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Abstract

With respect to geology, most coastal terrains are underlain by problematic soils, some of which are liquefiable in nature
and may cause sudden failure of engineering infrastructures. Against this background, this study was carried out to
investigate the subsurface geology of some Lagos coastal areas and their engineering implications using geophysi-
cal and geotechnical methods. To achieve this purpose, the Multichannel Analysis of Surface Waves, Cone Penetration
Test, and Standard Penetration Test were deployed. Surface waves measurements were collected using a 24-channel
seismograph to which 4.5 Hz twenty-four vertical geophones were connected via the takeouts of the two cable reels.
CPT soundings were carried out with a 10-tons motorized cone penetrometer and boring with SPT were carried out as
well. The results of the Multichannel Analysis of Surface Waves measurements showed that the shear waves velocity
(V,) ranges from 160 to 470 m/s. The very loose to loose sand delineated have Vs in the range from 170 to 250 m/s. The
tip resistance and sleeve resistance values spanned between 4.0 and 72.0 kg/cm? and 6.0-94 kg/cm? respectively. The
thickness of the liquefiable sands in the study area varied between 2.5 and 18.0 m. At Ikoyi site, owing to the prevalence
of loose silty sand, corroborated by the available borehole data and the Liquefaction Potential Index, it is classified as
having a high-risk liquefaction and could be responsible for the periodic damages to structural infrastructures such as
roads and buildings. The sediments mapped at Okun-Ajah and Badore sites are mainly saturated loose sands with high
likelihood to liquefaction with very-high to high risk severity. The study concludes that the presence of these sediments
and other factors that could induce ground motion making the study sites potentially susceptible to liquefaction. Hence,
an urgent attention must be given to early monitoring measures to address the trend.

Article Highlights

e Study assesses use of electrical resistivity imaging and seismic refraction (via Multi Analysis Surface Waves) methods
for near surface mapping/characterization

e The study sites belong to the wetland, coastal area of the Dahomey Basin, a part of sedimentary basin with sands
deposits, peat, clay and their intercalation

o The shear waves velocity model integrated with CPT data proved to be useful tool for evaluation of soil liquefaction
status with the index suggesting low-high-very high risks
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1 Introduction

The major factors causing structural damage at the time of earthquakes have been identified as soil conditions, structural
properties and earthquake characteristics [1, 2]. Earthquakes occurrence in Alaska, USA, and Niigata, Japan in 1964 have
led to failures in the engineering structures owing to ground motion or vibrations [3]. In terms of geomorphology, both
cities are situated on the coastal areas comprising alluvial sediments arising from deposition periods. Most of engineer-
ing structures have their founding layers on saturated cohesionless soil [3]. These events highlighted the problems
associated with the saturated cohesionless soils during earthquake or seismic activities ~-whether natural or induced
(caused by humans). Saturated loose granular sediments will experience a loss in bearing strength when subjected to
rapid deforming load and might results in soil liquefaction; a phenomenon where a soil strength fails and behaves like
a liquid [4]. Soil liquefaction may cause ground subsidence, settlements, sand boils, lateral spreading, slope failures and
collapse of structures [5].

A review of past earthquakes/tremors suggests that structural failures are the common consequences of ground
motion and individual seismicity [6, 7]. Several incidences of engineering constructions failures have been recorded in
Nigeria, particularly in most major cities such as Lagos metropolis. Some of these structural failures have been linked to
a number of factors including but not limited to the presence of peat/clay in the founding layer, use of inferior materials,
and poor construction design among others [8]. In view of this, construction/structural engineers have adopted a method
in which the construction of engineering designs are carried out on sandy layer, owing to its high bearing capacity char-
acteristics. Consequent upon the adoption of this, the sandy layer has been proven to be the most competent founding
soil for hosting the foundation footing of most engineering structures [8-11]. However, other studies have revealed that
this cohesionless sandy soil is prone to liquefaction [12-14].

