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To fully and rapidly develop a real-time early warn-
ing judgment system for slope failure at the time of
heavy rains including overseas, it is necessary to pre-
dict water movement in the soil at the time of rainfall.
In addition, to apply the system to a place where in-
sufficient geotechnical and geological data have been
amassed, it is necessary to evaluate the risk of slope
failure based on physical properties obtained from a
simple soil test. Therefore, in this study, the authors
set Gogoshima Island in Ehime Prefecture as a study
site and evaluated the water movement over time in
the soil during heavy rain using a simple prediction
equation of rainfall seepage process. Soil properties
were determined through simple in-situ and labora-
tory tests. As a result, it was found that the factor of
safety for slope failure in the head and wall of a valley
dissecting the hillside slope composed of granodiorite
in which weathering has progressed can be planarly
evaluated using the simple prediction equation.

Keywords: simulation of slope failure distributions,
highly weathered granodiorite (saprolite), simple seepage
analysis, Gogoshima Island

1. Introduction

Japan, which is located in a warm and humid cli-
mate and has a large mountainous land area, has a
problem of slope failure. Therefore, the Japan Mete-
orological Agency has calculated the soil water index
(Okada et al. [1]) using the series three-stage tank model
of Ishihara and Kobatake [2], and evaluated and predicted
risk of landslide-related incidents caused by heavy rain.
However, the proportional constants such as the runoff
coefficient set in each tank hole are subject to the con-

dition that there are sufficient observation results such as
the runoff amount for calibration targets. In addition, the
geological data etc. to constitute the basis for setting each
coefficient are exhaustively required. On the other hand,
as proposed by Okimura et al. [3], the number of pro-
posals for risk assessment using weather radar data has
been increasing in recent years. There is a global trend of
using distributed hydrological analyses to track the flow
of rainwater and assess the risk of slope failure, such as
Lima Neves Seefelder et al. [4] and Shi et al. [5]. How-
ever, in the case of performing a precise calculation for
a wide area, in particular a saturated-unsaturated seepage
flow analysis, a high-performance computer is required,
and adequate time is needed for the calculation. There
are problems such as failure to obtain sufficient measures
of the physical properties and initial conditions of soil to
meet the strictness of the method. With this background,
to fully and rapidly develop a real-time early warning
judgment system for slope failure at a time of heavy rain
including overseas, it is necessary to predict water move-
ment in the soil at the time of rainfall as in Wakai et al. [6]
and Ozaki et al. [7]; and it is also necessary to evaluate the
risk of slope failure by adopting the physical properties
obtained from a simple soil test.

Therefore, the authors have evaluated the water move-
ment in the soil over time during heavy rain using a simple
prediction equation of rainfall seepage process proposed
by Ozaki et al. [7] and have attempted to planarly eval-
uate the factor of safety based on the soil properties ob-
tained from simple in-situ and laboratory tests. As the
test site, the authors set Gogoshima Island, Ehime Prefec-
ture (Fig. 1), where a large number of shallow landslides
occurred in July 2018 due to heavy rains. About Fig. 1,
shown in red is the distribution of shallow landslide (in-
cluding flow-down and erosion areas) caused by the July
2018 heavy rains (the shallow landslide distribution, the
data of Sato et al. [8] were used), for the fundamental fig-
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Fig. 1. Test site (Gogoshima Island, Matsuyama City,
Ehime Prefecture).

ure, the shadow map created from the 0.5 m mesh DEM of
the aerial laser survey measured by Forestry Agency [9]
in 2018 was used.

2. Outline of Study Site

Gogoshima Island has an area of 8.76 km2, and to the
south of the island is the conical Mt. Kofuji with an el-
evation of 282.4 m (Fig. 1). The July 2018 heavy rains
caused many shallow landslides in citrus on-site, resulting
in huge damage (Sato et al. [8]). In particular, a shallow
landslide occurred along the valley dissecting Mt. Kofuji,
destroying infrastructure with the debris flow. The geol-
ogy is mainly composed of Cretaceous granodiorite and
Miocene andesite, with landslide and beach deposits dis-
tributed in some areas (Fig. 2). About Fig. 2, the geolog-
ical map was created based on 1/50,000 surface layer ge-
ological map “Mitsuhama” [10], for the fundamental fig-
ure, the shadow map created from the 0.5 m mesh DEM of
the aerial laser survey measured by Forestry Agency [9]
in 2018 was used.

