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Abstract

The use of the electrical resistivity method provides cost-effective subsurface information faster and allows
reliable interpolation to be made between the tested points. It is therefore desirable to generate consistent
data from resistivity measurements by using empirical relationships while only few zones of interest will
require testing. This study, therefore, developed empirical relationships between electrical resistivity
sounding and cone penetrometer test data for engineering site investigation using a case study from the
Basement Complex Terrain of Southwestern Nigeria. Regression analysis was used to assess the correlation
between the soil resistivity and cone resistance and the validity of the empirical relation was evaluated by
comparing values estimated from the soil resistivity vs. cone resistance cross plot with field values obtained
from cone penetration tests. The values of allowable bearing pressure computed by using both values in
Meyerhof’s equation were also compared with the allowable bearing capacity deduced with laboratory
values of soil strength parameters (cohesion, angle of internal friction, soil unit weight) in Terzaghi’s
general formula. The results show close agreement between the measured and estimated values with the
differences typically less than 10%. The standard errors of the estimates for the cone resistance and
allowable bearing capacity are 2.70 and 4.16 respectively, implying reliability of the estimates. The
proposed empirical relationships, therefore, appear to provide reasonable estimation of soil cone
resistance and allowable bearing capacity from soil resistivity. Few complimentary cone penetrometer and
laboratory tests will thus be required while the cost and duration of site investigation for engineering
structures are expected to reduce.

Keywords: Cone resistance, Soil resistivity, Empirical relations, Site investigation, Allowable bearing
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Introduction

Dependable structural design for construction of engineering structures requires accurate evaluation of
geotechnical properties of the subsoils meant to host the foundation at the proposed site (Cosenza et al.,
2006; Gautam et al., 2007; Tempa and Chettri, 2020). The cone penetrometer test (CPT) is widely used in
site investigation because it provides near-continuous information about soil properties with depth and can
thus delineate discrete horizons that would normally be missed by using conventional subsurface sampling
techniques (Akca, 2003; Ghose and Goudswaard, 2004; Eslami and Gholami, 2006; Kim et al., 2006;
Mayne, 2007; Yi, 2014; Prasetya et al., 2017). It is capable of furnishing information on the density,
consistency and shear strength of soil, for use in the design and construction of earthworks and foundations
for structures.

The procedure of the test involves steadily pushing a 1.41-inch diameter 60° cone into the ground from the
surface at a constant rate of 1-2 cm/s and the cone penetration resistance (qc) is measured and recorded
continuously by load cells located just behind the tapered cone. The cone resistance is a direct indication of
the strength of the soil at a given depth (Rogers, 2006; Robertson and Cabal, 2010; ASTM 3441, 2016).
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A series of empirical relations exist which allow direct calculation of allowable bearing pressure of soil
from cone tip resistance (Meyerhof, 1965; Murthy, 2002). Undrained shear strength (S,) of saturated,
cohesive material is theoretically related to cone resistance and can be reliably estimated from the latter
where some basic information about some soil subsoil engineering properties are available (Rémai, 2013;
Zein, 2017). Site investigation with CPT is, however, localized, invasive, time-consuming and expensive.
In addition, boulders and significant amounts of gravel-sized particles and/or cemented sand can hinder or
stop penetration and render the CPT data difficult to interpret quantitatively. The technique is thus most
suitable for confirmation at critical points that have been previously identified.

Acquiring continuous electrical resistivity data is non-invasive, faster and cost-effective compared to other
investigative techniques (Sharma, 2000). The method is used to investigate subsurface conditions by driving
artificially-generated electric currents (1) into the ground through a pair of current electrodes and measuring
the resulting potential differences (AV) across a pair of potential electrodes, at the surface. Deviations from
the pattern of potential differences expected from homogeneous ground provide information on the form
and electrical properties of subsurface inhomogeneity (Kearey et al., 2002).

