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Abstract: Surface–subsurface soil-rock modeling is crucial for infrastructure design and 

groundwater yield optimization, especially in the complex crystalline basement terrains of Penang 

Island, Malaysia. This study conducted large-scale characterization of soil-rock profiles using ERT, 

SRT, rock quality designation, and soil penetration test (SPT N-values) data, optimized through 

regression modeling. The approach effectively identified soil-rock structures and their suitability to 

prevent structural failures and enhance groundwater productivity. Correlations between borehole 

lithologic logs and velocity–resistivity models revealed distinct soil compositions across the study 

area. The results highlighted thick, saturated, and loose silty to sandy bodies in the eastern to 

northern sections, contrasting with sandy compositions and penetrative fractures in the southern 

part. The study also found good correlations between rock mass quality and N-values for different 

soil types. Depths of intra-bedrock weathered/fractured units varied between 12 and >35 m. This 

has significant implications for determining optimal foundation depths in the study area. 

Groundwater productivity was associated with intra-bedrock planes of weakness at depths 

exceeding 40 m. Overall, this study developed empirical relations between geophysical and 

geotechnical parameters for wet tropical granitic terrains, filling critical gaps in understanding 

subsurface characteristics. 

Keywords: geophysical–geotechnical modeling; regression statistics; surface–subsurface characterization; 

soil-rock mapping; environmental studies; Penang Malaysia 

 

1. Introduction 

In tropical crystalline basement terrains, characterizing the surface and underlying soil-rock 

characteristics poses significant challenges due to the complex lithologies and the absence of 

distinctive stratigraphic markers for quick delineation of soil-rock conditions (Kalantary et al., 2009). 

Detailed spatial variability characterization of soil-rock profiles is crucial for geotechnical, 

geoengineering, and hydrogeophysical evaluations. Various geophysical (electrical and seismic 

methods) and soil test techniques have been developed for this purpose (Priya and Dodagoudar, 

2015; Abudeif et al., 2019; An et al., 2022; Sujitapan et al., 2024). 

Advancements in geophysical imaging have led to improvements in the aforementioned 

approaches. The most widely used near-surface geophysical methods for characterizing soil-rock 

profiles include electrical resistivity tomography (ERT) and seismic refraction tomography (SRT). 

SRT measures seismic P-wave velocity (Vp), while ERT determines changes in the georesistivity of 
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subsurface properties (Chambers et al., 2006; Quigley, 2006; Akingboye and Ogunyele, 2019; Loke et 

al., 2022). Both techniques have proven valuable in numerous near-surface characterization projects 

compared to intrusive sampling techniques, which provide discrete point information (Gao et al., 

2018; Hasan et al., 2022a; Akingboye and Bery, 2023a; Husainy et al., 2023). They are effective for 

small- and large-scale measurements due to variations in soil-rock properties and 

geohydrodynamics. To fully optimize the applicability of both methods, it is best to treat them as 

joint velocity–resistivity relationships, utilizing statistical correlations and analytical modeling (Meju 

et al., 2003; Zeng et al., 2018). However, these techniques have some weaknesses that affect their 

performance. 

Over the years, important soil-rock engineering parameters such as rock mass quality (RMQ) 

and soil penetration test (SPT N-values) have become standard for detailed evaluations of in-situ rock 

mass integrity and soil strength (El-Naqa, 1996; Hasancebi and Ulusay, 2007; Priya and Dodagoudar, 

2015; Akingboye, 2023; Akingboye and Bery, 2023b). These parameters can be used to address the 

limitations of SRT and ERT models. Establishing empirical relationships is a significant method for 

providing strong theoretical correlations between in-situ soil-rock geotechnical parameters and 

geophysical data. Standardized statistical analyses of geotechnical parameters (RQD and N-values) 

with velocity and resistivity data can effectively yield the required results (Sivrikaya and Toğrol, 

2006; Priya and Dodagoudar, 2015; Kumar et al., 2016). Such estimates and derivations are crucial in 

infrastructure design, groundwater exploration, and soil/rock excavation to predict associated 

physical, geomechanical, and hydrogeological properties in areas with limited borehole information 

(Sivrikaya and Toğrol, 2006; Kalantary et al., 2009; Al-Heety et al., 2021; Akingboye and Bery, 2022). 

Additionally, detailed characterization of soil-rock profiles and their interfaces can provide two- and 

three-dimensional (2-D and 3-D) variability images of the near-surface, essential for mitigating risks 

like slope failure, soil liquefaction, and ground subsidence (Kalantary et al., 2009; Priya and 

Dodagoudar, 2015; Sujitapan et al., 2024). This approach can help prevent foundation failure. 

Similarly, delineating planes of weakness or soil-rock structures from such evaluations is crucial for 

groundwater prospecting (Al-Heety et al., 2021; Akingboye et al., 2022; Akingboye, 2024). 

Moreover, the techniques mentioned above hold significant promise for the detailed 

characterization of the intricate soil-rock profiles and structures beneath Penang Island, Peninsular 

Malaysia, which is the study area. This is crucial due to the region's annual torrential downpours, 

highly diverse residual soil profiles, and varied topographic relief (Bery and Saad, 2012a; Akingboye 

and Bery, 2021; Mohamad et al., 2022). Additionally, with the yearly growth in tourism and 

population in the area, there is a pressing need for thorough investigations to support sustainable 

infrastructure design and groundwater development. Therefore, an innovative integrated approach 

is proposed, combining velocity-resistivity analysis, RMQ assessment, SPT N-value determination, 

and regression analytical modeling to comprehensively elucidate the surface and subsurface soil-

rock characteristics of the study area. This study represents a significant advancement over the 

piecemeal information presented in earlier studies on the subject and its environs (Bery and Saad, 

2012; Salleh et al., 2021; Akingboye and Bery, 2022). 

This study used both 2-D and 3-D (fence diagram) visualizations to delineate and resolve 

uncertainties in surface–subsurface lithological conditions in the study area. Indirect subsurface Vp 

and resistivity models were validated using direct borehole measurements, from which the RQD and 

N-values were estimated. This combined approach yielded satisfactory results. The objectives of the 

study were to: (i) assess the nature, forms, and variability of soil-rock profiles, including their depths 

and architectures; (ii) define the geometries and apertures of bedrock weathered troughs and 

fractures; (iii) determine the surface–subsurface soil-rock quality and conditions; (iv) develop a suite 

of statistical (empirical) relations between velocity–resistivity data and RQD and N-values for rapid 

and accurate prediction of these soil engineering parameters, aiming to reduce borehole operational 

costs; and (v) evaluate the implications of objectives (i–iii) on infrastructure design and groundwater 

exploitation in the research area. 
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2. Regional and Local Geology of the Study Area 

The Western Sibumasu Terrane and the Eastern Sukhothai Arc (referred to as the East Malaya 

Block) constitute two conjugated Late Triassic tectonic terranes comprising Peninsular Malaysia 

(Metcalfe, 1998, 2013; Pour and Hashim, 2017), Figure 1a. Evidence of these tectonic terranes is found 

along the southeast perimeter of the Eurasian continent. They originated during the Permian-Triassic 

period through the amalgamation of the Sibumasu and Indochina Blocks at the Bentong-Raub Suture 

Zone (BRSZ) (Metcalfe, 2001, 2000; Cao et al., 2020). The BRSZ, a deeply rooted, 13 km wide, N-S 

trending tectonic zone, divides East Malaya and the Sibumasu Block (Metcalfe, 2000; Pour and 

Hashim, 2015, 2017). This zone is a remnant of the main Devonian to Middle Triassic Palaeo-Tethys 

Ocean. Moreover, it delineates Peninsular Malaysia into the Western Belt, Central Belt, and Eastern 

Belt (Ng et al., 2015a, 2015b; Cao et al., 2020), while also giving rise to numerous roughly N-S trending 

faults (Pour and Hashim, 2015). In Malaysia, granitoids, mainly granite, constitute the major portion 

of the plutonic rocks. These granitoids predominantly comprise Permian to Late Triassic I- and S-

type granites. The Eastern Belt of the Indochina region hosts I-type granites. Meanwhile, the Western 

and Central Belts of the Sibumasu domain are composed of Late Triassic S-type granites, typically 

biotite granites and granodiorites (Ng et al., 2015a). 

 

Figure 1. (a) Peninsular Malaysia’s typified regional geological map (modified after Tate et al., 2009). 

(b) Penang Island’s geological map (modified after Ong, 1993). 

Underlying Penang Island are typical granitic rocks, primarily granites, characterized by an 

alkali to total feldspar content (Ong, 1993). These granites are categorized into various groups: 

Tanjung Bungah, Paya Terubong, Batu Ferringhi, and the Muka Head micro granite, collectively 

forming the North Penang Pluton (NPP). The Tanjung Bungah group, composed of medium- to 

coarse-grained biotite granite, was formed during the Early Jurassic. The Paya Terubong group's 

medium to coarse-grained biotite granite originated during the Early Permian to Late Carboniferous 

period. The Batu Ferringhi group, dating back to the Early Jurassic, consists of medium- to coarse-

grained biotite granite. The South Penang Pluton (SPP) comprises the Sungai Ara and Batu Maung 
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granites (Ong, 1993; Mohamad et al., 2022). The Sungai Ara granite, representing 20% of the area, is 

predominantly microcline granite with fine-grained biotite granite characteristics. On the other hand, 

medium- to coarse-grained biotite granite constitutes approximately 80% of the microcline granite 

found in the Batu Maung granite (Mohamad et al., 2022). 

