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ABSTRACT: The strength reduction finite element method (SRFEM) needs to modify the input shear
strength material parameters manually based on various reduction factors, which is trivial. In order to simplify
the computation process, the SRFEM can be achieved by using field variables provided by ABAQUS; there-
fore, it can be done automatically in software. By deriving the relationship between field variables and reduc-
tion factor and getting the corresponding step time t1 when the calculation cannot converge, then it can quan-
titatively calculate the stability coefficient of the slope. According to the different decay extent and speed of
shear strength parameters ¢ and ¢ in the process of slope failure, this paper adopted the dual reduction factors
finite element method based on field variables for stability analysis of slope, and verified the feasibility of this
method in the stability analysis by combining with classic examples, and found that this method not only im-
proves computational efficiency but also the calculation accuracy.

1 GENERAL INSTRUCTIONS

The landslide is a global geological disaster; many
countries are facing different levels of landslide dis-
asters. In China, landslide disasters accounts for
about 70% of all geological disasters; this leads to
huge economic losses each year. Therefore, slope
stability analysis is of great significance. The meth-
ods of slope stability analysis include traditional lim-
it equilibrium method and numerical analysis meth-
od (Chen 2003; Zheng 2001; Yang 2011; He 2011).
However, these methods use the same reduction fac-
tor of cohesion and frictional resistance, which is in-
consistent with the actual slope failure mechanism.
In order to get a more accurate calculation, Tang
(2007) put forward dual reduction factors method in
which the shear strength parameters ¢ and ¢ has dif-
ferent reduction coefficient on the basis of the shear
strength parameters ¢ and ¢ attenuation characteris-
tics and mechanism of action analysis (Tang et al.
2007;Tang et al. 2008;Tang et al. 2009). Dong
(2011) applied this method in computational analy-
sis of pile foundation, found that when material pa-
rameters ¢ and ¢ close to the actual situation, the re-
sult of dual reduction factors method is close to the
static load test (Dong et al. 2011). Yang (2010) ana-
lyzed and compared the same and different reduction
factors in slope stability analysis, found out that the
single reduction factor method (¢ and ¢ have the
same reduction factor) is only a special case among
many reduction methods.

In this paper, with the help of ABAQUS field varia-
bles to achieve the automatic reduction of the mate-
rial parameters, the dual reduction factor method can
be done automatically in software, which improves
the computational efficiency of finite element

strength reduction method. Combined with classic
examples, this paper comparatively analyzed the re-
sult of dual reduction factors and recommended
standard answer, and verified the feasibility of dual
reduction factors method in slope stability analysis.

2 BASIC PRINCIOPLE OF DUAL REDUCTION
FACTORS METHOD

According to the different decay extent and speed of
shear strength parameters cohesion and frictional re-
sistance, it should use different reduction coefficient
in shear strength reduction method; it means that by
dividing the shear strength parameters ¢ and ¢ by
different reduction factors F1, F2, it can get new
values of ¢ and ¢ which are substituted into the cal-
culation as new material parameters until reaching
the critical state (Figure 1). Then the corresponding

F1, F2 a‘re the slope stability factors.
T
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Figure 1 Schematic diagram of dual reduction factors.

o, 0 o

72



eJSE

International

3 FILELD VARIABLES BASED ON ABAQUS

The field variables based on ABAQUS is an envi-
ronment variable. With the field variables material
parameters can automatically change with the calcu-
lation in the same analysis step, or have different
values in different analysis steps. In order to achieve
dual reduction factors method, it needs to establish
the relationships between cohesion and field varia-
bles, friction resistance and field variable. Assume
that the field variables were f1, f2, and the value of F
(f1) from a to b, the value of F (f2) from c to d.

