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Abstract: Understanding the technical properties of the subsurface soil is essential for carrying out
any building project correctly. In sandy soils in Phuket, Thailand, a correlation between electrical
resistivity and the SPT N-value should be established in design to cut down on the time and expense
of engineering field work for site investigation operations. Using the least squares method, the data
of electrical resistivity and SPT N-values were fitted for regression analysis, and the behavior of the
fitting coefficients was examined under various soil conditions found in the field. The factors affecting
the link between electrical resistivity and the SPT N-value were found using data classifications of
geology and climate. Phuket is located in a humid tropical region with frequent heavy rainstorms
and extended periods of high temperatures and is composed of two main distinct geological areas:
(1) igneous rock and (2) sedimentary and metamorphic rocks. According to the geological classifi-
cation, the regression parameter (R?) of the relationship between the electrical resistivity and SPT
N-values somewhat increased from a straightforward plot (R? = 0.0171) to 0.1721, and the geology
and climate data categorization revealed the best fit which is an exponential model (R? = 0.6175).
By re-examining the two VES lines under the identical bedrock and climate characteristics as the
original model, the relative R? of 0.5519 validates the association between electrical resistivity and
SPT N-values. It is important to emphasize that the geology and climate of the collected data have
an impact on the correlation model. Furthermore, a geotechnical investigation should be used to
confirm the findings of an electrical resistivity survey as a preliminary tool to assess any problematic
subsurface zones. However, more field test data from diverse places must be acquired in order to
establish the relationship between the SPT N-value and electrical resistivity of sandy soils.
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1. Introduction

The engineering properties of the subsurface soil must be understood for any built
structure to be constructed successfully. For the proper design and efficient construction
of any structure, a precise determination of the engineering properties of soil is required.
High spatial and temporal variations affect soil properties [1]. However, since it requires a
method of direct investigation and direct data are promptly collected, there will be areas
with no data information, even when using a vast mesh of instrumentation. To obtain a
comprehensive view of the subsurface using borehole data, a number of data acquisition
points must be carried out, which adds to the investigation’s cost.

One of the widely used methods of soil investigation today is the standard penetration
test (SPT) [2]. In order to determine the engineering properties of the soil, SPT provides
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the option to collect both disturbed and undisturbed samples during testing. Soil shear
strength and stiffness are measured using the SPT blow count known as the SPT N-value [3].
The entire process of drilling the boreholes and carrying out the SPT is one of the major
drawbacks of the SPT. In addition, in several Asian nations such as India, Bangladesh [4,5],
and Thailand, the SPT is also the most used in situ test for soil investigation. The resistance
of soil to penetration is essential information that can be used to evaluate the soil strength
based on the SPT N-value, while the electrical resistivity of soil is a measure of its resistance
to the passage of current through it. Porosity declines but compactness rises as a result of
weathering that moves downward. The SPT N-value and electrical resistivity both rise as
a result of this concept [6-8]. In view of this concept, a potential correlation between the
SPT N-value and electrical resistivity will help to close the gap between geotechnical and
geophysical engineering and also allow geotechnical engineers to estimate geotechnical
parameters from electrical resistivity data [9]. A quick, frequent, and cost-effective determi-
nation of the engineering properties of soil could be made possible and practical by quickly
substituting the actual physical parameters with the correlated electrical resistivity using
an empirical relation.

