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Abstract: The failure mechanism of two-dimensional (2D) and three-dimensional (3D) slopes were investigated by using the
strength reduction method. An extensive study of 3D effect was conducted with respect to boundary conditions, shear strength and
concentrated surcharge load. The results obtained by 2D and 3D analyses were compared and the applicable scope of 2D and 3D
method was analyzed. The results of the numerical simulation show that 3D effect is sensitive to the width of slip surface. As for
slopes with specific geometry, 3D effect is influenced by dimensionless parameter ¢/(yHtang). For those infinite slopes with local
loading, external load has the major impact on failure mode. For those slopes with local loading and geometric constraints, the failure
mode is influenced by both factors. With the increase of loading length, boundary condition exerts a more significant impact on the
failure mode, and then 2D and 3D stability charts are developed, which provides a rapid and reliable way to calculate 2D and 3D
factor of safety without iteration. Finally, a simple and practical calculation procedure based on the study of 3D effect and stability

charts is proposed to recognize the right time to apply 2D or 3D method.
Key words: three-dimensional slope; slope stability; three-dimensional effect; strength reduction method; failure mechanism

1 Introduction

In slope stability analysis, two-dimensional (2D)
method is usually employed under the assumption of
plane strain condition, which is applied to the case that
the slip surface is wide enough compared with the
cross-sectional dimension. However, slope failure is
often in three-dimensional (3D) form due to the
complicated geological conditions as follows: 1)
potential slip surface is constrained by physical
boundaries, including excavation boundaries and
heterogeneity in the soil properties; 2) the slope is
imposed on load with limited area. Therefore, 3D
analysis could offer a reflection on the actual state of
slopes. A lot of research has demonstrated that the safety
of 2D factor is conservative and smaller than 3D factor.

There are various progresses on 3D slope stability
analysis. DUNCAN [1], GRIFFITHS and MARQUEZ [2]
have respectively summarized the literature in different
periods. 3D limit equilibrium methods including Swedish
method [3], Bishop method [4], Janbu method [5],

Spencer method [6—7] and Morgenstern-Price method [8]
are extensions of 2D slice methods. Compared with 2D
methods, most existing 3D limit equilibrium methods
rely on more which becomes the
obstruction of 3D methods to be widespread in actual
project. 3D variational calculus methods [9] and 3D limit
analysis methods [10—12] possess stricter theoretical
basis and thus they take a further step than 3D limit
equilibrium methods. In addition, the above methods are
all involved in search for critical slip surface. The
optimized search algorithm for 2D critical slip surface is
mature. But for 3D slope, the optimization problem
challenges with a substantial
increasing number of variables.

Numerical simulation methods with deformation
characteristics of soil considered, including finite
element method and finite difference method, can
actually reflect the stress and strain state of geotechnical
engineering. In recent years, numerical simulation
methods of 2D slope have been widely accepted [13—14].
However, numerical simulation methods of 3D slope
have more advantages than 3D limit equilibrium methods
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that the former can analyze the state of 3D slope stability
under complex geological and working conditions.
CHUGH [15] carried out extensive research into 3D
slope stability under different boundary conditions and
indicated that an acceptable 3D solution depended on
reasonably boundary conditions of numerical models.
GRIFFITHS and MARQUEZ[2] researched the impacts
of vertical boundary to sloping boundary and introduced
variable strength parameters across the slope in the
out-of-plane direction. WEI et al [16] conducted an
extensive comparison between 3D limit equilibrium
method and strength reduction method and the results
obtained by these two methods were generally in good
agreement. WEI et al [16] also pointed out that 3D
strength reduction method was sensitive to the
convergence criterion, boundary conditions and the
design of mesh. Therefore, parameters of numerical
models should be carefully chosen for 3D analysis.

