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Abstract: A soil-rock slope is a heterogeneous slope composed of soil and rocks that is widely
distributed throughout the world. In order to accurately analyze the slope stability of soil-rock
mixture, based on a Monte Carlo algorithm (fuzzy-based method), a symmetrical stability analyzing
method for soil-rock slopes is proposed, considering the dispersion of strength of soil-rock mixtures.
In analyzing it, the numerical model is symmetrical to the real soil-rock slope in geometry and
material properties. In addition, the effect of rock content to slope stability was studied by this
symmetrical method. The specific work of this paper is as follows: (1) The acquisition method of
random number series for the Monte Carlo algorithm and the method of slope stability analysis,
using the Monte Carlo method, are introduced. (2) According to in situ samples and remade samples,
the strength characteristics of soil-rock mixtures were measured with different rock contents, which
proved the scatter of strength of soil-rock mixtures. (3) Based on the measured strength parameters
of soil-rock mixtures and the slope landslide, the reliability in analyzing results and superiority in
calculating time of using the Monte Carlo method to analyze stability of soil-rock slopes are detailed.
(4) The stability of soil-rock slopes with different rock content is discussed with the Monte Carlo
method, and it is concluded that with the increase of rock content, the stability of a soil-rock slope
decreases first and then increases, and the minimum safety factor is acquired at 20% rock content.
(5) Based on a large number of calculation examples, the applied situations of the Monte Carlo method
to analyze stability of soil-rock slopes are detailed according to sampling results and rock size.

Keywords: soil-rock mixtures; slope stability; Monte Carlo method; soil-rock interface; rock content

1. Introduction

Soil-rock slopes, consisting of soil and rocks, are extremely heterogeneous slopes that are usually
distributed in quaternary loose accumulation layers and mainly formed by residual weathering,
landslides, flood alluvium, and so on [1-3]. The great difference between soil and rocks in strength
and particle size leads to different mechanical properties in soil-rock mixtures [1,4-7]. In some areas,
the mixtures of soil and rocks are usually recognized as bimrocks [2,8]. It is a common slope structure
(a soil-rock slope is shown in Figure 1a) and engineering material (artificial materials are shown in
Figure 1b), usually viewed in the Three Gorges region of China and the west of China [9-11]. Hence,
when constructing a highway or railway on a natural or manually filled soil-rock slope, it is necessary
to evaluate the stability of the soil-rock slope to ensure the safety of the project and prevent a landslide
and failure of the slope.
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(a) (b)

Figure 1. Examples of soil-rock slopes: (a) natural soil-rock slope [12]; (b) manually filled soil-rock slope.

In the past few decades, many scholars have studied the stability of soil-rock slopes, and lots
of achievements have been obtained, such as failure models, etc. [13-15]. Liu et al. [3,16] combined
random establishment method of rock contours and Finite Element Methods, studied the effect of
regular rock distribution to the slope stability, and concluded that the stability of a soil-rock slope
improves with the increase of rock contents, and the increasing amplitude is highly related to rock
distribution characteristics in slopes. In addition, Liu et al. [17] adopted a two-phase medium that
soil and rocks were considered to have different undrained shear strength to study the stability of a
soil-rock slope by FEM and found that the slope obtains the maximum and minimum safety factor
when the rocks’ long axis is vertical and parallel to the slope surface, respectively, in which the
minimum safety factor is always larger than the uniform soil slope. As well as these studies, many
model tests and numerical analyses (FEM, LAM, and NMM) [13,18] on soil-rock slope stability were
conducted [13,14,16,18], and one unified conclusion was obtained that the soil-rock slope had a higher
safety factor than those with uniform soils, and the improved effects to slope stability increased with
the increase of rock contents.

However, with the deepening study on soil-rock slope stability, more and more research results
show that the conclusion (the distribution of rocks improves the stability of the soil-rock slope) is
suitable under certain conditions or assumptions. Hao et al. [19] found that the mechanical properties
of the soil-rock mixtures were greatly affected by water content. The specimen obtained the lower
cohesive force and internal friction angle when the water content was low or high, respectively. Liu et
al. [3], according to the dry—wet cracks in soil-rock mixtures, concluded that the weakest part was in
the interface between soil and rocks. Based on the results of the soil-rock mixtures from in situ testing
and the statistical results of the soil-rock mixtures, Kalender et al. [8] found that the strength of the
soil-rock mixtures was scattered, distributed in a range rather than a specific value, and had some
distribution law which was suitable for analyzing via the fuzzy-based symmetrical method [10,17].
Based on references that study soil-rock mixtures [1,5,6,19,20], it can be concluded that (1) the strength
of soil-rock mixtures is affected by environments, such as water content, etc.; (2) the weakest part in
the soil-rock mixture is in the interface between soil and rocks; and (3) the strength testing result of the
soil-rock mixtures is scatter, distributed in a range, and has some distribution law.

In addition to the great progress in soil-rock mixtures, there has been less progress in studies of
soil-rock slopes. Huang et al. [21] studied the response characteristic of a soil-rock slope under seismic
load by FEM and concluded that the maximum horizontal acceleration of the soil-rock slope surface
was greater than those slopes without rocks, in other words, the slope was more prone to landslides
than a uniform soil slope; Zhou et al. [22] measured the response characteristic of a soil-rock slope
under artificial rainfall and found that the soil-rock slope was more easily affected by rainfall, which
was similar to Hao’s conclusions. According to the stability of soil-rock slopes in the Three Gorges area
under the condition of rainfall and water level changes, Xiong et al. [23] points out that the soil-rock
slope is more prone to instability under continuous rainfall and low water level. Based on the above
analysis, it can be found that the stability of the soil-rock slope is lower than the uniform soil slope
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under certain conditions, which are mainly related to the environment (rainfall, water, etc.) and the
type of load.