Many studies from around the world have made several attempts to investigate the
phenomenon of electrical resistivity in soils and its relationship with geotechnical param-
eters [10-14]. The lack of a distinct association between electrical resistivity and the SPT
N-value suggested further research was needed to find more trustworthy relationships.
For example, Gongalves et al. [3] investigated the geological factors influencing the rela-
tionship between electrical resistivity and the SPT N-value. Similar to the above, Kizhlo
and Kanbergs [15] investigated the most significant short-term changes in soil resistivity
brought on by the recent weather. Various researchers have reported both weak and strong
relationships between electrical resistivity and the SPT N-value. The electrical resistivity
of Patna soil in India and the SPT N-value were discovered to be strongly correlated by
Hedge and Anand [2]. In the three researched regions in Brazil, Gongalves et al. [3] discov-
ered a linear relationship between the SPT N-value and electrical resistivity for various
layers. Electrical resistivity and the SPT N-value exhibit a positive and strong quadratic
correlation, according to Islam et al. [16]. The reduced correlation caused by lower clay
content was another reason the authors suggested that the SPT N-value was reliant on
clay content. In addition, Pazha et al. [17] developed the correlation of electrical resistivity
and the SPT N-value using inversion modeling for subsurface hard layers. Alel et al. [18]
were successful in estimating the SPT N-value based on electrical resistivity data with
acceptable accuracy using an artificial neural network (ANN) trained with particle swarm
optimization (PSO). According to Devi et al. [6], the obtained SPT N-value and electrical
resistivity have a linear relationship; the association is strong and consistent. For sandy soil,
a linear relationship between electrical resistivity and the SPT N-value has been discovered
by Hatta and Osman [19]. Low electrical resistivity always suggests unstable or disturbed
material conditions that lead to a low SPT N-value and ease of excavation may not be
correct, according to Tan et al. [20]’s study of positive, negative, and inconsistent correlation
patterns for diverse soils. Sudha et al. [21] discovered the linear relationship between
transverse resistance calculated from the ERT data and SPT N-values. However, there is
no explanation available that can illustrate the association between the SPT N-value and
the electrical resistivity, despite the fact that several researchers have created regionally
specific correlations between the SPT N-value and electrical resistivity. To comprehend the
relationship between electrical parameters and the SPT N-value, it is necessary to recognize
the controlling factors impacting differences in electrical parameters and soil strength.

In order to accurately estimate the cost and time needed for engineering field work for
site investigation processes, the main objective of this research is to establish a relationship
between electrical resistivity and the SPT N-value for sandy soils in Phuket, Thailand.
Utilizing the least squares method for regression analysis, the values of resistivity and
N-value were fitted, and the behavior of the fitting coefficients was examined while taking
into account the different soil conditions found in the field. The feasibility and uncertainties
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of the correlation between electrical resistivity and the SPT N-value are highlighted in this
work by conducting, comparing, and presenting a replot of the correlation results generated
from data categorization.

2. Site Description

Phuket is an island in the Andaman Sea that is part of Thailand’s southernmost region.
It lies between latitude 7°45' N to 8°15’ N and longitude 98°15' E to 98°40" E, with a
total area of 543 km?. This region is located in a humid tropical zone with heavy rains
and extended periods of high temperatures [22]. Additionally, granite and igneous rocks
cover the majority of this region. From the northern to the southern regions of the island,
mountains dominate around 70% of the terrain, while the remaining 30% is made up of
flat plains in the island’s center and east. With a height of 529 m above mean sea level
(MASL), the Khao Mai Thao Sip Song (Twelve Canes) mountain is referred to the island’s
highest point [23]. As seen in Figure 1, there are two distinct geological areas: (1) igneous
rocks and (2) sedimentary and metamorphic rocks. Alluvial deposits and bedrocks from
sedimentary, metamorphic, and igneous rocks make up Phuket [24]. The igneous rocks,
which make up more than two-thirds of the island and are mainly found in the western
and eastern central regions, are found underneath the granitic rocks. Pegmatites, aplite,
and quartz veins are examples of igneous rocks that are widespread. The majority of them
can be located in central and west Phuket. Sedimentary rocks, which make up less than
one-third of the island and outcrop in short strips along the east coast and nearby tiny
islands, are the oldest rocks on Phuket. They are clastic deposits from the Carboniferous to
the Lower Permian, and they are composed of mudstones, including laminated and pebbly
mudstones, siltstones, shales, and greywackes. The general climate of Phuket is influenced
by monsoon winds, which are seasonal in nature. It is separated into two primary seasons,
the southwest monsoon and northeast monsoon, in accordance with a monsoonal weather
feature. While the northeast monsoon rules the dry season, the southwest monsoon rules
the wet season [25].