3. Methods 

The study area encompasses three locations within Penang Island, Malaysia: the Universiti Sains 

Malaysia (USM) main campus as Site 1, Batu Maung as Site 2, and Jelutong as Site 3 (see Figures 1 

and 2). Eleven geophysical traverses (Figure 2 and Table 1) were conducted in this study to analyze 

the spatial variability of soil-rock conditions and structural architectures beneath the specified sites. 

Furthermore, in situ soil-rock conditions and integrity were assessed using borehole (BH)-based RQD 

and SPT N-values. The obtained research findings serve as typical representations of the near-surface 

soil-rock characteristics underlying Penang Island. The methodological framework of the research is 

depicted in Figure 3. 

 

Figure 2. The aerial geophysical acquisition maps of (a) Site 1, (b) Site 2, and (c) Site 3, showing the 

SRT and ERT lines and BHs at the investigated sites. Inset: Penang Island’s location map, showing the 

three investigated sites. 

Table 1. Summary of the investigated sites with their coordinates and BHs. 

Location Latitude  

(N) 

Longitude  

(E) 

ERT 

Lines 

SRT 

Lines 

Traverse 

Length 

Approximate 

Traverse 

Orientation 

No. of 

Borehole 

Site 1 TR1 5°21'43.56" 100°18'20.09" 1  200 W–E 

1 

Site 1 TR2 5°21'32.58" 100°18'31.32" 1  100 N–S 
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Site1 TR3 5°21'18.19" 100°17'28.43" 1 1 100/70 (SRT) W–E 1 

Site 2 5°17'13.14" 100°15'22.01" 4 4 81.5 to 200 S–N and W–

E 

6 

Site 3 5°23'58.14" 100°18'34.83" 4 4 40 to 80 N–S and E–

W 

2 

 

Figure 3. Research methodological architecture and conceptual framework. 

3.1. Geophysical Survey Traverses and Field Data Measurements 

Sites 1, 2, and 3 are situated in the eastern, southern, and northern parts of the study area, 

respectively. Sites 1 and 2 lie within the Sungai Ara granitic formation in the South Penang Pluton 

(SPP). Site 1 is positioned closer to the North Penang Pluton (NPP) as it is situated almost at the 

northeastern end of the SPP. Meanwhile, Site 3 is within the NPP. 

At Site 1, two ERT traverses (TR1 and TR2) were conducted in the Maiden area of USM. The 

third traverse (TR3), involving both SRT and ERT measurements, was established at the Restu 

students’ residence in the southeastern part of USM. TR1 and TR2 had ERT traverse lengths of 200 m 
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and 100 m, respectively, with spacings of 5 m and 2.5 m. TR3 consisted of an ERT profile of 100 m, 

while its SRT line was positioned between stations 17 m and 87 m, covering a profile length of 70 m 

(see Figure 2a). This configuration enabled the resolution of complex soil-rock structures beneath the 

line. The lithologic log obtained from boreholes (BH) at 85 m station distance along TR1 at Site 1 was 

correlated with the ERT models of TR1 and TR2. Similarly, the lithologic log from a nearby existing 

borehole was correlated with the ERT and SRT models of TR3 to ascertain the true nature of soil-rock 

profiles and resolve layer thickness. 

The second location (Site 2) is situated a few kilometers from Site 1. A total of four traverses, 

comprising four SRT and two ERT traverses, were conducted. Lines 1 and 2 were established 

generally in an SE–NW direction, while Lines 3 and 4 ran in a SW–NE direction (refer to Figure 2b). 

SRT Line 1 had a length of 80.5 m with a geophone separation of 3.5 m. In contrast, SRT Lines 2–4 

were each 115 m long with a geophone spacing of 5 m. Both geophone intervals were utilized to 

capture detailed near-surface soil-rock features. The soil-rock profiles along Lines 3 and 4, generated 

by SRT, were further analyzed using ERT. Each ERT line measured 160 m in length and had an 

electrode spacing of 4 m (see Figure 2b). Lines 1 and 2 posed significant challenges for conducting 

ERT surveys due to the rugged terrain and steepness. To achieve a balance between the dual spacings 

(i.e., 5 m and 3.5 m) used for SRT at Site 2, a 4 m electrode spacing for ERT was deemed suitable. A 

total of six boreholes (BH1–BH6) were drilled at Site 2 to facilitate detailed interpretation of the 

subsurface lithologic units. 

At Site 3, four traverses (L1 to L4) were conducted for both ERT and SRT measurements (see 

Figure 2c). Shorter traverses and station intervals were utilized due to the site's location in a 

developed area. L1 and L2 had a profile length of 80 m each, oriented approximately in an east-west 

direction. L3 and L4 had spread lengths of 74 m and 40 m, respectively, oriented in a north-south 

direction. Except for L4, which had a 1.0 m station spacing, all traverses employed a 2.0 m station 

spacing (refer to Table 1). One of the two existing boreholes at this site, BH1, intersected L1 and L4 at 

stations 38 m and 36.5 m, respectively. The second borehole (BH2) is located at a station point of 44 

m on L3. 

3.2. Geophysical Field ERT and SRT Data Measurements 

The ERT surveys utilized the ABEM Lund Imaging Resistivity Meter, comprising the ABEM SAS 

Terrameter 4000 and the ES 64-10C Electrode Selector, along with their respective accessories. The 

Wenner-Schlumberger array was employed to measure surface–subsurface resistivity distributions 

across the study area. For the SRT surveys, the ABEM Terraloc Mk8 was utilized, accompanied by a 

12-pound hammer and a channel of 24 geophones operating at 14 Hz. This system facilitated the 

measurement of seismic P-wave velocity (Vp) values, providing insight into the spatial variability of 

soil-rock conditions. To generate high-resolution and detailed Vp models, clustered shot points were 

utilized, with 5–7 shots each at shot points between station intervals and offsets. During data 

inversions, surface topographic variations along the surveyed lines were extensively corrected using 

recorded topographic elevations for station positions. 

3.3. ERT Data Processing, Inversion, and Modeling 

RES2D inversion software was employed to process and iteratively invert the resistivity values 

measured in the research area, following the methodology outlined by Loke and Barker (1996). The 

primary objective of data inversion in geophysical interpretation is to generate a detailed model for 

the subsurface resistivity distribution, ensuring that the calculated model response closely matches 

the measured apparent resistivity values. However, it's important to note that the solution obtained 

through inversion is typically non-unique in practical field surveys. Therefore, the standard least-

squares inversion technique was utilized, as described by DeGroot‐Hedlin and Constable (1990), 

Loke et al. (2022), and Akingboye and Bery (2023a). 

The four-node L2-norm finite element approach formed the basis for the field data inversion 

constraints, aimed at minimizing the discrepancy between the calculated and observed resistivities. 

Additionally, the accuracy and resolution of the inversion model were enhanced by employing a 
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damping factor of 0.05, with a minimum value set at 0.01. The inversion process resulted in resistivity 

sections for the surveyed traverses converging by the 5th iteration, with inverse convergence root 

mean square errors (RMSEs) below 10%. The fact that none of the data points were eliminated during 

inversion serves as evidence of the high quality of the field datasets. Figure 4 illustrates a composite 

resistivity section showing the observed and calculated pseudosections, along with the inverted 

resistivity section for TR1 at Site 1. 

 

Figure 4. A typical composite result of the ERT inversion beneath TR1 at Site 1. 

3.4. SRT Data Processing and Modeling 

To process and invert the measured field Vp datasets, observed, recorded, and source data files 

were compiled, incorporating distances of the shot points and elevations of station points for the 

measured Vp data points. FirstPix software was utilized to enhance weak seismic traces using the 

auto gain control method. This technique amplified the first arrival travel times, facilitating easier 

identification, tracing, and picking. A representative example of the raypath generated for the picked 

seismic first arrival traces for L3 at Site 3 (Jelutong) is depicted in Figure 5. Subsequently, the resulting 

data files were loaded into SeisOpt@2D to generate the final Vp model for each of the investigated 

traverses. 

 

Figure 5. A typical Vp raypath model generated for L3 (Site 3). 
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The SeisOpt software utilizes a nonlinear optimization technique for the inversion of the picked 

first arrival traveltimes. In its forward modeling process, the software quickly solves the eikonal 

problem using finite differences, as described by Akingboye and Bery (2023b). The data inversion 

was conducted using the Refraction Inversion and Optimization Technique (RIOT) in high-resolution 

mode. Compared to medium- and low-resolution modes, the high-resolution mode produces 

detailed subsurface Vp inversion models with minimal structural artifacts. Subsequently, the final 

Vp models generated for all SRT traverses were refined using SurferTM software. This approach was 

employed to create Vp models with topographic reliefs and a uniform velocity color scale. Finally, 

the resulting Vp models were correlated with the borehole lithological logs to facilitate detailed 

interpretation of surface–subsurface soil-rock conditions, bedrock structures, water-saturated fills, 

and other relevant features. 

