™

Check for
updates

Application of Uniform Design in Slope Stability
Sensitivity Analysis

Gaofeng Chen ", Xiqi Liu 2, Chenyuan Zhang?

'Pearl River Water Resources Research Institute, Guangzhou 510611, China;
ZKey Laboratory of Water Security Guarantee in Guangdong-Hong Kong-Marco Greater Bay
Area of Ministry of Water Resources, Foshan 528244, China;
3School of Civil Engineering, University of South China, Hengyang 421001, China.

*863225578@qq. com

Abstract. To enhance slope stability sensitivity analysis, this study applies uni-
form design methodology, which significantly reduces required tests by ensuring
even distribution of test points within the experimental range. Using a homoge-
neous soil slope as a case study, sensitivity analysis was conducted on five pa-
rameters: unit weight, internal friction angle, cohesion, slope angle, and seismic
acceleration. Results indicate that cohesion and slope angle are the most sensitive
factors in typical homogeneous soil slopes or loose rock-soil slopes. In regions
with seismic fortification intensity below 7 degrees, soil unit weight and seismic
acceleration are considered non-sensitive factors.

Keywords: Uniform design, slope stability, sensitivity analysis

1 Introduction

The construction of infrastructure such as highways, railways, and water conservancy
projects has created numerous slopes. The increasing number of slope accidents has
caused significant losses to the nation and its people. Slope failure results from the
combined effects of multiple factors, with each factor's impact on slope stability deter-
mining the sliding mechanism and failure mode. Conducting sensitivity analysis on
these influencing factors is crucial for slope management, monitoring, and prediction.
Slope stability sensitivity analysis has become a hot topic in current research, with
numerous experts and scholars conducting in-depth studies. These methods can be
broadly categorized into single-factor analysis!'land multi-factor analysis!®!%. The
single-factor approach essentially involves selecting a specific parameter value, vary-
ing one factor while keeping others constant, and comparing how the baseline value
changes. The sensitivity of each factor is then visually represented on the baseline-value
versus factor-change curve. While this method provides a clear visualization of how
factors affect the baseline, it relies on certain assumptions that may not align with real-
world conditions. Multi-factor analysis methods include orthogonal design[®-#], GIS®],
and RBF artificial neural networks based on orthogonal design!'’). These methods share
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the common advantage of utilizing probabilistic statistical principles and computer
technology to reduce experimental trials and computational workload. However, when
dealing with multiple factors and levels, the required trial count and computational load
remain substantial, posing challenges for experimental implementation and numerical
analysis.

This paper introduces the uniform design test method to analyze the sensitivity of
the factors affecting the stability of the slope, reducing the number of tests and the
amount of calculation, making the test points more evenly distributed in the test range,
and achieving a better effect.

2 Introduction of Uniform Design[11]and Its Application in
Slope Sensitivity Analysis

Uniform design is a new method of multi-factor and multi-level experimental design,
which is proposed by mathematician Fang Kaitai and Wang Yuan. It is similar to or-
thogonal design, and there are ready-made uniform tables to facilitate its application.

2.1  Composition of Uniform Table and Application Table

The construction methods of uniform table include good lattice method, Latin method,
orthogonal table expansion method, folding method, cutting method, RBIBD method,
flipping method, numerical optimization method, etc. The most commonly used good
lattice method for constructing uniform design table is as follows:

(1) Given the number of trials n, find a number h smaller than n such that the greatest
common divisor (GCD) of n and h is 1. The positive integer pairs that satisfy these
conditions form a vector h=(h1,h2---hm).

(2) The j-th column of the uniform design table is generated by the following method

u; =(i><hj)[m0dn] 1

In equation (1), [mod n] denotes the congruence operation. If ixhj exceeds n, subtract
an appropriate multiple of n to bring the remainder into the range [1, n]. uij can be
generated recursively.

u,; =h, 2
u,+h, ifu, +h <n

Uiy = ’ ' . ' ! (izls“':n_l) (3)
k u; +h,—n ifu, +h,>n

The uniform design table constructed by the above steps is denoted as Un(nm), and
the vector h is referred to as the generating vector of the table. For a given n, the number
m of h can be obtained from the Euler function E(n) (i.e., the function that counts the
number of integers less than or equal to n that are coprime with n).
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(1) When n is a prime number (i.e., n has no divisors other than 1), E(n) = n-1;

(2) When n is a prime power, i.e., n=pl (where p is a prime number and 1 is a positive
integer), E(n) = n(1-1/p);

(3) If n does not fall into the two aforementioned cases, then n can be expressed as
the product of powers of distinct primes, where pl, p2,..., pmare distinct primes and 11,
12,..., Im are integers.

by

In the three scenarios mentioned above, the optimal choice is when n is a prime
number, as it allows for up to n-1 columns, enabling the arrangement of n-1 factors for
experimentation. However, when n is a non-prime number, the structure of the table
may not support columns, and the number of possible columns could be insufficient.
To address this, a method was proposed to construct Un(nm) by removing the last row
of U*n(nm). Since U*n(nm) exhibits better uniformity than Un(nm), it is generally pre-
ferred for use.