Based on the research achievements in the field of soil-rock mixtures and soil-rock slopes, it should
be observed that, when estimating the stability of soil-rock slopes, researchers should not only consider
the improved effects of rocks to slope stability but also (1) the weaker soil-rock surface; (2) the scatter
strength characteristic of soil-rock mixtures; and (3) the environment (rainfall, water, etc.) and the type
of load.

To better estimate the stability of soil-rock slopes, according to the original slope characteristic
in geometry and material properties, symmetrical numerical analyzing models were established.
In material parameters, according to the measured strength of soil-rock mixtures, a Monte Carlo
method that was a fuzzy-based symmetrical method was put forward. The specific analysis process
with the Monte Carlo method was as follows: first, the in situ samples and the remade samples were
obtained from in situ drilling and sampling from landslides, respectively. Second, triaxial tests were
used to measure the strength of soil-rock mixtures that were used in numerical models, to achieve
symmetry in material strength between numerical model and real slope. Third, based on the measured
strength parameters, the stability of the soil-rock slope was studied by the Monte Carlo method, and
the statistical value of safety factor of the soil-rock slope was obtained. Then, to discuss the reliability of
the Monte Carlo method, the analyzed results were compared with those obtained by Liu’s method [3].
Finally, based on a large number of calculation examples, the applied situations of the Monte Carlo
method to analyze stability of the soil-rock slope were detailed according to sampling results and
rock size.

2. The Monte Carlo Method for Soil-Rock Slopes

The Monte Carlo algorithm is a statistical calculation method that can effectively analyze
the influence of uncertain factors on calculation results. Its rationality has been verified in the 7
evaluation [24], reliability prediction of machinery [25], and slope stability analysis [26]. For considering
the uncertain factors related to the slope stability, during the analysis, the strength parameters (cohesion
and friction angle) of the soil-rock mixtures were set to random variables, and then the stability
and failure characteristics of the slope were analyzed by a large number of repeated calculations.
The analysis results show good reliability in analyzing stability of uniform soil slopes with the
Monte Carlo algorithm [26-28]. However, the above analysis focuses on the uniform soil slope, without
considering the weakening effect of soil-rock interface on the slope stability and the strengthening
effect of rock distribution on the slope stability. Therefore, in order to consider the influence of the
soil-rock mixtures’ scatter strength and the rock distribution uncertainty on the slope stability at
the same time, a Monte Carlo algorithm suitable for the stability analysis of soil-rock slopes was
proposed. In the future, it expected to use this method to study the soil-rock slope stability reinforced
by cement [29,30], new composite materials [31,32], anchors and geo-grids, etc.

When analyzing the stability of soil-rock slopes, it should be observed that the rock size in
soil-rock slope is limited in 0.1~0.4 Ls (Ls is the width of slope) [3,16,18]. When the rock size is smaller
than 0.1 Ls, rock distribution has less of an effect on slope stability, and the slope can be treated as soil
slope. When the rock size is greater than 0.4 Ls, the rock distribution has a decisive influence on slope
stability and failure modes, and the slope stability can be analyzed as soil slope, considering large
rocks distribution.

2.1. Generation of Independent Random Variables

Based on the strength distribution parameters of the soil-rock mixture obtained from in situ
samples and remade samples, two sets of independent random variables were constructed, and the
specific generation method was as follows.

Step 1, determining the probability density function of the sample: examining whether the
cohesion and internal friction angle sample data in the analytical model are subject to a normal
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distribution. If it fits the normal distribution, the probability density function is Equation (1); otherwise,
it is considered according to corresponding distribution characteristic [33].

f) = —— exp )

oV2n 202

x>0 1)

where i is the mean value, and ¢ is the standard deviation.

Step 2, generation of random numbers: two sets of uniformly distributed random numbers
were generated by using random algorithm (Random). Then, the multiplicative congruence method
was used to generate an integer uniformly distributed random number sequence, and the calculated
function is as follows:

I,+1 = mod|(al, + b) /m] ()

where [, is a random number sequence; a and b are random integers; and mod is the remainder calculation,
which is also the source of the randomness of the algorithm. The finally obtained two groups of uniformly
distributed random sequences, A,; and a;, (in the range of 0 to 1), are as follows, respectively:

Iy

= foat [0,1] ®)
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" float(m —1)

where “float” represents converting m from an integer type to a floating-point type.

Step 3, constructing a normal distribution variable: Using the obtained two sets of uniformly
distributed random numbers, two sets of variables conforming to the normal distribution were
constructed by the Box-Muller method [34,35].