However, the study on error analyses between 2D
and 3D method is seldom deliberated. One of the main
disadvantages of 3D strength reduction method is the
long computing time required. When 2D analysis has
little difference in error from 3D analysis, the former can
replace the latter. In this work, through thousands of 3D
examples, 3D effect of boundary conditions, shear
strength  parameters and external load were
systematically analyzed. And then through the
comparison between 2D and 3D methods, the failure
mechanism of 3D slope was revealed. Furthermore, by
means of error analyses, the calculation process of slope
stability was proposed, which provided a simple and
practical way to determine the applicable scope of 2D
and 3D methods.

2 Three-dimensional effect of boundary
conditions

A homogeneous slope serves as an example taken
from Ref. [17], and its height H and angle § are 5 m and
26° (1:2), respectively, the 2D cross-section of which is
shown in Fig. 1. The soil parameter values are listed as
follows: unit weight y=17.64 kN/m®, cohesion ¢=9.8 kPa,
friction angle ¢=10°, elastic modulus £=100 MPa and
Poisson ratio v=0.3. Factor of safety is solved by means
of built-in command solve fos of FLAC®. Maximum
shear strain increment is chosen to define critical failure
surface. The left and right boundaries of 2D numerical
model are constrained by vertical rollers, and bottom
boundary is constrained by both horizontal and vertical
directions. The model, in which Morh-Coulomb failure
criterion and non-associated flow rule are used, is built
large enough to reduce the size effect, with the length
from slope toe to the left boundary 1.5H, the length from
slope crest to the right boundary 2.5H, and the length

from slope crest to the bottom boundary 2H, as shown in
Fig. 2.
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Fig. 1 Dimensions of 2D cross-section slope
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Fig. 2 Schematic diagram of boundary conditions of 3D model

u, v and w respectively represent the displacement
in x, y and z directions. For 3D numerical model, the
bottom surface of the slope is fully constrained
(u=y=w=0), and the back and front face are constrained
by the displacement in the y direction (v=0) as seen in
Fig. 2. Boundary conditions of end faces play an
important role in 3D stability analysis. If end faces of the
slope are constrained by the displacement in the z
direction (w=0), shear resistance will disappear in both
faces, and the case mentioned above will turn 3D
calculation into plane strain solution, thus, its result
equals that of 2D, which could not offer a reflection on
3D effect, as shown in Fig. 3(a). In order to provide
shear resistance for 3D slip surface, the end faces of the
slope are all fully constrained in three directions
(u=y=w=0), as shown in Fig. 3(b). Symmetry is assumed
for simplicity so that only half of the slope needs to be
analyzed. As shown in Fig. 3(c), symmetry plane is
constrained by displacement in the z direction. Figures
3(b) and (c) show that the shapes of the failure surfaces
are different at different cross sections in the z direction.

2D analysis is popular in engineering calculation
and it is applied to the slope with infinite width.
However, the width of failure mass is finite in
engineering practice owing to the complex geometry or
boundary conditions. In this section, the impact of widths
of slip surface on 3D effect is investigated and the
comparison between 2D and 3D analyses is shown in
Figs. 4 and 5 to determine the applicable scope of 2D
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End face (w=0)

Fig. 3 End faces constrained by displacement in z direction (a),
three directions (b) and three directions with assumed
symmetry (c) in deformed meshes of 3D slopes
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Fig. 4 Factors of safety and relative differences with different
widths of slip surfaces

analysis. Relative difference, J, which is used to
quantitatively reflect 3D effect, represents relative
difference between the factors and safety obtained by 2D
and 3D methods, and it is expressed as:

_ B =P 1009 = 301 |x100% (1)

FZD FZD

o

where Fsp and Foprepresent 3D and 2D factors of safety,
respectively.

With the increase in width of slip surface B, Fip
decreases while 3D effect gets less remarkable. F3p tends
to be the plane strain solution with B/H>10. Additionally,
from Fig. 5, it is interesting to find that slip surfaces on
symmetry plane remain little changed with different
widths of slip surface. So, the depth of landslide obtained
by 2D method can be estimated.

