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Site Specific Geophysical-Geotechnical Integration: Correlating

ERT and SPT for Subsurface Characterisation
Abstract

Subsurface investigations are critical for infrastructure development in
the Lubok Antu region of Sarawak, Malaysia due to its complex geological
conditions and seismic risk. Conventional geotechnical site investigation,
such as standard penetration test (SPT) is accurate but discrete, costly,
and limited in spatial coverage. This study established robust, site-specific
correlations between electrical resistivity tomography (ERT) and key
geotechnical parameters to enable rapid, cost-effective subsurface
characterisation. ERT surveys and SPT boreholes were conducted at nine

locations with a maximuni depth of 30 meters. Soil resistivity (p) was

correlated with SPT - N values, shear wave velocity (V) derived from
empirical relationships, and laboratory measured moisture content ([J) and
plasticity index (PI). A strong nonlinear correlation was observed between

p and [J (R2=0.74), while moderate linear correlations were found for V.

(R2=0.62) and SPT - N (R2=0.55). The results demonstrate that ERT can
effectively estimate geotechnical properties, offering a practical tool for
preliminary site assessment that reduces reliance on extensive and
expensive drilling programs. This study offers a novel approach for
geotechnical investigation in Lubok Antu, reducing the reliance on

extensive drilling programs and improving the efficiency of subsurface



investigations. The developed correlations are particular valuable for
seismic hazard assessment and foundation designs in this tectonically
active region. Subsurface investigation is essential in geotechnical and

earthquake engineering.

Keywords: Electrical resistivity, ERT,SPT - N, shear wave velocity, soil

moisture content.

1. Introduction

Subsurface investigation is crucial for infrastructure development in
Lubok Antu, Malaysia, given its complex geological conditions and
potential seismic risks (Zhao et al., 2021). Accurate geotechnical and
geophysical data are vital for designing safe infrastructure in this

tectonically active region. However, traditional geotechnical methods like

the Standard Penetration Test (SPT - N), provides reliable soil property
measurements, its high cost and discrete nature limit its effectiveness for
large-area characterisation (Hassan et al., 2024). Given the highly complex
and variable subsurface conditions, achieving a consistent and accurate
understanding of soil and rock properties remains challenging (Hossain et
al., 2018). To overcome these limitations, non-destructive geophysical
methods like electrical resistivity tomography (ERT) are increasingly used
to complement direct sampling. ERT provides continuous subsurface
profiles quickly and cost-effectively (Al-Heety et al., 2021), induced
polarisation (Kemna et al., 2012), seismic refraction (Hunter et al., 2022),
magnetic surveys (Hu et al., 2020), and Spectral Analysis of Surface Waves

(SASW) (Amin et al., 2022). Among these, ERT is gaining prominence as



an effective technique for subsurface characterisation (Samouelian et al.,
2003). ERT necessitates less expertise, incurs lower operational costs,
operates more quickly, and requires fewer manpower (Cosenza et al.,

2006; Naseem et al., 2020).

However, the relationship between ERT and geotechnical parameters is
highly site-specific, influenced by local mineralogy, pore fluid chemistry,
and geological history. Previous studies have established correlations in
various geological settlings, but no such comprehensive framework exists
for the Lubok Antu region. This gap hinders the effective application of

ERT for geotechnical engineering projects in this area.

This study fills a critical gap in the existing regional and global correlations
between Electrical Resistivity Tomography (ERT) and geotechnical
parameters like Standard Penetration Test (SPT) in the Lubok Antu region,
which has unique geological characteristics such as melange structures
and a clay-silt dominated matrix. While previous studies have explored
ERT-SPT correlations in various regions, these efforts are often limited to
specific soil types or geographical conditions, with little focus on areas
with complex geological formations like Lubok Antu. By establishing
robust ERT-SPT correlations tailored to this region’s specific conditions,
this study advances the field by providing a new approach for geotechnical
site characterisation in similarly challenging terrains. The unique
integration of ERT and SPT data offers more accurate subsurface analysis,
enhancing site assessment practices for both engineering and

environmental applications.



Shear wave velocity (Vs) is crucial parameter for understanding soil and
rock behavior under seismic loading, classifying seismic hazards at sites,
designing earthquake-resistant structures, and ensuring the stability and
safety of civil engineering projects (Abbas et al., 2024; Najar et al., 2022,
2025). It also aids in designing foundations that can withstand dynamic
loads from sources like wind, waves, and earthquakes (Wang et al., 2018).

Several authors reported that the combined parameters of V. and

electrical resistivity (p) facilitate the interpretation of soil types across
various geotechnical sites (Goff et al., 2015; Lee and Yoon, 2015). The
application of ERT in tropical and weathered terrains presents unique
challenges (Dick et al., 2025; Sunny et al., 2024). For example, the
resolution depth limits and spatial interpolation accuracy can vary
significantly depending on soil types and local geological conditions. In
tropical regions, where soils ofien exhibit high heterogeneity, factors such
as moisture content, mineral composition, and weathering influence the
interpretation of resistivity data (Zhao et al., 2021). Recent studies (Ijaz et
al., 2025; Jjaz et al., 2023a; Ijaz et al., 2023b) have further explored these
challenges, suggesting that a more nuanced understanding of these
variables is crucial for improving ERT’s reliability in such environments.
Akin et al. (2011) developed an empirical relationship between Vg and
Standard Penetration Test (SPT)- N values to propose a site-specific
formula for obtaining Vs profiles for all layers in the Erbaa region of
Turkey. The SPT - N involves driving a standardised sampler into the
ground and recording penetration depths, providing critical insights into

soil and geological conditions (Anbazhagan et al., 2012). Data collected at



multiple depths allow for depth profiles revealing variations in Vg. Alel et
al., (2018) used p values and hybrid Artificial Neural Network-Particle
Swarm Optimisation (ANN-PSO) method to estimate SPT - N. Tarmizi et al.,
(2016) integrated SPT - N values with Mackintosh probe results (M-values)

and p values to explore soil properties at Universiti Sains Malaysia. Chang

et al., (2011) examined the computation sensitivity and prediction

accuracy of several SPT - N based methods using liquefaction and non-

liquefaction incidents from the 1999 Chi-Chi Earthquake in Taiwan. Seed

et al., (1985) correlated SPT - N values with field observations of soil
liquefaction in Japan and China. Bajaj and Anbazhagan (2019) conducted
seismic site characterisation and classification for the Indo-Gangetic Basin

(IGB) considering V¢ at various depths.

ERT has also been employed to investigate soil moisture dynamics in
various regions, including Mediterranean southern France (Alamry et al.,
2017), the central part of the Netherlands (de Jong et al., 2020), forest
sites in Bavaria, Germany (Fath et al., 2022), the BIONICS embankment in
northeast England, and the Victorian embankment in central England
(Gunn et al., 2015). Thus, ERT presents a viable alternative or
supplementary approach (Akingboye, 2025) for acquiring data on soil
moisture dynamics and its spatial distribution (Ahmad et al., 2024;
Samouelian et al., 2005). This study aims to develop a unified correlation
framework between ERT-derived resistivity and key geotechnical
parameters (SPT-N, V., [) specifically for Lubok Antu region. The

objectives are to (i) establish quantitative relationships between p and



SPT - N, v, and [J; (ii) analyse the practical mechanisms governing these
correlations; and (iii) evaluate the practical applicability of these

relationships for preliminary assessment.
2. Study Area and its Geotechnical and Geological Features

Lubok Antu is a district in Sarawak, Malaysia, situated on Borneo Island,
near the border with Kalimantan, Indonesia shown in Fig. 1(a) as the blue
region. The study area is located between longitudes 111°30'10.456"E and
112°14'13.712"E, and latitudes 0°59'4.676"N and 1°29'9.328"N, covering
a total area of 2,395.54 km?2. The soils in Lubok Antu primarily originate
from sedimentary rock formations, predominantily shale and coarse-
grained sandstones, exhibiting considerable wvariability in texture,
structure, and chemical composition (Wasii et al., 2011). According to the
Sarawak soil classification system, these soils are categorised under the
Kapit family of the Skeletal Soil Group (Teng, 2003), which corresponds to
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Fig. 1. (a) Geographical location of Sarawak, Malaysia, with the study
area, Lubok Antu, highlighted as a blue polygon. (b) Field survey
locations, represented by blue dots, overlaid on the Shuttle Radar

Topography Mission (SRTM) digital elevation model, indicating sites

where ERT and SPT data were collected.