In Nigeria, history of the first seismic event was dated back to Earth tremors in Warri, South-south in 1933.This event
was followed by another Earth tremor in Lagos in 1939 [15-17].In 1961, ground movement reported in Ohafia was sug-
gested to be due to lateral displacement rather than earth tremor [16, 18]. According to [15], the most severed tremors
occurred in 1984 around ljebu Ode, in Ogun State, southwestern, Nigeria. Other related studies in Nigeria have shown that
about twenty earth tremors had been recorded between 2000 and 2007 [16, 19, 20]. Human daily activities such as indis-
criminate abstraction of groundwater through boreholes and dredging activities around the coastal areas could possibly
cause induced seismicity via deformation of the earth that could arise from stress and strain actions in the Earth’s crust.

Despite that incidence of earth tremors have been recorded in Nigeria, Nigeria is not located on any of the active
seismic plates [21]. The degree of damage to lives and properties caused by tremors vary in magnitudes, intensities and
soil types. Even though induced seismicity had low magnitudes, they nevertheless have immense consequences on
the bases of the damages caused to lives and properties. Based on the modified Mercalli Intensity Scale, the intensities
of these events ranged from Ill (weak) to VI (strong) [17]. In scientific terms, it is noteworthy that some of these events
were not documented due to non-availability of instrument at the time of their occurrences. Yet, the tremors recorded
at ljebu-Ode in 1984; Ibadan in 1990 and Jushi-Kwari in 2000 were due to body waves with magnitudes in the range of
4.3105.5,3.7 and 4.2, and surface waves of magnitudes 3.7 to 3.9 respectively [17].

However, assessment and mitigation measures for earthquakes have been suggested for induced seismicity [22].
Ref. [23] reported that the Dahomey Basin (of which the study area belongs) is associated with the equatorial fractures
such as Romanche and Chain fracture Zones. These fracture zones are linked with the Gulf of Guinea and are reported to
be responsible for the transportation of minerals and energy through the Atlantic Ocean [24]. Moreover, the Akwapim
fault in Ghana, being one of the most active fault lines in Africa, also has a strong link with the Dahomey Basin, which
enables the transportation of energy through the fault line [25, 26]. Elsewhere, preliminary investigations have shown
that some of these tremors were due to different causes. They include unregulated mining activities, injection of water
during oil and gas explorations. In Nigeria, areas where these activities are unabated might not be completely free from
the consequences of induced seismicity.

In the light of the aforementioned, an attempt was made in this present study to provide a detailed understanding
of the liquefaction potentiality of the Lagos coastal soils arising from induced seismic actions using the geophysical
and geotechnical techniques. This is necessary because the coastal sands exhibit some characteristics that borders
on the periods of deposition, degree of saturation, stratigraphic sequence, rate of compaction among others; all
of which increases the proneness to liquefaction [27, 28]. The first part of this paper focuses on an insight into the
occurrence of earth tremors; why they happened, their causes and effects. The second part presents a review of the
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geological setting of the study area. Also, the different techniques used for the investigations, findings made and
implications are presented.

2 Geological settings of the study area

The Lagos wetland belongs to the coastal plain sand formation of the Dahomey Basin [18, 29, 30]. As evident from Fig. 1,
the Dahomey Basin is part of the coastal sedimentary basin in the Gulf of Guinea, extending from southeastern Ghana
in the west to the western flank of the Niger Delta [29, 31]. The sequences of rock units from the youngest to the oldest,
comprising the coastal plain sands, the llaro Formation, Oshosun Formation, Akimbo Formation, Ewekoro Formation, and
Abeokuta Formation [29, 32]. The Precambrian Basement complex of Nigeria underlies the aforementioned Formations
[33]. The age of coastal plain sands ranges from Pleistocene to Oligocene. The Litho-stratigraphic of the coastal plain
sands reveals that it consists of unconsolidated dry and wet sand intercalated with clay deposits [18, 30, 32].