3 Three-dimensional
parameters

effect of strength

Mohr-Coulomb criterion is mainly adopted for the
numerical analysis of geotechnical engineering, which
considers cohesion and friction angle as the main
strength parameters of soil. In this section, the influence
of soil strength parameters on 3D effect of slopes is
investigated by changing the value of cohesion and
friction angle. The slope from Ref. [17] is still selected
as the analysis example, the widths of which are 10, 20
and 30 m, consequently (i.e., B/H=2, 4 and 6).

The variable cohesion varies from 0 to 20 kPa (i.e.,
c=0,2,4,6, -+, 16, 18, 20 kPa) while other parameters
remain constant. The results under the above conditions
obtained by 2D and 3D analyses are shown in Figs. 6 and
7. Fop and F5p increase with the increase of cohesion,
and the relative difference between two methods also
increases, namely, 3D effect is more remarkable. Then
the failure mode of slope changes from shallow slip to
deep slip.

The variable friction angle varies from 0 to 20° (i.e.,
¢=0, 2°,4°,6°, -+, 16°, 18°, 20°) while other parameters
remain constant. The results under the above conditions
obtained by 2D and 3D analyses are shown in Figs. 8 and
9. F>p and F;p increase with the increase of friction angle,
but the relative difference between the two methods
decreases (namely, 3D effect is more weaken) during this
process. And the failure mode of slope changes from
deep slip to shallow slip.

Through the parametric study of shear strength, it is
noticed that 3D effect (i.e., relative difference between
2D and 3D methods) is mostly influenced by locations of
slip surfaces. When shallow failure happens, the value of
relative difference is low and 3D effect is not remarkable.
In this study, d denotes the depth of slip surface. 3D
effect is more pronounced as the ratio of the depth to
width of failure mass d/B increases. For soil with ¢=0
and d/B=0, good agreement between F,p and Fip is
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reached. When d/B<0.07, the relative difference ¢ is less
than 5%, but J exceeds 50% once d/B>0.45. So, d/B can
be the qualification for reasonable selection of 2D or 3D
method.

In order to determine whether 3D analysis is
necessary or not, the steps are taken as follows:

1) The factor of safety and the corresponding
critical slip surface with 2D method are calculated and

(a)

(e)
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(a) |
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the depth of failure mass d is determined.

2) The width of potential slip surface through field
survey is estimated.

3) If d/B<0.07, it is shown that relative difference
between 2D and 3D method is within the acceptable
range and the result obtained by step 1 can be executed
directly. If d/B exceeds 0.07, 3D effect should not be
ignored and the calculation with 3D analysis is necessary.

(b)

G}

Fig. 5 Slip surfaces with different widths of
slip surfaces: (a) 2D; (b) 3D, B/H=2;
(c) 3D, B/H=4; (d) B/H=8; (e) 3D, B/H=10
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Fig. 6 Factors of safety (a) and relative differences (b) with different cohesions
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Fig. 7 Slip surfaces with different cohesions when B/H=4: (a) 0; (b) 4 kPa; (c) 8 kPa; (d) 12 kPa; (e) 16 kPa; (f) 20 kPa

2.5 60
(a) (b)
y
° 50
2.0F = *—3D (B/H=2)
o P 10l 4 —3D (B/H=4)
32 § v —3D (B/H=6)
7 8
S 1sf 2 30
e =
L¥
g =—2D 2 20
10 *—3D (B/H=2) =
: +—3D (B/H=4) &
v —3D (B/H=6) 10
0.5 L L | | L ] 1 :
0 4 8 12 16 20 0 4 8 12 16 20
Friction angle/(") Friction angle/(")

Fig. 8 Factors of safety (a) and relative differences (b) with different friction angles

way to calculate factors of safety, which can be used for
4 Stability charts for three-dimensional preliminary analysis and back-calculation. Based on the

slope conclusions of relationship among slope parameters (H,
B, ¢, ¢and y), many researchers have developed stability
4.1 Development of stability charts charts of 2D slope, which require a iterative procedure

