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ABSTRACT
In the design of building structures, joint efforts must be decided to resolve the depth of competent layers across 

the intended site to safeguard the durability of civil engineering structures and to avert the disastrous consequences 
of structural failure and collapse. In this study, an integrated methodology that employed DC resistivity tomography 
involving 2-D and 3-D techniques and geotechnical-soil analysis was used to evaluate subsoil conditions for engineering 
site investigation at Okerenkoko primary school, in the Warri-southwest area of Delta State, to adduce the phenomena 
responsible for the visible cracks/structural failure observed in the buildings. The results obtained brought to light the 
geological structure beneath the subsurface, which consists of four geoelectric layers identified as topsoil, dry/lithified 
upper sandy layer, wet sand (water-saturated) and peat/clay/sandy clayey soil (highly water-saturated). The deeply-seated 
peat/clay materials (ρ ≤ 20 Ωm) were delineated in the study area to the depths of 17.1 m and 19.8 m from 2-D and 3-D 
tomography respectively. 3-D images presented as horizontal depth slices revealed the dominance of very low resistivity 
materials i.e. peat/clay/sandy clay within the fourth, fifth and sixth layers at depths ranging from 8.68-12.5 m, 12.5-
16.9 m and 16.9-21.9 m respectively. The dominance of mechanically unstable peat/clay/sandy clay layers beneath the 
subsurface, which are highly mobile in response to volumetric changes, is responsible for the noticeable cracks/failure 
detected on structures within the study site. These observations were validated by a geotechnical test of soil samples in 
the study area. Atterberg’s limits of the samples revealed plasticity indices of zero. Thus, the soil samples within the depth 
analyzed were representatives of sandy soil that does not possess any plasticity. The methods justifiably provided relevant 
information on the subsurface geology beneath the study site and should be appropriated as major tools for engineering 
site assessment/geotechnical projects.
Keywords: 2D and 3D resistivity tomography; Engineering site/structure; Atterberg limits; Orthogonal lines; Radar 
sounding
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1. Introduction
An ample evaluation of geologic and geotechni-

cal subsurface conditions in an intended engineering 
site is critical for the secure design of building struc-
tures, to avert the disastrous consequences of struc-
tural failure and collapse prevalent of late. In subsoil 
evaluation, joint efforts must be decided to resolve 
the depth to competent layers across the intended 
site, to safeguard the durability of civil engineering 
structures i.e. buildings, bridges, roads and other 
infrastructures [1,2]. On the 1st of November 2021, 
it was reported that a 21-storey building on Gerard 
Road, Ikoyi, Lagos State collapsed killing many 
people, due to lack of quality assurance/control, poor 
management of the project and negligence by agen-
cies responsible for approval and supervision of the 
building project [3]. Premium Times report [3], also 
stated that the building’s density and impediment 
on the site displayed gross negligence of the Lagos 
State building moderations.

Over 50 percent of all building/structural failures 
in developing countries like Nigeria can be allied to 
geologic and geotechnical problems, in accordance 
with the information provided by Chendo and Obi [4].  
The geologic and geotechnical problems cover a 
wide spectrum from foundation defects caused by 
poor investigation of the nature/type of soils in the 
area to the subsurface geology. Areas such as coastal 
environments, swamp belts and flood plains might 
have experienced differential sedimentation of di-
verse organic matters and sediments. These domains 
are inherently overflowing due to the existence of 
impermeable soil layer-mostly clay, resulting in the 
habitation of mechanically unstable peat material 
(moderately decomposed organic substance) may be 
imminent [5] as cited in Ayolabi et al. [6].

In evaluating subsoil conditions in an engineering 
site, the electrical resistivity method, plays a decisive 
role in the detection of subsoil properties for engi-
neering site probing. Two-dimensional (2-D) geoe-
lectrical resistivity tomography (ERT) is a familiar 
geophysical imaging technique extensively utilized 
in environmental and civil engineering investiga-
tions [6,7]. The 2-D ERT technique fits the image of 

both lateral and vertical contrast in ground resistivity 
measured using electrodes implanted on the surface 
of the earth [8]. The 2-D resistivity model from a 2-D 
ERT dataset affords an improved approximation of 
the subsurface model of the earth [9].

Nevertheless, images resulting from 2-D elec-
trical resistivity surveys often produce misleading 
subsurface features, due to out-of-plane variation in 
apparent resistivity anomaly in magnitude and loca-
tion [10] as cited in Eze et al. [9]. These inaccuracies 
frequently arise because the basic presumption of 
two dimensions for geological features is only an ap-
proximation. In reality, geological features/structures 
known in environmental/near surface research are 
intrinsically three-dimensional (3-D) in the attribute. 
Therefore, these spurious effects oftentimes lead to 
errors in the interpretation of 2-D ERT data.

In environmental investigations, where the sub-
surface geology is frequently complex, subtle and 
multi-scaled, the objections with 2-D ERT in precisely 
gauging geometrically complex structures notably in 
a deeply heterogeneous geologic environment without 
misconception necessitated the demand for 3-D resis-
tivity imaging which is a more accurate model of the 
subsurface as reported in the literature [11-15].

In three-dimensional (3-D) resistivity imaging 
the apparent resistivity magnitudes are recognized 
to fluctuate in all three directions (vertical, lateral 
and perpendicular). Therefore, 3-D geoelectrical re-
sistivity imaging with a 3-D model of interpretation 
should in theory accord a superior interpretation as 
noted by Loke [16].

Another extensive expression of 3-D resistivity 
tomography is the capability to array a 3-D resistiv-
ity model of the subsurface. A 3-D apparent resis-
tivity volume can be realized and shown in horizon-
tal-depth slices and vertical cross-sectional cuts next 
to volume rendering. Cross-sectional cuts have the 
improvement that values of the apparent resistivity 
in each cell are displayed in all directions (x-y, y-z 
and x-z planes). From the preceding, the dominance 
of 3-D ERT to 2-D ERT in detailing complex hetero-
geneous geological environments cannot be overem-
phasized, and has been validated in the reports [6,9,13].
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The study area ‘Okerenkoko primary school’ 
located in Okerenkoko community in Gbaramatu 
Kingdom, Warri-south local government area of 
Delta State, was reported to be suffering from poor 
maintenance and negligence over a long period of 
time which has resulted in visible cracks observed 
in the classroom walls, failure/subsidence and di-
lapidated buildings (Figure 1a-1c). The degree of 
damage observed in the school building ranges from 
moderate to severe risk category according to Bos-
carding and Cording’s [17] building damage classifi-
cation. If nothing is done in addressing the situation, 
these are warning signs of instability/structural fail-
ure that will result in differential settlement of the 
dilapidated/failed buildings which causes geoenvi-
ronmental hazards. It was this extremity that necessi-
tated the adoption of an integrated methodology that 
employed DC resistivity tomography involving 2-D, 
3-D techniques and 1-D VES soundings supported 
with geotechnical-soil analysis to evaluate the geo-
logic and geotechnical conditions of the subsurface 
soil and to adduce the phenomena responsible for the 
structural failure’s observed in the school buildings.