3.1 Relationship between shear strength
parameters and field variables

c=co/F(fy) 1)
tanp =tan g, /F(f,) (2)

Where ¢o and g are initial cohesion and initial internal fric-
tion angle, ¢ and ¢ are cohesion and internal friction angle
changing with field variables. Therefore, the ranges of shear
strength parameters in analysis step of finite element meth-
od are:

co/b<c<cy/a tang,/d <tangp <tang,/c

3.2 Relationship between shear strength
parameters and reduction factors

FL=¢/co (3)

F, = tan g, /tan @ 4)

3.3 Relationship between field variables and
reduction factors

Combine with (1), (2), (3), (4):
F, =F(f) a<F <b (5)

F, = F(f,) c<F,<d (6)

3.4 Calculation of reduction factors

Assume that the value of step time is from g to h,
and the functions ®(t),F(f1),F(f2) are monotone in-
creasing in the range. Therefore, assuming the step
time is t1 when the calculation cannot converge, the
relationships between step time and reduction fac-
tors are:

Fy =[a(h-t,)+b(t, - 9)I/(h-g) (7)
Fp =[c(h—t)+d(t, —9)l/(h—9) (8)

There are countless combinations of F1, F2 in
dual reduction factors method, in order to reduce the
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amount of computation, let F1=KF2. Based on the
above analysis, the value of coefficients a and b
should include the possible values of reduction fac-
tors, let a=0.5, b=2.0, g=0, h=1.0, then c¢=0.5/K,
d=2.0/K. Therefore, the reduction factors are:

F, =15t +0.5 9)
F, = (L.5t, +0.5)/K (10)
4 EXAMPLE

In order to verify the correctness of the method, this
paper used this method to analyze the some classic
examples, and compared with the results given in the
literature. The examples are adopted by plane strain
finite element model; the boundary conditions are
vertical rollers on both side’s boundary and full fixi-
ty at the base.

4.1 Example 1

Example 1 is a homogeneous slope, slope angle
B=45°, H=10m, the length of model base and upper
are 20m and 8m. Cohesion is 12.38KPa, friction an-
gle is 20°, and unit weight is 20KN/m3. Use quadri-
lateral node unit; divide into 1 396 grid cell, as
shown in Figure 2.

y=20KN/m?
0=20°
c=12.38KPa

(T
Figure 2 Numerical mesh for homogeneous slope.

Theoretically K can take any real number in dual
reduction factors method. In order to simplify the
computation, let K=0.8, 0.9, 1.1, 1.2. Take diver-
gence of calculation as instability criterion in slope
stability analysis. The calculation is converge before
the point B which is shown in Figure 3, after which
the calculation is not converge; the corresponding
step time is t1. Then calculate the stability factor F1
and F2 through formula (9) and formula (10); it is
similar to the other three situations, which are not
listed here, the calculation results are shown in Table
1. The step time equals to 0.3718 when the calcula-
tion is not converge in strength reduction finite ele-
ment method; the stability coefficient calculated is
1.0577 through formula (9) (Figure 4).
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Figure 3 Stability factors F1 and F2 when K=1.2.

—
[$2]

Displacement (m)

|
(S

2.5 1

Figure 4 Stability factors when K=1.2.

Table 1 Calculation results of different K.

K ty F1 Fa (FitF2)/2
0.8 0.2664 0.8996 1.1254 1.0121
0.9 0.2987 0.9481 1.0534 1.0007
11 0.3607 1.0411 0.9464 0.9938
12 0.3914 1.0871 0.9059 0.9965

The stability factor given is 1.0. Table 1 show
that the step time when calculation is not converge
increases with value of K. According to formula (9)
and formula (10), the value of reduction factor F1 is
increasing, the value of reduction factor F2 is reduc-
ing. Taking the average of the two values as stability
factor of slope, it shows that the final result is simi-
lar with recommend answer. It means that the dual
reduction factors method based on field variables
can apply to the analysis of slope stability.
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4.2 Example 2

Example 2 is examination EX11 from ACADS
slope stability analysis program in Australian. As
shown in Figure 5, Cohesion is 3.0KPa, friction an-
gle is 19.6°, and unit weight is 20kN/m3. Use quad-
rilateral node unit, divide into 728 grid cell. Let
K=0.8, 0.9, 1.1, 1.2 as same as the example 1. When
calculation is not converge, it is shown as point B in
Figure 6 (K=0.8); then calculate the stability factors
through the corresponding step time at this moment;
it is similar to the other three situations, which are
not listed them here. The calculation results are
shown in Table 2.

c=3.0KPa
¢=19.6°
y=20KN/m?3
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Figure 6 Stability factors F1 and F2 when K=0.8.

