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ABSTRACT

The study of landslide processes has received considerable attention in Vietnam over the last two decades.
Landslides are often triggered by rainfall in Vietnam, particularly in the northern mountainous regions,
resulting in significant damage to people and property and the destruction of infrastructure and the
environment. Along with rainfall, earthquakes are the trigger of many landslide events worldwide. The
Northwest region of Vietnam frequently has experienced small to medium magnitude earthquakes.
Therefore, studies on the influence of earthquakes on the occurrence of landslides should be conducted at
various scales. Scoops3D — a physically-based model was employed in the present study to assess the
landslide hazard in Trung Chai commune, Sapa, under the effect of earthquakes. In this study, the digital
elevation model (DEM), the spatial distribution of the thickness and physico-mechanical parameters of
slope material layers, and the horizontal pseudo-acceleration coefficient (keq) are the input data for the
model preparation. The influence of earthquakes was simulated using four k¢q values of 0.025, 0.05, 0.1,
and 0.2. Based on the analysis outcomes, landslide hazard maps were established, which categorize the
study area into four hazard zones: unstable, quasi-stable, moderately stable, and stable. The simulation
results have shown no slope instability in the study area for keq = 0.025, 0.05, and 0.1. Whereas simulating
with keq = 0.2, the unstable zone accounts for 12.34% of the study area. This study provided significant
results for assessing the influence of earthquakes on the occurrence of landslides in the study area, which
aids in land use management and disaster prevention. Future studies may be conducted by analyzing
scenarios of simultaneous influences of rainfall and earthquakes on the landslide process.

Keywords: earthquake, landslide hazard, deterministic method, Scoops3D, Trung Chai

1. Introduction

Exogenous geological processes such as landslides and associated disasters such as flash floods and
debris flows have caused significant damage to people and property in Sapa district, Laocai province (Tien
Bui et al.,, 2017). Most landslide events in the Sapa district have occurred because of the complex
combination of high precipitation, topographical features, thick weathering crust, land use, and human
activities. Trung Chai is one of the communes in Sapa that is highly prone to landslides. All the recorded
landslides in the Trung Chai commune have been triggered by rainfall. In addition, the study area has the
potential for earthquake-induced landslides since it is located in a seismically active region of Vietnam (L.
M. Nguyen et al., 2011). Therefore, landslide hazard assessment concerning the effect of earthquakes is the
topic of interest in landslide studies. In the worldwide strategy for landslide disaster management, landslide
hazard assessments have been conducted using various approaches, including deterministic methods.
Numerous deterministic models have been developed for mapping landslide hazards at different study
scales. However, the uncertainty of the input data is a significant drawback of the deterministic methods
(e.g., variation of soil and rock parameters, variation of pore pressure in soil) (Palacio Cordoba et al., 2020).
Therefore, the performance of deterministic models for landslide prediction is highly dependent on the
study scale and the quality of the input data. In this study, the Scoops3D deterministic model was used to
assess the landslide hazard in Trung Chai commune, Sapa district. Under the effect of the earthquake, as
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expressed by the horizontal pseudo-acceleration coefficient (keq), landslide hazard maps and the
relationship between the keq values and the stable zone for the study area have been established.

2. Materials and methods
2.1. Study area

A mountainous commune in the northwest part of Sapa, Trung Chai covers an area of around 38.6 km?
and has an elevation range from 581 meters up to 2176 meters (Figure 1). Because it is situated within the
high precipitation zone, the Trung Chai commune receives between 2,000 and 3,600 mm of precipitation
annually (Tien Bui et al., 2017). Trung Chai has experienced various landslide events, including the Mong
Sen landslide, which is regarded as the most well-known event occurring in the study area. Geologically,
the Trung Chai area has the distribution of Posen complex rocks of moderate strength. The outcome of the
weathering process is the production of material layers that are the origin of sedimentary catastrophes,
including landslides. Landslides have frequently occurred in this area due to a combination of heavy and
concentrated rainfall and other factors.
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Figure 1. Location of study area.
2.2. Application of Scoops3D model in landslide hazard assessment

Scoops3D (Reid et al., 2015), developed by the U.S. Geological Survey (USGS), has been effectively
used in various landslide stability studies worldwide, including in Vietnam.

Center of sphere A layer search grid

Azimuthal direction
of slip

Trial sliding
surface
DEM
® Center of column
Yy X @ Bottom of column

Figure 2. Schematic drawing of Scoops3D model including a DEM with potential trial sliding surface
and search grid (modified from Reid et al. (2015))
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A DEM is considered the foundation for the 3D slope-stability analysis carried out by the Scoops3D
model. In Scoops3D, the most accurate available information may be used to evaluate the relative stability
of examined slopes throughout a landscape, thus improving the effectiveness of landslide susceptibility or
hazard assessments. For determining the slope state, the three-dimensional extension of Bishop's simplified
method is integrated into the Scoops3D model to compute the factor-of-safety (FS) value as follows (Reid
etal., 2015):

s = X R;j [Ci,jAhi,j + (Wi,j - ui,jAhiJ-) tan(Pi,j] /Mg,
Z Wi,j (Ri,jsinai,j + keqei,]-)
Additional details on equation (1) are available in the Scoops3D documentation (Reid et al. 2015).
Figure 3 depicts the fundamental elements that build the Scoops3D model and the procedure of landslide
hazard assessment. As shown in Figure 3, physics-based models, including Scoops3D, require input data,

such as topographic data, the distribution and characteristics of slope materials, and groundwater
conditions.