3. Various Test Methods to Determine Soil
Properties and Simple Prediction Method of
Rainfall Seepage Process

3.1. Methods of In-Situ and Laboratory Tests
On August 22 and 23, 2020, an on-site survey in the

area that collapsed due to the July 2018 heavy rains was

Fig. 2. Surface geology of the southern part of Gogoshima
Island.

Fig. 3. Location of the in-situ test and photograph of the test
site.

carried out, and a vane cone shear test using a soil strength
probe and an in-situ falling head test using a portable mini
disk infiltrometer made by Meter, Inc. were conducted at
Loc. A shown in Fig. 3. The test site falls on a landslide
scarp in the area of shallow landslide as shown in Fig. 3.
The geology is composed of a granodiorite weathered ma-
terial (decomposed granite soil) as described later, and its
foundation (bedrock) was not found at the site. There-
fore, the slip surface was found that was present in the
decomposed granite soil. The above in-situ test was con-
ducted by artificially dissecting this scarp and providing
steps. The soil strength probe is a tester developed by the
Public Works Research Institute that measures the internal
friction angle and cohesion on site by measuring both the
vertical penetration load and the rotational (shear) torque
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of a winged cone (Public Works Research Institute [11]).
The portable mini disk infiltrometer can calculate the hy-
draulic conductivity by placing a hydraulic conductivity
disk made by sintering stainless steel at the bottom onto
the soil and recording the falling water level.

Looking at the cross section of the soil layer at the
test site (Fig. 3), its color is found to change downward
from brown to grayish brown around the excavation depth
of 1.0 m. It was also confirmed that the particle size
was increasingly coarse in the downward direction. The
above in-situ test was carried out for drilling depths GL
−0.25 m (hereinafter, Depth S) and GL −1.0 m (here-
inafter, Depth D). Additionally, an undisturbed sample
and a disturbed sample were collected from the horizons
of Depth S and Depth D to carry out soil tests (moisture
content, wet density, particle size, liquid limit and plas-
tic limit of soil, and density of soil particles) and X-ray
diffraction. The latter using the X-ray diffractometer
MiniFlex made by Rigaku Corporation owned by Japan
Conservation Engineers & Co., Ltd. was carried out.

3.2. Summary of Simple Prediction Equation of
Rainfall Seepage Process

To evaluate the factor of safety with respect to the
slope failure that changes from moment to moment due to
heavy rain, a simple prediction equation of rainfall seep-
age process proposed for a semi-infinite slope of fine sand
with relatively small saturated hydraulic conductivity is
adopted. Ozaki et al. [7] presented details such as the ef-
fectiveness of the simple prediction equation. Therefore,
only the theory is extracted and described here.

Assuming a constant rainfall intensity I (cumulative
water column height per unit time), if all the rainwater
infiltrates into the ground as it is on a long and large slope
with a constant gradient, the falling velocity vbs [m/h] of
the wetting front, which expands downwards as rainwater
fills (percolates) into the unsaturated layer, is theoretically
given as follows based on the volume of water necessary
to saturate the void in the unsaturated layer:

vbs =
I

n
(

1− Sr0

100

) , . . . . . . . . . . (1)

where n is the porosity and Sr0 is the initial average degree
of saturation of the unsaturated layer shallower than the
groundwater level.

However, on the assumption of a falling velocity having
an appearance slightly different from the theoretical one
in practice, it is generalized in this paper by using the fol-
lowing equation, the right-hand side of Eq. (1) multiplied
by the correction coefficient βv.

vbs =
βvI

n
(

1− Sr0

100

) . . . . . . . . . . . (2)

In a case where the rainfall intensity increases, it is
assumed that the amount of rainwater supplied from the
ground surface becomes larger than the amount of wa-

Fig. 4. Relationship between vertical stress and shear stress
obtained by vane cone shear test using soil strength probe.

ter moving downwards in the surface stratum, and part of
the rainwater cannot infiltrate and as thus flows down the
ground surface as it is. Therefore, the intensity of rainfall
that cannot infiltrate from the surface into the ground and
flows down the ground surface, is defined as the critical
rainfall intensity Icr [mm/h]. To simplify the model, the
above proposal focuses only on the vertical component of
the rainwater seepage phenomenon and does not consider
the horizontal component of the flow.

