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1 DdeEa“.me”F of FF’BEVSWFS Geophysical survey involving Schlumberger Vertical Electrical Sounding, 2-D imag-
and Engineering Physics, . . . . . .

Obafemi Awolowo University, ing d|pole—(j|pole techmqug and ground mggnetlc method were carried out along
lle-Ife, Nigeria Ibadan-Ife Highway located in the Precambrian Basement Complex of Southwestern,
Fulllist of author information Nigeria to examine the geological factors responsible for Highway pavement failure.

is available at the end of the

article This was with the view to detailing the subsurface geoelectric sequence, mapping the

subsurface structural features within the sub-grade soil and delineating the bedrock
relief as a means of establishing the cause(s) of the road pavement failure. The geoelec-
tric sections, 2-D resistivity structures and modeled magnetic profiles revealed that the
stable segments were founded on a shallow/outcropping basement near homogene-
ous substratum devoid of major geological features while linear features suspected to
be fault/fractured zones, buried stream channels, bedrock depressions and lithological
contacts were identified beneath the failed segments of the highway pavement. The
geoelectric sections generally identified four geologic layers comprising the topsoil,
weathered layer, partly weathered/fractured basement and fresh bedrock. Thus, the
failed portions of the road are probably precipitated by very thick and low resistive
substratum (clay) beneath the highway pavement and the identified suspected linear
features are the major geological factors responsible for the highway pavement failure.

Keywords: Geophysical survey, Geological features, 2-D resistivity structure,
Substratum

Introduction

Road pavement failure in Nigeria has become a common occurrence especially after
construction. Road pavement which is described as a structural materials seated upon
sub-soil layers [25], is supposed to be a continuous stretch of asphalt laid for a smooth
ride or drive, but discontinuity in the road network resulting in cracks, potholes, bulges
and depressions gives rise to road failure [3, 12]. Poor drainage network, poor construc-
tion materials, bad design, usage factor are some of the factors considered as responsible
for these failures. Geological factors are rarely considered as precipitators of road fail-
ure even though the highway pavement is seated on geological earth materials (Momoh
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Fig. 1 a Road map of Nigeria (After [5]; b Road map of Ibadan-Ife Southwestern Nigeria (Adapted from
Google map Inc, 2016)

et al. [13]). This is due to non-appreciation of the fact that proper design of highway
requires adequate knowledge of subsurface conditions beneath the highway route. The
non-recognition of this fact has led to loss of integrity of many highway routes and other
engineering structures across the country [17, 19]. The spate of failure of the highway
has been of major concern to the governments and all stake-holder because this has led
to loss of lives, properties and undermine economic and social development of the coun-
try. Other previous studies have shown that the reliability of the road pavement can be
damaged by the existence of geological features and/or engineering characteristics of the
underlying geologic/geoelectric sequences [1, 4, 14, 22]. It is hence vital for engineers to
carry out pre-design investigations of engineering sites.

The research efforts to investigate the effect of the geological factors in terms of the
nature of the subsoil, the near surface structures and the bed rock structural disposition
as likely causes of failures along the Ibadan-Ife highway. The study utilized integrated
geophysical investigations. Geophysical surveys are efficient and cost-effective in provid-
ing geotechnical information since they combine high speed and appreciable accuracy in
providing subsurface information over large areas [11, 16, 18].

Site description and geological setting

The Ibadan-Ife highway serves as a major link from the southwest to the northern and
eastern parts of the Country. The study area (Fig. 1) is located between Latitudes 7° 25’
to 7° 35" and Longitudes 4° 20’ to 4° 35’ and it covers about 4.0 km between Akinlalu-
Akinola area. The study area has an elevation that falls within the range of 215-232 m
above the mean sea level. The study area experiences two seasons, the dry and wet
(rainy) seasons [10]. The rainy season starts during the months of March—April and
lasts till around October. The mean annual rainfall ranges between 1270 and 1524 mm



Adenika et al. Geo-Engineering (2018) 9:8 Page 3 of 22

Legend
657500 658500 659500 m ed
!

829000

Investigated road

Gealogical boundaries

828000

827500
655500

657500 858500 859500
1 2km
Fig. 2 Geology map of Nigeria (After [5] and Geology of the Study Area (Adapted from [6])
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Federal Survey [9]. The relative humidity is about 60-85% from November to March,
and about 80-90% around August. The mean temperature varies between 27 and 31 °C.
According to the Federal Survey [9], the area lies in the rain forest. The vegetation is
dense and made up of broad-leaved trees that are mostly evergreen. Geologically, the
study area is underlain with Schists-pegmatitised, Pegmatite and Schists undifferenti-
ated (Fig. 2). The underlying rocks in the study area belong to the slightly migmatised to
unmigmatised para-schists and meta-igneous rocks which constitutes one of the major
rock units of the Precambrian Basement of the southwestern Nigeria [15, 20].

