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Abstract  

 Fracture is an early symptom of ground movement related to the physical properties of soil, including 

permeability, porosity, density, cohesion and internal friction angle, where these physical properties affect 

the stability of the soil. This research aims to identify soil fracture in landslide-prone areas using the values 

of water saturation and soil pressure based on electrical resistivity tomography (ERT) data. Water saturation 

values are obtained using the Waxman-Smits model based on the relationship between porosity and 

resistivity. The advantage of this model is its ability to apply correction due to clay-containing soil layers 

found in the research area. Another parameter used to determine soil fracture is the soil stress value. In this 

study, the Rankine method is used to calculate soil stress, and this method can be applied to the soil 

conditions that experienced deformation, caused by weathering of breccia and tuff rocks, allowing water to 

penetrate the rock medium. Consequently, the weathered layers of breccia and tuff act as slip planes. The 

presence of water on the slip planes leads to soil movement. Based on the analysis results, soil fractures are 

correlated with low water saturation values and contrast in soil stress values. A profound contrast in water 

saturation and soil stress values appears only at fractured slopes. Based on our analysis, soil fractures 

correlate with low water saturation values (5 - 15 %) accompanied by apparent contrast of soil stress values, 

i.e. the fractured soil is having lower soil stress (< 15 KN/m2) in comparison to the surrounding. Such a 

contrast was not found in slopes without fractures. 
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Introduction 

 The initial signs of ground movement can be observed through the presence of fractures in unstable 

soil. Unstable soil refers to soil that is prone to soil movement, deformation or slope failure. Factors 

contributing to soil instability may include geological conditions, water content, slope steepness and human 

activities. The existence of fractures indicates the presence of significant tensile stress within a specific 

zone [1]. Fractures at the research site can be identified based on the values of soil resistivity, water 

saturation and soil stress. According to the initial hypothesis, fractures have higher resistivity values 

compared to the surrounding soil or rocks, except for the bedrock. Soil resistivity has a strong correlation 

with soil fractures [2] because during the process of fracturing, the initially saturated soil with low resistivity 

experiences a decrease in water content as it dries out, resulting in the formation of fractures accompanied 

by a significant increase in resistivity values. Soil resistivity is related to water saturation and soil stress, 

hence all of these 3 data are required to identify fractures. Water saturation values can be obtained from 

resistivity data using the Waxman-Smits equation, while soil stress can be indirectly derived from the 

inverted resistivity data. One geophysical method that can determine resistivity contrasts in the soil is 

electrical resistivity tomography (ERT). 

 ERT research for fracture identification has been widely conducted, but it has mostly been limited to 

physical simulations of soil samples. Some examples include ERT measurement experiments for 

reconstructing complex fracture patterns and computational modeling using clay soil samples [3], the 

application of ERT for identifying soil fractures in sand layers through physical simulations in the 

laboratory [4], and the implementation of ERT methods to detect fractures in engineered cement composites 

under monotonically uniaxial stress [5]. The in-situ application of ERT for fracture identification in 

potentially landslide-prone areas has been relatively unexplored. Some previous ERT studies conducted 

include measurements for landslide identification on unstable slopes using a soil fracture approach [6], and 
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ERT measurements at a cracked flood embankment site in the Hull area of England utilizing both 2D and 

3D electrode configurations [7]. 

 Fractures usually occur on disturbed or landslide-prone slopes. The ERT method can be applied to 

monitor disturbed slopes, where the slope may experience collapse triggered by rainfall. The ERT method 

can also be used to monitor variations in subsurface water content [8], to assess slope conditions such as 

identifying slope deformations [9], determining sliding planes [10-12] and determining the subsurface 

lithology of slopes [13]. 

 Soil fractures are related to the water content (saturated/unsaturated) within the soil. Water saturation 

can be determined based on petrophysical models, such as the Archie and Waxman-Smits models, which 

describe the relationship between porosity and resistivity [14-17]. The Archie and Waxman-Smits 

petrophysical models have been widely used to calculate water saturation based on well logging data in 

hydrocarbon exploration [18,19]. However, the application of these petrophysical models for determining 

indications of fractures is still limited. The Archie petrophysical model, although capable of explaining the 

relationship between porosity and resistivity, i.e. the application is limited only to the sandy formations 

without clay or shale content [11]. In the Archie equation, clay is considered an impurity that can affect 

resistivity values as it is conductive in nature.  

 Water-filled fractures exert high stress, pushing the mass out of the slope and causing soil movement. 