Ozaki et al. [7] derived the parameters βv = 2.05 and
Icr = 40 mm/h of the simple prediction equation as a result
of a parametric study on the assumption of fine sand with
saturated hydraulic conductivity Ks = 1.0 × 10−3 cm/s
(1.0×10−5 m/s).

4. Results of Various Tests to Determine Soil
Properties and Planar Evaluation of Factor
of Safety with Respect to Slope Failure

4.1. Results and Discussions of In-Situ Test
Figure 4 shows the relationship between the vertical

and shear stresses obtained from a vane cone shear test us-
ing the soil strength probe. The following results were ob-
tained: cohesion c of Depth S = 8.40 kN/m2, internal fric-
tion angle φ of Depth S = 38.2◦, cohesion c of Depth D
= 11.12 kN/m2, and internal friction angle φ of Depth D
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Ks 

Fig. 5. Result of in-situ falling head test using portable mini
disk infiltrometer (input conditions set for calculation of Ks
are “Soil Type: Sandy Clay” and “Suction: 2”).

= 34.2◦. Since there was little variation in the read values
of torque, the average of the values of the test performed
three times at each load for evaluation was adopted.

The result of the in-situ falling head test using the
portable mini disk infiltrometer is shown in Fig. 5 (the
result for Depth D is omitted). The saturated hydraulic
conductivity Ks of Depth S is estimated to be about
1.0× 10−3 cm/s, and the saturated hydraulic conductiv-
ity Ks of Depth D is estimated to be about 2.0×10−3 cm/s.
Regarding the relationship between the test result using a
portable mini disk infiltrometer and saturated hydraulic
conductivity, Tagawa [12] stated that the same degree of
accuracy is obtained as with the saturated hydraulic con-
ductivity calculated using the borehole method. Although
the number of tests is considered statistically small in or-
der to verify the accuracy, the result obtained by using the
portable mini disk infiltrometer was found to be gener-
ally appropriate, as there is no large difference between
the value of the saturated hydraulic conductivity obtained
from the 20% particle size (Creager method) shown in
Fig. 6 and obtained by using the portable mini disk in-
filtrometer in Depth S.

4.2. Results and Discussions of Laboratory Test
The results of various laboratory tests are shown in Ta-

ble 1 and Fig. 6. Since the moisture content w is in the
range of 6–30%, the soil particle density ρs is in the range
of 2.6 to 2.8 g/cm3 or close thereto, and the wet density ρt
is in the range of 1.5 to 2.0 g/cm3, indicating the char-
acteristics of decomposed granite soil according to the
Japanese Geotechnical Society [13]. The plasticity index
of Depth S, which has a high clay content, is larger than
Depth D, and the consistency is confirmed.

The test results of X-ray diffraction analysis by the
random orientation method and the preferred orientation
method are shown in Table 2, and Figs. 7 and 8. About
Fig. 7, kaolin (Kln) and illite (Ill) were determined by the
result of dropping only the clay particles contained in the
supernatant treated by hydraulic elutriation method (in a
preferred orientation), drying, and measuring by X-ray
diffraction. The combination of the minerals and clay
minerals of Depth S and Depth D was substantially the

Fig. 6. Results of particle size test.

Table 1. Result of various laboratory tests on in-situ weath-
ered decomposed granite soil.