Materials and methods

Integrated geophysical investigation involving the use of magnetic and electrical resistiv-
ity methods were adopted for the study. Four geophysical traverses with length varying
between 200 and 300 m were established across both the stable and failed segments of
the road pavement within the study area (Fig. 3).

Magnetic survey and data acquisition

Magnetic method is the oldest geophysical exploration method used in prospecting. It
measures variation in the Earth’s magnetic field caused by changes in the subsurface’s
geological structure or the differences in near-surface rocks’ magnetic properties. The
relationship between magnetic fields and the magnetization within materials [23] is

expressed by Eq. (1):

B = po(H + M)

1
wo = 47 x 1077 Wb/Am™! )

where B, the magnetic induction is the total flux of magnetic field lines through a cross-
sectional area of a material, 1, is the permeability of free space (41 x 1077 Wb/Am), H
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Fig. 3 Location and data acquisition map of the Study Area

is the magnetic field applied to the material and M is magnetization or response of the
material to the applied magnetic field. Magnetic susceptibility (k) is another important
parameter, the relationship between magnetic induction B, magnetizing force H and
susceptibility k [21] is given as:

B = uoH(1 +K) 2)

where B is in tesla, H is given in amperes/metres and k is dimensionless in SI units.
Magnetic traverses were carried out along SW-NE direction. Magnetic stations were
established at 5 and 10 m intervals along the 200 and 300 m traverses, respectively. Mag-
netic data were corrected for diurnal variation and offset using standard method. Mag-
netic data were presented as profiles which were qualitatively and semi-quantitatively
interpreted by visual inspection and using Winglink modeling software, respectively.

Electrical resistivity survey and data acquisition

The electrical resistivity method involves the determination of subsurface resistivity dis-
tribution by taking ground surface measurements. This requires passing electrical cur-
rent () into the ground by means of two electrodes and the potential difference (AV) is

measured between another pair of electrodes. Its apparent resistivity is represented by
Eq. (3) [23]:

AV
Pa = TG 3)
where p, the apparent resistivity and G is the geometric factor which value depends
on the electrode array’s configuration. For vertical electrical sounding (VES) technique
involving the Schlumberger array with a four electrode configuration (Fig. 4a), the

apparent resistivity value is calculated using the Eq. (4).

_ ”R(%)z )
Pa="MN
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Fig. 4 aTypical Schlumberger electrode configuration, b Dipole-Dipole electrode configuration (After [23])

where AB is current electrode spacing, MN is potential electrode spacing, R is electri-
cal resistance and Tt is a constant equal to 3.142; from the expression in Eq. (4) i.e. for
Schlumberger array, the distance between the potential electrodes is small compared to
the distance between the current electrodes.

In the case of dipole—dipole array (Fig. 4b) which is also referred to as combined hori-
zontal profiling and vertical electrical sounding; its apparent resistivity is given by the
Eq. (5):

Pa = —7TRna(n+ 1)(n+ 2) (5)

where 7 is the expansion factor and R is electrical resistance.

The electrical resistivity method adopted two field techniques—vertical electri-
cal sounding (VES) involving the Schlumberger array and 2-D electrical imaging using
dipole—dipole technique.

Thirty (30) VES using the Schlumberger array were carried out at stations constrained
by the 2-D resistivity images. The VES station spacing varied between 30 and 40 m while
the half current electrode spacing (AB/2) varied between 1 and 100 m. The VES data
were presented as type curves. The VES type curves were interpreted quantitatively by
partial curve matching and computer iteration technique using WINRESIST software
[24]. The interpretation results (layers resistivities and thicknesses) were used to gener-
ate the geoelectric Sections.

2-D resistivity data acquisition were carried out using dipole—dipole array. Dipole
spacing of 5 and 10 m were adopted along the 200 and 300 m traverses, respectively. A
dipole—dipole expansion factor of n, varying from 1 to 5 was adopted. The dipole—dipole
data were inverted into 2-D resistivity images using DIPPRO (8] software.
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Results and discussion

Electrical resistivity interpretation

The results of the processed electrical resistivity are presented as sounding curves,
geoelectric section and 2-D resistivity structures. The depth sounding curves vary
from simple A: an ascending curve (p1<p2 < p3) and H: Bowl curve (p1>p02 < p3)
type, to a more complex QH (p1>p2 > p3 < pa), HA (p1>p2 < p3s < pa) and KH
(p1<p2 > ps < pa) type. The H-type is the dominant type curves with a percentage
frequency of occurrence of 46.7% (Fig. 5). The series of 1-D VES interpretation results

[2] are assembled into geoelectric sections.

