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Abstract: Landslides, which often occur on natural slopes of mountainous areas and artificial slopes
around urban areas during summer in South Korea, are mostly caused by localized heavy rainfalls
and typhoons. A survey was conducted, and the characteristics of landslide occurrences in different
geological conditions—in this case, granite soils in Sangju area and gneiss soils in Yangu area—were
analyzed. Soil characteristics in the landslide and non-landslide areas and the surroundings of
each geological condition were also evaluated. Triggering factors, namely permeability coefficients
(k), shear strength with cohesion (c), and internal friction angle (ϕ) of soils that are closely linked
to landslides around weathered soil layers were extracted based on the examined characteristics
and a statistics method. The study used regression analysis to formulate equations to estimate
the permeability coefficients and shear strength. Ultimately, the permeability coefficients showed
significant results in terms of void ratio (e), the effective size of grains (D10), and uniformity coefficient
(cu), while shear strength correlated with the proportion of fine-grained soil (Fines), uniformity
coefficient (cu), degree of saturation (S), dry weight density (rd), and void ratio (e).

Keywords: landslide-triggering factors; weathered soil; permeability coefficient; shear strength;
regression equation

1. Introduction

In mountainous areas, active site renovations are frequently performed to expand human living
spaces by building facilities in South Korea. This leads to the formation of vast fill and cut slopes in the
developed sites. Every year, localized heavy rainfall causes frequent, extensive slope disasters, such
as slope failures and landslides. Areas that have undergone mountainous development commonly
experience these disasters, which may also lead to debris flow when materials that have been swept
away are washed down to a nearby stream. Mountainous areas in South Korea damaged from landslides
have sharply increased by two-and-a-half times, destroying 290 ha in the 1970s to 713 ha in the 2000s [1].
Such a significant escalation was accompanied by an increasing cost of landslide restoration.

There have been many notable landslide disasters in the developed mountainous areas of South
Korea. The Umyeonsan landslides in Seoul on 27 July 2011, caused by heavy rains higher than the
100-year return period of rainfall at up to 94 mm/h, caused 18 deaths and buried roads and apartments
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in the lower areas. On the same day, debris from landslides swept away houses and accommodations
in Chuncheon in Gangwon Province, causing 13 deaths and 25 injuries [2,3]. These two cases were
similar in terms of the localized heavy rainfall during the summer season around the cut slopes, which
were formed after the natural slopes have been cut [4].

Rainfall is considered as one of the major causes of landslides. The penetration of stormwater
through the soil layers increases the weights per unit volume of soil particles; thus slope stability
rapidly decreases with the shear stress reduction of the soil [5–15]. Other direct and indirect causes of
landslides include topography, geological features, and vegetation [16–19].

In most cases of natural slopes, weathering soil layers located at the upper part of bedrocks
are formed with the erosion of parent rocks, and their physical and engineering characteristics are
determined by weathering intensity and geological conditions [20,21]. Moreover, weathering soil
layers have different properties depending on the mineral components of the bedrocks where they
are created. In particular, the different geological types of rocks in slopes affect the factors that may
cause landslides, such as weathering, shearing, cutting of bedrocks, directional nature of discontinuity
surface, and water permeability [22–25].

The slip surface of landslides is commonly found around the boundary between the bedrock and
the weathering soil layers. Hence, the physical characteristics of soil in these layers are closely linked
with the occurrence of disasters [26,27]. More importantly, heavy rainfall influences the change in
permeability and shear stress of weathering layers. It triggers the penetration of stormwater through
the layers and decreases the shear stress of soils, increasing the possibility of disasters along the
slope [28–32]. Therefore, the soil’s permeability coefficient and shear strength are important variables
for the direct assessment of slope stability considering infiltration of rainwater into the ground [33–36].

The study suggests that influential factors are related to slope disasters, which were identified by
comparing the soil material properties of landslide and non-landslide areas to select the components
that play significant roles during slope disasters and to derive a statistical formula for calculation.
Moreover, the study considered the physical characteristics of the soil layers found in slopes and
selected gneiss and granite for examination. An analysis was also conducted to understand rainfall
events, topography, geological features, and the characteristics of landslides in the areas. Ultimately,
the study suggested a statistical formula for the evaluation of landslide-triggering factors out of the
properties that were closely linked to landslides for each soil type.

2. Methodology

2.1. Soil Properties of Landslide Areas

The study statistically analyzed the soil properties of landslides that occurred in slopes composed
of gneiss and granite soils. A correlation analysis was conducted to discover whether there are
distinctions in the soil properties of landslide areas based on their geological weathering conditions.
In addition, regression equations for permeability coefficient and shear strength, which are the main
variables linked to landslide-triggering factors based on soil properties, were suggested.

The selected sites for this study were areas with different geological features that have experienced
multiple landslides caused by localized heavy rainfall within the same period. As such, the study
focused on cities in South Korea, namely Yangju, Gyeonggi-do, and Sangju, Gyeongsangbuk-do, whose
primary soil types were gneiss and granite, and 76 landslides in 1998 and 99 landslides in 1998 have
occurred, respectively.