It is important to highlight that all analyzed locations were subjected to the same range of Vp 

values, reflecting a common Vp color scale. This consistent range of the Vp color scale is suitable for 

all SRT models across the study area, as variations in overburden thicknesses, lithologic unit ages, 

and densities result in similar distinctive velocity features (Akingboye, 2023). However, it is worth 

noting that not all models produced by ERT, particularly those for Site 2, are compatible with a single 

resistivity scale. When a lower resistivity color scale was applied to the ERT models of Site 2, similar 

to that used for Sites 1 and 3, highly resistive materials without signs of low-resistive bodies were 

eliminated. Consequently, information about weathered granite, resistant stiff-to-hard soil bodies, 

and resistive boulders present in the ERT models of Sites 1 and 3 was excluded. Conversely, using a 

high-end resistivity scale for Site 2 resulted in the exclusion of features that may be indicative of 

weathered granite, stiff-to-hard soil bodies, and boulders. Therefore, to achieve a comprehensive 

interpretation, it is advisable to adopt two different resistivity color scales, ensuring synergy between 

borehole-derived logs and ERT models. Variations in soil-rock minerals, water saturation, porosities, 

etc., are attributed to observed resistivity variations (Rucker et al., 2021; Akingboye, 2024; Sujitapan 

et al., 2024). 

3.5. Evaluation and Modeling of RMQ of Subsurface Lithological Conditions 

To acquire accurate data on the RMQ of lithologic units within the study area, the borehole-

based RQD of subsurface lithologic units was assessed (refer to Figure 3). This evaluation was 

exclusively conducted in the newly drilled boreholes at Site 2, as the existing boreholes at Sites 1 and 

3 lacked RQD data. This approach minimizes drilling costs for the research. Interestingly, the RQD 

values derived from six strategically located boreholes (BH1–BH6) along Lines 1–4 at Site 2 provide 

representative RQD indices indicative of the RMQ for the entire study area. 

For geoengineering purposes, lithologic units (or rock masses) are categorized using the RMQ 

system, which assesses the integrity or quality of the rocks, the presence of significant fractures or 

planes of weakness, and the orientation of these planes of weakness. RMQ is vital for determining 

various factors such as the depth of the foundation, the capacity of the foundation rocks to bear 

weight, and the potential for foundation sliding (Hoek and Brown, 1997; Barton, 2006; Hoek and 

Diederichs, 2006; Hasan et al., 2023;). 

To evaluate the RQD of the study area’s lithologic units, forty-five core samples (i.e., 𝑛 = 45) 

from BH1–BH6 at Site 2 were estimated and used. A core drilling machine with a double-layer core 

tube and a diamond 75 mm drilling bit was employed to recover the core samples. In the past, RQD 

was calculated using only the 54.7 mm (NX-size core) core diameters. Topsoil and completely 

weathered materials constituting the residual soil profiles do not meet the requirements for RMQ 

estimation; hence, they were not considered (Barton, 2006; Pells et al., 2017). It is also worth noting 

that the water table varied between 2 m and 5 m during the drilling operations. The RQD values of 

each recovered core sample in a borehole, with respect to the core run length, were evaluated using 

Eq. 1 (Abzalov, 2016). RQD represents the percentage of sound intact core pieces longer than 4 inches 

(i.e., >100 mm) to the rock’s total core run length. 

𝑅𝑄𝐷 (%) =
∑ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑜𝑢𝑛𝑑 𝑝𝑖𝑒𝑐𝑒𝑠 >100 𝑚𝑚

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑟𝑒 𝑟𝑢𝑛 𝑙𝑒𝑛𝑔𝑡ℎ
× 100     (1) 
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The resulting borehole-RQD values at various subsurface depths were correlated with their 

corresponding SRT models to determine their Vp values. Utilizing Surfer software, the RMQ models 

of the investigated four lines at Site 2 were derived based on the combined results of the borehole-

RQD and their Vp values. These RMQ models provided information on the weathering conditions of 

the foundation rocks, jointing/fracturing patterns, load-bearing capacities, and water saturation state. 

To optimize the performance of the derived RMQ models, the simple linear regression (SLR) 

technique was applied to further analyze the borehole-RQD and their Vp values. This process aimed 

to establish a new empirical relationship specifically tailored for granitic terrains with shallow 

overburden depths of <50 m. Such an empirical relationship proves especially valuable in regions 

with limited borehole data and steep terrains where traditional drilling methods are challenging. 

3.6. Evaluation and Modeling of N-Values of Subsurface Soil Profiles 

SPT serves as a cost-effective geotechnical and geoengineering testing technique commonly 

employed in infrastructure design (Bery and Saad, 2012; Syukri, 2020; Al-Heety et al., 2021). While 

traditionally utilized for engineering site assessments, SPT results also offer valuable insights for 

groundwater exploration. In this study, in situ, borehole SPT N-values were derived for Sites 1 and 

3 (refer to Figure 3) to assess the strengths, consistency, and penetration resistance of the soil profiles 

beneath these sites. Given the overburden thickness and weathering profiles at these locations, Sites 

1 and 3 were deemed most suitable for SPT testing, as drilling boreholes for RQD evaluation in these 

areas would be both challenging and expensive. 

To determine the SPT N-values at the studied sites, a total of 35 N-values were derived from 

four existing boreholes drilled at Sites 1 and 3. These N-values, along with their corresponding 

depths, were modeled in Microsoft Excel to clarify the spatial variability across the evaluated sites. 

Subsequently, the 35 N-values were correlated with the corresponding resistivity and Vp models of 

TR1 and TR3 (Site 1), and L1 and L3 (Site 3), at respective depths. The resulting N-values, resistivity, 

and Vp values were averaged to obtain 16 datasets based on comparable depths. These datasets were 

then utilized to develop empirical relationships for N-values with Vp and resistivity using both SLR 

and multiple linear regression (MLR) approaches. 

4. Results 

4.1. Borehole Lithologic Logs of the Study Area 

The borehole lithologic units from the three studied sites within Penang Island primarily consist 

of clay/silt to sandy topsoil, silty-to-sandy weathered units, weathered/fractured granite, and 

integral/fresh granitic bedrock (Figure 6a–e). Site 2 is predominantly characterized by silty sand to 

sand (Figure 6c), while Site 1 (Figure 6a–b) and Site 3 (Figure 6d–e) comprise sandy silt with minor 

clay content. Consequently, silty sand emerges as the most prevalent surficial and subsurface soil 

profile in the study area. The identified soil profiles in these areas range from medium stiff to hard. 

Interestingly, bedrock was delineated at Sites 1 and 2 in the borehole logs (Figure 6a–c). However, 

even at a drilling depth of approximately 18 m at Site 3, bedrock penetration was not achieved (Figure 

6d–e), indicating severe weathering of the granitic bedrock at Site 3. The thickness of the overburden 

varies across the study area, with Site 1 (eastern part) exhibiting a greater overburden thickness 

compared to Site 3 (northern part). Beneath TR1 (Site 1), the overburden, including 

weathered/fractured zones, extends to a depth of >41 m (Figure 6a). 
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Figure 6. Borehole lithologic logs of (a–b) Site 1, (c) Lines 1–4 at Site 2, and (d–e) Site 3 in the study 

area. 

4.2. Spatial Variability of Surface–Subsurface Soil-Rock Conditions in the Study Area 

According to the correlated borehole lithologic logs with Vp and resistivity models of the three 

sites, the study area exhibits distinct lithologic units comprising topsoil (sandy silt to sand), medium 

stiff to hard silty-to-sandy weathered units, weathered/fractured granite, and integral/fresh granitic 

bedrock. The separation of clay/silt from the sand and water-saturated columns in the ERT models 

was achieved by carefully incorporating the borehole lithologic logs of each analyzed traverse. 

4.2.1. Characterization of Soil-Rock Conditions and Architecture at Site 1 

The borehole lithologic log (Figure 6a) and the ERT models of TR1 and TR2 (Figure 7a–b) provide 

insights into the underlying lithologic units at Site 1, along with their geometries, interfaces, and 

depths. Dry sand dominates the near-surface between stations 17 m and 58 m in Figure 7a, with 

depths reaching 14 m and the highest soil resistivity around 1800 Ωm. A similar feature can be 

observed between stations 75 m and 110 m, at depths ranging from 5 m to 17 m, where a central 

portion divides two low-resistive sandy silt bodies into an oval form, likely representing water 

pathways (fractures). Figure 7b depicts the sandy silt bodies beneath TR2 (Site 1) with distinct 

geometries and dipping directions. However, a thin layer of silty sand characterizes depths of 30–

31.5 m beneath TR1 (Figure 7c), likely representing deeply weathered feldspar-rich sections of the 

granitic bedrock, significantly enhancing the residual soil’s thickness. 

The lithological units of TR2 (in N–S) are comparable to those beneath TR1, except for the water-

saturated area below the topsoil (Figure 7b). Similar characteristics are observed beneath TR3 (Figure 

8a–b), suggesting extensive granitic bedrock weathering across the area. The extensive low-resistive 

body (sand) in the central part of TR2, with <200 Ωm, is saturated and extends to the southern part, 

likely representing a deep-weathered/fractured conduit for water. It is underlain by resistive dry 

sand or relatively weathered granite. In general, sandy silt and sand constitute approximately equal 

proportions of the subsurface soil constituents beneath TR2. 

Furthermore, the borehole lithologic log of TR3 primarily consists of silt/clay to silty sand, 

extending to depths of 20 m (Figure 8c), with low resistivity values of <200 Ωm (Figure 8a). 

Moderately to relatively high resistivities were observed in the western end and central sections. The 

top layer to a depth of 10 m exhibits low Vp and resistivity values of <800 m/s and <1000 Ωm, 

respectively, indicative of the residual soil cover (Figure 8a–b). This section is underlain by the 

weathered granitic unit with moderate Vp (800–2000 m/s) and resistivity values (<1000 Ωm). 