Geoelectric section
Figure 6 relates VES 1-5 along SW-NE direction. Four lithological layers compris-
ing the topsoil, weathered layer, partially weathered/fractured basement and fresh
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Fig. 7 Geoelectric section along traverse 2

basement were delineated. The topsoil composes of sand/lateritic sand with resistiv-
ity variation of 139-324 Qm and the thickness of 0.6—1.1 m. The second geoelectric
layer is weathered layer with resistivity variation from 20 to 66 Qm while layer thick-
ness varies from 5.4 to 17.0 m. The weathered layer is typically composed of clay. The
third layer is partially weathered/fractured basement. The layer resistivity varies from
30 to 473 Qm while the layer thickness varies from 11.5 to 25.8 m localised at VES
2 and VES 3. The fourth layer is fresh basement with resistivity varies from 762 to
oo Qm. The depth to basement varies from 11.7 to 31.9 m. The basement depression
is noticed at VES 2 and VES 3 and relief is undulating.

Figure 7 shows the geoelectric section relating VES 6 to VES 15 along SW-NE direc-
tion. Four lithological layers comprising of topsoil, laterite, weathered layer and fresh
basement were delineated. The topsoil is composed of clayey sand/sand/lateritic sand
with resistivity varying from 180 to 366 QOm and the layer thickness varying from 0.7 to
1.9 m. The second layer is laterite with resistivity varying from 208 to 330 Qm and the
thickness varying from 2.0 to 4.2 m. The weathered layer is composed of clay with the
resistivity varying from 28 to 101 Om and the thickness varying from 7.9 to 36.1 m. The
fourth geoelectric layer is the fresh basement. The layer resistivity varies from 284 to
2745 Qm. The depth to basement varies from 11.1 to 39.4 m. The overburden is gener-
ally thick and thickest at VES 11 and VES 12. The basement relief is uneven. The failed
segment of the road pavement at southwestern flank on which VES 6 to VES 10 com-
prises of thin topsoil with mean resistivity and thickness of 196 QOm and 1.2 m, respec-
tively. The weathered layer with mean resistivity and thickness of 53 Om and 11.9 m,
respectively, indicates clay composition which may account for the failure of the road
pavement segment. The stable segment of road pavement at northeastern flank on which
VES 11 to VES 15 composed of thin topsoil with a mean resistivity and thickness of
197 Om and 0.8 m, respectively. Beneath the thin topsoil is lateritic layer with a mean
resistivity and thickness of 233 QOm and 3.3 m which actually account for the stability
of this segment. The weathered layer has a mean resistivity and thickness of 65 Qm and
18.5 m, respectively. The basement depression under VES 11 and VES 12 may cause fail-
ure in the road pavement segment, but the presence of the lateritic layer and the high
resistive topsoil still account for its present stability.

Page 7 of 22
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Figure 8 shows the geoelectric section relating VES 16 -VES 25 along SW-NE direc-
tion. Four lithological layers comprising of topsoil, laterite, weathered layer and fresh
basement were also delineated. The topsoil resistivity varies from 106 to 220 Qm while
the layer thickness varies from 0.6 to 1.7 m. The topsoil is composed of clayey sand/
sand. Beneath the topsoil is laterite with resistivity and thickness of 224 Om and 1.9 m,
respectively at VES 22. The second geoelectric layer is weathered layer. The layer with
resistivity varies from 19 to 90 Qm while the layer thickness varies from 2.5 to 21.3 m.
The weathered layer is composed of clay. The fresh basement resistivity varies from
122 Qm to infinity and the depth to basement varies from 3.2 to 20.2 m. The overburden
is shallow especially at VES 19 and generally thick and thickest under VES 17. The base-
ment relief is uneven. The basement depression is noticed at VES 17 and 23. The failed
segment of road pavement at southwestern flank on which VES 16 to VES 20 surveys
were carried out is composed of thin topsoil with a mean resistivity and thickness of
152 Om and 1.0 m, respectively. The weathered layer with a mean resistivity and thick-
ness of 54 Qm and 9.3 m which is typically composed of clay and account to the fail-
ure of the road pavement segment. The basement depression at VES 17 could also be
another factors responsible for the failure. The stable segment of the road pavement at
Northeastern flank on which VES 21 to VES 25 data were acquired is composed of thin
topsoil with resistivity and thickness of 181 Om and 1.1 m, respectively which indicates
sand layer and account for stability of the road pavement segment. Laterite beneath top-
soil has resistivity and thickness of 224 Qm and 1.9 m at VES 22, this also account for
the stability. This segment may likely fail in future due to basement depression, that is
thick low resistive weathered layer beneath VES 23.