Assuming that the joint probability density distribution function of x1, x5 is p(x1,x2) and y;, y» are
functions of x1, xo, then the joint probability density distribution function of y4, y» is as follows:

- [0,1] €Y
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p(y1,y2) = p(x1,x2)

9(x1,%2)
where |—
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Because x; and x, are mutually independent uniformly distributed random variables in the [0,1]
interval, we obtain the following equation:

is the Jacobian matrix of x to y.

p(x1,%2) = p(x1)p(x2) = (6)
Then,
d(x1,x7)
) = 7
p(y1,12) ’a(yl,yz) )
Assuming
y1 = V—2Inx; cos(2mxy) ®)
Y2 = V-2Inx; sin(2mxy)
it can be obtained that

x1 = exp[=0.5(y; + 3] o)
Xy = ﬁarctan%

This can be solved as follows:
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Equation (10) can prove that y1, y» are random variables that are independent of each other and
follow a normal distribution. Therefore, two sets of independent random numbers conforming to the
normal distribution can be obtained based on Equation (8).

2.2. Stability Analysis of the Soil-Rock Slope by the Monte Carlo Method

2.2.1. Stability Analysis Process for the Soil-Rock Slope

The application of the Monte Carlo algorithm in the stability analysis of soil-rock mixture slope
mainly included four steps, as shown in Figure 2, which are sample acquisition, model parameter
input, cumulative calculation, and statistical results analysis. The specific description of each step is

as follows.

-
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Figure 2. The stability analysis process of the soil-rock slope.

Sample acquisition: Based on the in situ samples results or remade sample results, three
typical strength parameters of soil-rock mixtures were obtained, strength of soil-rock interface
(direct shear test) [1,36,37], soil-rock mixtures (triaxial test) and rocks (point pressure test), and the
corresponding frequency-strength relationships with cumulative frequency of 1, which are described

in Figure 3.
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Model parameter input: This step mainly involved the input of some geometric parameters and
strength parameters of the material in the model, for example, the boundary contour of the soil-rock
slope, the material strength parameter in the sample acquisition step, the Monte Carlo repeat calculation
number N, and some other parameters, and fluctuation scale of the material strength in the horizontal
direction (Ux) and the vertical direction (Uy). Among them, the size of Ux and Uy should be based on
in situ drilling data or geological structure, which is especially valuable in layered soil analysis.

Cumulative calculation: According to input repeated calculations, N, calculations were conducted
repeatedly, and the independent random variables were obtained with the method of Section 2.1.

Statistical results analysis: The maximum, minimum, mean, and standard deviation of the safety
factor of the soil-rock slope were obtained by statistical calculation, using the strength reduction
method of FEM.

2.2.2. Analysis Model of the Soil-Rock Slope

Based on treatment engineering of soil-rock slopes in Zhenjiang, Jiangsu Province, China, the
corresponding soil-rock slope model was established. As shown in Figure 4, part of the soil-rock slope
is subject to landslides under the action of heavy rainfall. Therefore, it is necessary to evaluate the
stability of the remaining slope that has not experienced a landslide and determine whether it needs to
be treated. A typical slope section with a height of 13 m and a 45° angle is shown in Figure 5.

Figure 4. Failure scene of a soil-rock slope in Zhenjiang.

12m 13m 15m

13m

45° 23m

10m

40m
Figure 5. Geometric dimensions of the soil-rock slope model.

3. Strength Measurement of Soil-Rock Mixtures

3.1. Acquisition of Samples

In order to obtain the strength parameters of materials in soil-rock slopes, the sampling was
carried out by means of drilling, as shown in Figure 6a. The sampling location was 30 + 5 m from the
top of the slope. Due to the disturbance of the boring machine to the samples of soil-rock mixtures
during the drilling process, the samples taken out were not complete, as shown in Figure 6b, and some
samples were partially broken. When the in situ samples were taken from the ground, they were
sealed and stored in a black plastic bag, and the water content was measured (14.6%).
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(a) (b)

Figure 6. In situ sampling diagram: (a) in situ drilling pictures; and (b) samples from in situ drilling.

The samples obtained by in situ drilling were compacted by means of fixed compaction work (hit
35 times per layer by the sampler, divided into 5 layers of each sample), and the samples had a diameter
of 70 mm and a height of 140 mm. The prepared samples were measured for strength parameters
(cohesion and internal friction angle) under consolidation and undrained conditions, using a TKA
triaxial test apparatus, and the test confining pressures were set to 100, 200, and 300 kPa. The remade
samples, using in situ drilling samples, were recognized as having in situ strength of soil-rock mixtures.

In order to carry out a more in-depth study of the mechanical properties of the soil-rock mixtures,
a certain soil sample was taken from the landslides and sieved, to retain the rocks with a size range
of 2 to 14 mm. In soil-rock mixtures, due to the scale effect [1,11], it was very important to control
suitable rock size, which played an important role on the triaxial testing results of soil-rock mixtures.
According to References [38,39], the minimum rock size in soil-rock mixtures is advised to be the
maximum value of 2 mm and 0.05 Lc (Lc was the characteristic length of samples), and the maximum
rock size is suggested to be 0.2 Lc. When the rock size is smaller than minimum size, the soil-rock
mixtures can be recognized as uniform soil material that the rock distribution has less effect on the
mixtures’ strength. When the rock size is larger than maximum size, the rock distribution decides the
mechanical properties of mixtures, and the mixtures should be called soil with larger rocks, rather
than soil-rock mixtures. In the article, the minimum rock size of 3.5 mm (0.05 X 70 mm) was the best,
but due to the limit of testing equipment, the rock size was finally set as 2 mm, which could also obtain
good testing results according to the pretesting results. The maximum rock size was set at 14 mm
(0.2 x 70 mm). After sample screening, the soil first underwent crushing and air-drying, and then was
sealed and preserved after the water content was adjusted to 14.6 + 1%. The remade samples using
landslide samples were recognized as having the strength of remade soil-rock mixtures.

