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Abstract

Shallow landslides pose a significant hazard to mountain communities because they are
frequent, difficult to predict. It also can be developed into debris flow, which is potentially de-
structive due to their velocity and their bulking capability during propagation. Therefore, the in-
terpretation on mechanisms of rainfall-induced shallow landslide can make improvement for the
prediction and mitigation for sediment disasters due to shallow landslide.

In the chapter Il, the physically based H-slider (hillslope-scale shallow landslide-
induced debris flow risk evaluation) model was used to evaluate the effects of topography and
soil parameterization reflecting soil depth on shallow landslide prediction accuracy. Two digital
elevation models (DEMs; i.e. ground surface and bedrock surface) and three soil thicknesses
(average soil thickness, soil thickness to weathered rock and soil thickness to bedrock) and phys-
ical soil parameters (cohesion and internal friction angle) at a small hillslope site in Jinbu, Ka-
ngwon Prefecture, eastern part of the Korean Peninsula, were considered. Each prediction result
simulated with the H-slider model was evaluated by receiver operating characteristic (ROC)
analysis for modelling accuracy. The results of the ROC analysis for shallow landslide prediction
using the ground surface DEM (GSTO) and the bedrock surface DEM (BSTO) indicated that the
prediction accuracy was higher using the GSTO compared to the BSTO. Moreover, the predic-
tion accuracy based on soil parameterization reflecting soil thickness was highest in all cases.
These results imply that the effect of soil parameters on shallow landslide prediction could be
larger than the effects of topography and soil thickness.

In chapter 111, SHALSTAB model applied to shallow landslides induced by rainfall to
evaluate soil properties related with the effect of soil depth for a granite area in Jinbu region, Re-
public of Korea. Soil depth measured by a knocking pole test and two soil parameters from direct
shear test (a and b) as well as one soil parameters from a tri-axial compression test (c) were col-
lected to determine the input parameters for the model. Experimental soil data were used for the
first simulation (Case 1) and, soil data represented the effect of measured soil depth and average
soil depth from soil data of Case | were used in the second (Case Il) and third simulations (Case
I11), respectively. All simulations were analysed using receiver operating characteristic (ROC)
analysis to determine the accuracy of prediction. ROC analysis results for first simulation
showed the low ROC values under 0.75 may be due to the internal friction angle and particularly
the cohesion value. Soil parameters calculated from a stochastic hydro-geomorphological model

were applied to the SHALSTAB model. The accuracy of Case Il and Case Il using ROC analy-
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sis showed higher accuracy values rather than first simulation.

In Chapter 1V, to evaluate the initiation process of rainfall-induced landslide and artifi-
cial seepage-induced landslide, laboratory slope failure experiments and the artificial rainfall
simulators have been conducted. And numerical modeling and factor of safety were accom-
plished to analysis the effect of seepage according to change of subsurface flow using two exper-
iment data for landslide initiation evaluation. During entire experiment performance, surface
runoff did not observe and the seepage outflow only observed from toe of flume to middle part
of flume by interflow along the soil-bedrock interface according to rising of groundwater.

In rainfall-induced landslide experiment, undercutting by seepage erosion and seeping
water were main factors caused to failure. Numerical modeling indicated that seepage direction
was effected to rising of ground water table and especially change of topography (near the failure
surface plane). In artificial seepage-induced landslide experiment considered seepage force, mul-
ti-failures were occurred and rapidly accelerated to downward direction during water injection.
Numerical modeling indicated seepage direction and force were effected to landslide initiation
according to abrupt increasing of pore water pressure and groundwater level at near failures plan.
And changing of seepage direction was calculated at near failures plan while failure move to
downward direction.

In rainfall induced-landslide experiment, FS was reduced due to change of seepage di-
rection and, from slope parallel seepage flow (A = 90°) showed under FS value 1 indicated unsta-
ble. In artificial seepage-induced landslide experiment, FS was reduced due to change of seepage
direction and especially seepage force. However, when A that have 5.6 (i.e. hydraulic gradient)
was changed from vertically downward direction to slope parallel, FS value showed under 1 in-
dicated unstable by comparing with rainfall-induced landslide experiment. In this study, these
monitoring and modeling results indicated that seepage force by subsurface can be more affected

to landslide initiation rather than effect of seepage direction.

Keywords: Shallow landslide, physically based model, a large flume experiment, bedrock flow,

piping, seepage direction, seepage force, subsurface flow, topography, soil thickness
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Chapter 1. General Introduction

1.1 Previous studies on rainfall-induced shallow landslide model

Shallow landslides are a major landform-shaping process in many mountain areas
(Acharya et al., 2006). Landslides can transform into debris flows or hyper-concentrated flows
under specific conditions (lverson et al., 1997). Flows with sediments induced by shallow land-
slides are much more dangerous than those resulting from continuous erosive processes due to
their high density and mobility. These shallow landslide initiation is frequently related to rainfall
intensity and duration (Caine, 1980; Aleotti, 2004; Giannecchini, 2006; Guzzetti et al., 2007,
2008; Cannon et al., 2008; Coe et al., 2008; Dahal and Hasegawa, 2008). It commonly has been
observed that a significant fraction of hillslope failure such as shallow landslide is often related
to short (<1 hour) and intense rainfall rather than daily-averaged precipitation(Reid et al., 1997;
Montromery et al., 1997; Torres et al., 1998; Caine, 1980; Casadei et al., 2003).

Researchers have attributed the occurrence of landslides to spatial variation in topog-
raphy, soil depth, cohesion, hydraulic conductivity, seepage response by subsurface flow, and the
internal friction angle (e.g., Shimokawa et al., 1989; Yoshinaga and Saijo,1989; Dietrich et al.
1995; Wu and Sidle, 1995; Casasei et al., 2003; Roering et al., 2003; Onda et al., 2004). Shallow
landslide often occurs in areas of convergent topography, where subsurface soil water flow paths
increase the excess pore water pressure downslope (e.g. Anderson et al., 1991; Wilkinson et al.,
2002; Talebi et al., 2008). Topography influences the initiation of shallow landslides through
both the concentration of subsurface flow and the effects of slope (e.g. Montgomery and Dietrich,
1994; Talebi et al., 2008).

To analysis shallow landsliding, one of the simplest approaches combines an infinite



slope stability analysis with a steady-state shallow subsurface flow model (e.g., Okimura et al,
1985; Montgomery and Dietrich, 1994; Pack et al, 1998). Recently, more complex processes of
shallow landslide occurrence have been incorporated into physically based models predicting the
spatial patterns of shallow landslide susceptibility (e.g., Hiramatsu et al, 1990; Wu and Sidle,
1995; Rosso et al, 2006; Talebi et al, 2008; Uchida et al., 2011). The use of spatially distributed
and physically based models poses a versatile and alternative approach that can be used in de-
termining which areas are prone to shallow landslides, and consequently in helping planners and
decision makers to choose strategies that minimize hazards associated to this process.

Many of these models and methodological approaches are based on the physically-
based model developed by Montgomery and Dietrich (1994) in which a slope stability method
and a topographically based groundwater flow model are coupled. The slope stability approach is
based on an infinite slope form of the Mohr—Coulomb failure law. Concerning the hydrologic
model, a steady state shallow subsurface flow based on the work by O'Loughlin (1986) has been
usually considered. This is only valid if recharge to a perched water table occurs at every point
along the hillslope, reaching subsurface drainage equilibrium and experiencing drainage from its
entire upslope contributing area (Barling et al., 1994).

For examples, SHALSTAB (Dietrich and Montgomery, 1998) is a physically based
model including the infinite slope equation and a steady-state shallow subsurface flow (O'Lough-
lin, 1986) to evaluate landslide susceptibility at a regional scale. Claessens et al. (2005) proposed
a model to assess the location of shallow landslide and their impact on landscape development
within a time frame of decades, based on the dynamic landscape evolution model LAPSUS.
TRIGRS (Transient Rainfall Infiltration and Grid based Regional Slope-stability analysis) which
was developed to account for the transient effects of rainfall on shallow landslide initiation and
combines an analytical solution for groundwater flow in one vertical dimension with an infinite-

slope stability calculation (Baum et al., 2002; Savage et al., 2003). And STARWARS+ and
2



PROBSTAB (van Beek, 2002) and GEOtop-FS (Simoni et al., 2008) applied to prediction of

shallow landslide.

Republic of Korea
SEOULe %

vuniyg o Study area

]
=Y - 7 @
AUl LY

128" 20°€ 128" 0°E 128" 360°E

Fig. 1.1 Rainfall induced shallow landslides in Republic of Korea

Some issues, however, remain unsolved regarding steady state models. For examples, one
is a time scale discrepancy in the supposed hydrological process. The concept of steady ground-
water flow parallel to the slope above an impermeable bed can predict only the long-term distri-
bution of groundwater pressure, which should be identified as a predisposition to landsliding.
The second concern is that the model cannot apply to hill slopes underlain by highly permeable
bedrocks, where the near surface lateral water movement becomes an unfeasible proposition.
And these mostly physically based models have been used by factor of safety concept combined
a simple hydrology model related with ground water increasing within soil layer by hydraulic

conductivity and, they have expressed the output to stable or/and unstable using values of FS
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where the shallow landslide area is sensitive. So, to perform the shallow landslide prediction,
weakness on steady state shallow landslide models have to be considered and the timing caused
shallow landslide by rainfall also was needed to be considered.

These physically based models only allow the complete parameterization, especially
considering rainfall induced landslides where the definition of components, such as hydrological
response of the soil and its geotechnical properties, is needed (Duan and Grant, 2000; Schmidt et
al., 2001; Giannecchini et al., 2007; Minder et al., 2009; Uchida et al., 2011; Lanni et al., 2013).
Unfortunately, few studies have attempted to measure their spatial variation at the scale that in-
fluences slope stability but these variables are exceedingly difficult to measure. Only few contain
a dynamic hydrology component and still fewer allow the user to change the parameterization.

Many researchers have variously attributed the seemingly random occurrence of land-
slides to spatial variation in topography, soil depth, cohesion of the soil and roots, hydraulic con-
ductivity, groundwater response, and the angle of internal friction (e.g., Dietrich et al. 1995; Wu
and Sidle, 1995; Montgomery et al., 1997). This physical parameters, however, can be changed
by topography and distribution of soil depth due to local conditions and affect shallow landslide
modeling by one of the important factors (Dietrich et al., 1995; Claessens et al., 2005; Rosso et
al., 2006; Uchida et al., 2011). Recently, hillslope hydrology studies have shown that not the
ground surface topography but the bedrock surface may be the most important controlling factor
in the routing of subsurface flow on steep, wet and soil-mantled hillslopes (e.g., Freer et al, 2002;
Uchida et al., 2011) because the landslide slip surface can be also strongly affected by bedrock
surface topography. To better predict the shallow landslide, therefore, shallow landslide model-

ing has to be considered on the topography and detailed information of soil thickness.



1.2 Interpretation of rainfall-induced shallow landslides using flume experiment and

artificial rainfall

Rainfall-induced shallow landslides have been studied for practical and scientific rea-
sons (Anderson and sitar, 1995; Iverson et al., 1997; Gabet and Muss, 2006). In spite of their size,
shallow landslides pose a significant hazard to mountain communities because they are frequent,
difficult to predict, and they can develop into debris flow, which are potentially destructive due
to their velocity and their bulking capability during propagation (Campbell, 1975; Rickenmann
and Zimmermann, 1993; Iverson et al., 1997; Reid et al., 2000; Crosta and Dal Negro, 2003;
Crosta et al., 2003).

