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Numerous annual slope failures are induced by heavy
rainfall during the monsoons, especially in develop-
ing countries in Asia. The authors have developed a
simple method to predict rising groundwater levels in
natural slopes at a relatively shallow depth based on
parametric studies conducted using the finite element
method. An assumption of a semi-infinite homoge-
neous slope was adopted in the analysis. Addtionally,
the authors numerically modelled the vertical infiltra-
tion and the lateral seepage flow. Using this method
implies that the finite element analysis is not manda-
tory in the evaluations of practical slopes. Such a
simplified approach helps avoid time-consuming tasks
in rigorous computations. However, a semi-infinite
assumption used in the developed method may pro-
vide us with unsuitable solutions, particularly in cases
where the slopes include heavily terraced topography
with local small cliffs, because theoretically, the first
slope failure tends to occur in steep slopes, like the
edge of a rice terrace, even though they are very small
cliffs. Nevertheless, these local solutions do not af-
fect the conclusions for disaster risk reduction. More-
over, such unsuitable alternatives must be eliminated
during analysis. To address this matter, the current
study proposes a novel concept of specific lengths. This
procedure provides a representative length within the
specified length range. The averaged slope gradient is
defined by focusing on the secant lines between each
topographical grid, while those defined outside the
specified range – for example, local cliff angles – are ig-
nored in the slope stability calculation. Consequently,
the proposed concept was confirmed to be efficient and
can be applied to evaluate the terraced rice fields in
Sapa, northern Vietnam. In the past, this area had
experienced rainfall-induced slope failures; hence, the

proposed method may be able to simulate these oc-
curences. The proposed concept’s effectiveness when
applied to terraced fields should continue to be verified
through case studies conducted in areas with extensive
smallterraced topography.

Keywords: slope failure, heavy rainfall, stability analy-
sis, terraced topography, specific lengths concept

1. Introduction

The mitigation of rainfall-induced slope disasters is a
critical issue in Asian countries. Usually, analyzing hy-
drologic characteristics and slope stability for the risk as-
sessment of slope failure requires accurate rainfall data.
In Japan, a nationwide high-density network of high-
performance X-band polarimetric radar stations with high
resolution and quasi real-time observation capabilities is
used to measure rainfall. Recently, approaches for the
risk assessment of landslides using weather radar data
have been proposed, particularly those providing quick
results [1, 2]. Such near-real-time risk assessment has be-
come a global trend [3].

Thus far, the authors have developed a simple method
for predicting groundwater rise in natural slopes at a rela-
tively shallow depth. This method is based on parametric
studies conducted using the finite element method, assum-
ing a semi-infinite homogeneous slope [4]. This paper
elaborates a few technical issues in applying the devel-
oped method to a landslide case observed in rice terraces
in Vietnam.
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2. Simple Evaluation Method for Slope Failure
Due to Heavy Rainfall

2.1. Seepage Flow Analysis
The most influential factor on the slope stability is the

groundwater level in the slope. The prediction of increas-
ing pore water pressure caused by the rainfall infiltration
is required to evaluate slope stability. In our previous
works, we assumed that the groundwater flow can be sep-
arated into two components: the vertical infiltration and
the lateral seepage flow in the slope. To conduct the nu-
merical calculations of across a vast area, a simple cal-
culation model is required to replace the rigorous finite
element analysis requiring a high-performance comput-
ing environment. Thus, in our previous studies, a novel
simplified method was built [4]. The proposed method
is based on a simple difference calculation and does not
use any nonlinear iterative algorithms required in the fi-
nite element method. Such a light calculation load can
be advantageous for applications in developing countries.
Using the proposed method, real-time slope stability eval-
uation can be realized employing a large amount of ob-
served rainfall distribution data without high-performance
computers. In the future, research based on this perspec-
tive needs to be developed, but since this study does not
contain observation of rainfall, these details will not be
addressed. In this paper, an idea will be proposed for so-
phisticated slope stability analysis to be performed post-
seepage flow analysis.