3.2. Strength Measurement of Soil-Rock Mixtures

3.2.1. Testing Process

The test of the soil-rock mixture consisted of four main parts: sample preparation, installation,
consolidation, and test, which are described as follows.

Sample preparation: The soil and the rocks were uniformly weighed, and the samples were
divided into 5 layers according to the “Geotechnical Test Standard” [39]. Each layer was compacted
35 times, and a screwdriver was used to scrape between the layers to ensure the uniformity of
the sample.

Sample installation: The prepared sample was placed in a rubber film and mounted on a triaxial
test device. Then, the confining pressure chamber was installed, and the confining pressure and back
pressure devices were connected, and the confining pressure chamber was filled with water, as shown
in Figure 7a.
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(a) (b)

Figure 7. Sample test diagram: (a) sample before compression; and (b) sample after compression.

Sample consolidation: The confining pressure was set, the drainage valve was opened, and
drainage consolidation was conducted.

Sample test: The drainage valve was closed, a triaxial test without drainage was conducted, and
the stress—strain curve of soil-rock mixture was measured. In order to facilitate comparison, the strain
measurement range was set as 0%~20%, where 20% was controlled by the strain of in situ samples at
stress peak and effective testing strain range of equipment [5], and the maximum stress value during
this period was the strength value of soil-rock mixture. The deformation result of the sample after
measurement is shown in Figure 7b.

3.2.2. Testing Scheme

Physical parameters and grading curves of soil and rocks are shown in Table 1 and Figure 8,
respectively. The specific sample test scheme is shown in Table 2, in which the content of soil-rock
mixture is MBP (Mass Blocks Proportion, represents the Mass Proportion of Blocks to the mixtures that
the definition of MBP references to Volumetric Block Proportions (VBP) [8]).

Table 1. Physical parameters of soil and rocks.

Specimen Physical Parameters

Specific Gravity =~ Liquid Limit Plastic Limit Plasticity Index Optimized Water Content
2.75 41.30% 19.20% 22.10% 16%

Point pressure strength crushing index Density
1234 N 23% 2.6 gfem’

clay

rock

100

80

60

40

20

Passed percent %

0 Ll Ll Ll 111l TR |
0.001 0.01 0.1 1 10 100

Particle Size mm

Figure 8. Curves of soil and rocks.
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3.3. Testing Results

Table 2. Testing scheme of soil-rock mixtures.

In Situ Samples

Remade Samples

Rock Rock
Number Content Number Content
I-1 18.4 R-0-1/2/3/4/5 0%
1-2 18.7 R-1-1/2/3/4/5 10%
1-3 20.3 R-2-1/2/3/4/5 20%
1-4 25.2 R-3-1/2/3/4/5 30%
-5 25.9 R-4-1/2/3/4/5 40%
1-6 329 R-5-1/2/3/4/5 50%
1-7 33.7 R-6-1/2/3/4/5 60%

9 of 20

According to the test scheme described in Section 3.2.2, the strength of the soil-rock mixture
sample was tested, and the test results are shown in Figures 9 and 10.
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Figure 9. Cohesion results of soil-rock mixtures

(b) cohesion results of Kalender et al. [8].
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Figure 10. Internal friction angles’ results of soil-rock mixtures.

1 ]
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: (a) cohesion testing results of soil-rock mixtures;

According to the average cohesion of soil-rock mixtures shown in Figure 9a, it can be found
that, with the increase of rock content, the average cohesion decreases, and the tendency is similar to
the results of Kalender et al. [8]. Cohesion reflects the mutual attraction between substances, and its
value is affected by the type of particles, particle size, and the filling medium (water, etc.). In soil-rock
mixtures, with the increase of rock content, in the unit volume, more and more space was occupied by
rocks, and the larger size of the rocks (greater than 2 mm) and the different material structure from the
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soil are not conducive to the formation of cohesive force, so the cohesive force in the soil-rock mixture
gradually decreased with the increase of rock content [7,40,41].

Comparing the cohesion of soil-rock mixture with the same rock content in triaxial tests, it can be
found that, with the same material and test conditions, the cohesion parameters of soil-rock mixture
are not exactly the same but distributed in a certain range, and the scatter range of results increases
with the increase of rock content. The reasons are as follows: the size, shape, distribution, and sampling
error of the mixtures make it difficult to prepare the same mixture sample. Therefore, the cohesion of
the mixture in the remade sample is scattered, meaning it is distributed in a range. The scattering of
this cohesive force distribution also appears in the in situ samples. According to the test results of in
situ drilling, the cohesive force of soil-rock mixture is also distributed scatteredly, when the content of
rock is similar, and this can be explained by the heterogeneity of geological formations [8]. Therefore,
combining Xu's studies [2,8,11], in the premise of suitable rock size, it can be speculated that, in nature,
the strength of soil-rock mixture is also distributed scatteredly. Hence, in order to evaluate the stability
of soil-rock slopes more accurately, the cohesive force of soil-rock mixture should be a range rather
than a fixed value.

