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ABSTRACT:

In this paper, a Monte Carlo simulation used
to analyze probabilistic slope stability. The results
including: probabilistic slope failure and reliability
index with respect to factor of safety under the
effects of uncertainties in the parameters of soil
properties. Base on this informations,
geotechnical engineers how to get optimal designs
to prevent slope failure. In addition, the purpose of

this paper is to show that standard deviation of soil
properties can be applied in simple ways, without
more data, time, or effort than are commonly
available in geotechnical engineering practice.
Applying Monte Carlo simulation to evaluate
probabilistic slope stability on route Nha Trang -
Da Lat.
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1. INTRODUCTION

To promote economic-social development between
Khanh Hoa and Lam Dong provinces, cooperate to
develop tourism between the Nha Trang and Da Lat
cities, the goverment of two these provinces agreed to
open new route from Nha Trang to Da Lat 131.5 km in
length (shorter route Nha Trang - Phan Rang - Dalat
about 90 km) on march 29™, 2002. The route was started
to construct on April 20™, 2014 and put to service on
April 27t 2007. The route includes two DT723 and
DT652 provincial roads connecting together, DT723
provincial highway is from Highway 20 through the Lac
Duong district and Da Lat city (Lam Dong), DT652
provincial highway passes through Khanh Vinh Dien
Khanh the districts (Khanh Hoa) and connect to the
national Highway 1A.

Due to high terrain, steep slopes and complexly
geological structures the severe landslides are regular
occurring along this route, destroy roads, cause traffic

jams and threaten to the safety of persons and vehicles
when in traffic, especially during the rainy season every
year. Currently, under climate change, landslide hazard
occur on this route increasing both the frequence and
scale.

The studying of prevention and mitigation of damage
caused by the landslide hazard on this route has been
interested by local government in recent years. The
Department of Science and Technology of Khanh Hoa
in collaboration with the Division For Water Resources
Planning And Investigation For The Central Region of
Vietnam to implement the project "Studying geological
conditions, hydrology in moutainous Khanh Son and
Khanh Vinh districts. Proposing solutions to construct
works of sustainable transportation and irrigation” from
2009 to 2011. The project was initially given the basic
causes and solutions to prevent landslides on the route
of Nha Trang - Da Lat.
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According to the classical approach (limiting
equilibrium methods), the slope stability analysis is
based on the determining factors of safety
corresponding to the physical-mechanical parameters of
soil at a specific time and space. As a result, the slope is
considered safe only if the calculated the factor of safety
clearly exceeds unity, whereas, it is unstable. Do not
consider temporal and spatial variability of soil
properties, such as bulk density, angle of internal
friction, cohesion and pore water pressure as well as
geological details missing in the exploration program,
testing errors, model uncertainty reflecting the inability
of the simulation model, design technique or empirical
formula to represent the true physical behavior of the
system, such as the calculation of the safety factor of
slopes using limit equilibrium methods and many other
relevant factors, therefore affecting the accuracy of the
safety of factor [1]. The safety of factor determined by
the classical method is relative, not quantify the degree
of slope stability and not be economical.

To overcome these limitations, using the Monte Carlo
simulation to analyze the probability of slope stability
is a reasonable choice, the calculated results conform to
reality and optimize in the design of the retaining works
[1, 2].

2. MOTE CARLO METHOD

The probabilistic approach applied to slope stability
analysis allows to consider the impact of the variation
of the input parameters as well as its affects to the
probability of failure of the slope. Monte Carlo
simulation consists of the following steps [1, 3, 4]:

Determine the slope geometry and determine the
probability  distribution  function for physical-
mechanical parameters of soil.

Search for the critical slip surface and factor of safety
using limit equilibrium methods, such as modeling
Ordinary, Bishop, Janpu, Spencer, Morgenstern-Price
or finite element stress method based on average values
of the input parameters. Once the critical slip surface
and the uncertainties of soil properties are known (or
assumed), the probability and reliability analysis can be
performed.

Determine randomly the next set new values for the
parameters basis on theirs the assigned probability
distribution and determine multiple times safety of
factor.

Then the factor of safety for each set can be
calculated using any limiting equilibrium method or
finite element stress method. Accordingly, the mean,
the standard deviation and the associated probability
distribution of the factor of safety are determined.
Finally, the reliability index and the probability of
failure with respect to the factor of safety lower than one
can be calculated.