2.2. Slope Stability Analysis
Once the groundwater level is obtained, the stability

of the slope is evaluated by the total factor of safety Fs,
implying instability when it is lower than 1.0. By using
this index and based on the result of the seepage analysis,
the slope stability evaluation can be achieved. As shown
in Fig. 1, Fs for shallow slope failures assuming a semi-
infinite homogeneous slope is defined as

Fs =
τ f

τ

=
c′ +{γt ·h1 +(γsat − γw) ·h2} · cos2θ · tanφ ′

(γt ·h1 + γsat ·h2) · sinθ · cosθ
, (1)

where τ is the shear stress due to the sliding direction
component of the gravity of soil, and τ f is the shear
strength of soil, that is, the maximum shear resistance.
γt is the wet unit weight of soil, γsat is the saturated unit
weight of soil, γw is the unit weight of water, h1 is the
depth from the ground surface to the groundwater level,
h2 is the depth from the groundwater level to the slip sur-
face corresponding to the surface of the base layer, θ is the
slope inclination angle, c′ is the cohesion of soil, and φ ′ is
the angle of shear resistance of soil.

Here, a viable option is performing the slope stability
analysis without the previously mentioned seepage flow
analysis. To overcome the lack of observed rainfall data at
this time, it may be possible to adopt the simple assump-
tion that the groundwater level reaches the ground surface

Fig. 1. Slope stability analysis for shallow failures assuming
a semi-infinite homogeneous slope.

Fig. 2. Location of study area: Sapa Town, Lao Cai
Province, Vietnam.

during slope failure. This assumption will be adopted in
the case studies presented in the next section.

3. A Case Study in Terraced Rice Fields Slope
in Sapa, Vietnam

Every year in the rainy season, landslides frequently
occur in Vietnam, particularly in the northern mountain-
ous regions [5–8]. In 2019, some landslides occurred near
the Sapa Ancient Rock Field in Hau Thao commune, Sapa
Town, Lao Cai Province (Fig. 2). As shown in Fig. 3(a),
the mountain surface is primarily terraced rice fields be-
longing to the local Hmong people. The entire slope is
a stepped terrain separated by individual rice terraces.
Fig. 3(b) shows a typical shallow failure case observed
in this area, where the length and the width of the sliding
block in a plan view was about 30 m and 15 m, respec-
tively. Clearly observable in the slope is a collapsed por-
tion across a few rice terraces. Giao and Hanh [8] noted
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(a) Typical terraced rice field

(b) A recent shallow slope failure across a few terraces

Fig. 3. Rice terraces in study area in Sapa Town, Lao Cai
Province, Vietnam.

the geology of a landslide, approximately 400 m north-
west of the landslide depicted in Fig. 3(b). It consists
of a 0.5–0.7 m thick organic top-soil layer, a residual soil
layer of 1.4–21.13 m in thickness, and layers of weathered
rock underneath. This study also indicated that the geol-
ogy in the area has a soft soil layer located at a depth of 5
to 7 m, along which a transitional landslide may occur.

3.1. Target Area
Figure 4 shows the target area of the slope stability

analysis, which is a rectangular area of around 1,200 m ×
800 m, approximately 2 km east of the location of the
slope failure, as shown in Fig. 3(b), where the typical to-
pography of terraced rice field is distributed. Although
the slope failure should be included in the target area,
to obtain the digital elevation model, the authors were
forced to change the original target area. In the analysis
demonstrated in the following sections, the satellite image
AW3D will be used to create the digital elevation model
with 1-m resolution. However, the acquired satellite data
remains unclear due to the influence of clouds in the area,
including the slope failure of Fig. 3(b). However, suffi-
cient data has been obtained in other areas. Inevitably,
the adjacent area was selected as the target excluding the
slope failures. The collapsed slope is not included in the
analysis, but the purpose of our study will be achieved be-
cause a district includes a group of slopes with almost the
same conditions.

Fig. 4. Positional relationship between the analysis target
area and recent slope failures shown in Fig. 3(b).

3.2. Specific Lengths Concept
The semi-infinite assumption used in the developed

method may provide us with unsuitable solutions in cases
where the slopes consist of a vast terraced topography
with local small cliffs, similar to this area. Based on
the slope stability theory for shallow failures as shown
in Fig. 1, the first slope failure tends to occur at a steep
part similar to the edge of a rice terrace, even though
the cliffs are small. Such unsuitable alternatives must be
eliminated. To this end, a new concept is introduced.

