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Abstract: Most geotechnical engineers focus on ground strength and stability. However, when
determining stability by analyzing the exact strength of the ground, the failure surface is essential.
Nevertheless, limited studies have been conducted on the methods to determine the exact failure
surface of the ground. This study shows that the failure surface and plastic area can be analyzed using
the slip line method based on the slip line and lower bound analysis. To improve existing studies
limited to single ground, we analyzed the failure area of heterogeneous ground conditions. The
results of the slip line method were compared and verified through FELM, a finite element analysis
method to which a lower limit analysis was applied. As a result, the failure area and maximum
internal stress according to the ground properties and the slope angle are presented. In addition,
the points of the slip line method and the finite element limit analysis are summarized. Finally, we
propose limitations and solutions when applying the slip line method to the slope.

Keywords: failure surface; heterogeneous ground; internal stress; finite element limit analysis; slip
line method

1. Introduction

Various theories and methods for determining the strength of the ground have been
proposed in the field of geotechnical engineering. Based on these theories, various design
and construction methods are applied to structures. While various studies have been
conducted to determine the strength of the ground, limited studies have been conducted
on the methods to determine the exact failure surface of the ground. For slope stability
analysis, it is necessary to determine the failure surface. However, it is difficult to determine
the failure surface by considering various factors, and most failure surfaces are estimated
via the empirical judgment of engineers. Therefore, estimations of failure surfaces are
unreliable. Based on these reasons, research on failure surface analysis is necessary.

Research to determine the failure surface has been mainly conducted using algorithms.
In the 2000s, global optimization methods were studied in research on critical failure
surfaces. Bolton et al. conducted a study to determine the critical failure surface using a
global optimization algorithm [1]. Cheng carried out a study using simulated annealing,
a probabilistic heuristic method, to identify the critical failure surface [2]. Cheng et al.
conducted a study to determine the critical non-circular failure surface through the particle
cluster optimization algorithm [3]. Kahatadeniya et al. conducted a study to determine
the critical failure surface using ant colony optimization, a method of artificial neural
networks [4]. Himanshu et al. conducted a study to determine the critical failure surface
through the gray wolf optimization approach, which is a type of global optimization
method [5]. Khajehazadeh et al. conducted a seismic analysis of an earth slope using a
novel sequential hybrid optimization algorithm [6].

Equally, researchers studied finding the critical failure surface through genetic algo-
rithms. Zolfaghari et al. conducted a study to determine the critical non-circular failure
surface through a simple genetic algorithm [7]. Li et al. conducted a study to determine
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the critical failure surface using a hybrid genetic algorithm [8]. Sengupta and Upadhyay
conducted a study to determine the critical failure surface through a search method based
on a genetic algorithm under general conditions with constraints [9].

In addition, Zhang and Zhang recently conducted a study to determine the critical fail-
ure surface of a slope by combining a two-dimensional ordinary-state-based peridynamic
(OSB-PD) plastic model with the Drucker–Prager criterion [10].

These studies can reflect various conditions as a mechanism for presenting a fail-
ure surface by learning failure conditions, but many conditions are required to analyze
the failure.

Meanwhile, other researchers studied the failure area mechanism through upper and
lower limit analysis among limit analysis methods.

Zhang et al. studied the failure area mechanism using limit analysis and presented
the tunnel’s failure area and limit support pressure [11]. Li et al. conducted a study on the
failure mechanism considering the kinematically acceptable soil arcuate velocity field [12].
Tu et al. proposed a new failure mechanism that improved the spatial discretization
technique to evaluate the stability of tunnel surfaces in inclined strata based on the upper
limit analysis method [13].

Shiau et al. conducted a study on the three-dimensional (3D) undrained slopes in
anisotropic and heterogeneous clay using advanced upper- and lower-bound finite element
limit analysis (FELA). Using the multivariate adaptive regression splines (MARS) analysis,
the respective influence and sensitivity of each design parameter on the stability number
and the failure mechanism were investigated [14]. Yodsomjai et al. presented new plasticity
solutions for undrained stability of unsupported conical slopes in two-layered clays by
using axisymmetric finite element limit analysis [15]. Yodsomjai et al. presented new
plasticity stability solutions for an unsupported conical rock slope through a finite element
limit analysis framework [16]. Lai et al. studied the seismic bearing capacity of the strip
foundation on a cohesive soil slope, and various landfill depths were investigated through
finite element limit analysis [17].

