ 20.851’’

BH15 6° 26’ 4.520’’ 3° 57’ 20.855’’
V34 6° 26’ 5.885’’ 3° 57’ 20.858’’

TR4 V3 6° 25’ 54.415’’ 3° 57’ 18.929’’
V7 6° 25’ 55.880’’ 3° 57’ 18.932’’

V11 6° 25’ 57.310’’ 3° 57’ 18.900’’
V15 6° 25’ 58.739’’ 3° 57’ 18.940’’
V19 6° 26’ 0.168’’ 3° 57’ 18.907’’
V23 6° 26’ 1.633’’ 3° 57’ 18.943’’
V27 6° 26’ 3.062’’ 3° 57’ 18.947’’
V31 6° 26’ 4.492’’ 3° 57’ 18.914’’
V35 6° 26’ 5.888’’ 3° 57’ 18.918’’

TR5 BH1 6° 25’ 54.487’’ 3° 57’ 16.888’’
V6 6° 25’ 55.916’’ 3° 57’ 16.960’’

BH5 6° 25’ 57.346’’ 3° 57’ 16.895’’
V14 6° 25’ 58.742’’ 3° 57’ 16.895’’
BH9 6° 26’ 0.208’’ 3° 57’ 16.898’’
V22 6° 26’ 1.568’’ 3° 57’ 16.902’’

BH13 6° 26’ 3.066’’ 3° 57’ 16.906’’
V30 6° 26’ 4.427’’ 3° 57’ 16.906’’

BH17 6° 26’ 5.960’’ 3° 57’ 16.909’’
TR6 V4 6° 25’ 54.491’’ 3° 57’ 14.947’’

BH4 6° 25’ 55.956’’ 3° 57’ 14.951’’
V12 6° 25’ 57.317’’ 3° 57’ 14.987’’
BH8 6° 25’ 58.714’’ 3° 57’ 14.958’’
V20 6° 26’ 0.211’’ 3° 57’ 14.994’’

BH12 6° 26’ 1.673’’ 3° 57’ 14.962’’
V28 6° 26’ 3.001’’ 3° 57’ 14.965’’

BH16 6° 26’ 4.499’’ 3° 57’ 15.001’’
V36 6° 26’ 5.928’’ 3° 57’ 14.969’’
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(A and B) assigned for injecting current and the 
other two inner potential electrodes (M and N) for 
measuring voltage (Telford et al. 1976; Dobrin and 
Savit 1988; Kearey et al. 2002; Lowrie and Fichtner  
2020). The maximum current electrode spread (AB) 
and maximum potential electrode separation (MN) 
were 400 m and 14 m, respectively. The measuring 
system/equipment measures the apparent resistivity 
from a specific “focus” point which has specific x-, 
y- and z-coordinates. Thus, the apparent resistivity 
was determined at increasing depths by gradually 
extending the distance between the current electro
des while maintaining the centre of the four- 
electrode array unchanged.

Data processing was implemented with the use of 
WinGLinK software (SLB Inc.) for the initial filtering 
of data and visualisation. Apparent resistivity obtained 
by multiplying the point-by-point resistance with the 
corresponding geometric factor was plotted against half 
current electrode spacing. The filtered data were then 
imported into the WinResist software (Vander Velpen  
2004) for fast computer data iteration to obtain final 
layer resistivities and thicknesses. Samples of the resis
tivity curves from the WinResist software exported into 
the MATLAB 2020a programming software are pre
sented in Figure 5. The summary of results from VES 
interpretation (layer resistivities and thicknesses) was 
used to generate the geoelectric cross-sections at each 
VES location with the aid of ArcGIS software (ESRI 
Inc.) based on correlation with borehole data collected 
near the respective sounding stations.