The Lubok Antu region, located along the Lupar Line in West Sarawalk,
Malaysia, is known for its notable hydrogeological and geotechnical
features, making it a key area for studies related to geophysical
exploration (Haile, 1968; Hall & Breitfeld, 2017; Hutchison, 2005). The
region's melange structure, which includes a sheared pelitic matrix
interspersed with sandstone, mudstone, and chert clasts, shows
considerable variation in permeability (Mathew et al., 2016; Tan 1982;
Tjia, 1998). Extensive weathering, marked by reduced calcium and sodium
levels, has contributed to a high fine content within the soil, which
increases the likelihood of particle movement (Mathew et al., 2016; Zhao
et al., 2021). Additionally, tectonic activity has created fractures and
steeply inclined strata, which promote localised seepage and water flow
(Madon, 2005; Shah et al., 2018; Zhao et al., 2021). These combined
factors make the Lubok Antu region a significant area for examining soil

properties. The location of the study area is shown in Fig. 1(b).

SPTs were conducted to a depth of 30 meters, with undisturbed samples

collected at specified intervals to assess the soil’s engineering properties.



In geotechnical investigations, the SPT blow count, NSPT (number of blows
required for 30 cm penetration of the sampler), serves as an indicator of
soil shear strength and stiffness (Goncalves et al.,, 2021). Laboratory
testing of the soil samples was carried out in accordance with ASTM
(American Society for Testing and Materials) standards to ensure the

accuracy and reliability of the results.
2.1 Geotechnical Dataset: Standard Penetration Tests (SPT)

The SPT is a widely used method for subsurface soil investigation, with

SPT - N values commonly applied in geotechnical design to determine soil
properties like strength and density (Hegde and Anand, 2022; Hossain et

al., 2022). While effective, the requirement for a pre-drilled borehole

makes SPT time-consuming and expensive.

Geophysical methods, particularly ERT, offer faster, cost-effective
alternatives for subsurface characterisation due to their non-invasiveness
and minimal operational complexity (Dezert et al.,, 2019; Oh and Sun,
2008). ERT has become popular for its low expertise requirements and
efficiency in obtaining subsurface data (Drahor et al., 2006; Ismail and
Yaacob, 2018; Lech et al., 2020). Borehole sample data is provided in Fig.

2.
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Fig. 2. Soil profile according to SPT

Correlations between SPT - N values and soil resistivity have been explored
in numerous studies, revealing both linear (Hatta and Osman, 2015; Liu et
al., 2008) and nonlinear relationships (Braga et al., 1999). Similarly, Vs, a
critical parameter in geotechnical and seismic analysis, has been shown to
exhibit nonlinear correlations with resistivity (Meju et al., 2003; Srivastava
et al., 2010). However, research linking these parameters remains limited.
Additionally, studies have explored the relationship between resistivity
and other soil properties, such as hydraulic conductivity and density,
further enhancing the understanding of subsurface conditions (Cosenza et

al., 2006; Duan et al., 2019).

Globally, correlations between resistivity, SPT - N, and Vs are still under-

researched, particularly at regional scales, necessitating localised



investigations (Akin et al., 2011; Rezaei et al., 2018). For example, in the
Lubok Antu region, establishing these correlations will simplify
geotechnical parameter determination through resistivity measurements,
following the trends observed in Sao Paulo, Brazil, and Golestan Province,

Iran (Braga et al., 1999; Rezaei et al., 2018).

V, is a key parameter for evaluating soil stiffness and seismic properties.
Although wave propagation tests are commonly used to determine Vg
profiles, they are often expensive. Therefore, reliable correlations between
Vs and SPT - N can help estimate Vs in regions lacking direct data (Kirar et
al., 2016). Literature provides numerous equations that describe the
correlation between SPT - N and V.. These correlations vary depending on
factors such as material type (sand, silt, clay), depth, fines content,
corrected penetration resistance (N1l)gg, and geological age. Table 2
summarizes the previously published empirical formulas that specifically

relate uncorrected SPT - N values to Vs.

Table 1. Existing correlations between uncorrected SPT - N values and

V.

Author(s) Ailms;:)ls Sand (m/s) Silt (m/s) Clay (m/s)
Ohba and _ 031

Toriuma (1970) Vs = 84N

8%‘3;‘2) et al, V. = 87.2 NO3

Imai et al., _ 0.34

Imai (1977) Ve = 91 N°337 v, = 80.6 N°3 V. = 80.2 N°-29




Seed and Idriss

— 0.5
(1981) Ve =61.4 N
Okamoto et al.,
(1989) Vo = 125 NO-3
Lee (1990) Vo =57.4N%% Vv, = 105.64 N V. = 114.43 N°

Dikmen (2009) V. =58N%3% v =73N%33 v, =60N"36 Vv =44 N048

Uma
Maheswari et V.
al., (2010)

95.64 N°3 V. = 100.53 N V. = 89.3 NO-35

Gautam (2017) V. = 115.8 N°2 v, = 78.7 N°3 vV, = 102.4 N®

The empirical equations for estimating shear wave velocity (Vs) were
selected based on their widespread use and validation in geotechnical and
seismic engineering literature. Specifically, equations such as thoese
proposed by Imai and Tonouchi (1982) and Ohta and Goto (1977) were
employed, as these have been proven to provide reliable estimates for Vq
and SPT-N values. These equations are widely accepted in areas with
similar geological conditions, such as tropical and sedimentary soils, and
have been used successfully in precious studies (e.g., Bajaj and
Anbazhangan, 2019). These empirical correlations offer a practical method
for estimating V; in the absence of direct shear wave velocity

measurements, making them suitable for large-scale site investigations.

Uncorrected SPT-N values were preferred in this study due to their direct
availability from standard geotechnical testing and their proven reliability
for estimating soil strength and stiffness. While corrected SPT-N values
(e.g., N60) are commonly used to account for factors such as overburden

pressure, uncorrected SPT-N values are sufficient for this study based on


https://www.tandfonline.com/doi/full/10.1080/19475705.2016.1243588

their widespread use in previous studies (e.g., Akin et al., 2011; Bajaj and
Anbazhagan, 2019). Furthermore, in regions like Lubok Antu, uncorrected
SPT-N values provide a more practical and cost-effective method for
preliminary site investigations. These values have shown a strong
correlation with Vs and other geotechnical parameters, making them

appropriate for this unique geological conditions of the region.

2.2 Geophysical Dataset: Electrical Resistivity Tomography (ERT)

Electrical resistivity is a critical parameter in soil characterisation,
influencing how well soil conducts electricity. Factors like porosity,
mineral composition, moisture content, sensitivity, and plasticity index can
affect resistivity (Archie, 1942; Chu et al., 2018; Devi et al., 2017). ERT
has been widely used to identify soft clays and assess soil consolidation
(Saneiyan et al., 2018; Snapp et ai.,, 2017). Quick clay, identified by a
sensitivity greater than 30 and remolded undrained shear strength less

than 0.5 kPa, is effectively delineated using ERT (Malehmir et al., 2013;

Solberg et al., 2016). In contrast, SPT require boreholes, adding to cost
and time constraints (Fatehnia et al., 2015; Hatta and Osman, 2015;
Hussien and Karray, 2015; Sudha et al., 2009). Geophysical methods like
ERT, which are non-invasive, faster, and more cost-effective, are gaining
popularity in geotechnical research (Islam et al., 2020; Ismail and Yaacob,
2018; Lech et al., 2020). Among these methods, ERT is particularly
effective due to its operational simplicity and lower costs (Hegde and

Anand, 2022).



Numerous studies have explored correlations between soil resistivity,
SPT - N values, and shear wave velocity (Vs). Imai and Tonouchi (1982)

developed the relationship between V., and SPT-N in Japan, while
subsequent research extended these correlations to other regions using

various geophysical methods (Wair et al., 2012). In Malaysia, Hatta and

Osman (2015) reported a linear relationship between SPT - N and sandy
soil resistivity using the Wenner array. Rezaei et al., (2018) established

similar correlations in Iran, and Sudha et al., (2009) observed a linear

relationship between SPT - N and resistivity in India. The current study
seeks to establish specific correlations for soil in Lubok Antu, Sarawak,

where such relationships remain underexplored.
3. Methodology

This study explores the correlations between the soil electrical resistivity
and index geotechnical parameters focusing on Lubok Antu region of
Sarawak, Malaysia. The study has been carried out in different phases to
achieve the aim of this paper. The methodology is designed to simulate
correlations under controlled conditions to assess the soil resistivity and
evaluate the geotechnical parameters. The flowchart of this study is shown

in Fig. 3.
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Fig. 3. Flow of this study

3.1 Geophysical investigation - Electrical Resistivity Tomography

(ERT)

A total of nine locations in Lubok Antu were identified for SPT and ERT,

with data collected from these specific sites. Fig. 4(a) and Fig. 4(b) display

images of the on-site field investigations for SPT and ERT, respectively.