In contrast, studies using slip line focused on estimating ground-bearing capacity
rather than searching for failure surfaces. Martin developed a program to determine the
ground-bearing capacity of foundations using the slip line method [18]. Gao et al. (2015)
studied slip line field solutions for the extreme bearing capacity of pipelines in drained
soils [19]. Liu and Chen studied the shearing characteristics of slip zone soils and strain
localization analysis of a landslide [20]. Keshavarz studied the seismic bearing capacity of
strip foundations on rock formations using the Hoek–Brown failure criterion [21]. Zhou
et al. conducted a slip-line-theory-based stability analysis on the effect of deep excavation
on adjacent slopes [22]. Tesgaya studied the bearing capacity of shallow foundations located
at various distances from a slope [23]. Park and Han studied the acupressure analysis of
the tunnel ceiling according to the tunnel plastic zone [24] and Lee studied the failure load
calculation of the V-shaped rock notch using the slip line method [25].

In terms of solid mechanics, Hill (1950) studied plasticity by numerical analysis using
the slip line method [26]. In terms of soil mechanics, the study of failure surfaces using the
slip line method was initiated by Sokolovski [27]. Sokolovski analyzed the cases where
there is unit weight and internal friction angle (γ 6= 0 and Φ 6= 0), which are general
geometric conditions in the slip line method, in a study to find the failure surface using
the slip line [27]. However, they could not solve the equation; therefore, they analyzed it
through a numerical method (finite difference method).

Based on the studies of Sokolovski, Wang et al. applied the slip line method to single
ground using Excel spreads to analyze the plasticity area [28].

In this study, to improve existing studies limited to single ground and methodological
errors of the slip line method, we applied failure surface analysis using the slip line method
to heterogeneous ground with reference to the research of Wang et al. and Sokolovski. In
addition, we conducted a finite element limit analysis (strength reduction method), similar
to the slip line method, and a comparative analysis to emphasize the features of the slip
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line method. Based on these results, this paper presents a failure surface determination
method using the slip line method.

2. Slip Line Method
2.1. Application of Slip Line Method of Coulomb Material

To apply the slip line method, the following assumptions are made:

1. The soil body is an ideal hard plastic body.
2. Mohr–Coulomb yield criteria are followed.
3. When a load is applied, the plastic area of the ground can move freely.
4. The plastic deformation of the ground is large; therefore, elasticity can be neglected.

As shown in Figure 1, under the plane strain condition, a point on the plane always
has principal stresses perpendicular to each other.

Figure 1. Coordinate plane for plane strain problem [27].

If the lines indicating the direction of the principal stress are continuously connected at
each point, curves orthogonal to each other can be obtained. This line is called the principal
stress trajectory, and there are two failure surfaces at each point, as shown in Figures 2b and 3.
By successively connecting the failure surfaces (or slip lines) of each point, two curves can
be obtained, and the curves are called slip lines.

Figure 2a shows the slip line α and β using Mohr circle in Coulomb material. In
Figure 2a, p is the average stress, and R is the radius of the stress circle. In Figure 2b, σ1 is
the maximum principal stress, and σ3 is the minimum principal stress. α, β denote the slip
line (shear failure surface), and µ is the angle between the maximum principal stress and
the slip line (shear failure surface).

Figure 2. Mohr circle notation of plastic stress state of Coulomb material [27]. (a) Slip line represented
by Mohr circle; (b) stress state at a point.
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Figure 3. Principal stress trajectory and slip lines for coulomb material [27].

Figure 3 shows the principal stress trajectories and slip lines of the Coulomb material.
Curves 1 and 2 are the principal stress trajectories, and θ is the angle between the maximum
principal stress and the x-axis. Each point has two failure surfaces, as shown in Figure 2.
Two slip lines can be obtained by continuously connecting the failure surfaces of each point.
These slip lines are line α and line β in Figure 3.

2.2. Recurrence Formula of the Slip Line Method

To solve various geotechnical problems by applying the numerical analysis method of
the slip line method, three boundary problems (Cauchy, Riemann, mixed) and the basic
calculation method are applied. The basic calculation method determines the intersection
of the α line passing through point A and the β line passing through point B using the given
average stress p and θ values at points A and B. Through this, the average stress p and θ
values at point P can be obtained.