(1)

Digital elevation model . i : e T
(DEM) Soil properties Earthquake loading
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Search method Landslide hazard map |———® Randslide hazsd
assessment

Figure 3. Scheme of landslide hazard assessment using Scoops 3D.

This study was conducted using a DEM map and slope material properties obtained from the
geotechnical investigation process. Since topographical features considerably contribute to the evaluation
outcomes of physically-based models, it is necessary to select an appropriate DEM. Therefore, the 5Sm DEM
was used in this study for analyzing landslide hazards. In addition, the distribution of slope material layers
must be determined for stability analysis using the Scoops3D model. Since the field survey only measured
the thickness of the soil layer at several locations, we mapped the distribution of soil thickness throughout
the study area using the relation between topographic slope and measured soil thickness (Tran et al., 2018).
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Figure 4. DEM map (a) and soil thickness distribution map (b).

When conducting a slope stability analysis, the properties of the soil, including its shear strength, play a
significant role in the stability of slopes. The higher the shear resistance of the slope materials, the smaller
the zone of instability under the identical simulation conditions. In this analysis, simulations used soil shear
strength properties, including cohesion (c), friction angle (¢), and soil unit weight (y) (Table 1).
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Table 1. Soil parameters for landslide hazard assessment

Parameters Symbol Unit Value
Unit weight Y kN/m? 18.2
Friction angle ¢ © 16.3
Cohesion c kN/m? 20.2

Stability calculations in Scoops3D can include simplistic effects of earthquake or seismic loading in a
pseudo-static analysis by adding a specified pseudo-acceleration, k. Different reference values of k., were
proposed by numerous authors, such as Terzaghi (1950), Hynes-Griffin and Franklin (1984), and
Kavazanjian et al. (1997). In this study, based on the history of earthquakes in the study area (A. D. Nguyen,
2014) and the landslide study of Pendin V. V. and Fomenko I. K. (2015), we assigned k., = 0.025, 0.05,
0.1, and 0.2 for assessing the influence of earthquake loading on slope stability (Table 2).

Table 2. k.4 value for analyzing slope stability

Earthquake intensity (MSK-64 scale) 6 7 8 9
Peak horizontal ground acceleration (in fractions of gravity 0.05 0.1 0.2 0.4
acceleration, g) (Pendin V. V. & Fomenko I. K., 2015)
keq value 0.025 0.05 0.1 0.2

3. Results and Discussion

When seismic acceleration is combined with gravitational acceleration, the resulting short-lived stress
might exceed the shear strength of the slope materials, leading to a landslide (Saito et al., 2018). There are
around 130 earthquake-induced landslide inventories published throughout the world. Therefore, it is
essential for susceptibility mapping to identify and comprehend the relationships between these landslides
and contributing variables. Some conditioning factors, such as seismic factors, geological features,
geomorphometric features, hydrological features, and environmental factors, have been extensively used in
earthquake-induced landslide susceptibility assessments (Shao & Xu, 2022).

FS value
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= keg = 0.05 w keq = 0.025
v Ekeq=0
. ” - - 3 y s it ]
0 10 20 30 40 50 60 70 80 90 100
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Figure 5. Statistics of hazard zones by the change of k.,

The results of the simulations have shown that there is no slope instability in the study area for keq =
0.025, 0.05, and 0.1. However, when the keq value of 0.2 was used to simulate, the results showed that the
unstable zone (FS < 1) accounted for 12.34% of the entire study area. The quasi-stable zone area also tends
to increase, suggesting that these zones would become unstable under adverse conditions such as a rise in
the water table. The stable zone (FS > 1.5) also plays a critical role in landslide hazard assessment. Figure
5 represents a decrease in the extent of this zone, corresponding to an increase in the value of keq. Under
natural conditions, 91.2% of the study area contains slopes in a stable state. However, when the k., value
was 0.2, the stable zone area decreased to 51.51 %. Four landslide hazard maps have been established, and
the study area was divided into four zones: unstable, quasi-stable, moderately stable, and stable (Figure 6).
Based on the simulation results, a relationship between stable zone area and keq has been established, which
is a significant outcome of this study (Figure 7).
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Figure 7. The relationship between the k., value and the stable zone.
4. Conclusion

In this study, a landslide hazard assessment was conducted to improve the efficacy of the landslide study
and reduce the damage caused by landslides in the Trung Chai commune, Sapa district. To build the
Scoops3D model for landslide stability analysis, topographic and climatic data, earthquake loading, and
soil parameters were used. As a result, landslide hazard maps were established corresponding to earthquake
scenarios, and the study area was categorized into four hazard zones. The study results indicated that slope
instability only occurs when the keq value exceeds 0.1. The proportion of the landslide-unstable zone
corresponding to the highest keq value is 12.34%. Simultaneously, the extent of the landslide-stable zones
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was reduced, corresponding to an increase in the magnitude of the earthquakes. The study results showed
that the landslide-unstable and landslide-stable zones play an essential role in land use management, the
design of residential areas, and long-term planning. In further studies, it will be critical to enhance the
quality of the input data to increase the reliability of the prediction outcomes. In addition, it is necessary to
develop scenarios to examine the simultaneous effect of rainfall and earthquake on the landslide occurrence
in the study area. The Scoops3D model may be widely applied in other mountainous districts in Vietnam
with appropriate simulation conditions.
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