Fig. 4. (a) SPT investigation, and (b) experimental setup for the ERT

experiment conducted in the field

The ERT procedure involves applying Ohm’s law using a minimum of four
electrodes, as depicted in Fig. 5. For this study, tlie Wenner-Schlumberger
electrode array was employed, utilizing 20 stainless-steel electrodes.
These electrodes, each 0.6 meters in length and 0.012 meters in diameter,
were spaced 5 meters apairt and inserted to depths of up to 0.45 meters.

After each measurement, the electrodes were repositioned.
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Fig. 5. Schematic Illustration of the ERT

To obtain the measurements, the outer electrodes (Cl and C2) were
connected to a direct current source, while the inner electrodes (P1 and P2
) recorded the corresponding potential drop. The Wenner-Schlumberger
array, known for its symmetric and collinear arrangement, was used to
determine the soil resistivity. In this configuration, the current electrodes
are spaced farther apart than the potential electrodes, enabling the

measurement of soil resistivity beneath the central electrode, typically

equivalent to %. This method is favoured for its efficiency and reduced

contact issues, as only the current electrodes need to be repositioned after

each reading. In this study, the Geomative resistivity meter (GD-10



Supreme V2.5.1T28) was used to conduct nine ERTs at the same locations

as the SPTs, with both tests reaching a depth of 30 meters. The electrodes
were spaced 5 meters apart, and measurements were taken sequentially
with a roll-along strategy, moving the electrodes by 5 meters after each
reading. A total of 3 readings were taken at each station to ensure
accuracy. The maximum electrode separation used was 15 meters to
ensure adequate depth resolution. 5% error threshold was maintained in
resistivity measurements and excluded data points that exceeded this
error margin. Electrodes were cleaned before each use, and contact
resistance was monitored continuously. If any readings indicated high
contact resistance, they were discarded.

_mMXS? AV AV (1)

P=—7""7 KT

where, p represents the apparent resistivity, AV is the measured voltage

difference, | is applied current, and K denotes the geometric constant,

which is defined as:

_mxS? (2)
T a
S is half the distance between the current electrodes A and B (S = %), and

a represents the distance between M and N.

Previous studies have demonstrated that soil resistivity is influenced by
factors such as mineralogy, temperature, and moisture content (Hegde
and Anand, 2022). However, this study took steps to minimize the impact
of these variables. To mitigate the effects of moisture and temperature,

ERT measurements were conducted during the dry season. Additionally,



soil moisture and temperature levels at the different study locations
showed minimal variation, with differences of less than 3% and 1%,
respectively. Chemical analyses were performed to assess the pH, sulfate
content, and chloride content at various locations. The pH values ranged
from 4.36 to 6.78, while sulfate and chloride concentrations varied from
0.02% to 0.07% and 0.01% to 0.04%, respectively. Organic content was
found to range between 0.34% and 2.50%. According to Dafalla and
AlFouzan (2012), the chemical properties of soil have a less significant
effect on resistivity compared to particle size distribution (PSD), though it

should be noted that sulfate and chloride content can lower soil resistivity.

ERT measurements were taken at different locations within the Lubok
Antu region, in alignment with the locations of the SPT. To extract
resistivity values from the inversion cells at corresponding borehole
depths, this study applied the Res2Dinv inversion software (Blanchy et al.,
2020). The inverted resistivity sections were carefully analysed to account
for depth resolution limitations, as resistivity measurements at greater
depths tend to be more smoothed due to the inherent smoothing effect of
the inversion process. The extracted resistivity values were verified for
consistency across the depth range, and erroneous or outlier values due to
local geological effects were excluded from the dataset. Additionally, the
depth precision of the resistivity measurements was determined based on
the electrode spacing and the inversion cell size, ensuring that the
resistivity values correspond to the appropriate subsurface zones. The
processed data were then interpolated in a Geographic Information

System (GIS) environment using Spatial Analyst tools to create resistivity



contour maps at various depths, including 1.5 m, 4.5 m, 7.5 m, 10.5 m, 12

m, 13.5 m, 15 m, and 25 m. These datasets were harnessed to establish

the relationship of p with V., SPT - N values, and w.

A significant challenge in this study involves extracting depth-specific
resistivity values from the ERT data. The inversion process inherently
involves smoothing, which can reduce the depth resolution at greater
depths. Resistivity values obtained from ERT are averaged over larger
regions (often 1-2 meters in depth), and these values may not correspond
exactly to the localised measurements taken at boreholes. To mitigate this
issue, we focused on shallow depths (up to 10 meters), where the depth
resolution of the inversion process is more piecise. Additionally, we
applied inversion model sensitivity analysis to assess the impact of
smoothed resistivity values on local geotechnical behaviour, noting that
the observed correlations remain robust despite these resolution
limitations. The inversion resolution was further discussed, particularly

how the depth of investigation impacts the precision of subsurface

resistivity profiles.
3.2. Geotechnical Investigation - Laboratory Evaluation

Geotechnical investigations are used to assess the properties of the soil at
specific locations. The standard penetration test (SPT) involves driving a
standard sampler into the ground and recording the number of blows
required to penetrate the soil a specific depth. This test helps in assessing
soil stiffness, cohesion, and friction angle, which are essential for

geotechnical engineering and foundation design. Additionally, the grain



size distribution analysis of soil samples provides information about the
composition of the soil, including the percentage of sand, silt, and clay,
which can influence the soil's permeability and engineering properties.
Borehole data were crucial for calibrating the ERT results, allowing for a

more accurate interpretation of the subsurface conditions.

Borehole data, obtained by drilling holes into the ground and recording
subsurface information, are crucial for validating and improving the
accuracy of ERT results. By comparing the resistivity values from ERT with
the actual soil properties measured in boreholes, a correlation can be
established. This correlation aids in converting electrical resistivity data
into meaningful geotechnical and geological information, enhancing the
reliability of the findings. In conclusion, the field investigations carried out
in this study integrated geoelectrical (ERT) and geotechnical (SPT, grain
size analysis) techniques to comprehensively understand the subsurface
conditions. The utilisation of borehole data for calibration and correlation
ensured the accuracy of the obtained results, enabling a more robust

assessment of the geological and geotechnical properties of the study area.

3.2.1 Specimen Preparation

Soil samples were obtained during the standard penetration tests (SPT) to
ensure they remained undisturbed, as shown in Fig. 6. A thin-walled
sampler was driven into the soil at a steady rate, with minimal vibration,
to preserve the natural structure and minimize disruption from shear
forces. After collection, the samples were carefully wrapped in plastic and

sealed in airtight containers to maintain moisture and protect them from



environmental exposure. The integrity of the samples was checked for
signs of stratification, voids, or compression that could suggest
disturbance. Following this, the samples were placed in a chamber for
various laboratory tests, maintaining their original in-situ conditions. The
moisture content (MC) was recorded at the start of the testing, and every
effort was made to ensure that the soil structure was minimally disturbed
during the sample handling and preparation. The more detailed

explanation is provided in the doctoral thesis of first author of this paper.

Fig. 6. (a) Collected undisturbed soil sample (b) shaping of soil sample

for suffusion testing (Najar et al., 2025)

The laboratory investigation of soil samples were carried out at Universiti
Malaysia Sarawak (UNIMAS). The soil samples were collected depth wise

during the SPT.
The laboratory investigations which were carried out are listed below:

i. pH
ii. Moisture content
iii. Bulk and dry density

iv.  Specific gravity



v. Particle size distribution
vi. Atterberg limit
vii. Unconsolidated undrained triaxial test

viii. Hydraulic conductivity

All the geotechnical parameters have been determined in laboratory, the

methodology is explained in Table 2.



Table 2. Laboratory testing methods

S.n Test Equipment/Test Standard Procedure

0.

1 pH Electrometric pH meter, Glass Soil samples were collected from the study area, calibrated
electrode, Saturated calomel electrodes were used for pH measurement, and standard buffer
electrode (SCE) solutions (pH 4, 7, 10) were used for calibration. The pH was

determined by immersing the glass electrode in the soil-water
paste and measuring the stabilised potential. The test is shown in
Fig. 7(a)

2 Moisture content Weighing balance, Oven (105°C *= Soil samples were dried in a temperature-controlled oven until
5°C), Moisture cans, Desiccators constant mass was achieved. Moisture content is calculated based
(BS EN ISO 17892-1 (2014)) on the mass change using the formulaMC (%) = mgmi; x 100,

where M1, M2, and M3 represent initial, total, and final mass,
respectively.