Figure 10 reflects the test result of internal friction angle of soil-rock mixtures. It can be seen
from the figure that the internal friction angle of soil-rock mixture gradually increases with the
increase of rock content, and the increasing tendency is similar to Kalender et al. [8]. Internal friction
angle is an important parameter of strength of soil-rock mixture, and its value is determined by the
friction characteristics of particle surface, the inter-lock effects between particles, and the strength of
particles [2,12,42]. With the increase of rock content, the number and volume of the rocks in the unit
volume gradually increase, and the higher strength and inter-lock effect [5] of the rocks gradually play,
showing a larger internal friction angle. The strengthening effect of internal friction angle should be
considered when analyzing the stability of the soil-rock mixture slope.

Comparing the test results of internal friction angle of soil-rock mixture with the same rock content,
it can be found that the internal friction angle parameters of soil-rock mixture are not exactly the same
under the same material and test conditions, but are distributed in a certain range. The dispersion
of this internal friction angle distribution also appears in the in situ samples and soil-rock mixtures
in nature. The corresponding reason is related to the size, shape, distribution, and sampling error of
soil-rock mixtures. Hence, in order to evaluate the stability of soil-rock slopes more accurately, the
internal friction angle of soil-rock mixture should be a range rather than a fixed value.

4. Comparison with Liu’s Method

In 2018, Liu et al. [3] studied the stability of soil-rock slopes and proposed a calculation method
for the stability of soil-rock slopes, considering the distribution characteristics of rocks. In Liu’s
method, they established soil-rock slope models, considering rock size and shapes, and then the
strength parameters of soil-rock mixtures were divided into soil and rocks, respectively, and ignored
the strength scatter characteristic of soil-rock mixtures and interaction between soil and rock. To better
estimate the stability of the soil-rock slope in Zhenjing, the Monte Carlo method (this article) and
Liu’s method were all used, and the corresponding calculating parameters and results are shown in
Tables 3 and 4, respectively. Table 3 details the rock content (which is Volumetric Block Proportion,
and VBP = 0.9 MBP) of the randomly generated soil-rock slope, the calculation time, and the safety
factor, in which the size range of the rock is set between 1 and 3 m. Figure 11 shows the development
path of the plastic belt (sliding belt) [3,16,27] of the soil-rock slope under six specific examples.

Table 3. Calculation model parameters of Liu’s method.

Number VBP Time (s) Safety Factor Number VBP Time (s) Safety Factor
C-1 22.50% 163 1.172 C-4 22.40% 140 1.238
C-2 22.00% 135 1.25 C-5 23.10% 149 1.266

C-3 22.50% 128 1.164 C-6 22.80% 146 1.227
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Table 4. Calculation model parameters of the Monte Carlo method.

Cohesion Internal Standard Standard Deviation Repeated Safety Standard
Number (kPa) Friction Deviation of of Internal Friction Time (s) Times Factor Deviation of
Angle (°)  Cohesion (kPa) Angle (°) Safety Factor
D-0 7.3 26.4 0 0 47s 1 0.929 0
D-1 7.3 26.4 0.9 1.05 953 50 0.937 0.00959
D-2 7.3 26.4 0.9 1.05 965 50 0.965 0.01131

Details: Mass Block Proportion (MBP) = 25%, Ux = Uy = 0.5 m.

Results of C-1
Fos:1.172

Results of C-3
Fos:1.164

Results of C-2
Fos:1.250

(a) (b) (c)

Results of C-5
Fos:1.266

Results of C-6
Fos:1.227

Results of C-4
Fos:1.238

(d) (e) ()

Figure 11. The stability analysis results of the soil-rock slope with Liu’s method: (a) calculation
results of C-1; (b) calculation results of C-2; (c) calculation results of C-3; (d) calculation results of C-4;
(e) calculation results of C-5; and (f) calculation results of C-6.

It can be seen from Table 3 that, in Liu’s calculation method, the average calculation time of a
single model is 143.5 s, and 80% of the time is spent on generating the soil-rock slope model. The
average safety factor of the slope is 1.2195, the minimum value is 1.164, and the maximum value is
1.266. It can be seen from the calculation results that, according to Liu’s calculation method, the slope
should be stable, which means there should be no landslide, which is contradictory to the real slope
that had experienced a landslide.

The stability of the soil-rock slope was studied by the Monte Carlo method and the specific model
parameters, and calculation results are shown in Table 4 and Figure 12.
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Figure 12. Results of soil-rock slope analysis of the D-1 group obtained by the Monte Carlo method:
(a) cohesion distribution picture; (b) internal friction angle distribution picture; and (c) slope plastic
belt picture.

As shown in Table 4, three sets of calculation models, namely D-0, D-1, and D-2, were set respectively.
The D-0 group did not consider the dispersion of cohesion and internal friction angle. The calculation
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time was 47 s, and the safety factor was 0.929. In D-1 group, the strength parameters of soil-rock mixtures
were considered to be scattered according to testing results and ignored the strengthening effect of the
rock strength on the slope. The calculation time was 953 s, the number of repetitions was 50, and the
obtained slope safety factor was 0.937. In the D-2 group, the strength parameters of soil-rock mixtures
were considered to be scattered, and some mixtures’ strength were changed to rock’s strength (c = 1000k
Pa and ¢= 40°) for considering the effect of rock to slope. The calculation time was 965 s, the number of
repetitions was 50, and the obtained slope safety factor was 0.965.