Figure 1 shows the field survey of landslides in Yangju, Gyeonggi-do, a study area, and shows
that soil samples are collected using a cylindrical stainless ring sampler around the landslides. Soil
samples were collected from their landslide and non-landslide areas, and soil characteristics were
analyzed for each.
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Figure 1. Measurement of the landslide scales through field surveys of landslides in the study area 
and sampling soil samples using a cylindrical stainless ring sampler (diameter 10 cm, height 6–15 cm) 
at a depth of about 40–60 cm of the ground after removing the topsoil; (A) View of landslide in Yangju, 
Gyeonggi-do, (B) Measurement of landslide length (using tapeline), (C) Before sampling soil samples 
using a cylindrical stainless ring sampler, (D) After inserting the cylindrical ring sampler by hitting it 
with a hammer, sampling the soil sample. 

In the selected sites, soil sampling and analysis were performed as follows. Disturbed and non-
disturbed samples were separately collected by removing the topsoil at a depth of 40–60 cm. For non-
disturbed samples, a stainless cylindrical ring sampler that was 10 cm in diameter and 6–15 cm in 
height was produced. Meanwhile, two zipper bags with a volume of 250 g were used to obtain 
disturbed samples at the same area where the non-disturbed samples were collected. Then, all 
samples collected were sealed to maintain the field conditions as much as possible and were delivered 
to the laboratory for indoor testing. The indoor soil tests, which followed the Korean Industrial 
Standards (KIS), included a grain-size analysis [37], test for the water content of soils [38], specific 
gravity test [39], density test [40], and permeability test [41]. Finally, the permeability coefficient, 
micro-granule soil content, water content by weight, dry unit weight, and void ratio were calculated 
based on the test results. 

2.2. Estimation of Landslide-Triggering Factors Using Soil Properties 

The permeability test in landslide studies was conducted to find the permeability coefficient 
through constant and variable head permeability tests on the unsaturated sample. The shear test, on 
the other hand, determined the shear characteristics of the slope by obtaining the cohesive force and 
internal friction angle through a triaxial test, ring shear test, and direct shear test. Furthermore, slope 
stability decreased sharply when the soil layer was almost saturated with water content and reached 
the maximum shear stress, which eventually led to a failure. 

Reproducing the permeability coefficient and shear strength characteristics of the soil slope 
corresponding to the landslide occurrence conditions and different geological materials was difficult. 
Therefore, studies relied on the characteristics of permeability coefficient at saturation and shear 

Figure 1. Measurement of the landslide scales through field surveys of landslides in the study area and
sampling soil samples using a cylindrical stainless ring sampler (diameter 10 cm, height 6–15 cm) at a
depth of about 40–60 cm of the ground after removing the topsoil; (A) View of landslide in Yangju,
Gyeonggi-do. (B) Measurement of landslide length (using tapeline). (C) Before sampling soil samples
using a cylindrical stainless ring sampler. (D) After inserting the cylindrical ring sampler by hitting it
with a hammer, sampling the soil sample.

In the selected sites, soil sampling and analysis were performed as follows. Disturbed and
non-disturbed samples were separately collected by removing the topsoil at a depth of 40–60 cm.
For non-disturbed samples, a stainless cylindrical ring sampler that was 10 cm in diameter and 6–15 cm
in height was produced. Meanwhile, two zipper bags with a volume of 250 g were used to obtain
disturbed samples at the same area where the non-disturbed samples were collected. Then, all samples
collected were sealed to maintain the field conditions as much as possible and were delivered to the
laboratory for indoor testing. The indoor soil tests, which followed the Korean Industrial Standards
(KIS), included a grain-size analysis [37], test for the water content of soils [38], specific gravity test [39],
density test [40], and permeability test [41]. Finally, the permeability coefficient, micro-granule soil
content, water content by weight, dry unit weight, and void ratio were calculated based on the
test results.

2.2. Estimation of Landslide-Triggering Factors Using Soil Properties

The permeability test in landslide studies was conducted to find the permeability coefficient
through constant and variable head permeability tests on the unsaturated sample. The shear test, on
the other hand, determined the shear characteristics of the slope by obtaining the cohesive force and
internal friction angle through a triaxial test, ring shear test, and direct shear test. Furthermore, slope
stability decreased sharply when the soil layer was almost saturated with water content and reached
the maximum shear stress, which eventually led to a failure.
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Reproducing the permeability coefficient and shear strength characteristics of the soil slope
corresponding to the landslide occurrence conditions and different geological materials was difficult.
Therefore, studies relied on the characteristics of permeability coefficient at saturation and shear
strength obtained at extremely limited shear rates. However, the greatest advantage of the direct shear
test was that the shear strength properties of the soil were identified relatively more accurate, quicker,
and easier compared to other test methods.

As such, the test methods for measuring the permeability coefficient and shear strength were
more complicated than the test for the basic physical properties of soil and required expert skills.
However, permeability coefficients and shear strength constants of various points were required to
understand the soil characteristics and identify the failure mechanism in the landslide areas [42,43].
Thus, a considerable amount of time and costs were necessary to obtain the results.