3 Bulk and dry density = Weighing balance, Suitable volume Bulk and dry density are determined by measuring the mass of soil
containers 1 ; ; - Ml

samples and their volume. Bulk density ybulk = —— and d
(BS EN ISO 17892-2 (2014)) : oL vy V2-Vi Y
densityydry = 75—, where M1, M2 are mass, and V1, V2 are
7 volume measurements.
4 Specific gravity Pycnometer, Weighing balance Specific gravity was measured using a pycnometer, and calculated
(BS EN ISO 17892-3 (2015)) asGs = th?ﬁ% where M1, M2, M3, and M4 are the mass
measurements at different steps of the process. The test is shown
~ in Fig. 7(b)
5 Particle size Set of calibrated sieves, Weighing Particle size distribution was determined by sieving the soil
distribution balance through a set of sieves, from largest to smallest. The masses of the
(BS EN ISO 17892-4 (2016)) soil retained on each sieve were recorded to calculate the
distribution. The test is shown in Fig. 7(c)

6 Atterberg limit Casagrande apparatus, Cone The liquid limit (LL) and plastic limit (PL) were determined by the
penetrometer, Standardised plastic number of blows required to close a groove in a soil sample (LL)
limit dish and by observing the moisture content at which the soil exhibits
(BS EN ISO 17892-12 (2018)) plastic behavior (PL). The plasticity index (PI) is calculated as Pl =

LL = PL. The test is shown in Fig. 7(d).
7 Unconsolidated Triaxial testing apparatus, Load The UU triaxial test was performed by applying axial load to a soil

undrained triaxial
test

frame, Data acquisition system
(BS EN ISO 17892-8 (2018))

sample in a triaxial cell, while measuring pore pressure and




recording stress-strain data. The unconfined compressive strength
was determined at failure. The test is shown in Fig. 7(e)

8

Hydraulic
conductivity

Permeameter, Weighing balance,
Stopwatch
(BS EN ISO 17892-11 (2019))

The soil samples were saturated in the permeameter and the time
required for the water head to fall is recorded. The hydraulic
2.3xaxL

conductivity (K) is calculated usingK = T(Iog %) where a is

the cross-sectional area of the tube, L is the length, A is the area,
and t is time. The test is shown in Fig. 7(f).




Fig. 7. Laboratory evaluation of geotechnical parameters (a) pH, (b)
specific gravity, (c) particle size distribution, (d) Atterberg limits, (e)
Triaxial test and (f) hydraulic conductivity

3.3 Regression and Correlation Analysis

As a fundamental statistical approach, regression analysis is extensively
utilised to investigate associations in datasets and ascertain the individual
impact of various variables. This principal goal of this study is to establish
a relationship model incorporating two to four parameters via nonlinear
regression, a process conducted using specialised analytical software. For
this research, OriginPro is employed as the key platform for constructing
a detailed statistical model and for testing the robustness and statistical
significance of the identified variable correlations. OriginPro is a
comprehensive graphing and data analysis application, renowned for its
powerful tools tailored for scientific graphing and nonlinear curve fitting.
Its capabilities include sophisticated data manipulation, the creation of
publication-quality graphs, and the implementation of complex fitting
algorithms. To rigorously quantify the error inherent in the nonlinear

regression, the fitted quality and efficacy of model are assessed using the



coefficient of determination (r?). Calculated from Equation 3, this statistic
is a pivotal indicator of the model's capacity to account for the variance

observed in the response data.

S (yi-91)° (3)

Where,

y; = tested data

prediction of least squares

<
I

Y; = mean of the statistical data

4. Results and Discussions

Fig. 8(a-i) presents the resistivity contour corresponding to the normalised
error of ERT1, ERT2, ERT3, ERT4, ERT5, ERT6, ERT7, ERT8, and ERT9
Sites at Lubok Antu, illustrating resistivity variations down to a depth of
25 meters. The depth is expressed in terms of elevation, while resistivity
is shown as the magnitude. This Fig. highlights the distribution of soil
resistivity across the study area. Fig. 9(a-h) depicts change in resistivity
with increasing depth up to 25 meters in the Lubok Antu region. The
resistivity data were interpolated using the inverse distance weighted
(IDW) technique in ArcGIS 10.8 ©, providing a smooth and continuous
representation of values across the study area while minimizing overlap
between zones. These measurements were taken near SPT locations, and
an overall increase in resistivity with depth was observed. Notably, the

Lubok Antu region has a higher percentage of clayey silt, which, due to the



negatively charged surfaces of clay particles, enhances soil conductivity
and reduces resistivity. While moisture content can generally lower
resistivity, the depth of the water table in this case suggests it had little
influence on the observed values. Despite this, an interesting trend of

increasing resistivity with depth was identified in the study area.
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Fig. 8. (a-i) Sample of inversion of resistivity profile of ERT1, ERT2,

ERT3, ERT4, ERT5, ERT6, ERT7, ERT8 and ERT9 sites at Lubok Antu
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4.1 Determination of pH

The determination of soil pH in this study was conducted using the
electrometric method, which is a widely accepted technique for assessing
the acidity or alkalinity of soils. The investigation of soil pH at various
depths revealed notable variations, indicating distinct acidity or alkalinity
levels across different layers. Overall values of pH for all the layers of soil
is in-between 4.3 to 6.8. The following observations were recorded; the
topmost layer exhibited a nearly neutral pH of above 6, suggesting a mildly
neutral environment. As the depth increased to, there was a noticeable
shift towards increase in pH value, indicating a potential buffering effect
in this layer. Within the transition zone of 4.5m to 7m, the soil
demonstrated a value from 5.5 to 6.7. This shiit may suggest variations in
soil composition or organic conternt. Iln the deeper layers, between 9m to
15m, the soil displayed the values in between 6.7 to 5.8, indicating less
acidic. These findings highlight the dynamic nature of soil pH with depth,
signifying potential! influences on nutrient availability, microbial activity,
and overall soil health. The pH of soil layers of different boreholes

corresponding to different layers is shown in Fig. 10.
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Fig. 10. pH of soil layers of different boreholes
4.2 Determination of Moisture Content

Moisture content is a measure of the amount of water present in a soil
sample. It is an important parameter in soil testing, as it can affect many
properties of the soil, such as its strength, compressibility, and density. In
this study, moisture content was found in the range of 3% to 43%, from
which it was found the soil between 10.5m to 13.5m depth has low

moisture content. The results of moisture content are shown in Fig. 11.
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Fig. 11. Moisture content of different soil layers
4.3 Determination of Bulk and Dry Deasities

After moisture was removed, the dry density of soil which is the mass of
solids per unit volume was determined to be 1.46Mg/m3. Conversely, the
bulk density, which represents the total mass of soil (solids and pores
combined) per unit volume, was found to be 1.83Mg/m3. The relationship
between bulk density and dry density sheds light on the porosity of the soil
depicted in Fig. 12. A higher porosity, which implies that the soil has more
pore space, is indicated by a lower bulk density. On the other hand,
increased bulk density results in decreased pore space and increased soil
compaction. Understanding water retention, nutrient availability, and
general soil health depend heavily on these findings. To further highlight
the state of the soil, values can be compared to standard benchmarks or

previous measurements. Variations from predicted values could be a sign



of compaction problems in the soil, or other problems affecting the

structure of the soil.
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Fig. 12. Bulk density and dry density of soil samples
4.4 Determination of Paiticle Size Distribution

Particle size distribution (PSD) analysis was performed on 63 soil
specimens collected layer-wise, and the percentage of different soils is
depicted in the histogram in Fig. 13. The histogram of sample size,
correlated with the percent of gravel, revealed that 60 soil samples among
63 samples had a gravel percentage below 50%. Similarly, the histograms
for sand, silt, and clay percentages indicated that 57, 15, and 60 soil
samples, respectively, had percentages below 50%. The clay content
within the soil samples was assessed through hydrometer tests, and the
outcomes of these tests are illustrated in Fig. 14. It was found that clay

content varied from 0% to 34%. However, after the refusal during the SPT,



the later was recognised as hard clay. In addition, the sample was collected
from the hard clay for laboratory testing, it was found that this clay is fine
particles with highly natural compacted clay. The PSD analysis results are

shown in Fig. 14.
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4.5 Determination of Atterberg Limits