Additionally, potential fractures are indicated by the SRT model of TR3 at station positions of 42–47 

m and 72–77 m (Figure 8b), although deeper mapping of this structure was impeded by the 

propagation of weak seismic waves. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 April 2024                   doi:10.20944/preprints202404.0390.v1



 11 

 

 

Figure 7. ERT models of (a) TR1 with a 5 m electrode spacing, and (b) TR2 with a 2.5 m electrode 

spacing at Site 1. (c) Borehole litho log for station 85 m on TR1 (Site 1). 

 

Figure 8. (a) ERT and (b) SRT inversion models of TR3 with an electrode spacing of 2.5 m. (c) Nearby 

borehole litho log to TR3 in the study area. 

4.2.2. Characterization of Soil-Rock Conditions and Architecture at Site 2 

Figure 9a–d illustrates the SRT inverted models for Lines 1–4 at Site 2 in Batu Maung. Figure 9e 

and 9f, respectively, show the 3-D SRT model of the surveyed lines and the borehole logs of BH1-

BH6. The borehole lithologic units exhibit a strong correlation with the SRT models of Lines 1–4. The 

surface–subsurface soil-rock profiles are characterized by residual soils (<800 m/s), weathered and 

weathered/fractured granitic units (800 to <2000 m/s), and integral (hard)/fresh bedrock (2000–4500 

m/s), Figure 9a–e. The ERT models of Lines 3 and 4 at this site are depicted in Figure 10a–b, showing 

highly varied resistivity values compared to other sites. The delineated soil-rock profiles, including 

residual soils, weathered/fractured granitic units, and integral/fresh bedrock, exhibit resistivity 

values ranging from 100 to >1000 Ωm, 900–2000 Ωm, and >2000 Ωm (Figure 10a–b). The presence of 

stiff to hard sand bodies, interspersed/outcropped granite, and boulders contributes to the high 

resistivity values of residual soils (such as >1000 Ωm). Except for Line 1, the topsoil of silty sand is 

thin across the site. Beneath Site 2, bedrock fractures with various axial directions, apertures, and 

depths are also delineated. 
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Figure 9. (a–d) 2-D and (e) conceptualized 3-D SRT models of the near-surface lithologic units along 

Lines 1–4. (f) Borehole lithological logs of BH1 to BH6 at Site 2. 

The residual soil’s thickness, as depicted in Figure 9a, ranges from 8 to 17 m. From the northwest 

to the southeast, the layer dips slightly, reaching a steep slope between station positions of 38 m and 

58 m along Line 1. In contrast, the weathered granitic unit is about 6–12 m thick. Between station 

distances of 45 and 70 m, the thickness of the bulged zone decreases, likely due to soil erosion from 

the steep sections or fractures. The steep slopes, particularly Lines 1 and 2 (Figure 9a–b), exhibit high 

soil erodibility, leading to significant sediment load downslope toward the site’s southern half 

(Figure 9e). Figure 9b shows similar Vp trends and subsurface features to Line 1 (Figure 9a). 

However, the overburden of Line 2 is thinner and underlain by rugose bedrock. Its residual soil and 

weathered layers are also approximately 1–12 m and 5–15 m thick, respectively. 

Moreover, the weathered layers and residual soils of Lines 3 and 4 have thicknesses ranging 

from <1 to 11 m and 6 to 18 m, respectively (Figures 9c–d and 10a–b). The granitic bedrock has 

suffered significant weathering to depths >20 m, as shown in Figure 10, contrasting with the 

underlying bedrock characteristics in Figure 9c–d. The central section of Site 2 depicts massive 

bedrock (Figures 9e–f and 10), which plunges farther toward the southeasterly portion (Figure 9e). 

Interestingly, new fractures were delineated in Figure 10 along with prominent penetrative fractures 

that conform to those seen in the SRT models. 
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Figure 10. ERT models of Line 3 (a) and Line 4 (b) at Site 2. The negative distances show that the ERT 

surveys began a few meters from the zero-meter station point on the SRT lines. 

4.2.3. Characterization of Soil-Rock Conditions and Architecture at Site 3 

The soil-rock conditions at Site 3 in the northernmost region of the research area (Jelutong, 

Penang Island) (Figures 11–12) have several distinguishing characteristics from those identified 

beneath Site 1 (Figures 7–8). The soil-rock profiles beneath this part of the study area are composed 

largely of silty sand with little to trace clay (Figures 11c, 12c, and 12f). However, Site 3 is characterized 

by generally low resistivity signatures as opposed to Sites 1 and 2 due to the high water retention 

rate of the residual soils. L1 and L2, in the approximately E–W direction, are characterized entirely 

by low resistivity values (<200 Ωm). L1 depicts low to moderate Vp values (50–1900 m/s), extending 

to a shallow depth. Between station positions of 42 m and 62 m, a resistive body that is indicated as 

fresh granitic bedrock plunges from a depth of 6 m westward (Figure 11a). This feature has high 

resistivity and moderate Vp values of <2000 m/s (Figure 11b). A similar feature stretching from station 

position of 33 m eastward was also delineated with moderate resistivity values of 400–800 Ωm at a 

depth of 8 m. 

Furthermore, L2 (Figure 11d–e) is characterized by lithological features that are comparable to 

those beneath L1. At a depth of 6 m between station positions 30 m and 45 m, a weathered granitic 

body with moderate to high resistivity values (400–1000 Ωm) was identified in Figure 11d. Contrary 

to L1 (Figure 11a), where it was separated by a deep-weathered trough with water fills, the feature is 

still relatively intact. The SRT model (Figure 11e) depicts well-correlated lithologic features to Figure 

11d. From the eastern to station point of 44 m, Figure 11e depicts generally flat weathered bodies. 

From there through the end of the model, the layer, however, undulates. In general, Vp values of 

>1000–4500 m/s, which range from moderate to extremely high, define L2. Station 42 m from 6 m 

depth to the western end of the model is characterized by soil-rock materials of high Vp values. This 

anomalous feature, however, depicts moderate resistivity values, as shown in Figure 11d. This can 

be categorized as partially weathered to integral granitic bedrock, with a depth comparable to the 

feature delineated beneath L1. 

Figure 12a–c displays the ERT and SRT models (in N–S) and the BH log for L3 at Site 3, while 

Figure 12d–f displays comparable results for L4 in the same direction. Similar features are shown in 

the resistivity model of L3 (Figure 12a) as those beneath L1 and L2. A weathered granitic mass with 

reasonably high resistivity (400–1300 Ωm) that stretches from 40 to 56 m deep was also identified 

(Figure 12a). This body was not delineated by the borehole along this traverse (Figure 12c). However, 

it identified stiff to hard silty sand produced from weathered granitic bedrock. The SRT model depicts 

low to moderate Vp values (Figure 12b). A moderate Vp layer similar to the features in Figure 12a 
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was also mapped at a depth of 7 m in Figure 12b. L4 is also characterized by low to moderate 

resistivity and Vp values (Figure 12d–e). Despite the penetration depth of the SRT model (Figure 12e), 

the weathered layer at the depth of about 2 m was delineated. This exact body was likewise 

penetrated by the borehole (Figure 12f) in that location. Interestingly, the actual orientations of the 

delineated subsurface soil-rock profiles, as well as their geometries and depths, are shown in the 3-D 

resistivity and Vp models of Site 3 (Figure 13a–b). The delineated resistive granite at the depths of 6–

8 m, reaching the basal section of the model, cut across Site 3. This feature may have been tectonically 

uplifted at the central part because of the depth of the weathered granitic unit. The deep-

weathered/fractured zones at Site 3 include the segmented granitic bedrock in L1 and other traverses. 

 

Figure 11. (a) ERT and (b) SRT models and (c) borehole log of L1. (d) ERT and (e) SRT models of L2 

at Site 3 in the E–W direction. SSSC (stiff to very stiff silty sand with little clay); VSSC (very stiff silty 

sand with little clay); HSSC (hard silty sand with little clay); HSSTC (hard silty sand with a trace of 

clay). 

In summary, the eastern part of Site 1 (Figures 7–8) to the northern part of Site 3 (Figures 11–13) 

are characterized by comparable surface–subsurface soil-rock characteristics and architecture. Deep 

weathering, fractures, and high water retention are features of these areas. However, there are 

considerable differences in the constituents of the soil-rock profiles beneath Batu Maung (Site 2) in 

the southern section of Penang Island (Figures 9–10). The site is characterized by sandy-rich residual 

soils, multiple penetrative fractures, and outcropping bedrock/boulders. Particularly at Site 2, the 

fractures/faults extend to depths >20 m, while the deep-weathered zones at Sites 1 and 3 are more 

pronounced. Notably, in Figure 1b, linear high hills dominate the study area's central region. The 

summarized spatial variability of surface–subsurface soil-rock conditions, as identified in borehole-

correlated logs with ERT and SRT models of the studied sites in Penang Island, are presented in Table 

2. The soil-rock parameters such as compactness, uniaxial strength, porosity, density, degree of void 
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ratio, moisture content, fractures/faults, etc., are thought to be responsible for the observed 

differences in resistivity and Vp values (Barton, 2006; Priya and Dodagoudar, 2015; Akingboye and 

Bery, 2022, 2023a). 

 

Figure 12. (a) ERT and (b) SRT models and (c) borehole log of L3. (d) ERT and (e) SRT models and (f) 

borehole log of L4 at Site 3 in N–S direction. SSSC (stiff to very stiff silty sand with little clay); VSSC 

(very stiff silty sand with little clay); HSSC (hard silty sand with little clay); HSSTC (hard silty sand 

with a trace of clay). 