6. SPT and borehole data

Standard Penetration Test (SPT) as an in-situ 
dynamic testing procedure is useful for the deter
mination and evaluation of geotechnical engineer
ing properties of subsurface soils at project sites 
(Parry 1978; Rogers 2009; Selvam et al. 2020). The 
relative densities of soils and the estimated shear 
strength parameters can be determined with this 
easy and affordable test. The SPT surveys is 
a repetitive procedure, which involves three opera
tions: drilling the hole, penetration testing and 
sampling. This test was carried out with Shell and 
Auger borehole drilling method at 18 locations 
arranged along four traverses TR2, TR3, TR5 and 
TR6 (Figure 4). Borehole data through collection of 
soil samples was also obtained simultaneously 
along with SPT investigation at desired sampling 
depth depending on the borehole environments. 
The N-values were recorded for every 1.5 m depth 
intervals to a depth of about 30 m. The soil type of 
different colour and grade were classified as either 
silty sand or sand. The interpreted results from 

SPT procedure are usually used to estimate the 
geotechnical engineering properties of soil and for 
correlation with the electrical resistivity variations 
of the various encountered lithologies.

7. Grain size, moisture content and specific 
gravity data

7.1. Grain size analysis

Reports that are now available indicate that in areas 
with stable temperatures, the distribution of particle 
sizes significantly influences the other geotechnical 
properties of soil (Gidigasu 1972). Therefore, an 
attempt was made to identify and classify subsoils at 
the study location via grain size analysis. Grain size 
analysis was conducted on the samples collected the 
borehole drilling process SPT investigation. Grain size 
distribution curves were obtained from the standard 
sieve analysis of samples. The soil samples were sha
ken through a series of sieves with progressively smal
ler apertures. Before the soil sample is put through the 

Figure 5. Samples of resistivity curve obtained after data 
processing.
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sieves, it is first dried in an oven with any lumps of soil 
broken up into little pieces. The soil sample was then 
fed through the stacked sieve “tower” in order to 
conduct the test, which involved piling a sequence of 
sieves with progressively smaller mesh sizes on top of 
one another. Consequently, the soil particles are dis
tributed as they are retained by the different sieves. 
Additionally, a pan was utilised to gather the particles 
that made it through the last sieve. The sizes of the 
opening used are 4.75, 2.36, 1.18, 0.60, 0.425, 0.3, 
0.212, 0.15 and 0.075 mm. Based on the range of the 
particle sizes (particle size distribution), soils can be 
classified in the generic categories such as clay, silt, 
sand (fine, medium, dense) and gravel (ASTM 2006; 
AASHTO 2012). Further categorisations are also pos
sible based on the analysis of the grain size distribution 
curves (Carter and Bentley 2016). The cumulative 
weight percentage of passing grain is plotted against 
the mesh size of the sieves, D, determined from the 
distribution curves (Figure 6). The coefficient of uni
formity, Cu, is the ratio of D60 to D10 as given in 
Equation (1), where D60 and D10 are the mesh sizes 
from which 60% and 10% (Hazen’s effective size) of 
the grains have passed, respectively (Bell 2007, 2016). 
The coefficient of gradation or curvature, Cc, is calcu
lated using Equation (2), where D30 is the mesh size in 
which 30% of the grain have passed (Bell 2013). 

7.2. Moisture content

The moisture content (water content) of soil is an 
indicator of the amount of water present in soil. It is 
the ratio of the mass of water contained in the pore 

spaces of soil to the solid mass of particles in that 
material, expressed as a percentage (Carter and 
Bentley 2016; ASTM 2019). The standard temperature 
of 110 ± 5°C was used to determine the mass of the 
sample. Soil moisture was removed by oven-drying the 
soil samples until the weight remains constant. The 
moisture content in percent (%) was computed using 
the values of the weight of the sample recorded before 
and after drying, respectively.

7.3. Specific gravity

The specific gravity of soils and rocks is a significant 
property in geomechanics and geotechnics (Federico 
et al. 2018). Specific gravity can be used to determine 
the proportion of different minerals in a soil sample 
and to classify soils for engineering purposes. 
However, specific gravity alone is not enough to clas
sify a soil, it is used in conjunction with other soil 
properties such as texture, consistency and mineralogy 
to classify a soil (Federico et al. 2018). The pycnometer 
technique was used for the estimation of the specific 
gravity of the collected soil samples. Known volume of 
dry soil samples were placed into the empty pycn
ometer, and then distilled water was added to fill the 
container. After removing all entrapped air bubbles, 
the pycnometer was weighed, and the weight of the 
sample and liquid together was determined. The pro
cess was then repeated with only the distilled water to 
obtain a reference weight, allowing for the calculation 
of the soil’s specific gravity values.