The cone penetration test has been used in combination with electrical resistivity method to obtain
subsurface information for foundation investigation (Oyedele and Olorode, 2010; Adebisi and Fatoba,
2013; Adeoti et al., 2016; Adewoyin et al., 2017; Coker et al., 2017). However, the studies did not propose
empirical relationship between resistivity and cone resistance with a view to deducing the latter for cost
effective, non-invasive and time-saving engineering site investigation. Published works that relate electrical
resistivity with CPT data are therefore rare.

Endres and Clement (1998) observed a relationship between soil types determined from mechanical
properties measured by cone penetrometer tests (CPT) and electrical properties by using semi-logarithmic
crossplots of dielectric permittivity versus electrical resistivity. The analysis revealed that CPT soil types
cluster in a systematic manner to form a linear trend from clay-prone to sand-prone lithologies. Segregation
of the soil types improved when other factors such as location to the water table, and stratigraphy were used
to refine the data analysis. The results also indicated that the ratio of dielectric permittivity to logarithm of
electrical resistivity is a good discriminator of soil type. Cosenza et al. (2006) obtained no clear quantitative
relationship between cone resistance and inverted resistivity extracted from electrical resistivity sections at
Garchy (Nievre, France) in the southeastern part of the sedimentary basin of Paris. They, however, observed
that the inverted resistivity—cone resistance crossplot would discriminate lithology when the upper sandy
soil composed of gravel was excluded and the inverted resistivity values obtained from extracted 1D
sounding were considered.

Since attempts to relate electrical resistivity with cone penetrometer test data are rare, it is imperative to
establish the empirical relationships between both parameters so that the latter can be estimated from the
less expensive and faster resistivity data in foundation studies for engineering structures. Fewer CPTs and
laboratory tests will thus be required while the cost and duration of site investigations for engineering
structures are reduced. The aim of this study, therefore, is to employ electrical resistivity and cone
penetrometer test data to investigate subsurface properties and establish empirical relationships between the
electrical resistivity and cone resistance of the subsoil, which is the soil resistance to load.

The study area is located between the geographic coordinates: Longitude 04° 27.072" E - 04° 27.233’E and
Latitude 07° 33.107'N - 07° 33.548'N northwest of Ile-1fe, on lwo Sheet 242 S.E. It is underlain by the
Precambrian Basement Complex rocks of southwestern Nigeria (Rahaman, 1989). The predominant rock
type is hornblende biotite gneiss. The rock is generally dark-grey in colour and has texture varying from
fine to medium to coarse, planar fabric and very good foliation planes.
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Materials and Methods

Schlumberger vertical electrical sounding was conducted at twenty-six points to determine the soil
resistivity (Figure 1). The current electrode spacing (AB/2) was varied from 1m to 100m. The VES data
were quantitatively interpreted using initial partial curve matching in which the field curves were
superimposed on two-layer master curves and their corresponding auxiliary curves to obtain the starting
model parameters comprising resistivities and thicknesses. The layer parameters were then used as input
for forward modeling technique, in WIinRESIST Version 1.0, to determine the layer parameters (\Vander-
Velpen, 2004).

Cone Penetration Test (CPT) was conducted at twenty-six points to determine the resistance of the earth to
cone tip penetration in accordance with ASTM Standard D3441 (2016). The cone resistances were
measured and recorded (in kg/cm?) at 0.25m intervals as the CPT instrument (2.5-tonne Dutch Cone
Penetrometer) was advanced through the ground up to practical refusal. The CPTs were conducted close to
the VES points to allow correlation with geoelectric data (Figure 1). The values of cone resistance (qc) were
plotted against penetration depths to produce the CPT plots while mathematical relationships were
established between the resistivity and CPT data.