The permeability of soil was affected by grain size distribution typically described by the equivalent
particle diameters D10 and D60, which corresponds to 10% and 60% passing by weight, respectively.
Here, the descriptive parameter of grain size distribution is the coefficient of uniformity (cu), which is
defined as the ratio of D60–D10. A higher value of cu is indicative of a well-graded soil that has a lower
permeability coefficient compared to uniformly graded soil as the smaller grain fills the voids between
larger grains, resulting in less interconnectivity.

Several correlations were developed to evaluate the permeability coefficient using the grain
size [44–48]. The most commonly used correlation proposed by Hazen [49] is presented below:

k (m/s) = C D2
10 (1)

where C is a constant that varies between 0.1 and 100 [50]. However, the typical values of C range
between 0.4 and 1.2 and are typically taken as 1 [51]. In addition, the permeability coefficient can
be raised by increasing the void ratios as particle shape and void arrangements also affect this
variable. Hence, soils with angular particles exhibit a lower permeability coefficient compared to more
rounded particles.

Particle size is one of the most important properties that play dominant roles in the stress, strain,
and strength response of the soil. In particular, changes in particle size indicate changes in porosity,
particle effective contact area, and the load distribution mechanism of soil particle contact as well [52].

Kolbuszewski and Frederick [53] and Chattopadhya and Saha [54] used particle materials for
evaluating the effects of particle size and confirmed that maximum porosity lowers while compressibility
rises when the particle size increases.

According to studies on numerical analysis, the distribution of particle size influenced the
stress-strain behavior of soil mass changes, which resulted in a decrease in the angles of internal friction
and an increase in volumetric strain [55,56].

If the permeability coefficient and shear strength can be estimated roughly using the soil test
results, which were relatively simple and inexpensive, then the soil characteristics in landslide areas
can be identified more quickly and easily. The change of dependent variables (permeability coefficient
and shear strength) from the change of independent variables (soil properties) can be estimated by
analyzing the correlation between permeability coefficient and shear strength constant in slopes where
landslides took place.

2.3. Statistical Analysis Using SPSS

To estimate landslide triggering factors through soil test results, correlation and regression analysis
were used as statistical analysis using SPSS [57] in this study. Correlation analysis is widely used
as a traditional statistical method to analyze the correlations between independent and dependent
variables [58]. It evaluates the presence or absence of a linear relationship between two variables.
Therefore, the main purpose of correlation analysis is to verify if a relationship exists, not to find out
what functional relations there are between the variables. However, there are often cases where one
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wants to predict the value of a variable from other variables. In this case, regression analysis can be
used, which is a statistical analysis method that estimates a mathematical model from the data or
makes a correlation through statistical inference.

Correlation analysis predicts the change of scale and direction of other variables as one variable
increase or decrease. As such, the correlation is determined by how much of the variance (variate) of
one variable changes as other variables’ variance change, which is the covariance (covariate). Another
important factor in correlation analysis is the correlation coefficient, which is an index that summarizes
the degree and direction of a relationship between variables with a single numerical value, an absolute
value between 0 and 1. The closer the correlation coefficient is to 0, the lower the correlation, and the
closer to the absolute value 1, the higher the correlation.

Regression analysis is a method used to predict values, which is often a way to understand the
extent and direction of one or more variables affecting another variable and analyze how the dependent
variable (Y) changes as the independent variables (X) change. Once the values of the slope B and the
Y-intercept A are determined, and the regression equation is obtained, it can predict the value of Y
with the value of X.

Here, RMSE is the square root of the mean of the squared error between the value predicted from
an estimate or model equation and the value observed in a real soil environment. It is a method to
check the difference between the predicted value and the real soil experiment and observation results.
Furthermore, the correlation and suitability of regression model results and direct experiment results
were evaluated.

3. Results

3.1. Rainfall Events

Figure 2 shows rainfall events at the time when landslides occurred intensively in the study area.
The Yangju area in Gyeonggi-do analyzed rainfall data from Geumcheon, Uijeongbu, and Goyang
weather stations close to the area where the landslide occurred. From 4 August to 7 August 1998, a
cumulative rainfall of up to 588.5 mm fell. During the rainfall period, on 7 August, many landslides
occurred in Yangju area due to 111.5 mm/h of intensive rainfall. In Sangju, Gyeongsangbuk-do, rainfall
data from Boeun, Hwaseo, and Anggye weather stations were analyzed. From 10 August to 12 August
1998, a cumulative rainfall of 522 mm occurred. The landslide occurred on 12 August due to a rainfall
of 95 mm/h. It was analyzed that the rainfall pattern when the landslide occurred intensively in the
study area was within 3–4 days of rainfall duration and the cumulative rainfall was more than 500 mm.
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3.2. Landslide Pattern

Factors such as terrain complexity and geometry are closely related to the occurrence and spatial
distribution of various types of landslides [59–61]. Key direct factors of the landslide are topography,
geological characteristics, and rainfall. The study areas located in South Korea are composed of two
different major geological types. One is Yangju, Gyeonggi-do, a gneiss region, while the other is in
Sangju, Gyeongsangbuk-do, a granite region. Most of the landslides in these areas occurred during the
heavy rains in early August, affecting 175 sites, including 76 for gneiss and 99 for granite.

