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By using the explicit solution of three-dimensional slope stability based on modification of normal stress distribution over the slip
surface, the influence of assumption of the three-dimensional initial normal stress on the safety factor is investigated. The initial
normal stress distribution over the 3D slip surface was assumed, and then it was modified by a function with 2 parameters to
satisfy two force equilibrium conditions about two axes and one moment equilibrium condition around one axis. An iterative
equation was derived that would yield a value to 3D safety factor. The values of three-dimensional safety factor of symmetrical
slopes are computed with different assumptions of initial normal stresses. The computation results show that the influence of
assumption of initial normal stress on the safety factor of symmetrical three-dimensional slopes is negligible because the

maximum different value of the three-dimensional safety factor is below 5%.

1. Introduction

The limit equilibrium method has widely been used for
slope-stability analysis. Experts consider that only rig-
orous limit equilibrium methods are recommended for
slope-stability analysis because they satisfy both force
and moment balance conditions. The 3D safety factor
obtained can satisfy the engineering needs, and this
result was later agreed by Duncan [1]. However, re-
searches show that the difference of the rigorous safety
factors of the limit equilibrium method is obvious, and
the method may not provide a unique safety factor. In
order to solve these problems, some methods have widely
been studied by Ugai et al. [2, 3]. These methods in-
troducing various assumptions, especially for the three-
dimensional slope, cause great difference in the safety
factor and failure in utilizing the limit equilibrium
method in engineering practice. Researchers have also
shown that the difference of safety factors is about 15%
for the two-dimensional slope and reaches to 40% for
three-dimensional slope, so these methods cannot

directly be applied in engineering practice. Moreover,
these methods cannot obtain rigorous 3D limit equi-
librium solutions, and this conclusion has been proven
by Zhu et al. [4]. In recent years, the study shows that the
explicit solution of two-dimensional slope stability based
on modification of normal stress distribution over the
slip surface can be obtained satistying both forces
equilibrium conditions and moment equilibrium con-
ditions. So, the explicit solution of three-dimensional
slope stability based on modification of normal stress
distribution over the slip surface can also be obtained
satisfying both forces of equilibrium conditions and
moment equilibrium conditions. These methods are not
divided into slices or columns and have been studied by
Zhu et al. [5]. By using the explicit solution of three-
dimensional slope stability based on modification of
normal stress distribution over the slip surface, the in-
fluence of assumption of the three-dimensional initial
normal stress on the factor safety is investigated. The
initial normal stress distribution over the 3D slip surface
was assumed, and then it was modified by a function with
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Axis of rotation

Ficure 1: The 3D slip surface and coordinate.

2 parameters to satisfy two force equilibrium conditions
about two axes and one moment equilibrium condition
around one axis. An iterative equation was derived to
yield a value to 3D factor safety. The values of sym-
metrical three-dimensional safety factor are computed
with different assumptions of initial normal stress. The
influence of assumption of the three-dimensional initial
normal stress on the safety factor is the key to problem.
It cannot be directly applied to engineering if the dif-
ference of 3D safety factor is more than 30% and it can be
directly applied in engineering if the difference of 3D
safety factor is less than or equal to 30% in engineering
practice [5].

2. Basic Concepts

Consider a slip surface of a 3D general shape, as shown in
Figure 1, and the slip horizontal surface and slip surface are
described by functions g(x, y) and s(x, y). w(x, y) is the
total weight of the column; k. w(x, y) is the internal force
due to an earthquake, where k_ is the coefficient of seismic
force which is assumed to be horizontal; o(x, y) is the
normal stress over the slip surface; 7(x, y) is the shear stress
on the slip surface, and u (x, y) is the water pressure of the
slip body.
The normal force is assumed as follows:

o(x,y) =0y(x,y)- [/1151 (x,y) +)L252(x,y)]

(1)
=0y (x,9) - [Mx+Ay].

As shown in Figure 1, a rectangular coordinate system is
established, above which the sliding mass is divided into n
small columns along the direction of the x-axis and divided
into m small columns along the y-axis, and then the whole
sliding mass is divided into nxm columns as shown in
Figure 2.

Now choose a typical column taking the jth and the ith
columns along the x-axis and the y-axis to examine the
forces acting upon it (Figure 2). It should be noted that
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FIGURE 3: The projection of 3D failure mass in the xoy plane.

effective stress is considered in this paper, but the approach
is also certainly applicable to total stress. (n,,n,,n,) is the
direction cosine of the normal force o (x, y); (m,, m,, m,) is
the direction cosine of the shear force 7(x, y); (x., ¥.»2.) is
the center point coordinate of the column; and a is the
inclination of the bottom of a column.

For the purposes of simplification, (x,y) will be
omitted in the following paper. We will get m,, =0, if sliding
mass is sliding in the xoz plane but not sliding along the y-
axis.