Recently, quantitative studies addressed shallow groundwater strongly influences the
effective stress state in earth materials and can therefore precipitate hill-slope instability (Ter-
zaghi 1923, 1943, 1950; lverson and Major, 1987). A variety of theoretical studies have clarified
the destabilizing role of steady, Darcian groundwater flow in slopes (Patton and Hendron, 1974;
Hodge and Freeze, 1977; Iverson and Major, 1987). The slope stability approach is based on an
infinite slope form of the Mohr—Coulomb failure law. Concerning the hydrologic model, a steady
state shallow subsurface flow based on the work by O'Loughlin (1986) has been usually consid-
ered. This is only valid if recharge to a perched water table occurs at every point along the
hillslope, reaching subsurface drainage equilibrium and experiencing drainage from its entire
upslope contributing area

However, bedrockflow by piping may recently contribute to landslide initiation and/
or slope stability, since the spatial variation in hydrologic response is attributed to the influence
of pipeflow (e.g. Pierson, 1980; Brand et al., 1986; Jenkins et al., 1988; Sidle, 1995a; Fannin et

al., 2000). Proofs that occurred increasing groundwater like bedrock flow are often found in



scars of shallow landslides (e.g. Ohta et al. 1981 ; Brand et al., 1986; Jenkins et al., 1988; Selby,
1993 ). Several field investigations have attempted to record the shallow groundwater conditions
that initiate debris flows by landslide (e.g. Harp et al.,1990; Johnson and Sitar 1990; Montgom-
ery et al. 1990; Iverson et al., 1997). Ohta et al. (1981) and Pierson (1983) reported that 50-90%
of landslide scars had soil pipes in head scarps (Uchida et al., 2001). Since soil pipes have signif-
icant impact on the effective hydraulic conductivity (e.g. Montgomery and Dietrich, 1995) and
the storm runoff generation processes (e.g. Kitahara, 1994), it has been considered that pipeflow
may contribute to landslide initiation (e.g. Wieczorek, 1993; Sidle, 1994; Onda et al., 1996; Iver-

son et al., 1997).

Numerical simulation showed that relatively slight hydraulic conductivity contrasts of
less than one order of magnitude markedly affect the slope failure potential (Reid and Iverson,
1992). Indeed, soil pipe outlets are often found in scars of shallow landslides (e.g. Brand et al.,
1986; Jenkins et al., 1988; Selby, 1993). Since the 1980s, a variety of processes have been sug-
gested to explain the effects of pipeflow on the slope stability (e.g. Pierson, 1983; Sidle et al.,
1985; Shindo, 1993; Uchida et al., 1996; Onda et al., 1996).

Theoretical analyses and observations of the movement of soil particles within slopes
that have an emerging subsurface flow have been presented (e.g. Iverson and Major, 1986;
Kohno et al., 1987; Selby, 1993; Terajima and Sakura, 1993) The importance of seepage flow
convergence in hillslope hollows with respect to shallow landslide initiation has also been dis-
cussed in many studies (e.g. Anderson and Burt, 1978; Pierson, 1980; Sidle, 1984; Montgom-

ery and Dietrich, 1994; Tsuboyama et al.,1994; Terajima et al., 2014)

However, the effects of piping on shallow landslide initiation have not been fully un-
derstood, because of insufficient information about the runoff generation processes of pipeflow.

For instance, in infinite slope stability analyses, it is commonly assumed that the groundwater



flow, and hence, the seepage force vector, is parallel to the topographical surface. Common theo-
ry in soil mechanics will show, however, that when the seepage force turns more and more in a
direction opposite to gravity, effective stress progressively decreases, may become null and caus-

es liquefaction of the sliding block (Nieuwenhuis, 1989; Iverson et al., 1997).

ii) Preferential flow through decayed
and living roots, and vertical connected
macropores
- new water dominant

- quick response
(Wilson et al., 1991: Elsenbeer et al., 1995)

iili) Shortcutting normal mixing process
with soil matrix water
- new water dominant

- quick response
(Wilson et al., 1991: Uchida et al. 1997)

Bedrock Fracture Soijl

Bedrock
<+— Flow Direction

i) Exfiltration from bedrock fracture
- old water dominant?
v) interation of macropore with - delayed peak
surrding soil matrix (Koyama, 1994: Uchida et al., 1999b)
(Tsuboyama etal., 1994 Navar et al., 1995)

iv) Water movement from transient saturated groundwater
above bedrock orimpeding layer into soil pipes
- old water dominant

- delayed start and quick peak
(e.g., McDonell, 1990; Peters et al., 1995; Sklash et al., 1996 Tani, 1997)

Fig. 1.2 Conceptual model of an expansion of hydrologically active area at soil matrix—pipe
interface, the expansion of surrounding soil that interacts with water in macropores and the
extension of macropore network upslope. Based on Tsuboyama et al. (1994) (Tsuboyama Y,
Sidle RC, Noguchi S, Hosoda I, Water Resources Research, 30: 879-890, 1994 (Modified
from Uchida et al., 2001)



1.3 Objectives of this study

Prediction of shallow landslide performance will be strongly influenced by the
quality of the data because of the strong influence of local controls (topography, soil thickness,
root strength, localized seepage forces and bedding or fractures) and their threshold dependency.
Hillslope hydrology studies recently have shown the topography maybe the most important fac-
tor on moving of subsurface flow, distribution of soil thickness and soil properties related with
topography were one of the important factors to shallow landslide prediction.

Obijectives of this study are to evaluate the impact of topography effect by using physi-
cally based models in S. Korea and to explain the mechanism of shallow landslide for suggesting
improving shallow landslide prediction modeling. To accomplish these objectives, | investigated
detailed topography and soil thickness at specific study site in S. Korea and performed a large
flume experiment using artificial rainfall in National Research Institute Earth Science and Disas-
ter Prevention (NIED), Japan.

In chapter 2, the physically based H-slider model was accomplished to calculate
steady-state critical rainfall intensity (mm/h) for shallow landslide modeling by using diverse
topographic data in small scale study site located on Jinbu, Kangwon prefecture, Republic of Ko-
rea. To evaluate diverse factors for shallow landslide prediction using H-slider, 1) the two kinds
of DEMs, i.e. ground surface topographic (GSTO) and bedrock surface topographic (BSTO),
were established. 2) The three-soil thickness, i.e. average soil thickness 1m (AST), weathered
soil thickness (WST) and bedrock soil thickness (BST), were established 125 points by using
knocking pole test. 3) The soil parameters collected in study area were analyzed by using a tri-
axial compress test. The each prediction results simulated by H-slider model were evaluated by
ROC analysis for accuracy of the effect of topography.

In chapter 3, the seemingly random occurrence of shallow landslides to spatial varia-
8



tion in topography, soil depth, cohesion of the soil and roots, hydraulic conductivity, ground
water response, and the angle of internal friction. Unfortunately, these variables are exceedingly
difficult to measure, and few studies have attempted to measure their spatial variation at the scale
that influences slope stability. | performed predictions of shallow landslides induced by  rain-
fall by using a SHALSTAB model and interpreted the importance of soil parameters such as co-
hesion and internal friction angle according to changes in soil thickness to improve the accuracy
of shallow landslide prediction. | used a knocking pole test in the study area to measure soil
thickness data and, the three soil parameters, which were collected at study area and analysed
using two methods (direct shear tests and one triaxial compression test), used in SHALSTAB
model.

In chapter 4, shallow landslide initiation was related to various hydrological processes
and recently, hillslope hydrology studies have shown topography may be the most important
controlling factor in the routing of subsurface flow on steep, wet and soil-mantled hillslopes.
Thus, this study is to present the effect of topography and bedrockflow by piping flow on hydro-
logical processes related to landslide initiation. A large flume experiment using artificial rainfall
in the National Research Institute for Earth Science and Disaster Prevention (NIED), Japan have
been conducted to evaluate the initiation process of rainfall-induced shallow landslide and
seepage-induced shallow landslide by topography effect and bedrock flow in model hillslope.

The topography effect and seepage change were evaluated by using large flume exper-
iment during rainfall experiment and bedrockflow effect was evaluated by using water injection
experiment. To analysis topography effect and seepage effect by the hydraulic responses during
both experiment, the numerical modeling and factor of safety applied to this experiment.

In chapter 5, the results obtained are summarized and evaluated. Limitation of the
study methods is presented, together with suggestions for future study and conclusions of this

study were presented.
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Chapter 2. The Effect of Topography and Soil Parameterization
Represented the Effect of Soil Thickness for Shallow

Landslide Modeling

2.1 Introduction

Shallow landslides pose a significant hazard to mountain communities because
they are frequent, difficult to predict and can develop into debris flows, which are potentially de-
structive due to their velocity and bulking capability during propagation (Campbell, 1975; Rick-
enmann and Zimmermann, 1993; Iverson et al., 1997; Reid et al., 2000; Crosta and Dal Negro,
2003). Moreover, the initiation of shallow landslides is frequently related to rainfall intensity and
duration (Caine, 1980; Aleotti, 2004; Giannecchini, 2006; Guzzetti et al., 2007, 2008; Cannon et
al., 2008; Coe et al., 2008; Dahal et al., 2006).

One of the simplest approaches to analyse shallow landsliding combines an infi-
nite slope stability analysis with a steady-state shallow subsurface flow model (e.g. Okimura et
al., 1985; Montgomery and Dietrich, 1994; Pack et al., 1998). The topography factor influences
the initiation of shallow landslides through both the concentration of subsurface flow and the ef-
fect of the slope gradient on slope stability (Montgomery and Dietrich, 1994). Shallow landslides
often occur in areas where the subsurface soil water flow increases the pore-water pressure (An-
derson et al., 1991; Wilkinson et al., 2002; Talebi et al., 2008). In particular, hillslopes with a
convergent plan shape tend to concentrate subsurface water into small areas of the slope, thereby
generating a rapid increase in pore-water pressure during rainstorms (e.g. Montgomery et al.,
1997; Tsuboyama et al., 2000; Troch et al., 2002; Fernandes et al., 2004; Hilberts et al., 2004).

Physically based models generally use a digital elevation model (DEM) of the
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ground surface to compute a steady-state (Montgomery and Dietrich, 1994; Wu and Slide, 1995;
Pack et al., 1998; Uchida et al., 2011) or a quasi-dynamic (Borga et al., 1998; Casadei et al.,
2003) wetness index, when the specific (steady-state or time-variable) upslope area derived from
the surface topography is assumed to be a surrogate measure of the subsurface flow in response
to a rainfall of specified duration. Although hydrological models have been coupled with infinite
slope stability models (Montgomery and Dietrich, 1994; Wu and Slidle, 1995; Pack et al., 1998;
Casadei et al., 2003; Uchida et al., 2011), almost all such models have assumed that the soil-
bedrock interface is a simple topographic surface paralleling the soil surface. Recently, more
complex processes of shallow landslide occurrence have been incorporated into physically based
models predicting the spatial patterns of shallow landslide susceptibility (e.g. Hiramatsu et al.,
1990; Wu and Sidle, 1995; Rosso et al., 2006; Talebi et al., 2008; Uchida et al., 2011), such as
SHALSTAB (Dietrich and Montgomery, 1998), SHETRAN (Ewen et al., 2000), TRIGRS (Baum
et al., 2002), PROBSTAB (van Beek, 2002), GEOtop FS+ (Simoni et al., 2008) and H-slider
(Uchida et al., 2011).

However, some issues regarding steady-state models remain unsolved. For exam-
ple, one such issue is a time-scale discrepancy in the supposed hydrological process. The concept
of steady groundwater flow parallel to the slope above an impermeable bed can predict only the
long-term distribution of groundwater pressure—a predisposition to landsliding. A second con-
cern is that the model cannot be applied to hillslopes underlain by highly permeable bedrock,
where near-surface lateral water movement becomes unfeasible. Additionally, these mostly phys-
ically based models have used a factor of safety (FS) concept combined with a simple hydrology
model related to groundwater increase within a soil layer by hydraulic conductivity, and they
have expressed the output as stable and/or unstable using FS values where the shallow landslide
area is sensitive. Thus, to perform shallow landslide prediction, weaknesses in steady-state shal-

low landslide models, as well as the timing of shallow landslides caused by rainfall, must be
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considered.