3 Materials and methods

For this study, the geophysical method of seismic refraction via Multichannel Analysis of Surface Waves (MASW)
measurements from three sites the Badore, Okun—Ajah and Ikoyi along the Lagos coastal were carried out (Fig. 2).
The geotechnical measurements carried out via the standard penetration tests (SPT N- values) from the drilled
boreholes was performed by taking the N-values corresponding to the number of blows or blow counts. Also, the
cone penetration tests (CPT) were performed by measuring the tip resistance (q.) of the cone to penetration. Fur-
thermore, the shear-wave velocity (Vs) data were used to evaluate the vulnerability of the coastal sands to liquefac-
tion. The conditions for evaluating liquefaction resistance based on datasets from the shear wave velocity, SPT and
CPT were available in the Cyclic Resistant Ratio (CRR) versus Ny 60 plots [12]. The two steps taken in the evaluation
of liquefaction potential were (i) delineation of lithologic units from the geophysical and geotechnical techniques
and (ii) the estimation of Cyclic Stress Ratio (CSR), Cyclic Resistant Ratio (CRR) and the Factor of Safety (FS) for the
geo-materials delineated. The CSR, otherwise known as the seismic demand on soil layer, represents the build-up of
tremor occurrence. It explains the degree of demand that could be generated to initiate the likely seismic events on
the geo-earth material. However, the evaluation of the site characteristics due to strain generated by CSR could also
be used in the determination of the FS values. The CRR parameter was evaluated from the shear wave velocity (Vs),
cone tip resistance (q.), SPT N-values from the MASW CPT, and SPT techniques respectively.
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3.1 Multi-channel analysis of surface waves measurements

The ground-roll configuration of Multi-channel Analysis of Surface Waves (MASW) technique [34, 35] was employed to the
produce the shear wave velocity (Vs) profiles. The survey was carried out using a 24-channel ABEM Terraloc Mark 5 seismo-
graph with 16 bit resolution. A set of 24 vertical geophones of frequency 4.5 Hz and a pre-trigger geophone connected to
the seismograph via two cable reels each of length 100 m. Each of the cable reels consist of 24 take outs at fixed interval of
5 m. During the survey design, each of the self-orientating geophone was connected to one takeout and arranged in a linear
array with geophone spacing between 3 and 5 m, depending on availability of space. The choice of the geophones intervals
was to allow for optimum coverage of the study areas, allow observation of the near field effect, enhanced signals coherency
and probing to a reasonable depth [11, 34]. The seismic waves were generated by sledge hammer which struck a square metal
plate as a source of energy. The Vs profiles were calculated through an iterative inversion process using Seislmager software.
The construction of dispersion curves was one of the critical steps taken for eventual generation of an accurate shear-wave
velocity (Vs) profile from back calculation of the Vs variation with depth from the extracted dispersion curves [21, 33].

3.2 Cone penetration tests measurements

Fifty CPT points were acquired within the wetland sites using a 10-Tons motorized Dutch cone penetrometer equipment
due to its ability to measure the sleeve resistance, one of the liquefaction parameters. The penetration tests were carried out
in accordance with the procedures in ASTM D-3441. The acquired CPT data were processed using NovoCPT following the
steps contained in [11] and modified in [36, 37]. NovoCPT was designed not only to process the CPT data but also to perform
interpretations of raw data in order to probe the soils behavior as well as estimate soil physical and mechanical properties.
The cone tip resistance (q.) was normalized to a dimensionless cone penetration resistance (g ;) using Egs. 1 and 2.

dew = Ca(%/p, ). 0
o= ("a,)" @

where:
Co=normalizing factor for cone penetration resistance,
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P,=1 atmospheric pressure in the same units used for ¢,
n=soil type exponent varies between 0.5—1.0 and.
q.=field cone penetration resistance measured at the tip.

vo'r

3.3 Standard penetration tests (SPT) measurements

Seven boreholes were drilled at some strategic positions within the study areas with a view to knowing the soils stratigraphic
sequence. The information obtained about the stratigraphic units was used in the classification of the geo-earth materials as
either susceptible or non-susceptible units. The soil samples were collected using a split spoon sampler and necessary pre-
cautions were taken to avoid alteration of the soils conditions before laboratory analysis. The standard procedures described
in [9] were adopted. The blow counts (N-values) needed to drive the sliding hammer into the soils, were recorded as the
standard penetrating resistance. The N-values indicate the density of the ground [38]. The recorded N-values were corrected
using the Eq. 3 for overburden pressure (Cy), Hammer Energy (C;), Borehole Diameter (Cg) Sample Liner, (C5) and Rod Length
(Cg) corrections. Table 1 gives the classification of the soils based on their N-values:

(N1)go =N X Cy X Cex Cg x Cs X C, 3)
The CSR was estimated from the updated simplified procedure of [34] using Eq. 4

CsR = Zov — 065 Imax Zvo MSF
O'\//o g 6\//0 fa

where:
0,m0x= Maximum horizontal acceleration,
o0,0= Total vertical overburden stress,
o,o/= Effective overburden stress,
r,= Stress reduction coefficient,
MSF =Magnitude Scaling Factor.
g=Acceleration due to gravity.

The Cyclic Resistant Ratio (CRR) describes the resistance of soils to liquefaction phenomenon. It was obtained from the

shear wave velocity (V,) using Eq. 5.
Vs 2 1 1
CRR=a|l — ) +b| —— — — ),
a(mo) <v;;—vs1 v;) )

where:

V; =Corrected shear wave velocity,

V;;=Limiting upper value of V,;, a and b are curve fitting parameters.

The first incidence of earth tremor which occurred at ljebu-Ode, southwestern Nigeria was recorded with an epi-centre
intensity of about VI [26, 40]. Following this, a number of earth tremors have been witnessed with local magnitudes that
span between 3.0 and 5.0 [20, 40, 41]. For the calculation of MSF relation proposed by [37], and M,, of 5.0 was used. The MSF
was computed using Eq. 6

MSF = 10>2*/M2°°, (6)

Table 1 Classification of soil SPT (N-Value) Classification
based on SPT-N values [39]
0-4 Very loose
4-10 Loose
10-30 Medium dense
30-50 Dense
>50 Very dense
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The liquefaction empirical relationships involve the estimation of CRR against liquefaction from the corrected
(N1)go- This is presented in Eq. 7 as updated by [37].

(N1)6OCS (N1)60cs ’ (N1)6055 ’ (Nl)ﬁocs *
CRR=ery =7 "\ 726 ) "\ ™36 ) "\ 54 ) =28 %

A Factor of Safety (FS) expressed as ratio of CRR to CSR was computed using Eq. 8. Liquefaction is expected to
trigger when FS < 1(unity)

.= %;FS < 1.0 = Liquefaction, (8)

3.4 Liquefaction potential index

Liquefaction Potential Index (LPI) estimates the severity of liquefaction potential phenomenon. This parameter com-
plements the severity obtained from the FS. LPlis important because the FS values against soil liquefaction might not
be sufficient for the evaluation of the severity of liquefaction [42]. A soil layer with FS > 1 is classified as liquefiable.
According to [43], FS values of 1.0 and 1.2 are defined as non-liquefiable and marginally liquefiable layers respec-
tively. Hence, LPl incorporates the depth and thickness of the liquefiable layer with FS in evaluating the liquefaction
severity. The thicker a liquefiable soil layer is the more severe it is to liquefaction. The LPI model proposed by [44] in
Eqg. 9 was used to estimate the severity of the soil to liquefaction.

20

LPI=/(1O—O.SZ)><FL><d, 9)
0

The conditions for evaluating the F| are presented in Egs. 10 and 11:

F,=1-FSFS <1, (10)

F,=0;FS > 1, (11)

Four discrete liquefaction severity categories proposed by [44] based on numerical values of LPI are indicated in
Table 2. Liquefaction effects are moderate for 5 <LPI < 15 and major for LPI > 15 with the consequences of sand boils
to a total loss of bearing capacity.

