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Preface

The XIV Congress of the International Association for Engineering Geology and the
Environment (XIV TAEG Congress 2023) was successfully held in Chengdu, China,
from September 21 to 27, 2023. Focusing on the main theme “Engineering Geology
for a Habitable Earth,” researchers and practitioners worldwide from academia,
industry, and government have joined us in this prestigious event. Based on the
topics discussed at the congress, the proceedings are organized into six volumes as
follows:

e Volume 1: Engineering Geomechanics of Rock and Soil Masses

e Volume 2: Geohazard Mechanisms, Risk Assessment and Control, Monitoring
and Early Warning

e Volume 3: Active Tectonics, Geomorphology, Climate and Geoenvironmental
Engineering Geology

e Volume 4: Technological Innovation and Applied for Engineering Geology

e Volume 5: Megacity Development and Preservation of Cultural Heritage Engi-
neering Geology

e Volume 6: Marine and Deep Earth Engineering Geology.

Meanwhile, on behalf of the organizing committee, we would also like to express
our deepest appreciation to the technical program committee members, reviewers,
session chairs, and volunteers for their strong support for congress.

Last but not least, our gratitude also goes to the editors and press for their great
support to the congress.

September 2023 TAEG XIV Congress 2023 Organizing Committee
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Chapter 6 ®)
Landslide Hazard Assessment in Trung st
Chai Commune, Sapa, Vietnam Using
Frequency Ratio Method and Scoops3D

Binh Van Duong, Igor Konstantinovich Fomenko, Dang Hong Vu,
Kien Trung Nguyen, and Oleg Vladimirovich Zerkal

Abstract In the mountainous urban areas of Vietnam, including Sapa, minimizing
damage from natural disasters is a critical aspect of the sustainable development
strategy. Along with natural elements, tourism development and construction have led
to landslide occurrences that threaten the sustainability of residential areas in Sapa,
particularly in mountainous zones. Therefore, a landslide susceptibility analysis for
the Trung Chai area was conducted in this study using the frequency ratio method.
A set of landslide causative factors was selected and analyzed in the FR model
for establishing the landslide susceptibility zonation (LSZ) map and categorizing the
Trung Chai area into five zones. The results show that the very high susceptibility zone
covers 9.93% of the study area. The FR model shows high performance in predicting
landslide susceptibility in the study area, with success and prediction rates of 83.90%
and 85.75%, respectively. Subsequently, the rainfall-induced landslide stability at a
site in the Trung Chai area was simulated using the 3D limit equilibrium analysis in
Scoops3D. Because of the high model efficiency, the study results can help identify
areas with a high landslide risk for long-term planning and reduce damage caused
by landslides.
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Keywords Landslide hazard - Landslide susceptibility - Frequency ratio + Limit
equilibrium method * Scoops3D - Trung Chai * Vietnam