In this paper, an orthogonal set of ten (10) 2-D re-
sistivity imaging data all-inclusive of five (5) parallel 
and five (5) perpendicular traverses were obtained 
within the school premises (Figure 1). The survey 
was guided, with the objective of assessing the ap-
propriateness of the site for building construction 
and defining the subsurface geology characteristics 
beneath the area.

2. Geological setting of the study 
area and hydrogeology

Okerenkoko community is based in the Gbara-
matu Kingdom in the Warri-south local government 
area of Delta State (Ijaw-ethnic group). The com-
munity is positioned between latitude 05°37’39.22” 

to 05°37’10.12” N and longitude 005°23’30.64” to 
005°23’08.79” E. It is stationed within the coastal 
creeks between the Benin River and the Escravos 
River (Figure 2) that links Warri and Escravos. Veg-
etation is defined by mangrove forests and rainfor-
ests. The Mangrove swamps are low, generally less 

than about 5 m above sea level.

Figure 1(a-c). Physical condition of the study site (Okerenkoko 
primary school in Okerenkoko community) as at the time of this 
study showing the survey location, cracks and dilapidated buildings.

The permanent campus of Nigeria Maritime Uni-
versity is based in this community. Warri Southwest 
local government is home to the Delta State’s Itekiri 
and Ijaw ethnic groups.

The geology of the Warri-South Okerenkoko re-
gion is located in the Niger Delta, and the geology of 
the region has been examined by many scholars such 
as Asseez [19]; Reyment [20]; Short and Stauble [21]. The 
stratigraphic layers of the Niger Delta include the 
Akata, Agbada and Benin Formations. Typical sec-
tions of these formations are briefed in other reports 
such as Short and Stauble [21]; Doust and Omatsola [22]; 
Kulke [23]. The Akata Formation is principally com-
posed of marine shale with sandy and silty beds laid 
down in turbidities and continental slope channel 
fills, about 7000 m in thickness, serves as the source 
rock [22]. The Upper Agbada Formation is an array of 
sandstone and shale deposits [24]. It rests mainly on 
sand in the upper part alongside limited amount of 
shale, and contains shale predominantly in the lower 
part. Over 3,700 m thick, Benin`s upper layers are 
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enclosed in divers’ places with thin layers of laterite 
of varying thickness, still, are also uncovered bor-
dering the coast. The Somebreiro-Warri Deltaic sand 
is Quaternary to Recent in maturity and precisely 
underlies the study area. The dominant aquifer entity 
in the area falls inside the sands of the upper deltaic 
top lithofacies [25]. The water table in the study area 

(the first occurrence of groundwater) is estimated to 
lie between 4 m to 5 m beneath [26].

In general, sedimentary rocks are taken into con-
sideration to be good aquifers due to their excessive 
porosity and permeability which arbitrates the hydro-
geological settings of the rocks relative to its texture 
and mineralogy.

Figure 2. Geological map of the Niger Delta region showing the areal dispersal of mangrove swamps and the Benin Formation.

Source: Adapted from Nigeria Geological Survey Agency, NGSA [18].

3. Methodology
The research methods employed in carrying out 

this study are geophysical field measurement involv-
ing 2-D and 1-D geoelectrical resistivity surveys and 
geotechnical-soil analysis.

3.1 2-D electrical resistivity tomography (ERT) 
and 1-D vertical electrical sounding (VES)

In this study, 2-D electrical resistivity tomogra-
phy data all-inclusive of five (5) parallel and five (5) 
vertical traverses were measured using a PASI-16GL 
ground resistivity meter, adopting the conventional 
Wenner technique (Wenner alpha), on a rectangular 
grid of 100 × 80 m2 in the school premises. Thus, a 
total of ten (10) 2-D resistivity profiles (data density) 
were acquired in the study site for a reliable subsoil/
geotechnical investigation beneath the school prem-
ises. In the Y-direction, 2-D profiles, Ly1 to Ly6 

were established and in the X-direction, 2-D pro-
files, Lx1 to Lx5) were also established as shown in 
the base map in Figure 3. Inter-traverse spacing in  
the -Y and -X directions is 25 m and 20 m, respec-
tively (Figure 3). The 2-D Wenner technique was 
adopted for this study because it has remarkable depth 
sensitivity, and because the Wenner array excels at 
resolving vertical variations in subsurface resistivity 
(horizontal structures) [8]. The electrode spacing used 
was 5 m in the -Y and -X directions. In the Y-direc-
tion (80 m length) with an electrode spacing of 5 m, 
a total of 16 electrode positions from 0 to 80 m are 
occupied by each traverse line, and in the X-direction 
(100 m length) with an electrode spacing of 5 m, a 
total of 21 electrode positions from 0 to 100 m are 
occupied by each traverse line. A total of thirteen (13) 
vertical electrical soundings were radially run at two 
positions in the grid adopting the regular Schlum-
berger method, with half-electrode spacing (AB/2) 
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varying from 1 m to 200 m. The Vertical Electrical 
Soundings (VES) involved radial sounding at directions 
0°(N-S), 60°(NE-SW), 90°(E-W) and 120°(NW-SE) 
at positions 1 and position 2 respectively. The vertical 
electrical soundings (VES 1-13) are acquired to provide 
subsurface 1-D stratigraphic information to aggregate 
the 2-D imagery and are performed radially to establish 
the potential direction of groundwater flow and guide 
future groundwater practice at the site.

3.2 3-D electrical resistivity tomography (ERT)

To establish a good description of the study site 
and to minimize the errors arising from the assump-
tion of two-dimensional geometry for geological 
features, a 3-D resistivity interpretation model that 
gives the maximum detailed results as opined by 
Loke [27] was simulated adopting the orthogonal set 
of measured 2-D apparent resistivity data. The pres-
ent-day survey cost for 3-D resistivity surveys is 
equivalently higher than 2-D surveys [27]. Therefore, 
a comparison of an orthogonal set of 2-D traverse 
lines was used to generate the three-dimensional (3-
D) apparent resistivity data used in this study.