The presence of water in the fractures softens the soil, reducing its strength. The position and depth of the 

fractures, as well as the saturated soil layers, can be identified from the active soil stress profile and the 

water saturation profile. Therefore, by using the relationship between resistivity data, water saturation and 

soil stress, estimates can be obtained for the layers of soil experiencing fractures, soil settlement and water 

saturation. Dry soil layers and saturated soil significantly affect the magnitude of vertical and lateral soil 

stress. The magnitude of lateral soil stress depends on several factors, including the physical properties of 

the soil, soil shear strength, interaction between soil and geological structures and external loads that affect 

soil strength. 

 Until now, research on fracture identification has primarily focused on using resistivity data, while 

the use of soil stress and water saturation data for studying fractures has not been extensively explored. 

Therefore, we conducted this research to understand the relationship between resistivity data, water 

saturation and soil stress in identifying soil fractures. 

 

Materials and methods 

 Rainfall intensity data 

 Based on the rainfall data in the research area (Sumedang Regency and surrounding areas), there has 

been moderate and light rainfall over a relatively moderate duration. In several highland areas with 

moderate to high slope gradients, this could trigger soil instability and result in landslides. The rainfall data 

obtained from the Meteorology, Climatology and Geophysics Agency from December 15, 2022, to 

December 22, 2022, is presented in Table 1. 

 

Table 1 Rainfall data in the Cimanggung area, Sumedang Regency [20]. 

Date Rainfall (mm) Explanation 

12-15-2022 0 Cloudy 

12-16-2022 34 Moderate rain 

12-17-2022 18 Light rain 

12-18-2022 32.5 Moderate rain 

12-19-2022 8 Light rain 

12-20-2022 11.5 Light rain 

12-21-2022 7.6 Light rain 

12-22-2022 7.5 Light rain 

 

 Geomorphology and geological setting  

 The research site is located in undulating hills at an elevation ranging from 684 to 770 m above sea 

level, with slope angles ranging from 30 - 40 °, forming a V-shaped morphology known as a horseshoe 

shape. Based on the classification of slope angle classes, the research site falls within the category of very 

steep hill morphology [21]. The land use in the northern and southern areas consists of relatively dense 



Trends Sci. 2024; 21(8): 7760    3 of 16   

residential settlements. Therefore, if there are soil fractures present at this location, it can significantly 

impact the stability of the soil, posing a threat to the safety of the residents living in these settlements. 

 The vulnerability level of ground movements in the research area is within the medium-high ground 

movements vulnerability zone, this means that the location has the potential for landslides, especially during 

periods of high rainfall, particularly in areas bordering rivers, valleys and disturbed slopes. The map 

depicting the Vulnerability to landslide zone map of the study area is shown in Figure 1. Landslides occur 

in areas with sparse vegetation, moderately to steep slopes, and are associated with young volcanic rock 

formations and moderate to high rainfall. The research area falls within the category of areas with sparse 

vegetation and moderately to steep slopes, indicating the potential occurrence of both new landslides and 

reactivation of old landslides. The presence of soil or rock fractures can serve as an indicator of the potential 

occurrence of new landslides or reactivation of old landslides. 

 

 

Figure 1 Vulnerability to landslide zone map of the study area, modified from vulnerability to landslide 

zone map of Sumedang Regency, West Java Province [22]. 

 

 According to the stratigraphy [23], the research area is located within the Unconsolidated Young 

Volcanic Products Formation (Qyu), which consists of tuffaceous sand, lapilli, breccia, lava and 

agglomerate. This formation is partially derived from Mount Tangkubanparahu and Mount Tampomas. It 

is situated between Sumedang and Bandung, forming small plains and low hills covered by grayish-yellow 

and reddish soils. Regionally, the research area is dominated by volcanic rocks, including the presence of 

Lava from Volcanic Activity (Qvl) to the north, Unconsolidated Old Volcanic Products (Qvu) to the east, 

and Lake Deposits (Ql) to the south, consisting of tuffaceous sandstone, tuffaceous clay and tuffaceous 

gravel. Mapping conducted in the research area has identified outcrops of weathered basalt rocks to the 

west of the study site. These basalt rocks are believed to function as sliding planes due to their impermeable 

nature, which has resulted in the occurrence of fractures in the rocks or soil at the research location. The 

geological map of the research area is shown in Figure 2. 