Figure 9 shows the geoelectric section relating VES 26 to VES 30 along SW-NE direc-
tion. Four lithological layers comprising of topsoil, weathered layer, partially weathered/
fractured basement and fresh basement were delineated. The topsoil resistivity varies
from 83 to 338 Om while the layer thickness varies from 0.6 to 1.1 m. The topsoil is com-
posed of clay/lateritic sand. The weathered layer resistivity varies from 102 to 339 Om
and layer thickness varies from 5.8 to 16.5 m. The weathered layer is typically composed
of sandy clay/sand/lateritic sand. The third layer is partially weathered/fractured base-
ment. The layer resistivity and thickness are 19 QOm and 30.5 m, respectively at VES 29
which may account for the failure of the segment road pavement. The fresh basement

Page 8 of 22
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resistivity varies from 662 Qm to infinity and the depth to basement varies from 7.2 to
41.7 m. The overburden is thin at VES 28 and VES 30, and thick at VES 27 and VES 29.
The basement relief is uneven and basement depression is noticed at VES 27 and VES
29. The failed segment of the road pavement on which VES 26 and VES 29 data were
acquired, is composed of thin topsoil with mean resistivity and thickness of 91 Qm and
0.9 m which indicates clay material and possibly account for failure of the road pave-
ment segment. The weathered layer with a mean resistivity and thickness of 203 Qm
and 14.2 m indicates lateritic sand which is capable to withstand wheel loads. The VES
29 survey also delineated partially weathered/fractured, basement with resistivity and
thickness of 19 QOm and 24.6 m, respectively which may have also contributed to the
failed segment of the road pavement.

The stable segment of the road pavement on which VES 27, VES 28 and VES 30 data
were acquired, is composed of thin high resistive topsoil with a mean resistivity and
thickness of 210 QOm and 1.1 m, respectively which indicates lateritic sand and account
for the stability of the road pavement segment. The weathered layer has a mean resistiv-
ity and thickness of 234 Qm and 11.0 m which indicates lateritic sand composition and
this further account for the stability of the segment.

Dipole—dipole profiles

The 2-D resistivity structure obtained from the inversion of the dipole—dipole along
Traverse 1-4 are shown in Figs. 10, 11, 12, 13. The 2-D resistivity structure revealed
three lithological layers; thin topsoil (purple colour band), weathered layer (purple and
red colour band) and the fresh basement rock (orange, greenish yellow, green and blue
colour band). It also revealed fracture/fault zone as purple colour band between two
high resistive orange/green colour bands. The topsoil layer generally subsumed into the
weathered layer in many places due to its thickness.

Figure 10 shows the 2-D resistivity structure along SW-NE direction. The profile
revealed generally low resistivity values (<100 QQm) at many station points beyond a
depth of 5 m. The low resistivity values characterised by purple colour band indicate the
presence of clay enriched water absorbing substratum. Station 2 to station 9 and station
21 to station 31 showing weathered substratum and fresh basement at average depth of
7 m.
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The stable segment in the southwestern flank starts from station 1 to station 9 (sur-
face distance expression of 5 to 45 m). This segment is characterised by low resistiv-
ity (<100 Qm) substratum with depth extent of 5 m. This is indicative of clay materials
which is not suitable for road pavement. The overburden depth is 10 m and the resistiv-
ity of basement (orange/yellow colour band) ranges from 232 to 323 Qm. The stabil-
ity of this road pavement segment may be due to recent rehabilitation exercise, but the
segment is very liable to fail in future due to the presence of thick low resistivity clay
enriched in water. Station 25—34 are along the stable segment in the northeastern flank
also shows the same characteristics as the stable segment in the Southwestern flank. Its
overburden depth is 10 m and the resistivity of basement ranges from 290 to 585 Qm.
This segment is stable presently but also liable to fail in future, because of the presence of
thick low resistivity clay enriched in water. The failed segment starts from station 9-25
(distance of 45 m to 130 m) and shows no fresh basement but decreasingly low resistiv-
ity features with significant depth extent>15 m were observed. This could be suggestive
of typical of linear features (suspected fault zone), aquiferous zone or buried channel
which may have accounted for the extremely bad condition of this failed segment and
may likely affect the neighbouring stable segment.

Figure 11 shows the 2-D resistivity structure along SW-NE direction. The 2-D resis-
tivity structure delineated three lithological layers namely; topsoil marked by purple
colour except few points with green and blue, weathered layer marked by orange and
fresh basement marked by orange/yellowish green/blue. The topsoil is generally thin
and subsumed into weathered layer in many places due to its characterisation by sand
materials between station 14—26 and laterite (intrusion) between station 26—30 at the
northeastern flank but the topsoil is composed of clay in other stations at the southwest-
ern flank. Stations 1-14 is characterised by purple colour bands shows a low resistiv-
ity values (<100 Qm) with average depth of about 12 m. This indicates a typical clay.
It however identifies isolated near vertical/vertical low resistivity features having depth
extent > 30 m typical of faults/fractures/buried stream channels/aquiferous zones at sta-
tions 10-12; stations 19—25 and stations 25-26.