Specify the slope geometry

v

Specify the probability distribution for soil properties

v

Search for the critical slip surface and its associated
factor of safety using limiting equilibrium methods

v

Generate sets of soil properties using Mote Carlo
simulation

v

Calcualte the safety factor for each set of the generated
soil prameters

v

Determine the probability distribution of the calculated
safaty factors and its parameters

v

Calculate the probability of failure and the reliability
index

Fig. 1. Schematic representation of methodology used

2.1. Uncertain soil parameters

Many researchs are assumed a normal distribution for
the parameters of soil properties (Lumb, 1966; Matsuo
and Kuroda, 1974; Tobutt, 1982; Tan, Donald and
Melchers,1993). Choice of parameters does based on
level degrees of the variability of parameters and level
degrees theirs affects to safety factor. According to
Christian  (1994) and Lumb (1996), significant
parameters uncertainties of soil properties in slope
stability analysis including unit weight (), angle of
internal friction (¢) and cohesion (c). Therefore, in this
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study the parameter y, ¢ and ¢ were selected for
analysis. Each parameter is required statistics to
determine the mean value (u), standard deviation (o) as
well as correlation coefficient (r) between ¢ and c. Most
current statistical software utilities are available for
calculating the statistics.

2.2. Standard deviation

If the number of statistical samples are large enough,
the standard deviation (o) is determined by the formula
(1). Whereas, the standard deviation can be determined
by the formula (2) or (3) [5].

()
o = cov(X)u 2
o = Jmax ~ Xmin @)

6

Where: x; is the i th value of the parameter x; X is the
average value of the parameter x; n is the sum of
statistical samples; cov(x) is the coefficient of variation
on experience (Table 1); Xmax, Xmin are the largest and
smallest values of the parameter x.

Table 1. Values cov on experience of the various authors

Authors ooV
¢ ® 4

Harr (1984), Kulhawy 0,02-0,13 0,03 -0,07
(1992)
Schultze (1971) 0,053
Phoon (1995) 0,05-0,11
Sand 0,15-0,5
Clay 0,04 - 0,23
Mud
Lumn (1996) 0,16 - 0,32
NEN (1997) 0,2 0,1
Geodelf (1998) 0,2 0,1
JCSS (2002) 01-05
Baecher va Christian (2003)
Sand 0,05-0,15
Clay 02-05 0,12 - 0,56
Babu (2004) 0,125-0,4
Bakker (2004) 0,275

2.3. Correlation coefficient

The correlation coefficient (r) represents close
relationship between ¢ and ¢ defined by the formula (4).
The correlation coefficient is always ranges from -1 to
1. However, laboratory tests on range of soil types
showed that the shear strength parameters ¢ and c are
often negatively correlated with correlation coefficient
ranges from -0.72 to 0.35 (Lumb, 1970; Grivas, 1981
and Wolff, 1985). When the positive correlation
coefficient, ¢ and c are positively correlated implying
that lager values of ¢ are more likely to occur with lager
values of ¢. Similarly, when the negative correlation
coefficient, ¢ and c are negatively correlated and
reflects tendency of a lager value of ¢ to occur with a

smaller value of ¢. A zero correlation coefficient
implies that ¢ and c are independent parameters (or
uncorrelated). Correlation between strength parameters
may affect the probability failure of a slope.
Furthermore, the assumption of independent
(uncorrelated) soil properties (¢, ¢ and y) is reported by
various researchers (Matsuo and Kuroda, 1974; Matsuo,
1976; Yucemen et. al, 1985; Dettinger and Wilson,
1981; Chowdhury and Xu, 1993; Christian and et. al,
1994), or correlation between strength parameters is
negligible (Lamb, 1970, 1974).

r— 2.(x-%)(¥i-Y) @
-0 Y (v -y
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Where: xi, yi are the ith values of the parameters x and
y; X V are the average values of the parameters x and

y.
2.4. Reliability index

Reliability analysis is used to assess uncertainties in
engineering variables such as the factor of safety of
slope stability. The reliability index () (5) is often used
to express the degree of uncertainty in the calculated
mean factor of safety (FSmean).