The scope of the current study was determined by taking into account the applicability
of the non-invasive approach suggested in this work in civil engineering construction
scenarios. The layout of the research areas is shown in Figure 1. The locations of the six
VES stations and four SPT stations including 12 boreholes in Phuket that were used in this
study are depicted. The VES locations were designed so that they were all close to the SPT
points and appeared to be related to them. Tables 1 and 2 provide information on data
acquisition settings, measurement order, and depth selections for each profile.

Table 1. Detailed information for SPT data collection from construction sites in Phuket.

Area District SPT Station Borehole  Depth (m) Number of Data

BH 1-1 1.50-26.00 14

I Mai Khao SPT 1 BH 1-2 1.50-24.50 13 41
BH 1-3 1.50-24.50 14

II Choeng Thale SPT 2 BH 2-1 1.50-23.00 5 5
BH 3-1 1.50-5.00 4
BH 3-2 2.50-8.00 3

III Ratsada SPT 3 BH 3-3 1.50-5.00 5 20
BH 3-4 1.50-2.50 3
BH 3-5 1.50-11.00 5
BH 4-1 0.50-5.50 6

v Kathu SPT 4 BH 4-2 0.50-5.50 6 18
BH 4-3 0.50-5.50 6
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Table 2. Data acquisition parameters for each VES station.

Area District VES Station Depth (m) Length (m)  Spacing (m) Array Number of Data
I Mai Kh VES 1-1 1.50-26.00 8.67-150.30 2.89-50.10 Wenner 14 08
arkhao VES 1-2 1.50-26.00  8.67-150.30  2.89-50.10 Wenner 14
VES 2-1 1.50-23.00 8.67-132.96 2.89-44.32 Wenner 5
I Choeng Thale VES 22 150-23.00  8.67-132.96  2.89-44.32 Wenner 5 10
111 Ratsada VES 3-1 1.50-11.00 8.67-63.59 2.89-21.20 Wenner 5 5
v Kathu VES 4-1 0.50-5.50 2.89-31.80 0.96-10.60 Wenner 6
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Figure 1. The geological map of the study area showing SPT and VES locations.

3. Methods

3.1. SPT N-Value Data Collection and VES Surveys

The subsurface of Phuket is divided into three layers, the first of which is made up
of clayey sand, sand, and sandy soil, and the second of which is made up of weathered
and fractured rocks. The third layer is the bedrock, which is primarily made of granite and
sedimentary-metamorphic rocks [26]. The granite that made up much of Phuket’s soil was
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weathered in place, giving it its light color and moderate to good natural drainage [27].
A sandy soil formation, which is the primary layer of Phuket’s subsurface, was used to
collect all of the study’s SPT and electrical resistivity data from construction contractors and
field surveys in Phuket, Thailand. The most comprehensive and state-of-the-art collection
of unpublished data on construction sites was obtained for this study using the SPT N-value
from various construction contractors. The SPT N-value was processed and interpreted
for the identification of various soil profiles, particularly sandy soils, using the combined
84 pieces of data that were gathered from 4 locations (Mai Khao, Choeng Thale, Ratsada,
and Kathu districts) as shown in Figure 1. Note that the SPT N-value dataset is defined by
depths as a consequence of the degree of compaction.

At the locations (SPT 1, SPT 2, SPT 3, and SPT 4) of the 12 boreholes, a vertical electrical
sounding (VES), or 1D electrical resistivity survey, was carried out using an AGI SuperSting
R2 with a 56-electrode Multi-Electrode SwitchBox system. In the vicinity of the associated
SPT, 6 VES stations in total were conducted. The Wenner array was employed to determine
the sandy soils” electrical resistivity. The Wenner configuration is straightforward and
robust because of the equal separation of the current and potential electrodes, which is
gradually increased from a set center after each reading. The Wenner configuration provides
higher signal strength and greater depth resolution, and is less susceptible to acquisition
noise [28]. The Wenner array, which has the strongest signal strength among all arrays,
was chosen for this study because it was carried out in sandy soil, which is a resistive
soil. Table 2 summarizes the specifics of data acquisition and collected data parameters for
each location.