Table 2 Locations with

Location Depth (m) SPT“N"Value CRR CSR FS Vulner-
depths, SPT N—values,“CRR, ability
CSR, FS, and vulnerability status
status

Okun-Ajah 0.0-2.3 15-20 0.148-0.168 0.139-0.140 1.06-1.20 No

2.3-15.0 3-10 0.075-0.156 0.172-0.230 0.34-0.86 Yes
15.0-22.5 18-26 0.192-4.000 0.162-2.000 1.19-2.00 No

Badore 0.0-3.0 12-18 0.165-0.290 0.139-0.196 1.18-1.48 No

3.0-17.0 3-12 0.070-0.111 0.182-0.230 0.32-0.61 Yes
17.0-21.0 18-30 0.148-0.268 0.165-0.171 1.00-1.63 No

Ikoyi 0.0-3.0 28-30 0.224-0.374 0.187-0.189 1.20-1.97 No

3.0-6.3 10-17 0.118-0.206 0.230-0.244 0.49-0.90 Yes
6.3-25.0 18-26 0.165-0.555 0.147-0.231 1.12-2.00 No
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4 Results and discussion

The N-values results of SPT measurements presented as profiles obtained for the three locations; the Okun-Ajah, Badore
and lkoyi are shown in Fig. 3a—-c. The N-values used for the borehole logs classification (the stratigraphic sequence) at
each sounding point is presented in Table 1. In Fig. 3a, the SPT log obtained for Okun-Ajah location shows that the
stratigraphic units range from medium grained coarse sand-loose silty sand to very loose sand with an average depth
of 22 m. The topsoil is medium grained coarse sand with N-values between 18 and 20 at depth 2.5 m from the ground
surface. It is noticed that beneath this layer, loose silty sand with N-values between 9 and 15 at depth that spans between
2.5 and 5 m is encountered. Also, at depth between 5 and 10 m, loose sand with N-values that spans between 3 and 6
is encountered. The sediment encountered at depth range of 10 — 15 m with N-values between 7 and 10 is presumably
loose silty sand. Next, a medium to dense coarse sand is encountered at a depth of about 15 m till the end of the bore-
hole. The corresponding N-values are in the range of 16-35.Thus, liquefiable sediments are observed at depth between
2.5 and 15 m with N-values that span between 3 and 10. However, the vulnerability of the silty sediments depends on
the degree of fine particles present.

The SPT profile for Badore site shown in Fig. 3b suggests that liquefiable sediments are encountered at depth between
3mand 17.5 m.These sediments correspond to loose sands - loose silty sand with SPT“N”values between 3 and 12.The
very loose sand sediments are potentially susceptible to liquefaction [4]. Also, Fig. 3c is the borehole log data at Ikoyi site
loose silty sands with SPT“N” values between 9 and 14 at depth values of 5-10 m are encountered.

Table 2 gives a range of FS values as the function of the depth obtained from the empirical relation and SPT N-values. At
Badore site, loose silty sand and very loose sand with the FS values in the range of 0.32 and 0.61 and depth between 3 and
17 m are encountered. Since the sediments are classified as low, they are more vulnerable to liquefaction. At Okun—Ajah
site, the computed FS values span between 0.34 and 0.86 with depth between 2.3 and 15.0 m with SPT N-value ranging
from 3 to 10. At lkoyi site, the silty sediments delineated at depth between 3 - 6.3 m have FS values between 0.49 and
0.90.The silty sand sediments classified as highly liquefiable are suspected saturated with fluid.

Table 2 Summary of locations with depths, SPT N- values, CRR, CSR. FS and vulnerability status.

