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ABSTRACT

Rainfall-induced landslides have frequently occurred in the mountainous provinces of Vietnam, causing
significant socioeconomic consequences. Therefore, landslide studies should be carried out systematically,
including at regional and local scales. The stability evaluations for each slope address two types of problems:
1) calculating stability to assess the evolution of a landslide process in response to a change in landslide
triggers; 2) evaluating the dynamics of changes in slope conditions in response to a change in landslide triggers.
The widespread application of advanced models has significantly enhanced the accuracy and reliability of slope
stability evaluation results. In this study, a 3D probabilistic analysis model was developed to investigate the
behavior of a slope under the effect of heavy rainfall in Trung Chai commune, Sapa, Vietnam. The stability of
the examined slope is indicated by the relationship between the factor of safety (FS = 1.258 + 0.901), the
probability of failure (PF = 3.2 + 80.6%), and the pore water pressure (Ru = 0 + 0.286). In addition, the
reliability index (RI) was determined to be an essential factor in assessing slope stability. Since the Sapa district
is located in a seismic zone, earthquakes may trigger landslides. Therefore, this study established the
relationships between the seismic coefficient and FS value, as well as the seismic coefficient and pore water
pressure. Based on the study findings, we propose that slope stability analysis reports include the additional PF
and RI values. In addition, it is critical to establish a standard for the reliability index, which will be used to
assess the probability of failure for different projects.

Keywords: slope stability, rainfall-induced landslide, probabilistic analysis, limit equilibrium method, Sapa

1. Introduction

Along with regional and local landslide hazard/risk assessments, slope stability studies are critical
components of landslide studies because they provide a more in-depth understanding of the nature and
mechanism of the landslide process. Characterized by a tropical monsoon climate, Vietnam has experienced
numerous rainfall-induced landslides. Therefore, improving our knowledge of the landslide process is crucial
for mitigating damage and promoting the sustainable development of infrastructure and communities. Rahardjo
etal. (2007), when studying the instability of uniform soil slopes under precipitation, showed the predominance
of soil properties and rainfall intensity over the initial groundwater table position and slope geometry for the
stability of a slope.

Kalinin E. V. (2006), Pendin V. V. and Fomenko I. K. (2015) categorized landslide hazard assessment
methods for a specific site into analogy, physical modeling, and mathematical modeling methods. Qiao et al.
(2020) grouped methods for analyzing slope stability into four categories: qualitative analysis, quantitative
analysis, uncertainty analysis, and machine learning methods. In addition, the analytical, empirical, LEM, and
numerical methods are described as extensively used slope stability study techniques in the "Guidelines for
Open Pit Slope Design™ monograph (John Read & Peter Stacey (eds), 2009).

In the last several decades, numerical modeling methods have been strongly developed owing to their
advantages over other methods. With the introduction of GIS and the rapid development of computer
technology, researchers can build 2D and 3D models that simulate the operating conditions of actual slopes
with the highest degree of accuracy.

In slope stability analysis, the factor of safety (FS), which is generally defined as the ratio of resisting shear
force to driving shear force along a failure surface, is the critical indicator (Oh & Lu, 2015). Errors in
calculating the minimum factor of safety (FS) for slope evaluations may lead to catastrophic slope collapses
and fatalities. For slope stability evaluation, many trial slip surfaces are frequently investigated to determine
the one with the lowest FS value (Mishra et al., 2019). Wang et al. (2020) argue that probabilistic analysis is

* Corresponding author:
Email: duongvanbinh@humg.edu.vn
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gaining popularity because it provides an effective method for considering geotechnical uncertainties
(Fomenko I. K. et al., 2021), which are not considered when calculating FS using deterministic analysis
methods.

This paper shows the results of a slope stability analysis for a landslide event in Trungchai commune, Sapa
district. In this study, a probabilistic model based on the limit equilibrium method was built to investigate the
relationship between precipitation and slope stability. The obtained results include the factor of safety (FS),
probability of failure (PF), and reliability index (RI), which are used to evaluate slope stability and are
suggested for use in studies and the inclusion of slope stability assessment standards in Vietnam.

2. Study area

Trung Chai, located in the northeast of the Sapa district, is one of the communes that has experienced
extensive damage from sediment-related disasters, including landslides. The complex terrain and geological
conditions, the development of terraced rice fields, and infrastructure construction activities create an
environment susceptible to natural disaster occurrences (Dang et al., 2018). In addition, with an average annual
rainfall of more than 2,000 millimeters (Tien Bui et al., 2017), Sapa and Trung Chai are more vulnerable to
these disasters than any other area in Vietnam. The Mong Sen event in Trung Chai commune is a well-known
sliding mass that has been the subject of various studies between 2000 and 2010 (Binh VVan Duong et al., 2022).