8. Results and discussion

8.1. Geoelectric cross-sections and boreholes

Geoelectric cross-sections (Figures 7–12) were created 
using ArcGIS software (ESRI Inc.) to show the lithologies 
that were inferred from the VES results through 

Figure 6. Grain-size distribution curve showing D10, D30, and D60 finer points respectively.
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correlation with borehole data. These cross-sections 
depict a less complex lithological succession with some 
geoelectric layers occurring more than once. The geo
electric section reveals a minimum of four geoelectrical 

layers (VES2, 3, 6–9, 11, 13, 15–17, 21–26, 28, 29, 31, 35, 
and 36) and a maximum of five geoelectrical layers 
(VES1, 4, 5, 10, 12, 14, 18–20, 27, 30, 32, and 34). At 
each of the 36 surveyed points, the layers sequence 

Figure 7. Geoelectric cross-sections obtained beneath TR1 comprising of only nine resistivity sounding stations – VES1, 5, 9, 13, 17, 
21, 25, 29 and 33.

Figure 8. Geologic cross-section obtained for TR2 comprising of four resistivity sounding stations VES8, 16, 24, 32 and boreholes 
BH2, 6, 10, 14, 18.

NRIAG JOURNAL OF ASTRONOMY AND GEOPHYSICS 59



consisting of topsoil, more than one silty sand and/or 
sand layers are identified. The topsoil, which constitutes 
the first layer across all the six traverses, is primarily 
made up of sand or silty sand mixed with organic matter 

and detritus, as evident in the low to medium resistivity 
values. The ranges of the topsoil resistivity and thickness 
are 45.6–206.3 Ωm and 0.4–2.0 m, respectively. Nearly 
all the VES stations have second and/or third layers 

Figure 10. Geoelectric cross-sections obtained beneath TR4 comprising of only nine resistivity sounding stations – VES3, 7, 11, 15, 
19, 23, 27, 31 and 35.

Figure 9. Geologic cross-section along TR3 comprising of four resistivity sounding stations VES8, 16, 24, 32 and boreholes BH2, 6, 
10, 14, 18.
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Figure 11. Geologic cross-section along TR5 comprising of four resistivity sounding stations VES8, 16, 24, 32 and boreholes BH2, 6, 
10, 14, 18.

Figure 12. Geologic cross-section along TR6 comprising of five resistivity sounding stations VES4, 12, 20, 28, 36 and 4 boreholes 
BH4, 8, 12, 16.

Table 2. Resistivity values assigned to lithologies.
S/N Resistivity (Ωm) Lithology

1 46–206 Topsoil (Silty sand/sand mixed with organic matter/debris)
2 <300 Silty sand
3 >300 Sand
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containing silty sand with resistivity less than 300 Ωm 
(Table 2) and depths ranging from 7.1 to 41.7 m. The 
sand medium with resistivity greater than 300 Ωm was 
encountered as the last layer in virtually across the 
traverses.

8.2. SPT and borehole interpretation

The extracted data from samples taken at depths 
from the boreholes shows fair correlation with the 
SPT N-values, which range from a minimum of 2 
to a maximum of 24, thus exhibiting a distinct 
increasing trend as depth increases. The variations 
in the subsurface conditions observed in borehole 
data could be due to the fact that some parts of 
the location were reclaimed by dredging of sand 
bodies from the nearby Atlantic Ocean. The SPT 
profiles for the 18 boreholes (Figures 13–16) 
clearly demonstrate an increase in density from 

the top of the boreholes to the base. The inter
calations of layers of very loose or loose grading 
silty sand, loose to medium dense grading silty 
sand, medium dense to dense grading sand, and 
dense grading sand are the main sequence from 
the top of boreholes to the base. Furthermore, low 
grade unconsolidated topsoil and silty sand are 
typically associated with low N-values between 2 
and 7, whereas more compact and competent sand 
subsoil encountered deeper into the subsurface 
strata is associated with comparatively high SPT- 
N values between 10 and 24.