 The occurrence of soil fractures in the research area is influenced by the development of fault 

structures in the vicinity. One active fault structure in the vicinity of the research area is the Cileunyi-

Tanjungsari Fault, located to the north. The Cileunyi-Tanjungsari Fault has an orientation of northeast-

southwest, extending from Tanjungsari to Cileunyi, and is believed to continue further to the Bandung 

Basin. The Cileunyi-Tanjungsari Fault is divided into 2 segments: The western segment with a length of 
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6.69 km and the eastern segment with a length of 11.28 km. This fault cuts through the units of old volcanic 

rocks, young volcanic rocks and the Bandung Lake deposits. Another active fault in the vicinity of the 

research area is the Cicalengka Fault, located to the south. The Cicalengka Fault has a northeast-southwest 

orientation, nearly parallel to the Cileunyi-Tanjungsari Fault, and extends from the southern part of 

Cicalengka to the eastern slope of Mount Malabar. 
 

 

Figure 2 Geological map of the study area, modified from Bandung Sheet geological map [23]. 

 

 Research methodology 

 In Figure 3, the flowchart illustrates the methodology used in the research. The required input data 

for this study is electrical resistivity tomography (ERT) data. Modeling is carried out using inversion 

methods based on ERT data that has been supplemented with topography (elevation) until ERT profiles 

and resistivity values at various depths are obtained.  

 

 

Figure 3 Flowchart of the proposed methodology. 
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 Subsequently, to obtain information about ground fractures, the process involves calculating water 

saturation and soil pressure based on ERT data. The method used for water saturation calculation is the 

Waxman-Smits method, while the method used to calculate soil pressure is the Rankine method. Supporting 

data required for calculating water saturation includes: Porosity data, water resistivity, clay conductivity 

and cation exchange capacity. Supporting data required for soil pressure calculation includes: Void ratio 

data, specific gravity, depth, internal friction angle, cohesion and lithology. 
 

 Electrical Resistivity Tomography (ERT) 

 The geophysical method used in this research is Electrical Resistivity Tomography (ERT). ERT is a 

method for measuring the resistivity of the subsurface by using multiple electrodes on the ground surface. 

It provides lateral and vertical variations in resistivity distribution beneath the surface, allowing for the 

imaging of subsurface rock structures. ERT imaging can observe fracture patterns and soil propagation 

[24], including the formation of fractures involving soil mechanical parameters [25]. The ERT method is 

also effective in observing infiltration and determining the potential saturated and unsaturated zones in 

rocks [26]. It can visualize 3D unsaturated water flow in cement-based materials with separate fractures 

[27]. The selection of the ERT method in this research is based on the hypothesis that fractured zones and 

soil displacement planes have resistivity contrasts compared to the surrounding rock. The ERT method can 

also explain the relationship between resistivity of fractures and water saturation and soil stress, where the 

values of water saturation and soil stress are derived from ERT data [14-17].  

 The principle of ERT measurement involves injecting direct current into the ground through 2 current 

electrodes, while the resulting voltage response is measured using 2 potential electrodes [28]. The data 

obtained in Electrical Resistivity Tomography (ERT) measurements are the apparent resistivity values. The 

electrode configuration used in ERT data acquisition is the Dipole-Dipole configuration, chosen for its high 

lateral and vertical data resolution. The Dipole-Dipole configuration and the geometry of the datum points 

are shown in Figure 4.  

 

 

Figure 4 (a) Dipole-dipole electrode configuration. C1 and C2: Current electrodes, P1 and P2: Potential 

electrodes, a: Electrode spacing and na: Measurement interval. (b) Distribution of datum points and 

estimated penetration depths. 

 

 In Figure 4, C1 and C2 represent the 2 electrodes for current injection, while P1 and P2 are the 

electrodes for voltage measurement. Each electrode is spaced at a distance of a, and the measurements are 

repeated at intervals of na (n = 1, 2, 3 and so on). As the value of n increases, the current penetration 

becomes deeper, resulting in a resistivity pseudosection. The geometry factor (K) of the Dipole-Dipole 

configuration can be calculated using the equation below: 

 

𝐾 = 𝑛(𝑛 + 1)(𝑛 + 2)𝜋𝑎                                                                            (1) 
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 The geometric factor refers to the configuration or arrangement of current and potential electrodes 

used in Electrical Resistivity Tomography (ERT) measurements. The resistivity value can be calculated 

using the equation below: 

 

𝜌𝑠 = 𝑛(𝑛 + 1)(𝑛 + 2)𝜋𝑎
∆𝑉

𝐼
                          (2) 

 

 The apparent resistivity (𝜌𝑠)is the calculated result derived from the voltage and current obtained in 

Electrical Resistivity Tomography (ERT) measurement points determined by the specific configuration of 

the electrode positions in the field. 