The results of MASW measurements are presented in two folds as: (i) delineated stratigraphic sequence and (ii) evalu-
ation of liquefaction potential of the areas using the Factor of Safety (FS) values. The stratigraphic sequence provides
information regarding the composition and arrangement of the layers. This helps to classify sediments delineated on
the basis of their shear wave velocities (Vs). The two-dimensional (2D) Vs models for the three sites are shown in Fig. 4. In
Fig. 4a, the Vs spans between 170 and 263 m/s. For the topsoil, the Vs ranges from 234 to 261 m/s; depth between 0 and
3 m. This layer connotes silty—very loose—medium dense sand. Beneath the topsoil is medium dense silty sand with V
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Fig.4 2D shear wave velocity
models for the three sites |
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between 190 and 211 m/s at a depth of 3-6.0 m. Also, loose sand at depths of about 6-9.0 m, with V, values of between
175 and 185 m/s is delineated. At depth between 10 and 18 m, silty sand with V, values of 200 and 230 m/s is mapped.
It is clearly seen that at deepest portion of the velocity model (18.0 and 24.0 m), a layer made of dense soil with V, rang-
ing from 235 to 260 m/s is demarcated. The ranges of values for Vs in this study are in consonance with similar studies
conducted by [11, 45, 46] [47] reported that for liquefiable soils, the V, lies between 100 and 250 m/s. On this backdrop,
the third lithological unit that comprises of loose sand is probable the liquefiable sediments at Okun-Ajah site. Similarly,
the second and fourth lithological units are the possible liquefiable regions although their vulnerability to liquefaction
is low compared to the loose-sand. Figure 4b is the 2D Vs model at the Badore site with velocity distribution between
161 and 366 m/s. The topsoil has V, that ranges from 229 to 302 m/s with an average thickness of about 3 m. It is clearly
noticed that beneath this layer, saturated loose sand at depth range of 3.1-13.5 m and Vs values that span between 161
and 204.0 m/s is mapped. Furthermore, this layer is underlain by silty sand with V, values of 210 and 275 m/s and a depth
in the range of 16-21.5 m, representing the third lithological layer of this profile. The fourth lithologic layer comprises
medium dense sand, with V, values varying between 320 and 366 m/s; its corresponding depth value ranges between 21
and 27 m. This finding is in agreement with the results of [46]. Thus, the second lithologic layer made of saturated loose
sand is suspected to have high potentiality to liquefaction. The 2D Vs model for lkoyi site is shown in Fig. 4c. It shows that
the ground structure consists of three lithological units with variation from loose and medium dense sand. For this model,
the Vs ranges from 161 to 231 m/s (blue); 231-331 m/s (greenish—yellow), 331-465 m/s (red). The topsoil has V, that lie
between 435 and 350 m/s with an average thickness of 3 m from the ground surface. The second lithologic layer is made
of loose silty layer at depth of 3 to 8 m; the Vs values of span between 168 and 230 m/s. The degree of susceptibility of
the delineated soils depends on the percentage of fine particles within the soils sample [48]. Thus, a significant part of
the velocity model is prone to liquefaction since the Vs falls within the classification scheme of [47].
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Figure 5a—c is the CRR-curve that shows the liquefaction resistance boundaries where liquefaction may likely occur
or not. In Table 2, the liquefiable points at Okun—Ajah are within the depths of 2.25-15.0 m, while the FS values vary
from 0.34 to 0.86 (i.e., less than 1). The geological materials at these depths consist of very loose-loose sand. Based
on the FS values, the potential hazard zone occurs at 9 m from the ground surface to an average depth of about 18 m.
In Fig. 5b, the CRR-curve for Badore site with FS values between 0.62 and 0.93, an indication that possible liquefiable
layers could be encountered at between 5.0 and 12.0 m. At lkoyi site, pockets of layer (in the form of sand sediments)
prone to liquefaction are delineated. Furthermore, at depth of between 5 and 10 m, liquefiable layers with FS values
that span between 0.52 and 0.82 are delineated.

The CPT soundings results are presented as the cross plots of: (i) cone tip penetration resistance; (ii) Factor of
safety (FS); (iii) probability plots and (iv) soil classification charts for lkoyi (Fig. 6), Okun-Ajah (Fig. 7), and Badore
(Fig. 8) respectively. The cone tip resistance plot determines the shear strength of the soil [46]. The engineering
properties of the soils such as shear strengths are further expressed as the soil classification plots. The soil classi-
fication charts show a detailed description of the different sand constituents from the CPT data. The FS plots give
information about the depths of liquefiable sediments at all the sounded points while the probability plots (PP-
plots) show the possibility of unearthing liquefiable sediments at any depths [12]. The PP-plots show an inverse
relationship with the FS plot. As the FS tend to 1 (i.e., an indication of the presence of non-liquefiable sediments),
the probability plot approaches zero. The total cone tip penetration resistance plot shows the presence of materials
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Fig.6 CPT results in three locations at lkoyi for (a) cone resistance (b) FS (c) liquefaction potential