B = FSmean -1 (5)
O
Reliability index depends on the standard deviation
and directly proportional with the probability failure.
The smaller the probability failure is the higher
reliability index is and vice versa. Reliability index can
also be expressed by the following formula [6]:

FS -1
B - mean ©)
FSmean Cov(FS)

From (6), it is easy to select design values of FSmean
that have the same reliability index. For example, to

achieve S of 2, when cov(FS) is 0.2, the computed
FSmean must be 1.67, but, when cov(FS) is 0.1, the
computed FSmean Need be only 1.25. Thus, the reliability
index expressed in terms of the coefficient of variation
of the factor of safety provides an internally consistent
criterion for design.

3. APPLICATION

Using the Monte Carlo method was integrated in
Slope/W of the software Geostudio 2004 to analyze
probability failure of four slopes VS26, VS69, VS87
and VS352 along the route, each slope is made up of one
of three soil types following: sandy clay, sandy clay
mixed with gravel and clayey sand mixed with gravel
which is original from eluvi, deluvi and proluvi overlay
the slightly weathered granite or the slightly weathered
rhyolite. At position of slopes, the groundwater table is
very deep or no groundwater [7]. The soil properties in
the calculation include uncertain parameters as ¢, ¢ and

Fig. 2. The landslide locations on routes Nha Trang - Da Lat

Table 2. Location, soil type and geometry of slope analysis

Coordinate (VN2000)
No Slope " » Soil type High slope (m) Sz‘g’:giggle
1 VS26 551881 1347492 Sandy clay mixed with gravel 18 60
2 VS69 563209 1356763 Clayey sand mixed with gravel 20 60
3 VS352 567001 1365256 Clayey sand mixed with gravel 6 43
4 VS87 569414 1355284 Sandy clay mixed with gravel 6 60
4. RESULTS

Case 1: o andr values are determined according to the survey data [7], the analysis for all four slopes
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Table 3. The statistical parameters of soil obtain from survey results

i 7 (KN/m?3) ¢ (Degree) ¢ (kPa)
Soil type r
H o H o H o

Sandy clay (epdQ) 17.38 11 15.92 1.0 20.77 41 -0.03
Sandy clay mixed with 17.98 12 18.25 10 17.25 2.7 0.13
gravel (epdQ)

Clayey sand mixed with 17.29 14 17.38 29 15.25 29 012
gravel (epdQ)

Table 4. Results of case 1 (Fig. 3-14)

Slope
Statistical parameters
VS26 VS69 Vs87 VS352
The mean factor of safety, FSmean 0.67 0.59 112 1.42
Reliability index, -6.40 -5.20 0.97 2.02
Probability failure, P(%) 100 100 16.4 1.84
Standard deviation, o 0.05 0.08 0.12 0.21
The minimum factor of safety, FSmin 0.42 0.24 0.56 0.44
The maximum factor of safety, FSmax 0.87 9.40 1.64 2.25
Number of Mote Carlo trials 1500 1500 1500 1500

Probability Distribution Function Probability Density Function
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Fig. 3. The probability distribution curve (VS26) Fig. 4. The normal distribution curve (VS26)
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Fig. 5. The probability distribution curve (VS69) Fig. 6. The normal distribution curve (VS69)
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Fig. 7. The probability distribution curve (VS87)
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Fig. 9. The probability distribution curve (VS352)
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Fig. 11. Slip surface (VS26)
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Fig. 12. Slip surface (VS69)
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Fig. 13. Slip surface (VS87) Fig. 14. Slip surface (VS352)

Case 2: o values are calculated by the formula (2), 0.05; r as -0.5 (Lumb, 1970; Grivas, 1981 and Wolff,
basis on the experience of the authors in Table 1: 1985), applying for the two slopes VS87 and VS352.
averaged cov of ¢ and c as 0.25; averaged cov of yas

Table 5. The statistical parameters of soil base on the experience of the authors

3 -

Soil type ¥ (KN/m?) o (dd) ¢ (kPa) r
K o [ o [ c

Sandy clay mixed with 17.98 1.0 18.25 46 17.25 43 -0.5

gravel (epdQ)

Clayey sand mixed with 17.29 10 17.38 43 15.25 38 05

gravel (epdQ)

Case 3: Statistical parameters |1, o are the same in case 2, but r =0, applying for the two slopes VS87 and VS352.