A limitation of the basic calculation method is that one cannot integrate along a
characteristic line unless the positions of the α line through point A and the β line through
point B are known. Therefore, it is possible to obtain a solution by combining the stress
equation and the slip line equation to obtain the position of the P point (Xp, Yp) and θp, Pp
as shown in Figure 4.

Figure 4. Basic calculation method [27].

The recurrence formula can be derived from the stress equation (Equations (1) and (2))
derived from Figure 1 and the slip line equation (Equations (3) and (4)) derived from
Figure 3. This is shown in Equations (5)–(8).

− sin2µ(PP − PA) + (RP + RA)(θP − θA) = −γsin(2µ)(xP − xA)− γcos(2µ)(yP − yA) (1)

sin2µ(PP − PB) + (RP + RB)(θP − θB) = γsin(2µ)(xP − xB)− γcos(2µ)(yP − yB) (2)
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yP − yA = tan
(

θP + θA
2

− µ

)
(xP − xA) = (

dy
dx

)
1
(xP − xA) (3)

yP − yB = tan
(

θP + θB
2

+ µ

)
(xP − xB) = (

dy
dx

)
2
(xP − xB) (4)

θp =
γsin2µ(xA − xB)− γcos2µ(2yP − yA − yB) + sin2µ(PB − PA) + (RP + RA)θA + (RP + RB)θB

(2RP + RA + RB)
(5)

PP =
γsin2µ(xP − xB)− γcos2µ(yP − yB) + PBsin2µ− (θP + θB)sin∅− 2c(θP + θB)cos∅

sin2µ + sin∅(θP − θB)
(6)

yP = yB +

(
dy
dx

)
2
·(xP − xB) (7)

xP
(yB−yA)+(

dy
dx )1 xA−(

dy
dx )2 xB(

dy
dx

)
1
−
(

dy
dx

)
2

(When two points are known)

xP = xA + yP−yA
tan(θP+θA/2−µ)

or xP = xB + yP−yB
tan(θP+θB/2−µ)

(When one point is known)
(8)

In Equations (1), (2), (5), and (6), γ means unit weight.
In this paper, the slip line method was applied to the slope. Therefore, if the θ and

p values of two different pairs of slip lines are known, the plastic area can be analyzed
by applying the Riemann problem, which can find a solution within the area of influence
of the slip line. Figure 5a shows a schematic diagram of the Riemann boundary problem
to be solved using the slip line method, where curves OA and OB are two different slip
lines. The x, y, p, θ values of points P12 and P21 in Figure 5b can be calculated using the
basic calculation method. The approximation of each point in the area of influence can be
calculated in the same way (P13, P31, etc.).

Figure 5. Numerical analysis method of Riemann problem [27]; (a) Riemann problem basic assump-
tions; (b) Numerical analysis process.

3. Analysis of Failure Area

The slip line method has the features of clearly presenting the failure area expressed
using the Cartesian coordinate system by the recurrence formula derived based on the finite
difference method and the stress value of the corresponding coordinate. For comparative
verification of the failure area analyzed by the slip line method, the plastic area was
analyzed through finite element limit analysis.

As a result of the analysis of the slip line method, the failure surface and internal
stress can be presented regardless of conditions such as the low slope of the ground or high
ground strength.
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These results are explained by lower-bound analysis. The stress–strain relationship of
limit analysis is the same as that of the perfect-strain model.

The perfect-strain model is a model in which yielding and failure occur at the same
time according to stress. The lower-limit analysis is a method of analyzing with a stress
field in the elastic region before stress yielding occurs, and the upper-limit analysis is a
method of analyzing with a velocity field using the rate of strain in the region where stress
failure occurs. It is shown in Figure 6.

Figure 6. Schematic diagram of limit analysis applied to plastic area analysis.

The limit analysis is a method to obtain a mathematical solution by simultaneously
performing the upper- and lower-limit analysis. Our study does not provide a mathematical
solution; however, through the features of the lower-limit analysis, the failure area and the
stable area are distinguished; the failure area in the heterogeneous ground is presented.

Using this principle, the slip line method can distinguish the plastic deformation area
and the no deformation area, as shown in Figure 7.

Figure 7. Schematic diagram of plastic area analysis using the slip line method.

3.1. Analysis Condition of Slope Failure Area

For the analysis of the failure area of a heterogeneous ground slope using the slip
line method, the ground consists of soft ground (alluvium, sedimentary) and hard ground
(weathered rock, soft rock); the physical properties of the ground are shown in Table 1.
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Table 1. Geomechanical characteristics of simulated ground [29].