The physically based models described above allow only a complete parameteri-
sation, especially when considering rainfall-induced landslides for which definitions of compo-
nents, such as the hydrological response of the soil and the soil’s geotechnical properties, are
needed (Duan and Grant, 2000; Schmidt et al., 2001; Giannecchini et al., 2007; Minder et al.,
2009; Uchida et al., 2011; Lanni et al., 2013). Many researchers have variously attributed the
seemingly random occurrence of landslides to spatial variation in topography, soil depth, cohe-
sion of soil and roots, hydraulic conductivity, groundwater response and the angle of internal
friction (e.g. Dietrich et al. 1995; Wu and Sidle, 1995; Montgomery et al., 1997). These physical
parameters, however, can change as a result of topography and the distribution of soil depth due
to local conditions and may affect shallow landslide modelling through one of the important fac-
tors (Dietrich et al., 1995; Claessens et al., 2005; Rosso et al., 2006; Uchida et al., 2011).

Spatial variability of soil depth is likely to be important for determining shallow
landslide susceptibility on various steep landscapes. Soil depth, the parameter with the greatest
influence on model uncertainties, is the variable having the greatest effect on the results (Mel-
chiorre and Frattini, 2012). Wu and Sidle (1995) used some soil-thickness sampling data in their
analysis, and Dietrich et al. (1995) proposed a soil-thickness estimation model based on the mass
balance between soil production from underlying bedrock and the divergence of diffusive soil
transport. The linear correlations between soil thickness and elevation (Saulnier et al., 1997), and
between soil thickness and slope gradient (Ho et al., 2012), have been applied to shallow land-
slide prediction. Previous studies have shown only large spatial variability with low resolution in
soil depth on individual hillslopes or mountains (Okimura, 1989, Heimsath et al., 1997; lida and
Tananka, 1997; Freer et al., 2002; Tesfa et al., 2009, Uchida et al., 2011), and soil thickness in-
formation from landslide-prone areas remains very limited (Okimura, 1989; DeRose et al., 1991).

Unfortunately, the variables of soil properties are exceedingly difficult to measure, and few stud-
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ies have attempted to measure their spatial variation at a scale that influences slope stability.

Soil properties, which comprise an important factor for shallow landslide model-
ling, can affect local conditions such as topography, soil thickness, subsurface flow, bedrock
flow and vegetation. In particular, physical soil properties are affected by the topography and soil
thickness at local sites. lida (1999) suggested that the distribution of soil thickness and topogra-
phy are important parameters for the return period of shallow landslides and calculated various
factors related to shallow landslides using a stochastic hydro-geomorphological model to evalu-
ate the return period of shallow landslides. Some researchers have suggested that the two-layer
model of soil and bedrock, which assumes a potential landsliding (soil) layer, is suitable for
slope stability analysis of shallow landslides by using a probabilistic model modified from the
stochastic hydro-geomorphological model suggested by Iida (1999) (e.g. D’Odorico and
Fragherazzi, 2003; Talebi et al., 2008). These researchers noted that the internal friction angle
and soil cohesion had an effect on soil thickness and topography and that these values are diffi-
cult to measure in the field. Kim et al. (2015) also applied the method suggested by lida (1999)
to the SHALSTAB model (i.e. using the soil parameterization), which reflected the effects of to-
pography and soil thickness, and showed an improvement in modelling accuracy for shallow
landslides.

Many physically based models are used for shallow landslide prediction. In this
study, | applied the physically based H-slider (hillslope-scale shallow landslide-induced debris
flow risk evaluation method) model developed by the Public Works Research Institute in Japan
(PWRI). Although H-slider assumes a steady state, similar to SHALSTAB, this model can calcu-
late the steady-state rainfall intensity (mm/h), determined in combination with topography and
soil thickness and based on the hydrology concept by considering pore-water pressure and spe-
cific contributing area. The H-slider model has also been applied to various regions in Japan and

evaluated using various soil thicknesses and various DEM resolutions to predict shallow land-
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slides induced by rainfall (Uchida et al., 2011). Although some physically based models, such as
SHALSTAB and TRIGER, have been applied to regions incurring shallow landslides in Korea
(e.g. Park et al., 2013; Kim et al., 2011; Kim et al., 2015), these studies did not consider detailed
soil thickness values and topography based on the hydrology concept. Therefore, the H-slider
model can be useful for evaluating shallow landslides caused by rainfall in Korea by using the
various soil properties, topography and soil thicknesses of Korea.

Recent hillslope hydrology studies have shown that the bedrock surface topogra-
phy rather than the ground surface topography may be the most important controlling factor in
the routing of subsurface flow on steep, wet and soil-mantled hillslopes (e.g. Freer et al., 2002;
Uchida et al., 2011) because the landslide slip surface can also be strongly affected by the bed-
rock surface topography. To better predict shallow landslides, modelling must consider the to-
pography and detailed information about soil thicknesses. However, most landslide prediction
studies have used a ground surface DEM to calculate the values of parameters used as topo-
graphic indices, such as the local slope angle and upslope contributing area, because detailed
ground information on soil thickness is generally lacking. Although detailed information on soil
thickness can affect subsurface water routing and shallow landslide initiation, studies regarding
the effects of detailed soil thickness on the prediction of shallow landslides are still few. There-
fore, I need to compare the prediction accuracies for shallow landslides using ground topograph-
ic surface and bedrock topographic surface while considering the effects of soil parameterisation
reflecting the soil depth.

In this context, the physically based H-slider model was applied to a specific
study site located in Jinbu-Myeon, Pyeongchang-gun and Kangwon prefectures in the Republic
of Korea. This study area is an ideal field site to test the performance of the landslide model be-
cause the occurrence of shallow landslides has been accelerated by a recent increase in heavy

rainstorms. Therefore, | did not need to consider the impact of past landslides. The effects of soil
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thickness and two DEMSs (ground surface topography and bedrock surface topography) on the
accuracy of shallow landslide prediction were investigated and a stochastic hydro-
geomorphological model (lida, 1999) was applied to the parameterisation of soil properties re-

flecting soil thickness for improved model performance.

2.2 Study Area

The specific hillslope-scale study area located in the Jinbu-Myeon, Pyeongchang-gun
and Kangwon prefectures in the Republic of Korea has a subtropical climate with year-round
precipitation. The average annual precipitation from 1978 to 2008 was 1400 mm (Korea Meteor-
ological Administration). The rainfall occurs mainly in the summer season (June—September) as
a result of the East Asian monsoon, during which time the territory of Korea is also impacted by
the passage of severe tropical typhoons. Most of the heavy rainfall in Korea can be attributed to
typhoons passing over the territory. In particular, on 16 July 2006, more than 1200 shallow land-
slides occurred and triggered many debris flows. The total rainfall amount and maximum rainfall
intensity of the triggering event were 417 mm/day and ~45 mm/h, respectively (Korea Meteoro-
logical Administration).

The study area ranges from ~383 to 533 m a.s.l., and the average area and average
slope angle of hillslopes in the study area are ~1.2 ha and 406, respectively. The study area is un-
derlain only by well-weathered granite and is covered mainly by Korean red pine, Japanese larch
and acacia. The average soil depth on hillslopes in the study area is ~1 m, with the landslide

scars in the study area ranging from 9 to 20 m in width (Fig. 2.1).
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2.3 Study Method

2.3.1 Description of r¢ (H-slider)

H-slider is based on the infinite slope form of the Mohr—Coulomb failure law ex-
pressed by the ratio of stabilising forces (shear strength) to destabilising forces (shear stress) on a
failure plane parallel to the ground surface (Fig. 2.2). To calculate the critical steady-state rainfall
required to cause shallow landsliding, H-slider follows the methods of Okimura et al. (1985) and
Montgomery and Dietrich (1994). An infinite planar slope can be used as a good approximation
of a hillslope when soil thickness is small with respect to the length of the slope, as in the case of
a hillslope (e.g. Okimura et al., 1985; Montgomery and Dietrich, 1994; Wu and Sidle, 1995;
Rosso et al., 2006; Uchida et al., 2011). Thus, if the saturated depth is less than the soil depth, an

infinite slope stability analysis can be used to compute the FS as follows:

_ ¢+ (yhcos®I — u(t))tan@

FS
yhcoslsinl

2.1)

where c is effective cohesion (kN/m?), u(t) is pore pressure (cmH,0), @ is the friction angle of
the soil mantle ( °), I is the angle of the bedrock surface ( °), h is soil thickness (m) and vy is the
specific weight of the soil mantle (kN/m®).

Subsurface flow within saturated soil can be expressed using the law of Darcy as

Q) = ngt(ml (2.2)

w

where Q(t) is total discharge at the outlet point (m?/s), Ks is saturated hydraulic conductivity
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(m/s), and y,, is the weight of water (kN/m®). If Eq. (2.2) is combined with the law of conserva-

tion of mass in water, it can be expressed as

dv

Q) =r(HA+ T

(2.3)

where r(t) is the rainfall intensity (m/s), A is the contributed area (m*m) and v is the water stor-
age within a contour length (m®m) point. If we assume a steady state (dv/dt = 0) and from Egs

(2.2) and (2.3), u(t) is

() Ayw

t) =
u(®) Kstanl

(2.4)
Substituting Eq. (4) into Eq. (1), we obtain

c+ (yhcoszl — T}EQ—AV‘IN> tan®
FS = = (2.5)
yhcoslsinl

According to Darcy’s law, the saturated water depth h, (m) for calculating the steady-state rain-

fall intensity can be described as follows:

(2.6)

s~ K sinlcosl

if hs < h, then one can obtain the critical steady-state rainfall (mm/h) required to cause shallow
landsliding. Here, by setting hs = h in Eq. (2.3) and rearranging, the fully saturated condition can
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be described as follows:

_ hK;sinlcosl

r 4

2.7)

Thus, if a grid cell satisfies the equation

c

>h (2.8
Ywcos?tan® + ygcosl(sinl — cosltan®) (28)

even if the soil mantle is fully saturated, the FS is larger than 1.0.
1, the critical steady-state rainfall required to cause shallow landsliding, can be determined with

Egs (2.5)—(2.8) by setting FS = 1 as follows:

_ Kstanl cosl{c — y;hcosl(sinl — cosltan®)}
 A{y,cosltan® + (v + v;)(sinl — cosltan®)}

(2.9)

e

Where, y; is the specific weight of the saturated soil [kN/m®] and y, is the specific weight of

the unsaturated soil [kN/m®].

26



Fig. 2.2 Concept of H-slider

2.3.2 A stochastic hydro-geomorphologic concept for shallow landslide

Topography influences shallow landslide initiation through both the concentration of
subsurface flow and the effect of the slope gradient on slope stability (Montgomery and Dietrich,
1994; Talebi et al., 2008). Failure often occurs in areas of convergent topography in which sub-
surface soil water flow paths give rise to excess pore-water pressures downslope (Anderson et al.,
1991; Wilkinson et al., 2002; Talebi et al., 2008). Planar infinite slope analysis has been applied
widely to the determination of natural slope stability, particularly when the thickness of the soil
mantle is small compared to the slope length and when shallow landslides are due to failure of a
soil mantle that overlies a sloping drainage barrier (Borga et al., 1998; Talebi et al., 2008). Some
researchers have suggested that the two-layer model of soil and bedrock, which assumes a poten-
tial landsliding (soil) layer, is suitable for slope stability analysis of shallow landslides (lida,

1999; D’Odorico and Fragherazzi, 2003; Talebi et al., 2008). Iida (1999) applied the same ap-
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proach in his stochastic hydro-geomorphological model for shallow landslides due to rainstorms

(Fig. 2.3).

B ¢ — y.cos?B(tanB — tan@)D
~ c0s?B{(Ysq — ¥¢)(tanB — tan@) + y,, tand}

(2.10)

HCT

where c is cohesion, @ is the internal friction angle, g is the slope angle, y, is
the weight per unit volume of unsaturated soil, y,,: IS the weight per unit volume of saturated
soil and y, is the weight of water per unit volume.