3.2. Data Classifications and Validation

The geological and climatic factors were classified for all datasets in order to identify
the variables impacting the relationship between electrical resistivity and the SPT N-value.
There is a recognition of the non-homogeneous nature of soils and the fact that many
locations will have lateral inconsistencies as a result of varied geology, while the recent
weather has major short-term impacts on soil resistivity, based on the effects of climate [15].
The relationship between electrical resistivity and the SPT N-value is considered to be
controlled by the effects of both geology and climate. Details of the geology and the climate
for each dataset are given in Table 3.

Table 3. Geology and climate description for data.

Station Geology Climate
Area District

SPT VES SPT VES SPT VES
. VES 1-1 . . . Dry

I Mai Khao SPT 1 VES 1.2 * Sedimentary and metamorphic rocks Rainy Rainy
VES 2-1 . . . Dry

II Choeng Thale SPT 2 VES 2.2 * Sedimentary and metamorphic rocks Rainy Rainy
III Ratsada SPT 3 VES 3-1 Sedimentary and metamorphic rocks Dry Dry
Iv Kathu SPT 4 VES 4-1 Igneous rocks Dry Dry

Remark * are the VES stations that were carried out with re-surveys for validation.

Area IV was chosen for examination because it has an igneous bedrock, whereas
Areas I, II, and III have sedimentary and metamorphic bedrocks. In addition, the climate
in the two distinct locations (Areas I-1I and Areas III-IV) was divided into dry and rainy
conditions, and the SPT N-value and VES data were examined in accordance with the
corresponding geology and climate conditions, respectively. The average monthly rainfall
distribution is shown in Figure 2. The study of this data condition increases the interest in
the correlation between electrical resistivity and SPT N-value.
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Figure 2. Average monthly rainfall data in Phuket from 1997 to 2017 (TMD, 2019).

In order to confirm the impact of geology and climate factors on the link between elec-
trical resistivity and the SPT N-value, a second VES survey was carried out for Areas I and II
under the same climate conditions. Geology categorization, climate classification, and vali-
dation, in that order, help to strengthen the relationship between electrical resistivity and
SPT N-value.

3.3. Regression Analysis

Regression modeling is a more helpful statistical technique that enables us to evaluate
the strength of the associations in the data and the uncertainty in the model by utilizing
confidence intervals. Regression analysis deals with the shape of the relationship between
variables [29]. One independent variable makes up a simple regression model, which is
linear in relation to both the regression parameters and the dependent variable. A linear
regression was performed at each location using the electrical resistivity values obtained
from the VES at the same depth as the SPT N-value. Regression analysis was also carried
out in an effort to comprehend the behavior of the linear fitting coefficients and their
sensitivity to geology and climate. The coefficient of determination (R?), obtained using
Equation (1), was used to assess the empirical model.

Z(Ndata — I\]model)2
-—\ 2
Z(Ndata - N)

R2 = 1)

where Ny, designates the SPT N-value data as shown in Table 1; N4, is the predicted
SPT N-value from the regression model; and N is the mean value of the statistical variable
SPT N-value. The value of R?, which is always between 0 and 1, increases with the degree
of agreement between the observed and model data.
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4. Results and Discussion
4.1. The Relationship between SPT N-Value and Electrical Resistivity

The SPT N-value and electrical resistivity were first examined in this work to explore
any potential correlations. Using the least squares regression method, the relationships
between electrical resistivity and the SPT N-value of sandy soils were assessed. The optimal
approximation equation with the highest coefficient of determination (R?) was chosen after
applying approximations based on linear, exponential, saturation growth rate (SGR), and
power functions.

Figure 3 depicts the scatter in electrical resistivity and the SPT N-value with depth
in Phuket. Regarding Table 4, no correlations were found between the SPT N-value
and the electrical resistivity. The optimum function for the study area is a generalized
exponential relationship.

100 —o
I °
®
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Figure 3. Data plot between SPT N-value and electrical resistivity for sandy soils in Phuket.