8.3. Grain size, moisture content and specific 
gravity interpretation

Samples of the grain size distribution curves 
obtained by plotting the respective particle sizes 
against the percent finer are shown in Figure 17. 

Figure 13. Correlation of borehole data with SPT curve along TR2.
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The observed trend of these curves indicates that 
a high percentage of the particles in the soil aggre
gates have sizes that fall within specific ranges, 
indicating that the soils are either uniformly 
graded or narrowly graded. Table 3 displays the 

calculated values of the uniformity coefficient Cu 
and the coefficient of gradation Cc from Equations 
(1) and (2). Classification of soil quality is based 
on the values of Cu and Cc. If Cu is more than 6 
and Cc is between 1 and 3, sand is said to be well 

Figure 14. Correlation of borehole data with SPT curve along TR3.

NRIAG JOURNAL OF ASTRONOMY AND GEOPHYSICS 63



graded. Cu must be higher than 4 and Cc must be 
between 1 and 3 for gravel to be deemed properly 
graded. The calculated Cu and Cc values for the 
collected samples at different depths lie within the 
ranges 1.33–8.00 and 0.61–2.00 respectively. 
According to the Unified Soil Classification 
System, these values imply that the soil samples 
at the study location up to the investigated depth 
are mostly sandy and generally not well graded. 
They contain poorly graded sand grains with very 
few fine grains as observed on the distribution 
curves. The only exception is in BH2 at a depth 
of 7.50 m which has computed values Cu and Cc as 
8.00 and 2.00, respectively.

The moisture content of the soil samples col
lected from the drilled borehole increases fairly 
with depth (Table 3). These moderate values sug
gest that the water table in the area is close to the 

surface and can be linked to the proximity of the 
study location to the Atlantic Ocean and that the 
soils are moderately saturated and porous. Soil 
moisture content directly affects compaction con
ditions. Insufficient compaction due to improper 
moisture levels can result in unstable foundations 
and compromised structural integrity. The values 
of the specific gravity of the studied soils range 
from 2.60 to 2.78 and for most soils, the values are 
usually within the range 2.65–2.80. This shows 
that the effect of salinity is very minimal. Rahil 
et al. (2019) reported a decrease in the specific 
gravity values of clayey soils from three different 
locations in the Baghdad area at a depth about 1.5  
m below natural ground surface, as the salt con
tent increases. This decrement was attributed to 
the low specific gravity values of sodium salt 
(NaCl). Although specific gravity is not a direct 

Figure 15. Correlation of borehole data with SPT curve along TR5.
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measure of a soil’s strength, it is a significant 
physical characteristic that can reveal vital infor
mation about the characteristics and contents of 
a soil that ultimately influence strength. 

Construction and geotechnical engineers can use 
their knowledge of the link between specific grav
ity and other soil properties to design and con
struct structures above or within soil.

Figure 16. Correlation of borehole data with SPT curve along TR6.
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9. Conclusion

The integration of multiple subsoil characterisation 
techniques viz: SPT, electrical resistivity, borehole 
drilling, soil moisture content and specific gravity at 
Lekki Free Trade Zone, in Lekki Peninsula, Lagos 
peninsula has provided comprehensive data on the 
subsoil conditions vital for pre-construction consid
eration. Interpreted vertical electrical sounding data 
correlated with the borehole data revealed a less com
plex lithological sequence of a maximum of five geo
electric layers. The topsoil is composed of a mixture of 
sand/silty sand and organic matter/plant debris. as 
evident in the low to medium resistivity values 
45.6–206.3 Ωm at a maximum depth of 2.0 m. 
A succession of silty sand and sand layers of diverse 
grading underlie the topsoil to a depth of about 45 m. 
Silty sand with resistivity less than 300 Ωm was deli
neated as the prevalent soil type in the second and/or 
third strata at low depth except at few locations where 
it occurred at greater depth. The sand layers with 
resistivity greater than 300 Ωm was encountered as 
the last layer in virtually all the traverses..