Atterberg tests were conducted to determine the liquid limit and plastic
limit of the soil sample. The plasticity index was calculated by subtracting
the plastic limit from the liquid limit. A total of 44 samples underwent
testing, and the results are illustrated in the histogram of Fig. 15(a).
Among these samples, the liquid limit of 14 samples was below 50%, while
the remaining 30 samples exhibited a liquid limit exceeding 50% and
highest was 84%. Consequently, 5 soil samples are categorised as
moderately plastic with a range 5% to 15%, whereas the 33 soil samples
considered in this study are classified as plastic with a range of 15% to
40%. In addition, 5 samples were categorised as very plastic having
greater than 40% PI. The range of liquid limits across all soil samples
varied from a minimum of 40% to @ maximum of 84%. A plasticity chart is
utilised to plot all soil samples, enabling the determination of soil

classification based cin the USCS classification system shown in Fig. 15(b).
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One of the central challenges in this study is reconciling bulk resistivity
measurements obtained from ERT with the localised geotechnical
parameters measured through SPT, shear wave velocity (Vs), and other
laboratory tests. In this perspective, the geological characteristics of the
Lubok Antu region, dominated by fine-grained soils, particularly clays and
silts, and exhibiting a consistent moisture regime, contribute to a reduced
heterogeneity in subsurface conditions. These factors are believed to allow
ERT measurements to more closely approximate the local mechanical
behavior, as the resistivity values reflect more uniform soil behavior across
the subsurface layers. This is in contrast to more heterogeneous regions,
where large variations in soil composition and inoisture content might lead
to more significant discrepancies between bulk resistivity and local
geotechnical properties. The relationship between ERT-derived resistivity
and geotechnical parameters in Lubok Antu is thus influenced by the
relatively low variability in the soil composition and moisture content of
the region, facilitating the interpretation of bulk resistivity as a reasonable

proxy for local soil conditions.

4.2 Simple Regression Analysis of Soil Electrical Resistivity and

Index Geotechnical Properties

In statistical analysis of this study, transparency has been ensured by
explicitly stating the criteria used to exclude data points from the
regression analysis. Data points were excluded if they exhibited significant

measurement errors or were affected by local site effects, such as nearby



infrastructure or heterogeneous geological conditions. These exclusions
were based on a combination of visual inspection of the data, residual
analysis, and sensitivity tests. To improve the robustness of the regression
models, this study included confidence intervals around the best-fit lines,
which quantify the uncertainty of the correlations and allow for a more
reliable interpretation of the results. This study emphasize that the
excluded data were outliers that could have skewed the results, and the
final statistical models represent the best fit to the core dataset. The
simple regression analysis has been carried out between the soil resistivity
and key geotechnical parameters and are described as follows. The soil

resistivity data and laboratory data has been compiied in the Table 3.



Table 3. The Soil Resistivity Data and Laboratory Data of all the Boreholes

Atterberg Particle Size
Limit Distribution
Dept Descriptio | p SPT Unit A Linear Bulk Dry Particl Porosity Void Ratio Moistur LL PL PI Grave San Sil Cla Classificati Specif Degree Resistiv
h n H -N ‘Weig Shrinkag Densit Densit e e (%) (%) (%) 1 (%) d t y on ic of ity
valu | ht e (%) y y Densit Content (%) %) | (%) gravit saturati
e (Mg/m | (Mg/m |y (%) y on
) 3
Borehole 1
1.50 very Soft 6. 4 19 140.6 5 1.639 1.274 2.6 0.36961 0.586333 28.61 51 34 18 1 18 61 20 MH 2.6 126.86 103.7
Silt 2 9
3.00 Soft Silt 5. 4 19.5 140.6 3.6 1.847 1.381 2.64 0.30037 0.429345 33.8 56 33 23 8 15 55 19 MH 2.64 207.83 186.33
7 9
4.50 Stiff Silt 5. 7 20 166.2 2.9 1.853 1.375 2.68 0.30858 0.446303 34.77 56 34 22 1 11 63 25 MH 2.68 208.78 201.42
7 7
7.00 Hard Silt 6. 8 20.5 173.0 2.9 1.901 1.712 2.55 0.25451 0.341399 11.1 57 35 24 28 33 34 5 MH 2.55 82.90 284.25
6 4
9.00 Stiff Clay 6. 10 18.5 184.9 1.4 1.895 1.628 2.66 0.28759 0.403694 16.43 43 25 30 43 25 30 2 GM 2.66 108.25 250.5
7 6
12.0 Clay 5. 50 18 299.3 2.1 1.88 1.448 2.68 0.29850 0.425532 29.85 62 31 30 0 10 66 24 MH 2.68 187.99 242.12
0 7 0
14.0 Hard clay 20.5 0 501.76
0
30.0 Hard 25 0 949.41
0 Rock
Borehole 2
3.00 Soft Silt 5. 2 19 114.4 4.3 1.847 1.479 2.66 0.30563 0.440173 24.85 49 28 21 4 25 42 29 MI 2.66 150.17 79.43
with 8 1 9
Gravel
7.50 Soft Silt 6. 4 19 140.6 4.3 1.79 1.365 2.63 0.31939 0.469274 31.15 46 27 18 14 24 33 29 MI 2.63 174.57 100
with 1 9 2
Gravel
8.00 Stiff Silt 4. 4 20 140.6 2.9 1.711 1.215 2.067 0.35917 0.560491 40.84 74 36 38 0 7 59 34 MV 2.67 194.54 186.33
4 9 6
9.50 Stiff Silt 4. 9 20 179.2 3.6 1.697 1.223 2.6 0.34730 0.532115 38.77 77 36 41 0 8 61 31 MV 2.6 189.43 284.25
3 3 8
10.5 Stiff Silt 5. 10 20 184.9 1.4 1.387 1.306 2.67 0.48052 0.925018 6.21 18 13 59 10 M 2.67 17.92 340.76
0 2 6 4
13.5 Stiff Silt 5. 11 20 190.3 1.4 1.365 1.298 2.66 0.48684 0.948718 5.23 19 8 61 12 M 2.66 14.66 501.19
0 0 0 2
17.0 Hard Silt 6. 50 20.5 299.3 2.1 1.771 1.278 2.72 0.34889 0.535855 38.69 45 31 14 0 42 54 4 MI 2.72 196.39 501.19
0 2 0 7
30.0 Hard 25 0 676.73
0 Rock
Borehole 3
2.00 Soft Silt 6. 4 19.5 140.6 3.6 1.892 1.498 2.65 0.28603 0.400634 26.26 43 27 16 5 26 50 19 MI 2.65 173.69 101.25
3 9 8
3.50 Soft Silt 6. 5 19.5 150.3 3.6 1.795 1.308 2.74 0.34489 0.526462 37.29 43 32 11 0 48 37 15 MI 2.74 194.07 185.96
5 8 1
5.00 Soft Silt 4. 6 19.5 158.7 2.9 1.802 1.346 2.75 0.34472 0.526082 33.83 83 43 41 1 10 61 28 MV 2.75 176.84 284.35
5 9 7
7.50 Soft Silt 4. 7 19.5 166.2 1.4 1.409 1.065 2.7 0.47814 0.916253 32.25 79 40 38 0 8 60 32 MV 2.7 95.03 340.8
3 7 8
9.00 Stiff Silt 4. 15 20 208.7 1.4 1.372 1.348 2.65 0.48226 0.931487 1.76 14 12 58 16 M 2.65 5.007 501.19
9 9 4