6.1 Introduction

Frequent natural disasters, such as landslides, threaten mountainous regions. Along
with other natural disasters, landslides cause serious environmental problems and
devastate residential areas, highways, agricultural areas, gardens, and grasslands
(Roy et al. 2019). Landslides in Vietnam have become more frequent and severe,
with most events recorded in the Northern mountainous regions, particularly in Lao
Cai province. Landslide inventories have provided evidence of a correlation between
landslide occurrences and human activities (road construction), climate conditions
(heavy precipitation), and terrain characteristics (many narrow, small valleys) within
this region (Tien Bui et al. 2017). Therefore, managers can benefit from a tool based
on accurate data on the distribution of landslide-prone areas and knowledge of land-
slide mechanisms for land use planning (Tien Bui et al. 2016). Mapping landslide
susceptibility/hazard for a specific region is a critical initial step in assessing and
managing landslide disasters, urban development, land use planning, and risk miti-
gation strategies (Pradhan and Lee 2010). It is possible to categorize the approaches
employed in landslide susceptibility mapping (LSM) as qualitative or quantitative,
direct or indirect (Guzzetti et al. 1999). Yalcin et al. (2011) concluded that subjec-
tivity is a characteristic of qualitative methods since they depend on expert judg-
ment to estimate landslide hazards by evaluating the connection between relevant
variables and landslide occurrences. Quantitative methods are classified as deter-
ministic and statistical (Aleotti and Chowdhury 1999). Deterministic methods have
been frequently employed in landslide studies on local and site-specific scales. This
method develops and calibrates a physically-based model for LSM using surveys and
laboratory test results (Ciurleo et al. 2017; Park et al. 2013a, b). Statistical methods,
meanwhile, are extensively utilized in the study of LSM at various scales by drawing a
picture of the relationship between landslide conditioning factors, triggering factors,
and landslide events that have been triggered within a specified period (Chacén
et al. 2006; Ciurleo et al. 2017; Guzzetti et al. 1999). The fundamental assumption
of a statistical model is that future landslides will be caused by the same factors
that contributed to slope instability in a given area (Guzzetti et al. 1999). In this
paper, landslide hazards in the study area were assessed using two different models:
a physical-based model (Scoops3D) and a statistical model (Frequency ratio). The
landslide susceptibility maps were prepared using eight causative factor maps. For
model validation, the landslide susceptibility index (LSI) and landslide susceptibility
zonation (LSZ) maps were compared to the landslide inventory map using the area
(AUC) under the ROC curve, the seed cell area index (SCAI), and the precision of
predicted results (P) values. Scoops3D (Reid et al. 2015) has been effectively used
in various landslide stability studies worldwide, including in Vietnam (Rashid et al.
2020; Tran et al. 2020; Zhang and Wang 2019). Using survey data (UAV photos,
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geotechnical properties, rainfall) and the Scoops3D model, we produced a rainfall-
induced landslide assessment at a landslide site on the road connecting Sapa district
and Laocai city.

6.2 Study Area

Sediment-related natural disasters, including landslides, have been increasingly influ-
encing the expansion and development of communities in the Northwest region of
Lao Cai province, particularly in the “hot spots” of Sapa (Dang et al. 2018). Land-
slides in Lao Cai, especially those in Sapa, have drawn considerable attention in the
past decade because of the high number of deaths, damage to infrastructure, and envi-
ronmental destruction they have caused (Tien Bui et al. 2017). Trung Chai (Fig. 6.1)
is a mountainous commune in northwest Sapa, covering an area of about 38.6 km?
and an average annual rainfall of over 2500 mm. The seasonal distribution of precip-
itation in Trung Chai is uneven, with the summer months accounting for a significant
concentration of more than 80% of the total annual rainfall (Tien Bui et al. 2017).
Trung Chai is one of the communes with the highest landslide hazard in Sapa. The
Mong Sen event (Fig. 6.2a) is located on national road 4D, connecting Laocai City
with the Sapa district. This landslide, which was first triggered in 1998 and subse-
quently reactivated in 2000, 2002, and 2009, provides compelling proof of landslide
activity in Vietnam’s Northwest region. The landslide site (Fig. 6.2b) is located in
Trung Chai commune, on the road connecting the Sapa district to the Hanoi-Laocai
expressway and about 500 m from the Mong Sen bridge. At the time of the survey, the
body of the landslide mass had cracks and displacements. Geologically, rocks of the
Posen complex with relatively high strength (i.e., granodiorite, granite, and granite
migmatite) are widely distributed in the study area. The weathering process of the
bedrock has resulted in the formation of a thick cover layer with high permeability,
increasing the landslide hazard. Previous studies revealed that heavy, high-intensity
rainfall is the main trigger of various-scale landslides in the Trung Chai area (Tien
Bui et al. 2017; Tran et al. 2020).

6.3 Materials and Methods

6.3.1 Frequency Ratio Method (FR)

In numerous landslide studies, the FR method, which is based on statistical analysis,
has been selected to build effective models for LSM (Kose and Turk 2019; Lee and
Pradhan 2007; Vakhshoori and Zare 2016). By analyzing the correlation between
recorded landslides and causative variables, this well-known method quantifies the
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Fig. 6.1 Location of study area

Fig. 6.2 Photo of the Mong Sen landslide (a) and the landslide site (b) in Trung Chai area

influence of factors contributing to the landslide process to predict the future distri-
bution of landslides in a given area. Hence, classifying an area as a potential or
non-potential landslide zone correlates directly with the accuracy of historical land-
slide data. Landslide occurrence and factor class are strongly correlated when the FR
> 1, whereas the FR < 1 represents a weak relationship (Lee and Talib 2005). The
FR value is calculated as follows:

Nisi pri)
FR = 6.1
<NLS >/<pr ( )
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where: Nyg; and N,,,; represent the number of landslides and pixels in class 7, while
Nis and N, represent the total number of landslides and pixels in the study area,
respectively.