Soil properties Depth S Depth D

Moisture content: w 13.68%∗ 9.44%

Wet density: ρt 1.66 g/cm3 1.66 g/cm3

Dry density: ρd 1.45 g/cm3 1.52 g/cm3

Average soil particle
2.53 g/cm3 2.62 g/cm3

density: ρs

Liquid limit: wL 36.13% 31.66%

Plastic limit: wp 21.80% 26.10%

Plasticity index: lp 14.3 5.5

Void ratio: e 0.551 0.731

Porosity: n 35.5% 42.2%

Saturated unit weight: γsat 19.5 kN/m3 19.0 kN/m3

∗Since the in-situ falling head test was conducted in the vicinity
before each soil sample was collected, the result can be affected
by the test, tending toward wetness.

same. So, only the result for Depth D, which is close to
the slip surface, is shown. According to X-ray diffrac-
tion, the major constituent minerals are a large amount of
quartz, feldspar, though a little less than quartz, and am-
phibole and vermiculite, though in small amounts. Al-
though biotite was not detected, it is assumed that it
had changed into vermiculite of clay mineral by weath-
ering. Kaolin, which is a clay mineral, is a weathered
product of feldspar in general, so it is considered to be
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Table 2. Mineral contents.

Sample Quartz Feldspar Amphibole

Depth D
+++ ++ +

Large amount Medium amount Small amount

Sample Vermiculite Kaolin Illite

Depth D
+ (+) (+)

Small amount Trace amount Trace amount
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Fig. 7. Whole rock X-ray diffraction diagram.
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Fig. 8. Preferred oriented X-ray diffraction diagram (treated
by hydraulic elutriation method).

generated from a part of it because the kaolin contains
much feldspar. Illite was also detected, but as shown in
Utada [14], it is estimated to be a weathered clay min-
eral from feldspar. Due to the fact that it was estimated
to be decomposed granite soil from the macroscopic ex-
amination on site and the soil test in the laboratory, the
sample was found to be weathered decomposed granite
soil of granodiorite, as it contained amphibole and a com-
bination of other minerals.

Granodiorite is a plutonic rock rich in plagioclase,
which is, as shown in Iida [15], Matsukura [16], and the
like, characterized by forming a thick weathered layer. It
is also known that biotite and feldspar gradually become
fine particles when weathered, and eventually change into

clay minerals. It was found that the granodiorite of
Gogoshima Island has a similar characteristic.

4.3. Planar Evaluation of Factor of Safety with
Respect to Slope Failure in the July 2018
Heavy Rainfall

4.3.1. Evaluation Method of Factor of Safety with
Respect to Slope Failure

Using the simple prediction equation of rainfall seep-
age process shown in Section 3, the flow of rainwa-
ter underground in accordance with the flow shown in
Fig. 9 was tracked and the factor of safety with respect
to slope failure was attempted to evaluate. The factor of
safety was calculated for each 5 m × 5 m square meshes.
However, the movement of rainwater in the ground be-
tween meshes is not considered. Since the saturated hy-
draulic conductivity obtained from the in-situ test is close
to the representative value of 1.0 × 10−3 cm/s of fine
sand set by Ozaki et al. [7], the parameters βv and Icr
of the simple prediction equation are set in this study as
βv = 2.05 and Icr = 40 mm/hr, which are the values set by
Ozaki et al. [7].

The factor of safety with respect to the slope failure Fs
is calculated by using the following equation on an as-
sumption of a semi-infinite slope, similar to the proposed
condition of the simple prediction equation.

Fs =
c+ γsat ·H · cos2 β · tanφ

γsat ·H · sinβ · cosβ
, . . . . . . (3)

where γsat is the saturated unit weight of soil (kN/m3),
H is the distance from the ground surface to the wetting
front (m), β is the dip angle of slope (◦), c is the cohe-
sion (kN/m2), and φ is the internal friction angle (◦).

In general, when calculating the factor of safety of a
slope saturated with water from the slip surface to the
ground surface, hydrostatic pressure acts on the slip sur-
face. However, the state of 100% saturation in the rain-
fall seepage process before reaching the initial groundwa-
ter level is different from one of complete saturation that
shows the hydrostatic pressure distribution. Also, in the
saturated-unsaturated seepage flow analysis (FEM analy-
sis) by Ozaki et al. [7], the pressure head is 0 m until the
wetting front reaches the initial groundwater level even if
the saturation is 100%, and a hydrostatic pressure distri-
bution is not shown. The result that the pressure head
also shows a hydrostatic pressure distribution has been
obtained, together with the process in which the ground-
water level rises rapidly to the ground surface soon af-
ter the wetting front reaches the initial groundwater level.
Therefore, in this study, in the seepage process of rain-
fall, the soil has been saturated but buoyancy has not oc-
curred in the soil particles, and adopted the saturated unit
weight γsat in the calculation of the soil resistance. Note
that since the soil has been saturated but buoyancy has
not occurred in the soil particles, the cohesion and inter-
nal friction angle are total stress criteria.
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Fig. 9. Calculation flow of rainwater.