Here, the specific lengths concept is proposed to ad-
dress the problem that theoretically, the edge-like steep
part of each rice terrace will always cause the first slope
failure. Fig. 5 is a schematic diagram of the proposed spe-
cific lengths concept, elucidating the representative length
given within the specific lengths range. The averaged
slope gradient is defined by focusing on the secant lines
between each topographical grid. The averaged slope gra-
dients defined outside the specific lengths range, for ex-
ample, local cliff angles, are ignored in the slope stability
calculation. As described in Fig. 1, the value of the slope
inclination θ used for the slope stability analysis can be
given as the maximum value of the averaged slope gra-
dients within the specific lengths range. Fig. 6 is a plan
view to show the proposed specific lengths range concept.
The central intersection point indicates the position where
the representative gradient value is defined. The topo-
graphical information of the slope is generally organized
as grid data defined in latitude and longitude. The specific
lengths are expressed as the diameter of the specific cir-
cles in the plan view, providing us the range of possible
averaged slope gradients of the representative gradient.

The proposed concept defines not only the lower limit
of micro-topography – similar to the resolution of the to-
pography data – but also the upper limit of the calculated
length of landslides. As seen in the above points, the pro-
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Fig. 5. A schematic diagram of the proposed concept to give a representative length within the specified length range.

Fig. 6. Plan view of the proposed specific length concept to
define the representative gradient used for the stability anal-
ysis.

posed concept can be different from simply coarsening the
resolution of the digital elevation model. The new concept
proposed in this study is thus significant.

3.3. Topographic Analysis
The aerial photo of the target area is shown in Fig. 7.

The finer folds in the image may correspond to the ter-
raced terrain. Fig. 8 shows the steepest downward slope at
each point, which can be defined as the maximum ground
inclination from each pixel to one of its eight neighbor-
ing slopes, either adjacent or diagonal. The digital eleva-
tion model was provided by the AW3D, a global digital
3D map with 1-m resolution. A pixel here is defined as
a point in the grid corresponding to the resolution of the
topography. The elevation value of the ground surface at
each pixel has been estimated from the satellite data.

In the figure, the darker the color, the greater the an-
gle. If such a simple method is adopted, extremely large
angles would be obtained at the edges of individual rice
terraces, with the angle inside the rice terraces estimated
as approximately zero. Apart from such a simple defini-
tion, other methods for defining the slope angle have been
comprehensively described in [9]. Examples of detailed

Fig. 7. Aerial photo of the target area of the analysis.

Fig. 8. Distribution of the steepest downward slope angle at
each point in the target area based on AW3D.
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Fig. 9. Vane cone shear test device, named “Dokenbou,” and its operation in the field investigation.

discussions of the definition of micro-topography can be
found in the literature, even though they propose an al-
gorithm to calculate the direction of surface water flow
different from the central discussion of our study. Further
consideration is needed on this point.

3.4. Field Investigation
To understand the nature of typical shallow failures in

this area, a simple field investigation at a slope failure was
performed in December 2019, as shown in Fig. 3(b). The
shear strength parameters of the topsoil were estimated
by a convenient and simple device (Fig. 9): the soil-layer-
strength measuring instrument (in Japanese, Dokenbou).
This device was developed by the Public Works Research
Institute of Japan. This instrument has a soil inspection
rod, wherein a vane cone is attached to the tip of the rod.
The vane cone shear test is conducted by pushing the pen-
etration vane cone to a target depth, with pressure force at
a constant value, and shearing the soil by rotating it with a
torque wrench. Next, press force and rotation torque val-
ues are checked. During each trial, the pressure force was
kept constant in a certain level of load. From the measured
values, the soil cohesion c′ and soil friction angle φ ′ can
be easily estimated from the relationship between shear
strength and normal stress of soil.