4“JTDT 4':;:!;‘4-'!: 4‘.'-?:3'1: 4.‘2:".1 FE A
TR 9 e
Tg
10w
Tc
Th A
11 =
TEAT AR a% Ta Frraraam
1w
To il LEGEND
=1 il Td .
= 16+ CPT/VES Point
% T ’ Th .
Il 19% 13 % 5w - Ta TestPit
T 14 ™
A Te
TN RE :uIn 18 ;J ™ sy aan
Tg T
4= Tk g
16 W
ZEw
Tr
6 W 17w
TN B S
Tl
18 %

T
ATIErE

T T T
AR ATIIEL L o

LTS o1 R 2.7 0. 255

034
Lt

Figure 1: VES, CPT and sampling points at the study location.



Correlation between Electrical Resistivity and Cone Penetrometer
Test Data for Geotechnical Site Investigation

Regression analysis was carried out to obtain the coefficient of correlation and the empirical equations were
validated by determining the percentage errors and error of the estimates between the estimated and the
field/measured values of the cone resistance. Values of allowable bearing pressure, g. were computed from
Meyerhof formula (1956):
Qa=2.70c 1)

where qc is the cone resistance, and allowable bearing capacity determined after dividing ultimate bearing
capacity:

qu = OS'YBNy + CNc + 'YDNq (2)
obtained from Terzaghi’s general formula (1967) for strip footing by a safety factor of 3. The strength
parameters ¢ and @ are the soil cohesion (kN/m?) and angle of internal friction
respectively, obtained from Quick undrained triaxial compression test conducted on undisturbed soils
sampled test pits dug at points coincident with the CPT and VES points, at depths corresponding to the CPT
refusal. B=width of the footing (m), D=depth of foundation (m) y = soil unit weight (kN/m3), qu = ultimate
bearing capacity (kN/m?) while Ny, N, Nq are bearing capacity factors, which are functions of soil friction
angle (Bowles, 1997). The values of ultimate bearing pressure were computed with D =1.0to 2.5 mand B
= 1.2 m within the range for shallow foundation (Waheed and Asmael, 2018). The estimated bearing
pressure values were subjected to validity tests by comparing with those obtained from field measurement
of soil strength parameters and laboratory analyses.

Results and Discussion

Results of VES reveal a three-layer model representing topsoil, saprolite and bedrock. Resistivity and
thickness of the topsoil range from 40 Qm to 1260 Qm and 0.2 m to 1.6 m respectively. The saprolite has
resistivity ranging from 15 Qm to 643 Qm and is 0.3 m to 8.0 m thick. Bedrock resistivity ranges from 980
Qm to 25762 Qm while depth to the bedrock varies from1.6 m to 9.2 m. The results of Cone Penetration
Tests conducted presented in Tables 1 (a and b) show cone tip resistance, gc ranging from 85 to 180 kg/cm?
indicating a wide range of soil consistency across the study area. The values generally increase with depth
while refusal to cone tip occurred at depths ranging from 1.0 m to 2.5 m. Figure 2 show typical cone
resistance vs depth plots and CPT-VES log obtained for the study area respectively. There is strong
correlation between the depths to the topsoil-saprolite interface determined by interpretation of the
resistivity data and those obtained by CPT Field measurements (Figure 3). The coefficient of correlation, R
is 0.79.

Table 1a: Cone tip resistance at C1-C13
Depth Cone tip resistance, gc (kg/cm?)
(m) Cl C2 C3 C4 C5 C6 Cr C8 (C9 C10 C11 cC12 c13
0.25 10 10 20 75 3 5 5 4 8 5 8 7 6
0.50 15 20 35 50 6 8 11 8 15 11 15 20 10
0.75 30 3 25 45 10 15 30 15 45 25 45 40 15
1.00 40 15 75 100 10 21 30 55 165 20 73 50 10

1.25 85 20 50 60 15 40 4 87 - 47 100 40 20
1.50 110 40 100 100 40 65 5 96 - 69 111 115 40
1.75 - 78 - 145 100 80 50 110 - 98 180 - 75
2.00 - 110 - - 110 110 75 - - 110 - - 145
2.25 - 115 - - 125 115 100 - - - - - -
2.50 - 125 - - 125 125 110 - - - - - -
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Table 1b: Cone tip resistance at C13-C26

Depth Cone tip resistance, gc (kg/cm?)