Table 2 Calculation results of different K.

K t Fi P (UF)
08 02550 08825 11031 0.9928
09 03003 09505 10561 10033
11 03856 10784 09804 10294
12 04189 11284 09403 1.0343
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The step time equals to 0.3274 when the calcula-
tion is not converge in strength reduction finite ele-
ment method, the stability coefficient calculated is
0.9911 through formula (9). The recommended an-
swer is 1.0 of this example. It means that the final
result in dual reduction factors method based on
field variables is similar with the recommend answer
and the result of strength reduction finite element
method. In practical engineering, the values of K can
be determined by geotechnical test of soil in the
slope.

4.3 Example 3

The above examples are homogeneous slopes; in or-
der to verify the applicability of the method in the

Electronic Journal of Structural Engineering 20(1) 2020

complex soil slope, Example 3 is the examination
EX13 from ACADS slope stability analysis program
in Australian, which is an inhomogeneous slope. The
material parameters are shown in Table 3. Use quad-
rilateral node unit, divide into 982 grid cell. Slope
geometry and numerical mesh is shown in Figure 7.

Table 3 Material parameters of the soil.

Figure 7 Numerical mesh for example 3.

Take divergence of calculation as instability crite-
rion in slope stability analysis. The step time equals
to 0.5909 when the calculation is not converge in
strength reduction finite element method; the stabil-
ity coefficient calculated is 1.3864. The horizontal
displacement change with the strength reduction fac-
tor is shown in Figure 8. As shown in Figure8, when
the reduction factor is about 0.9, horizontal dis-
placement mutates, however, apparently slope fail-
ure does not occur. With the further reduction of the
intensity, displacement develops until no stress dis-
tribution can be achieved in ABAQUS to satisfy
both the yield criterion and global equilibrium,
which means that calculation is no longer conver-
gence. Let K=0.8, 0.9, 1.1, 1.2 as same as the above
examples. When calculation is not converge, it is
shown as point B in Figure9 (K=1.2); then calculate
the stability factors according to the corresponding
step time at this moment. The calculation results are
shown in Table 4.

Soil No. c(KPa) 0 Y(KN/m3)

® 0 38 19.5

@ 5.3 23 19.5

® 7.2 20 195

0.5 0.7 0.9 1.1 1.3 1.5
0 ‘ ‘ ‘ ‘ ‘

-0.05 |
= -0.1 r
\é -0.15
g 0.2
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-0.45 -

Figure 8 Horizontal displacement changes with F.
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Figure 9 Stability factors F1 and F2 when K=1.2.

Table 4 Calculation results of different K.

K t Fi P RN
08 04903 12355 15443 13899
09 05461 13192 14657 13924
11 06414 14621 13292  1.3956
12 06852 15278 12732  1.4005

As shown in table 4, the result of dual reduction
factors method based on field variables in inhomo-
geneous slope is consistent with the result in homo-
geneous slope. With the increasing of the value of K,
the step time when calculation is not converge in-
creases; F1 increases; F2 decreases. The recom-
mended answer is 1.39 of this example, so the dual
reduction factors method based on field variables
can applied to inhomogeneous slope stability analy-
sis.

5 CONCLUSIONS

This paper simplified the computational process of
strength reduction based on field variable in
ABAQUS which can make entire strength reduction
process be done automatically in the software, and
calculated the stability factor of slope quantitatively
according to the step time when calculation is not
converge.

With Dual Reduction Factors Method Based on
Field Variables, this paper analyzed the classic ex-
amples of slope stability analysis. The results are
similar with recommend answers; it shows that this
method can be applied to slope stability analysis.
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