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Abstract. In slope engineering, two-dimensional (2D) limit equilibrium methods are most
common. Two dimensional slope formulation has been done based on the assumption that
plane strain conditions are applicable. However, if plane strain assumptions are invalidated, 3D
slope analysis becomes unavoidable. It would be interesting to observe the difference between
2D and 3D slope analysis for any slope to study their mechanisms. In the present work, a ho-
mogenous soil slope is analyzed using both 2D and 3D formulation based on Bishop’s Simpli-
fied Method (BSM). The digital elevation model (DEM) approach is used to build the slope’s 3D
geometry. The nature of failure surfaces, the distribution of normal force along the base of the
failure surface, malpha (m,) and the variation of base dip angles are plotted. The results indicate
that 2D slope analysis usually yield conservative estimate of factor of safety (FS) than the 3D
analysis. It is considered that 2D slope stability analysis always gives a more conserva- tive
estimate of the three-dimensional (3D) slope stability problem

Keywords: Digital elevation model; Limit equilibrium method; Bishop Simplified analysis;
Stability analysis; Factor of safety.

1 Introduction

The safety factor of the slope is essential from the engineering point of view, as a failure
of the slope may cause several losses, such as economic losses, human losses, and
obstacles in transportation. Natural and artificial slopes can be evaluated using several
methods. These include finite difference, finite element, and limit equilibrium methods.
Two-dimensional (2D) and three-dimensional (3D) approaches can assess slope
stability. A slope must be appropriately analysed and designed to prevent such failures.
The slope stability problem was initially formulated in two dimensions, as- suming
plane strain conditions are valid. Hoek and Bra [1] stated that all slope stabil- ity
analysis methodologies evaluate slopes in two dimensions, considering that the portion
of the slope under study is a component of an infinitely long straight slope.2D analysis
methods are still used because they are easy to make and take less time to run. For a
very long time, the limit equilibrium method has been utilised for the pur- pose of
analysing slope and earth dam stability issues [2]-[9]. Despite developments in
numerical analytic methods like the finite element method, it remains significant in
geotechnical engineering. The limit equilibrium method can offer an appropriate fac-
tor of safety values if force and moment equilibrium are satisfied Duncan [4]. Accord-
ing to Leshchinsky et al. [18], Ugai [19], and Leshchinsky and Baker [12], the factor of
safety (FS) against slope failure in the limit equilibrium method (LEM) based slope
stability formulation is the ratio of the forces preventing the failure mass from moving
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downward to the forces attempting to cause instability. The limit analysis (LA) meth-
od-based slope stability formulation examines a slope that specifies the failure mech-
anism [20]-[22]. Clough & Woodward I11 [23] introduced FEM to geotechnical engi-
neering. FEM is the best technique to address geotechnical problems since it can model
nonlinear stress and strain. The SRT based on FEM may determine the 3D slope’s FS.
Despite taking longer than other methods, these are the most commonly employed to
analyse 3D slope stability [24]-[28]. In this paper, both a 2D and a 3D formulation
based on Bishop’s Simplified Method are used to study a homogenous soil slope. This
study developed a VBA-coded MS Excel spreadsheet platform incor- porating Bishop’s
simplified 2D slope stability analysis approach. A three-dimensional slope stability
analysis was done using the Scoops 3D computer pro- gram. The Fortran source codes
for Scoops-3D software that were available online were downloaded, compiled, and
changed to meet our needs. The nature of failure surfaces, the distribution of normal
force along the base of the failure surface, malpha (ms) and the variation of base dip
angles are compared for both 2D and 3D analysison a symmetric, homogenous slope.
Generate 2D circular failure surface profiles using an entry-exit search strategy and then
search for the critical failure surface (CFS) with a global minimum FS. A Digital
Elevation Model (DEM) is used to make 3D slope geometry. The CFS and minimum
FS are determined using a 3D box search technique that combines grid points with
varied radius values to build spherical trial failure surfaces. It is helpful to illustrate the
nature of the results obtained for two- dimensional and three-dimensional slope studies
by comparing several associated parameters such as FS, interslice normal force,
apparent dip angle, and m-alpha.

2 Methodology

In this paper, both a 2D and a 3D formulation based on Bishop’s process of solving
slope stability problems in two and three dimensions are comprised: i) making a 2D and
3D profile of slope geometry, ii) the limit equilibrium method based on Bishop’s
simplified method, is used to formulate the expression of the factor of safety (FS)
against sliding; and iii) for 2D slope stability, VBA code-based spreadsheets are used
to find the critical failure surface and the associated minimum FS. For 3D slope sta-
bility, a grid-based box search method is used by the Scoops 3D source code.