Slope stability charts provide a rapid and reliable [18]. The method introduced by BELL [19] without any
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Fig. 9 Slip surfaces with different friction angles when B/H=4: (a) 0; (b) 4°; (c) 8°; (d) 12°; (e) 16°; (f) 20°

iteration required seems to be the most convenient
method. It is proposed that F/tan¢ is given as a function
of c/(yHtan ¢). MICHALOWSKI [20] used BELL’s
method to develop charts for 2D slopes that took pore
water pressure and seismic load into consideration.
Recently, MICHALOWSKI [12] has extended 2D limit
analysis method to 3D method, and the stability charts
for 3D slope failures are presented by this useful method.
There are other stability charts of 3D slope presented by
other researchers, such as LESHCHINSKY and BAKER
[9], GENS et al [3] and CENG [10]. The charts above are
all based on 3D limit equilibrium method or limit
analysis method on the assumptions of internal forces
distribution and the shape of slip surface. However,
strength reduction method does not rely on the
assumptions mentioned above and the critical slip
surface and the corresponding factor of safety can be
automatically obtained. Therefore, it is more scientific
and efficient to construct the stability charts of 3D slope
with BELL’s concept and strength reduction method.
The dimensionless parameter / is defined as:
c

- yH tan ¢ )

On the purpose of representing 3D effect, B/H is
also added to the stability charts of 3D slope, the values
are 1.0, 1.5, 2, 3, 4 and 6 each times. And the values of
15°, 30°, 45°, 60° and 75° are assigned to slope angle.
Under inhomogeneous condition, it is necessary to
approximate the real condition with an equivalent
homogenous slope.

As the same value of tan¢g used in 2D and 3D
analyses, relative difference can also be redefined as:

s=| B0 _1]x1000 <[ Bo/B0 11000 (3)
Fyp Fyp/tang

From Eq. (3) and Fig. 10, ¢/(yHtan ¢) is the control
factor for 3D effect, which can quantitatively reflect the
relative difference between F,p and F;p. And the
treatment above is more convenient and effective than
evaluating the value of d/B.

4.2 Numerical results

The design charts of calculating 2D and 3D factors
of safety and relative differences are shown in Fig. 10. It
is indicated that F;p decreases with the increase of B/H.
When the value of B/H is 1, the corresponding relative
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Fig. 10 Stability charts for 3D slope with different slope angles: (a), (a') 15°; (b), (b") 30°; (c), (c') 45°; (d), (d") 60°; (e), (e') 75°
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difference may exceed 50% but when the value is 6, the
corresponding relative difference is less than 10%. As 4
increases, the factor of safety and relative difference both
increase. When the value of 4 is between 0 and 0.1, the
relationship between A and F/tan¢ is nonlinear and linear
relationship is more obvious as 4 increases.

From Figs. 10 and 11, it is indicated that Fip
decreases as the slope angle increases. If slope angle is
not equal to the specific value (i.e., 15°, 30°, 45°, 60°
and 75°), the factor of safety can be computed by linear
interpolation method. When f<60°, relative difference
shows a downward tendency with the increase of f and
relative difference slightly increases with the continuous
increase of f. The higher the value of 1 is, the more
pronounced the downward tendency is.
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Fig. 11 Relationship between F/tan¢ (a) and relative difference
(b) with slope angle (B/H=4)

For cohesionless soil, CHEN and CHAMEAU [6]
concluded that the case with F3p/Fop<I might happen,
which was disagreed by HUTCHINSON and SARMA
[21], CAVOUNIDIS [22] and HUNGR [4]. They
indicated that Fip was always greater than or equal to
F>p. CHEN and CHARMEAU’s error was pointed out
by CAVOUNIDIS [22]. The result obtained by 3D
strength reduction method was somewhat different from
what the predecessors concluded. Figure 12 shows that
Fip is slightly less than F,p in certain circumstances,

especially with higher values of slope angle £ and B/H.
F;p is always greater than F,p when f=15°, but always
lower than F,p when p=75°. With the increase of B/H,
relative difference between Fsp and F,p decreases, apart
from the condition that f>75°.