 The resistivity modeling was performed using the inversion software Res2DInv to generate the ERT 

profile model. The level of model error is indicated by the root mean square (rms) error, which represents 

the correlation between the observed pseudosection of apparent resistivity and the calculated pseudosection 

of apparent resistivity.  

 The equipment used for ERT measurements was the Supersting R8 with 28 electrodes. The ERT 

survey comprises 6 lines as follows: Line AB, oriented Northeast-Southwest, with a length of 120 m and 

an electrode spacing of 8 m. Line CD, oriented Northeast-Southwest, with a length of 136 m and an 

electrode spacing of 8 m. Line EF, oriented Northeast-Southwest, with a length of 94.5 m and an electrode 

spacing of 8 m. Line GH, oriented North-South, with a length of 120 m and an electrode spacing of 3 m. 

Line IJ, oriented North-South, with a length of 120 m and an electrode spacing of 3.5 m. Finally, line KL, 

oriented Northwest-Southeast, with a length of 120 m and an electrode spacing of 3.5 m. The positions of 

each Electrical Resistivity Tomography (ERT) measurement line are indicated in Figure 5. 
 

 

Figure 5 Map of the ERT measurement line in the research area, West Java, modified from Google Earth. 

The difference in elevation between the foot of the slope and the crown of the slope is 20 - 35 m, depending 

on the position of each ERT line. 

 

 Water saturation method 

 The resistivity data obtained from the inversion modeling is used as input data for petrophysical 

modeling of water saturation. The software used for water saturation modeling is Surfer v26. The 

relationship between resistivity and water saturation can be explained using the Waxman-Smith model. 

This model has advantages compared to the Archie model. It exhibits excellent accuracy in determining 

water saturation in clay-containing formations [29,30]. Moreover, the Waxman-Smits model can explain 

the influence of clay in contributing to cation exchange, thereby enhancing the formation’s conductivity 

[16]. Conversely, the Archie model is only applicable for determining water saturation in formations 

without clay. 
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 The equation for the Waxman-Smith model is as follows:  

 

𝑆𝑤 = [
𝑅𝑤

∅𝑚𝑅𝑡(1+𝑅𝑤𝐵
𝑄𝑣
𝑆𝑤

)
]

1

𝑛

                                                                                                                                               (3) 

 

 In Eq. (3) 𝑅𝑤 is the resistivity of water, 𝑅𝑡 is the total resistivity, m is constant characterizing 

cementation, ∅ is the porosity of the rock, B is the clay conductivity, 𝑄𝑣  is the cation exchange capacity, 

𝑆𝑤 is the water saturation, and n is the saturation exponent. 

 

 Active soil stress (the Rankine method) 

 The soil stress present at the research site is classified as active lateral soil stress. Active lateral soil 

stress occurs due to the soil thrust from the top of the slope/embankment, resulting in soil displacement and 

reaching an active condition where the soil elements will move away from the soil mass. If the soil 

movement is significant, a potential sliding plane will form within the soil mass, causing the soil to move 

forward and downward. One of the methods used to calculate active lateral earth stress is the Rankine 

method. Rankine developed a theory of lateral soil stress based on the concept of plastic equilibrium. Plastic 

equilibrium refers to a state that causes every point within the soil mass to move towards a state of soil 

failure [31]. 

 In the Rankine method, a soil mass is confined by walls with a smooth surface that extends to an 

infinite depth (Figure 6). The soil elements located at a depth z will experience vertical stress (σv) and 

horizontal stress (σh), while the shear stress on vertical and horizontal planes is neglected. 

 

 

Figure 6 Stress conditions on soil elements behind the wall. 

 

 The equation to calculate vertical stress (σv) is as follows: 

 

𝜎′𝑣 = 𝛾𝑧.                                                                                                   (4) 

 

 In this expression,  𝛾 is bulk density of soil, and 𝑧 is the depth of the soil layer from the ground surface 

to point z. The equation to calculate the active soil stress coefficient is as follows: 

 

𝐾𝑎 =  𝑡𝑎𝑛2 (45 −
∅′

2
)                                                                              (5) 

 

where (∅) is the internal friction angle, the equation to calculate active soil stress  𝜎′𝑎  is as follows: 

 

 𝜎′𝑎 = 𝜎′𝑣𝐾𝑎 − 2𝑐′√𝐾𝑎                                                                               (6) 

 

here, c represents the cohesion of the soil. The software used to visualize the lateral earth stress models was 

Surfer v26. 
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Results and discussion 

 ERT measurements were conducted from December 15, 2022, to December 22, 2022, along 6 

profiles. The length of each profile varied between 94.5 - 136 m, depending on the slope length. The list of 

ERT profiles is shown in Table 2. 