3.3 Geophysical data processing and inversion

The VES data were analyzed by manual curve 
fitting to establish a resistivity model curve, that was 
further curve fitted to the standard curve and result-
ing layer parameters were entered into the Win-Re-
sist computer program [28] and inverted to realize the 
geoelectric parameters (the layer resistivity, depth 
and thickness) of the site. In addition, vertical elec-
trical soundings were made radially along different 
azimuthal angles for a given ‘AB/2’ interval, so we 
plotted this to create a polar diagram. For isotropic 
and uniform strata, this polar diagram is expected to 
be circular. However, the aberration from the circle 
to the eclipse indicates an anisotropic nature of the 
subsurface [29,30] and the possible direction of ground-
water flow was inferred from the dominant trend in 
the polar diagram. The 2-D apparent resistivity data 
were inverted using the ‘Earth Imager 2D program’ 
to generate a 2-D resistivity-depth structure.

To perform 3-D inversion, we assembled the en-
tire orthogonal set of 2-D traverses (that is, in the Y 
and X directions) into an exclusive 3-D dataset that 
can be viewed by a standard 3D resistivity inversion 
software [13,31] using the RES2DINV comparison 
code. The 3-D apparent resistivity dataset was in-
verted by applying Earth Imager 3D software and 
RES3DINV software. Using the Earth Imager 3D 
software, the entire 3-D dataset was inverted as a 
block to generate an exclusive three-dimensional 
resistivity image beneath the subsurface. The RES-
3DINV software program uses a process established 
on smoothing constrained least squares inversion 
technique [9,32,33] to extract horizontal depth slices in 
the x-y plane and vertical slices in the x-z and y-z 
planes from the realized 3-D volume.

3.4 Geotechnical-soil evaluation

A geophysical inversion solution generates a model 
that should fit the local geology, geophysical field data 
and be interpretable. However, the principal problem 
with geophysical inversion is the non-uniqueness prob-
lem and one way to minimize this ambiguity is the use 
of additional data to constrain geophysical inversion 
solutions [34]. In this study, the accuracy of our geophys-
ical ERT survey was insufficient to completely satisfy 
the geotechnical exploration requirements; therefore, 
our geophysical survey was constrained by the results 
of soil samples collected from three (3) holes on the 
site (Okerenkoko primary school) as shown on the base 
map (Figure 3). The holes were drilled along traverse 
1 (Lx1), traverse 2 (Ly1) and at the center of the grid 
(Figure 3) after the time of this field survey and were 
confined within the first 8.0 m of each of the three trav-
erses. Soils intended to support engineering structures, 
pavements, or other loads must be evaluated to predict 
their behavior under applied loads and variable mois-
ture conditions. In subsoil evaluation, the water content 
of the soil is very critical to grading its engineering 
properties. The water content at which soil changes 
from one state to the other is known as the consistency 
limit, or Atterberg’s limit [35]. The Atterberg limits are an 
important measure of the critical water content of fine-
grained soils: Its shrinkage limit, plastic limit and liquid 
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limit. Depending on the water content, soil can be in 
one of four states: Solids, semi-solids, plastics, liquids. 
Each state has different soil consistency and behavior, 
and therefore different geotechnical properties [35,36].

 (m)

Ly Profiles

Lx Profiles

Figure 3. Data acquisition map showing the 2-D resistivity 
survey grid lines, VES points and Boreholes occupied in the 
study site (Okerenkoko primary school, Warri-south, Delta State, 
Nigeria).

The shrinkage limit (SL) is the amount of water 
above which loss of water does not reduce the sam-
ple volume. The plasticity limit (PL) is the amount 
of water at which a plastic transitions to a semi-solid 
state, while the liquid limit (LL) is the amount of wa-
ter at which the soil goes from a plastic state to a liq-
uid state if the soil sample is sufficiently liquid [35,36].  
Shrinkage limits are used much less frequently than 
liquid and plastic limits. The practical importance of 
the liquid-plastic boundary lies in its ability to reflect 
the types and amounts of clay minerals present in 
fine fractions. High values of liquid limit and plas-
ticity index indicate that the soil has high clay and 
colloidal size of active minerals and that such soil 
has a poor base for bearing capacity [37].

In this study, soil samples for geotechnical testing 
were collected in plastic bags and sent to the Soil 
Research Laboratory at the Department of Earth 
Sciences, Federal University of Petroleum Resourc-
es, Effurun (FUPRE) for analysis. The samples were 
air-dried and ground into small pieces. The ground 
sample was then sieved by him through a 4.25 mm 

aperture. Moisten the sieved soil with a normal con-
centration of tap water (pH = 7.2), seal the moistened 
soil in a plastic bag and store for 3 days to meet the 
British Standard [38].

Fundamental tests performed on soil samples in-
clude methods to determine the liquid limit, plastic 
limit, and plasticity index. These were carried out 
according to standard practice [38]. The boundary 
between liquid and plasticity in the soil is called the 
Atterberg limit.

In each case, the basic requirement is the determi-
nation of the water content or moisture content (Wc) 
of the soil samples at a different number of blows or 
drops (N).

In each case, the water content (Wc) for each 
blow was determined using the formula:

� (1)

For soil sample-1 collected from the borehole 
(BH-1) the number of blows/drops used was 6, 14 
and 34 blows and water content was determined for 
each blow respectively. In soil sample-2 collected 
from the borehole (BH-2) the number of blows/drops 
used was 13, 23 and 54 blows and water content was 
determined for each blow while in soil sample-3 col-
lected at borehole (BH-3) the number of blows/drops 
used was 18, 23 and 30 blows respectively and water 
content were determined for each blow.

For liquid limit determination we plotted the wa-
ter content (Wc) values against the corresponding 
number of drops, N, on a semilogarithmic graph with 
water content on the arithmetical/linear scale, and 
the number of drops on the logarithmic scale. A best-
fit straight line was drawn through the plotted points. 
The water content corresponding to the intersection 
of the line with 25 (N) drops on the logarithmic axis 
was read as the liquid limit, LL, of the soil in each 
sample. The plastic limit was also determined using 
the procedure and data required for plastic limit de-
termination which involves the determination of the 
water content in the soil sample after oven drying for 
a number of trials. The plastic limit was taken as the 
average moisture content for the number of trails. In 
each case the plasticity index (Ip) of the soil samples 
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was determined by finding the difference between 
the liquid and plastic limits as shown below:
Ip=LL-PL� (2)

After determining the liquid limit and plastic lim-
it (Atterberg’s limit) of the soil samples, the soil type 
was classified using the Burmister [39] scheme shown 
in Table 1.
Table 1. Plasticity Indices and Corresponding States of Plasticity 
(after Burmister [39]).