10.5 Stiff Silt 5. 17 20 216.7 2.1 1.39 1.372 2.71 0.48708 0.94964 1.29 23 11 59 7 M 2.71 3.68 501.19
0 7 5 5
14.0 | Hard Silt 5. 50 20.5 299.3 1.4 1.401 1.381 2.68 0.47723 0.912919 1.47 13 12 71 4 2.68 4.31 501.19
0 3 0 9
Borehole 4
1.50 | very Soft 6. | 4 19 140.6 5 1.56 1.474 2.5 0.376 0.602564 30.15 52 34 18 2 17 62 19 MH 2.6 130.09 113.2
Silt 2 9
3.00 | Soft Silt 5. 5 19.5 150.3 3.6 1.81 1.581 2.54 0.28740 0.403315 35.34 57 33 23 9 14 56 18 MH 2.64 231.32 186.33
8 8 2
4.50 | Stiff Silt 5 18 20 173.0 2.9 1.853 1.575 2.58 0.28178 0.392337 36.31 56 34 22 2 10 64 24 MH 2.68 248.02 201.42
6 4 3
7.00 | Hard Silt 6. 10 20.5 184.9 2.9 1.92 1.912 2.45 0.21632 0.276042 12.64 58 35 24 29 32 35 4 MH 2.55 116.76 289.55
7 6 7
9.00 | Stiff Clay | 6. 15 18.5 208.7 1.4 1.902 1.828 2.59 0.26563 0.361725 17.97 44 25 30 44 24 31 1 GM 2.66 132.14 250.5
7 9 7
12.0 | Clay 5. 50 18 299.3 2.1 1.899 1.648 2.61 0.27241 0.374408 31.39 63 31 30 1 9 67 23 MH 2.68 224.68 242.12
0 8 0 4
14.0 | Hard Silt 5. 20.5 0 340.76
0 5
30.0 | Hard 25 0 500.15
0 Rock
Borehole 5
3.00 | Soft Silt 5. 1|4 19 140.6 4.3 1.866 1.679 2.55 0.26823 0.366559 27.48 50 28 21 5 24 43 28 MI 2.66 199.41 95.6
with 8 96 5
Gravel
7.50 | Soft Silt 6. | 6 19 158.7 4.3 1.83 1.565 2.53 0.27668 0.382514 38.51 55 27 18 15 23 34 28 MI 2.63 264.77 100
with 1 96
Gravel
8.00 | Stiff Silt 4. | 9 20 179.2 2.9 1.722 1.415 2.57 0.32996 0.492451 35.05 78 36 38 1 6 60 33 MV 2.67 190.03 250.34
3 36 1
9.50 | Stiff Silt 4. 11 20 190.3 3.6 1.712 1.423 2.5 0.3152 0.46028 33.47 81 36 | 41 1 7 62 30 MV 2.6 189.06 284.25
3 09
10.5 Stiff Silt 5. 15 20 208.7 1.4 1.421 1.506 2.57 0.44708 0.808586 2.98 19 12 60 9 M 2.67 9.84 413.51
0 3 91 2
13.5 Stiff Silt 5. | 25 20 243.2 1.4 1.41 1.498 2.55 0.44705 0.808511 2.51 20 7 62 11 M 2.66 8.25 501.19
0 0 42 9
17.0 | Hard Silt 6. 50 20.5 299.3 2.1 1.82 1.478 2.62 0.30534 0.43956 2.69 45 31 14 1 41 55 3 MI 2.72 16.64 501.19
0 1 01 4
30.0 | Hard 25 0 798.33
0 Rock
Borehole 6
2.00 | Soft Silt 6. 5 19.5 150.3 3.6 1.911 1.698 2.55 0.25058 0.33438 25.81 46 27 16 6 25 51 18 MI 2.65 204.54 123.95
2 85 8
3.50 | Soft Silt 6. 7 19.5 166.2 3.6 1.813 1.508 2.64 0.31325 0.45615 36.84 47 32 11 1 51 48 0 MI 2.74 221.29 191.56
5 76 8
5.00 | Soft Silt 4 9 19.5 179.2 2.9 1.821 1.546 2.65 0.31283 0.455244 33.38 84 | 43 41 2 9 62 27 MV 2.75 201.63 284.35
36
7.50 | Soft Silt 4. 13 19.5 200.0 1.4 1.422 1.265 2.6 0.45307 0.828411 31.8 82 40 38 1 7 61 31 MV 2.7 103.64 386.78
3 49 7
9.00 | Stiff Silt 5. 15 20 208.7 1.4 1.391 1.548 2.55 0.45451 0.833214 1.31 15 11 59 15 M 2.65 4.16 408.91
0 91
10.5 Stiff Silt 5. 19 20 224.0 2.1 1.415 1.572 2.61 0.45785 0.844523 0.84 24 10 60 6 2.71 2.69 501.19
0 6 78 4
14.0 | Hard Silt 5. 50 20.5 299.3 1.4 1.426 1.581 2.58 0.44728 0.809257 1.02 14 11 72 3 M 2.68 3.37 501.19
0 2 01 7




30.0 | Rock 835.1
0
Borehole 7
1.50 | very Soft 6. | 3 19 129.1 5 1.692 1.255 2.7 0.37333 0.595745 29.35 49 | 34 18 3 16 63 18 MH 2.6 128.09 131.15
Silt 1 25 3
3.00 | Soft Silt 5 | 5 19.5 150.3 3.6 1.947 1.362 2.74 0.28941 0.407293 34.54 52 33 23 10 13 57 17 MH 2.64 223.88 186.33
6 85 6
4.50 | Stiff Silt 5 |7 20 166.2 2.9 1.925 1.356 2.78 0.30755 0.444156 35.51 53 34 | 22 3 9 65 23 MH 2.68 214.26 224.32
8 76 4
7.00 | Hard Silt 6. | 8 20.5 173.0 2.9 1.951 1.693 2.65 0.26377 0.358278 11.84 55 35 24 | 30 31 36 3 MH 2.55 84.26 284.25
5 4 4
9.00 | Stiff Clay | 6. 16 18.5 212.8 1.4 1.912 1.609 2.77 0.30974 0.448745 17.17 57 25 30 | 45 23 32 0 GM 2.66 101.77 250.5
9 57 7
12.0 | Clay 5. | 50 18 299.3 2.1 1.9 1.429 2.78 0.31654 0.463158 30.59 65 31 30 2 8 68 22 MH 2.68 177.00 242.12
0 9 01 7
14.0 | Hard Silt 6. 20.5 0 500.51
0 1
30.0 | Hard Rock 25 0 936.45
0
Borehole 8
3.00 | Soft Silt 5 | 5 19 150.3 4.3 1.88 1.46 2.63 0.28517 0.398936 24.85 51 28 21 6 23 44 | 27 MI 2.66 165.69 98.67
with 7 85 1
Gravel
7.50 | Soft Silt 6. | 8 19 173.0 4.3 1.82 1.346 2.6 0.3 0.428571 31,15 56 | 27 18 16 22 35 27 MI 2.63 191.15 118.98
with 2 4
Gravel
8.00 | Stiff Silt 4. | 8 20 173.0 2.9 1.75 1.196 2.64 0.33712 0.5038571 40.84 70 | 36 | 38 2 5 61 32 MV 2.67 214.41 186.33
5 4 1
9.50 | Stiff Silt 4. |9 20 179.2 3.6 1.71 1.204 2.57 0.33463 0.502924 38.77 71 36 | 41 2 6 63 29 MV 2.6 200.43 303.45
4 36
10.5 | Stiff Silt 5. 15 20 208.7 1.4 1.42 1.287 2.64 0.46212 0.859155 6.21 20 11 61 8 M 2.67 19.29 340.76
0 2 91 1
13.5 | Stiff Silt 5. 18 20 220.4 1.4 1.45 1.279 2.66 0.45488 0.834483 5.23 21 6 63 10 M 2.66 16.67 487.51
0 2 85 7
17.0 | Hard Silt 6. | 50 20.5 299.3 2.1 1.88 1.259 2.69 0.30111 0.430851 38.69 65 31 14 | 2 40 56 2 MI 2.72 244.25 501.19
0 3 01 5
30.0 | Hard 25 0 921.45
0 Rock
Borehole 9
2.00 | Soft Silt 6. | 5 19.5 150.3 3.6 1.9 1.479 2.62 0.27480 0.378947 27.21 40 | 27 16 7 24 52 17 MI 2.65 190.28 179.54
4 85 9
3.50 | Soft Silt 6. |7 19.5 166.2 3.6 1.89 1.289 2.69 0.29739 0.42328 38.24 43 32 11 2 50 49 | -1 MI 2.74 247.53 185.96
5 76 8
5.00 | Soft Silt 4. 11 19.5 190.3 2.9 1.9 1.327 2.72 0.30147 0.431579 34.78 65 | 43 | 41 3 8 63 26 MV 2.75 221.61 296.85
4 09 1
7.50 | Soft Silt 4. 14 19.5 204.5 1.4 1.5 1.046 2.67 0.43820 0.78 33.2 66 | 40 38 2 6 62 30 MV 2.7 114.92 340.8
4 29 2
9.00 | Stiff Silt 4. 15 20 208.7 1.4 1.41 1.329 2.61 0.45977 0.851064 2.71 16 10 60 14 M 2.65 8.43 467.84
9 91
10.5 | Stiff Silt 5. 17 20 216.7 2.1 1.45 1.353 2.68 0.45895 0.848276 2.24 25 9 61 5 2.71 7.15 491.25
0 8 5 5
14.0 | Hard Silt 5. | 50 20.5 299.3 1.4 1.5 1.362 2.65 0.43396 0.766667 2.42 15 10 73 2 2.68 8.45 501.19
0 4 01 2
Rock 25 867.41




4.2.1 Correlation between Resistivity and Shear Wave Velocity (V)

The velocity of shear wave propagation, Vs, is a key soil property, used for
soil characterisation, such as the estimation of small-strain shear modulus,
liquefaction resistance, seismic response, and assessment of the
effectiveness of soil improvement methods used in soils, as well as others.
The specific soil-type relationships such as, Imai and Tonouchi (1982),
Ohta and Goto (1977), Hasancebi and Ulusay (2007) shown in Table 1 has
been used to calculate the V¢ in the Lubok Antu region of Sarawak by
following the methodology of (Nabilah et al., 2023). This Vs has been
calculated using the SPT-N values. The V. profiles obtained from the
simple regression at specific locations near the resistivity tests were used
to develop correlations between resistivity and shear wave velocity. The
variation of Vg with depth is shown in Fig. 16(a), the resistivity and Vs
values were considered for developing the correlations is shown in Fig.
16(b). Where an increase in resistivity was found to result in an increase
in shear wave velscity. A linear relationship was observed between the two
parameters, with a regression coefficient (R2) of 0.62 indicating a strong
correlation. The equation between shear wave velocity and resistivity is
shown in. Some erroneous values were omitted from the dataset due to

measurement errors and local site effects.