The failed segment of the road pavement in the southwestern flank start from stations
1-14. It is characterised with low resistivity <100 Qm substratum and depth range of

Page 11 of 22
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0-10 m. This resistivity is typical of clay composition which may account for the failure
of the segment. Between stations 10-12 (surface distance expression of 30-36 m), there
exists miniature vertical discontinuity that is typical of linear structure. The suspected
linear structure of significant depth extent (>10 m) could be diagnostic of a suspected
fault/fracture zone. The suspected fault zone falls within the extremely failed segment of
the road. The 2-D geoelectric section at the southwestern flank at VES 7 confirmed the
existence of suspected fault zone.

The stable segment of the road pavement along SW-NE direction starts from station
14 to station 30 and is generally characterised by high resistive substratum (clayey sand/
sand/lateritic sand with resistivity ranging from 125 to 276 Qm) from the topsoil, but
stations 26—30 show extremely high resistivity ranging from 729 to 12,350 Qm (out-
cropping basement). This account for stability of this segment. Beneath this segment,
the station 19-22 and station 25-27 with depth extent of>5 m and >1 m, respectively,
show decreasingly vertical low resistivity values beyond 30 m depth. This indicates clay
with high moisture content which is suggestive of suspected fault zone, aquiferous zone
or buried channel due to absence of drainage system. These stations may likely fail in
future. The 2-D geoelectric section along traverse 2 confirms these stations (stations
19-23 and stations 25-26) at VES 11, VES 12 and VES 14 as basement depression com-
posed of decreasingly low resistivity substratum (clay).

Figure 12 shows the 2-D resistivity structure along SW-NE direction. The 2-D resistiv-
ity structure shows generally low resistivity value from the topsoil with thin overburden
at stations 6—13 but thicker at station 13 to station 22. However, it identifies isolated
near vertical low resistivity features having depth >30 m which indicates typical of fault/
fracture zones at stations 3—6 (surface distance of 30—60 m).

The failed segment of the road pavement in the southwestern flank starts from stations
1-15 has low resistivity value of <100 Qm which is characterised by clay and basically
account for the failure of this segment. Stations 2—6 shows vertical discontinuity that is
typical of linear structure such as fault zones. The suspected linear structure is of sig-
nificant depth (>30 m) which may have been responsible to extremely failed segment of
the road pavement. The stable segment toward northeastern flank starts from stations
14-30. It is characterised by low resistivity (<100 m) substratum which indicates clay
composition with depth extent of 15 m. The depth to basement varies from 9 to 20 m.
This segment of road in the northeastern flank show no sign of failure or reconstruction.
Despite the low resistivity substratum beneath the road pavement. This may be that,
good construction material were used. The basement bedrock relief of 2-D geoelectric
section confirms the 2-D resistivity structure.

Figure 13 shows the 2-D resistivity structure along SW-NE direction. The 2-D resistiv-
ity structure shows that the topsoil subsumes into the weathered layer and low resistivity
values (<100 QOm) between stations 2—8; stations 19-22 and stations 26—30 are indica-
tive of clay composition. The weathered layer generally has a relatively high resistivity
values (120-299 Qm) in green coloration and is characterised by sand/lateritic sand.
Stations 8—10 and stations 18—20 both at the same depth (6 m) could be as a result of the
decomposition that was left after weathering. The fresh basement is marked by yellowish
green/blue colour band. The high resistivity of the weathered layer substratum is due to
the nature of rock type (pegmatite) in the area.
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The failed segment of the road pavement in southwestern flank at stations 1-8 (10—
80 m) has low resistivity (<70 Qm) and it is characterised by clay with depth extent
of <3 m, which account to the failure of this segment. Stations 19-22 and station 25
correspond to another failed segments in the northeastern flank and are also charac-
terised by low resistivity (<100 m) substratum with depth extent of <8 m. The subsur-
face beneath stations 19-22 has high resistivity ranging from 120 to 246 Om and depth
extent of >5 m but it has low resistivity value <57 QOm with depth extent of > 20 m, which
could be diagnostic as suspected fault zone or aquiferous zone. This may also contribute
to the failure of the segment. The stable segments, stations 8—19 and stations 22-25 are
characterised by high resistivity varying from 115-292 Qm underlying the road pave-
ment which indicate typical sandy clay, sand, lateritic sand and hence responsible for the
stability of these segments. Moreover, the closeness of the basement rock (at depth of
5 m) to the surface at stations 13-16 and stations 22—25 also account to the stability of
these segments.