Table 6. Results of case 2, 3 (Fig. 15-20)

Slope
Statistical parameters Case 2 Case 3
Vs87 VS352 Vs87 VS352
The mean factor of safety, FSmean 112 142 112 142
Reliability index, 0.57 1.58 0.57 1.57
Probability failure, P(%) 29.00 5.47 29.00 5.47
Standard deviation, o 0.21 0.27 0.21 0.27
The minimum factor of safety, FSmin 0.25 0.34 0.25 0.34
The maximum factor of safety, FSmax 2.02 2.49 2.02 2.50
Number of Mote Carlo trials 1500 1500 1500 1500
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Fig. 15. The probability distribution curve (VS87)
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Fig. 17. The probability distribution curve (VS352)
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Fig. 19. Slip surface (VS87)

5. CONCLUSIONS

Comparison of the calculated results for the case 1, 2
and 3 can conclude that:
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Fig. 16. The normal distribution curve (VS87)
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Fig. 18. The normal distribution curve (VS352)
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Fig. 20. Slip surface (VS352)

In the case 1, probability of failure of slopes VS26
and VS69 is 100% because the height and angle of the
slope are exceeding. Slope VS352 has the lowest
probability of failure because the height and angle of
slope are small.
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Slopes composed by clayed sand, sandy clay mixed
with gravel will have a low probability of failure and
high reliability index as the slope angle less than 43
degrees.

The higher standard deviation of the input parameters
is the greater the probability of failure is, although the
safety factor does not change (VS87, VS352). Thus
there is no direct relationship between safety factor and
probability of failure. A slope with a high safety factor
is not necessarily stable if the probability of failure is
large.

Two parameters angle of internal friction ¢ and
cohesion ¢ have a very low correlation or no correlation
with each other (case 2, 3). Due to the uncertainty of the
input parameters (¢, ¢ and y will change a lot with
moisture, especially during the rainy season), slope
stability analysis must include the variation of them
(i.e., the standard deviation).

The more parameters is entered the more trial runs of
Mote Carlo will be used. However, many research

shows that the number of trials is usually in the order of
thousands times to ensure accuracy.

In the probabilistic analysis, to obtain the standard
deviation with high accuracy only if set of samples is
large enough. However, when the sample size is not
large enough the formula (1), (2) can be used.

According to the limiting equilibrium methods, the
same value of the safety factor often is applied for
various slope although probability of stability is
different, this issue is no suitable and wasteful.
Therefore, the selection of design options, construction
works to prevent optimally landslides should consider
the factor of safety in relation to the probability failure
and reliability index.

Probability theory and reliability analysis is an
effective tool in assessing slope stability under the
effect of many random factors.
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Ap dung phwong phap xac suat theo mo
hinh Monte Carlo danh gia én dinh mai doc
trén tuyén dwdrng Nha Trang - Pa Lat (doan
qua huyén Khanh Vinh, tinh Khanh Hoa)

e Nguyén Thanh Danh

e Dau Van Ngo

e TaQuéc Diing

Trwdng Pai hoc Bach khoa, PHQG-HCM

TOM TAT:

Bai bao nay trinh bay phuong phap phén tich
xac suét én dinh méai déc theo mé hinh Monte
Carlo, két qua dat duoc Ia xac sudt phé hiy cda
méi déc va chi sé do tin cay ctia hé sé an toan cé
xét dén sw bién dbi ngdu nhién cda cac tham sé
co ly dét dau vao. Dua vao céc thong tin nay, céc

ky s dia ky thuat cé thé dua ra phung an thiét ké
céc cong trinh phong trénh mét cach téi wu. Thém
vao do, bai béo ciing téng hop va trinh bay céc
phuong phép don gidn dé xéc dinh dé léch chudn,
tng dung xac suét phé hdy va chi sé do tin cay
trong phan tich danh gia dé én dinh mét s6 mai
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déc trén tuyén duong Nha Trang - Pa Lat (Poan
qua huyén Khanh Vinh, tinh Khanh Hoa).

Tir khéa: M6 hinh Monte Carlo, én dinh mai déc, hé sé an toan, chi s6 d tin cay.
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