When the soil depth D is equal to in Fig.3, the critical soil depth D¢, can be ex-

pressed as

D, = c/cos?B{ysq:(tanp — tan®d) + y,, tan@} (2.11)

When the soil depth D is less than D¢ (Her > D), the depth H of saturated
throughflow cannot reach the critical D, even in the event of rainstorms with no shallow land-
sliding because the water table of saturated throughflow cannot rise beyond the ground surface.
In this case, the saturation overland flow occurs. In the case of a relatively steep slope (@ < ),
D.r decreases linearly with an increase in soil depth D and D, becomes zero. This means that
shallow landsliding can occur on the slope without saturated throughflow if a critical (“upper

limit”) soil depth D exists:

Dpax = ¢/yicos?B(tanp — tan@) (2.12)
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The implications for modelling soil evolution are important because without cohe-
sion, soils could never form on slopes greater than @, and even thin soils on slopes in the range
B < @ would be extremely unstable because light rainfall would provide a saturated water
depth H sufficient to cause landslides. Both of these implications are contrary to observations

and suggest that soil cohesion (and hence the concept of “immunity depth”) are needed in slope

stability models (Iida, 1999; D’Odorico and Fragherazzi, 2003; Talebi et al., 2008).

Rainfall

Y Y Y YY Y Y YN Y YV

Soil Depth

Saturated zone
Slope angle

Fig. 2.3 Concept of stochastic hydro-geomorphology model

When soil properties data (e.g. cohesion) and topography data (e.g. slope angle) are
substituted into Eqgs (2.12) and (2.13), the results can be expressed, such as in Fig. 2.4, with soil

thickness. The D¢, curves of the completely unsaturated state and Dyax OFf the fully saturated state
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in Fig. 2.4 perform important roles in obtaining the optimal values of cohesion and the internal
friction angle, and we are able to control the two curves by controlling the internal friction angle
and especially cohesion. When we control the curves of D, of the unsaturated state and Dpax of
the fully saturated state for calculating the soil parameters (i.e. internal friction angle and cohe-
sion), an important point is that the distribution of soil thickness against slope angle comprises
very sensitive input parameters and the curves can be changed, especially according to cohesion
and the internal friction angle according to the distribution of soil thickness against the slope an-

gle, which is related to topography.

300 -
Non- £ Occurrence 6f .
ot | Sl | ot
(fe=o0) (0< re<oo) | . (re =0)
- Dmax - : Completely
§ 200 k- \ : Unsaturated sfate
A . O |
i i O

R 0 \ O O Lines can be changed
% ) / . : ® according to internal
= Completely y ® (@) @) friction angle and soil
g Saturated state \ % : OO@O cohesion value.
)
= 100 | o M o 0,20
-5 %
7))

e Cé% g O

°° Qo @@ O

® % R
0 ——Internal friction angle
0 O 1 1 1 I 1
0 10 20 30 40 50 60
Slope angle f (°)

Fig. 2.4 D¢ (solid line) and Dmax (dash line) calculated using Egs (2.11) and (2.12), respectively.
Shallow landslides can occur between D¢ and Dmax. White circles indicate soil thickness
measured with the knocking pole test outside of the shallow landslide area, and black circles

indicate soil thickness measured by the knocking pole test inside the shallow landslide scar..
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2.3.3 Soil thickness measurement and topography data

Unsaturated and saturated subsurface flows on a hillslope or in a catchment are affect-
ed by topography, soil depth and hydraulic properties in a complex manner. These properties
serve as input data for numerical simulations and have significant implications for simulation
accuracy. Although detailed surface topographic data can usually be readily obtained from DEMs,
the soil depth and hydraulic properties for an entire hillslope or catchment are often lacking. The
topography data used were from a 5 x 5-m DEM based on a digital elevation map (1:5000) from
the National Geographic Information Institute in the Republic of Korea. The locations of shallow
landslide areas were back-filled to represent the topography of the study area before landsliding
(Fig. 2.5a, b).

The dynamic cone penetrometer (25 mm diameter with 60° tip angle), also known as a
knocking pole (Yoshinaga and Ohnuki, 1995), consists of several 0.5 m flights of 15 mm diame-
ter stainless steel rods with etched graduations every 10 cm. The penetration resistance value, Nd
(drop/10 cm), was computed by the number of blows required for 10 cm of penetration. Liang et
al., (2013) compared vertical Nd distributions between locations outside and inside shallow slope
failures and found that soil layers with Nd values ranging from 5 to 20 were not detected at loca-
tions inside slope failures at their study site. They suggested that soil depths with an Nd < 20
could be defined as weathered soil layers (Fig. 2.5¢) with the potential to fail, and that soil
depths with an Nd > 20 could be defined as bedrock layers (Fig. 2.5d) in which failure would not
occur. Penetration tests were conducted at 125 points (10 — 15 m intervals) along the slope, and
the soil distribution was calculated by using the Nd values (Fig. 2.5).

I made a5 x 5 m DEM of the ground surface from a digital elevation map (1:5000). It
was then applied to make a5 x 5 m DEM of the bedrock surface topography using the TIN [Tri-

angulated Irregular Network] interpolation scheme and in situ soil thickness data (Freer et al.,
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2002). Data sets of slope angle and upslope drainage area were calculated from the DEMs of
both ground surface topography and bedrock surface topography, respectively, using the D-
infinity method suggested by Tarboton (1997).

Additionally, soil samples were collected within the boundary between weathered
soil and bedrock of the failure scars of two landslides in the study area. Testing of soils to under-
stand their behaviour during shallow failure requires a method that mimics a stress field under
natural conditions. Shallow landslides are triggered by elevated pore pressures that decrease the
effective normal stress (i.e. the normal load minus the pore pressure) rather than by an increase
in the shear stress. Whereas typical triaxial shear testing is done by increasing the shear stress,
the CD [Consolidated Drained] test approximates the conditions that exist during rainfall-
induced failure by holding the shear stress constant while reducing the effective stress. Hydraulic
conductivity (Ks) tests were performed in the laboratory with “constant head” and “falling head”
permeameters using soil cores extracted in the field. | calculated the Ks of the hillslope at the
study area to be 5.0 x 102 m/s, which was 12 times the average soil-saturated conductivity

measured in the undisturbed 100-cm? soil samples (Table 2.1).

Table 2.1 Soil parameters for shallow landslide modeling from tri-axal compression test method

Model input parameters Values
Saturated soil density (kN/m?) 17.4
Dry density  (kN/m?®) 14.9
Water density (kN/m?) 10
Hydraulic conductivity (m/h) 0.05
Cohesion (kPa) 1.6
Internal Friction Angle (°) 36.5
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2.3.4 Accuracy analysis of model results

Shallow landslide prediction models commonly have the advantage of allowing for
extensive analyses of hydrological responses without requiring a large number of observational
items. However, these shallow landslide models combined with a simple hydrological model,
which is extensively applied for the prediction of shallow landslides, tend to overpredict due to
the input parameters. To objectively determine the accuracy of landslide prediction using differ-
ent soil-thickness data, six criteria (three ground surface topographic and three bedrock surface
topographic) were applied to check the model’s performance.

The reliability of the model was assessed by overlying the digitised landslide map
onto the map of predicted simulation results of the critical rainfall necessary for slope instability
and comparing the resulting patterns. The prediction accuracy of regional landslide susceptibility
models has typically been evaluated by comparing the locations of the known landslides with
simulation results from the model (Montgomery et al., 1998, 2001; Godt et al., 2008). Receiver
operating characteristics (ROCs), which are used in various studies including weather forecast-
ing and landslide susceptibility mapping, represent a technique for comparing the performance of
models for which results can be assigned to one of two classes or states (Swets, 1988; Fawcett,
2006; Van Den Eeckhaut et al., 2006; Godt et al., 2008). The model with the higher percentage
provides the better prediction of shallow landslides.

The least critical test of prediction accuracy would be to count a successful predic-
tion when a single grid cell is located within a mapped landslide polygon. More critical tests of
prediction accuracy involve more detailed assessment of 1) the capability of the model to cor-
rectly identify mapped landslides (TP, true positive), 2) the frequency of errors when mapped
landslides are not correctly identified (FN, false negative), 3) overprediction (FP, false positive)

and 4) the model’s ability to correctly identify an area that does not include mapped landslides
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(TN, true negative). An ideal landslide susceptibility map simultaneously maximises the agree-
ment between known and predicted landslide locations and minimises the area outside known
landslides predicted to be unstable (FP). To perform the ROC analysis, two quantities were cal-
culated: sensitivity (the true positive rate), defined as the ratio between TP and the sum of TP and
FN, and specificity (the false positive rate), defined as the ratio between FP and the sum of TN
and FP. Accuracy was defined as the ratio of TP + TN to the sum of all values (TP + FP + FN +
TN) (Fig. 2.6).

Many previous studies have applied ROC analysis to estimate the accuracy of shal-
low landslide predictions (e.g. Begueria, 2006; Fawcett, 2006; Park et al., 2013), and ROC anal-
ysis was also applied in this study. For the ROC analysis of this study, | used rc, the critical
steady-state rainfall amount (mm/h), as an index for assessing shallow landslide susceptibility.
Under low rainfall amounts, grid cells with lower rc values denote areas unstable for shallow

landsliding while those with higher rc values indicate stable areas.

True class (observation)

Positives Negatives

a o TP
g True Positives = BN
L Ey True False
£ 2 Positives | Positives . FP
< E False Negatives = ~
T <
-*]
T = TP+TN
= Accuracy = PN
<E N False' True |
= Negatives | Negatives TP
é Precision = “TPIEP
Column sums —» P N

Fig. 2.6 Reciever operating characteristic (ROC) analysis method for determining the accuracy

of shallow landslide prediction in this study (modified from Godt et al., 2008).
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2.4 Results

2.4.1 Simulation results of H-slider

Our first simulation using H-slider considered two types of categories (Case | and Case
I1), i.e. GSTO and BSTO, respectively. Each category was divided into three simulation cases:
average soil thickness (a), weathered soil thickness (b) and bedrock soil thickness (c). To input
soil parameters into the H-slider model, 1 used soil parameters collected with the triaxial com-
pression test method (Table 2.1).

Fig. 2.7 shows the results (Case 1) of the spatial distribution of simulated critical rain-
fall intensity (mm/h) based on the GSTO using H-slider with the three soil thickness cases (a, b
and c). The locations and boundaries of shallow landslides from air-photo imagery in 2006 were
overlapped onto the Case I result. Fig. 2.7a presents the results of the spatial distribution of criti-
cal rainfall (mm/h) using average soil thickness (1 m) (Case | (a)). In Case | (a), 44% of the pos-
sible occurrences of shallow landslides were under a rainfall intensity of 20 mm/h (Table 2.2)
and distributed evenly on the simulated area. The possible occurrences of shallow landslides un-
der a rainfall intensity of more than 80 mm/h were 33.6% and distributed along the boundary of
the watershed in the simulated area. Fig. 2.7b presents the results of the spatial distribution of
critical rainfall (mm/h) using the distribution of weathered soil thickness (Case I (b)) from the
knocking pole tests (Fig. 2.5). In Case | (b), 20.8% of the possible occurrences of shallow land-
slides were in the rainfall intensity of less than 20 mm/h (Table 2.2) and distributed evenly on the
simulated area, and 62.4% of the possible occurrences of shallow landslides were in the rainfall
intensity of more than 80 mm/h and distributed along the boundary of the watershed in the simu-
lated area. Fig. 2.7 (c) presents the results of the spatial distribution of critical rainfall (mm/h)
using the distribution of bedrock soil thickness (Case I (c)) from the knocking pole tests (Fig.

2.5). In Case | (c), 30.4% of the possible occurrences of shallow landslides were in the rainfall
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intensity of less than 20 mm/h (Table 2.2) and distributed evenly on the simulated area, and 48.8%
of the possible occurrences of shallow landslides were in the rainfall intensity of more than 80
mm/h and distributed along the boundary of the watershed in the simulated area.