Magnetic models interpretation

2.5 D magnetic modeled profiles of the subsurface are generated from the magnetic data
using the WINGLINK modeling software indicating variation in magnetic susceptibility
of the rock units in the area. The magnetic anomalies observed in the study area were
assumed to have resulted from the basement as well as magnetic materials contained
within the fractured/faulted zones relative to the fresh massive bedrock. The models
shows very good fit between the observed and calculated magnetic profiles.

The magnetic profile (Fig. 14) was modeled using open body dividing into two parts:
the Sediment and the Basement. The sediment is composed of clay composition with
low magnetic susceptibility of 0.0002 SI unit Clark and Emerson [7]. The sediment thick-
ness is thin along SW flank and at the NE flank while it is the thickest (depth of 45 m) at
the mid-distance between the SW and the NE flank. The thin sediment (shallow base-
ment) between station 1-50 m at the SW flank and between station 120-200 m at the
NE flank could be responsible to the present stability of the segments. The basement
(Schist-Pegmatitised) has low magnetic susceptibility of 0.004 SI unit and its topography
is uneven. The Model shows deep basement depression and basement structure (such
as dyke, suspected fracture, fault or weak zone) between 50 and 110 m at mid-distance
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between SW and NE which the Profile shows as W shape (thick dyke). The suspected
basement structures disposition account for the failure of the road pavement segment.

The magnetic profile (Fig. 15) was modeled using open body dividing into two parts:
the Sediment and the Basement. The sediment is composed of clay composition with
low magnetic susceptibility of 0.0002 SI unit. The sediment thickness is moderately thick
with average thickness of about 10 m and thinnest at the NE flank (outcropping). The
outcrop may likely account for the present stability of the segment of the road pave-
ment at NE flank. The basement (Schist-Pegmatitised) has a low magnetic susceptibility
of 0.005 SI unit and its topography is unevenly distributed. The model shows basement
depression at distance between 180 and 200 m and basement structure (such like dyke,
fracture/fault or weak zones) at distance between 110 and 130 m along the SW flank
which the profile shows as V shape (thin dyke structure) and at stations between 200 and
230 m along the NE flank, the profile shows W shape (thick dyke structure). The base-
ment structures along SW flank may have been responsible for the failure of the pave-
ment above it. At NE flank, the basement depression and structures may contribute to
the failure of the segment above it in future, though it is presently stable.

The magnetic model (Fig. 16) revealed that the sediment is composed of clay com-
position with low magnetic susceptibility of 0.0002 SI unit. The sediment thickness is
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moderately thick between station distance 50—140 m with average thickness of about
15 m and thickest at distance 20 and 220 m with depth extent of about 45 m. The base-
ment (Schist-Pegmatitised) has a low magnetic susceptibility of 0.0035 SI unit. The
basement topography is unevenly distributed. Along the SW flank, at distance between
20-40 m shows basement depression which may have contributed to the failure of the
pavement above it and also the depression at the NE flank may likely cause the stable
segment to fail in future.

The magnetic model along traverse 4 (Fig. 17) revealed that the sediment is composed
of residual soil (laterite) with low magnetic susceptibility of 0.002 SI unit. The sediment
thickness is thin along SW flank while at the mid-distance between SW and NE and the
NE flank, the sediment is thick with an average thickness of about 7 m. The basement
(Pegmatite) has low magnetic susceptibility of 0.012 SI unit and its topography is une-
venly distributed. Along the NE flank, at the distance between 210 and 230 m, the model
shows basement depression and structures which may indicate linear geological features
such as dyke, fracture/fault, shear or weak zones. The profile showed V shape (thin dyke
structure) at the point. This may actually be the cause of the failure along the segment.

Correlation of results

The results obtained from the integrated geophysical investigation (electrical resistivity
and magnetic methods) are correlated to deduce the causes of recurring road pavement
failure. The correlation of results involve geoelectric sections, 2-D resistivity images and
magnet models which were grouped into four panels as shown in Figs. 18, 19, 20, 21. The
first panel is the segments of road pavement, the second panel is the geoelectric section,
the third panel is the 2-D resistivity structure and the fourth panel is magnetic modeled
profile.