Figure 3 shows the locations of landslides in the areas of study as well as their geological
distribution. In Yangju, Gyeonggi-do, the destructive patterns of landslides in gneiss regions started
with translational slides that changed into flows as the landslide materials moved to lower slopes.
Thus, it was found that a translational type plane destruction occurred on a relatively flat slope, and
the destroyed materials moved downward, mixing with surrounding materials, and transformed into
a debris flow going further down the V-shaped valley. Moreover, a shallow solum that consisted
of residual and colluvial soils was found to have collapsed along with the interface of the bedrock.
In Sangju, Gyeongsangbuk-do, granite was widely distributed, while sedimentary rocks were partly
distributed. Landslides occurred widely in the totality of the landscape but were more frequent in
granite areas. Furthermore, landslides in this area were mostly found to be of translational-type flow,
most of which were relatively shallow at depths of less than 1 m, while the upper soil layers, which
consist of residual and colluvial soils, collapsed along the boundary of the bedrock. It was also shown
that landslide materials moved to the bottom of the slope and became a flow. Overall, landslide
patterns in the granite region were found to be similar to gneiss areas.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 18 

Sangju, Gyeongsangbuk-do, a granite region. Most of the landslides in these areas occurred during 
the heavy rains in early August, affecting 175 sites, including 76 for gneiss and 99 for granite. 

Figure 3 shows the locations of landslides in the areas of study as well as their geological 
distribution. In Yangju, Gyeonggi-do, the destructive patterns of landslides in gneiss regions started 
with translational slides that changed into flows as the landslide materials moved to lower slopes. 
Thus, it was found that a translational type plane destruction occurred on a relatively flat slope, and 
the destroyed materials moved downward, mixing with surrounding materials, and transformed into 
a debris flow going further down the V-shaped valley. Moreover, a shallow solum that consisted of 
residual and colluvial soils was found to have collapsed along with the interface of the bedrock. In 
Sangju, Gyeongsangbuk-do, granite was widely distributed, while sedimentary rocks were partly 
distributed. Landslides occurred widely in the totality of the landscape but were more frequent in 
granite areas. Furthermore, landslides in this area were mostly found to be of translational-type flow, 
most of which were relatively shallow at depths of less than 1 m, while the upper soil layers, which 
consist of residual and colluvial soils, collapsed along the boundary of the bedrock. It was also shown 
that landslide materials moved to the bottom of the slope and became a flow. Overall, landslide 
patterns in the granite region were found to be similar to gneiss areas. 

 

Figure 3. Geological status map including soil sampling points for landslides and non-landslides 
regions in the areas of study, (A) Landslides in Yangju, Gyeonggi-do, (B) Landslides in Sangju, 
Gyeongsangbuk-do. 

3.3. Landslide Scales 

Landslide patterns in the areas of study mostly changed from translational-type to flow-type. 
Translational-type landslides were largest in the granite area at about 98% compared to 75% in the 
gneiss area. In particular, most of the translational-type landslides in the granite area showed a 
shallow collapse that formed along the interface of the bedrock. Subsequently, the collapsed soil 
material developed into a flow. 

Figure 4 shows the length, width, and depth of landslides depending on the geology of the study 
area. The scale of landslides in the gneiss area ranged from 20 m to 290 m based on the length. On a 
20 m criteria, 41–60 m accounted for the highest occupancy rate of about 24% with 18 sites recorded 
among 77 outbreaks, followed by 61–80 m and 21–40 m, which occupied about 13%, in 10 sites, 
respectively. On the other hand, landslides of over 100 m in length accounted for 31 out of 77 sites, 
which was about 42%, revealing that several long-length landslides occurred. 

Figure 3. Geological status map including soil sampling points for landslides and non-landslides regions in
the areas of study. (A) Landslides in Yangju, Gyeonggi-do. (B) Landslides in Sangju, Gyeongsangbuk-do.

3.3. Landslide Scales

Landslide patterns in the areas of study mostly changed from translational-type to flow-type.
Translational-type landslides were largest in the granite area at about 98% compared to 75% in the
gneiss area. In particular, most of the translational-type landslides in the granite area showed a shallow
collapse that formed along the interface of the bedrock. Subsequently, the collapsed soil material
developed into a flow.

Figure 4 shows the length, width, and depth of landslides depending on the geology of the study
area. The scale of landslides in the gneiss area ranged from 20 m to 290 m based on the length. On a 20 m
criteria, 41–60 m accounted for the highest occupancy rate of about 24% with 18 sites recorded among
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77 outbreaks, followed by 61–80 m and 21–40 m, which occupied about 13%, in 10 sites, respectively.
On the other hand, landslides of over 100 m in length accounted for 31 out of 77 sites, which was about
42%, revealing that several long-length landslides occurred.Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 18 
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Figure 4. Analysis of landslide occurrence patterns of different geological features in the study area.

Moreover, the length of landslides in the gneiss region ranged from 8 m to 22 m, with 16–20 m and
11–15 m accounting for about 42% and about 40%, respectively, taking up the most impact. In contrast,
about 58% of landslides in the granite region came within the 6–10 m length interval, on account of the
gentle V-shaped water sump type topography of the landslide site.