Table 2. Summarized surface–subsurface lithologic units with their resistivity and Vp values in the 

study area. 

Survey lines Lithologic units Resistivity (Ωm) Vp (m/s) 

All sites’ models Residual soils (highly varied; composing 

medium, stiff-to-hard soils with completely 

weathered materials) 

10 to >1000  50–800 

Highly weathered to relatively weathered 

granitic units (including fractures) 

200 to <2000 800–1900 

Integral (hard)/fresh granitic bedrock >2000 1900–4500 
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Figure 13. Conceptualized 3-D borehole correlated models of; (a) ERT and (b) SRT at Site 3 in the 

study area. 

5. Discussion 

5.1. Surface–Subsurface Lithologic Characteristics, RMQ, and Statistical Modeling 

To wholly comprehend the RMQ of the lithologic units, we integrated the evaluated borehole-

RQD and their Vp values from BH1–BH6 (Figure 6c) at Site 2 with the SRT models derived for Lines 

1–4 in Figure 9a–d to develop their 2-D/3-D RMQ models. We statistically analyzed the evaluated 

borehole-RQD and their Vp values (45 data in total) using the SLR approach, treating borehole-RQD 

and Vp data as dependent and independent variables, respectively. The developed RMQ regressed 

plot via SLR modeling (Figure 14) illustrates the trends and the exact range of Vp values for the 

borehole-RQD data. Additionally, the model generated a concise linear lithology-based empirical 

relation for rapid and accurate prediction of RQD. Figure 14 provides detailed classifications for the 

highly weathered to integral/fresh granitic units, which are listed in Table 3. 
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Table 3. Interpreted RMQ of near-surface lithologic units for the study area. 

RMQ rating Interpretive lithological condition Vp (m/s) RQD 

(%) 

Very poor to fair quality 

granitic rock units 

Highly to relatively weathered granitic units 

(including fractures) 

800–1900 0–75 

Integral (good) granite 

Hard to fresh (competent) granitic bedrock 

1900–2400 75–

90 

Fresh granitic unit 2400–4500 90–

100 

 

Figure 14. RMQ plot for lithological units beneath Site 2 at the Binjai area of Batu Maung. 

Via this modeling technique, we inferred five major RMQ ratings based on the quality of the 

evaluated granitic rock mass. An RMQ rating with Vp of 800–950 m/s and an RQD of 0–25% defines 

the highly weathered granitic rock unit of very poor quality. The poor-quality weathered granite is 

rated with Vp and RQD values of 950–1500 m/s and 25–50%, respectively, while the relatively 

weathered granite of fair quality has Vp values of 1500–1900 m/s and RQD of 50–75%. The very poor 

to fair quality weathered granitic rock units are rippable in nature, constituting the 

weathered/fractured granitic units. Conversely, the Vp and RQD values of 1900–2400 m/s and 75–

90% depict the integral (hard) granitic rock. The fresh (competent/non-rippable) granitic bedrock is 

characterized by Vp and RQD values of 2400–4500 m/s and 90–100%. The residual soil profiles across 

the area are characterized by <800 m/s and are also considered part of the rippable unit in the area. 
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The derived lithology-based empirical equation between borehole-RQD and Vp datasets yielded a 

high regression coefficient of determination 𝑅2 𝑣𝑎𝑙𝑢𝑒 of ≈0.96 (Eq. 2). This lithology-based empirical 

equation can adequately resolve overlapping Vp values for different soil-rock layered conditions. 

𝑅𝑄𝐷 = 0.0394𝑉𝑝 − 7.5136        (𝑅2 = 0.96)     (2) 

Furthermore, to ensure the accuracy of the borehole-RQD and Vp values with their lithology-

based empirical relation, we conducted an accuracy assessment using IBM SPSS (v26) to mitigate 

statistical bias. This SLR accuracy assessment involved significant statistical tests such as 

multicollinearity (tolerance and variance inflation factor [VIF]), multivariate normality, 

homoscedasticity, Durbin-Watson (D-W), and analysis of variance (ANOVA), rather than relying 

solely on typical statistical estimates like mean, median, mode, and standard deviation. 

Table 4 presents the summarized results of the regression accuracy assessment. The correlation 

(R) value of 0.979 derived for the 45 RQD and Vp analyzed datasets indicates a strong positive 

relationship between the two parameters. Additionally, the 𝑅2 𝑣𝑎𝑙𝑢𝑒 of 0.959, with a Vp standard 

error of 0.001, indicates high prediction strength in the analysis. The 𝑅2 result affirms the strong 

linear relationship between RQD and Vp, explaining approximately 96% of the data. This value 

translates to a prediction accuracy of approximately 96%. The SLR model also yielded a D-W statistic 

of 1.724, indicating no autocorrelation between RQD and Vp data. The variables appear to fit well to 

the regressed model based on the p-value of <0.05%, the large F-statistic of 1015.264, and the 

collinearity tolerance and VIF of 1.0, implying a model free from multicollinearity issues (Akingboye 

and Bery, 2022). Hence, the derived lithology-based empirical equation is significant for the direct 

estimation of RQD from Vp models, particularly in areas with few or no borehole data and 

inaccessible locations where drilling is practically impossible. This approach is also cost-efficient for 

use in large-scale geotechnical/engineering investigations. However, the derived empirical relation 

for RMQ estimation is site-specific, so it should be applied in granitic terrains with comparable 

lithological characteristics. 

Table 4. Comprehensive summary of the RMQ accuracy assessment for the research. 

Model 𝑹 𝑹𝟐 Adjusted 

𝑹𝟐 

Std. 

error 

D-W F-stat p-value Tolerance VIF 

0.979 0.959 0.958 0.001 1.724 1015.264 0.004 1.000 1.000 

Based on the achieved statistical analytical modeling, with certified accurate assessment, the 2-

D/3-D RMQ models of Lines 1–4 were developed (Figure 15) based on the RMQ chart produced by 

Caterpillar Incorporation (2010). The 2- and 3-D RMQ models (Figure 15a–e) of Site 2 distinctly depict 

the lateral and vertical strength of the penetrated rock masses with their range of Vp values, as well 

as the planes of weakness (fractures). The study area’s topsoil and completely weathered granite 

comprise the first layer (i.e., the residual soils), which is understood as the rippable rock unit. This 

layer’s values are below 800 m/s. The residual soil profile has a thickness of between 1 and 17 m. The 

highly weathered to relatively weathered granitic units, with Vp values of 800–1900 m/s, are 

identified as the second RMQ unit. This layer might be as thin as a few centimeters beneath the 

residual soil or as deep as 20 m. This layer is underlain by the integral (hard) granitic unit, which has 

Vp values of 1900 to 2400 m/s. With values >2400 m/s, the fresh granitic bedrock is identified as non-

rippable granitic bedrock. Figure 15 also clearly displays the subsurface fractures. 
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The 3-D RMQ (Figure 15e) indicates an increase in the thickness of rippable residual soil towards 

the eastern and northeastern regions. There are variations in the thickness of the highly weathered to 

relatively weathered granitic units in the northeastern, eastern, and western parts. However, the fresh 

granitic bedrock unit extends southward from the north. Despite the thinness of the integral granitic 

unit, ranging from 2 to 5 m, it plays a crucial role in determining the appropriate section for 

infrastructure foundations. This layer serves as the boundary between the competent/non-rippable 

(fresh) granitic bedrock and the rippable soil-rock units. 

 

Figure 15. Soil-rock quality models of (a) Line 1, (b) Line 2, (c) Line 3, and (d) Line 4, and their (e) 

Conceptualized 3-D model for Site 2. This includes the residual soil profile for complete classification. 

5.2. Statistical Analytic Modeling of N-Value and Velocity-Resistivity Datasets 

SPT N-values serve as indicators of dynamic strength, consistency, and penetration resistance of 

soils in BH1 and BH2 (TR1 and TR3 at Site 1), as well as BH1 (L1) and BH2 (L3) at Site 3. They are 

valuable for assessing the spatial variability of surface–subsurface soil conditions, particularly in 

geologic terrains with diverse and complex soil-rock compositions. Figure 16 illustrates the variation 

of the 35 evaluated N-values with depth for Sites 1 and 2. These N-value results exhibit a strong 

correlation with the interpreted Vp and resistivity models. Notably, at depths of 8 m and beyond, 

there is a significant increase in soil penetration resistance (N-value >35). This value reaches 50 at 

approximately 9 m depth and remains consistent above 12 m for all SPT boreholes. The depths where 

the most cohesive layer and the integral granitic rock, both exhibiting N-values of 50, are 

encountered, are correlated. Additionally, the topsoil layer is characterized by a thickness of less than 

2 m and N-values ranging from 7 to 17. Remarkably, the depths of N-values, Vp and resistivity, and 

RMQ models are closely aligned, indicating the high precision of the models. 
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The SPT N-value classifications for cohesive soil conditions by Karol (1960) and Terzaghi & Peck 

(1967), as presented in Table 5, offer detailed insights into the correlation between N-values and soil 

penetration strength and conditions. Consequently, in tropical granitic terrains, the ranges of N-

values for various soil conditions are shown in Table 6 along with their corresponding Vp values. 