Figure 12 shows an example in the random calculation process of the D-1 group of soil-rock mixture
slope. It can be seen from Figure 12a that the cohesion of materials in the soil-rock slope is non-uniform
and distributed randomly within the range of 5.33~9.59. It can be seen from Figure 12b that the internal
friction angle of materials in the soil-rock slope is non-uniform and distributed randomly within the
range of 24.21~28.87. Figure 12c shows the plastic belt of the soil-rock slope in this case.

Figure 13 shows an example in the random calculation process of the D-2 group of soil-rock
mixture slope. It can be seen from Figure 13a that the materials in the soil-rock slope are not uniformly
distributed (3.98~1000 kPa), and this is mainly reflected in the strength of soil-rock mixture and rocks.
It can be seen from Figure 13b that the materials in the soil-rock slope are not uniformly distributed
(26.00~40.00°). Figure 13c shows the development path of the plastic belt of the soil-rock slope
considering the random distribution of the strength of soil-rock mixtures and rocks.

Cohesion (kPa) Internal friction angle (* )

1000.00 Results of D-2

Fos:0.965
Standard deviation:0.01131

Resulis of D-2
Fos:0.965
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Figure 13. Results of soil-rock slope analysis of the D-2 group obtained by the Monte Carlo method:
(a) cohesion distribution picture; (b) internal friction angle distribution picture; and (c) slope plastic
belt picture.

Figure 14 shows the relationship between the calculated safety factor and the calculated times of
the soil-rock slope of D-0, D-1, and D-2 groups. The same random distribution array is used in the
D-1 group and the D-2 group, and the difference between the both groups is in distribution points of
rocks. It can be found from Figure 14 that the safety factor of the soil-rock mixture slope calculated in
the D-2 group is always higher than that of the D-1 group soil-rock mixture slope. The reasons are
mainly related to the “obstruction” effect of the rocks on the development path of the plastic belt [3,16],
specifically the extension of the plastic-belt development path, change of the development direction,
and adjustment of development path width.
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Figure 14. Stability results of soil-rock slope of D group obtained by the Monte Carlo method.
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Figure 15 shows the safety factor statistical results of the soil-rock slope in D-1 and D-2 groups.
It can be found from Figure 15 that the two sets of statistical results conform to the characteristics
of normal distribution basically, but the distribution frequency of the D-2 group at low Factor of
safety (Fos = 0.943, Frequency = 4) is larger than that of the D-1 group (Fos = 0.917, Frequency =
2). In addition, the standard deviation of D-2 (0.01131) is greater the D-1 (0.00959); hence, it can be
concluded that slope stability analysis considering the rock strength (group D-2) will lead to greater
analysis scatter error than only considering the non-uniformity of soil-rock mixtures (group D-2).

[ I Results oI D-2

[ I Results of D-1

Frequency

0.95 0.96 0.97
Tos

(b)

Figure 15. Statistical results of safety factors of D group obtained by the Monte Carlo method. (a) Results
of group D-1; (b) results of group D-2.

Comparing the calculation results of D-0, D-1, and D-2, it can be found that the safety factor with
Liu’s method is always higher than 1.164, which means the slope is safe; the safety factors obtained
in D-1 and D-2 by the Monte Carlo method are 0.937 and 0.965, respectively, which means the slope
is dangerous. Considering that the slope has been destroyed, it is recognized that the D-1 and D-2
groups are more in line with the actual situation of the slope. Through analysis, this can be explained
by the fact that Liu’s method only considers the strengthening effect of rocks to slope and ignores the
scatter characteristic of soil-rock mixtures and interaction between soil and rock; hence, Liu’s method
overestimates the stability of the soil-rock slope.

By comparing the calculation time of the three models, we can find that the calculation time of
the D-0 single model is 47 s, the calculation time of the D-1 single model is 19s, and the time of the
single model of D-2 group is 19.3 s. In terms of time consumption, the algorithm in this paper is
more economical.

5. Slope Stability Analysis, Considering Rock Content

Rock content is an important parameter for stability analysis of soil-rock slopes, so the slope
stability considering different rock content was studied by the Monte Carlo method. According to the
different analyzing models, three groups (W, T, and R) were created, and the rock contents were set
from 0% to 60% in each group. The specific model parameters for each analyzing model are shown
in Tables 5-7. In group W, the cohesion and internal friction angle of soil-rock mixtures at different
rock content were set as a specific value, which was the average value of triaxial testing results. In
group T, the strength parameters of soil-rock mixtures were considered to be scattered, and the scatter
range gradually increased with the increase of rock contents, according to testing results. In group R,
the strength parameters of soil-rock mixtures were considered to be scattered, and some mixtures’
strength was randomly changed to rock for considering the effect of rock to slope.

Table 5 shows the model parameters of group W, which only consider the average strength
parameters of soil-rock mixtures; Table 6 is the model parameters of group T, which consider the
scatter strength of soil-rock mixtures; Table 7 is the model parameters of group R, which not only
consider the scatter strength of soil-rock mixtures but also consider the strengthening effects of rocks
to soil-rock mixtures.
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Table 5. Parameters of group W.

Number MBP Cohesion (kPa) Internal Friction Angle (°) Safety Factor
W-0 0% 14.1 21.5 1.019
W-1 10% 115 23.3 0.992
W-2 20% 8.6 24 0.898
W-3 30% 6.2 28.7 0.953
W-4 40% 4.0 33 0.973
W-5 50% 3.1 36.4 1.031
W-6 60% 2.4 39 1.063

Table 6. Parameters of group T.