Table 4. Regression parameters for all datasets of sandy soils in Phuket.

Coefficient of Determination (R?)

Area Data Sources/Data Number
Linear Exponential Power SGR

BH 1-1-VES 1-1 14

I BH 1-2-VES 1-1

BH 1-3-VES 1-1

II BH 2-1-VES 2-1
BH 3-1-VES 3-1

BH 3-2-VES 3-1

III BH 3-3-VES 3-1
BH 3-4-VES 3-1

BH 3-5-VES 3-1

BH 4-1-VES 4-1

v BH 4-2-VES 4-1
BH 4-3-VES 4-1

—_
(€8]

—
=

7 x 1076 0.0171 0.0114 0.0002

AN |G| W | U | W || O




Geosciences 2023, 13, 185

8of 12

A lower value of R? (0.0171), caused by geological differences and weather conditions,
is indicative of this hypothesis. This finding is in good agreement with the study by
Devi et al. [6]. They found that any correlation between electrical resistivity and the SPT
N-value will be useless because the SPT N-value is unreliable in coarse sediments. Because
the dispersed data for the SPT N-value and electrical resistivity can be decreased by the
geological category and climate classification, it was reasonable to classify the data (both
the SPT N-value and electrical resistivity) before the analysis.

4.2. Developed Correlation between SPT N-Value and Electrical Resistivity Due to Geological and
Climate Classifications

The parental rock mineralogy, which has a high concentration and characteristics of
tri-laminar minerals, can explain the different behavior of the SPT N-value and electrical
resistivity [3]. The SPT N-value with depth was categorized according to the existing
bedrock, as indicated in Table 5. The electrical resistivity variation with a depth that
corresponds to these SPT N-values is obtained from the VES data.

Table 5. Regression parameters for geological classification of sandy soils in Phuket.

Coefficient of Determination (R?)

Area Data Sources/Data Number Geology - -
Linear Exponential Power SGR
BH 1-1-VES 1-1 13
I BH 1-2-VES 1-1 12
BH 1-3-VES 1-1 14
II BH 2-1-VES 2-1 1 Sedimentary and
Metamorphic Rocks 0.1295 0.1721 0.1483 0.1030
BH 3-1-VES 3-1 3 p
BH 3-2-VES 3-1 2
111 BH 3-3-VES 3-1 4
BH 3-4-VES 3-1 3
BH 3-5-VES 3-1 4

It is clear that variations in the correlation’s numerical values reflect geological varia-
tions at the two bedrocks. It is possible to obtain the relationship between the SPT N-value
and electrical resistivity as a negative and weak exponential function. The SPT N-value
and electrical resistivity from sedimentary and metamorphic bedrocks show a better re-
lationship in Figure 4. Due to the geological category, the coefficient of determination
(R?) slightly increased from 0.0171 to 0.1721 with the exclusion of the outer points. When
comparing the data without classification, R? was found, showing a better relationship
between the SPT N-value and electrical resistivity.

In addition, the data (SPT N-value and electrical resistivity) were continuously clas-
sified by measured climate as shown in Table 6 because recent weather has the greatest
short-term effects on soil resistivity [15]. Figure 5 for Area III shows the SPT N-value
variations with the electrical resistivity. The electrical resistivity and SPT N-value were
found to be negatively exponentially correlated, and the same climate data significantly
increased the coefficient of determination (as did the same bedrock). The higher R? value
in Area III suggests that the correlation between the SPT N-value and electrical resistivity
is more susceptible to climate conditions and that the geology and climate of the data
obtained are important factors in the investigation of this relationship.
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Table 6. Regression parameters for geological and climate classifications of sandy soils in Phuket.

Coefficient of Determination (R?)

Area Data Sources/Data Number Geology Climate - -
Linear Exponential Power SGR
BH 3-1-VES 3-1 4
BH 3-2-VES 3-1 3 Sedimentary and
III BH 3-3-VES 3-1 5 Metamor hicyRocks Dry 0.4917 0.6175 0.6089 0.3592
BH 3-4-VES 3-1 3 P
BH 3-5-VES 3-1 5
100 |
z 10
R2=0.1721
P-value = 0.0015
l T T T T
0 200 400 600 800 1000

p (nm)

Figure 4. Developed correlation between SPT N-value and electrical resistivity using geological
data classification.