SPT curves depict increasing soil density from the 
top of the boreholes to the base in agreement with 
increasing SPT N-values with depth. This observed 
trend actually represent a subsurface arrangement 
consisting of very loose/loose grading silty sand, 
loose/medium dense grading silty sand, medium 
dense/dense grading sand and dense grading sand as 
inferred from the boreholes. Low SPT N-values (2–7) 
are connected with low grade unconsolidated topsoil/ 
silty sand, while the relatively higher SPT N-values 
(10–24) correlate with the denser and more competent 
sand layers. Computed Cu (1.33–8.00) and Cc (0.610
–2.00) values from grain size analysis are signatures of 

soil samples that are majorly sandy and generally 
poorly graded. These values also reveal the soils are 
permeable and fairly saturated. Moisture content and 
specific gravity values of the analysed soil samples 
attest to the proximity of the study location to the 
Atlantic Ocean.

Observed trend of grain size distribution curves 
indicate that a higher percentage of certain soil aggre
gates which are either uniformly graded or narrowly 
graded. The calculated Cu and Cc values computed for 
the samples at the different depths lie within the ranges 
1.33–8.00 and 0.61–2.00, respectively. These values 
reveal that the soil samples up to the investigated 
depth are mostly poorly graded sand grains with very 
few fine grains. The only exception is at BH2 where Cu 
(8.00) and Cc (2.00) are quite higher at depth 7.50 m.

The moderate moisture content values of the 
soil samples (16.72–27.82) increase fairly with 
depth, which suggest that the water table in the 
study area is at shallow depth and is most likely 
associated with nearness to the Atlantic Ocean. 
Additionally, this also implies increasing soil com
paction down the boreholes. The specific gravity 
values of the studied soils range from 2.60 to 
2.78. This lie within the within the range of 
2.65–2.80 for most soils. Hence, salinity, which 
tends to decrease the specific gravity of soils, has 
negligible effect on subsoils at the study location. 
However, construction professionals need to rely 
on available data on other soil properties to ascer
tain soil strength at the location for proper design 
of foundations. Finally, comprehensive site investi
gation using appropriate geophysical subsurface 
method in conjunction with geotechnical and geo
logical subsoil characterisation is necessary in 
coastal locations, especially where land reclamation 

Figure 17. Some selected samples of the grain size distribution curves obtained by plotting the percent finer with the 
corresponding sieve sizes. Pattern of these curves typify soil aggregates with high proportion of the particles having sizes with 
narrow limits i.e. uniform soils or narrowly graded soils.
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Table 3. Summary of borehole lithology encountered with moisture content and specific gravity and computations from grain size 
analyses.

Borehole
Surface elevation 

(m)
Sampled depth 

(m)
Moisture 
content

Specific 
gravity

Uniformity 
coefficient Cu

Coefficient of 
gradation Cc

Lithology 
encountered

BH1 −2.00 0.75 17.21 2.60 2.22 0.61 Silty sand
6.00 19.20 2.64 2.00 0.72 Silty sand

12.75 22.10 2.70 2.22 0.61 Silty sand
22.50 25.20 2.78 4.00 0.90 Sand

BH2 −2.75 1.50 17.25 2.63 4.40 0.90 Silty sand
7.50 19.32 2.67 8.00 2.00 Sand

16.50 21.70 2.69 3.80 1.05 Silty sand
26.25 25.60 2.71 4.00 1.00 Sand

BH3 −3.00 4.50 18.89 2.65 4.00 0.81 Sand
9.00 19.45 2.68 4.00 1.00 Sand

18.75 22.10 2.72 4.44 0.91 Sand
30.00 4.00 0.81 Sand

BH4 −2.80 2.25 17.42 2.62 2.20 1.64 Silty sand
10.50 20.59 2.69 2.67 0.67 Sand
15.75 23.70 2.72 2.00 0.72 Sand
29.25 27.82 2.75 3.00 1.20 Sand