with low shear strength at shallow depths 6 m from the ground surface. Figure 6 (IKY8) reveals that the topsoil, with
an average thickness of 2 m, exhibits a low load resistance of about 30 kg/cm? suggesting loose silty sediments.
Loose silty sediment with fluid contents is encountered at a depth in the range of 2- 6 m; the corresponding cone
resistance values lie between 2 and 30 kg/cm? These values agree with the results of the CPT obtained at another
located in the wetland area [46]. At depth between 6 and 14 m, geo-materials that have medium resistance of about
30-50 kg/cm? are encountered while beyond 14 m, the geo-materials have cone resistance of more than 50 kg/cm?.
The FS plot of Fig. 6b shows the presence of liquefiable layer of within the depth values of 2-6 m; with FS values
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Fig.8 CPT results in three locations at Badore for (a) cone resistance (b) FS (c) liquefaction potential

of between 0.5 and 0.9. The FS value increases to about 2.0 (representing safe sediments against liquefaction) at a
depth of about 6 m to the end of the sounding point. It is also observed that at a depth of between 2 and 6 m, the
probability plot (PP) approaches 1, suggesting a high likelihood for sand liquefaction to take place. The PP-plot
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approaches zero as the depth increases from 6 to 14 m. This indicates that the layer/zone is stable and not prone to
liquefaction. In addition, the soil classification chart shows that the soil sediments encountered comprises of sand
of various grades (i.e., dense, clean, silty sands) with very low normalized friction ratio. Similarly, at three sites in
Ikoyi tagged IKY9, IKY10 and IKY11, liquefiable sediments are observed at depths between 2.5and 5 m, 1.8-3.2 m
and 2.0-3.5 m respectively. The estimated cone tip resistances at these depths span between 5 and 45 kg/cm?,
5-20 kg/cm? and 10-50 kg/cm? respectively. Also, the FS values are between 0.7 and 0.9, 0.3-0.5, and 0.6-0.9 while
the PP-plots are 0.8-1.0, 0.6-0.9, and 0.5-1.0 respectively. It follows from the estimated parameters that lkoyi site
at average depth of about 2.5 m, liquefiable sediments are more likely to be encountered. The results at Okun-Ajah
site, tagged OKJ1, OKJ2, OKJ3, and OKJ4, are shown in Fig. 7a-c. It reveals that liquefiable sediments are possibly
encountered at depths ranging from 2.0 to 10 m (OKJ1), 2.0-8 m (OKJ2), 2.0-5.8 m (OKJ3) and 1.8-6 m (OKJ4). Fur-
thermore, within these depths range, the FS and PP values are 0.4-0.9 and 0.5-1.00; 0.5-0.9 and 0.4-1.0; 0.3-0.7 and
0.65-1.0; 0.45-0.9 and 0.5-1.0 respectively. At the Badore site (Fig. 8a-c), the locations are tagged BDR1, BDR2 and
BDR3, the liquefiable sediments are delineated at depths range of 1.6-6.m, 1.8-5.8 m and 1.8-12.5 m respectively.
The estimated FS and PP values are 0.3 - 0.7 and 0.75-1.0; 0.25-0.9 and 0.6-1.0; 0.4-0.8, and 0.75-1.0 respectively.
Both at Okun-Ajah and Badore, the lithological units delineated are mainly sands with varying grades due to the
presence of silt making the silty sand liquefiable. The soil classification plots show that the sand sediments have
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Table 3 Liquefaction potential LPI Values

. - - Severity classification
severity classification [44]

0 Very low risk
0.1-4.9 Low risk
5.0-14.9 High risk
15.0-100 Very high risk

normalized friction ratio less than 1% suggesting that fine content in the sediments are low and predominantly
cohesionless. In general, it is clearly observed that the depth of possible liquefiable sediments at lkoyi seems to
be most shallow when compared to sediments at Okun-Ajah and Badore sites. This might be due to the degree of
compaction the soil sediments at Ikoyi could have undergone. Similarly, the different thickness and vulnerability
to liquefaction recorded at Okun-Ajah and Badore could possibly be due to fluid saturation arising from proximity
to water bodies of the Atlantic Ocean and Lagos Lagoon respectively.