The depths of the entire granitic rock unit and the most cohesive layer, characterized by an N-value 

of 50, exhibit a strong correlation (Figure 15; Table 6). The N-values obtained in this investigation 

generally align closely with the depths of the Vp, resistivity, and RMQ models. Although the 

observed N-values and their corresponding Vp values are slightly lower than those predicted for 

borehole-RQD, N-values of 50 produced a range of Vp values that correlated well. This variation may 

stem from the unstandardized relationship between N-values and soil characteristics (Sivrikaya and 

Toğrol, 2006). Overall, this study successfully demonstrates the relationships between N-values and 

Vp and/or resistivity data with soil-rock quality. 

Table 5. Ranges of SPT N-values with cohesive soil conditions. 

SPT N-values (Karol, 1960) >30 15–30 8–15 4–8 2–4 <2 

Soil conditions Hard Very stiff Stiff Firm Soft Very 

soft 

SPT N-values (Terzaghi and Peck, 

1967) 

>50 30–50 10–30 4–10 0–4 

Soil conditions Very 

good 

Good Fair Poor Very poor 

Table 6. Established ranges of SPT N-values with their corresponding Vp values for cohesive soil 

conditions in the study area (tropical granitic terrain). 

SPT N-values >50 30–50 15–30 8–15 <4–8 

Vp (m/s) 1900–2050 1400–1900 300–1400 200–300 <200 

Soil conditions Hard Very stiff Stiff Medium/Soft Very soft 

Soil strength/consistency Very good Good Fair Poor Very 

poor 

The statistical empirical relationships for the averaged 16 N-values with their corresponding Vp 

values, as determined via SLR, are presented in Figure 17. Most importantly, Figure 17 illustrates the 
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distributions and trends of the analyzed N-values and their Vp values. The derived lithology-based 

empirical relation (Eq. 3) is critical for predicting N-values from Vp data in granitic environments 

without conducting SPT results. This will significantly reduce borehole operation costs for a similar 

purpose. Eq. 3 yielded an 𝑅2 of 0.943 for N-values with Vp, indicating a 94.3% prediction accuracy. 

The observed correlation is attributed to increasing soil-rock velocities with depths. 

𝑉𝑝 = 44.392(𝑁) + 182.98             (𝑅2 = 0.943)     (3) 

A unified empirical relation was also generated using MLR for the evaluated N-values utilizing 

the Vp and resistivity datasets. MLR is a crucial statistical instrument for comprehending indicator 

variables as a prediction model to examine geophysical data from an investigated site (Tabachnick 

and Fidell, 2019). To ascertain the empirical link for N-values with Vp and resistivity data, the average 

Vp and resistivity data acquired were translated into linear forms using MLR. 𝐵1, and 𝐵2 are the 

coefficients of 𝑋1 (Vp), and 𝑋2 (𝜌), respectively, while 𝐶 is the equation constant, given in Eq. 4. 

These parameters were determined via MLR analysis, and their resulting values are presented in 

Table 6. Equation 5 represents the empirical relation that can be used to predict N-values in granitic 

terrains using Vp and resistivity data. Table 7 shows impressive statistical results from the MLR 

analysis, with an 𝑅2 of 0.943, low standard error, a p-value of 0.0001, VIF of 1.692, and D-W of 1.938. 

Normal D-W levels range from 1.5 to 2.5. The violation of no autocorrelation, which can lead to 

incorrect standard errors for the regression coefficient estimations, perhaps makes D-W values 

outside of this range (particularly values 1 or >3) of major concern (Akingboye and Bery, 2023a). The 

estimated p-value for resistivity and N-values is higher than the p-value of 0.05 for regressed data. 

This explains the variability of the soil-rock resistivities with the determined N-values probably due 

to increasing water affinity. Generally, N-values and Vp data yielded a strong correlation of 𝑅2 of 

0.943 (Figure 17), indicating that soil penetration resistance increases with density and depth and that 

the weathered layer contains probably more sand than the topsoil. 

𝑁 = 𝐵1(𝑋1) + 𝐵2(𝑋2) + 𝐶       (4) 

𝑁 = 0.021(𝑉𝑝) − 0.00001033(𝜌) + 5.583     (5) 

Table 7. MLR of the N-values and their corresponding Vp and resistivity values. 

Parameter Coefficients 

(B) 

Coefficient 

correlations 

Standard 

errors 

p-

values 

F stat D-W MLR 

p-

value 

VIF 

Vp (m/s) 0.021 0.9716 0.002 <0.0001 

107.568 1.938 <0.0001 

1.692 

𝜌 (Ωm) -0.00001033 <0.0001 0.006 0.99 

Constant 5.583  1.910 0.012  

N-value is the dependent variable; Average subsurface sampled points, 𝑁 = 16; 𝑅2 = 0.943. 
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Figure 16. Variability model of N-values with depths in the study area. 

 

Figure 17. Regression plot N-values versus their corresponding velocity values. 

5.3. Geoengineering Implications of Velocity–Resistivity, RMQ, and N-Value Results 

It is crucial to thoroughly assess the impact of near-surface lithologic units on both pre- and post-

infrastructure design to mitigate the risk of foundation failure or collapse. In addition to inadequate 

foundation design, infrastructure failure can be caused by soil liquefaction, soil failure, differential 

settlement, ground subsidence, and other factors. These challenges arise from variations in the 

physical, hydrogeological, and geomechanical properties of surface and subsurface soil-rock profiles 

(Hasan et al., 2023; Sujitapan et al., 2024). Hence, a comprehensive evaluation of soil-rock suitability, 

incorporating Vp, resistivity, RMQ, and N-values models, along with associated regression analytical 

models (Figures 7–13 and 15–16), is essential for designing resilient infrastructure. 
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The soil-rock profiles beneath Sites 1 and 3, located in the eastern and northern parts of the study 

area, predominantly consist of high clayey/silty soil content (<200 Ωm and <1900 m/s) (Figures 7–8 

and 11–13). Moreover, the presence of thick saturated silt/silt sandy weathered bodies and deep-

weathered/fractured zones indicates a high affinity for water. These soil-rock conditions, along with 

delineated outcropping rock (or boulders), highly varied saturated soils, and multiple fractures at 

Site 2 (Figures 9–10), pose significant threats to engineered infrastructure (El Shinawi et al., 2022; 

Akingboye, 2023; Hasan et al., 2023). Site 2, in particular, is susceptible to increased run-off due to its 

proximity to extensive mountainous hills. Consequently, excessive rainfall could lead to saturation 

of steep soils, potentially triggering soil failure. 

The northern portion (Site 3) exhibits a higher water retention level compared to other studied 

locations, as depicted in Figures 11–13. Consequently, meticulous technical planning and unique 

foundation designs are imperative for infrastructure development in this area. Identifying suitable 

foundation locations relies heavily on the competent (fresh) granitic unit, which varies significantly 

in depth across the study area, particularly beneath Sites 1 and 3. The RMQ (Figures 14–15) and N-

value models (Figure 16; Table 6) have greatly facilitated the assessment of foundation rock 

suitability. The integral/fresh granitic bedrock, characterized by RQD values of 75–100% (Site 2), and 

sections delineated with N-values >50 at Sites 1 and 3, are capable of supporting infrastructure 

foundations. For high-rise structures or buildings with continuous footings, reinforced foundations 

are recommended, preferably piled to rest on competent/fresh bedrock with resistivity, Vp, and RQD 

values exceeding 2000 Ωm, 2400 m/s, and 90%, respectively. This is particularly crucial for the eastern 

and northern parts, where penetrable competent bedrock is scarce at considerable depths. Pile 

foundations reaching the competent/fresh bedrock may extend to depths ranging from 12 m (less 

common) in the southern part (Site 2) to 40 m at Site 1 (except TR3) and Site 3 (Figures 6–15). Typical 

foundation depths for superstructures range from 20 to 40 m across the study area. 

5.4. Implications of Modeled Soil-Rock Conditions on Groundwater Productivity 

Understanding the surface–subsurface soil-rock conditions, as well as the structures facilitating 

fluid migration in exhumed bedrock, provides a comprehensive insight into the spatial distribution, 

channeling, and storage of groundwater (Gao et al., 2018; Kumar et al., 2021). This knowledge is 

essential for sustainable groundwater abstraction in complex geological terrains (Soupios et al., 2007; 

Dahlin and Wisén, 2018). Adequate overburden thickness (with minimal clay/silt content), well-

connected fractures, deep-weathered troughs, and other factors contribute to enhancing the 

hydrodynamics of aquifer units, thereby increasing groundwater yield capacity. Therefore, 

integrating the Vp, resistivity, RMQ, and N-value models with their regression-derived counterparts 

is crucial for identifying productive water-bearing aquifer zones within the soil-rock profiles of the 

study area. 

The 2-D/3-D Vp and resistivity models for the investigated sites (Figures 7–13) reveal intriguing 

surficial and subsurface soil-rock conditions and architecture, exhibiting contrasting geophysical 

characteristics. Notably, penetrative weathered/fractured zones serve as fluid migration systems 

within the study area. The boreholes in the region have water table limits ranging from 1.5 m to 5 m. 

By carefully analyzing Figures 7–13, the soil-rock conditions of the study area were assessed to 

pinpoint nearly silt-free sections, which are likely to offer optimal groundwater yield in boreholes. 