More than about 88% of landslides in these areas were found to have occurred within a depth of
1 m as landslides often occur in areas with low slopes, and outcrops are well developed on slopes at
higher elevations, resulting in relatively low rates of landslides. In addition, the depth of landslides
was considered shallow because destruction occurred at the boundary between the shallow top layer,
which consists of residual and colluvial soils, and the bedrock.

3.4. Soil Properties of Landslide and Non-Landslide Areas

Soil layers in landslide areas are known to have finer soil particles and smaller liquid limits than
in non-landslide areas [62,63]. Soil particle size distribution is also an important factor in landslides.
In flow-type landslides, soil particle size analysis is performed. If there are 20–80% particles of 2 mm
or more in diameter, they are classified as a debris flow. On the other hand, it is considered soil flow if
it contains 80% or more of particles less than 2 mm in diameter [11].

Figure 5 shows the particle size test results for soil samples in the different geological features
of the areas of study, categorized into the landslide and non-landslide areas in the soil particle size
distribution curve. In the gneiss region, the soil particle size distribution curve is generally inclined
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moderately, and coarse and fine-grained soil is moderately mixed. The uniformity coefficient ranges
from 5 to 40; while the curvature coefficient, from 1 to 3, satisfying the qualifications for well-graded
soil gradations. In addition, the soil particle size in landslide areas was found to be distributed more
evenly, while particle size in non-landslide areas has similar distribution specifications.Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 18 
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non-landslide areas in gneiss and granite regions.

In the granite region, the soil particle size distribution curve showed a moderate slope, and the
soils were more thoroughly mixed. Moreover, the uniformity coefficient ranges from 2 to 33; while the
curvature coefficient, from 1 to 3, showing that the soil is indeed well-graded. In addition, the granite
area showed the same particle size distribution patterns in both landslide and non-landslide areas.

Table 1 shows the constants for the characteristics of soil layers in the landslide areas of the gneiss
and granite regions. The liquid limit showed a similar tendency, whereas the plastic limit of the soil
surface was found to be higher in the gneiss region. Moreover, the plastic limit is a property that is
directly related to the content of clay particles in the particle size distribution of the soil layer, which is
consistent with the result that the gneiss region shows a higher content of fine-grained soil than the
granite region.

Table 1. Soil characteristics in landslide occurrence areas.

Geology
Density, g/cm3 Water Content, % Liquid Limit, % Plastic Limit, %

Range Average Range Average Range Average Range Average

Gneiss 2.6–2.76 2.69 8.72–33.47 17.38 20.15–37.55 29.66 14.74–26.32 19.84

Granite 2.52–2.72 2.62 9.49–31.84 16.23 23.97–37.15 30.10 13.77–27.00 18.97

Geology
Void Ratio Porosity, % Dry Unit Weight, kN/m3

Range Average Range Average Range Average

Gneiss 0.75–1.57 1.13 42.86–61.09 52.57 10.3–15.3 12.8

Granite 0.76–1.29 1.03 43.18–56.33 50.49 11.5–14.7 13.0

Geology
Permeability Coefficient, cm/s Cohesion, kN/m2 Internal Friction Angle, ◦

Range Average Range Average Range Average

Gneiss 1.33 × 10−5–2.17 × 10−4 5.43 × 10−5 1.6–29.6 8.8 18–38 33

Granite 1.66 × 10−6–5.16 × 10−4 6.00 × 10−5 0.8–13.3 5.3 30–39 34

Soils in the granite region had the highest permeability coefficient between the two regions.
Meanwhile, this phenomenon may have been affected by other soil characteristics, such as particle
size distribution, roughness, and structure, and geological properties, such as weathering or
sedimentation environment.
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3.5. Derivation of Regression Equations for Evaluating Landslide-Triggering Factors

3.5.1. Regression Equations of Permeability Coefficient

To select soil properties significant to the permeability coefficient, the study examined 16 properties
for each sample obtained from the test results through the Pearson correlation analysis. As shown
in Table 2, the Pearson correlation coefficient (r) and significance (F) can explain the correlation
quantitatively. According to the Pearson correlation coefficient, the larger the number is and the closer
its significance is to 0, the higher the correlation, regardless of whether the correlation is negative
or positive. Furthermore, a negative correlation coefficient shows an inversely proportional relation,
while a positive coefficient shows the opposite.

Table 2. Correlation coefficient and significance results between the permeability coefficient and
characteristics of the soil through correlation analysis.