BH5 −2.90 0.25 17.21 2.61 2.10 1.02 Silty sand
9.75 19.50 2.68 2.11 0.59 Sand

14.25 22.25 2.71 3.00 0.75 Sand
23.25 24.70 2.75 4.00 1.00 Sand

BH6 −2.00 3.00 18.71 2.63 3.80 0.85 Silty sand
8.25 19.52 2.67 3.50 1.14 Sand

19.50 24.00 2.72 4.00 1.00 Silty sand
21.75 25.10 2.71 4.00 1.00 Sand

BH7 −0.1 5.25 18.90 2.64 3.33 1.48 Sand
9.75 19.62 2.68 4.00 1.00 Sand

17.25 24.20 2.71 2.20 1.64 Sand
24.75 26.50 2.72 2.67 0.67 Sand

BH8 −0.30 3.75 18.79 2.63 2.22 0.56 Silty sand
6.75 19.05 2.66 2.67 0.67 Sand

18.00 24.20 2.72 2.67 0.67 Silty sand
24.00 25.72 2.76 2.67 0.67 Sand

BH9 −0.10 1.50 18.20 2.64 2.22 0.56 Sand
11.25 21.21 2.70 3.80 1.05 Silty sand
15.00 22.50 2.69 3.00 0.75 Silty sand
27.00 26.50 2.78 4.00 1.00 Sand

BH10 −0.30 0.75 18.21 2.62 2.33 0.53 Silty sand
12.00 22.01 2.70 2.67 0.67 Sand
20.25 24.82 2.74 3.00 1.33 Sand
24.75 26.67 2.75 3.33 1.48 Sand

BH11 −1.70 2.25 18.51 2.60 2.00 1.13 Silty sand
8.25 19.54 2.71 3.80 1.05 Silty sand

13.50 22.31 2.65 4.30 0.93 Silty sand
25.50 25.40 2.74 2.22 0.56 Sand

BH12 −1.50 3.00 18.52 2.67 2.40 0.74 Silty sand
6.00 18.82 2.64 4.08 1.00 Silty sand

14.25 22.00 2.72 2.15 1.05 Silty sand
27.75 26.40 2.74 2.22 0.80 Sand

BH13 −1.80 4.50 18.97 2.59 3.00 1.20 Silty sand
7.50 19.29 2.65 2.78 0.54 Silty sand

18.00 24.43 2.70 3.33 0.92 Sand
28.50 26.21 2.73 3.00 1.33 Sand

BH14 −2.00m 0.25 16.92 2.63 2.10 1.07 Silty sand
9.00 19.48 2.69 2.90 1.38 Silty sand

18.75 22.91 2.73 3.90 1.03 Sand
21.00 23.67 2.71 5.00 0.80 Sand

BH15 −0.90 5.25 19.00 2.64 2.53 0.70 Silty sand
10.50 20.70 2.67 3.33 0.53 Silty sand
15.75 23.52 2.73 1.33 0.96 Silty sand
22.50 25.18 2.72 2.53 0.70 Silty sand

BH16 −1.00 6.75 19.46 2.63 2.53 0.70 Silty sand
12.00 22.01 2.69 2.53 0.70 Silty sand
19.50 24.00 2.73 2.53 0.70 Silty sand
30.00 26.90 2.78 2.53 0.70 Silty sand

BH17 −2.00 0.75 16.72 2.61 2.67 0.54 Silty sand
11.25 20.42 2.59 2.22 0.67 Sand & gravel
20.25 24.00 2.71 2.93 1.36 Sand & gravel
29.25 27.21 2.75 4.00 1.00 Silty sand

BH18 −1.50 0.75 17.02 2.58 2.22 0.67 Silty sand
8.25 19.43 2.63 3.80 1.05 Silty sand

15.00 23.51 2.74 2.11 0.59 Silty sand
25.50 26.23 2.70 2.53 0.70 Silty sand & gravel

NRIAG JOURNAL OF ASTRONOMY AND GEOPHYSICS 67



through soil dredging has been widely deployed. 
This would certainly assist in preventing the emer
gence of unstable foundations that are inimical to 
the integrity of structures.
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