Interestingly, Site 1, particularly TR1, exhibits high groundwater potential zones within its 

subsurface conditions. The topsoil thickness is less than 2 m, while the weathered unit exceeds 10 m, 

reaching over 41 m beneath TR1 (Figures 7–8). Potential groundwater conduits include deeply 

weathered/fractured zones identified at station positions 85–125 m (TR1; Figure 7a) and 50–70 m 

(TR2; Figure 7b). Beneath TR3 (Figure 8), the western overburden soil constituent of USM is shallower 

than its eastern part. Here, weathered/fractured zones at station positions 40–50 m and 68–77 m may 

be viable drilling targets. However, due to the limited mapping of weak zone continuities, the 

certainty of high groundwater yield at these locations may be uncertain. At Site 2, residual soils and 

deeply weathered/fractured units exceed 35 m in thickness (Figures 9–10). Utilizing SRT, ERT, and 

RMQ models (Figures 9, 10a–b, and 15), delineated multiple penetrative fractures may provide the 
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necessary groundwater yield, particularly in the central to eastern parts. Site 3 shows a network of 

groundwater conduits and storage zones, with an overburden thickness exceeding 20 m (Figures 11–

13). Overall, these identified sections in the study area typically serve as sustainable water-bearing 

zones, with targeted drill depths above 40 m. However, due to significant silt content, especially at 

Sites 1 and 3, appropriate borehole completion procedures are proposed to ensure the long-term 

productivity of aquifers in the study area. 

6. Conclusions 

A holistic understanding of the spatial variability of surface–subsurface soil-rock conditions and 

architecture at strategic sites on Penang Island, Malaysia, is provided via the combination of 

multidimensional velocity–resistivity, RMQ, and SPT N-values with their optimized regression 

modeling. This study aims to determine the suitability of defined soil-rock conditions for the 

development of sustainable infrastructure and groundwater resources. Moreover, novel empirical 

relationships have been established to directly predict RQD and N-values from Vp and resistivity 

data, offering significant cost reductions for borehole drilling and associated research in granitic 

terrains on a large scale. 

The Vp, resistivity, RMQ, and N-value models of the study area show distinct characteristics 

across the sites. Site 1 in the eastern region and Site 3 in the northern part exhibit thick, saturated, and 

loose silty to sandy materials, along with deep-weathered/fractured zones. Batu Maung (Site 2) 

primarily comprises sand, boulders, and resistive bedrock at shallow depths, accompanied by 

penetrative fractures. The N-value results align well with the resistivity and Vp models, indicating 

N-values of 7–17 for residual soils with a thickness extending to approximately 2 m. Moreover, N-

values of 18 to 50 and >50 are estimated for the highly weathered to relatively weathered granites 

and the integral granitic bedrock, respectively. 

Understanding the soil-rock characteristics, as well as the geometries and apertures of the 

weathered/fractured zones, provides valuable insights into selecting suitable sections for 

infrastructure and groundwater development in the area. It is important to address potential risks, 

such as soil failure in the highly steep soil segment at Site 2, through thorough soil excavation and 

reinforced retaining walls before infrastructure design. Generally, suitable sections for infrastructure 

placement are identified based on competent bedrock, characterized by RQD values exceeding 90% 

(Site 1) and N-values above 50 (Sites 1 and 3). Piling depths can vary, ranging from 12–25 m at TR3 

(Site 1) and Site 2 to 40 m at Sites 1 and 3. The eastern to northern sections of the study area exhibit 

greater soil water-retention affinity compared to the south, attributed to deep-weathered/fractured 

zones with depths exceeding 40 m, which represent potential zones for sufficient water exploitation. 

Moreover, the intra-bedrock fractures beneath Site 2 have the potential to enhance groundwater 

productivity beyond other sections with high silt content. 

This study effectively highlights the importance of integrating geophysical and geotechnical 

parameters for soil-rock characterization through optimized statistical modeling. The derived 

lithology-based empirical relationships for RQD and N-values with Vp and resistivity datasets offer 

valuable insights for geotechnical and civil engineers, as well as hydrogeologists. These empirical 

relationships enable direct predictions of RMQ and N-values, particularly in areas with limited or no 

borehole data, thereby facilitating informed decision-making in infrastructure and groundwater 

development projects. 

Acknowledgments: The first author extends gratitude to all laboratory staff at the School of Physics, Universiti 

Sains Malaysia, as well as undergraduate and graduate students under the supervision of Dr. Andy A. Bery for 

their invaluable assistance during the field data collection. The support received from the Tertiary Education 

Trust Fund of Nigeria, Adekunle Ajasin University, and Universiti Sains Malaysia, including funding and state-

of-the-art equipment, is gratefully acknowledged for facilitating this research. 

Funding: The authors gratefully acknowledge the funding provided by the Malaysian Ministry of Higher 

Education (MoHE) through the Fundamental Research Grant Scheme (203.PFIZIK.6712108), as well as the 

support from Universiti Sains Malaysia through the Short-Term Grant (304.PFIZIK.6315489). Furthermore, the 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 April 2024                   doi:10.20944/preprints202404.0390.v1



 25 

 

first author expresses appreciation to Adekunle Ajasin University for financially supporting this study through 

the Tertiary Education Trust Fund of Nigeria. 

Data Availability: All data generated or analyzed during this study are included in this published article. The 

corresponding author can make other supporting analyzed data available upon reasonable request. 

Declaration of Competing Interest: The authors declare no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

References 

Abudeif, A.M., Fat-Helbary, R.E., Mohammed, M.A., Alkhashab, H.M., Masoud, M.M., 2019. Geotechnical 

engineering evaluation of soil utilizing 2D multichannel analysis of surface waves (MASW) technique in 

New Akhmim city, Sohag, Upper Egypt. J. African Earth Sci. 157, 103512. 

Abzalov, M., 2016. Applied Mining Geology. In: Modern Approaches in Solid Earth Sciences. Springer 

International Publishing, pp. 1–2. 

Akingboye, A.S., 2023. RQD modeling using statistical-assisted SRT with compensated ERT methods: 

Correlations between borehole-based and SRT-based RMQ models. Phys. Chem. Earth, Parts A/B/C 131, 

103421. 

Akingboye, A.S., 2024. Geophysical research on the interplays between soil–rock variability and hydrogeological 

structures: a case study. Q. J. Eng. Geol. Hydrogeol. 57. 

Akingboye, A.S., Bery, A.A., 2021. Performance evaluation of copper and stainless-steel electrodes in electrical 

tomographic imaging. J. Phys. Sci. 32, 13–29. 

Akingboye, A.S., Bery, A.A., 2022. Characteristics and rippability conditions of near-surface lithologic units 

(Penang Island, Malaysia) derived from multimethod geotomographic models and geostatistics. J. Appl. 

Geophys. 204, 104723. 

Akingboye, A.S., Bery, A.A., 2023a. Development of novel velocity–resistivity relationships for granitic terrains 

based on complex collocated geotomographic modeling and supervised statistical analysis. Acta Geophys. 

71, 2675–2698. 

Akingboye, A.S., Bery, A.A., 2023b. Rock mass quality evaluation via statistically optimized geophysical 

datasets. Bull. Eng. Geol. Environ. 82, 376. 

Akingboye, A.S., Bery, A.A., Kayode, J.S., Asulewon, A.M., Bello, R., Agbasi, O.E., 2022. Near-Surface Crustal 

Architecture and Geohydrodynamics of the Crystalline Basement Terrain of Araromi, Akungba-Akoko, 

SW Nigeria, Derived from Multi-Geophysical Methods. Nat. Resour. Res. 31, 215–236. 

Akingboye, A.S., Ogunyele, A.C., 2019. Insight into seismic refraction and electrical resistivity tomography 

techniques in subsurface investigations. Rud. Geol. Naft. Zb. 34, 93–111. 

Al-Heety, A.J.R., Hassouneh, M., Abdullah, F.M., 2021. Application of MASW and ERT methods for geotechnical 

site characterization: A case study for roads construction and infrastructure assessment in Abu Dhabi, 

UAE. J. Appl. Geophys. 193, 104408. 

An, R., Kong, L., Shi, W., Zhang, X., 2022. Stiffness decay characteristics and disturbance effect evaluation of 

structured clay based on in-situ tests. Soils Found. 62, 101184. 

Barton, N., 2006. Rock Quality, Seismic Velocity, Attenuation and Anisotropy. CRC Press. 

Bery, A.A., Saad, R., 2012. Correlation of Seismic P-Wave Velocities with Engineering Parameters (N Value and 

Rock Quality) for Tropical Environmental Study. Int. J. Geosci. 3, 749–757. 

Cao, J., Yang, X., Du, G., Li, H., 2020. Genesis and tectonic setting of the Malaysian Waterfall granites and tin 

deposit: Constraints from LA–ICP (MC)-MS zircon U–Pb and cassiterite dating and Sr–Nd–Hf isotopes. 

Ore Geol. Rev. 118, 103336. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 April 2024                   doi:10.20944/preprints202404.0390.v1



 26 

 

Caterpillar Incorporation, 2010. Caterpillar Performance Handbook. Caterp. Inc. 2264. 

Chambers, J.E., Kuras, O., Meldrum, P.I., Ogilvy, R.D., Hollands, J., 2006. Electrical resistivity tomography 

applied to geologic, hydrogeologic, and engineering investigations at a former waste-disposal site. 

GEOPHYSICS 71, B231–B239. 

Dahlin, T., Wisén, R., 2018. Combined Electric Resistivity Tomography and Seismic Refraction Tomography in 

Brackish Water in Saltsjön in Stockholm. In: 3rd Applied Shallow Marine Geophysics Conference. 

European Association of Geoscientists & Engineers, pp. 1–5. 

DeGroot‐Hedlin, C., Constable, S., 1990. Occam’s inversion to generate smooth, two‐dimensional models from 

magnetotelluric data. GEOPHYSICS 55, 1613–1624. 