LPI measure the degree of liquefaction severity posed at each sounding point. The degree of severity is classified
as‘low’ ‘high’or ‘very high’based on the LPI values obtained at each sounding point according to the classification
schemes of [44, 50]. The consequences of low, high or very high LPI values manifest as sand boils, lower settlement,
minute lateral displacement and total bearing capacity [13]. The estimated LPI for the study areas, in terms of the
degree of severities to liquefaction potential is illustrated with histograms in Fig. 9a—c. For the Badore site (Fig. 9a),
the LPI values are in the range of 4.4-37.5. With this range, the site is classified as having low, high and very high-risk
LPI [50]. These values indicate that high to very high risks liquefaction severity could occur as lateral displacement
(settlement) owing to loss of bearing capacity. Hence, the site is not suitable for massive engineering structural
development and periodic monitoring of the seismic events in the area becomes necessary. Similarly, the LPI at
the Okun-Ajah site (Fig. 9b), ranges from 9.5 to 30.5 indicating a high to very-high LPI while at Ikoyi site, the LPI
lies between 1.0 and 13.5 indicating that the area is susceptible to liquefaction severity and is therefore classified
as either low or high (Table 3) [45, 50]. These points to the fact that the expected degree of liquefaction severity
varies from one location to the other. The Badore and Okun—Ajah sites demonstrate high to very high risks while
the lkoyi site indicates that its potentiality to liquefaction severity is classified as low to high risk. The lithologic
units delineated at Badore and Okun-Ajah suggest that the sites contain more recent sediments as a result of the
recent reclamation of the locations with alluvial sands [18, 50, 50]. This means that the recent age of these materials
might have contributed to the lofty increase in the estimated LPI. Conversely, the geo-earth materials observed at
Ikoyi site, with some degrees of vulnerability to liquefaction, appears to have undergone different stages of com-
paction due to age. The sediments are less saturated, making them less vulnerable to liquefaction when compared
to Badore and Okun- Ajah locations due to their proximity to the Lagos Lagoon and Atlantic Oceans respectively.
Despite the low-risk potential at Ikoyi, the dominance of the high risk LPl and the borehole data analysis suggest
that the area is prone to liquefaction.

5 Conclusions

Soil potentiality to liquefaction that could arise from induced seismic activities in some locations around Lagos
coastal plain has been investigated using parameters estimated/derived from both geophysical and geotechnical
techniques. The study revealed that the delineated coastal sands in Badore, Okun-Ajah and Ikoyi sites are vulnerable
to liquefaction with varying severity. The sediments are of low shear strength and encountered at shallow depth
with an average of 8 m. In some cases, the Badore and Okun-Ajah sites both exhibit saturated loose sands up to a
depth of about 18 m. The study also shows that these sediments vary from very loose to saturated silty sands with the
presence of very few fine particles, even as the thickness of the liquefiable sediments observed at Ikoyi suggests the
presence of loose silty sand that has undergone compaction. This demonstrates mild susceptibility to liquefaction.
Despite the delineated loose silty sand at lkoyi, the dominance of the high-risk LPl and the borehole data analysis
suggest that the area is prone to liquefaction and that damage to engineering infrastructures is more probable.
The sediments at both Okun- Ajah and Badore are mainly loose sand with measure of saturation illustrating a high
degree of liquefaction vulnerability, thus, it is grouped as high to very-high severity risk. The severity of occurrence
generally increases with an increase in the LPI. The presence of these sediments with the several factors that could
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induced seismicity make the study area more vulnerable and requires urgent monitoring measures. Since geology
gives a clue to the future, it is expected that minor earthquake or earth tremors would continue to take place, it is
therefore expected to continue to monitor those activities that could potentially trigger earthquakes via densifica-
tions of seismic stations and integration with Global Positioning System stations. Hence, in the future study, seismic
hazard mitigation based on vulnerability index estimation is proposed.
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