Soil type Plastic limit State of Plastic
1 0 Non-Plastic
2 1-5 Slight
3 5-10 Low
4 10-20 Medium

5 20-40 High

6 >40 Very High

4. Results and discussion

4.1 Vertical electrical sounding (VES)

In a nutshell, the VES model values realized from 
1-D resistivity inversion are presented in Table 2. 
The iteration outcome of 1-D inversion for VES 1-6 
only shows the sounding curves, inverted layer vari-
ables and root mean square (RMS) error depicted in 
Figure 4a-4f. A low RMS error in the order of 6.6%, 
2.4%, 2.2%, 2.7%, 3.6%, 2.6%, 3.1%, 2.1%, 2.2%, 
2.5%, 2.5%, 2.9%, and 2.8% was actualized in the 
1-D inversion of VES 1, 2, 3... to 13 respectively (as 
shown in Table 2). These low RMS errors endorse 
the accuracy of the VES model resistivity values. 
Interpretation of VES data brought to light four 
geoelectric layers within the subsurface classified as 
topsoil, dry sand, wet sand and peat/clay/sandy clay 
(Table 2). From the layer parameters and inferred 
lithology shown in Table 2, the subsurface is princi-
pally sandy in lithology with varying degrees of wa-
ter saturation. Dry/consolidated sand (ρ between 600 
Ωm to ρ ≥ 1000 Ωm) was observed predominantly at 
the second geoelectric layers from a depth range of 
2.9 m to 10.4 m from VES 1 to 13 (Table 2). In Ta-
ble 2, it was observed that wet sand (ρ < 200 Ωm), 
Peat/clay (ρ ≤ 20 Ωm) and Sandy clay (ρ between  

20 Ωm to 50 Ωm and below 90 Ωm), were predom-
inant at the third and fourth layers at a depth range 
of 9.9 m to 27.8 m and beyond 30.0 m respectively. 
The presence of mechanically weak/unstable Peat/
clay/Sandy clay layers at the third and fourth layers 
at profound depths within the near surface (27.8 m to 
30.0 m) apparently shows that the subsurface layers 
at these depths are weak and not suitable for engi-
neering structures. Although, the dry/consolidated 
sandy layer observed within the second geoelectric 
layer is competent as a foundation base for building 
structures [40], the underlying layers of weak and 
mechanically unstable peat/clay/sandy clay make it 
vulnerable to failure. In general, clay soils exhibit 
unfavorable geotechnical properties (when satura-
tion), due to their low strength, high compressibility 
and high level of volumetric changes which cause 
negative defects in engineering structures. This ex-
plains the visible cracks/subsidence observed in the 
buildings at the primary school. The second-layer, 
third-layer and fourth-layer resistivity maps for VES 
1 to 13, are shown in Figure 5a-5c. The maps show 
resistivity variation within the second layers at a 
depth ranging from 2.90 m to 10.40 m (Table 2), 
third layers at a depth ranging from 9.60 m to 27.80 
m (Table 2) and fourth layers at a depth beyond 30.0 
m. In general, resistivity in sedimentary rocks is 
influenced by porosity [41], void space, degree of sort-
ing and grain size assessment [42].

For this reason, within each layer, groundwater 
flows from higher resistivity zones (with low poros-
ity) to lower resistivity zones (with high porosity). 
This implies that within a layer, areas that are less re-
sistive tend to be more saturated due to high porosity 
and will have higher water saturation than areas with 
high resistivity (as indicated in Figure 5a-5c). From 
the second layer resistivity map, it was observed that 
high water saturation within this layer (depth ranged 
from 2.9 m to 10.4 m) was predominant in the north-
eastern and northwestern parts of the site due to low 
resistivity values (100-700 Ωm) as shown in Figure 
5a, third layer resistivity map (depth ranged from 
9.6 m to 27.8 m) showed high water saturation in the 
northeastern and western parts of the site, but pre-
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dominant in the northeast part with very low resistiv-
ity values (40-120 Ωm) as shown in Figure 5b. The 
fourth layer resistivity map showed very high water 
saturation predominant within this layer (at depth be-
yond 30 m) as indicated in Figure 5c. In Figure 5a-
5c it was observed that the degree of water saturation 
in the study site apparently increased with respect to 
depth, with the fourth geoelectric layer map (Figure 
5c) showing more zones with a high water saturation 
than the overlying third and second layers (Figure 
5a-5b). This observation shows that the subsurface 
geological structure of the site contains materials 
with high water content which affects their strength 
and volumetric properties. These findings reflect the 
dominance of non-competent materials in the study 
area. The anisotropy polygon based on the radial 
VES survey is shown in Figure 6a-6b. The dominant 
resistivity trends (as indicated) show that the flow di-
rection of water is comparable to that depicted in the 
layer resistivity maps in Figure 5a-5c.

4.2 2-D electrical resistivity tomography (ERT)

The outcomes from 2-D ERT for the ten (10) trav-
erses are shown in Figure 7a-7j. The 2-D resistivi-
ty-depth sections were labeled according to the traverse 
line directions (-X and -Y) occupied within the 3-D grid 
as shown in the data acquisition base map (Figure 3). 
In the (-X) direction the 2-D lines were 100 m in length 
and labeled as (Lx1, Lx2, Lx3, Lx4 and Lx5) while in 
the (-Y) direction the 2-D lines were 80 m in length and 
labeled as (Ly1, Ly2, Ly3, Ly4 and Ly5). In either case, 
the subsurface resistivity structure was imaged to rea-
sonable depths suitable for precise assessment of its 
suitability for engineering practice. Correlating the 2-D 
resistivity interpretation with resistivity values realized 
from 1-D inversion (VES survey), it is symbolic of 
sand lithology with alternating degrees in water con-
tent. The 2-D resistivity section for line Lx1 (Traverse 
1) with resistivity ranging from 3.7-1113 Ωm is shown 
in Figure 7a. A high resistivity structure (267- 
1113 Ωm) was observed at depth of 0 to 8.2 m within 
the subsurface at an electrode position of 0-100 m 
and indicative of a dry sand layer which was inter-
preted as the zone of better consolidation favorable 