Each uniform design table corresponds to a usage table. The usage table ensures that
the selected s columns from Un(nm) or U*n(nm) exhibit excellent uniformity, which is
measured by the discrepancy. Let x1, x2,---xn be n points in Cm, and any vector x=(x1,
x2,-xm)ECm. Denote v(x)=x1, x2,:--xm as the volume of the rectangle [0,x], and nx
as the number of points in x1, x2,---xm that fall within [0, x].

()

n

D(x,,x,,--x,) = sup

xeC™

(&)

The deviation of the set {x1, x2,---xn} in Cm.

2.2 Comparison between Uniform Design and Orthogonal Design

Uniform design and orthogonal design are fundamentally methods for selecting
representative points within an experimental range. Orthogonal design selects
representative points based on orthogonality criteria, ensuring these points reflect
relationships between factors and test indicators within the experimental range. The
representative points selected by orthogonal design exhibit two characteristics: uniform
distribution and comparability. To ensure the "comparability" feature, orthogonal
design requires at least q2 trials (where q is the number of factor levels). Uniform design
focuses solely on the even distribution of test points within the experimental range.
Compared to orthogonal design, it has unique layout methods, primarily manifested in
the following four aspects: (1) Each factor level is tested once and only once; (2) Test
points for any two factors can be marked on a grid plane, with exactly one test point
per row and column; (3) The uniformity of experimental schemes formed by any two
columns in uniform design tables is generally not equivalent; (4) When factor levels
increase, the number of trials increases proportionally with the number of levels.
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2.3  Application of Uniform Design in Landslide Sensitivity Analysis

The sensitivity analysis of landslide stability influencing factors using uniform design
includes the following steps: (1) Defining test parameters. Slope stability coefficient is
typically used as the test parameter in slope sensitivity analysis. (2) Selecting test
factors. Based on engineering practices and prior research, factors such as geotechnical
properties, seismic forces, groundwater variations, and human engineering activities
are selected for testing. (3) Determining factor levels. The value ranges of each factor
are defined according to test conditions and practical experience, followed by setting
appropriate levels within these ranges. (4) Designing uniform tables and arranging tests.
(5) Establishing computational models for combined analysis. (6) Analyzing test
results. Regression analysis is employed to interpret test results and identify sensitive
factors.

3 Engineering Examples

For a homogeneous soil slope with a height of 20m, the soil has a unit weight of
25kN/m?, an internal friction angle of 17°, cohesion of 42kPa, and an earthquake
coefficient of 0.05g (refer to [12] for data and figures). As shown in Figure 1, a
computational model was established using the specified dimensions, with parameters
assumed to fluctuate within their baseline ranges as detailed in Table 1. To facilitate
statistical analysis of experimental data, the study employed a two-factor design with
10 levels per factor, employing a uniform design method to evaluate the sensitivity of
unit weight, internal friction angle, cohesion, slope angle, and earthquake coefficient to
slope stability.

40 m

Fig. 1. Computational section
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Select columns 1, 3, 4, 5, and 7 from the U*10(108) uniform design table. The ex-
perimental design combinations and stability coefficients calculated using the simpli-
fied Bishop method are shown in Table 4. The pseudo-static method is employed to
introduce seismic effects, with the calculation formulas presented in Equations (6) to
(7) 131, The parameters are summarized in Table 2 and Table 3:

[cb+ (W, —ub,) tangﬁl.]secﬂl.

K= p p (©)
(1+tanﬁl. tang,/K)| D W,sin B+ 0O, cos B,
i=1 i=1
Oy =K, Ca W, @)
Table 1. Factor Value Range
volume- internal friction . seismic coeffi-
R Cohesion ¢ slope anglef .
weight y angle ¢ cient a
/ (kN/m3) /(®) / (kPa) /(®) / (cm/s?)
18~27 15~33 27~54 31~49 10~100
Table 2. Uniform Design Table U*10(108)
1 2 3 4 5 6 7 8
1 1 2 3 4 5 7 7 10
2 2 4 6 8 10 3 9 9
3 3 6 9 1 4 10 5 8
4 4 8 1 5 9 6 3 7
5 5 10 4 9 3 2 1 6
6 6 1 7 2 8 9 10 5
7 7 3 10 6 2 5 8 4
8 8 5 2 10 7 1 6 3
9 9 7 5 3 1 8 4 2
10 10 9 8 7 6 4 2 1
Table 3. Usage Table of Uniform Design Table U*10(108)
S Column Number D
2 16 0.1125
3 1 56 0.1681
4 1 345 0.2236
5 1 3457 0.2414
6 1 23568 0.2994
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Table 4. Results of Uniform Design Calculation

test number 1(y) 2(p) 3(c) 45 5(a) stability coefficient K
1 18 19 36 39 90 1.596
2 19 25 48 49 70 1.845
3 20 31 27 37 50 1.534
test number 1(») 2(p) 3(c) 4(p) 5(a) stability coefficient X
4 21 15 39 47 30 1.294
5 22 21 51 35 10 2.581
6 23 27 30 45 100 1.253
7 24 33 42 33 80 2.325
8 25 17 54 43 60 2.094
9 26 23 33 31 40 1.728
10 27 29 45 41 20 1.942