The study sliding mass is situated on provincial road 152 between Km 12 + 600 and Km 12 + 900 in the
Trung Chai commune during the construction phase of this route (Figure 1). The images taken by a UAV
revealed cracks on the surface of the sliding block as well as the movement of soil and rock along the road
under construction. The homogenous geological condition of the study area is characterized by the distribution
of high-strength Posen complex rocks (granodiorite, granite, and granite migmatite). The sliding mass has been
formed on a thick, highly permeable soil layer, which is the weathering product of the bedrock layer. Heavy
precipitation on May 31, 2020, has been recognized as the trigger of this landslide event.
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Figure 1. Location of landslide site
3. Data and methods

A 3-D probabilistic slope stability analysis was performed in this study using the program Rocscience Slide
3. To calculate the 3D FS, Slide 3 uses the 3D slope stability method developed by Cheng and Yip (2007),
which extends the Janbu (1954) 2D slope stability approach to 3D. As recommended by Huang et al. (2002),
Cheng and Yip (2007), Slide 3 does not presume a predefined sliding direction; nevertheless, one may be
assigned. Limit equilibrium methods are among the earliest slope stability analysis techniques to be developed
(Azmoon et al., 2021) and have been extensively employed worldwide. Multiple LEMs have been developed,
and the primary distinctions between them are the varied assumptions on the form of the failure surface,
interslice forces, and equilibrium considerations (Pourkhosravani & Kalantari, 2011).

Along with the factor of safety (FS), the probability of failure (PF) and reliability index (RI) are critical
indicators for evaluating slope stability in probabilistic analysis. While the factor of safety value is determined
by a fixed set of parameters, the probability of failure and reliability index values are determined by a variable
set of parameters (random variables). The PF value for assessing slope stability is calculated using the
following equation:
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Number simulations with FS < 1

)

PF (%) =
(%) Total number of simulations

When evaluating slope stability, the reliability index (RI) may be calculated using the following formula:
FS—1.0

RI = 2
o @

The Latin-Hypercube sampling technique (McKay et al., 1979), which employs random numbers to sample
from probability distributions of input data, is frequently used in geotechnical engineering. In this study, a
probabilistic analysis was undertaken using 1000 samples and the Latin-Hypercube sampling technique
because of its accuracy and effectiveness.

The probabilistic analysis model was built in this study using geotechnical data collected from the field
survey and laboratory experiments. A 1-meter DEM obtained from the field survey was used to generate the
probabilistic analysis model. The strength parameters of the soil layer utilized in the analysis model were
determined by the direct shear test, including cohesion (c = 20 kPa) and internal friction angle (¢ = 15.19). In
this study, due to the lack of pore water pressure data, the influence of pore water pressure on slope stability
was evaluated using the pore water pressure ratio (Ru) suggested by Bishop and Morgenstern (1960):

u

Ru="4 ®)

where u — pore water pressure, h — the depth of the point in the soil mass below the soil surface, and y — soil
unit weight. Using data on rainfall intensity, the method proposed by Liao et al. (2010) was used to determine
the Ru value. To determine the pore pressure ratio, rainfall data of heavy rain from 22:00 on May 30 to 24:00
on May 31, 2020, was used. At 15:00 on May 31, the maximum value of Ru was 0.286 (Figure 2).
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Figure 2. Relationship between the rainfall intensity and Ru value
4. Results and discussion

The computations were performed using Janbu's simplified method based on the Cuckoo search method in
probabilistic analysis. In this study, the Normal (or Gaussian) statistical distribution of input parameters was
used to predict the PF value.

The stability of the studied slope was maintained throughout the dry period before the heavy rain event,
according to the analysis results (Figure 3a). The probability of landslide activation (PF) is 3.2%, indicating
that the reliability of the stability of the studied slope is considered hazardous. Protection measures should be
implemented to prevent this slope from becoming unstable, as demonstrated by the computed maximum
reliability index (RI1) of 1.85 < 3 (PF = 3.2%) (United States Army Corps of Engineers, 1997).

As a result of the infiltration of rainwater into the ground during heavy rains, pore water pressure will
increase, resulting in a reduction in the FS value. At 4:00 on May 31, 2020, the FS value decreased to 1.1, and
the probability of failure increased to 22.1% (Figure 3b). Additionally, as shown in Figure 4a, the slope became
unstable at around 10:00 on May 31. According to the simulation results, the FS value decreased from 1.258
to 0.901, corresponding to an increase in the Ru value from 0 to 0.286 (at 15:00 on May 31, 2020). The
probability of landslide activation (PF) increases from 3.2% to 80.6% (Figure 4b).

Since the Sapa district is located in a seismic zone (amax = 0.29), earthquakes may trigger landslides. In
addition, the likelihood of a landslide process would increase significantly if an earthquake happened during
the rainfall event. Therefore, in this study, a sensitivity analysis was conducted using the input data, such as
the probability analysis and the seismic coefficient value. Figure 5 and Figure 6 present the results of a
sensitivity analysis performed to evaluate the effects of the seismic coefficient and pore water pressure based
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on the LEM.