Figure 18 shows the correlation of electrical resistivity and magnetic results across
both stable and failed segments of the road pavement. The stable segment at SW flank
is characterized by relatively high resistivity topsoil in the depth range 0-2 m with
resistivity value of 321 QOm and the subsoil layer is composed of clay between dis-
tance 0—40 m as observed in the geoelectric section. The relative flat magnetic pro-
file and 2-D resistivity structure along this segment are devoid of linear feature such
as fracture/fault zone or lithological contact are indication of near homogeneous
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Fig. 18 Correlation of electrical resistivity and magnetic results along traverse 1

subsurface sequence. The failed segment between the distance 40-125 m is charac-
terised by low resistivity thin topsoil and the subsoil (weathered layer) in the depth
range 0—11 m and are composed of clayey materials as observed at the geoelectric
section. The sediment composed of clay shown in 2-D magnetic model and 2-D resis-
tivity structure characterised by blue colour band (< 100 Qm) correlate with nature of
sub-soil (clay) in the geoelectric section which is not suitable for road pavement sub-
grade materials. The 2-D resistivity structure shows no fresh basement even at depth
extent of > 15 m. Within the basement observed in geoelectric section, 2-D magnetic
model and in the 2-D resistivity are identified subsurface linear feature zones beneath
the segment at VES 2 and VES 3 with thick weathering depth typical of fractured/
fault, aquiferous, buried stream channel or fissure zones within the basement rocks.
The identified linear features have significant depth extent (>5 m) which may indicate
geological features such as fractures/faults.

The stable segment of the road pavement at NE flank is characterized by relatively high
resistivity topsoil in the depth range 0-2 m with mean resistivity values of 185 Qm. The
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subsoil (weathered layer) is composed of clay in the depth range 0—9 m as observed in the
geoelectric section between distance 130—155 m which correlates with the 2-D resistivity
structure with resistivity value less than 100 Qm at nearly the same depth. The distance
between 155 and 200 m observed in the 2-D magnetic model shows a relatively magnetic
quietness correlates with 2-D resistivity structure which imply the segment is devoid of
linear features. The presence of low resistive substratum (clay) precipitation may cause
failure to this segment in future. The 2-D magnetic model showed a moderately shallow
basement in this segment which may be responsible to the present stability of the road
pavement, but the basement depressions may cause failure of this segment in future.
Figure 19 shows the correlation of electrical resistivity and magnetic results in both
failed and stable segments of the road pavement. The failed segment, between the dis-
tance 0—150 m, the topsoil is thin with moderate resistive value. The subsoil is thick with
average depth extent of about 15 m which is composed of typical clay with resistivity
varying from 28 to 81 QOm observed in the geoelectric section. The sediment composed
of clay shown in 2-D magnetic model and 2-D resistivity structure characterised by pur-
ple colour band (<100 Qm) at nearly the same depth of 12 m correlate with nature of
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sub-soil (clay) in the geoelectric section which is not suitable for road pavement sub-
grade materials. The 2-D magnetic model and 2-D resistivity structure delineated sus-
pected basement structures (dyke, fracture/fault, weak or shear zones) at distance
between 100 and 130 m which is revealed in the geoelectric section at the same distance.
The road failure in this segment may have been caused by the nature of soil sediment
(clay) and the suspected near or basement structures.

The stable segment of the road pavement at the NE flank, between distance 150-
300 m is characterised by relatively high resistive topsoil in the depth range 0—6 m with
resistivity values greater than 130 Qm which is composed of sandy clay, clayey sand and
laterite observed in the geoelectric section. The moderately shallow depth to basement
and outcrops observed in the 2-D magnetic model and the orange/green/blue coloured
band indicating high resistive substratum, especially the blue coloured band at the sur-
face indicating outcrops observed in the 2-D resistivity structure, correlate with high
resistive substratum (lateritic layer) in the geoelectric section. These have actually been
responsible for the stability of this road segment presently, but the identified precipitate
low resistive substratum (clay) and basement depression observed in the geoelectric sec-
tion and basement structures and depression observed in both 2-D magnetic model and
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2-D resistivity structure may cause some parts of this segment to fail greatly in a short
while.

Figure 20 shows the correlation of electrical resistivity and magnetic results in both
failed and stable segments of the road pavement. The failed segment at SW flank
between the distance 0—150 m is characterised by relatively high resistivity topsoil in
the depth range 0-1.9 m with resistivity varying from 106 to 165 Qm. The subsoil layer
composed of low resistive substratum (clay) less than 100 Qm in the depth 0-12 m. The
basement depression beneath VES 17 with depth of about 32 m observed in geoelectric
section correlates with the basement depression observed in the 2-D magnetic model
with depth of 45 m between distance 20—-50 m. The 2-D resistivity structure identifies
a near vertical low resistivity features with a depth extent>30 m which indicates a typi-
cal linear features such as fault/fracture at distance between 20 and 50 m. The nature of
soil (clay), suspected linear features and basement depression may have been the factors
responsible to the failure of this segment of the road pavement along the traverse. The
stable segment of the road pavement is characterised by relatively high resistivity topsoil
in the depth range 0—2.5 m with resistivity values greater than 140 Qm. The subsoil layer
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is composed of low resistive substratum (clay) less than 100 Qm with average thickness
of about 17 m observed in the geoelectric section. The 2-D magnetic model and 2-D
resistivity structure delineated the same basement topography with average depth to
basement of 35 and 15 m, respectively. The identified basement depression may likely
cause failure of this segment in future, but physically this segment appears stable. This
may be due to good construction materials that were used during construction of the
road pavement.