for the construction of building structures. At depths 
between 8.6 m to 17.1 m, a very low resistivity vari-
ation of 3.7-64 Ωm was observed which is symbolic 
of peat/clay/sandy clay layers, not suitable for engi-
neering practice (Figure 7a). The 2-D resistivity 
section for line Lx2 (Traverse 5) with resistivity 
ranging from 1.0-10,000 Ωm is shown in Figure 7b. 
A high resistivity structure (1000-10000 Ωm) was 
observed at depths of 0 to 8.6 m, 1-8.6 m and 0-10.0 
m at electrode positions of 5-25 m, 30-60 m and 65-
100 m respectively along this traverse. This resistivi-
ty value is symbolic of dry sands with little or no 
water content, which was interpreted as the zone of 
better consolidation favorable for engineering prac-
tice. At depth between 12.8 m to 17.1 m and 6.0 m to 
17.1 m at an electrode position of 15-95 m, a very 
low resistivity variation of 1.0-10 Ωm was observed, 
which is symbolic to peat/clay layers, not suitable 
for engineering practice (Figure 7b). Between the 
consolidated layer and peat/clay layer moderate re-
sistivity structure (100 Ωm) was observed sand-
wiched between these layers and is indicative of wet 
sand. The 2-D resistivity section for line Lx3 (Trav-
erse 6) with resistivity ranging from 2.9-10,000 Ωm 
is shown in Figure 7c. A high resistivity structure 
(1302-10000 Ωm) was observed at depth of 0 to 6.0 
m at electrode position of 0-100 m along this trav-
erse. This resistivity value is symbolic of dry sands 
with little or no water content, which was interpreted 
as the zone of better consolidation favorable for en-
gineering practice. At depths between 4.3 m to 8.6 m 
and 8.6 m to 17.1 m, moderate (170 Ωm) and very 
low (2.9-22.1 Ωm) resistivity structures were ob-
served which are symbolic of wet sand and peat/clay 
layers, respectively (Figure 7c). These layers were 
assessed to be weak and not suitable for engineering 
practice. The 2-D resistivity section for line Lx4 
(Traverse 7) with resistivity ranging from 1.6- 
7510 Ωm is shown in Figure 7d. A high resistivity 
structure (909-7510 Ωm) was observed at depth of 0 
to 8.6 m at electrode positions of 0-85 m and 90- 
100 m along this traverse. This resistivity value is 
symbolic of dry sands with little or no water content, 
which was interpreted as the zone of better consoli-
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dation favorable for engineering practice. At depths 
between 5.0 m to 6.0 m and 6.0 m to 17.1 m, moder-
ate (110 Ωm) and very low (1.6-13.3 Ωm) resistivity 
structures were observed which are symbolic of wet 
sand and peat/clay layers, respectively (Figure 7d). 
These layers were also assessed to be weak and not 
suitable for engineering practice. The 2-D resistivity 
section for line Lx5 (Traverse 3) with resistivity 
ranging from 27.8-1758 Ωm is shown in Figure 7e. 
A high resistivity structure (624-1758 Ωm) was ob-
served at depth of 0 to 9.0 m at an electrode position 
of 0-100 m along this traverse. This resistivity value 
is symbolic to dry sands with little or no water con-
tent, which was interpreted as the zone of better con-
solidation favorable for engineering practice. At 
depths between 9.0 m to 13.0 m and 13.0 m to 17.1 
m, moderate (221 Ωm) and very low (27.8-78 Ωm) 
resistivity structures were observed which are sym-
bolic of wet sand and peat/clay/sandy clay layers, re-
spectively (Figure 7e). These layers were also as-
sessed to be weak and not suitable for engineering 
practice. The 2-D resistivity section for line Ly1 
(Traverse 2) with resistivity ranging from 38.9- 
1584 Ωm is shown in Figure 7f. A high resistivity 
structure (627-1584 Ωm) was observed at depth of 0 
to 7.0 m at an electrode position of 0-55 m and a 
depth of 0 to 6.0 m at electrode position of 68-75 m 
along this traverse. This resistivity value is symbolic 
to dry sands with little or no water content, which 
was interpreted as the zone of better consolidation 
favorable for engineering practice. At depths be-
tween 7.1 m to 8.6 m and 8.6 m to 14.3 m, moderate 
(248 Ωm) and low (38.9-98.0 Ωm) resistivity struc-
tures were observed, which is symbolic of wet sand 
and peat/clay/sandy clay layers, respectively (Figure 
7f). These layers were assessed to be weak and not 
suitable for engineering practice. The 2-D resistivity 
section for line Ly2 (Traverse 8) with resistivity 
ranging from 21.5-9716 Ωm is shown in Figure 7g. 
A very high resistivity structure (2106-9716 Ωm) 
was observed at depths of 0 to 5.0 m, 0-4.8 m and 
0-7.1 m at electrode positions of 5-15 m, 30-52 m, 
55-65 m and 67-75 m respectively along this trav-
erse. This resistivity value is symbolic of dry sands 

with little or no water content, which was interpreted 
as the zone of better consolidation favorable for en-
gineering practice. At depths between 0-7.1 m and 
7.1 m to 14.3 m, moderate (457 Ωm) and low (21.5-
99.0 Ωm) resistivity structures were observed which 
is symbolic of wet sand and peat/clay/sandy clay 
layers, respectively (Figure 7g). These layers were 
also assessed to be weak and not suitable for engi-
neering practice. The 2-D resistivity section for line 
Ly3 (Traverse 9) with resistivity ranging from 7.9-
4871 Ωm is shown in Figure 7h. A high resistivity 
structure (977-4871 Ωm) was observed at depth of 0 
to 6.5 m at an electrode position of 5-80 m along this 
traverse. This resistivity value is indicative of dry 
sands with little or no water content, which was in-
terpreted as the zone of better consolidation favora-
ble for engineering practice. At depths between 6.5-
8.0 m and 8.0 m to 14.3 m, moderate (196 Ωm) and 
low (7.9-39.3 Ωm) resistivity structures were ob-
served, which is symbolic of wet sand and peat/clay/
sandy clay layers, respectively (Figure 7h). These 
layers were also assessed to be weak and not suitable 
for engineering practice. The 2-D resistivity section 
for line Ly4 (Traverse 10) with resistivity ranging 
from 6.1-6442 Ωm is shown in Figure 7i. A very 
high resistivity structure (1130-6442 Ωm) was ob-
served at depth of 0 to 7.1 m of the subsurface at an 
electrode position of 5-80 m along this traverse. This 
resistivity value is symbolic of dry sands with little 
or no water content which was interpreted as the 
zone of better consolidation favorable for engineer-
ing practice. At the near surface (< 5 m) at an elec-
trode position of 0-5 m, a low resistivity structure 
was observed (Figure 7i). At depths between 7.1 m 
to less than 10 m and 9.0 m to 14.3 m, moderate  
(198 Ωm) and low (6.1-34.8 Ωm) resistivity struc-
tures were observed which are symbolic of wet sand 
and peat/clay/sandy clay layers, respectively (Figure 
7i), which are weak and not suitable for engineering 
practice. The 2-D resistivity section for line Ly5 
(Traverse 4) with resistivity ranging from 2.5- 
9934 Ωm is shown in Figure 7j. A high resistivity 
structure (1249-9934 Ωm) was observed at depth of 
0.9 m to 7.1 m at electrode positions of 5-12 m, 0- 
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6.0 m at electrode positions of 20-25 m, 28-35 m, 
37-40 m and 55-75 m respectively along this trav-
erse. This resistivity value is symbolic of dry sands 
with little or no water content, which was interpreted 
as the zone of better consolidation favorable for en-
gineering practice. At depths between 7.1 m to  
10.7 m and 10.7 m to 14.3 m, moderate (157 Ωm) 
and low (2.5-19.7 Ωm) resistivity structures were 
observed which are symbolic of wet sand and peat/
clay layers, respectively (Figure 7j). These layers 
were also assessed to be weak and not suitable for 
engineering practice.