. Internal Standard St;fnc.lard Average
Cohesion . .. Deviation of Standard
Number MBP Friction Deviation of A Safety ‘o
(kPa) o . Internal Friction Deviation
Angle (°) Cohesion (kPa) Anele Factor
ngle (°)
T-0 0% 14.1 215 0.3 0.3 1.019 0.00312
T-1 10% 11.5 23.3 0.6 0.6 0.9914 0.00461
T-2 20% 8.6 24 0.8 0.9 0.8999 0.00597
T-3 30% 6.2 28.7 1.0 12 0.9479 0.01262
T-4 40% 4.0 33 1.2 15 0.9678 0.02470
T-5 50% 3.1 36.4 14 1.8 1.02 0.03866
T-6 60% 24 39 1.6 2.1 1.053 0.04056
Table 7. Parameters of group R.
. Internal Standard Standard Deviation - Average
Number MBP C(()ll(lle;zl)on Friction Deviation of of Internal Friction Pr:f Iizlllity Safety ]S)t:‘r;i(;:ir:)in
Angle (°)  Cohesion (kPa) Angle (°) Factor
R-0 0% 14.1 215 0.3 0.3 0% 1.019 0.00312
R-1 10% 11.5 23.3 0.6 0.6 10% 0.9968 0.00391
R-2 20% 8.6 24 0.8 0.9 20% 0.9022 0.00666
R-3 30% 6.2 28.7 1.0 1.2 30% 0.9623 0.00934
R-4 40% 4.0 33 12 15 40% 0.9912 0.02525
R-5 50% 3.1 36.4 1.4 1.8 50% 1.034 0.04049
R-6 60% 24 39 1.6 2.1 60% 1.076 0.04573

Details: The cohesion of rock is 1000 kPa, and internal friction angle of rock is 40°.

Figure 16 shows the relationship between the safety factor of the soil-rock mixture in groups W, T,
and R and rock content, and it can be found that, with the increase of rock content, the safety factors of
slopes increases when rock content is in 0%~20%, and then decreases when the rock content is larger
than 20%, in which the minimum safety factor was obtained at 20% rock content.

L2 0, Results of group W

:_ —=— Results of group T
r —+ Results of group R

104 | /

1.08

| '\

096 F =

092 |

0.88 I R |— T R RS R |
0% 10% 20% 30% 40% 50% 60%

Figure 16. Variations of safety factor of groups W, T, and R to rock contents.

Comparing the calculation results of the W, T, and R groups, it can be found that, when the rock
content is less than 20%, the calculation results of the three calculation methods are similar. When the
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rock content is more than 20%, the calculation result of the R group is higher than that of the W and T
groups; when the rock content is greater than 30%, the calculation result of the W group is larger than
the calculation result of the T group. The explanation for these results is that, when the rock content is
more than 30%, the scatter strength of soil-rock mixtures leads to the reduced characteristic of safety
factor of the soil-rock slope. In other words, the slope is prone to landslides; hence, the safety factor of
group T is smaller than that of group W. When considering the strengthening characteristic of rocks
and slope stability, rock distributions will affect the development path of plastic belt in the slope, which
is active to improve the stability of slope, so the safety factor of group R is greater than that of group W.

It can be seen from Figure 17 that, when the rock content is less than 30%, the standard deviation of
the safety factor of the slope increases slowly; when the amount of stone is more than 30%, the standard
deviation of the safety factor of the slope increases rapidly. Therefore, when analyzing the stability of
soil-rock slopes with the rock content higher than 30%, the reliability of the applied analysis parameters
should be noted.

0.05
—@— Standard deviation of D-1

—&— Standard deviation of D-2

0.04

0.03

0.02

0.01

0% 10% 20% 30% 40% 50% 60%

0

Figure 17. Variations of Standard deviation of groups T and R to rock contents.

6. Discussion About Stability Estimation of the Soil-Rock Slope

6.1. Discussion About Characteristic Parameters of the Soil-Rock Slope

In the geological survey process, many methods can be used to obtain the characteristic parameters
of the soil-rock mixture slope. The three typical methods (shown in Figure 18) are drill sampling,
photography for landslides, and scanning by X-ray.

(b)

Figure 18. Feature recognition methods of soil-rock slope: (a) In situ sampling [8]; (b) photography for

soil-rock mixtures [18]; and (c) scanning by X-ray [4].
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Drill sampling [8] is a commonly used geological survey method. The soil can be directly taken
out by drilling. This method not only obtains the most original parameters of materials but also
determines the mixing content, distribution, and shape characteristics of rocks in the soil-rock slope,
according to the characteristics of soil and rocks in the drilling-hole samples.

Photography for landslides [12,13] (shown in Figure 18b) is based on the failure surface pictures of
soil-rock slopes, to obtain some characteristic parameters of soil-rock slopes, such as rock shapes, sizes,
and distribution characteristics, and so on. Then, according to the obtained characteristic parameters,
the stability of soil-rock slopes can be analyzed.

Scanning by X-ray [4,43] can identify the internal characteristics of the rocks inside the slope
without damage. On the basis of scanning images, the rocks” and cracks’ locations in soil-rock mixtures
are obtained directly, which is meaningful for evaluating the mechanical properties of soil-rock
mixtures and establishing soil-rock slope models. Huge investment in the early stage leads to less
appliance of the stability analysis of the soil-rock slope, and this method is generally used in model
tests or estimations of soil-rock mixtures.