The estimated values are depicted in Table 1. The
residual shape of the collapsed slope surface in the lon-
gitudinal section is shown in Fig. 10. The depth from the
original ground surface to the exposed slip surface H was
estimated to be about 5 m. Further studies are required on
the effectiveness of such a field investigation.

Table 1. Estimated shear strength parameters of the soil in
the topsoil layer based on the results of “Dokenbou.”

c′ [kN/m2] 17.6
φ ′ [◦] 35.7

3.5. Analytical Results – Distribution of Calculated
Total Factor of Safety

In this study, to assess the potential risk of slope failure
in the given area, the total factor of safety Fs for shallow
slope failures is used assuming a semi-infinite homoge-
neous slope, defined as Eq. (1).

Widely known in Japan as empirical knowledge of en-
gineers, the soil cohesion c′ and the thickness of the land-
slide block H have the following approximate relation-
ship [10], except when the thickness of the landslide block
is extremely deep (generally more than about 25 m).

c′ [kN/m2] = H [m]. . . . . . . . . . . (2)

This equation does not have a theoretical background.
Rather, it was developed based on statistical studies of
landslide cases for the backward estimation of the value
of c′.

Here, as shown in Fig. 3(b), the depth H of the slip
surface of the actual slope failure case was observed to
be around 5 m. If Eq. (2) is directly adopted in the anal-
ysis, c′ can be estimated as 5 kN/m2, which is smaller
than the observed value based on the field shear test with
Dokenbou. This field shear test was performed in fine
and dry weather. The observed soil cohesion has possi-
bly increased because of the suction exerted in the topsoil
layer. Accordingly, this adjustment can be regarded as ra-
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Fig. 10. Residual shape of the collapsed slope surface in the longitudinal section.

Table 2. Analytical parameters used in the slope stability
analysis based on the total factor of safety for shallow fail-
ures.

γt [kN/m3] 18.0

γsat [kN/m3] 20.0

γw [kN/m3] 9.81
c′ [kN/m2] 5.00

φ ′ [◦] 35.7

h1 [m] 0.00

h2 [m] 5.00

tional from a mechanical perspective. Therefore, in the
analysis, the mobilized c′ at the time of slope failure was
assumed to be 5 kN/m2, based on Eq. (2). Contrariwise,
the value of the internal friction angle φ ′ estimated by the
Dokenbou may be reliable; thus, in the analysis, it was
used in its current condition. As for the unit weights of
soil, γt and γsat , commonly used values were adopted.

In this analysis, the slope inclination angle θ , previ-
ously shown in Fig. 8, was used to calculate the total fac-
tor of safety at each point. This is the maximum ground
inclination from each pixel to one of its eight neighboring
grids with 1-m resolutions, either adjacent or diagonal.
This is regarded as a conventional method for defining the
slope inclination angle. All analytical parameters used in
the slope stability analysis are summarized in Table 2.

Figure 11 shows the distribution of calculated total fac-
tor of safety at each point. In the figure, the darker the
color, the smaller the factor of safety, implying instability.
Similar to the tendency in Fig. 8, the dark-colored por-
tions are distributed in a shape like fine folds correspond-
ing to the edges of individual rice terraces. Such a de-
tailed information distribution may not be useful for dis-
aster prevention purposes because collapses of the edges
of terraced rice fields do not attract much attention. As
demonstrated in Fig. 10, the size of the phenomenon rec-
ognized as a slope failure would be more than 10 m at
least.

Fig. 11. Distribution of the calculated total factor of
safety Fs based on the slope angle θ estimated from the
conventional definition as the maximum ground inclination
from its eight neighboring grids in 1-m resolution.

3.6. Parametric Study of the Assumed Values of
Specific Lengths of Slope Failure

Developing the above result, in this section, the modi-
fied results will be demonstrated with the parametric stud-
ies by varying the assumed values of the specific lengths
of slope failure. The analytical cases are summarized in
Table 3. The assumption in Case A would be able to con-
sider extremely local topographical changes – unrealistic
from the engineering perspective – while that in Case B
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Table 3. Analytical cases for the parametric studies by vary-
ing the assumed values of the specific lengths of slope fail-
ure.