Ground Property Alluvium Sedimentary Soil Weathered Rock Soft Rock

Cohesion
(c, kPa) 15 17.5 50 100

Unit Weight
(γ, kN/m3) 17 18.5 21 24

Inner friction angle
(∅, ◦) 20 31 33 35.5

In this paper, to emphasize the features of the slip line method that can analyze the
failure area under any conditions, the conditions in which it is difficult for failure to occur
were set as follows.

The slope angle was very gentle (10◦, 20◦, 30◦), and only self-weight was considered
without external load. Failure begins with stress singularity. However, there is no stress
singularity when eliminating external loads to analyze the failure area under conditions
where it is difficult failure for to occur. Therefore, a virtual stress singular point was
arbitrarily assumed at 4 m to the left of the starting point of the slope so that the failure
area could be analyzed.

In this paper, the load condition was not set; therefore, the failure was induced through
the strength reduction method. In addition, the strength reduction method does not assume
the location of the critical failure surface, and there is no need to divide the slope at the
critical failure surface into intercepts. Since the strength reduction method shares these
features with the slip line method, it is expected that the difference in the analysis of the
failure area could be compared; therefore, it was used as a comparison target.

As an analysis condition of the strength reduction method, a mesh was created with
very fine triangular elements, and the boundary conditions were set as lower hinges
(vertical and horizontal fixed); left and right rollers (horizontal fixed) as shown in Figure 8.

Figure 8. Schematic of mesh and boundary conditions for all model slopes.

In this study, for the analysis of the slip line method, a virtual slope was analyzed
rather than an actual slope. Due to the limitations of the Riemann boundary problem
that was applied to analyze the failure area of the slope, the analysis conditions were set
as follows.

The initial boundary condition consisted of flat ground and slopes, no external load
(p = 0) was assumed, the θ value was set arbitrarily, and the convergence value of θ was
presented through a recurrence formula.

Moreover, to analyze the failure area of the heterogeneous ground slope, the slope
was divided into upper and lower ground, and the slope angle was expressed as δ (10◦,
20◦, 30◦). The upper ground of the slope was set at 1.5 m, and the lower ground varied
based on the failure analysis. This is shown in Figure 9.
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Figure 9. Ground diagram applied to heterogeneous ground analysis: (a) Case 1; (b) Case 2; (c) Case
3; (d) Case 4; (e) Case 5; (f) Case 6.

3.2. Analysis of the Failure Area of a Single Ground Slope

Figures 10–13 show the failure area using the slip line method and the strength
reduction method according to the analysis conditions of a single ground. Table 2 shows
the failure area scale and internal stress analysis results of a single ground.

Figure 10. Failure area analysis result of slip line method and finite element limit analysis (alluvium):
(a) failure area (slope angle 10◦); (b) failure area (slope angle 20◦); (c) failure area (slope angle 30◦);
(d) plastic multiplier (slope angle 10◦); (e) plastic multiplier (slope angle 20◦); (f) plastic multiplier
(slope angle 30◦).
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Figure 11. Failure area analysis result of slip line method and finite element limit analysis (sedimen-
tary soil): (a) failure area (slope angle 10◦); (b) failure area (slope angle 20◦); (c) failure area (slope
angle 30◦); (d) plastic multiplier (slope angle 10◦); (e) plastic multiplier (slope angle 20◦); (f) plastic
multiplier (slope angle 30◦).

Figure 12. Failure area analysis result of slip line method and finite element limit analysis (weathered
rock): (a) failure area (slope angle 10◦); (b) failure area (slope angle 20◦); (c) failure area (slope
angle 30◦); (d) plastic multiplier (slope angle 10◦); (e) plastic multiplier (slope angle 20◦); (f) plastic
multiplier (slope angle 30◦).
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Figure 13. Failure area analysis result of slip line method and finite element limit analysis (soft rock);
(a) failure area (slope angle 10◦); (b) failure area (slope angle 20◦); (c) failure area (slope angle 30◦);
(d) plastic multiplier (slope angle 10◦); (e) plastic multiplier (slope angle 20◦); (f) plastic multiplier
(slope angle 30◦).

Table 2. Analysis result of failure area of single ground analyzed by slip line method.