2.1 2D and 3D Slope Geometric Design

The geometry of the domain must be initially defined for both 2D and 3D slope as-
sessments. In 2D slope stability analysis, a technique called the Entry, and Exit ap-
proach is employed. In Fig. 1, two thick (red) lines parallel the ground. These points
will serve as the entry and exit points for the slip surfaces. The number of entries and
exits can be determined by specifying the number of increments along these two lines.
The 2D slip circle is made up of vertical slices, as shown in Fig. 2. Using the Digital
Elevation Modelling (DEM) technique, the three-dimensional profile of a slope is
created. A DEM input file content the surface elevation data of the DEM cell. The
plan view of such DEM cell are shown in Fig. 3. The columns are extended vertically
up to the bottom of the spherical failure surface from the slope’s top surface.
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Fig. 2. 2D slope profile with vertical Fig. 3. Potential sliding mass divided in vertical

slice columns

2.2 2D formulation of Bishop Simplified Analysis

Figure 4 represent the free body diagram of i slice subjected to all possible combina-
tion of forces.
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P Where, W; — Weight of i slice;
- N'= Effective normal force at the bottom

of i" slice; Ni' = Ni— wifsi; Ni= Normal
force at i slice; wi= Pore pressure at i
slice; Si= Mobilized shear force at the bot-
tom of i slice; EwiEri Left and right inter-
slice normal forces acting on i slice;
V1 Vri Left-and-right interslice shear forces
on i slice; dx Each width slice; §i = Base
Length of it slice

Fig. 4. Free body
diagram of i" slice

As mentioned earlier, Bishop simplified analysis satisfies the moment equilibrium
nslice

condition for sliding mass _Zl Mcj =0 about its center of rotation (C) for calculating
i=
FS, which is given in Eq.1.
nslice nslice nslice

Z WiXi— Z Siri— Z Nifi=0 (1)
i=1 i=1 i=1

Forces exerted on each slice are determined by limit equilibrium. The summation of
forces on each slice determines mass equilibrium. In BSM, it is required to compute the
force equilibrium in the vertical direction on the base of each slice to get the nor- mal
force. In equation form, in the absence of pore water pressure, the base normal is
defined as:

c'j Bj sinaj
VRi —VLi +Wi T
N = — @)
cosalj + tangj sina
FS
tand'j sinoj
Where, cosoj + s - m-alpha (mg) 3)

Mobilized shear force at the base of each slice (Sj) can be represented as shown
as:

(s):w 4

' =

In the absence of pore-water pressure, the Bishop's Simplified factor of safety
equation can be expressed as:
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2.3 3D formulation of Bishop Simplified Analysis

Figure 5 represents the free body diagram of the j,k column as no external force was
acting on the column subjected to all possible combinations of forces.

Where,

W is weight of column; Ex, , Ey, = X
and y directions inter-column
normal force; ij’k, Hyj’k: Horizon-
tal shear force in y-z plane;

Xx;0 Xy;, = Inter-column shearforce
in x-z plane; ; Nj Ujx = effective
normal force and base pore water
force; Sjx = Mobilized shear force
acting on base; «; ,=Slide angle
relative to the x-y plane; ax, ay =
Base inclination in x-z and y-z
planes at the middle of each column.

Fig. 5. Free body diagram of j,k column

The Scoops3D application employs the 3D extension of Bishop’s 2D formulation Reid
et al. [29] under the methodology proposed by previous researchers [14], [30].

The vertical normal force component is resolved using the vertical force equilibri-
um equation for a single column [14], [30] in terms of trial surface dip angle at col-
umn base. Bishop's approach states that the global resisting moment must equal the
driving moment in order to keep moment equilibrium. The global moment equilibri-

um for all columns can be calculated as shown in Eq. (6).
CikAjkr (N =k Ak )00 j

IM=XRjk - XWjkRijkm; (6)

F
The normal force is found using the vertical force of the equation as shown in Eq. (7).
Wi —cgAjkmz +UjkAj .k tandgm,

Nik = 7
1k (cose j k +tandgmz) %

Here, cosz j i + tanggmz =mg, ;tandg = and M, _sjngy |

jk
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After simplifying and noting that the column base’s a horizontal area,
Ahk,l = Ay cosek | ,» FS is now represented by Eg. (8):

(
2Rk CjkAn +(Wj,k—uj,kAh \tanq)j‘k\/ma

STt i) )

IWjkR jkmg

FS=

©)

Here, ¢, , = the effective cohesion ; @, , = the effective internal friction angle; R; is the
distance from the j,k column’s trial slip region to its axis of rotation, N;j is the normal
force on j,k column, uj is pore water pressure, Ajx is the trial surface area of column,
Wi is the weight of the column; C; , is the angle between the inclined surfaceat the
bottom of the slice and the horizontal x axis. «; , is apparent dip angle held between
azimuthal direction and the direction of slip. This angle i.e. «; ,for any col- umn j,k can
be calculated using Eq. (9).

ojk = tan_l[(az/ 6x)cos€> + (az/ ay)siné] 9

3 Results and Discussion

In this work, the two- and three-dimensional slope stability analyses for determining
the critical failure surface and the associated minimum FS are carried out. The Bishop
simplified analysis was used to determine the CFS and FS of the 2D and 3D slopes. A
homogeneous soil slope by Donald and Giam [31] was chosen for an analysis whose
height is 10.0 m and a gradient of 1V:2H (where V stands for vertical and H stands
for horizontal). The material properties of the slope are: cohesion (c’) = 3.0 KN/m?,
angle of internal friction (¢") = 19.60° and unit weight (¥) =20.0 kN/m?®. The nature of
failure surfaces, the distribution of normal force along the base of the failure surface,
malpha (m«) and the variation of base dip angles are plotted for 2D and 3D, respec-
tively. The performance of the two-dimensional slope is examined using the Visual
Basic for Applications (VBA) program integrated into the Excel software. An Excel
VBA program produced the two-dimensional failure slope in Fig. 6, along with the
material input parameters.