Finally, Eq. (6.2) (Kose and Turk 2019) was employed to calculate the LSI value
to establish a susceptibility zonation map for the Trung Chai area:

LSI = ZFR 6.2)

6.3.2 Three-Dimensional (3D) Column Analysis Method
in Scoops3D

Reid et al. (2015) developed Scoops3D to search for slope landslides on digitized
terrain surfaces, with the digital elevation model (DEM) serving as the most crucial
input data. A considerable number of three-dimensional stability analyses are subse-
quently performed following a systematic investigation of the terrain surface by
Scoops3D (Reid et al. 2000). The model for evaluating slope behavior can be built
using 3D limit equilibrium analysis based on the “column method” with a spherical
potential sliding surface. By conducting analyses using limit equilibrium, Scoops3D
users, therefore, have to accept the existence of drawbacks related to this method
(Duncan et al. 2014; Krahn 2003). Scoops3D computes stability by extending the
Ordinary (Fellenius) or Bishop simplified methods in three dimensions. However, the
3D analysis based on the Bishop approach usually produces factor-of-safety values
comparable to those obtained using more rigorous limit equilibrium methods (Reid
et al. 2015).

Scoops3D uses moment equilibrium to calculate the factor-of-safety (Fs) value
for the stability of an examined terrain surface. In limit equilibrium methods, the Fs
value determines the equilibrium condition of the potential failure surface based on
the relationship between the shear stress and soil strength (Reid et al. 2015). A Fs
value of less than one is regarded as an indicator of a slope failure.

The simplified method developed by Bishop (1955) has been frequently used
in Scoops3D to evaluate the stability of spherical potential slip surfaces because it
produces more accurate results in Fs. The 3D extensions of this method determined
the Fs value using the following equation (Reid et al. 2015):

Y Ri[eijAn, + (Wi — uijAn,) tan o] /m,

FS i
Z Wi, (Rl-’j sine; ; + keqeﬁj)

(6.3)

The symbols utilized in Eq. (6.3) are described in detail in the Scoop3D document
by Reid et al. (2015)
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6.3.3 Data Preparation

In landslide hazard and susceptibility assessment, it is widely accepted that the distri-
bution of potential landslides is closely related to the occurrence of past landslides.
Therefore, input data for predicting future landslides must include past landslides and
a set of landslide-related factors (van Westen et al. 2008). However, to get the most
accurate assessment results, it is necessary to consider the change in these factors or
the appearance of new factors that increase the likelihood of landslides.

6.3.3.1 Landslide Inventory Map

Landslide inventory maps (LIM) need to represent the spatial distribution, morpho-
logical attributes, and characteristics of landslide events, according to Guzzetti et al.
(1999). Landslide inventory maps are established for a variety of purposes: (1) iden-
tifying landslide distribution in an examined area; (2) indicating the magnitude of the
damage produced by a single landslide; (3) illustrating the abundance of mass move-
ments; (4) determining the landslide frequency in an area; and (5) supplying input
data for developing landslide prediction models (Galli et al. 2008). A LIM of the
study area was prepared utilizing field investigations, local information, and the anal-
ysis of aerial photos. Finally, 14 landslides ranging in size from 1297.5 to 25,596.4
m? were identified and mapped. Landslide locations were randomly categorized into
training (70%) and testing data (30%).

6.3.3.2 Landslide Causative Factors

Eight causative factors were considered for preparing LSI and LSZ maps, including
elevation, relative relief, slope, aspect, distance to road and drainage, rainfall, and
land use/land cover (LULC) (Figs. 6.3 and 6.4).