100 —¢

z 10
R2=0.6175
P-value < 0.0001 °
1 T T T T
0 100 200 300 400 500
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Figure 5. Developed correlation between SPT N-value and electrical resistivity using geological and
climatic data classifications.

4.3. Validation and Interpretation Results from Classifications

Re-VES surveys of Areas I and II were carried out to confirm the impact of climate
and geology on the relationship between the SPT N-value and electrical resistivity. The
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relationship can be used for the classified data, according to more data numbers on both
the SPT N-value and electrical resistivity; this conclusion is supported by the relatively
low R? of 0.5519, as shown in Figure 6. There were a few outlying points that indicate
measurement mistakes that were not taken into account when establishing the correlations.
This association between the SPT N-value and the electrical resistivity of sandy soils was
confirmed to exist, and it is important to emphasize that both geology and climate play a
key role in this relationship.

5

(]
R?=0.5519 b

4 P-Value = Less than 0.0001 s

= /,,. 8“
2 .
[ ]
1 [ ]
0 T T T T
0 1 2 3 4 5
ln(Nmndel)

Figure 6. Validation of SPT N-value from the empirical model and the field data for sandy soils
in Phuket.

A definite pattern of decreasing SPT N-value with an increase in electrical resistivity
provides an early indication of the potential of eventually arriving at a stronger correlation
for sandy soils in Phuket, Thailand, despite the fact that the points displayed are somewhat
scattered and the regression values are very moderate. Due to the sandy soil types, this
study provided a different form of a relationship between the SPT N-value and electrical
resistivity than previous studies. Numerous studies have proposed the linear form for
different soils and suggested that the correlation between the SPT N-value and electrical
resistivity is dependent on the clay content [2,14-16]. For sandy soils in Phuket, an in-
consistent relationship between the SPT N-value and electrical resistivity was discovered;
this inconsistency is a result of the local geology and the recent weather. Therefore, it is
worth emphasizing that the geology and climate of the data affect the correlation model.
It is also recommended that an electrical resistivity survey be employed as a preliminary
tool to evaluate any problematic subsurface zones, with geotechnical investigations able to
corroborate the results. The association between the SPT N-value and electrical resistivity
of sandy soils needs to be established, however, and further field test data from various
regions and climates must be gathered.

5. Conclusions

This study investigated the relationship between the SPT N-value and electrical resis-
tivity in the sandy soils of Phuket, Thailand, and presented an empirical model based on
the regression analysis of the datasets. These are the study’s key findings:

o  The SPT N-value does not present a clear and unambiguous correlation with electrical
resistivity in the absence of data classifications.
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e  The association between the SPT N-value and electrical resistivity was shown to be
stronger (R? increases from 0.0171 to 0.1721) with bedrock categorization of the data.

e An exponential function can be used to express the relationship based on the data
classification of geology and climate factors, with a best-fit line through the data
(R? = 0.6175). Electrical resistance increased while the SPT N-value decreased.

e  The results demonstrated that when correlation studies between the SPT N-value
and electrical resistivity are conducted, the geology and the climate of the data are
significant factors.

In order to analyze the impact of the factors and create a framework for non-destructively
predicting geotechnical properties, this paper outlines an examination of the correlations
between the SPT N-value and electrical resistivity with geology and climate-based data sets.
By quickly replacing the actual physical parameters with the correlated electrical resistivity
using an empirical relation, it is possible and practical to determine the geotechnical properties
of sandy soil in Phuket. The development of a more accurate prediction model in the future
would be made possible using the statistical analysis of a large database of SPT N-values and
associated electrical resistivity values.
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Nomenclature

SPT  Standard penetration test
VES  Vertical electric sounding
N SPT N-value

1Y Electrical resistivity

Om  Ohmmeter

R? Coefficient of determination
m Meter

SGR  Saturation growth rate
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