élf‘75--.4,_._ 35 35

26.75
ESE
) ¢'=3.0 kN/m?
¢’ = 19.60°
Y"'=20.0 kKN/m?

Fig. 6. Results evaluated of 2D slope stability from VBA code-based program
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A digital elevation model (DEM) input file is required to produce the 3D geometric
slope profile. In this work, the dimensions of the 3D slope profile in lateral and longi-
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tudinal directions are considered to be 51 m. The current DEM grid has 102 and
101division on x and y-axes. With 0.5 m per column DEM cell resolution, the slope has
10302 columns. This paper examines a symmetric geometry and loading slope problem.
A slope’s CFS should be on its neutral plane, as shown in Fig. 7.

5

3
3

2
2
Fig. 7. 3D View of critical slip surface

The 2D and 3D FS values for the homogenous soil are reported in Table 1. Table 1
demonstrates that the FS results reported by earlier researchers, Reid et al. [29] are in
extremely good agreement with one another. When examined in the 2D slope stability
analysis in the current work for homogeneous soil, FS values have decreased as ex-
pected.

Table 1. FS results of 2D and 3D slope stability analysis.

VFv’gerIS(e”t V':Lerf(e”t Reid etal. (2015)  Reid et al. (2015)
Scenario (2D Slope (3D slope CLARA-V\.I_ CLARA-V\_/_
stability) stability) (2D slope stability) (3D slope stability)
Cell Size 0.5 0.5 0.5 -
(ruci‘sg)l 0.986 1.03 0.99 1.04

3.1  Comparative study of homogeneous soil for 2D and 3D Slope Stability
Analysis

At the base of the 2D and 3D columns for homogeneous soil, the responses to hormal
forces, apparent dip angles, and m-alpha were compared in order to assess the relative
variation of the results. All of these findings came about as a result of a mid-plane-
based Coarse to fine search. Fig. 8 depicts the fluctuation of normal forces operating
at the base slices of columns along the slope’s lateral direction. As can be shown from
Fig. 8, for homogenous soils, normal force is depicted in the direction of failure mass
sliding (i.e. lateral) for any continuous collection of slices and columns. The value of
normal forces in 2D slope stability analysis was evaluated higher than in 3D.
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Fig. 8. Normal forces vs. Number of slices/columns in lateral direction

Fig. 9 reveals that there is a reduction in apparent dip angles in 2D slope stability
analysis. Fig. 9 shows the distribution of apparent dip angles along the lateral direc-
tion. A spherical surface specifies the slip base in 3D slope analysis. As a result, some
of the columns close to the sliding surface’s toe may dip in the opposite direction from
the slide direction. This results in a negative dip in the apparent dip angle near the
slide’s toe about the slide direction, as shown in Fig. 9.

80

% 60 L e 2D

< _ 40 _ - = =3D

o o P «*

5 -

£8 0 -

g ~ 200 . 10° 20 30 40 50 60

5:' -40 7 Number of slices/columns in lateral direction
-60

Fig. 9. Apparent dip angles vs. Number of slices/columns in lateral direction

Fig. 10 presents the results of m-alpha vs. apparent dip angles, which reduce the m-
alpha value in the 2D slope stability analysis compared to the 3D slope stability
analysis. The plot of m-alpha vs. apparent dip angles represents the smooth curve for
homogeneous soils in both 2D and 3D slope stability analysis.
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Fig. 10. m-alpha vs. apparent dip angle in lateral direction

4 Conclusions

The Visual Basic for Applications (VBA) code-based program and the Scoops 3D
modified computer program are used for two-dimensional, and three-dimensional slope
stability structures, respectively, and are compared in this work. Bishop’s (1955)
approach, a limit equilibrium methodology, determines slice failure for a 2D slope and
spherical failure for a 3D slope. A VBA code-based program can be used to define the
geometry of a 2D slope, and a digital elevation modelling (DEM) techniquecan be used
to describe the geometry of a 3D slope. A DEM file is created using MS- Excel. In 3D
slope stability investigations, a coarse-to-fine (CF) search is performed to find the CFS
and minimum FS. It is shown that the given significantly affects the value of normal
force, apparent dip angle, and m-alpha by calculations carried out in 2D and 3D using
the VBA code and scoops3D program. The normal force values from the 2D slope are
higher than those from the 3D slope, but the apparent dip an- gles and m-alpha are less,
according to plots of normal forces, apparent dip angles, and m-alpha along lateral
slope directions. In homogeneous soils, the 3D slope meas- ure gives higher FS values
than the 2D slope measure.
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