 

Table 2 ERT measurement line in the research area, West Java. 

Line Length of line (m) Orientation 

 AB 120   NorthEast-SouthWest 

 CD 136   NorthEast-SouthWest 

 EF 94.5  NorthEast-SouthWest  

 GH 120 North-South 

IJ 120 North-South 

KL 120 NorthWest-SouthEast  

 

 The fracture zones can be identified from the water saturation model and lateral earth stress model 

based on ERT data. Water saturation is calculated using the Waxman-Smits equation, while lateral earth 

pressure can be indirectly determined by estimating lithology through the approach of resistivity values 

obtained from ERT data. 

 

 Analisis of Electrical Resistivity Tomography (ERT) profile 

 The ERT data obtained from the measurements consist of 6 profiles with a range of resistivity values 

between 5 and 3,500 Ω·m. The range of resistivity values obtained from ERT measurements indicates the 

type of rock (lithology), the presence of saturated water layers and indications of fractures. The high or low 

resistivity values of the soil are controlled by the water content and the presence of clay. 

 The resistivity profiles from the inversion modeling are shown in Figure 7 (indicating fractures) and 

Figure 8 (no indications of fractures). In the resistivity profile A-B (Figure 7(a)), a fracture zone is 

observed at a distance of 88 m (indicated by an arrow) with a resistivity value of 465 Ω·m. The high 

resistivity value in the fracture zone is attributed to poor electrode contact (both current and potential) with 

the soil or partial contact. This fracture zone was formed due to soil movement caused by the infiltration of 

rainwater into the ground. Rainwater flows as groundwater towards the lower part of the slope. When the 

rainfall stops and the water supply ceases, the soil becomes dry and starts to fracture, forming fracture 

zones. In the lowermost layer, at a depth of > 10 m, there is a very high resistivity value (> 1,460 Ω·m), 

which indicates bedrock instead of fractures. This high resistivity value is consistent with the local 

geological data, which indicates the presence of lava (igneous rock) in the area, which is resistant and 

impermeable, resulting in high resistivity. 

 In the resistivity profile I-J (Figure 7(b)), indications of fractures are observed at the upper and middle 

parts of the section with resistivity values ranging from 300 - 640 Ω·m. In the resistivity profile E-F (Figure 

7(c)), fracture zones are present at the top and bottom parts of the section with resistivity values ranging 

from 300 - 1,460 Ω·m. Additionally, indications of fractures are observed in the resistivity profile K-L 

(Figure 7(d)) at the top part with a resistivity value of 649 Ω·m. The variations in resistivity values 

observed in profiles:  I-J (Figure 7(b)), E-F (Figure 7(c)) and K-L (Figure 7(d)) are related to the 

groundwater content, the presence of clay layers and the existence of gaps or voids in the soil. Soil layers 

with groundwater and clay content exhibit low resistivity values (< 91 Ω·m), whereas layers with gaps or 

voids (indicated by arrows) display high resistivity values (> 300 Ω·m) due to poor electrical contact 

between the current electrodes. In all 3 profiles, high resistivity values are also found in the bottommost 

layer, which is massive and characterized by the presence of hard rocks (bedrock). 
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Figure 7 Resistivity profiles of line: A-B, E-F, I-J and K-L showing the presence of fracture zones in each 

profile. 

 

 The difference in the resistivity range of the fracture zones is related to the contact between the current 

electrodes and the soil. The less contact there is between the electrodes and the soil, the higher the resistivity 

value will be. In the lowermost layer of all 3 profiles, high resistivity values (> 649 Ω·m) are obtained, 

indicating the presence of bedrock. This bedrock is composed of impermeable and highly compacted lava 

from igneous rock, resulting in high resistivity. The bedrock in the I-J resistivity profile (Figure 7(b)) and 

E-F resistivity profile (Figure 7(c)) has a specific slope pattern, where the upper part of the bedrock can 

act as a potential sliding plane. The presence of this sliding plane can accelerate soil movement and the 

occurrence of soil fractures. 