(m) Cl4 C15 Cl6 Cl17 C18 C19 C20 C21 C22 (C23 C24 C25 C26
025 15 10 1 1 10 15 15 10 15 25 8 15 80
050 20 20 10 3 8 20 21 26 36 137 20 15 35

075 35 35 3 6 10 18 40 48 50 - 3% 10 55
100 20 35 20 10 15 40 52 60 75 - 40 15 132
125 30 40 120 10 25 65 90 83 100 - 50 40 -
150 45 100 - 45 40 100 152 115 110 - 65 78 -
1.75 35 100 - 75 65 - 170 110 - - 8 98 -
200 55 - - 98 100 - 130 - - - 120 126 -
225 85 - - 110 - - - - - - - - -
2.50 145 - - 125 - - - - - - - - -

The measured cone resistance, qc shows direct relation with subsoil resistivity, p in the study area (Figure
4). The empirical equation is: qc = 0.084p + 111.28 with coefficient of correlation, R=0.84, indicating very
strong relationship (Evans, 1996). The result suggests that soil cone resistance can be reliably estimated by
using soil resistivity obtained from inversion of vertical electrical sounding data. The values of cone
resistance estimated using the empirical equation (gep) and those measured (Qem) from field cone
penetrometer test are presented in Table 2. The differences between the measured cone resistance values
and those estimated from the resistivity vs. cone resistance curve are typically less than 10% suggesting
that the empirical equation would yield cone resistance values in good agreement with the measured values.

Cone Resistance (kg/cm?)
0 50 100 150 200

Depth (m)

9

10

Figure 2: Typical CPT-VES log obtained from the study area
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Figure 3: Comparison of depth to the topsoil-saprolite interface determined from sounding data
with those obtained from cone penetrometer test
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Figure 4: Cone resistance vs inverted resistivity obtained from 1D resistivity
sounding in the study area
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Table 2: Comparison of measured with estimated values of cone resistance

CPT/VES Resistivity, Measured Cone resistance Estimated Cone resistance % Error
p (Qm) (kg/cm?) (kg/cm?)
1 77 110 118 6.8
2 15 125 113 10.6
3 34 100 114 12.3
4 196 145 128 13.2
5 134 125 123 1.6
6 192 125 127 1.6
7 35 110 114 35
8 60 110 116 5.2
9 643 165 166 0.6
10 99 110 120 8.3
11 976 180 194 7.2
12 63 115 117 1.7
13 350 145 141 2.8
14 461 145 150 3.3
15 34 110 114 35
16 49 120 115 4.4
17 73 125 117 6.8
18 56 100 111 9.9
19 15 100 113 11.5
20 234 130 131 0.8
21 28 110 114 35
22 92 110 119 7.6
23 323 137 138 0.7
24 40 120 115 4.4
25 20 126 113 11.5
26 57 132 116 13.8

The measured (gecm) and estimated (qce) values correlate very strongly with R=0.84 (Figure 5) while the
standard error of the estimates is 2.70. The standard error of the estimates indicates the approximate error
that is made when the cone resistance is estimated by using the empirical equation.

The values of allowable bearing pressure (ga) computed with the estimated cone resistance in the empirical
equation: ga=2.7qc (Meyerhof, 1956) range from 230 to 392 kPa suggestive of very stiff clay (BS 8004,
2015; Craig, 2004). The allowable bearing capacity (gs) determined after applying Factor of safety of 3 to
the Ultimate bearing capacity (qu) obtained from Terzaghi’s general formula (1967) with values of soil
cohesion, ¢, and angle of internal friction, g, ranges from 279 to 399 kPa (Table 3). The allowable bearing
pressure estimated from the empirical equation relating soil resistivity and cone resistance is in close
agreement with the values computed from field measurements using the Terzaghi and Meyerhof formulae
(Figure 6). The % Error is less than 10% while the standard error of the estimates of 4.16 being the
approximate error that is made when allowable bearing pressure is estimated by using the cone resistance
deduced from the empirical relation.