To evaluate the accuracy of the simulated critical rainfall (mm/h) based on the GSTO
(Case 1) for the occurrence of shallow landslides, the reliability of each model result was evalu-
ated using ROC analysis. The accuracy values from ROC for Case | of shallow landslide predic-
tion, presented in Table 2.2, were 0.42, 0.67 and 0.54 for Cases I (a), | (b) and I (c), respectively.
The results of the ROC analysis indicated that the accuracy of the modelling results for shallow
landslides had a high value when the weathered soil distribution (Case | (b)) was used. Although
Cases | (b) and 1 (c) used in situ soil thickness data, their ROC values were a little higher than
that of Case I (a), implying that real soil thickness data can provide a small improvement to the
accuracy of shallow landslide prediction based on the GSTO. Using the BSTO, the results well
explained the movement of subsurface water flow compared to the GSTO. | used the BSTO to
investigate how much the accuracy of shallow landslide prediction improves compared to the
GSTO results.

Fig. 2.8 shows the results (Case 1) of the spatial distribution of simulated critical rain-
fall intensity (mm/h) from H-slider based on the BSTO and the three soil thickness cases (a, b
and c). The locations and boundaries of shallow landslides from air-photo imagery acquired in
2006 were overlapped on the result of Case Il. Fig. 2.8a presents the results of the spatial distri-
bution of critical rainfall (mm/h) using the average soil thickness (1 m) (Case Il (a)). In Case Il
(@), 44% of the possible occurrences of shallow landslides were in the rainfall intensity of less
than 20 mm/h (Table 2.2) and distributed evenly on the simulated area. Possible occurrences of
shallow landslides at a rainfall intensity greater than 80 mm/h accounted for 40% of the inci-
dences and were distributed along the boundary of the watershed in the simulated area. Fig. 2.8b

presents the results of the spatial distribution of critical rainfall (mm/h) using the distribution of
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weathered soil thickness (Case Il (b)) from the knocking pole test (Fig. 2.5). In Case Il (b), 28.8%
of the possible occurrences of shallow landslides were in the rainfall intensity of less than 20
mm/h (Table 2.2) and distributed evenly on the simulated area, and 57.6% of the possible occur-
rences were in the rainfall intensity of more than 80 mm/h and distributed along the boundary of
watershed. Fig. 2.8c presents the results of the spatial distribution of critical rainfall (mm/h) us-
ing the distribution of bedrock soil thickness (Case Il (c)) from the knocking pole test (Fig. 2.5).
In Case Il (c), 24% of the possible occurrences of shallow landslides were in the rainfall intensity
of less than 20 mm/h (Table 2.2) and distributed evenly on the simulated area, and 56.8% of the
possible occurrences were in the rainfall intensity of more than 80 mm/h and distributed along
the boundary of the watershed.

To evaluate the accuracy of the simulated critical rainfall (mm/h) based on the BSTO
(Case 1) for the occurrence of shallow landsliding, the reliability of each model result was eval-
uated using ROC analysis. The accuracy values using ROC for Case Il of shallow landslide pre-
dictions, presented in Table 2.2, were 0.43, 0.58 and 0.52 for Cases Il (a), Il (b) and 1 (c), re-
spectively. The results of the ROC analysis for the three cases indicate that the accuracy of the
modelling results for shallow landslides had a high value when the weathered soil distribution
(Case 11 (b)) was used. Although Cases Il (b) and Il (c) used in situ soil thickness data, their
ROC values were a little higher than that of Case Il (a), which implies that real soil thickness da-
ta can slightly improve the accuracy of shallow landslide prediction based on the BSTO. The re-
sults of the ROCs based on the GSTO (Case I) were almost the same as those based on the
BSTO (Case II). This result implies that the combination of BSTO and the three soil thicknesses
could not improve the accuracy of shallow landslide prediction compared to the accuracies of
Case I.

However, both the results of Case | and Case Il showed that the accuracy when soil

thickness data were inputted (b and c) was higher compared to that of average soil thickness (a),
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indicating that soil thickness may contribute to improvements in shallow landslide prediction.
Additionally, when the weathered soil layer was used, the accuracy of shallow landslide predic-

tion clearly improved compared with using the other soil layers in these simulation cases.
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Table 2.2 The results of distribution of steady state critical rainfall intensity using two DEMs

(GSTO — Case | and BSTO — Case Il) and three soil thickness ( (a) Average Soil thickness

(b) Weathered Soil thickness and (c) Bedrock Soil thickness). ROC values indicated the

accuracy of prediction results.

Ground Surface Topography (GST) - Case |

critical rainfall intensity AST (a) ratio (%) WST (b) ratio (%) BST(c) ratio (%)
<20 55 44 26 20.8 38 304
20-30 15 12 12 9.6 12 9.6
30-40 3 2.4 6 4.8 8 6.4
40-50 3 2.4 1 0.8 2 1.6
50 - 60 2 1.6 2 1.6 3 2.4
60-70 3 2.4 0 0 0 0
70 - 80 2 1.6 0 0 1 0.8
>80 42 33.6 78 62.4 61 48.8
Sum 125 100 125 100 125 100
Accuracy 0.42 0.67 0.54
Bedrock Surface Topography (BST) - Case Il
critical rainfall intensity AST (a) ratio (%) WST (b) ratio (%) BST(c) ratio (%)
<20 55 44 36 28.8 30 24
20-30 10 8 10 8 14 11.2
30-40 2 1.6 4 3.2 5 4
40 - 50 6 4.8 1 0.8 1 0.8
50 - 60 1 0.8 1 0.8 3 24
60-70 1 0.8 0 0 0 0
70-80 0 0 1 0.8 1 0.8
>80 50 40 72 57.6 71 56.8
Sum 125 100 125 100 125 100
Accuracy 0.43 0.58 0.52

42



2.4.2 Soil parameterization using hydro-geomorphology concept

To evaluate the topography effect by H-slider, I considered two DEMs and three soil
thicknesses. However, the accuracy of the modelling results was generally low (Table 2.2), even
when various model (e.g. BSTO and three soil thicknesses) parameters were used. Thus, |
checked the soil parameters, which showed that cohesion had a low value of 1.6 and that the in-
ternal friction angle also had a low value of 36.5, rather than average hillslope angle of 40°
Therefore, | calculated the soil parameters to improve the accuracy of model performance.

To generate the model input data, a stochastic hydro-geomorphological model was
used (see Section 2.3.2) and the soil parameters were calculated. Fig. 2.9 shows the results of the
soil parameters for the three soil thicknesses and with the slope angle for shallow landslide pre-
diction using the soil parameters in Table 2.1 and the soil thickness data measured in this study
area (Fig. 2.4). The occurred shallow landslides were usually found between the curves of D,
and Dpax calculated from Eqgs (2.11) and (2.12) because of the assumption that shallow landslides
can occur only between Dpi,and Dmax. The curves of D¢ and Dpax in Fig. 2.9 performed an im-
portant role in obtaining the optimal values of cohesion and internal friction angle, which ena-
bled calculations of the soil parameters. Table 2.3 shows the results of the calculated soil pa-
rameters considering cohesion, the internal friction angle and the effects of various soil thickness

measured with the knocking pole test.
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Fig. 2.9 D, (dashed line) and Dnax (solid line) calculated using equations 2.12 and 2.13,
respectively. Shallow landslides can be occurred between D¢, and Dyax. From (A) to (C) used
tri-axial compression test data and three distribution of soil thickness, i.e. (A) AST, (B) WST
and (C) BST, based on GSTO. From (D) to (F) controlled by cohesion and internal friction
angle, and GSTO and three distribution of soil thickness, i.e. (A) AST, (B) WST and (C)
BST, used. From (G) to (1) controlled by cohesion and internal friction angle, and BSTO and
three distribution of soil thickness, i.e. (A) AST, (B) WST and (C) BST, used
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2.4.3 Re-assessment of H-slider using soil parameters reflected effect of soil thickness

Our second simulation for improving the modelling accuracy of shallow landslide pre-
diction was also divided into two categories (GSTO for Case Il and BSTO for Case 1V). Each
category was divided into three simulation cases: AST (a), WAS (b) and BST (c), like the first
simulations (Cases I and I1). In this simulation for predicting the critical rainfall intensity (mm/h)
causing shallow landslides, | used soil parameters that represented the effect of the three soil
thicknesses presented in Table 2.3.

Fig. 2.10 shows the results (Case Il1) of the spatial distribution of simulated critical
rainfall intensity (mm/h) based on the GSTO and the modified soil parameters (GSTO in Table
2.3) by H-slider based on the three cases of soil thickness (a, b and c). The locations and bounda-
ries of shallow landslides from air-photo imagery acquired in 2006 were overlapped onto the re-
sult of Case Ill. Fig. 2.10a presents the results of the spatial distribution of critical rainfall (mm/h)
using average soil thickness (1 m) (Case Il (a)) and the modified soil parameters (AST (a) in
Table 2.4). In Case 1l (a), possible occurrences of shallow landslides at rainfall intensity of less
than 20 mm/h accounted for 4.8% of occurrences (Table 2.4) and were distributed in the upper
part and right slope of the simulated area. Possible occurrences of shallow landslides at rainfall
intensity greater than 80 mm/h accounted for 90.4% and were distributed evenly over the simu-
lated area.

Fig. 2.10b presents the results of the spatial distribution of critical rainfall (mm/h) us-
ing the modified soil parameters (WST (b) in Table 2.4) and the distribution of weathered soil
thickness (Case 11 (b)) from the knocking pole tests (Fig. 2.5). In Case Il (b), possible occur-
rences of shallow landslides at a rainfall intensity of less than 20 mm/h were 3.2% of the occur-
rences and distributed in the middle part of the simulated area. Possible occurrences of shallow

landslides at rainfall intensity greater than 80 mm/h were 84.8% and distributed evenly over the
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simulated area. Fig. 2.10c presents the results of the spatial distribution of critical rainfall (mm/h)
using the modified soil parameters (BST (c) in Table 2.4) and the distribution of bedrock soil
thickness (Case 11 (c)) from the knocking pole tests (Fig. 2.5). In Case IlI (c), possible occur-
rences of shallow landslides at rainfall intensity of less than 20 mm/h were 4% of the occurrenc-
es (Table 2.4) and distributed in the upper and middle parts of the simulated area. Possible occur-
rences of shallow landslides at rainfall intensity greater than 80 mm/h were 90.4% of occurrenc-
es and distributed evenly over the simulated area.

To evaluate the accuracy of simulated critical rainfall (mm/h) based on the GSTO
(Case 111) for the occurrence of shallow landslides, the reliability of each model result was eval-
uated using ROC analysis. In the ROC analysis for Case 111 of shallow landslide prediction (pre-
sented in Table 2.4), the accuracy values were 0.80, 0.81 and 0.83 for Cases IlI (a), Il (b) and 111
(c), respectively. The results of the ROC analysis for the three cases indicate that the accuracy of
the modelling results for shallow landslides had a high value when using the modified soil pa-
rameters BST (c) (shown in Table 2.3) and BST (Case 111 (c)). In the Case Ill simulation using
the modified soil parameters, the simulation results for the initiation of shallow landslides
showed improved accuracy, indicating that the results of the critical rainfall simulation were af-
fected by the soil parameters, i.e. the internal friction angle and especially cohesion.