6
. =15
o— [=45°
4 s—§=75°
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(8]
T

Relative difference/%
o
/

|
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Fig. 12 Relative differences with cohesionless soils

4.3 Example
4.3.1 MICHALOWSKI slope

Example 1 is a homogeneous slope taken from
Ref. [12], with height of 15 m and slope ratio of 1:1. The
soil parameters are: y=18 kN/m’, ¢=20 kPa, #=20°, and
the width is restricted to 30 m (B/H=2). To use the new
charts for 3D slope, first it is calculated,
A=c/(yHtang)=0.2. It is found that Fsp/tang=3.38
and F,p/tang=3.032 from Fig. 10(c). And then
F3p=3.38tan20°=1.23 and F,p=3.03tan20°=1.10. The
results obtained by MICHALOWSKI analysis are listed
in Table 1. The factors of safety are also evaluated by
FLAC™ to justify the applicability of stability charts.
The results coincide well with the ones calculated by
MICHALOWSKI and FLAC® analysis.

Table 1 Comparison of results from different methods for

example 1
Source Fp Fyp
MICHALOWSKI 1.18 1.09
Stability charts of this study 1.23 1.10
FLAC™ 1.24 1.12

4.3.2 ZHANG slope

Example 2 is a homogeneous slope taken from
Ref. [7], with the height of 12 m and slope angle of 1:2
(26.6°). The soil parameter values are y=18.8 kN/m’,
¢=29 kPa and ¢=20°. Through the calculation, B/H=6
and 4=0.35 are obtained. From Figs. 10(a) and (b), for
slopes with angles of 15° and 30°, F;p/tang=8.58 and
Fip/tang=5.51, respectively, and their corresponding
factors of safety F;p=8.58tan20°=3.12 and F3p=
5.51tan20°=2.00, respectively.
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With linear interpolation method, 3D factor of
safety with slope angle of 26.6°can be computed as:

~3.12-2.00
P 1530

example, F3p computed by 3D limit equilibrium [7] and
3D limit analysis method [11] are 2.122 and 2.262 each
time, respectively.
4.3.3 Open pit slope of Jiagou aluminum mine

Example 3 is an eastern slope of Jiagou open-pit
aluminum mine, with slope angle of 41.3° and height of
32 m. After sampling in mining area and testing physical
and mechanical parameters, equivalent soil parameters
are y=18.50 kN/m’, ¢=40 kPa and ¢=27°. As the same
calculation process above, it is obtained that /=0.13, and
then the corresponding values of F/tang for 30° and 45°
slope are read from Fig. 10. The factors of safety for
41.3° slope by using linear interpolation method are
computed, as shown in Fig. 13. The relationship between
F3p and B/H can be obtained, which provides practical
guidance for slope stability analysis. 3D factor of safety
can be easily determined once the potential width of slip
surface is estimated.

(26.6-30)+2.00=2.25. For this

- --Factor of safety by 2D
= Factor of safety by 3D -
v Relative difference

=
(=]

= Lh
= =

(95
=

Factor of safety
Relative difference/%

1.3 | .

=

1 2 3 4 5 6
BIH

Fig. 13 Factors of safety for example 3

5 Three-dimensional effect of concentrated
surcharge load

2D analysis is just applicable to slope with infinite
width (or infinite slope) imposed on loading with infinite
length. However, loading length is finite in engineering
practice. If the infinite slope is imposed on external load,
3D failure will appear even though the potential slip
surface is not constrained by physical boundaries.
Suppose the slope is imposed with rectangular loading
that is uniformly distributed, as shown in Fig. 14. The
loading ¢ is just at the edge of slope vertex, with loading
intensity of 50 kPa and loading width of 2 m
(represented by D). And if the failure is induced by
external load, the width of slip surface B may be lower

End face

End face

Fig. 14 Slope with surcharge loading

’ 3D failure
than the width of model, .