El-Naqa, A., 1996. Assessment of geomechanical characterization of a rock mass seismic geophysical technique. 

Geotech. Geol. Eng. Vol. 14, 291–305. 

El Shinawi, A., Kuriqi, A., Zelenakova, M., Vranayova, Z., Abd-Elaty, I., 2022. Land subsidence and 

environmental threats in coastal aquifers under sea level rise and over-pumping stress. J. Hydrol. 608, 

127607. 

Gao, Q., Shang, Y., Hasan, M., Jin, W., Yang, P., 2018. Evaluation of a Weathered Rock Aquifer Using ERT 

Method in South Guangdong, China. Water (Switzerland) 10, 293. 

Hasan, M., Shang, Y., Jin, W., Akhter, G., 2021. Joint geophysical prospecting for groundwater exploration in 

weathered terrains of South Guangdong, China. Environ. Monit. Assess. 193. 

Hasan, M., Shang, Y., Jin, W., Akhter, G., 2022. Site suitability for engineering-infrastructure (EI) development 

and groundwater exploitation using integrated geophysical approach in Guangdong, China. Bull. Eng. 

Geol. Environ. 81, 7. 

Hasan, M., Shang, Y., Yi, X., Shao, P., Meng, H., 2023. Determination of rock quality designation (RQD) using a 

novel geophysical approach: a case study. Bull. Eng. Geol. Environ. 82, 86. 

Hasancebi, N., Ulusay, R., 2007. Empirical correlations between shear wave velocity and penetration resistance 

for ground shaking assessments. Bull. Eng. Geol. Environ. 66, 203–213. 

Hoek, E., Brown, E.T., 1997. Practical estimates of rock mass strength. Int. J. Rock Mech. Min. Sci. 34, 1165–1186. 

Hoek, E., Diederichs, M.S., 2006. Empirical estimation of rock mass modulus. Int. J. Rock Mech. Min. Sci. 43, 203–

215. 

Husainy, S.N., Bery, A.A., Abir, I.A., Lestari, W., Akingboye, A.S., 2023. Landslide susceptibility mapping of 

Penang Island, Malaysia, using remote sensing and multi-geophysical methods. Earth Sci. Res. J. 27, 93–

107. 

Kalantary, F., Ardalan, H., Nariman-Zadeh, N., 2009. An investigation on the Su–NSPT correlation using GMDH 

type neural networks and genetic algorithms. Eng. Geol. 104, 144–155. 

Karol, R.H., 1960. Soils and Soil Engineering. Englewood Cliffs, N.J., Prentice-Hall, New Jersey. 

Kumar, P., Tiwari, P., Singh, A., Biswas, A., Acharya, T., 2021. Electrical Resistivity and Induced Polarization 

signatures to delineate the near-surface aquifers contaminated with seawater invasion in Digha, West-

Bengal, India. Catena 207. 

Kumar, R., Bhargava, K., Choudhury, D., 2016. Estimation of Engineering Properties of Soils from Field SPT 

Using Random Number Generation. Ina. Lett. 1, 77–84. 

Loke, M.H., Barker, R.D., 1996. Practical techniques for 3D resistivity surveys and data inversion. Geophys. 

Prospect. 44, 499–523. 

Loke, M.H., Wilkinson, P.B., Chambers, J.E., Uhlemann, S., Dijkstra, T., Dahlin, T., 2022. The use of asymmetric 

time constraints in 4-D ERT inversion. J. Appl. Geophys. 197, 104536. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 April 2024                   doi:10.20944/preprints202404.0390.v1



 27 

 

Meju, M.A., Gallardo, L.A., Mohamed, A.K., 2003. Evidence for correlation of electrical resistivity and seismic 

velocity in heterogeneous near-surface materials. Geophys. Res. Lett. 30. 

Metcalfe, I., 1998. Palaeozoic and Mesozoic geological evolution of the SE Asian region: multidisciplinary 

constraints and implications for biogeography. Biogeogr. Geol. Evol. Southeast Asia 25–41. 

Metcalfe, I., 2000. The Bentong-Raub Suture Zone. J. Asian Earth Sci. 18, 691–712. 

Metcalfe, I., 2001. The Bentong-Raub Suture Zone, Permo-Triassic Orogenesis and Amalgamation of the 

Sibumasu and Indochina Terranes. Gondwana Res. 4, 700–701. 

Metcalfe, I., 2013. Tectonic evolution of the Malay Peninsula. J. Asian Earth Sci. 76, 195–213. 

Mohamad, J.D., Abang Hasbollah, D.Z., Mohd Taib, A., Dan, M.F., Jusoh, S.N., Mat Said, K.N., 2022. Correlation 

between Uniaxial Compressive Strength and Point Load Strength of Penang Island Granites. IOP Conf. Ser. 

Earth Environ. Sci. 971, 012025. 

Ng, S.W.-P., Whitehouse, M.J., Searle, M.P., Robb, L.J., Ghani, A.A., Chung, S.-L., Oliver, G.J.H., Sone, M., 

Gardiner, N.J., Roselee, M.H., 2015. Petrogenesis of Malaysian granitoids in the Southeast Asian tin belt: 

Part 2. U-Pb zircon geochronology and tectonic model. Geol. Soc. Am. Bull. 127, 1238–1258. 

Ng, S.W.-P.P., Chung, S.-L.L., Robb, L.J., Searle, M.P., Ghani, A.A., Whitehouse, M.J., Oliver, G.J.H., Sone, M., 

Gardiner, N.J., Roselee, M.H., 2015. Petrogenesis of Malaysian granitoids in the Southeast Asian tin belt: 

Part 1. Geochemical and Sr-Nd isotopic characteristics. Geol. Soc. Am. Bull. 127, 1209–1237. 

Ong, W.S., 1993. The geology and engineering geology of Pulau Pinang. Geological Survey of Malaysia, Map 

Report. 

Pells, P.J., Bieniawski, Z.T., Hencher, S.R., Pells, S.E., 2017. Rock quality designation (RQD): time to rest in peace. 

Can. Geotech. J. 54, 825–834. 

Pour, A.B., Hashim, M., 2015. Structural mapping using PALSAR data in the Central Gold Belt, Peninsular 

Malaysia. Ore Geol. Rev. 64, 13–22. 

Pour, A.B., Hashim, M., 2017. Application of Landsat-8 and ALOS-2 data for structural and landslide hazard 

mapping in Kelantan, Malaysia. Nat. Hazards Earth Syst. Sci. 17, 1285–1303. 

Priya, B.D., Dodagoudar, G.R., 2015. Spatial Variability of Soil-Rock Interface in Chennai using Geophysical and 

Geotechnical data. In: (Eds.), T.S. et al. (Ed.), Geotechnical Safety and Risk V. pp. 178–183. 

Quigley, T.P., 2006. Ground proving seismic refraction tomography (SRT) in laterally variable karstic limestone 

terrain. The University of Florida. 

Rucker, D.F., Tsai, C.H., Carroll, K.C., Brooks, S., Pierce, E.M., Ulery, A., Derolph, C., 2021. Bedrock architecture, 

soil texture, and hyporheic zone characterization combining electrical resistivity and induced polarization 

imaging. J. Appl. Geophys. 188, 104306. 

Salleh, A.N., Muztaza, N.M., Sa’ad, R., Zakaria, M.T., Mahmud, N., Rosli, F.N., Samsudin, N., 2021. Application 

of geophysical methods to evaluate soil dynamic properties in Penang Island, Malaysia. J. Asian Earth Sci. 

207, 104659. 

Sivrikaya, O., Toğrol, E., 2006. Determination of undrained strength of fine-grained soils by means of SPT and 

its application in Turkey. Eng. Geol. 86, 52–69. 

Soupios, P.M., Kouli, M., Vallianatos, F., Vafidis, A., Stavroulakis, G., 2007. Estimation of aquifer hydraulic 

parameters from surficial geophysical methods: A case study of Keritis Basin in Chania (Crete - Greece). J. 

Hydrol. 338, 122–131. 

Sujitapan, C., Kendall, J.M., Chambers, J.E., Yordkayhun, S., 2024. Landslide assessment through integrated 

geoelectrical and seismic methods: A case study in Thungsong site, southern Thailand. Heliyon 10, e24660. 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 April 2024                   doi:10.20944/preprints202404.0390.v1



 28 

 

Syukri, M., 2020. Prediction of Soil Liquefaction Phenomenon in Banda Aceh and Aceh Besar, Indonesia Using 

Electrical Resistivity Tomography (ERT). Int. J. GEOMATE 18, 123–129. 

Tabachnick, B.G., Fidell, L.S., 2019. Using Multivariate Statistics, 7th Editio. ed. Pearson. 

Tate, R.B., Tan, D.N.K., Ng, T.F., 2009. Geological Map of Peninsular Malaysia. In: Hutchison, C.S., Tan, Denis 

N. K. (Eds.), Geology of Peninsular Malaysia. University of Malaya/Geological Society of Malaysia, Kuala 

Lumpur. 

Terzaghi, K., Peck, R., 1967. Soil Mechanics in Engineering Practice. John Wiley, New York. 

Zeng, Z., Kong, L., Wang, M., Sayem, H.M., 2018. Assessment of engineering behaviour of an intensely 

weathered swelling mudstone under full range of seasonal variation and the relationships among 

measured parameters. Can. Geotech. J. 55, 1837–1849. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 April 2024                   doi:10.20944/preprints202404.0390.v1