6.2. Discussion on the Applicability of Analytical Methods

There are many methods for analyzing the stability of soil-rock slopes, which are mainly divided
into four categories: (1) homogenized soil slope model that the material strength in slope is mainly
controlled by soil; (2) homogenized soil-rock slope model that the material strength in slope is related
to soil-rock mixtures; (3) a slope model considering the strengthening effect of the rocks; (4) and a slope
model considering the dispersion of the strength of the soil-rock mixture. The details for analyzing the
soil-rock slopes by these models are as follows.

Homogenized soil slope models [8,44]: The stability of the soil-rock slope is recognized by a
combination of results of uniform soil slope and the corresponding reducing or increasing coefficient.
In this method, the reducing or increasing coefficient is based on engineering experience, leading to
lower reliability of analyzing results.

Homogenized soil-rock slope model considering soil-rock mixture strength [8,18]: This method
considers the soil-rock mixture as homogeneous material. According to the obtained soil-rock mixture
strength parameter as the main parameter of slope stability analysis, the method has poor applicability
to slopes containing large rocks, and the dispersion of the strength of the soil-rock mixture material
cannot be considered.

A slope model considering the strengthening effect of the rocks [3,13]: This method establishes
the corresponding rock feature unit in the analysis model and fully considers the effect of the rock
content on the slope stability improvement, but the method ignores the weak soil-rock interface and
often overestimates the stability of the soil-rock slope.

A slope model considering the dispersion of the strength of the soil-rock mixture: This method is
based on a Monte Carlo algorithm, which can simultaneously consider the influence of soil-rock mixture
strength scatter, weak soil-rock interface (by adding low strength material), and rock strengthening
features on slope stability (by adding high strength material) and obtain the stability of the soil-rock
mixture slope by statistical method. The calculation results are more reliable.

Combined with the analysis results of the stability of the soil-rock mixture slope in Section 4, this
study aimed to calculate the soil-rock slopes with different sizes and puts forward some suggestions
for the stability analysis of soil-rock slopes.

(1) In the process of sampling for stability analysis of soil-rock slopes, it is advised to survey in
the main affecting area first, and then survey in the secondary affecting area. The definition of
affecting area is shown in Figure 19, that L is the basic length [3,16]. In this process, L is the
horizontal length of plastic belt to slope top in homogeneous soil slope models, and L is 4 m in
the article.

(2) When the rock size is 0.1~0.4 Ls (Ls is the width of slope) in the main affecting area, it is advised
to use analysis models with the Monte Carlo method, considering the strengthening effect of
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rocks. When the soil-rock slope is more easily affected by rainfall, traffic load, and other factors,
it is advised to use analysis models with the Monte Carlo method, considering the scatter strength
of soil-rock mixtures. When the soil-rock interface is weak, it is advised to use analysis models
with the Monte Carlo method, considering the weakening effects of soil-rock interface area.

L=4m L=4m

Main affecting area

Figure 19. Area division diagram of soil-and-rock-slope area.

7. Conclusions

Based on the Monte Carlo method, a stability analysis method for soil-rock slopes considering

the scatter strength characteristics of soil-rock mixture was presented in this paper. Through the
comparison with Liu’s algorithm, the superiority of the algorithm in the slope stability analysis of

soil-rock mixture was illustrated. The influence of the rock content on the stability of soil-rock slopes

was studied by the algorithm, and the application process of the algorithm to the stability analysis of
soil-rock slopes is put forward.

1)

2

®)

@)

®)

The Monte Carlo method and its application in stability analysis of soil-rock slopes are introduced
in detail.

Based on the strength of soil-rock mixtures arising from the in situ samples and remade samples,
the scatter characteristic of cohesion and internal friction angle for soil-rock mixtures were proved,
and it can be concluded that the cohesion reduces with the increase of rock content, and the
internal friction angle increases with the increase of rock content.

Through comparing with the failed slope and Liu’s method for analyzing the stability of soil-rock
slopes, it was proved that analyzing the soil-rock slope with the Monte Carlo method is reasonable
and economical.

The stability of the soil-rock slope, considering strengthening effect of rocks to slope and different
rock contents, was studied, and the results show that with the increase of rock content, the stability
of the soil-rock slope reduces first and then increases, and the minimum value was achieved at
20% rock content. When the rock content is over 30%, the soil-rock slope achieves the largest
safety factor, when considering the strengthening effect of rocks, and achieves the smallest safety
factor when considering the scatter strength of soil-rock mixtures.

Based on a large number of examples and existing documents, the investigation area for the
optimum parameter characteristics of soil-rock mixture in slope stability analysis is proposed.
Taking these into account, the chosen models were put forward for different situations, to study
which situations are suitable for analysis models, considering the weak soil-rock interface area
and the strengthening effect of rocks.

It should be noted that, in this paper, a Monte Carlo approach was used to estimate the stability of

soil-rock slopes, only considering the non-uniformity of materials. In order to better serve the project
about soil-rock slope reinforcement, the stability of soil-rock slope considering anchors, netting, piles,
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or geo-grids should be studied. In the forthcoming study;, it is a good way to check the accuracy of
Monte Carlo method by comparing its results of soil-rock slope with other methods, such as artificial
neural networks.
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