Vs = 0.2238p + 132.07 (4)

The regression plots presented in this study include confidence intervals
around the best-fit lines, calculated using standard error of the regression

coefficients. These intervals provide insight into the uncertainty of the



estimated relationships between resistivity and the geotechnical
parameters. The confidence intervals help quantify the variability in the

data and offer a clearer assessment of the robustness of the correlations.
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Fig. 16. (a) The Variation of Shear Wave Velocity with Depth (b) Correlation between Resistivity and Shear Wave Velocity



4.2.2 Correlation between Resistivity and SPT - N

The Fig. 17 illustrates the variation of SPT - N over the depth up to 30m in
the Lubok Antu region. Generally, SPT - N values increase with depth up to
10-15 meters and then SPT - N values beyond 50 were considered as
refusal and SPT is terminated and not used for correlation development.
The resistivity values also showed a similar trend with depth. The water
table depth in the area is approximately 10 meters, and the resistivity
values beyond the water table were affected by its presence. Therefore,
the resistivity and SPT - N values up to 10 meters were used to develop the

correlations.

=
—sa—BH1) 30 =
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—v— BH4| 20
BH5
BH6
sH7| 10
—e— BHS
—x— BH9

1 N 1 N 1 N 1 N 1 O
15 20 25 30 35

Depth (m)

Fig. 17. Depth versus SPT-N

Fig. 18 shows the relationship between resistivity and SPT - N. A linear

relationship was observed between the two parameters with a regression



coefficient (R2) of 0.55, indicating a medium correlation between SPT - N

and soil resistivity (p) and the equation is shown in (5. However, the

coefficients in the linear relations are sensitive to the clay

content and

lithology at the site. Some of the measurement errors were excluded from

the dataset to develop the correlations, which slightly reduced the R?2

value.

N = 0.0636p - 1.7577
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Fig. 18. Resistivity Correlation with SPT-N

(5)

4.2.3 Correlation between Resistivity and Moisture Content

The moisture content of the soil has a significant impact on its resistivity,

and to examine this effect, a correlation was established. This correlation

was developed by conducting resistivity tests at a particular depth of 1

meter beneath the ground surface at the same location while varying the

moisture content. The tests were conducted each day following occasional



rainfall until there was no further alteration in resistivity. After the test,
samples were gathered using a core cutter, and the moisture content was
determined in the laboratory. The depth-wise resistivity is shown in Fig.
19(a). There is a strong relationship between the resistivity and moisture
content with R2 of 0.74 shown in Fig. 19(b). In addition the equation

between the resistivity and moisture content is shown in (6.

p = 592.4y0-226 (6)



Depth (m) 1000

Model p=592 4w*-0 226 : :
0 5 10 15 20 25 30 Eoon e ; & (b)
0 . ] . ] . ] . ] . ] . ] J _. Plat Resistivity R ST S 8
’ ‘ ; : i i o |- 594 23661 + 88 23126 5 ®
b -0.17123 + 0.05309 ®
800 A Reduced Chi-Sqr 44656 65298 ®
R-Square (COD) 074 :
200 + | Adj. R-Square 0.736

e

E G
< 400 =
z =
% 6004 'z
¢ R | |
= | | |

800 2K~ o o L °

, | | , N e — P WP, SN R—
1000 5 5 5 5 5 0 : ———
0 10 20 30 40 50

Moisture Content (w,%)

Fig. 19. (a) Depth versus Resistivity (b) Correlation between Resistivity and Moisture Content




In Fig. 19(b), the relationship between resistivity and moisture content is
displayed. The results show that as moisture content increases, the
resistivity of the soil (p) decreases. The correlation between resistivity and
moisture content was observed to be nonlinear and followed a power
relationship with a regression coefficient of 0.74, as presented. Previous
research by Pozdnyakov et al., (2006) suggested that water significantly
impacts the mobility of electrical charge in soil. With higher moisture
content, electrical current can be conducted through the pore water
(Siddiqui & Osman, 2013). The correlation presented in this study exhibits
similarities to those reported in previous research (Hatta & Osman, 2015;
Hegde & Anand, 2022; Rezaei et al., 2018; Siddigui & Osman, 2013; Zhang

et al., 2018).

It is revealed from this research that that high moisture content (20-40%)
corresponds to low resistivity (60-200Q.m), low moisture content (1-6%)
corresponds to high resistivity (300-500 Q.m) and hard rock shows very
high resistivity (500-950 Q.m) with negligible moisture. While the
geophysical resistivity measurements provide a bulk representation of
subsurface properties, the geotechnical parameters like SPT-N and
moisture content reflect more localised characteristics. This scale
mismatch necessitates careful consideration when applying these

correlations to large-scale geotechnical site characterisation.



Table 4. Assessing how the Proposed Correlation compares to Prior

Research
S.n Authors Data Locatio Correlation R?2
o pairs n
SP ERT
T
01 Bragaetal, 49 06 Sao N = (p/6839.72)0-70 0.7
(1999) Paulo 0
02 Liu etal., Laborator @ China N =2.3p + 2.7 0.8
(2008) y 2
03 Oh&Sun 05 06  South p = 18.5N 0.4
(2008) Korea 7

04 Hatta & 11 03 Perak, p = 20.94N + 281.56 0.9
Osman Malaysia 0

(2015)

05 Zhangetal, 06 06 Jiangsu, p = 53.8Cs-0.85 0.8

(2018) China 3

06 Rezaeietal.,, 06 06 Nargesc p = 15.65e0.034N 0.5
(2018) hal, 5

Golestan




07 Hegde & 16 16 Patna, N = 0.1049p 0.6
Anand India -3.1576 2

(2022)

N = 0.0636p-1.175 0.5

5

08 Present 09 09 Lubok P = 592.4w0226 0.7
study Antu, 4
Sarawak pH = 0.002p 05

+5.6101 38

V. = 0.2238p 0.6

+132.07 2

k = -0.0018p 0.7

+1.5758 6

p = 284.75¢065 0.7

1

p = 20.363p|%:704 0.7

The newly developed correlations were found to be consistent with many
of the previously conducted studies (Hatta & Osman, 2015; Hegde &
Anand, 2022; Liu et al., 2008; Oh & Sun, 2008). Table 4 provides a

comparison of the correlation results obtained in this study with those of



earlier research. Depending on the soil type, various types of correlations

were observed between the SPT - N and soil resistivity (p), such as linear,
power, exponential, etc. The present study showed the highest value of the
regression coefficient (R%2) as compared to previous research. Therefore,
the linear relationship between SPT-N and resistivity is strongly supported

for the soil in Lubok Antu region of Sarawak, Malaysia.

The moisture content of soil has a significant impact on its
resistivity. Coelho et al., (2015) found that soil resistivity and ground
resistance can vary significantly with changes in moisture content, which
can affect the performance of grounding systems. Beck et al., (2011)
further demonstrated a linear relationship between resistivity and dry
density, with the sensitivity decreasing as water content increases. Butalia
et al., (2003) and Bertermann and Schwarz (2018) both highlighted the
decrease in soil strength and stiffness with increased moisture content,
with Butalia specifically noting a decrease in resilient modulus.
Bertermann alsc developed a soil texture-independent relation between
electrical conductivity and soil moisture content. These studies collectively
underscore the importance of considering moisture content in soil

resistivity measurements and the design of grounding systems.