Soil Variable Correlation
Permeability

Coefficient, cm/s Soil Variable Correlation
Permeability

Coefficient, cm/s

Gneiss Granite Gneiss Granite

Density
r 0.293 0.118

Liquid limit, %
r −0.167 0.373

F 0.063 0.544 F 0.310 0.046

Water Content, %
r 0.045 −0.003

Plastic limit, %
r −0.065 0.161

F 0.781 0.987 F 0.694 0.404

Void Ratio
r 0.353 0.551

Gravel, %
r 0.100 0.067

F 0.024 0.002 F 0.535 0.729

Porosity, %
r 0.238 0.213

Sand, %
r 0.139 0.124

F 0.134 0.266 F 0.387 0.523

Degree of
Saturation, %

r −0.162 −0.229
Fine, %

r −0.189 −0.315

F 0.311 0.231 F 0.236 0.097

Wet unit Weight,
kN/m3

r −0.294 −0.533 Effective grain
size, D10, cm

r 0.670 0.836

F 0.062 0.003 F 0.000 0.000

Saturation Unit
Weight, kN/m3

r −0.270 −0.413 Coefficient of
uniformity, cu

r −0.627 −0.591

F 0.088 0.026 F 0.000 0.001

Dry Unit weight,
kN/m3

r −0.298 −0.504 Coefficient of
curvature, cg

r 0.060 −0.470

F 0.058 0.005 F 0.711 0.010

Remarks: r is Pearson correlation coefficient, and F is significance.

As presented in Table 3, the soil properties with high significance for the permeability
coefficient showed a high correlation with three soil properties, namely effective diameter, uniformity
coefficient, and void ratio. Therefore, these properties were selected as independent variables for the
regression analysis.
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Table 3. Statistical results of permeability coefficient by the regression analysis of soils by different
geological feature.

Geology Soil Variable

Unstandardized Coefficients Standardized
Coefficients

t-value
Significance

Probability, P
B Standard

Error Beta

Gneiss

(Constant) −1.893 × 10−2 0.004 −5.004 0.000

Effective grain size, D10 1.076 0.161 0.774 6.683 0.000

Coefficient of uniformity, cu −1.629 × 10−4 0.000 −0.151 −1.350 0.185

Void ration, e 1.488 × 10−2 0.002 0.655 9.415 0.000

Granite

(Constant) −9.907 × 10−3 0.001 −7.831 0.000

Effective grain size, D10 8.281 × 10−3 0.001 0.474 9.177 0.000

Coefficient of uniformity, cu 0.639 0.047 0.772 13.702 0.000

Void ration, e −2.766 × 10−5 0.000 −0.058 −0.973 0.340

Using a two-step process in selecting the soil properties related to the permeability coefficient
from the correlation coefficients determined through correlation and regression analysis, more accurate
correlations were found, and the contribution of each soil property concerning the permeability
coefficient is represented numerically as a regression equation.

Then, a simple regression analysis was performed by calculating the permeability coefficients in
the permeability test using the effective diameter, uniformity coefficient, and the void ratio to derive
the statistics-based equations of soil.

According to the results of regression analysis for the gneiss and granite regions, variance analysis,
which is a measure of the accuracy of an equation, had a significant probability of P = 0.000, and the
R-square representing explanatory power was about 83% in gneiss soil and about 93% in granite soil.
This means that the regression equation was suitable. With this, the regression equations for estimating
permeability coefficient in different geological conditions can be summarized as follows, using the
unstandardized coefficient of regression equation results:

kgn = (1.488 × 10−02
× e) + (1.076 × D10) + (−1.629 × 10−04

× cu) − (1.893 × 10−02) (2)

kgr = (8.281 × 10−03
× e) + (0.639 × D10) + (−2.766 × 10−05

× cu) − (9.907 × 10−03) (3)

where kgn is the permeability coefficient of gneiss soil, kgr is the permeability coefficient of granite soil,
D10 is the effective diameter, e is the void ratio, and cu is uniformity coefficient, respectively.

3.5.2. Regression Equations of Shear Strength

To estimate the shear strength of soil in various geological features through the regression equation,
the researchers used correlation analysis using various soil tests and analytical data on samples collected
in the study sites similar to the estimation of the permeability coefficient. Pearson correlation analysis
was conducted on the soil variables of 16 properties to select properties that are significant for shear
strength with cohesion and internal friction angle. Pearson’s correlation coefficient and significance
were obtained for cohesion and internal friction angle of soil, as shown in Table 4.
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Table 4. Correlation coefficient and significance between cohesion and internal friction angle and
soil characteristics.