Reliable estimation of allowable bearing pressure from empirical relations will reduce the amount of field
and laboratory tests required to acquire geotechnical parameters for time-saving and economic foundation
design. The allowable bearing pressure of a soil is its ability to carry the load of a structure without shear
failure or excessive settlement



Correlation between Electrical Resistivity and Cone Penetrometer
Test Data for Geotechnical Site Investigation

Qe = 1.0061q, - 0.9507
170 - R2=0.7076
R=0.84

Cone resistance measured (kN/m?)

80 T T T T T T 1
100 110 120 130 140 150 160 170

Cone resistance estimated (kN/m?)

Figure 5: Correlation between measured and estimated cone resistance

Table 3: Allowable Bearing Capacity (gs) determined using Terzaghi’s General Formula and
Allowable Bearing Pressure (ga) obtained using estimated cone resistance in Meyerhof

Equation
Sample c (kN/m?) g (degrees) y(KN/m®  qu(KN/m?) qs(KN/m?)  ga (KN/m?)
Ta 22 27 14.7 916 305 318
Ty 32 22 15.6 892 297 304
Te 22 26 14.7 837 279 308
T4 23 27 14.4 979 326 345
Te 32 24 14.2 1017 339 331
Tt 20 26 15.5 996 332 344
Tg 30 22 15.3 852 284 308
Th 34 23 16.0 911 304 314
Ti 44 26 14.2 1231 410 446
T; 26 25 13.5 893 298 323
Tk 40 28 14.3 1512 504 523
T 28 25 15.9 912 304 315
Tm 27 27 14.0 1110 370 380
Th 6 31 15.6 1198 399 405
To 28 24 16.2 880 293 308
Tp 40 22 1.61 881 294 312
Tyq 26 23 15.8 865 289 317
Tr 26 24 15.9 873 291 313
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Figure 6: Comparison of allowable bearing pressure estimated from soil resistivity vs. cone
resistance plot with allowable bearing capacity computed with Terzaghi and Meyerhof
formulae

For all purposes, allowable bearing pressure (ga) is equal to unconfined compressive strength (UCS) which
is twice the undrained shear strength (Oh and Vanapalli, 2018). Unconfined compressive strength (UCS) is
the maximum axial compressive stress that a right-cylindrical sample of material can withstand under
unconfined conditions (i.e. when confining pressure is zero). The shear strength of soil is the maximum
allowable load which can be applied on it (Rémai, 2013) while undrained shear strength, sy is the

shear strength when the soil is sheared at constant volume. It is an essential parameter for foundation designs
in cohesive soils (Kim et al., 2016).

The undrained shear strength of soils can be estimated from CPT data by using bearing capacity equations
(Otoko et al., 2016; Zein 2017) The estimation for soils of different types and characteristics may, however,
require consideration of the effects of factors such as soil type, moisture content and stress history, which
influence cone resistance Zein (2017). With good understanding of the local geology and validation of the
correlation between soil resistivity and cone resistance, the allowable bearing pressure and/or undrained
shear strength can be reliably suitable for geotechnical foundation designs.

Conclusions
Empirical relationships were established for estimating cone resistance from resistivity of subsoil for pre-
construction geotechnical site investigation.

(i) Very strong correlation exists between the measured cone resistance and soil resistivity.

(i) The values of allowable bearing pressure estimated by using the empirical relations are consistent
with those computed from published general formulae.

(i) Quantitative estimation of cone resistance and soil strength can be made based on the empirical
relationship between cone tip resistance and soil resistivity while few complimentary cone
penetrometer and laboratory tests will be required at zones of interest with consequent reduction
in the duration and cost of site investigation.
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