Figure 5 and Figure 6 indicate that an increase in the Ru ratio owing to precipitation to 0.23 or an earthquake
with a seismic coefficient greater than 0.08 might trigger a landslide on the studied slope. With a high value of
Ru, even a minor earthquake event may lead to the activation of the landslide event. The equation shown in
Figure 7 may be employed as an example for predicting landslide hazards by the combined effects of both

triggers.

a) #5 (Ueterminiaticl: 1,258 b) F5 (Datarministic): 0.995
PEAIN PE: S0A%

Figure 3. Results of slope stability analysis: (a) before the heavy rain event and (b) during the period of
heavy rainfall at 4:00, May 31, 2020

a) ¥S (Determinissick 0.99% b) 15 (Detarminixtic): 0.001
PF: 50.4% - 20.6%

Figure 4. Results of slope stability analysis (a) during the period of heavy rainfall at 10:00 and (b) at 15:00,
May 31, 2020
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Figure 7. Relationship between pore water pressure ratio and seismic coefficient
5. Conclusions

In this study, a landslide stability probabilistic analysis was conducted in Trung Chai commune, Sapa
district, Vietnam, to examine slope behavior under the effect of rainfall. Using 1-meter DEM, the 3-D stability
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probabilistic analysis model was built in the Slide 3 program. Even though the factor of safety FS = 1.258
during the dry period, the probability of failure PF = 3.2% indicates that the slope has a high likelihood of
instability. Under the influence of rainwater penetration into the soil, the safety factor (FS) decreased from
1.258 t0 0.901, corresponding to an increase in the probability of failure (PF) from 3.2% to 80.6%. The analysis
results determined that the failure time of the slope and the position of the computed sliding surface were
reasonably compatible with the observed failure surface. In addition, the sensitivity analysis results indicate
that a single earthquake or heavy rainfall may trigger slope failures. In particular, the landslide hazard for the
studied slope or any existing slopes might be significantly increased by the simultaneous effect of these two
triggers.
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TOM TAT
Phan tich xé4c suat 3D truot 16 dat do mua gay ra, nghién ctru dién hinh
tai khoi trurot Mdng Sén, Sa Pa, Viét Nam

Duong Vin Binh 12
! Truong Pai h_oC M¢d - Dja chat
2 Nhom nghién cizu Dia chat cong trinh va Dja méi truong

Céc vu truot 1 dit do mua gay ra thudng xuyén xay ra ¢ cac tinh mién nti Viét Nam, gay hau qua kinh té
x4 hoi dang ké. Do d6, cac nghién ciru V& truot 16 dat nén dugc thuc hién mot cach co hé thng, bao gom & ca
quy mo khu vuc va dia phuong. Cac danh gia vé sy 6n dinh cua timg suon dbc giai quyét hai loai van dé: 1)
tinh toan su 6n dinh dé danh gia sy phét trién cua qua trinh truot I¢ dat nham phan tng véi su thay ddi cua cac
yéu t6 kich hoat lo dat; 2) danh gia su thay d6i dong hoc cua cac diéu kién swon déc nham phan wng véi sy
thay ddi cuia cac yéu t6 kich hoat lo dat. Viéc &p dung rong rdi cac mé hinh tién tién di nang cao dang ké do
chinh xac va d6 tin cay cua két qua danh gia sy 6n dinh suon dc. Trong nghién ctu nay, mot mo hinh phan
tich x4c suat 3D da dwoc phat trién dé phan tich (ng xir cia mot suon doc dudi tac dong cua mua 16n & x&
Trung Chai, Sa Pa, Viét Nam. Sy 6n dinh ciia suon doc dugc danh gia dua trén mdi quan hé gitra hé s6 an toan
(FS = 1,258 + 0,901), X4c suit pha hay (PF = 3,2 + 80,6%) va &p luc nudc 15 rdng (Ru = 0 + 0,286). Ngoai ra,
chi s6 do tin cay (RI) dwoc xac dinh 1a mot yéu t quan trong trong viéc danh gia sy 6n dinh cta sudn déc. Vi
huyén Sa Pa nam trong viing c6 hoat dong dia chan, cac tran dong dét cé thé gay ra truot |6 dat. Do do, nghién
clru nay da thiét 1ap mbi quan hé giira hé sb dia chin va gié tri FS, ciing nhu hé sé dia chan va ap luc nuéc 16
rdng. Dya trén cac két qua nghién ciru, chung t6i dé xuat cac bao c4o phan tich sy 6n dinh suon déc phai bao
gom thém céc gid tri PF va RI. Ngoai ra, viéc thiét 1ap mot tiéu chuan cho chi sé dé tin cay la rat quan trong,
tiéu chuan nay s& duoc str dung dé danh gia xac suat phéa huy cho cac du an khac nhau.

Tur khéa: 6n dinh mai ddc, trugt 16 do mua, phan tich xéc suat, phuong phap phan tir hitu han, Sa Pa
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