To evaluate the effect of the BSTO and the modified soil parameters, | simulated the
distribution of the critical rainfall intensity (mm/h) causing shallow landslide initiation using H-
slider. Fig. 2.11 shows the results (Case 1V) of the spatial distribution of simulated critical rain-
fall intensity (mm/h) using H-slider based on the BSTO, the three cases of soil thickness (a, b
and c) and the modified soil parameters shown in Table 2.3d—f. Fig. 2.11a presents the results of
the spatial distribution of critical rainfall (mm/h) using the average soil thickness (1 m) (Case
IVa). In Case 1V (a), the possible occurrences of shallow landslides at a rainfall intensity of less

than 20 mm/h were 19.2% of the occurrences (Table 2.4) and distributed evenly over the simu-
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lated area. The possible occurrences of shallow landslides at a rainfall intensity of more than 80
mm/h were 66.4% of occurrences and distributed along the boundary of the watershed in the
simulated area. Fig. 2.11b presents the results of the spatial distribution of critical rainfall (mm/h)
using the distribution of weathered soil thickness (Case 1V (b)) from the knocking pole tests (Fig.
2.5). In Case IV (b), the possible occurrences of shallow landslides at a rainfall intensity of less
than 20 mm/h were 22.4% and distributed evenly over the simulated area. Possible occurrences
of shallow landslides at rainfall intensity greater than 80 mm/h accounted for 60% of occurrenc-
es and were distributed along the boundary of watershed in the simulated area. Fig. 2.11c pre-
sents the results of the spatial distribution of critical rainfall (mm/h) using the distribution of bed-
rock soil thickness (Case IV (c)) from the knocking pole tests (Fig. 2.5). In Case IV (c), the pos-
sible occurrences of shallow landslides at rainfall intensity of less than 20 mm/h were 20% of
occurrences (Table 2.2) and distributed evenly over the simulated area. Possible occurrences of
shallow landslides at rainfall intensity of more than 80 mm/h were 59.2% and distributed along
the boundary of the watershed in the simulated area.

To evaluate the accuracy of simulated critical rainfall (mm/h) based on the BSTO
(Case 1V) for occurrences of shallow landslides, the reliability of each model result was evaluat-
ed using ROC analysis. In the ROC analysis for Case IV of shallow landslide prediction (BSTO
in Table 2.4), the accuracy values were 0.68, 0.60 and 0.50 for Cases IV (a), IV (b) and IV (c),
respectively. The results of the ROC analysis for the three cases indicate that the accuracy of the
modelling results for shallow landslides had a high value when the average soil distribution
(Case 1V (a)) was used. In the results of the critical rainfall intensity (mm/h) simulation using the
two DEMs, three soil thicknesses and the modified soil parameters (shown in Figs 2.10 and 2.11),
| found that the soil parameters, especially cohesion, improved the accuracy of shallow landslide
prediction even though I applied three soil thickness and two DEMs to input parameters to H-

slider in the simulation. By comparing the first simulation (Cases | and 1) and the second simu-
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lation (Cases Il and V) in this study, the effect of the soil parameters, rather than the effects of
topography or soil thickness, may have contributed to improve the prediction of shallow land-
slides. However, the simulation using the modified soil parameters, the GSTO and the three soil
thicknesses (Case Ill) indicated that if the shallow landslide simulation is performed after soil
parameterization, the effect of the soil thicknesses, especially bedrock soil thickness, rather than

the effect of topography, may be an important factor for shallow landslide prediction.
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Table 2.4 The results of distribution of steady state critical rainfall intensity using two DEMs

(GSTO — Case Il and BSTO — Case V), three soil thickness ( (a) Average Soil thickness

(b) Weathered Soil thickness and (c) Bedrock Soil thickness) and soil data represented the

effect of three soil thickness. ROC values indicated the accuracy of prediction results.

Ground Surface Topography (GST) - Case Il

critical rainfall intensity AST (a) ratio (%) WST (b) ratio (%) BST (c) ratio (%)
<20 6 4.8 0 0 5 4
20-30 6 4.8 10 8 0 0
30-40 0 0 3 2.4 4 3.2
40-50 0 0 0 0 2 1.6
50 - 60 0 0 1 0.8 1 0.8
60 - 70 0 0 0 0 0 0
70 - 80 0 0 1 0.8 0 0
>80 113 90.4 110 88 113 90.4
Sum 125 100 125 100 125 100
Accuracy 0.8 0.81 0.83
Bedrock Surface Topography (BST) - Case IV
critical rainfall intensity AST (a) ratio (%) WST (b) ratio (%) BST (c) ratio (%)
<20 24 19.2 28 22.4 25 20
20-30 11 8.8 12 9.6 10 8
30-40 4 3.2 6 4.8 8 6.4
40-50 1 0.8 0 0 3 2.4
50 - 60 1 0.8 3 2.4 3 2.4
60 - 70 1 0.8 1 0.8 2 1.6
70 - 80 0 0 0 0 0 0
>80 83 66.4 75 60 74 59.2
Sum 125 100 125 100 125 100
Accuracy 0.68 0.6 0.59
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2.5 Discussions

2.5.1. Effects of topography and soil thickness on prediction accuracy

Recent hillslope hydrology studies have shown that the subsurface topography has a
strong effect on controlling the connectivity of saturated areas at the soil-bedrock interface (e.g.
Freer et al., 2002; Uchida et al., 2011; Lanni et al., 2013) because the landslide slip surface can
be strongly affected by its relationship with the pore-water pressure and bedrock surface topog-
raphy.

Freer et al. (2002) measured soil thickness to monitor pore-water pressure and sub-
surface flow using tensiometers on a hillslope (20 m in width, 48 m in length and 34°average
slope). They made the two DEMs (i.e. ground surface and bedrock surface) and compared the
relationship between the results of monitoring at the research site and those of modelling using
the two kinds of DEMs. In their results, comparing monitoring data and modelling results using
the topography wetness index (In(a/tanf),), the modelling result based on the bedrock surface
topography was better than that based on the ground surface topography. A topographic index
(TWI) given by the ratio between the specific upslope contributing area and the local slope was
used as a surrogate for lateral subsurface flow processes. The slope stability component (i.e. infi-
nite slope stability model) used this topographic index to analyse the stability of each topograph-
ic element.

Additionally, Lanni et al. (2013) examined the response of pore-water pressure using
an experiment representing bedrock interface topography (width 1.7 m, length 3.9 m, soil depth
0-0.2 m and three slope angles) and compared their findings with observed experimental data
and modelling data using the Hydras 3-D program. They concluded that topographic depressions
at the bedrock layer induced localised zones of pore-pressure fields that led to rapid landslide

propagation in an experiment and that a pore-water pressure spatial distribution based on the to-
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pography of bedrock may significantly improve the ability of a landslide model. H-slider reflects
pore-water pressure by using Eq. (2.4). Because monitoring and modelling (e.g. Freer et al., 2002;
Lanni et al., 2013) were based on the monitoring of pore-water pressure, | applied bedrock sur-
face topography to H-slider. Thus, | followed this concept to improve the shallow landslide pre-
diction.

Figs 2.7 and 2.8 represent the results of the spatial distribution of simulated critical
rainfall intensity (mm/h) based on the two DEMs (GSTO and BSTO), respectively, the three dis-
tributions of soil thicknesses and the physical soil parameters obtained by triaxial compression
test. Figs 10 and 11 represent the results of the spatial distribution of simulated critical rainfall
intensity (mm/h) based on the two DEMs (GSTO and BSTO), respectively, three distributions of
soil thicknesses and the modified physical soil parameters by the stochastic hydro-
geomorphological model. However, in the results based on the BSTO (Cases Il and IV (a) — (¢)),
application of the BSTO was determined unsuitable in this study by comparing its findings with
the distribution of modelling results based on the shallow landslide boundaries from air-photo
imagery and the results of the ROC analysis (Tables 2.2 and 2.4). This means that the bedrock
surface topography did not affect modelling performance by H-slider and that the ground surface
topography may be more reasonable for the prediction of shallow landslide initiation.

The distribution of the DEM in the study of Freer et al. (2002) had values ranging
between 222 and 279 m, and the difference in elevation was ~55 m. Lanni et al. (2013) used bed-
rock interface topography (width 1.7 m, length 3.9 m, soil depth 0-0.2 m and three slope angles).
However, in our research, the difference in elevation was ~150 m, as in Fig. 2.4a. This means
that the analysis of flow paths using the D-infinity method by Tarboton (1997) may affect flow
path simulation results. For example, Zhu and Lin (2009) studied the relationship between a sub-
surface interface DEM and a land surface DEM using a hydrologic model and reported that re-

sult of flow paths in the hydrologic modelling had almost similar results with more than 90%
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agreement. They then interpreted the distinction between the results of the GSTO and BSTO.
First, the topography of the interfaces was dominated by variation in land surface elevation. Sec-
ond, soil thickness points measured at their research site were lacking, which affected the results
of the flow path simulation.

Additionally, Uchida et al. (2011) applied the H-slider model to the Hiroshima area
in Japan, which is similar to our study site, and they also used a surface interface DEM and bed-
rock interface DEM, such as in our study. In their results of critical rainfall prediction, they noted
that the precision of landslide susceptibility prediction showed little difference between the sur-
face interface DEM and bedrock interface DEM. Because research on the effect of using a bed-
rock surface DEM for shallow landslide prediction is lacking, I am unable to evaluate this con-
clusion. However, the effect of using a bedrock interface DEM in our research did not increase
the accuracy of the shallow landslide model, such as in other studies (e.g. Zhu and Lin, 2009;
Uchida et al., 2011). Consequently, for areas in which the subsurface interface topography is
dominated by the surface DEM, the surface DEM can be used sufficiently to simulate subsurface
concentrated lateral flow paths. Otherwise, simulation based on a subsurface interface DEM may
be more desirable (Zhu and Lin, 2009).

Many researchers have noted that soil depth may provide a way to derive bedrock
topographic relief and lead to the coupling of physically based landslide models with quantitative
soil-landscape methods to ultimately improve their ability to predict shallow landslide potential
(e.g. Rosso et al., 2006; Uchida et al., 2011; Lanni et al., 2013). Commonly, slope failures (shal-
low landslides) often occur in areas of topography in which subsurface soil water flow paths give
rise to excess pore-water pressures downslope (Anderson et al., 1991; Wilkinson et al., 2002;
Talebi et al., 2008). The results of the comparison between Case | (Fig. 2.7) and Case Il (Fig.
2.10) showed that the accuracy of the modelling results was affected by soil thickness, and espe-

cially that the weathered soil depth showed a high accuracy for shallow landslide prediction
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modelling. In contrast, the results of the comparison between Case Il (Fig. 2.10) and Case IV
(Fig. 2.11) showed that the accuracy of the modelling results was affected by soil thickness, and
especially that bedrock soil thickness showed a high accuracy for shallow landslide prediction
modelling.

Here, | found that the distributions of the two soil thicknesses used as model input
parameters influenced the results of the modelling in this study. Uchida et al. (2011) discovered
the relationship between the weathered layer (Nd < 20) and bedrock layer (Nd > 20) in their
study area under granite. They applied two soil thicknesses to shallow landslide prediction and
the results showed that using bedrock soil thickness produced higher prediction results than
when using weathered soil thickness. However, in the case of Uchida et al. (2011), soil thickness
was on average 1.8 m and the deepest thickness was 5 m, and our study site showed an average
thickness of 1 m with a deepest thickness of 2.4 m (Fig. 2.4b). Therefore, spatial variability in
soil thickness is likely to be important in shallow landslide prediction on other steep landscapes

(Keijsers et al., 2011).

2.5.2. Soil re-parameterisation for improving the prediction accuracy

Case | (Fig. 2.7) and Case Il (Fig. 2.8) used soil parameters tested by the triaxial
compression method because Frank et al. (2009) observed that the triaxial compression test is
better than the direct shear test for predictive models of shallow landslides, as it represents the
processes and characteristics of the superficial soil layers reasonably well. In this study, the soil
parameters tested by the triaxial compression method were applied to shallow landslide predic-
tions, and the accuracy of the prediction results by ROC analysis showed overprediction and
overly low values in Figs 2.7 and 2.8. However, the results of Case Ill and Case 1V, which used

modified soil parameters from a hydro-geomorphological model, rather than those of Cases I and
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I1, showed high accuracy, which may be explained by two reasons from the viewpoint of physi-
cal soil properties. First, because the triaxial compression test method did not clearly reflect root
cohesion, the cohesion value might have led to error. According to Montgomery and Dietrich
(1994), the effect of roots on shear stress resistance can be taken into account by increasing the
value of the shear stress resistance angle by 40%. Schmidt et al. (2001) and D’Odorico and
Fagherazzi (2003) showed that soil and root cohesion is inherently necessary for soil to build up
in steep hollows; otherwise, landslides would occur even with light rainfall (Rosso et al., 2006).