In general, the interpretation of the ten (10) 2-D 
apparent resistivity-depth sections (Figure 7a-7j) 
showed consistency in their subsurface resistivity 
structure within the depths imaged in the study area, 
with a dominance of peat/clay/sandy clay materials 

with very low resistivity values observed predom-
inantly at varying depths i.e. 8.6-17.1 m in profile 
Lx1, 12.8-17.1 m in profile Lx2, 8.6-17.1 m in pro-
file Lx3, 6.0-17.1 m in profile Lx4, 13.0-17.1 m in 
profile Lx5, 8.6-14.3 m in profile Ly1, 7.1-14.3 m in 
profile Ly2, 8.0-14.3 m in profile Ly3, 9.0-14.3 m in 
profile Ly4 and 10.7-14.3 m in profile Ly5 (Figure 
7a-7j). Therefore, the overlain dry sand layers with 
high resistivity values at the near surface interpreted 
as the zone of better consolidation will still suffer 
from subsidence due to the underlying mechanically 
unstable peat/clay/sandy clay layers which are high-
ly mobile in response to volumetric changes which 
cause negative defects to build structures and as a 
deduction, explains the visible cracks/failure/sub-
sidence observed on structures within the study site 
(Figure 1a-1c).

18

(a) VES 1 (N-S) Iteration result (b) VES 2 (E-W) Iteration result

(c) VES 3 (NE-SW) Iteration result (d) VES 4 (NW-SE) Iteration result

(e) VES 5 (N-S) Iteration result (f) VES 6 (E-W) Iteration result

Figure 4(a-f). Iteration results of 1D resistivity inversion for VES 1 to 4 Location 1 and VES 5 and 6 Location 2, showing the resis-
tivity sounding curves and 1-D resistivity models.
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Table 2. Summary of VES results in the study site, showing resistivity values, thicknesses, depths and inferred lithology.

VES-No / RMS-Error Layers Resistivity
(Ω-m)

Thickness
(m)

Depth
(m) Inferred lithology

RADAR SOUNDING-1 (VES 1 to 4)

VES-1 (N-S) RMS: 6.6

1 469.3 0.9 0.9 Topsoil
2 1190.2 2.6 3.5 Consolidated Sand
3 145.8* 6.1 9.6 *Wet Sand
4 17.2 --- --- **Peat/clay

VES-2 (E-W) RMS: 2.4

1 605.2 0.8 0.8 Topsoil
2 881.2 2.4 3.2 Sand (Dry)
3 189.7* 8.2 11.4 *Sand (Wet)
4 14.8 --- --- **Peat/clay

VES-3 (NE-SW)
RMS: 2.2

1 670.2 0.7 0.7 Topsoil
2 649.9 4.4 5.1 Sand (Dry)
3 84.2 7.4 12.5 **Sandy Clay
4 27.4 --- --- **Clay

VES-4 (NW-SE)
RMS: 2.7

1 738.1 0.7 0.7 Topsoil
2 820.8 2.3 2.9 Sand (Dry)
3 314.2* 7.2 10.1 *Sand
4 30.5 --- --- **Clay/Sandy clay

RADAR SOUNDING-2 (VES 5 to 8)

VES-5 (N-S) RMS: 3.6

1 618.0 0.8 0.9 Topsoil
2 1594.4 2.2 2.9 Consolidated Sand
3 206.9* 8.9 11.9 *Sand
4 28.3 --- --- **Clay

VES-6 (E-W) RMS: 2.6

1 642.2 0.8 0.8 Topsoil
2 1518.6 2.6 3.4 Consolidated Sand
3 121.8* 7.4 10.8 *Sand (Wet)
4 32.5 --- --- **Clay/Sandy clay

VES-7 (NE-SW)
RMS: 3.1

1 790.6 1.0 1.0 Topsoil
2 1162.1 2.6 3.6 Consolidated Sand
3 197.3* 6.8 10.4 *Sand (Wet)
4 38.9 --- --- **Clay/Sandy clay

VES-8 (NW-SE)
RMS: 2.1

1 635.6 0.7 Topsoil
2 1435.4 2.4 3.1 Consolidated Sand
3 252.8* 7.2 10.3 *Sand
4 43.5 --- --- **Sandy Clay

VES-9 RMS:2.2

1 443.7 1.1 1.1 Topsoil
2 1078.3 3.5 4.6 Consolidated Sand
3 199.6 21.2 25.8 *Sand
4 17.8 --- --- **Peat/clay

VES-10 RMS: 2.5

1 1150.3 0.7 0.7 Topsoil
2 961.2 4.8 5.6 Dry Sand
3 170.9 14.2 19.7 *Wet Sand
4 24.1 39.7 59.4 **Clay
5 82.8 -- -- **Sandy clay
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VES-No / RMS-Error Layers Resistivity
(Ω-m)

Thickness
(m)

Depth
(m) Inferred lithology

VES-11 RMS: 2.5

1 1867.5 1.3 1.3 Topsoil
2 467.8 9.1 10.4 Sand (Dry)
3 63.8 61.1 71.5 **Sandy clay
4 227.3 -- -- Sand

VES-12 RMS: 2.9

1 645.7 0.8 0.8 Topsoil
2 864.0 3.4 4.2 Dry Sand
3 148.9 23.6 27.8 *Wet Sand
4 20.1 -- -- Peat/clay

VES-13 RMS: 2.8

1 266.4 0.8 0.8 Topsoil
2 760.7 3.2 4.0 Dry Sand
3 138.5 14.8 18.8 *Wet Sand
4 16.5 48.6 67.4 **Peat/clay
5 140.6 -- -- *Wet Sand

*Sandy layer; **Peat/Clay/Sandy clay layer

Figure 5. (a) Second geoelectric layer Map VES 1 to 13; (b) Third geoelectric layer Map VES 1 to 13; (c) Fourth geoelectric layer 
Map VES 1 to 13. From the maps, resistivity is low towards the northeastern part of the site (see black arrows).

Table 2 continued
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Figure 6. Radar sounding plots (a) polar diagram showing the anisotropy polygon of radar sounding for VES 1 to 8; (b) Chart title 
for VES 1 to 8 radial sounding.