The regression analysis was performed using the backward method, and the regres-
sion equation was established with a significance level of 0=0.05:

y=b, + b xy+b,x¢+b,xc+b,x f+b;xa

Regression coefficient bi: b0 = 1.75, bl = -2.50x10-2, b2 = 2.14x10-2, b3 =
4.62x10-2, b4=-4.34x10-2, b5=-3.18x10-4, R2=9.36;
Significance test of regression equation, as shown in Table 5:

Table 5. Variable Analysis Table

source of varia- quadratic . mean square
. variance mean square .
tion sum ratio
recurrence U=1.65 K=5 U/K=0.329 F=52.20
0=252x100 N—1—K Q/(N—1—K)=6.31x1
surplus ) —4 03
sum L=1.67 N—1=9

The sample size was N=10, the significance level was 0=0.05, the test value was
Ft=52.20, the critical value of F(0.05,5,4)=6.265, Ft>F(0.05,5,4), the regression equa-
tion was significant.

F-test results: F(1)=5.992, F(2)=17.50, F(3)=184.3, F(4)=72.27, F(5)=9.707x102
The regression contributions of the equation terms, in descending order, are ¢, o, f.
¢. 7 and a, with term a having the smallest contribution. The significance test for term
a yields F(0.05,1,4)=7.709, and since F(5)< F(0.05,1,4), term a is statistically insignif-
icant and should be excluded.

Remove insignificant equation terms and create a new regression equation:

y=b, +b xy+b,x¢p+b,xc+b,x [
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regression coefficient bi: b0=1.73, bl =-2.42x10-2,b2=2.10x10-2, b3=4.65%10-
2, b4=-4.38x10-2, R2=9.54;
Significance test of regression equation, as shown in Table 6:

Table 6. Variable Analysis Table

source of varia- quadratic . mean square
. variance mean square .
tion sum ratio
recurrence U=1.65 K=4 U/K=0.412 F=71.61
| 0=259x100 N—1—K Q/(N—1—K)=5.17%
surplus ) —5 103
sum L=1.67 N—1=9

The sample size was N=10, the significance level was 0=0.05, the test value was
Ft=79.61, the critical value of F(0.05,4,5)=5.192, Ft>F(0.05,4,5), the regression equa-
tion was significant.

F-test results: F(1)=7.312, F(2)=21.95, F(3)=242.6, F(4)=95.81. The contribution of
equation terms to regression, in descending order, is: ¢, B. @. y. Among these, term
v has the smallest contribution. Its significance test yields F(0.05,1,5)=6.608, with
F(1)> F(0.05,1,5), indicating this term is statistically significant, as shown in Table 7.

Residual analysis:

Table 7. Residual Analysis Table

NO The observed s::zgsjf;e Observed value- (Regression value-ob-
value of K of K regression value served ) / observedx100(%)
1 1.60 1.66 -6.00x1072 3.75
2 1.85 1.88 -3.00x1072 1.62
3 1.53 1.53 0.00 0.00
4 1.29 1.29 0.00 0.00
5 2.58 2.48 0.10 -3.88
6 1.25 1.16 9.00x1072 -7.20
7 2.33 2.35 -2.00x1072 0.86
8 2.09 2.11 -2.00x1072 0.96
9 1.73 1.76 -3.00x1072 1.73
10 1.94 1.98 -4.00x1072 2.06

The results of regression analysis show that the seismic action a is not significant
factor in the area of seismic fortification intensity below 7 degrees, while the bulk den-
sity v, internal friction angle @, cohesion ¢ and slope angle § are significant factors
(significance level a=0.05), and the order of significance is as follows: cohesion c, slope
angle B, internal friction angle ¢, bulk density v.
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4 Conclusion

This paper introduces the uniform design test method into the slope sensitivity analysis,
and uses the uniform distribution of test points in the test range. Taking a homogeneous
soil slope as an example, the sensitivity analysis of the slope is carried out by five fac-
tors, such as the unit weight, the internal friction angle, the cohesion, the slope angle
and the seismic acceleration. The main conclusions are as follows:

(1) Uniform design provides an effective method for sensitivity analysis of factors
affecting slope stability, particularly in multi-factor and multi-level scenarios, signifi-
cantly reducing the required number of tests. (2) When applying uniform design to
slope sensitivity analysis, determining the variation ranges of influencing factors is crit-
ical, as it directly impacts the accuracy and rationality of the conclusions. (3) In com-
mon homogeneous soil slopes or loose rock-soil slopes, cohesion (o) and slope angle
(B) are the most sensitive factors. In regions with seismic fortification intensity below
7 degrees, soil density (y) and seismic acceleration (a) are considered non-sensitive
factors.

This paper has obtained a general method of landslide stability sensitivity analysis,
which is of great significance to the mechanism of slope disaster and its prevention and
control, especially for the research and application of slope prevention and control in
the Three Gorges Reservoir area.
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