 In Figure 8, resistivity profiles of line C-D and G-H are shown, where no fractures or unstable soil 

conditions were found in both tracks. In Figure 8(a), there is a bedrock (highlighted in red, resistivity value 

> 649 Ω·m) in the middle of the profile, which serves to support the soil load from the upper part of the 

slope. Therefore, the soil condition in this track is relatively stable, and no fractures were observed. In 

Figure 8(b), there are some lensing patterns near the surface with small resistivity values around 128 Ω·m, 

which are suspected to be small boulders. However, no fractures were found in the lower part of the profile. 

 

 

Figure 8 Resistivity profiles of line: C-D and G-H, indicating stable soil layers without any fractures. 
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 Based on the correlation between resistivity values and local geology, the resistivity values and 

lithology of the fracture zones are obtained as shown in Table 3. 

 

Table 3 Resistivity value of fracture and lithology [4,28,32]. 

Lithology/Fracture Resistivity (Ω·m) 

Bedrock 400 - 1,460 

Fracture > 251 

Silty sands 91 - 250 

Clayey silt ≥ 90 

 

 The resistivity values of the rocks in Table 1 were used when indirectly correlating resistivity with 

effective soil stress, which will be discussed further in subsection relationship between resistivity and soil 

stress. 

 

 The petrophysical relationship between water saturation and resistivity 
 The petrophysical model used to explain the indication of fractures is the Waxman-Smith model 

(1968). To calculate water saturation (SW) using the Waxman-Smits model in Eq. (6), several measurement 

data are used, including water resistivity (Rw = 10 Ω·m), inversion resistivity, porosity (∅ = 0.5). Other 

data obtained from the literature include B = 3.5 S, Qv = 0.09 meq/mL, m = 1.8 and n = 2.1 [29]. These 

data are then substituted into Eq. (6), resulting in the SW equation for water saturation using the Waxman 

model as follows: 

 

𝑆𝑤 = [
8.4

𝑅𝑡
]

0.48

                                                                                                                                                                  (7) 

 

 Based on Eq. (7), the graph showing the relationship between resistivity and water saturation is 

presented in Figure 9.  

 

 

Figure 9 Graph of water saturation (SW) vs resistivity (Rt) on the line: A-B (Figure 7(a)), I-J (Figure 

7(b)), E-F (Figure 7(c)), K-L (Figure 7(d)), C-D (Figure 7(e)) and G-H (Figure 7(f)). 
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 From the graph, it can be observed that the relationship between water saturation and resistivity is 

non-linear. The resistivity values of the soil decrease as the water saturation increases. 

 Overall, based on the 6 graphs in Figure 9, low resistivity values (< 75 Ω·m) indicate relatively wet 

soil layers with water saturation values ranging from 35 - 80 %. For soil with low water content (somewhat 

dry soil) and water saturation values below 20 %, the resistivity values are higher, ranging from 280 - 480 

Ω·m. The high resistivity values in this case are attributed to the low water content in the soil, indicating 

the presence of soil fractures. As the soil condition becomes drier within the fractures, the resistivity values 

increase, while the water saturation values decrease or approach 0. 

 

 

Figure 10 Waxman-Smits water saturation profile experiencing deformation (fractures). 

 

 

 Based on Eq. (7), the water saturation (Waxman-Smits) profiles are obtained (Figures 10 and 11). 

Figure 10 shows the water saturation profile indicating the presence of a fracture zone. The fracture zone 

is identified in the water saturation profile with SW values < 15 % (indicated by red arrows). The smaller 

the SW value, the higher the level of fracturing. In the bottom layer, there is bedrock composed of lava 

(igneous rock). The bedrock is impermeable, so its upper part can act as a sliding plane. The presence of a 

sliding plane can accelerate soil fracturing [8,13] due to various factors: 1) The increased stress 

concentration: Sliding planes can concentrate stress within specific areas, intensifying the stress on the soil 

and leading to fracturing under excessive loads. 2) The reduced shear strength: Sliding planes often indicate 

weakened or compromised layers within the soil. These planes can act as zones of weakness, reducing the 

shear strength of the soil and making it more susceptible to fracturing. 3) The propagation of fractures: 

Sliding planes can serve as pathways for fractures to propagate through the soil mass. Once initiated along 

these planes, fractures can spread more rapidly, causing soil to break apart more easily. 4) The water 

movement: Sliding planes can facilitate water movement within the soil. Water ingress or accumulation 

along these planes can weaken soil cohesion, leading to increased fracturing as the soil becomes more 

saturated and loses its stability. 5) The shear stress redistribution: The presence of a sliding plane can 

redistribute shear stresses within the soil. This redistribution can alter stress patterns, inducing fractures and 

causing soil to break apart more readily. Overall, sliding planes act as critical zones that alter the mechanical 

behavior and stability of the soil, often leading to accelerated fracturing and instability. 
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Figure 11 Unfractured Waxman-Smits water saturation profile. 