Additionally, some researchers have recently shown the effect of the dependence be-
tween cohesion and internal friction angle in slope stability analyses (Yucemen et al., 1973; Low
and Tang, 1997; Liang et al., 1999; Cherubini, 2000; Hong and Roh, 2008; Wu, 2008; Babu and
Singh, 2009; Cho, 2010; Cho and Park, 2010). Soil cohesion has sometimes been neglected in
stability analyses of steep mantled slopes, while the angle of repose has been deliberately in-
creased to realistic values to account for the overall shear strength of the aggregates (Montgom-
ery and Dietrich, 1994; D’Odorico and Fagherazzi, 2003). For these reasons, cohesion is a sensi-
tive parameter in shallow landslide models and one of the most difficult to quantify; empirical
treatment of this parameter may lead to large errors in estimates of slope stability (Casadai et al.,
2003; Wooten et al., 2007).

Second, cohesion has an influence on soil thickness and topography. In this study,
the internal friction angle, and especially cohesion, had a high impact on model accuracy as
many researchers have also explained (e.g. Montgomery and Dietrich, 1994; Rosso et al., 2002;
Linni et al., 2013). To evaluate the physical soil properties reflecting the distribution of soil
thickness, | used a hydro-geomorphological concept model to calculate the soil properties. From
the hydro-geomorphological model, the internal friction angle and especially cohesion were de-
termined to be sensitive values for shallow landslide prediction. Then, the two calculated values

were applied to the H-slider model to evaluate the improvement of prediction. Figs 2.10 and 2.11
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illustrate the results of the prediction of shallow landslides using the calculated soil parameters.

Model accuracy was improved after parameterisation and the results, plotted in Figs
2.10 and 2.11, showed a clear tendency for shallow landslides to occur much more frequently
with high values of cohesion and internal friction angles. Several researchers have reported that
soil depth, cohesion and internal friction angle often exhibit considerable differences between
suitable values used in model calculation and those measured from field sampling (e.g. Dietrich
et al., 1995; Chang and Chiang, 2009). In terms of modelling method, although triaxial compres-
sion tests were done, cohesion equals soil and plant root cohesion. With soil samples, calculating
the root cohesion is technically difficult, which may bring inaccuracy to the model.

Additionally, Casadei et al. (2003) noted that cohesion is the most important param-
eter affecting sensitivity analysis and that internal friction affects it secondarily. Another case
study was begun after taking different locations and habitats of soil samples and analysing the
distribution of cohesion depending on soil depth and the phase of the different habitats, and it
concluded that the results showed a pattern similar to that of previous cohesion tests (Guimaraes
et al., 2003). In other words, many researchers have explained that when entering parameters of
soil properties into a model, the result cannot include the real nature of landslides. Although all
the strength and hydrological parameters in the slope stability model can be obtained from field
measurements or laboratory analysis, some of these parameters are difficult to define in practise,
particularly with regard to their spatial variation (Dietrich et al., 1995). Hence, a definition of the
relationship between soil cohesion and internal friction angle must consider theoretical ap-

proaches to a result based on that modelling method.
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2.5.3. Other effects on prediction accuracy

Figure. 2.10 shows the shallow landslide prediction results when using the modified
soil parameters, bedrock soil thicknesses and ground surface topography. Shallow landslide pre-
diction using this combination of parameters showed greater accuracy compared with the other
combinations of other parameters from a comparison among the 12 simulation cases (i.e. Cases I,
I, 11 and 1V (a)—(c)).

The first major purpose of our study was to present the effects of topography by
comparing the GSTO with BSTO, and the second purpose was to improve the accuracy of mod-
elling performance by controlling various model input parameters. Thus, | did not consider the
effect of DEM resolution. However, | constructed 5-m resolution DEMs by using a 5-m contour
digital map because shallow landslide scars in the study area were larger than this resolution.
Many researchers have noted that a fine DEM (<10 m) is better than a coarse DEM (>20-m pix-
els) in these shallow landslide simulations (e.g. Montgomery and Dietrich, 1994; Uchida et al.,
2011; Lanni et al., 2013). In this study, using various factors controlling the accuracy of shallow
landslide prediction, a combination of the GSTO, BST and modified soil parameters (Case Il (c))
showed reasonable modelling results using H-slider compared with the combination of other pa-
rameters by ROC analysis among 12 simulation cases (Cases I, 11, 11l and IV (a)—(c)). However,
the distribution of critical rainfall prediction using H-slider still did not clearly express the distri-
bution of shallow landslides simulated.

Claessens et al. (2005) carried out a computation of steady-state critical rainfall us-
ing different DEM resolutions and reported that even if using a high-resolution DEM, such as
from lidar data, for shallow landslide prediction modelling, it is unable to describe the character-
istics of a natural hillslope in detail. Furthermore, Uchida et al. (2011) analysed the grid size,

which ranged from 5 to 25 m interpolated from lidar data, to evaluate model accuracy using H-
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slider at their research site for shallow landslides, Japan, and concluded that the effects of grid
size had little effect on the simulation results. Liang and Uchida (2013) also applied a high-
resolution DEM based on inputted data to the simulation of unsaturated flow using the 2D Rich-
ard equation. However, they also were unable to obtain highly accurate simulation results, simi-
lar to the experience of other researchers (e.g. Claessens et al., 2005; Uchida et al., 2011).
Additionally, Casadei et al. (2003) noted that although their topographic data cap-
tured part of the valley network and hollows from which landslides most commonly occurred,
many fine-scale slopes were missing. Furthermore, in general, such data neither capture local
steps and gentle slope areas nor the strength of topographic convergences and divergences,
which influence pore-water pressure built up due to shallow subsurface flow. In this study, to
evaluate the effect of topography on shallow landslide prediction, | applied the physically based
H-slider model to a hillslope-scale site using diverse factors for shallow landslide prediction.
However, | considered only topography, and soil thickness and physical soil properties, in this
study. Furthur study of other factors, including the effects of hydraulic conductivity and anteced-

ent rainfall, will be needed to improve shallow landslide predictions.

2.2.6 Conclusion

To evaluate the effects of topography and soil parameterisation reflecting the soil
depth on shallow landslide prediction accuracy using H-slider, in this study, | considered various
input parameters, i.e. two DEMs (ground surface and bedrock surface), three soil thicknesses
(average soil thickness, weathered soil thickness and bedrock soil thickness) and physical soil
parameters (cohesion and internal friction angle). The results of the topographic effect on the
prediction of shallow landslides (Cases I and I1) showed that the accuracy when using the GSTO

was higher than the accuracy when using the BSTO. The prediction of shallow landslides with
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soil parameterisation (Cases Il and 1V) showed improvement in prediction accuracy compared
with Cases | and I, especially for prediction with the GSTO and soil parameterisation (Case Il1),
which had the highest accuracy. These results imply that the accuracy of shallow landslide pre-
diction was highest with the combination of ground surface topography and the modified soil
parameters, and that the effect of soil parameters on the prediction of shallow landslides in this
study could be greater than the effect of topography or soil thickness. Therefore, using soil prop-
erties representing the effect of soil thickness can improve the accuracy of shallow landslide pre-

diction, thus contributing to more accurate prediction of shallow landslides.
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Chapter 3. Improvement of shallow landslide prediction accuracy
using soil parameterisation for a granite area in South

Korea

3.1 Introduction

Rainfall-induced shallow landslides have been studied for practical and scientific
reasons (Anderson and Sitar, 1995; Iverson et al., 1997; Gabet and Muss, 2006). Regardless of
the various scales of shallow landslides, they pose a significant hazard to mountain communities
because they are frequent and difficult to predict, and they can develop into debris flows that are
potentially destructive due to their velocity and potential for sediment bulking during propaga-
tion (Campbell, 1975; Rickenmann and Zimmermann, 1993; Iverson et al., 1997; Reid et al.,
2000; Crosta and Dal Negro, 2003; Crosta and Frattini, 2003).

The initiation of shallow landslides is often related to rainfall intensity and duration
(Caine, 1980; Aleotti, 2004; Giannecchini et al, 2006, Giannecchini et al., 2007; Guzzetti et al.,
2008; Cannon et al., 2008; Coe et al., 2008). It has been frequently observed that hillslope fail-
ures such as shallow landslides are often related to short (<1 hour) and intense rainfall rather
than daily-averaged precipitation (Reid et al., 1997; Montgomery et al., 1997; Caine, 1980;
Casadei et al., 2003). Previous rainfall, geological soil properties, soil thickness, and hydraulic
conductivity play important roles in triggering landslides, and the rate of water infiltration and
water movement below the surface are also important factors for landslide initiation (lverson,

2000; Crosta and Frattini, 2003; Giannecchini et al., 2007).
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Recent physically based models have revealed the amount of precipitation required
to trigger slope failures and the locations and times of the expected landslides, making these
models of interest for landslide warning systems. Others combine an instability model with a hy-
drological model to provide better general models for topographically controlled shallow slope
failures (Montgomery and Dietrich, 1994; Dietrich et al., 1995; Casadei et al., 2003). Many shal-
low landslide modelling efforts have focused on more effective ways to describe flows from
upslope using topographic index or dynamic topographic index approaches (i.e., Montgomery
and Dietrich, 1994; Tarolli and Tarboton, 2006). However, these physically based models only
allow complete parameterisations and do not consider rainfall-induced landslides where defini-
tions are needed for components such as the hydrological response of the soil and its geotech-
nical properties (Giannecchini et al., 2007).

The infinite-slope concept in a physically based model analysis is usually adopted
within the defined physical parameters of the study area, and data of the in situ spatial distribu-
tion of soil thickness are required to perform slope instability analysis. Soil thickness is of par-
ticular importance, as are the mechanical and hydrological properties related to hydraulic con-
ductivity, transmissivity, and the angle of internal friction. A uniform soil thickness was used in
previous analyses of shallow landslides (e.g., Montgomery and Dietrich, 1994; Wu and Slide,
1995), and some researchers included sparse soil thickness sampling data in the analysis of shal-
low landslides. Recently, however, Lee and Ho (2009) adopted the wetness index to determine
the spatial distribution of soil thickness for slope instability analysis. Ho et al. (2012) also ap-
plied uniformly distributed soil thicknesses to assess the success rate for physically based shal-
low landslide prediction using different soil thickness assumptions for comparison.

Various soil factors such as vegetation, roots, and internal friction angle can also af-
fect the occurrence of shallow landslides. Kuriakose et al. (2009) attempted to evaluate the sensi-

tivity of slope stability to the hydrological effects of vegetation and root reinforcement together
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with other intrinsic and extrinsic factors in their research area using a dynamic hydrological
model combined with a slope stability model. Sidle and Ochiai (2006) noted that shallow land-
slides were affected by the friction angle not only when gradient exceeds the friction angle.

Researchers have variously attributed the seemingly random occurrence of land-
slides to spatial variation in topography, soil depth, cohesion of the soil and roots, hydraulic con-
ductivity, groundwater response, and the angle of internal friction (e.g., Dietrich et al. 1995; Wu
and Sidle, 1995; Montgomery et al., 1997). Unfortunately, these variables are exceedingly diffi-
cult to measure, and few studies have attempted to measure their spatial variation at the scale that
influences slope stability. Although several researchers (Dietrich et al., 1995; Claessens et al.,
2005; Rosso et al., 2006; Uchida et al., 2011) have observed that soil properties are important
factors for shallow landslide modelling performance and have incorporated these factors into
their work, studies considering changes in the physical characteristics of soil with varying thick-
ness remain rare. Shallow landslide prediction could be affected by several characteristics of the
study area, including slope steepness, soil properties, forest cover, and other factors. Soil sample
location and the methods for determining the soil physical parameters for the model input data
could also affect the prediction of shallow landslides.