Topographic maps (aspect map, elevation map, slope map, and relative relief
map) were extracted from a 10-m DEM using spatial analyst tools in ArcGIS 10.5.
The maps of distance to drainage and roads were prepared using the Euclidean

(a) Elevation (m) )N\ (b) Relative relief )N\ (c) Slope (Degree) & (d) Aspect

& N [Flat
B I North
« 3 J p ["INortheast
oo | ) a

I <000 © I < 400 & : . o0 -1 %gzoi:ttheast )
[ 900 - 11001 [ 4004507 o/ B 15-25 [ ISouth 4
[_11100- 1300 [_J450-500 "/ [ l25-30 ¥ [ Southwest
[__11300- 1500 [__1500-550 [ J30-35 I Vst
[ 1500-1700 0 12 4 [ 550 - 600 [35-40 I Northwest
B > 1700 Lot kv [ > 600 B > 40 I North

Fig. 6.3 Landslide causative factor maps: a Elevation, b Relative relief, ¢ Slope, d Aspect
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(e) Distance to road (m) }i (f) Distance to drainage (m) (g) Rainfall (mnm/mth) (h) LULC )N\
B - 300\
I 300 - 310,
- [ 1310-320 [ Agriculture
[ 1450-600 [ 1320-330 [ shrub
[ 600 - 750 [ 330 - 340 B Build area
B > 750 B > 340 I Bare land

Fig. 6.4 Landslide causative factor maps: e Distance to road, f Distance to drainage, g Rainfall,
h LULC

distance tool in ArcGIS. The rainfall map was produced by interpolating rainfall
data from the weather stations in Laocai province. The land use map was prepared
using data from the project DPTDL.CN-81/21. After that, we converted all factor maps
to a raster format (10 m x 10 m pixels), and each factor was divided into several
classes for calculating class and factor weights (Table 6.1). “Accountability” (A)
and “Reliability” (R) (Abella 2008; Greenbaum et al. 1995a, b) are two estimated
indicators that quantify the role of landslide causative factors in the Trung Chai area.

6.3.3.3 Data for Modeling Slope Stability in Scoops3D

The survey results were used to prepare DEM, determine the variation in soil depth
and groundwater, and determine the parameters of the soil layer to evaluate slope
failure conditions for the landslide site. To identify and analyze slope instability
events, Scoops3D performs a systematic analysis of the DEM of a specified area
determined by the analyst and a set of search-grid layers containing the sphere centers
(Reid et al. 2015). Resolution—a critical parameter of the DEM, should be selected
carefully and related to the object, research purpose, landslide characteristics, and
analytical data response (Chang et al. 2019). Therefore, the 1.0 m DEM was used
in this study for slope stability analysis. The thickness of the weathering cover on
a slope, which correlates to the depth of the sliding surface, is a critical variable to
consider when performing a slope stability analysis. Several models, such as GIST
(Catani et al. 2010), U model (Park et al. 2013a, b), GAM and RF (Tesfa et al. 2009),
and S1 model (Tran et al. 2018, 2017), may be used to assess the distribution of soil
thickness. In this study, we assumed a uniform soil thickness of 5 m for the study site.
For modeling pore water pressure (PWP), five options simulating PWP distribution
are integrated into Scoops3D (Reid et al. 2015). The PWP simulation was conducted
in this study using the pore water pressure ratio (Ru). We utilized the SLIDE model
(Liao et al. 2010) to calculate the Ru value variation caused by recorded rainfall
triggering slope failure. In Scoops3D, to analyze slope stability, it is necessary to
define the properties of all earth materials underlying the DEM (Reid et al. 2015).
Based on the actual condition of the examined slope, the layered material model
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Table 6.1 Spatial relationship between landslide causative factors and landslides for the FR model