Property
Ground

Alluvium Sedimentary
Soil Weathered Rock Soft Rock

Slope angle (◦) 10 20 30 10 20 30 10 20 30 10 20 30
Failure area depth (m) 3.36 3.81 7.36 4.46 4.83 6.76 5.31 5.59 7.06 6.17 6.5 7.86
Failure area length (m) 7.25 8.18 12.8 11.4 11.5 11.7 13.9 13.2 12.2 16.8 15.4 13.6

Maximum
internal stress

(kPa)
296.16 203.19 130.36 1038.51 677.26 401.20 2200.07 1478.94 952.53 4476.83 3016.08 1985.89

As a result of the slip line method, the depth of the failure area increases as the slope
increases (see Figures 10–13, Table 2). The maximum internal stress appears at the point
where the virtual failure surface begins (virtual singularity), decreases as the slope increases,
and increases as the ground strength increases (see Table 2).

As a result of the finite element limit analysis, the plastic area was analyzed as larger
than the slip line method in all analysis conditions, and there was no significant difference
in the scale of the plastic area according to the ground properties. It can be seen that
the plastic area is formed at the start and end points of the slope, which are the stress
singularity points.

3.3. Analysis of Failure Area of Heterogeneous Ground Slope

Figures 14–19 show the failure area using the slip line method and the strength
reduction method according to the analysis conditions of the heterogeneous ground. Table 3
shows the scale of the failure area and the results of the internal stress analysis according to
the heterogeneous ground.
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Figure 14. Failure area analysis result of slip line method and finite element limit analysis (Case 1):
(a) failure area (slope angle 10◦); (b) failure area (slope angle 20◦); (c) failure area (slope angle 30◦);
(d) plastic multiplier (slope angle 10◦); (e) plastic multiplier (slope angle 20◦); (f) plastic multiplier
(slope angle 30◦).

Figure 15. Failure area analysis result of slip line method and finite element limit analysis (Case 2):
(a) failure area (slope angle 10◦); (b) failure area (slope angle 20◦); (c) failure area (slope angle 30◦);
(d) plastic multiplier (slope angle 10◦); (e) plastic multiplier (slope angle 20◦); (f) plastic multiplier
(slope angle 30◦).
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Figure 16. Failure area analysis result of slip line method and finite element limit analysis (Case 3):
(a) failure area (slope angle 10◦); (b) failure area (slope angle 20◦); (c) failure area (slope angle 30◦);
(d) plastic multiplier (slope angle 10◦); (e) plastic multiplier (slope angle 20◦); (f) plastic multiplier
(slope angle 30◦).

Figure 17. Failure area analysis result of slip line method and finite element limit analysis (Case 4):
(a) failure area (slope angle 10◦); (b) failure area (slope angle 20◦); (c) failure area (slope angle 30◦);
(d) plastic multiplier (slope angle 10◦); (e) plastic multiplier (slope angle 20◦); (f) plastic multiplier
(slope angle 30◦).
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Figure 18. Failure area analysis result of slip line method and finite element limit analysis (Case 5):
(a) failure area (slope angle 10◦); (b) failure area (slope angle 20◦); (c) failure area (slope angle 30◦);
(d) plastic multiplier (slope angle 10◦); (e) plastic multiplier (slope angle 20◦); (f) plastic multiplier
(slope angle 30◦).

Figure 19. Failure area analysis result of slip line method and finite element limit analysis (Case 6),
(a) failure area (slope angle 10◦); (b) failure area (slope angle 20◦); (c) failure area (slope angle 30◦);
(d) plastic multiplier (slope angle 10◦); (e) plastic multiplier (slope angle 20◦); (f) plastic multiplier
(slope angle 30◦).
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Table 3. Analysis result of plastic area of heterogeneous ground analyzed by slip line method.

Property

Ground
Case 1 Case 2 Case 3 Case 4 Case 5 Case 5

Slope angle (◦) 10 20 30 10 20 30 10 20 30 10 20 30 10 20 30 10 20 30
Failure area depth (m) 6.29 6.6 7.89 6.29 6.62 7.90 6.3 6.63 7.90 5.77 5.18 6.60 5.51 5.85 7.08 5.53 5.85 7.08
Failure area length (m) 17.1 15.6 13.7 17.1 15.6 13.7 17.2 15.6 13.7 14.7 11.9 11.4 14.4 13.5 12.3 14.5 13.5 12.3

Maximum
internal stress

(kPa)
4967.76 3386.2 2267.53 5007.52 3420.49 2292.87 5078.84 3472.64 2333.81 2910.29 936.70 605.46 2587.84 1776.37 1183.25 2621.87 1801.17 1203.34
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As a result of the failure area analysis, both analysis methods confirmed that the shape
of the failure surface was discontinuously connected at the boundary of the heterogeneous
layer (see Figures 14–19). This is because of the difference in ground properties between
the upper and lower ground.