4.2.4 Correlation between Resistivity and pH

A linear relationship was observed between the two parameters with a
regression coefficient (R2) of 0.58, indicating a medium correlation
between pH value and soil resistivity (p), and the equation is provided in

(7 shown in Fig. 20. However, the coefficients in the linear relations are



sensitive to the peak ground acceleration (PGA), the nature of the seismic
wave, the duration of the event, and the lithology at the site. Some of the
measurement errors were excluded from the dataset to develop the

correlations, which slightly reduced the R2 value.

pH = 0.002p + 5.6101 (7)

0 200 400 600 800  100C
Resistivity (Q.m)

Fig. 20. Correlation between Resistivity and pH
4.2.5 Correlation between Resistivity and Hydraulic Conductivity

To accurately anticipate and control soil instabilities, it is essential to
establish a connection between the hydrogeological characteristics of the
soil and its electrical properties. This necessitates a comprehensive
understanding of both the hydraulic conductivity and the electrical

resistivity of the soil. The subsurface movement of water is contingent on



the soil's hydraulic conductivity, representing the ease with which water
or fluid traverses the pore spaces within the soil. The change in hydraulic

conductivity concerning change in depth is shown in Fig. 21.

Fig. 21. Hydraulic Conductivity with respect to Depth

This flow or movement of soil water hinges on the porosity of soils, being
more prominent in coarse-grained soil (such as sand) compared to fine-
grained soil (such as clay). The hydraulic conductivity of the soil is
influenced by seasonal fluctuations in soil water content. Consequently, a
thorough understanding of soil hydraulic conductivity is crucial for
evaluating slope instability in residual soil. The findings indicated that
hydraulic conductivity values can be derived from electrical resistivity
data, particularly when there is pertinent information from borehole

penetration tests. It was found from the results that hydraulic conductivity



decreases as the depth increases. Also, Fig. 22(a) and Fig. 22(b) illustrate
the correlation between resistivity and hydraulic conductivity. It was found
that resistivity is inversely proportional to hydraulic conductivity;
resistivity increases, and hydraulic conductivity decreases, indicating the

presence of clay content.
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Fig. 22. (a) Resistivity and Hydraulic Conductivity (b) Correlation between Resistivity and Hydraulic Conductivity



A linear relationship was observed between the two parameters with a
regression coefficient (R2) of 0.76, indicating a strong correlation between
hydraulic conductivity and soil resistivity (p) and the equation is provided
in (8. However, the coefficients in the linear relations are sensitive to the

clay content and lithology at the site.

k =-0.0018p + 1.5758 (8)

4.2.6 Correlation between Void Ratio and Resistivity

A significant exponential relationship was observed between void ratio and
soil resistivity (R2=0.71), following equation p = 284.75e9-6>,  This
correlation indicates the soil porosity exerts a substantial influence on
electrical properties, with higher void ratios corresponding to increased
resistivity values across all soil types in the Lubok Antu formation. The
strong positive correlation between void ratio and resistivity reveals
fundamental insights into the pore structure’s role in electrical
conduction. Higher void ratios typically indicate better-drained, more
porous soils where conductive pore water phase becomes discontinuous,
leading to increased resistivity. Conversely, lower void ratios
characterised denser soils with reduced porosity and potentially higher
saturation, facilitating better electrical conductivity through the pore

network.

This relationship is particularly evident in the transition from soft silts
(void ratio = 0.4-0.6, resistivity = 100-200Q.m) to stiff/hard silts (void ratio
= 0.8-0.95, resistivity = 300-500Q.m). The exponential nature of the

correlation suggests that small changes in porosity at higher void rations



result in disproportionately large changes in resistivity, highlighting the

sensitivity of electrical methods to soil compaction state.

For practical implications, the void ratio-resistivity correlation enables
preliminary assessment of soil density and compaction state from ERT
surveys. Areas showing higher resistivity may indicate looser, more
compressible soils requiring additional geotechnical investigations, while

lower resistivity zones likely represent denser, more competent materials.

4.2.6 Correlation between Plasticity Index and Resistivity

The relationship between Plasticity Index (PI) and electrical resistivity
reveals a significant, non-linear trend controlled by the competing
influences of clay mineralogy and soil state shown in Fig. 32. Soils with
moderate PI values (20-30%), typically representing clays and silty clays,
exhibit the lowest resistivity (approximately 200-250 Q-'m). This is
attributed to the dominance of surface conductivity, where the high
specific surface area and cation exchange capacity of clay minerals
provide a highly conductive pathway. However, this trend reverses for
soils with very high PI (>35), which correspond to stiffer, more
consolidated layers that often have lower natural moisture contents and a
more flocculated fabric, reducing pore connectivity. As a result, these
high-PI soils have an unexpectedly high resistivity (300-500 m), indicating
that the overall soil fabric and saturation state ultimately control the bulk
electrical response, despite the fact that clay content typically increases

conductivity.
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4.3 Scale Mismatch and Data Integration



It is essential to acknowledge the inherent scale mismatch between bulk
geoelectrical resistivity measurements, which provide a macroscopic view
of subsurface properties, and the highly localised nature of geotechnical
indices such as SPT-N, Atterberg limits, moisture content, and hydraulic
conductivity. This scale discrepancy can limit the direct applicability of the
correlations across different geological settings. Therefore, future studies
may consider using higher-resolution geophysical techniques or

complementary geotechnical methods to refine the correlations further.
4.4 Geological context and Scale Mismatch

The Lubok Antu region is characterised by a fine-grained soil matrix, with
clay and silt being the dominant components. This composition, coupled
with the region’s consistent moisture regime, significantly reduces
subsurface heterogeneity. As a result, the bulk resistivity measurements
from ERT are more likely to retlect the local mechanical behavior, even
though ERT and geotechnical measurements inherently represent
different spatial scales. This geological consistency helps explain why
moderate-to-high statistical correlations are observed between resistivity
and geotechnical parameters, making these correlations not just empirical

but grounded in the physical characteristics of the region
5. Conclusions and Future Work

i. This study established robust site-specific correlations between
Electrical Resistivity Tomography (ERT) and key geotechnical

parameters, such as shear wave velocity (Vs), soil moisture content



ii.

iii.

iv.

Vi.

Vii.

(1, and Standard Penetration Test (SPT) blow counts, for the Lubok
Antu region in Sarawak, Malaysia.

The correlations developed in this study offer a site-specific
approach to subsurface characterisation in the Lubok Antu region.
However, their applicability in other regions with different
geological and soil conditions requires independent validation.

A strong nonlinear correlation was observed between soil resistivity
(p) and moisture content ([J), with an R? value of 0.74, providing a
reliable method for estimating soil moisture from resistivity data.
Moderate correlations were found between resistivity and shear
wave velocity (R? = 0.62), as well as resistivity and SPT-N values (R?
= 0.55), which can aid in subsurface characterisation and
geotechnical site assessment.

The integration of ERT with geotechnical testing techniques offers a
practical and cost-eifective alternative to traditional drilling
methods, reducing the need for extensive boreholes and speeding up
site assessments.

This work is innovative in its development of region-specific
correlations for Lubok Antu, filling a gap in the literature and
offering a new approach for subsurface investigations in complex
geological settings.

The findings of this study have significant implications for seismic
hazard assessments, foundation design, and groundwater

exploration, especially in tectonically active regions.



Viii. Further validation of these correlations in other regions with similar

soil types and geological conditions is recommended to enhance

their broader applicability.

ix. Future studies should focus on validating these correlations in other

regions with varying lithological and environmental conditions.

Further research should also explore additional geophysical
techniques to complement ERT for more accurate geotechnical

property estimation.

Nomenclatures
List of acronyms
AB/2 Maximum elecirode separation
ANN-PSO Artificial Neural Network-Particle Swarm
Optimisation
Cl and C2 Outer electrodes
EC Electrical Conductivity
ERT Electrical resistivity tomography
GIS Geographic information system
P1 and P2 Inner electrodes
RMS Root Mean Square
SPT Standard penetration test
USCS Unified Soil Classification System
UNIMAS Universiti Malaysia Sarawak
Latin letters
o Resistivity (Q.m)




PI Plasticity Index (%)

Vs Shear wave velocity (m/s)

w Moisture content (%)

k Hydraulic conductivity (m/day)
pH Power of hydronium ions
AV Voltage difference (V)

I Applied current (A)

K Geometric constant
R2 Coefficient of determination
o Electrical conductivity (S/m)

Greek letters

AT Temperature difference (°C)

A Wavelength (m)

n Poisson’s ratio (dimensionless)
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