Factor Class % Class area | % Landslide | A R FR
Elevation (m) <900 12.70 60 100 42.58 |4.72
900-1100 21.34 40 1.87
1100-1300 |23.31 0 0
1300-1500 |19.48 0 0
1500-1700 | 12.25 0 0
> 1700 10.92 0 0
Relative relief (m/ <400 12.05 10 80.36 |19.92 |0.83
Km?) 400-450 | 17.81 10 0.56
450-500 30.62 40 1.31
500-550 27.87 40 1.44
550-600 8.89 0 0
> 600 2.76 0 0
Slope (degree) 0-15 6.60 10 88.39 |17.27 |1.52
15-25 2547 30 1.18
25-30 21.18 30 1.42
30-35 20.93 20 0.96
35-40 14.96 10 0.67
> 40 10.86 0 0
Aspect Flat 0.002 0 77.32 |23.18 |0
North 8.016 10 1.25
Northeast 14.226 20 1.41
East 13.534 20 1.48
Southeast 11.343 40 3.53
South 9.661 0
Southwest 8.717 0
West 10.829 10 0.92
Northwest 15.461 0
North 8.211 0
Distance to road (m) | 0-100 27.92 50 73.57 |28.55 |1.79
100-200 20.63 10 0.48
200-300 13.78 20 145
300-400 9.44 10 1.06
400-500 6.95 10 1.44
> 500 21.28 0 0
Distance to drainage | 0-150 24.07 30 76.25 |24.09 |1.25
(m) 150-300 | 21.81 40 1.83
300-450 18.95 20 1.06

(continued)
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Table 6.1 (continued)

Factor Class % Class area | % Landslide | A R FR
450-600 14.8 10 0.68
600-750 9.84 0 0
> 750 10.53 0 0

Rainfall (mm/mth) <300 11.00 10 83.57 |32.66 |0.91
300-310 14.86 30 2.02
310-320 18.67 0 0
320-330 22.24 50 2.25
330-340 17.19 10 0.58
> 340 16.04 0 0

LULC Water 0.13 0 63.03 3396 |0
Forest 67.21 50 0.74
Grass 0.11 0 0
Agriculture 4.62 0 0
Shrub 2691 50 1.86
Build area 0.47 0 0
Bare land 0.55 0 0

Table 6.2 Soil parameters

o Parameters Symbol Unit Value
used for slope stability
assessment using Scoops3D Unit weight Y kN/m? 19.3
Internal friction angle [0) ©) 12.2
Cohesion c kN/m? 152

was used to build an analysis model using the strength parameters of soil, including
internal friction angle (¢), cohesion (c), and unit weight (y) (Table 6.2).

6.3.4 Model Validation

The evaluation of the FR model’s performance was conducted in this study using the
AUC, SCAL, and P values. The AUC value, which varies from 0.5 to 1.0 (Cantarino
etal. 2019), has been widely employed to evaluate the accuracy of landslide suscepti-
bility maps and can be divided into six categories (Simundi¢ 2009). The SCAI, which
represents the density of landslides throughout each susceptibility class, is computed
by dividing the percentage of the class area by the landslide percentage in each class
(Siizen and Doyuran 2004). The P-value is calculated by dividing the landslide area in
the upper-moderate susceptibility class (Kg) by the entire area covered by landslides
(S) (Mokhtari and Abedian 2019). The efficacy assessment of the Scoops3D model
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was conducted utilizing the Modified Success Rate (MSR) proposed by Huang and
Kao (2006):

AUU ASS ASS
MSR = 0.5 + 0.5 5 = 0.55R +0.5_ (6.4)
TAU TAS TAS

The SR value is calculated by dividing the number of accurately predicted land-
slide pixels (AUU) by the total number of actual landslide pixels (TAU). The
remaining ratio is determined by dividing the accurately predicted stable pixels (ASS)
by the total number of actual stable pixels (TAS).