Since s(x, y) is the slip surface, the outer normal di-
rection of the slip surface is ((0s/0x), (0s/dy),—1)
according to the definition of the outer normal line. The
direction of the slip surface is opposite to the normal force
direction of the slip surface, so the direction cosine of the
slip surface normal force is

(n " n):<_as/ax,_as/ay,l)’

Tyt A A A

2 2
A= \|1+ é + é .
Ox oy
The shear direction is perpendicular to the normal force
direction, so

(2)
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1 0s/o
(m my,m, )=(A,, O,SA,x>,

ds\’
A=\1+=—].
(5
The area of a rectangle is dx dy, and the surface area is

dA, as shown in Figure 3, when the slip surface of a small
column is projected to the x-y plane. Then,

(3)

dxdy os\ [ os
" dxdy +<8x> (ay) dxdy.

(4)

dA =

3. Basic Formula

Three equilibrium conditions only need to be considered for
symmetrical three-dimensional slopes, and six equilibrium
conditions need to be considered for asymmetrical three-
dimensional slopes. Two force equilibrium conditions on x-
and z-axis and one moment equilibrium condition around y-
axis of the sliding mass for symmetrical slopes are as follows:

U (0-dA-n,+7-dA-m,) = ”Kc cw(x, y)dxdy, (5a)
” (0-dA-n,+7-dA-m,) = J.Jw(x, y)dxdy, (5b)

”a-dA-nx-s—“T-dA-mx-s+ ”ch(x,y) -z dxdy

+”0-dA-nz-x+”T-dA-mz-x

- ”w(x, y)-x.dxdy =0.
(5¢)

Substituting equations (2)-(4) into equations (5a)-(5¢),
we have

0s A
o gy -axar+ [+ &
Os A

dxd Nt
JJoarare[fe 555

dxdy = ”KC ~w(x, y)dxdy,
(6a)

dxdy = ”w(x, y)dxdy, (6b)

3
Os A
Ha-a-sdxdy—”r-y-sdxdy
+ ”ch(x,y) sz dxdy + Uo -x-dxdy
Os A
+ ”T-&~I~x-dxdy— ”w(x,y) cx.dxdy = 0.
(6¢)
According to the Mohr-Coulomb criterion,
o(x,y)—u(x, y)] - tan¢(x, y) +c(x,
(% y) = [o(x, y) ~u(x, y)] pry)rexy) o

F

N

where ¢ (x, y) is the effective internal friction angle and
c(x, y) is the cohesion of the sliding mass. We may use “y”
to express tan ¢ (x, y).

Substituting equation (7) into equations (6a)-(6c), we

have

N
J[ Ix AF]G dxdy = Kwdxdy

(8a)
+”u.w_cﬁldxdy,
F, A
A
”[l+é—,£] -dxdy = “wdxdy
Ox F,
y_cds A (8b)
u-y—c 0s
+” F ax &
” 9. s—w.sé,+x+§é,1-x o-dxdy
F, A ox A" F
” W xdy+”w‘xcdxdy
y-c A y-c o O
c u-y—c 0s
P S
A
— - xdxd
A Y-
Supposing FX:HK -wdxdy; F —”w dx dy;

ry=X+S-S5; r.=s.-x—s, M, ”w xdxdy ”K
w-z.dxdy; and A/A' = p.

Substituting equation (1) into equations (8a)-(8c), we
have

Aljj(—s; ‘p- wFi) &, -0y dxdy +A2ﬁ(—s;+p : wFi) &, oydxdy = F, +Fijjp<u y—dxdy, (%)

S

AIJ-J(I +s;-p-wpi)-fl ~00-dxdy+)t2”(l +s;-p-wFi) &dxdy = Fy+FiJ:|-s,'c-p(u-w—c)dxdy, (9b)

N
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(38.5m, 12.2m)

R=18.8kN/m
¢ =20°
¢ =29kPa

FIGURE 4: Cross section and parameters of a slope.

TaBLE 1: The comparison of the calculated safety factor for cases.

Methods Case 1 Case 2 Case 3
Two-dimensional method 2.038 1.003 1.084
Methods in this paper
ah 2.305 1.255 1.401
o5 2.2965 1.254 1.401
o 2.322 1.261 1.401
Limit equilibrium solution 2.187
The result computed by Hungr [9] 1.402
The result computed by Zhang [8] 2122
The result computed by Leshchinsky [10] 1.250
The result computed by Baligh and Azzouz [11] 1.402
The result computed by Gens et al. [12] 1.402

R =2.136

(1.59, 1)

¢ =15°
¢/rH =0.116
r=1

(0,0)

FIGURE 5: An ellipsoidal slip surface and parameters of a slope.

_Alffao &y dxdy+A2ﬂ00 cy-&rpdxdy + ”(—u-l//+c) cr,-pdxdy
* MC—AIHOO -& -rgdxdy—Az_Uao <&, rydxdy .