 

 In Figure 11, it shows the water saturation profile that does not indicate the presence of any fractures. 

In profiles C-D and G-H, there is no contrast in SW values indicating the existence of a fracture. The SW 

values in both profiles are relatively high, ranging from 30 to 60 % in profile C-D and from 30 to 70 % in 

profile G-H. SW values vary, indicating the degree of soil fracturing; the higher the SW value, the lower 

the degree of soil fracturing. 

 

 Relationship between resistivity and soil stress 

 The effective stress of the soil can be indirectly determined through the relationship between void 

ratio and resistivity values obtained from ERT modeling. The void ratio values are obtained from literature 

and adjusted according to the type of soil, which is estimated based on the resistivity values from the ERT 

profiles. These resistivity values are also used to estimate the saturated and unsaturated soil layers. The 

condition of saturated/unsaturated is necessary in determining the effective stress of the soil, as the 

calculation formula for effective stress differs based on this condition. The effective stress of the soil is 

calculated at each datum point along the ERT profiles, except for specific points located within the bedrock 

layer. To calculate the effective soil stress, several assumptions and data from literature and measurements 

(Table 4) are used. 

 

Table 4 Values of soil parameters for effective soil stress. 

Lithology 
soil angle of internal 

friction (degree) 

Soil cohesion 

(kg/cm2) 

Specific gravity  

(N/m3) 

Void ratio 

(%) 

Clayey silt 23 0.35 2.62 1.22 

Silty sands 30a 0.15a 2.68a 0.45a 

Fracture zone 40b 0b 2.62 1.22 

a [33,34] 
b [35] 

 
 The profiles of effective soil stress calculated using Eq. (6) are shown in Figures 12 and 13. Figure 

12 represents the profile of effective soil stress, indicating the presence of soil fractures. Therefore, effective 

soil stress is an important parameter for controlling soil strength [36]. In this position, there is a contrast in 

lateral soil stress values, with low soil stress values < 5 KN/m2 and high soil stress values ranging from 20 

- 170 KN/m2. The contrast in soil stress values will affect the soil strength. Soil with low soil stress values 

will move towards the slope due to the push from the soil with high soil stress values, resulting in soil 

displacement and the occurrence of fractures. 
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Figure 12 Profile of active soil stress indicating soil fractures caused by soil displacement. 

 

 

 In Figure 12(a), at a distance of 90 m, there is an indication of a fairly wide fracture zone. The 

indication of the fracture at this position occurs due to the contrasting lateral soil stress values, resulting in 

a reduction in soil shear strength. At the foot of the slope at a distance of 105 m, the condition is relatively 

stable with nearly the same lateral soil stress value of 90 KN/m². 

 In Figure 12(b), indications of fracture zones are present at the top of the slope (at a distance of 20 

m) and the bottom of the slope (at a distance of 120 m). At the top and bottom of the slope, there are 

contrasting values of soil stress, leading to soil displacement and the occurrence of fractures. In the 

underlying soil layers, at depths of 5 - 15 m, the soil conditions are relatively stable as the lateral soil stress 

distribution has nearly the same value of ± 120 KN/m2. Similarly, at depths of 15 - 20 m, the active soil 

stress also has similar values ranging from 260 - 380 KN/m2, indicating a relatively stable soil condition. 

 In Figure 12(c), the active soil stress profile indicates unstable soil conditions. The lateral soil stress 

profile along line 5 shows a relatively high number of fractures, mainly due to the presence of soft soil 

(silt/clay). The soil is not compacted, has low shear strength, low permeability coefficient, and low bearing 

capacity. At a distance of 55 m, there is a contrast in soil stress values from the surface to a depth of 9 m. 

This contrast in soil stress can lead to soil displacement and the occurrence of soil fractures. At the top of 

the slope, at a distance of 15 m, there is also a contrast in soil stress values up to a depth of 5 m, indicating 

the presence of a fracture zone. 