(a) 2D resistivity-depth section for line Lx1 (Traverse 1)

(b) 2D resistivity-depth section for line Lx2 (Traverse 5)

(c) 2D resistivity-depth section for line Lx3 (Traverse 6)
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(d) 2D resistivity-depth section for line Lx4 (Traverse 7)

(e) 2D resistivity-depth section for line Lx5 (Traverse 3)

(f) 2D resistivity-depth section for line Ly1 (Traverse 2)

(g) 2D resistivity-depth section for line Ly2 (Traverse 8) 
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(h) 2D resistivity-depth section for line Ly3 (Traverse 9)

(i) 2D resistivity-depth section for line Ly4 (Traverse 10)

(j) 2D resistivity-depth section for line Ly5 (Traverse 4)

Figure 7(a-j). showing the 2D resistivity-depth structure of the subsurface.

4.3 3-D electrical resistivity tomography (ERT)

The 3-D resistivity volume of the study site 
simulated from the orthogonal set of 2-D apparent 
resistivity field data is shown in Figure 8. The 3-D 
resistivity volume displays resistivity changes in the 
vertical, lateral and perpendicular directions down 
to a depth of 19.8 m within the subsurface. The 3-D 
volume reflects the dominance of low resistivity ma-
terials (11-69 Ωm) which are symbolic of peat/clay/
sandy clay layers (as indicated in Figure 8). High 

resistivity values (2572-15744 Ωm) were also detect-
ed at the top, indicative of dry sand. These findings 
were also observed from the 2-D ERT interpretation 
shown in Figure 7a-7j. Therefore, the low resistiv-
ity layers of peat/clay/sandy clay delineated from a 
depth of 6.6 m to 19.8 m (Figure 8) are responsi-
ble for the structural failures i.e. cracks/dilapidated 
structures observed in the buildings (Figure 1a-1c) 
due to mechanical instability and high volumetric 
changes associated with peat/clay layers, which 
results in differential settlement over time. This ex-
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plains the degree of cracks/damage observed in the 
school buildings which ranges from moderate to se-
vere risk according to Boscarding and Cording’s [17]  
damage classification.

The 3-D resistivity inversion was also extended 
by displaying horizontal depth slices and vertical 
slices from the realized 3-D model volume shown 
in Figure 8. This procedure was actualized using 
smoothness constrained least-squares inversion pro-
cess in the RES3DINV program.

Figure 8. 3-D resistivity tomography volume beneath the study 
area.

The horizontal-depth slices displayed six layers at 
depth of 0.00 to 2.50 m in layer 1, 2.50 m to 5.38 m  
in layer 2, 5.38 m to 8.68 m in layer 3, 8.68 m to 
12.5 m in layer 4, 12.5 m to 16.9 m in layer 5 and 
16.9 m to 21.9 m in layer 6 (Figure 9a). The trend 
of resistivity variations noted in the 3-D inversion 
depth slices showed low resistivity materials becom-
ing more evident from the third to the sixth layer. 
In the first and second layers at depths ranging from 
0.00 to 2.50 m and 2.50 m to 5.38 m respectively, 
high resistivity structures (ρ between 527-1105 Ωm) 
symbolic of dry sand were observed (Figure 9a).  
In the third layer at a depth ranging from 5.38 m to 
8.68 m, a low resistivity structure (ρ between 57.1-
120 Ωm) was observed, which is symbolic of sandy 
clay/wet sand layers (Figure 9a). In the fourth, fifth 
and sixth layers, at a depth ranging from 8.68 m to 
12.50 m, 12.5 m to 16.9 m and 16.9 m to 21.9 m re-
spectively, very low resistivity structures (ρ between 

6.2-27.2 Ωm) were observed which are symbolic of 
peat/clay materials within the subsurface (Figure 
9a). These findings are consistent with the results 
of 2-D ERT interpretation where the dominance of 
peat/clay/sandy clay was delineated and observed 
within a similar depth as imaged in 3-D tomography. 
Therefore, the subsurface geological structure of the 
area consists of high-resistivity materials (dry sand) 
underlain by very low resistivity and mechanically 
unstable layers of peat/clay/sandy clay which are 
not favorable for engineering structures within the 
depths imaged from 2-D and 3-D resistivity tomog-
raphy. 2-D vertical slices were also extracted from 
the 3-D depth slices and displayed in the x-z and y-z 
plane cells (Figure 9b-9c).

Figure 9a. Six-layer horizontal depth slices obtained from 3-D 
inversion of orthogonal 2-D profiles using smoothness con-
strained least-squares inversion.

One of the divergent superiorities of 3-D resis-
tivity inversion over 2-D inversion was checked by 
matching the 2-D inversion sections in Figure 7a-
7j, with the 3-D resistivity tomography images and 
2-D images extracted from the 3-D inversion models 
(Figures 8 and 9). 3-D resistivity tomography gave 
continuous variations in apparent resistivity values 
in all three directions (vertical, lateral and perpendic-
ular) to profound depths of 19.8 m and 21.9 m than 
in 2-D ERT which imaged the subsurface to a maxi-
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mum depth of 17.1 m.
Furthermore, 2-D images extracted from 3-D 

inversion displayed improved image accuracy and 
subsurface variation of materials which are based on 
changes in apparent resistivity values beneath the 
subsurface in the x-z and y-z planes within the 3-D 
grid than in the 2-D inversion sections.

4.4 Geotechnical soil analysis

Geotechnical analysis of soil samples is a neces-
sary requirement for an engineering site characteri-
zation program. The water content of the soil sam-
ples was evaluated using Equation (1). The results 
of water content for the three (3) soil samples are 
presented in Tables 3-5.

Figure 9b. 2-D vertical slices in the x-z plane (10 to 15 plane cells).

Figure 9c. 2-D vertical slices in the y-z plane (1 to 9 plane cells).

Table 3. Summary of number of blows and moisture/water content computed in soil samples-1.

No of Blows Weight of Wet Sample Weight of Dry Sample Water content (%)
6 18.2578 14.8801 22.699
14 21.2831 17.8742 19.072
34 21.7296 19.0331 14.168
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From the plot of moisture content against the 
number of blows for soil sample-1 (Figure 10), the 
moisture content corresponding to 25 blows on the 
logarithmic axis is the liquid limit, which was read 
approximately as 13%. Thus, the liquid limit ≈ 13% 
(Figure 10).

The plastic limit was approximated as the average 
moisture content from Table 3 which in sample-1 is 
18.646.

From the plot of moisture content against the 
number of blows for soil sample-2 (Figure 11), the 
moisture content corresponding to 25 blows on the 
logarithmic axis is the liquid limit, which was read 

approximately 17%. Thus, the liquid limit ≈ 17% 
(Figure 11).