Figure 21 shows the correlation of electrical resistivity and magnetic results on both
the failed and stable segments of the road pavement. The failed segment near the SW
flank is characterised by low resistivity topsoil in the depth range 0—1.8 m with resistivity
value less than 100 Qm (clay) observed in the geoelectric section which correlates with
low resistivity (<100 Qm) topsoil in the depth range 0-2 m between station distance
0-60 m observed in the 2-D resistivity structure. The failed segment, near the NE flank
is characterised by low resistivity (<100 Qm) thin topsoil in the depth range 0-0.9 m
observed in the geoelectric section which correlates with the low resistivity (purple col-
our band) in the depth range 0-1.2 m observed on 2-D resistivity structure between
station distance 190-220 m. The fractured basement beneath VES 29 in the geoelectric
section and the suspected fault zone observed in 2-D resistivity structure correlate with
the suspected dyke, fracture/fault or weak zone observed in the 2-D magnetic model at
station distance between 190 and 220 m.

The stable segment of the road pavement at station distance between 80 and 190 m
and 230-300 m is characterised by relatively high resistivity (> 147 Qm, lateritic forma-
tion) topsoil in the depth range 0—1.7 m. The subsoil layer composes of clayey sand and
lateritic formation with resistivity values varying from 102 to 662 Qm observed in the
geoelectric section. The sediment is made of residual soil (laterite) observed in 2-D mag-
netic model and the high resistive substratum (laterite) characterized by green/greenish
yellow/blue colour band in the 2-D resistivity structure correlate with the lateritic for-
mation observed in the geoelectric section. The lateritic formation account for the sta-
bility of the road pavement segment and it is very suitable for road pavement sub-grade
materials.

Engineering subsurface evaluation of the study area

The sub-grade soil beneath a stable highway pavement is expected to possess sufficient
strength to support the structure or wheel load imposed on it. It must not swell or shrink
excessively and must have proper permeability and drainage characteristics [16].

The failed segments in the study area are underlain by Schist-pegmatitised (Fig. 2). The
rock type is susceptible to weathering and can weather into clay materials (sandy clay
and clayey sand). The topsoil of the segments are clayey with sand/lateritic sand with
mean resistivity value 185 QOm and the mean thickness of 0.7 m. The relatively high resis-
tivity values of the layer may be due to the presence of left over or fragment road materi-
als on the road (sandstone/gravel) after rehabilitation. The sub-grade soil beneath the
subsurface is generally clayey with resistivity less than 100 QOm and its layer thickness
varies from 0.6 to 39. 4 m. The linear features suspected to be dykes, faults/fractured
zones, buried stream channel were also delineated.
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The stable segments along the traverses 1, 2 and 3 also have the same geological rock
types as in the failed segment. The stable segment along traverse 2 is due to the presence
of laterite which may have formed through the oxidation of clay (Fe** to Fe’") exposed
to the surface, becomes hard solid and outcrops in the segment. Physically, some seg-
ments are very stable due to the use of good construction materials. The stable segments
along Traverse 4 is underlain by Pegmatite (Fig. 2a). The rock type is very strong, which
weathers into residual soil (gravel/laterite). The stable segment as shown in the geoelec-
tric section, 2-D resistivity structure and magnetic modeled profile show no significant
subsurface linear features. The topsoil is highly resistive and sub-grade soil is lateritic
with significant thickness of 13 m which is enough to withstand the imposed traffic load
stress.

Conclusion
In this study, integrated geophysical methods have been used to investigate the causes of
incessant highway pavement failure along segments of Ibadan-Ife highway around Ipetu-
modu in the basement complex terrain southwestern Nigeria.

It can be concluded that the possible causes of incessant highway pavement failure
along the studied highway are:

i. Thick and low resistive substratum (<100 Qm, clayey sub-grade soil). The soil type
absorbs water, swells and collapses under imposed traffic load stress and thereby
leading to road pavement failure.

ii. The suspected near-surface linear features such as fractures, fault or lithological con-
tacts which act as zones of weakness that enhances the accumulation of water lead-
ing to pavements failure.

iii. Poor drainage of runoff from adjacent topographic highs at the toe of road pavement
leading to its ponding observed along traverse 3.
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