Fig. 10. (a) Elevation and (b) dip angle of slope of calculation region.

4.3.2. Input Condition
As for the rainfall, XRAIN data published by the Min-

istry of Land, Infrastructure, Transport and Tourism [17]
was adopted, and the canopy interception ratio was not
considered. As for the elevation of each calculation grid
defined at 5 m square, the elevation value of a 5 m mesh

DEM (work year: 2012 (before the slope failure in July
2018)) [18] from the Fundamental Geospatial Data pub-
lished by the Geospatial Information Authority of Japan
was adopted and interpolated by the bilinear interpolation
method [19] (Fig. 10(a)). The dip angle was set by the av-
erage maximum technique [20] using this elevation data
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Fig. 11. Additional information on setting the initial satura-
tion (see Table 3 for various parameters).

(Fig. 10(b)). ArcGIS 10.8 for this series of processing
was used. The calculation time interval was 10 minutes.

The porosity n and initial degree of saturation Sr0 are
required to evaluate the rainfall seepage process of a slope
using the simple prediction equation. As for the poros-
ity n, a value of 42.2% of Depth D was adopted, close to
the slip surface. The initial degree of saturation Sr0 was
assumed to be 60% from the relationship between the
antecedent rainfall and the no-rainfall time with respect
to the analysis target rainfall (from 6:00 a.m. on July 7,
2018) of this study. This is because degree of satura-
tion Sr equivalent to pF 1.5 is in the range of 41.1 to
82.7% as shown in Fig. 11, based on the moisture re-
tention characteristics with respect to samples of decom-
posed granite soil and fine sand obtained from Nishigaki
and Takeshita [21] in Table 3, on the assumption of a
moisture state equivalent to a suction pressure of pF 1.5
(field moisture capacity).

As for the saturated unit weight γsat necessary for cal-
culation of the factor of safety, the value of Depth D of
19.0 kN/m3 was adopted from Table 1, similar to the
setting basis of the porosity n. As for the internal fric-
tion angle φ , Hiyama et al. [22] pointed out that the in-
ternal friction angle of unsaturated decomposed granite
soil is almost constant regardless of the suction. As a re-
sult, the value of Depth D of φ = 34.2◦ obtained from
the vane cone shear test using the soil strength probe
was adopted. As for the cohesion, Hiyama et al. [22]
pointed out that the cohesion of unsaturated decomposed
granite soil increases linearly with an increase in suction.
Araki et al. [23] pointed out that the cohesion of undis-

Table 3. Water retention characteristics adopted for setting
initial degree of saturation and calculation result of degree
of saturation equivalent to pF 1.5.

Soil 
type 

Granite soil Fine 
sand 01 02 03 04 

 0.348 0.517 0.554 0.338 0.410 
 0.075 0.199 0.270 0.110 0.000 
 11.1 10.2 3.49 7 6.32 
 2.08 2.13 2.06 1.82 1.41 

 41.1 54.2 82.7 64.5 68.5 
θs: Saturated volumetric moisture content
θr: Residual volumetric moisture content
α(1/m), n: Parameters of van Genuchten model
Sr pF1.5: Degree of saturation equivalent to pF 1.5 (Moisture holding

capacity after 24 hours)∗The values of Nishigaki and Takeshita [21] were adopted for various
parameters of the water retention characteristics.

Table 4. Each parameter used for the back calculation of
cohesion.

γsat H β φ
19.0 kN/m3 1.5 m 35.0◦ 34.2◦

Place of extraction: same as Loc. A in Fig. 3 [N 33◦ 52′ 47′′ , E 132′ 40′ 04′′]

Fig. 12. Calculation result (location of wetting front).

turbed decomposed granite soil decreases due to water
infiltration. Therefore, it is not appropriate to adopt the
result of the vane cone shear test conducted in an unsat-
urated state. In the light of the fact that the failure depth
of the source area of the slope failure in the vicinity of the
test site was about 1.5 m and the dip angle was about 35◦
from Sato et al. [8], a back calculation of the cohesion c
was performed from Eq. (3) on an assumption that the fac-
tor of safety Fs = 1.0 under the conditions in Table 4. As
a result, the cohesion c = 0.39 kN/m2 was given.