Soil Variable Correlation
Cohesion, kN/m2 Internal Friction Angle, ◦

Gneiss Granite Gneiss Granite

Density
r 0.634 0.297 0.635 0.219

F 0.036 0.231 0.036 0.254

Water Content, %
r −0.409 −0.642 −0.403 −0.351

F 0.211 0.004 0.219 0.062

Void Ratio
r −0.272 −0.093 −0.935 −0.808

F 0.418 0.713 0.000 0.000

Porosity, %
r 0.146 0.546 −0.337 −0.287

F 0.667 0.019 0.311 0.132

Degree of Saturation, %
r −0.234 −0.687 0.112 −0.113

F 0.489 0.002 0.743 0.559

Wet Unit Weight, kN/m3
r 0.097 −0.294 0.826 0.679

F 0.777 0.234 0.002 0.000

Saturation Unit Weight,
kN/m3

r 0.318 0.178 0.960 0.816

F 0.341 0.481 0.000 0.000

Dry Unit Weight, kN/m3
r 0.071 0.136 0.925 0.844

F 0.837 0.590 0.000 0.000

Liquid Limit
r −0.270 0.073 −0.502 −0.258

F 0.423 0.775 0.115 0.177

Plastic Limit
r −0.151 0.309 −0.475 0.247

F 0.658 0.213 0.139 0.196

Gravel, %
r 0.215 0.419 0.032 −0.040

F 0.525 0.084 0.927 0.835

Sand, %
r 0.534 0.125 0.198 0.252

F 0.091 0.621 0.559 0.188

Fine, %
r −0.947 −0.928 −0.219 −0.345

F 0.000 0.000 0.518 0.067

Effective Grain Size, D10, cm
r 0.480 0.606 0.599 −0.043

F 0.135 0.008 0.052 0.826

Coefficient of Uniformity, cu
r −0.746 −0.417 −0.374 −0.008

F 0.008 0.086 0.257 0.966

Coefficient of Curvature, cg
r 0.551 −0.403 0.147 0.197

F 0.079 0.097 0.666 0.307

Remarks: r is Pearson correlation coefficient, and F is significance.

For the gneiss region, the soil properties with a high significance level for cohesion were fine
grain content and uniformity coefficient. Therefore, the two were selected as independent variables for
regression analysis. Meanwhile, the soil properties that produced high significance for internal friction
angle were void ratio, saturation unit weight, and dry unit weight. As the saturation unit weight and
dry unit weight are proportional to each other, only void ratio and dry unit weight were selected as
independent variables to be applied to the regression analysis to simplify the equation.

The properties with a high significance level to cohesion in granite soils were found to be as
follows: fine-grain soil content, saturation, effective diameter, and uniformity coefficient. Among these
properties, the significance of the equality coefficient was 0.086, which is greater than the significant
level of 0.05 from a statistical point of view, leading to the exclusion of the equality coefficient from the
equation, and adding the degree of saturation and effective diameter instead. Finally, only fine-grained
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soil content and saturation degree were selected as independent variables for regression analysis to
simplify the equations.

For the granite regions, soil properties with equally high significance levels for internal friction
angle were the void ratio, dry unit weight, wet unit weight, and saturated unit weight. Hence, void
ratio and dry unit weight were finalized as the independent variables for regression analysis to simplify
the regression equation that is consistent with the gneiss model.

As shown in Table 5, a simple regression analysis of the soils by geological feature was used
to derive the ground variables with high correlations between soil properties to make a regression
equation for estimating the cohesion and internal friction angles of the gneiss and granite soils.

Table 5. Statistical results of shear strength with cohesion and internal friction angle using regression
analysis of soils in different geological features.

Geology Soil Variable

Unstandardized
Coefficients

Standardized
Coefficients

t-value
Significance

Probability, P
B Standard

Error Beta

Gneiss

Cohesion,
kN/m2

(Constant) 15.335 1.479 10.369 0.000

Fine grain content,
Fines −0.712 0.130 −0.851 −5.457 0.001

Coefficient of
uniformity, cu

−0.131 0.151 −0.135 −0.863 0.413

Internal
Friction
Angle,◦

(Constant) 6.018 10.509 0.573 0.583

Void ratio, e −12.594 2.566 −0.543 −4.909 0.001

Dry unit weight, rd 27.010 6.047 0.494 4.466 0.002

Granite

Cohesion,
kN/m2

(Constant) 18.590 0.871 21.347 0.000

Fine grain content,
Fines −0.698 0.072 −0.779 −9.701 0.000

Degree of
saturation, S −7.441 × 10−2 0.020 −0.298 −3.709 0.002

Internal
Friction
Angle,◦

(Constant) −9.685 27.740 −0.349 0.730

Void ratio, e −0.875 9.138 −0.033 −0.096 0.924

Dry unit weight, rd 33.640 14.381 0.813 2.339 0.027

According to the regression analysis, the variance analysis, which is a measure of the accuracy of
the gneiss cohesion model, showed a very good probability of P = 0.000, and the R-square representing
the explanatory power was about 88%. Moreover, the regression equation for internal friction angles
was deemed suitable with the probability of P = 0.000, and an R-square of about 96%. Therefore,
the final regression equations for the cohesion and internal friction angle of gneiss soil are shown as
Equations (4) and (5):

c′gn = (−0.712 × Fines) + (−0.131 × cu) + 15.335 (4)

ϕ′gn = (27.01 × rd) + (−12.594 × e) + 6.018 (5)

where c′gn is the cohesion of gneiss soil, ϕ′gn is the internal friction angle of gneiss soil, Fines is
fine-grained soil content, cu is the uniformity coefficient, rd is dry unit weight, and e is the void
ratio, respectively.
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Meanwhile, the results of the regression analysis of the granite cohesion model showed a very
good probability of P = 0.000 and an R-square of about 92%. For the internal friction angle, the
probability of variance analysis showed P = 0.000, and the R-square about 70%. Finally, the regression
equations for estimating the cohesion of granite soils is shown in Equation (6). On the other hand, the
internal friction angle estimation equation of the granite soil is shown in Equation (7):

c′gr = (−0.689 × Fines) + (−0.0744 × S) + 18.590 (6)

ϕ′gr = (33.640 × rd) + (−0.875 × e) − 9.685 (7)

where, c′gr is the cohesion of granite soil, ϕ′gr is the internal friction angle of granite soil, Fines
is fine-grained soil content, S is the degree of saturation, rd is dry unit weight, and e is the void
ratio, respectively.