Case
Specific lengths [m]

Minimum Maximum
A 0 2

B 10 40

C 40 100

is almost consistent with the observed size of an actual
slope failure shown in Fig. 10. Contrariwise, in Case C,
the large values of the specific lengths are adopted to cap-
ture larger size failures. This assumption may be more
suitable for assessing landslides with deeper slip surfaces,
for example, 10 m or more.

Figure 12 shows the calculated results in Case A. The
slope inclination angle was obtained as Fig. 12(a), similar
to Fig. 8. This is because both assumptions are numeri-
cally almost equal. Therefore, Fig. 12(b), obtained based
on this inclination angle, tended to be similar to that of
Fig. 11. As indicated before, under such an assumption,
an extremely small total factor of safety was obtained at
the edges of individual rice terraces. However, the total
factor inside the rice terraces was estimated to be very
large. These assumptions may not be desirable.

Figure 13 shows the calculated results in Case B,
where the specific lengths are assumed to be the values
consistent with the observed size of an actual slope fail-
ure shown in Fig. 10. As seen in Fig. 13(a), fine folds
with darker color are excluded and only more compre-
hensive slope shapes are visible. Such modeling seems to
be optimal from the engineering point of view, especially
when many small-terraced topographies are included in
the slope. The calculated result of the total factor of safety
shown in Fig. 13(b) may also be valid for disaster preven-
tion for shallow slope failures.

However, the danger of large landslides should also
be recognized. Fig. 14 shows the calculated results in
Case C, where the values of specific lengths may be
larger than those in Case B. As seen in Fig. 14(a), such
a rough pattern characterized with darker colors implies
that the target slopes under consideration became larger.
Fig. 14(b) reminds us which places are more dangerous
if a larger landslide occurs. Using these assumptions
properly considering the geological structure in the target
slope confirmed that by changing the assumed values of
the specific lengths of slope failure, various slope objects
can be appropriately evaluated.

4. Conclusions

The primary results of the present study are as follows:

(1) Previously, the authors developed a simple method for
evaluating the slope stability at a relatively shallow
depth. However, it was indicated that such a semi-

(a) Distribution of slope inclination angle

(b) Distribution of total factor of safety

Fig. 12. Calculated results in Case A (where the specific
lengths range was assumed to be from 0 m to 2 m).

infinite homogeneous slope assumption may provide
us with unsuitable solutions in cases where the slopes
include highly terraced topography with local small
cliffs. This is because theoretically, the first slope fail-
ure always occurs at steep slopes like an edge of each
rice terrace, even though these are small cliffs. In this
study, to address this issue, a new concept of the spe-
cific lengths was proposed.

(2) The proposed specific lengths concept gives a repre-
sentative length within the specified length range, fo-
cusing on the secant lines between each topographical
grid. The averaged slope gradients defined outside the
specified range are ignored in the slope stability cal-
culation.

(3) Consequently, it was confirmed that the proposed spe-
cific lengths concept is efficient and can be applied
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(a) Distribution of slope inclination angle

(b) Distribution of total factor of safety

Fig. 13. Calculated results in Case B (where the specific
lengths range was assumed to be from 10 m to 40 m).

to evaluate the terraced rice fields in Sapa, northern
Vietnam.

(4) To understand the nature of typical shallow failures in
this area, a simple field investigation was performed.
The shear strength parameters of the soil were es-
timated by a convenient and simple device called
“Dokenbou” in Japanese.

(5) The effectiveness of the proposed concept for appli-
cation in terraced fields should continue to be verified
through other case studies in different areas with ex-
tensive small-terraced topography.

(6) The proposed concept of specific lengths would be
useful for more general slopes including characteris-
tic microtopographies that are relatively unimportant
for disaster prevention, similar to the conditions of
terraced rice fields studied in this paper.

(a) Distribution of slope inclination angle

(b) Distribution of total factor of safety

Fig. 14. Calculated results in Case C (where the specific
lengths range was assumed to be from 40 m to 100 m).

(7) In this paper, only simple analytical cases were shown
without considering the actual rainfall history. More
rigorous stability analysis will be required consider-
ing the groundwater level rise based on the actual
record of rainfall observed in the target area.
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