The features revealed in the analysis results of the slip line method are as follows:

1. The failure surface of the upper and lower ground changed according to the internal
friction angle of each ground. The green line is the failure surface according to the
internal friction angle of the upper ground, and the red line is the failure surface
according to the internal friction angle of the lower ground.

2. There was no significant difference in the failure area, because there is small variation
in the internal friction angle according to each analysis condition. However, it could be
confirmed that the difference in internal stress was different because of the difference
in other ground properties (cohesion, unit weight) (see Table 3).

The features revealed in the analysis of the finite element limit analysis are as follows:

3. The plastic area appeared over the entire slope when the difference in ground proper-
ties between the upper and lower ground was small, or the slope angle was large.

4. Case 1, in which the difference in ground properties between the upper and lower
ground was the largest, showed a plastic area limited to the upper ground. This
is because the upper ground, which had the lowest ground properties, failed be-
fore the lower ground, because the strength reduction method was applied without
external load.

5. As with the analysis result of the single ground, there was no stress singularity, such
as an external load. Therefore, the failure area was formed at the start and end points
of the slope, which were the other stress singular points.

6. As with the analysis results of the slip line method, it can be seen that the failure
surface was discontinuously connected to the ground boundary layer.

4. Conclusions

This study conducted failure behavior analyses of single ground and heterogeneous
ground slopes using the slip line method. The analysis results through the slip line method
and the strength reduction method of the finite element analysis were compared, and the
following conclusions were drawn.

1. The slip line method showed a clear virtual failure surface regardless of the ground
strength and slope. In addition, it is possible to calculate the internal stress of the coordi-
nates according to the coordinates (x, y) expressed in the Cartesian coordinate system.

2. In the case of finite element limit analysis, the plastic area analyzed by the strength
reduction method was similar to the analysis result of the slip line method. However,
it should be noted that the strength reduction method reduces the strength of the
entire ground properties. Therefore, the plastic area was over-analyzed because the
analysis was performed using the strength reduction method in the absence of stress
singularities such as load.

3. As a result of analyzing the failure area of a single ground, the slip line method
increased the scale of the failure surface as the slope of the soft ground (alluvium,
sedimentary layer) increased. In the case of finite element limit analysis, it was
confirmed that there was no significant difference in the plastic region depending on
the properties of the ground and the slope angle.

4. As a result of the analysis of the failure area of the heterogeneous ground, the slip
line method showed that the shape of the failure surface changed according to the
change of the ground characteristic value, and the failure area and the virtual failure
surface were clearly expressed regardless of the ground condition and slope angle. In
addition, in the case of heterogeneous ground, the upper ground was regarded as a
surcharge load and applied to the lower ground for analysis, showing a difference
from the analysis results of a single ground.
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5. In the case of finite element limit analysis, it can be seen that the failure surface is
discontinuously connected to the ground boundary layer. In addition, when the
difference in soil properties between the upper ground and the lower ground was the
greatest, the failure area was limited to the upper ground. This is because the upper
ground with the lowest ground properties failed before the lower ground because
the strength reduction method was applied without external load. It should be noted
that the plastic area was over-analyzed by considering the shape of the slope as a
stress singular point, because the analysis was performed using the strength reduction
method in the absence of stress singularity such as load.

6. The slip line method analyzes the plastic area based on boundary conditions. Since
the Riemann problem applied to the slope analysis sets the slip line as the boundary
condition, the boundary condition can change. Because of these features, there is a
risk that the plastic area and failure surface may be analyzed to be larger than the
shape of the slope. Therefore, it is thought that a combination of boundary conditions
according to the structure or geotechnical problem is necessary.

7. The slip line method can determine the virtual failure surface, failure area (active area,
transition area, passive area), and internal stress if only the basic boundary conditions
and ground characteristics are given. In addition, in this paper, it was shown that
analysis of heterogeneous ground is possible. Through these features, the applicability
and development potential of the slip line method to various geotechnical problems
or structures were confirmed.
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