For slope with infinite width, the width is far greater
than 1its cross-sectional size, with constraint of
displacement in normal direction at end faces (w=0).
Loading length L is 2, 4, 6, 8, 10, 12, 16, 20, 30 and 40 m
each time. When the value of L is lower than 20 m, the
model width is chosen as 40 m. When value of L is
higher than 20 m, the model width is chosen as 2L. The
results calculated by 2D and 3D analyses with different
loading lengths are shown in Figs. 15 and 16. Fip
declines with the increase of loading length and 3D
effect gradually weakens and it tends to be the plane
strain solution when L/H>6. The failure mode of infinite
slope under the action of loading is mainly controlled by
external load.

- - - Factor of safety by 2D
= Factor of safety by 3D 3
* Relative difference

- 2
13 {25 %
= [*]
Py =
= 2
- &2
3 1.2¢ =
— =]
2 v
g =
2 =

11 &
_______________ n '5
1.0 I L L r()
0 2 4 6 8

LIH
Fig. 15 Factors of safety with different loading lengths for
infinite slope

For slope with concentrated surcharge load, the
width of potential landslide may be restricted by
boundary conditions, in which case it is different from
that of the infinite slope. Suppose the slope model with
width of 20 m, end faces are fully constrained in three
directions (u=v=w=0) and L varies from 2 to 20 m (i.e.,
L=2,4,6,8,10, 12, 14, 16, 18 and 20 m). The results are
compared with those of infinite slope, as seen in Figs. 16
and 17. When L<4 m, 3D slip surface of infinite slope
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Fig. 16 Slip surfaces with different loading lengths: (a) Infinite slope, L=2 m; (b) Infinite slope, L=8 m; (c) Infinite slope, L=16 m; (d)
Finite slope, L=2 m; (e) Finite slope, L=8 m; (f) Finite slope, L=16 m

1.5 — : 10 slightly, and the relative difference is less than 0.3%. For
=— [nfinite slope ) . ) )
o—Finite slope those slopes with local loading and geometric constraints,

14F +—Relative difference 8 the failure mode is influenced by loading and constraint.

> % The influence of widths of model W upon boundary
2 13k 6 2 effect are studied with w=0 and u=y=w=0 at the end
- g faces of the model, the results are listed in Tables 2
2 12t 47 and 3.
] =
R =
2 E Table 2 Factors of safety and failure modes with different
1 model widths when L=8 m
— ~~— {0 Boundary Model Factor of Failure
] '00 4' é 112 IJ6 20 condition width/m safety mode
Loading length, L/m 12 1.14 2D
Fig. 17 Factor of safety with infinite slope and finite slope 16 1.18 2D
(W=20 m and u=v=w=0 at model ends) v=0 20 1.20 2D
24 1.22 3D
cannot be formed. As to the slope with finite width (or 28 1.22 3D
finite slope, W=20 m and u=v=w=0 at the end faces of 12 1.24 3D
the model), 3D failure can always be found, and the 16 122 3D
width of slip surface is equal to the model width for u=v=w=0 20 122 3D
L<4 m. Consequently, 3D factors of safety are different 24 123 3D
28 1.22 3D

from each other. When L>4 m, the factor of safety varies
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Table 3 Factors of safety and failure modes with different
model widths when L=16 m

Boundary Model Factor of Failure
condition width/m safety mode
20 1.08 2D
24 1.12 2D
v=0 28 1.12 3D
32 1.13 3D
36 1.13 3D
20 1.12 3D
24 1.13 3D
u=v=w=0 28 1.12 3D
32 1.13 3D
36 1.13 3D

1) If the end faces are constrained by the
displacement in normal direction. In the case of L=8 m,
when the value of W increases in the 12—24 m range, F3p
with w=0 at the end faces increases and remains constant
with further increase of W. 3D failure of this boundary
condition does not appear until W>24 m. In the case of
L=16 m, when the value of W increases in the 20—24 m
range, F5p with w=0 at end faces increases, and remains
constant with further increase of B. And 3D failure
would not happen until #>28 m. Therefore, the width of
the model mentioned above is large enough in size to
result in 3D failure for infinite slope. So, the width of

Initiation

Can width of landslide
B be predicted?