 In Figure 12(d), the active soil stress profile shows slightly less stable soil conditions at the top of 

the slope. Along line 6, the soil consists of both compacted and soft soil. At the top of the slope (at a distance 

of 15 m) and the bottom of the slope (at a distance of 90 m), there are indications of fractures characterized 

by less compacted soil and low bearing capacity. In the soil layers with depths ranging from 4 - 20 m, the 

conditions are relatively stable as the lateral soil stress values at those depths are almost the same. 

 Figure 13 illustrates the active soil stress profile in stable soil conditions without indications of 

fractures. In Figure 13(a), at depths of less than 5 m, no indications of fractures were found. The active 

soil stress has a relatively consistent value of ± 30 KN/m2 (orange color). At depths between 5 to 8 m, the 

soil condition is still stable (no soil fractures) with an active soil stress value of approximately ± 110 KN/m2 

(yellow color). At depths ranging from 8 to 18 m, the soil stress value increases to around ± 300 KN/m2 

(green color). However, lateral variations between data points are nearly the same, indicating the absence 

of soil fractures. Since there is no contrasting soil stress value, the soil conditions along the C-D section are 

relatively stable, and there are no indications of fractures. 
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Figure 13 Shows the active soil stress profile under stable soil conditions without any fractures. 

 

 

 In profile G-H (Figure 13(b)), at depths of less than 3 m, no indications of soil fractures were found. 

This is evident from the relatively small soil stress value of about 5 KN/m2 and the almost consistent lateral 

stress values at that depth. At depths between 3 to 12 m, the soil stress value increases to around 75 KN/m2 

(yellow color), while the lateral distribution of soil stress remains relatively consistent. Therefore, no 

indications of soil fractures were found at this depth either. Moving deeper, between depths of 12 to 22 m, 

the soil stress value continues to increase to approximately 330 KN/m2, with similar lateral stress variations 

(yellow color). Consequently, the soil conditions remain stable at this depth, and there are no indications 

of fractures. 

 

 The social implications of ERT survey on the surrounding community 

 Survey of Electrical Resistivity Tomography (ERT) for slope fracture holds significant social 

implications, including: 1) Safe development planning: Information derived from resistivity measurements 

(ERT) concerning slope fractures allows for adapting development plans while considering risk factors. 

This can influence safer infrastructure construction, selection of building sites and creating safer spatial 

layouts for communities. 2) Community safety: Identifying slope fractures through resistivity 

measurements (ERT) helps mitigate risks of accidents and natural disasters like landslides or soil collapses. 

Enhanced understanding of slope structures allows for preventive measures and early warnings to protect 

local residents. 3) Increased public awareness: Information obtained from resistivity measurements can 

provide communities with a better understanding of the risks associated with slope fractures. This 

heightened awareness of dangers and knowledge about protective actions can empower individuals to 

safeguard themselves and their environment. 4) Improved Disaster Management: Accurate information 

from resistivity measurements can be utilized by authorities in emergency response planning and disaster 

management. This includes more efficient evacuations and post-disaster handling efforts. 

 Therefore, ERT surveys for slope fractures are not only crucial for scientific understanding but also 

have significant impacts on protecting and enhancing the quality of life for communities vulnerable to 

natural disasters. 

 

Conclusions 

 The relationship between resistivity and water saturation to identify soil fractures can be 

comprehensively explained using the Waxman-Smits petrophysical model. The model was able to identify 

the fracturing mechanism based on the water saturation profile. Soil with a low water saturation value (5 - 

15 %), indicating a very low water content, is susceptible to developing fractures. In this study, 1 type of 

soil identified to influence water saturation values is clayey silt with a resistivity value of less than 90 Ω·m. 

The clayey silt have a high cation exchange capacity (CEC). The clayey silt with a high CEC has a greater 
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ability to retain cations from the soil solution. The cations held by clay can reduce the amount of cations 

present in the soil solution, consequently impacting water saturation. 
 Based on the saturation versus resistivity graph, a non-linear relationship is obtained between water 

saturation and resistivity. In this relationship, the resistivity of the soil consistently decreases with 

increasing water saturation. This means that as the water saturation value decreases and the resistivity value 

increases, the likelihood of soil fractures also increases. 

 Soil fractures can also be identified by the contrasting soil stress values. The soil fractures have lower 

stress values (< 15 KN/m2) compared to the surrounding soil. The difference in soil stress values affects 

the soil’s strength. Soil with lower stress value has more tendency to easily shift or collapse due to the 

pushing force from the surrounding soil with higher stress values. 
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