(9)
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r=10
c/rR =0.1
¢=0°

FIGURE 6: A spherical slip surface and parameters of a slope.
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Figure 7: The distribution of normal stresses for case 1.

Equations (92)-(9¢c) are simplified, and then we have

1 1 1
A - (A1 +F—5A'1> +A,- <A2 +F—SA'2) = A, +F—SA§,

(10a)

Lo Lo Lo
A | By +F_sBl +A,-| B, +F—SB2 =B, +F—SB3, (10b)
3 DAy + DyA, + D; (100)

S EA +E\ +E;

The parameters are one-to-one correspondence in
equations (9a)-(9¢) and (10a)-(10c). Equations (10a)-(10c)
are nonlinear equations containing 3 variables. Thus, an
iterative procedure is required for the safety factor of the
three-dimensional slope.

4. Assumption of Initial Normal Stress over
Slip Surface

There are three kinds of ¢, (x, y) hypotheses in this paper

(1) oy is assumed as gravity stress of a column, and we
have
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Ficure 8: The distribution of normal stresses for case 2.

o(l)zw. (11)

(2) 0y is assumed as follows:

ag =w-cosa. (12)

This is the extension of the Swedish method, and this
method has been studied by Fellenius [6], in which
the internal forces of columns are ignored.

(3) 0y is assumed to be 1, which is the extension of
the simplified Bishop method, and this method
has been studied by Bishop [7]. That is to say, the
internal forces of columns are horizontal, and we
have

3 _
0y =

(w-cAsina,/F,) + (uAtan ¢ sina,/F,)
- :

(13)

a

By substituting equations (11)-(13) into equations
(10a)-(10c), different 3D safety factor can be obtained.

5. Applications

Case 1. The example shown in Figure 4 is a typical three-
dimensional slope in reference, and this example has
been studied by Zhang [8]. The spherical profile and soil
stratigraphy are analyzed as shown in Figure 4. The
soil properties are given in Figure 4. Different symmetri-
cal three-dimensional safety factors are presented in
Table 1.

Case 2. The example shown in Figure 5 is a typical three-
dimensional slope in reference, and this example has
been studied by Leshchinsky et al. [10]. The sliding mass is
a critical ellipse (the aspect ratio is 0.66). The ellipsoidal
profile and soil stratigraphy are analyzed as shown in Fig-
ure 5. The soil properties are given in Figure 5. Different
symmetrical three-dimensional safety factors are presented
in Table 1.

Case 3. The example shown in Figure 6 is a typical three-
dimensional slope in reference, and this example has been
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FiGure 9: The distribution of normal stresses for case 3.

studied by Baligh and Azzouz [11]. Its frictional force is zero.
The spherical profile and soil stratigraphy are analyzed as
shown in Figure 6. The soil properties are given in Figure 6.
Different symmetrical three-dimensional safety factors are
presented in Table 1.

A comparison of values of safety factor and the asso-
ciated scaling factors computed with the method proposed
in this paper are presented in Table 1. The differences in the
computed values of safety factor are negligible for practical
purposes because the maximum different value of three-
dimensional safety factors is below 5%. So the explicit so-
lution of three-dimensional slope stability can be used to
engineering practice.

6. Verification of Normal Stress over
Slip Surface

Figures 7-9 are the normal stress over slip surface of case 1,
case 2, and case 3. It can be seen from the figures that the
normal stresses over the slip surface are positive and smooth
and continuous. Therefore, they are reasonable.

7. Concluding Remarks

By assuming the distribution of the normal stress along the
slip surface, the safety factor of sliding mass can be computed

precisely by using the rigorous limit equilibrium method. The
initial normal stress distribution over the 3D slip surface was
assumed, and then it was modified by a function with 2
parameters to satisfy two force equilibrium conditions about
x- and z-axis and one moment equilibrium condition around
y-axis. An iterative equation was derived that it would yield a
value to 3D safety factor. The values of the three-dimensional
safety factor are computed with different assumption of initial
normal stresses. The computation results show that the in-
fluence of assumption of the three-dimensional initial normal
stress on the safety factor is negligible because the maximum
different value of the safety factor of the symmetrical three-
dimensional slope is below 5%. So the results are accurate that
they can be directly applied to engineering.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Additional Points

This paper mainly studies the influence of initial normal stress
assumption of slip surface on safety factor of symmetrical
three-dimensional slopes. By using the explicit solution of the
three-dimensional slope stability based on the modification of
normal stress distribution over the slip surface, the influence



of assumption of the three-dimensional initial normal stress
on the safety factor is investigated. The initial normal stress
distribution over the 3D slip surface was assumed, and then it
was modified by a function with 2 parameters to satisfy all
forces and moment equilibrium conditions. The computation
results show that the influence of assumption of the three-
dimensional initial normal stress on the safety factor of
symmetrical three-dimensional slopes is negligible because
the maximum different value of three-dimensional factor
safety is below 5%.
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