6.4 Results and Discussion

The LSI (Fig. 6.5a) and LSZ (Fig. 6.5b) maps were generated using a bivariate statis-
tical model to study the landslide hazards in the Trung Chai area. The “Accountabil-
ity” and “Reliability” values indicated that elevation, LULC, rainfall, and distance
to road are the four most influential factors in landslide occurrences. Based on the
LSZ map, the Trung Chai area was categorized into five zones, including very low
(25.4%), low (32.12%), medium (18.86%), high (13.69%), and very high (9.93%).
Finally, the performance evaluation of the FR model was conducted using LSI and
LSZ maps and historical landslides. As a result, the AUC = 83.90% (success rate),
85.75% (prediction rate), and P = 88.69% indicated the high performance of the
FR model for LSM in the study area (Table 6.3). It has been determined that the
SCALI value tends to decrease from moderate to very high landslide susceptibility
classes. SCAI analysis results, therefore, revealed a high relationship between the
prediction map and the actual landslide locations, showing that the FR model had
high efficiency for LSM in the study area. In this study, the P-value also demon-
strated the FR model’s high precision in LSM. Because of the limited number of
landslides, the accuracy of the maps produced by the FR model may be affected.
However, this model performed well in this study. The results indicated that 74.83%
of the landslide area is within the very high susceptibility zones. In addition, the
zone with very high landslide susceptibility contains a newly formed slope failure
in the study territory. The most significant factors influencing landslide occurrences
are consistent with actual landslides in the Trung Chai commune. In addition, most
of the recorded landslides were identified along the main roads based on the field
survey results. Landslides in the Trung Chai area were caused by an increase in slope
angle (from 15° to 30°), road excavation, inadequate slope construction, or limited
land-use planning, such as deforestation and building activity.

The Fs map for the landslide site is shown in Fig. 6.6, and the Fs value was
divided into four categories (Mandal and Maiti 2015): stable (Fs > 1.5), moder-
ately stable (1.25 < Fs < 1.5), quasi-stable (1 < Fs < 1.25), and unstable (Fs < 1).
The SR and MSR values are shown in Table 6.4. The slope stability analysis by
Scoops3D showed that the sliding area simulated by the model does not entirely
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Fig. 6.5 LSI map (a) and LSZ map (b) using FR method
Table 6.3 Evaluation of model performance using SCAI and P

Class % Area | % SCAI | Ks (km?) | S (km2) | P (%) |Success | Prediction

Landslide rate (%) | rate (%)
area

Very low | 25.4 0 - 0 9.02 88.69 |83.90 85.75

Low 3212 |0 - 0

Moderate | 18.86 11.31 1.67 |1.02

High 13.69 13.86 099 |1.25

Very high | 9.93 74.83 0.13 |6.75

match the actual landslide scar. As shown in Fig. 6.6, about 51% of the cells inside
the landslide scar were correctly predicted, whereas the MSR value in Table 6.4 indi-
cates an under-predicted outcome. It’s reasonable since the Scoops3D model relies on
several simplified assumptions, such as the distribution of soil depth, hydrogeological
conditions, and mechanical properties of soil.
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Fig. 6.6 DEM of the slope failure site (a), graph illustrating the change of Ru (b) and Fs map (c)



80 B. Van Duong et al.

Table 6.4 Simulation of SR and MSR
Parameters TAU TAS AUU ASS SR MSR
Value 1972 6989 1002 5830 0.51 0.67

6.5 Conclusions

One approach to assessing landslide hazards and risks is to improve landslide knowl-
edge and establish LSZ maps. Based on this idea, we conducted a landslide hazard
assessment in this study using the FR and Scoops3D models. For preparing LSI and
LSZ maps, eight landslide-related factors were selected and analyzed in ArcGIS. The
factor selection is based on their relevance to historical landslides in the examined
area and data availability. As a result, the LSZ map was established, and the study
area was divided into five zones. Our classification showed that the zones related to
very low and very high landslide susceptibility accounted for 9.93 and 25.4% of the
entire area, respectively. Finally, we compared the prediction maps with the land-
slide inventory map to validate the analysis model using AUC, SCALI, and P values.
These values showed the high performance of the FR model for LSM in the study
area. The Scoops3D model was used for analyzing slope stability at a landslide site.
The outcomes suggested that the Scoops3D model represented moderate effective-
ness in predicting landslide areas. However, when the input data is trustworthy, the
Scoops3D model may be a relatively effective predictor in slope stability analysis.
The results of this study can be used for land-use management and long-term terri-
torial planning. The LSZ map provides critical information, especially for the very
high landslide susceptibility zone, which directly influences infrastructure develop-
ment, residential area development, disaster management, landslide prevention, and
natural disaster early warning.
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