Yes

Evaluate — < obtain

Hang
approximate /5, and relative
difference

Is § within the
acceptable error?

Fig. 18 Calculation procedure for slope stability analysis

2D analysis

-
3D analysis

infinite slope can meet the demands of calculation in this
section.

2) If the end faces are constrained by the
displacement in three directions, in spite of the variance
in widths of the models, 3D factors of safety and slip
surfaces approximately remain the same.

In the view of the above analysis, 3D failure is
greatly influenced by the model width under the
boundary condition when w=0. So, a large size is
required for infinite slope (i.e. influence of physical
boundaries omitted), and the case is also mentioned by
WEI et al [16]. Hence, the boundary condition that
u=y=w=0 at end faces is recommended, which can
reduce the model size effectively. It is worth noting that
the treatment is just appropriate for infinite slope with
surcharge loading under the conditions that 3D failure
results from external load and the model width is greater
than that of failure mass in size.

6 Calculation procedure for slope stability
analysis

In terms of the study on failure mechanism of 3D
slope and the comparison with 2D analysis results
mentioned above, convenient and pragmatic calculation
procedure on slope stability analysis is proposed, as
shown in Fig. 18.

Boundary condition
w=v=w=0) for model
ends is recommended
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As for the slope without loading, 2D analysis
method can be employed because there is little error
between 2D and 3D analysis under the following
conditions:

1) For slope of cohesionless soil, F3p=F,p, both of
which are approximately equal to the theoretical solution
tan ¢/tan f5;

2) The width of potential failure mass B cannot be
estimated and the slope is of high level of security;

3) B/H>10;

4) Through evaluating dimensionless parameter

;, approximate Fsp and relative difference o can
yH tan ¢
be obtained from Fig. 10. If ¢ is within the acceptable
error (5% in general), then 2D analysis method can be
adopted.

If loading is imposed on slope, 2D method can be
employed as long as L/H>6.

In other cases, 3D method should be adopted. For
infinite slope with local loading, it is suggested that the
displacement at end faces should be constrained in three
directions in order to reduce the model size.

7 Conclusions

1) Failure mechanism of 3D slope is greatly
affected by the boundary conditions. If the width of the
potential failure is physically limited, the displacement
should be constrained in three directions at end faces.
The failure under the condition that B/H>10 can be
considered close to the plane strain solution.

2) As for slopes with specific geometry (specified
values of B and f), dimensionless parameter
c/(yH tang) controls 3D effect. The higher the value of
c/(yH tang) is, the more the pronounced 3D effect is.
F;p effect is generally higher than F,p. But in certain
circumstances, Fsp effect for cohesionless soil may be
slightly lower than that of F,p, especially with higher
values of f and B/H.

3) 3D failure of infinite slope is easily formed with
load placed on the slope crest. The failure under the
condition that L/H>6 can be considered close to the plane
strain solution. For the slope that is also affected by
geometric constraints, it is interesting to find that the
result agrees well with that of infinite slope, but the slope
with physical constraints has a smaller size.

4) F3p and F,p are functions of dimensionless
parameter ¢ /(yH tang) and B/H, their relative difference
can be plotted in the form of stability charts and they can
be easily and conveniently computed without iterative
procedure. As for complicated slope, it is better to
simulate the distribution of soil layer and the working
conditions to reanalyze the slope stability by 3D strength
reduction method.

5) Based on the present study on failure mechanism
of 3D slope and comparison between 2D and 3D analysis,
the calculation procedure is presented. Under the
condition that relative difference between F,p and Fj3p is
within the acceptable range in engineering, and 2D
method can be used. In other cases, it is suggested that
3D method should be used.
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