4. Discussion

4.1. Validation of Permeability Coefficients

To validate the regression equations for estimating the permeability coefficient in the gneiss region,
this study analyzed the results of the estimation equation and the permeability test on 26 soil samples
from landslide areas and 18 samples from non-landslide areas. In addition, 27 sample soils from
landslide areas and 18 sample soils from non-landslide areas were verified using the same method for
the estimation equation for the granite soil.

Figure 6 shows the results of the permeability test and regression analysis by landslide occurrence.
The relationships between the two permeability coefficients in the gneiss region were verified to have
a significant R-square of about 87.1% in landslide soil layers and about 84.5% in non-landslide soil
layers. In the granite region, landslide soil layers showed a highly significant R-square of about 96.6%
and about 94.0% in non-landslide areas.
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As a result of verifying the significance of the regression equation developed through RMSE as
shown in Table 6, the root of mean square error of the permeability coefficient test results and the
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regression analysis value was considered to be significant as they are within the tolerance range of 0.1
or less.

Table 6. Results of RMSE analysis of permeability coefficients in soils per geological feature.

Soil Variable Type
Gneiss Soil Granite Soil

MSE RMSE MSE RMSE

Permeability coefficient, cm/s
Landslide 2.864 × 10−6 1.692 × 10−3 1.536 × 10−7 3.919 × 10−4

Non-landslide 2.738 × 10−6 1.654 × 10−3 1.769 × 10−7 4.206 × 10−4

Remarks: MSE is mean squared error, and RMSE is root mean squared error.

4.2. Validation of Shear Strengths

To validate the regression equations for estimating shear strength with cohesion and internal
friction angle for gneiss soil, this study analyzed the results of the regression equation and the soil tests
on 11 sample soils from landslide areas and eight samples from non-landslide areas. Furthermore, 18
sample soils from landslide areas and 14 sample soils from non-landslide areas were verified using the
same method for the regression equation for granite soil.

Figures 7 and 8 show the correlation between the test results and the estimation values of coherence
and internal friction angle for landslide and non-landslide areas. Results from samples taken from
landslide areas in the gneiss region showed high correlations of about 90.6% cohesion and about
96.3% internal friction angle, while results from non-landslide areas were about 81.3% for cohesion
and about 97.3% for internal friction angle. In samples taken from landslide areas in the granite
region, correlations of about 92.7% for cohesion and about 84.8% for internal friction angle have been
verified. Results from non-landslide areas showed about 91.9% for cohesion and about 85.0% for
internal friction angle.
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As shown in Table 7, in the results of verifying the importance of the regression equation developed
through RMSE, the root and regression analysis values of the mean square root of the shear test results
were evaluated to be significant in the tolerance range of 0.1 or less.

Table 7. Results of RMSE analysis of cohesion and internal friction angle in soils per geological feature.

Soil variable Type
Gneiss Soil Granite Soil

MSE RMSE MSE RMSE

Cohesion, kN/m2
Landslide 1.643 1.282 0.722 0.850

Non-landslide 0.692 0.831 0.559 0.748

Internal Friction Angle, ◦
Landslide 0.987 0.993 1.633 1.278

Non-landslide 0.761 0.872 1.854 1.361

Remarks: MSE is mean squared error, and RMSE is root mean squared error.

5. Conclusions

This study investigated different characteristics of landslide occurrences in areas with gneiss and
granite soils. In addition, regression equations for landslide-triggering factors using soil properties
were developed to estimate the permeability coefficient and shear strength in relation to the cohesion
and internal friction angle of different weathered soils that affect landslides.

The occurrence of landslides is directly affected by large porosity and minimal density of soil
materials as soils in landslide areas have poor soil particle size distributions and loose ground
conditions. Therefore, these types of soils are relatively more vulnerable to landslides under similar
geological conditions.

When the correlations between the soil parameters of gneiss and granite regions were analyzed,
the permeability coefficient was found to have a significant correlation with the void ratio, the effective
diameter, and the uniformity coefficient, while shear strength had a significant correlation with fine
grain content, uniformity coefficient, saturation, dry density, and void ratio.

As such, the regression equations were developed to easily calculate the permeability coefficient
and shear strength (cohesion and internal friction angle), which were considered important in landslide
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areas, using only the properties that had a significant correlation with the soils. These estimation results
were then analyzed to gain a correlation to the actual test results of at least about 81%. The regression
equations were deemed suitable for the study and were used to calculate the permeability coefficient
and shear strength with cohesion and internal friction angle in unsaturated soils of natural slopes
under certain geological conditions using simple soil properties.

The current study is limited to a statistical analysis to estimate landslide-triggering factors using
soil properties for the study area comprising of granite and gneiss. Therefore, it is likely that these
results may have limited implications beyond this particular study area. Future research is therefore
needed to assess the wider application of this approach to other areas, and to also consider the inclusion
of unsaturated characteristics for different soil types along with the physical relationships between the
soil properties and landslide triggering mechanisms.
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