The physical properties of the soil shown above were
given uniformly in the Depth direction. It is also assumed
that there is no effect of initial groundwater.

4.3.3. Planar Evaluation of Factor of Safety with
Respect to Slope Failure

Figure 12 shows the calculation result of the rainfall
seepage process at Loc. A of Fig. 3, and Fig. 13 shows
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Fig. 13. Planar evaluation result of factor of safety with respect to slope failure.

the evaluation result of the planar factor of safety with re-
spect to a slope failure. The areas of slope failure (red ar-
eas) due to the July 2018 heavy rains shown in Fig. 13 in-
cludes not only the occurrence source but also flow-down,
erosion and deposition areas. The factor of safety at the
slope of valley head and valley wall in the upstream of the
dissected valley has decreased in agreement with the area
of slope failure of July 2018. As a result, the usefulness
of this planar evaluation method of the factor of safety has
been shown.

However, there are places where slope failure did not
occur during the July 2018 heavy rains even in places
where the factor of safety was evaluated to decrease over
time using the simple prediction equation. This tendency
is found to be seen mainly at Mt. Kofuji, which is com-
posed of andesite, but is considered to be due to the fact
that the physical properties of the decomposed granite soil
of granodiorite were given uniformly and analyzed in this
study. It is necessary to conduct a similar in-situ test and
laboratory test in the andesite distribution area, under-
stand the weathering characteristics and the structure of
soil layer, and then evaluate the factor of safety by con-
sidering the planar difference in physical properties.

According to Fig. 13, there are some places around
the slope failure caused by the July 2018 heavy rains for
which calculation results show that the factor of safety
does not decrease. The slope failure south of Prefectural
Road 195 in Fig. 13 on a relatively smooth hillside slope
where the mountain was not subjected to dissection. The
slope of failure was mainly a citrus field artificially mod-
ified into a staircase, as shown in Fig. 14. About Fig. 14,
shown in red is distribution of slope failure caused by July

Fig. 14. Satellite photograph of the analysis area (Forestry
Agency [9]) and an example of a citrus field artificially mod-
ified into a staircase.

2018 heavy rain (Sato et al. [8]). It was inferred that the
topsoil ran off until slope failure due to the surface flow at
the time of heavy rain. That is, seepage process of rain-
fall was not involved, and the slope failure was generated
by a mechanism different from the proposed method. In
addition, since the slope failure of the July 2018 heavy
rains involved the flow-down, erosion, and deposition ar-
eas, it is possible that this study was not able to evaluate
it similarly.
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5. Conclusions

This study has shown that the factor of safety can be
planarly evaluated with respect to the slope failure occur-
ring in the head and wall of a valley dissecting the hillside
slope using the simple prediction equation of the rainfall
seepage process. This method is suitable for grasping the
change tendency over time of the factor of safety for slope
failure by rainfall pattern. In other words, it is possible
to estimate the occurrence source of a slope failure and
places with a future risk of slope failure based on real-time
prediction information. However, in order to ensure early
warning against human damage, it is essential to evalu-
ate the risk while including the debris flow of the sedi-
ment supplied to the valley bottom. This study has not
been able to evaluate the phenomenon in which the top-
soil runs off until slope failure under surface flow at the
time of heavy rains. Therefore, future challenges include
adding a surface runoff calculation for the ground surface
to this analysis and evaluating the sediment transport and
erosion by the tractive force.

This study targeted Gogoshima Island, and it is inferred
that there are islands in the Seto Inland Sea having gran-
odiorite in which the progress of weathering is similar,
from the origin of islands. Since there are many places
in these islands that do not have a rescue system in case
of emergency, it is important to minimize human dam-
age as much as possible by constructing a real-time early
warning judgment system for slope failure. Therefore, it
is significant to develop a similar evaluation method for
surrounding islands.
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