The plastic limit was approximated as the average 
moisture content from Table 4 which in sample-2 is 
17.130.

From the plot of moisture content against the num-
ber of blows for soil sample-3 (Figure 12), the moisture 
content corresponding to 25 blows on the logarithmic 
axis is the liquid limit, which was read approximately 
as 13%. Thus, the liquid limit ≈ 13% (Figure 12).

The plastic limit was approximated as the average 
moisture content from Table 5 which in sample-3 is 
13.147.

Figure 10. Plot of moisture content (%) against number of blows for liquid limit determination in soil sample-1.

Table 4. Summary of number of blows and moisture/water content computed in soil samples-2.

Weight of 
Container
Wo (g) 

No of Blows

Weight of 
Container + 
Wet Sample
W1 (g)

Weight of Wet 
Sample
(g)
W1 – W0 

Weight of 
Container + dry 
Sample
W2 (g)

Weight of dry 
Sample
(g)
W2 – W0

Moisture 
content (%)

49.97 13 71.103 21.133 67.57 17.60 20.07

56.184 23 77.136 20.952 74.11 17.926 16.88

67.54 54 89.605 22.065 86.82 19.28 14.45

Figure 11. Plot of moisture content (%) against number of blows for liquid limit determination in soil sample-2.
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The plasticity index (Ip) which is the range of 
water content over which the soil remains in the 
plastic state, was evaluated for each sample using the 
relation in Equation (2) recalled as: Ip=LL-PL.

For sample-1: Plasticity index (Ip) = 13 – 18.646 
			          = –5.646 ≈ 0 (zero)

For sample-2: Plasticity index (Ip) = 17 – 17.13  
			                = –0.130 ≈ 0 (zero)

For sample-3: Plasticity index (Ip) = 13 – 13.147  
			                = –0.147 ≈ 0 (zero)

The plasticity index parameter (Ip) cannot be 
negative if the plastic limit, in some exceptions is 
greater than the liquid limit, as observed in soil sam-
ples-1, 2, and 3. In this case, it is considered to be 
zero and the soil is considered non-plastic (Table 
1), which is symbolic of sandy soil [43,44]. The plas-
ticity of soil is its tendency to undergo deformation 
without cracking. It is an important index property 
of fine-grained soil, especially clayey soils. The 
adsorbed water bounded in clayey soil leads to the 
plasticity of the soil [44].

In this study, the soil samples were collected 
within the first 8.0 m of each borehole. At this depth, 
the soil samples were predominantly composed of 
sandy soil as delineated from results of 2-D and 3-D 

tomography where the subsurface geology from the 
top-soil to the first 8.0 m consists of sandy soil with 
varying degrees of saturation i.e. dry sand and wet 
sand. The clayey soil became more evident from 
depths beyond 8.0 m in the study area. Therefore, the 
soil samples analyzed were representatives of sandy 
soil, and this validates the results of the liquid limit, 
plastic limit and plasticity index obtained from the 
soil samples. Sandy soils do not possess any plas-
ticity and their plasticity index is usually assumed to 
be zero. These findings apparently justify the subsoil 
conditions defined in the interpretation of the 1-D 
VES survey and 2-D and 3-D geoelectrical resistivi-
ty imaging.

5. Conclusions
2-D and 3-D geoelectrical resistivity imaging 

supported with geotechnical-soil analysis has been 
successfully used in evaluating subsoil properties for 
engineering site investigation at Okerenkoko prima-
ry school, in Warri-southwest area of Delta State, to 
adduce the phenomena responsible for the structural 
failure observed in the school buildings. The dataset 
consists of an orthogonal set of ten (10) 2-D geoelec-

Table 5. Summary of number of blows and moisture/water content computed in soil samples-3.

No of Blows Weight of Wet Sample Weight of Dry Sample Water content (%)
18 15.81 13.597 16.2756
23 26.18 23.07 13.4807
30 23.33 21.27 9.6850

Figure 12. Plot of moisture content (%) against number of blows for liquid limit determination in soil sample-3.
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trical resistivity lines obtained with the Wenner array 
and taken as the data density needed for a reliable 
geophysical-geotechnical exploration study. The da-
taset was analyzed using the Earth Imager Inversion 
program and Res3DInv software. The results brought 
to light the geological structure beneath the subsur-
face, which consists of four geoelectric layers iden-
tified as topsoil, dry/lithified upper sandy layer, wet 
sand (water-saturated) and peat/clay/sandy clayey 
soil (highly water-saturated). The profoundly-seated 
peat/clay materials (ρ ≤ 20 Ωm) were delineated in 
the study site to depths of 17.1 m and 19.8 m from 
2-D and 3-D tomography respectively. The domi-
nance of mechanically unstable peat/clay/sandy clay 
layers beneath the subsurface which are highly mo-
bile in response to volumetric changes is responsible 
for the visible cracks/failure/subsidence observed on 
structures within the study site. The DC resistivity 
outcome was validated using the geotechnical study 
of soil specimens collected from drill holes covering 
the first 8.0 m on three of the profiles. The consisten-
cy limits of the soil samples revealed plasticity indi-
ces of zero for all samples. Soil samples within the 
depth analyzed are therefore representative of sandy 
soils lacking plasticity and are assumed to have a 
plasticity index of zero. These findings seem to justi-
fy subsurface conditions defined in the interpretation 
of 2-D and 3-D geoelectric resistivity imaging. In 
this study, generating a 3D dataset by matching a set 
of orthogonal or parallel 2D lines improves the speed 
of field processing, reduces the cost of field logistics 
and is relevant to obtaining 3D datasets using square 
or rectangular grid methods. Both 2-D and 3-D resis-
tivity tomography results agreed with each other. 3-D 
images displayed as horizontal depth slices and the 
3-D subsurface volume which were realized in the 
study, revealed the dominance of very low resistivity 
materials i.e. peat/clay/sandy clay within the fourth, 
fifth and sixth layers at depths ranging from 8.68-12.5 
m, 12.5-16.9 m and 16.9-21.9 m respectively. Thus, 
the 3-D inversion model has improved the accuracy 
level of geoelectrical resistivity imaging, as false ele-
ments due to 3-D effects commonly comparable with 
2-D inversion images have been reduced in the 3-D 

inversion images. The research supports near-surface 
surveys with specific maximum investigation depths 
of 17.1 m, 19.8 m and 21.9 m for 2-D and 3-D im-
aging, respectively. The methods employed in this 
study justifiably provided relevant information on 
the subsurface geology beneath the study site and 
its suitability for engineering practice. It is therefore 
highly recommended to use these methods as impor-
tant tools for engineering site assessment projects 
and groundwater inherent investigations.
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