The aim of study was to test the impact of soil strength parameters on model per-
formance and to find a way to use observed landslide depth and slope data to calibrate these soil
strength parameters. For this, | used SHALSTAB model and interpreted the importance of soil
parameters such as cohesion and internal friction angle according to changes in soil thickness. To
conduct the soil thickness, I used a knocking pole test in the small study area and, the three soil
parameters, which were collected at study area and analysed using two methods (direct shear

tests and one triaxial compression test), used in SHALSTAB model.
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3.2 Study area

The approximately 70-km? study area is located in Jinbu-Myeon, Pyeongchang-gun,
Kangwon Prefecture in the Republic of Korea; the centre of the study area is located at
128°33729’E, 37°37749°N (Fig. 3.1). The annual mean precipitation in this area during the last
40 years (1978-2008) was about 1400 mm (Korea Meteorological Agency). This region has a
temperate climate with year-round precipitation. Rainfall primarily occurs during the summer
season, from June to September, as part of the East Asian monsoon. Korea is also threatened by
severe tropical typhoons during the summer season. Most of the heavy rainfall observed in Korea
can be attributed to typhoon activity in the area. On July 16, 2006, over 1,200 shallow landslides
occurred in the Jinbu region as a result of typhoon rains. The Korea Meteorological Administra-
tion measured the total rainfall amount at 450 mm/day and the maximum rainfall intensity of the

triggering event at about 45 mm/h.

The prevalent geological units exposed in the study area are the Mesozoic Nokam
Formation and igneous rocks including the Imgye granite. The Triassic Nokam Formation is
composed of fine sandstone with grey sandy shale, originating from thick clastic successions of
marginal marine to nonmarine environments. In contrast, the Jurassic plutonic rock, the Imgye
granite, mainly occurs as a large batholith trending NW-SE and as small stocks consisting of
granite with minor syenite and diorite distributed along the Ogcheon Belt. Additionally, the Or-
dovician Jeongseon limestone is mainly of shallow marine origin and consists predominantly of
limestone with lesser amounts of sandstone and shale. This area has undergone extensive intru-
sion by granitoids due to the Daebo Orogeny, which lasted from the early Jurassic to the early
Cretaceous. All of the previous geological units were intensely deformed as a result of this in-

tense orogenic event (Geological Society of Korea, 1962; Park et al., 2013).
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Fig. 3.1 Location and lithology map of the study site. Red indicates areas covered by shallow
landslides that occurred on July 16, 2006. (A) soil thickness distribution and (B)
histogram of soil depths measured by penetration tests for 125 points in a small
watershed within the landslide study area.
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3.3 Methods

3.3.1 Critical rainfall calculation

| used a SHALSTAB model combined with infinite slope stability equation and simple
subsurface flow model for the shallow landslide hazard analysis (Fig. 3.2a). This method was
described by Montgomery and Dietrich (1994) and is based on earlier formulations proposed by
O’Loughlin (1986). The practicality of this approach and various adaptations of it have been
demonstrated over the last decade, and it performs well for many applications (Dietrich et al.,
1995; Dietrich and Montgomery, 1998; Wu and Sidle, 1995; Borga et al., 2002; Montgomery et
al., 2000; Pack et al., 2001; Vanacker et al., 2003; Fernandes et al., 2004). Calculation of the Rc
(slope stability index; Equation 1) is based on the infinite slope form of the Mohr—Coulomb fail-
ure law, expressed by the ratio of the stabilising force (shear strength) to the destabilising force
(shear stress) on a failure plane parallel to the ground surface (e.g., Montgomery and Dietrich,

1994; Dietrich and Montgomery, 1998).

R, = Tsinf (g) (S—D [1 - % (3.1)

where T is the saturated soil transmissivity (m®h™), 4 is the local slope angle (°), 6 is the
internal friction angle of the soil (°), a is the upslope contributing area (m?), b is the unit contour
length [in our grid-based approach the grid resolution (m) is taken as the effective contour length,
as in Pack et al. (2001)], ps is the wet soil bulk density (g cm ), and py, is the density of water (g
cm ). C is the combined cohesion term (), made dimensionless relative to the perpendicular

soil thickness and defined as
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where C, is the root cohesion (Nm2), Cs is the soil cohesion (Nm2), h is the vertical soil
thickness (m), and g is the gravitational acceleration constant (9.81 ms 2). Given the assumptions
and boundary conditions used in deriving equation 1, it could be expressed using the conditions
for the upper and lower thresholds of elements that can possibly fail. Unconditionally stable are-

as are predicted to be stable even when saturated, and they satisfy

tand < (L) + (1 - &) tand  (3.3)

cos6 Pw

Unconditionally unstable elements, which in most cases are bedrock outcrops, are unsta-

ble even when dry, and they satisfy

C
_ 4
tan@ > tan® + (6059) (3.4)

The predictive index of this model (i.e., the stability index) is expressed in mm day* of
critical rainfall and is of variable scale, where lower values indicate a higher probability of insta-
bility, and higher values indicate a greater probability of stability. This scale also encompasses
areas identified as unconditionally stable and unconditionally unstable based on the estimated

rainfall value (Zizioli et al., 2013).
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3.3.2 Stochastic model for soil parameterisation

Topography influences the initiation of shallow landslides through both the concentra-
tion of subsurface flow and the effects of slope gradient on slope stability (Montgomery and
Dietrich, 1994; Talebi et al., 2008). Slope failure often occurs in areas of convergent topography,
where subsurface soil water flow paths increase the excess pore water pressure downslope (An-
derson et al., 1991; Wilkinson et al., 2002; Talebi et al., 2008). Planar infinite slope analysis has
been widely applied to the evaluation of natural slope stability, particularly where the thickness
of the soil mantle was small relative to slope length and where shallow landslides occurred due

to the failure of a soil mantle overlying a sloping drainage barrier (Talebi et al., 2008).

lida (1999) suggested that the two-layer model of soil and bedrock, which assumes a po-
tential landslide (soil) layer, is suitable for the slope stability analysis of shallow landslides. Sev-
eral researchers (lida, 1999; D’Odorico andFragherazzi, 2002; Talebi et al., 2008) applied the
same approach in a stochastic hydrogeomorphological model for shallow landslides resulting
from rainstorms. This model in Fig. 3.2a is based on the Mohr—Coulomb failure law, and the

failure condition can be expressed as (lida, 1999)

3 ¢ — yrcos?B(tanp — tan®)D
052 B{(Vsar — ¥¢) (tanp — tan®) + y,, tand}

(3.5)

cr

where £ is the local slope angle (°), c is the cohesion, @ is the internal friction angle (°),
¥, is the weight per unit volume of unsaturated soil (g cm™), y., is the weight per unit volume
of saturated soil (g cm ), and y,, is the weight of water per unit volume (g cm™>).
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In this model, shallow landslides occur when the soil thickness D is between D¢ and Dnax (Tale-

bi et al., 2008).

When the soil Depth D is equal to D¢, the critical soil depth D, can be expressed as follows:

D, = ¢/cos?B{ysqc (tanp — tan®) + y,, tand} (3.6)

When the soil depth D is less than Dpyax (Dmax>D), the depth D of saturated throughflow
cannot reach the critical D value, even in a rainstorm. Thus, shallow landslides do not occur
because the water table of the saturated throughflow cannot rise above the ground surface, result-
ing in saturated overland flow. In the case of a relatively steep slope (@ < ), D¢ decreases line-
arly with increased soil depth D, and D, becomes zero. This means that a shallow landslide can

occur on the slope without saturated throughflow, given a critical (‘upper limit”) soil depth D.

Dpax = ¢/yrcos?B(tanp — tan®) (3.7)

The modeling soil of evolution is important because without cohesion, soils could never
form on slopes greater than @, and even thin soils on slopes in the range of £ <@ would be
extremely unstable because light rainfall would provide a sufficient saturated water depth H to
cause landslides. These scenarios are contrary to observation, suggesting that soil cohesion must

be considered in slope stability models (lida, 1999).
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3.3.3 Model input parameterisations

Unsaturated and saturated subsurface flow on hillslopes and/or catchments is affected
by topography, soil depth, and hydraulic properties in a complex manner. These properties serve
as input data for numerical simulations and have significant implications for simulation accuracy.
Although detailed surface topography data can generally be readily obtained from digital eleva-
tion models (DEMs), soil depth and hydraulic properties for an entire hillslope and/or catchment
are often lacking. The topographic data used in this study consisted of a5 x 5-m DEM based on
a digital elevation map (1:5,000) from the National Geographic Information Institute in the
Republic of Korea. The locations of shallow landslide areas were back-filled to represent the to-
pography of the study area before the landslides occurred.

The dynamic cone penetrometer (25-mm diameter with a 60° tip angle), also known as
the knocking pole (Yoshinaga and Ohnuki, 1995), consists of several 0.5-m sections of 15-mm-
diameter stainless steel rods with graduations etched every 10 cm. The penetration resistance
value, Nd (drop/10 cm), was computed as the number of blows required for 10-cm penetration.
Uchida et al. (2009) compared vertical Nd distributions among locations outside and inside areas
of shallow slope failure and found that soil layers with Nd values of 5-20 were not detected as
locations within areas of slope failure in their study area. They suggested that soil depths with
Nd <20 could be defined as soil layers with failure potential, and soil depths with Nd >20 could
be defined as bedrock layers not prone to failure. For our study, 125 penetration tests were per-
formed at 10-15-m intervals along the slope, and the soil distribution was calculated using the
Nd values (Fig. 3.1b). To compare actual shallow landslides with our shallow landslide simula-
tion results, | used air photo images taken after shallow landslide occurrence and converted the

shallow landslide area into polygons using the ArcGIS 10.1 program (ESRI, California, USA).
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I collected soil samples from the study area and tested them using a triaxial compression
test to determine the model input parameters. Testing soils to understand their behaviour during
shallow failures normally requires a method that mimics the stress distribution under natural
conditions. Shallow landslides are triggered by elevated pore pressure that decreases the effec-
tive normal stress rather than by increasing shear stress (Anderson and Reimer, 1995). Unlike
typical triaxial shear testing that is accomplished by increasing the shear stress, the consolidated
drained (CD) test approximates the conditions during rainfall-induced failure by maintaining
constant shear stress while reducing the effective stress (Reimer, 1992). Lee et al. (2009) and
Park et al. (2013) tested soil samples at the same study site for soil parameters using a direct
shear test, and | used soil data from these studies, which were performed in the study area (Table

3.1).

Table 3.1 Soil parameters for shallow landslide modeling (a and bwere determined by direct
shear test, and ¢ was determined by triaxial compression test).

Model input parameters a b c
Saturated soil weight (kg/m?®) 1790 1960 1740
Dry density  (kg/m®) 1550 1510 1490
Water density (kg/m®) 1000 10 10
Hydraulic conductivity (m/h) 0.08 0.04 0.05
Cohesion (kPa) 3.8 4 1.6
Internal Friction Angle ( °) 35.2 34 36.5
Slope degree ( °) DEM DEM DEM
Gravity velocity (m/s) 9.8 9.8 9.8
Average soil depth (m) Im Im im
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3.3.4 Assessment of model results

The prediction accuracy of regional landslide susceptibility models has typically been
evaluated by comparing the locations of the known landslides with simulation results from the
model (Montgomery et al., 1998, 2001; Godt et al., 2008). Receiver operating characteristics
(ROCs), which are used in various studies including weather forecasting and landslide suscepti-
bility mapping, represent a technique for comparing the performance of models for which results
can be assigned to one of two classes or states (Swets, 1988; Fawcett, 2006; Van Den Eeckhaut
et al., 2006; Godt et al., 2008). The model with the higher percentage provides a better prediction
of shallow landslides. The least critical test of prediction accuracy would be to count a successful
prediction when a single grid cell is located within a mapped landslide polygon.

More critical tests of prediction accuracy involve more detailed assessment of 1) the
capability of the model to correctly identify mapped landslides (TP; true positive), 2) the fre-
quency of errors when mapped landslides are not correctly identified (FN; false negative), 3)
over-prediction (FP; false positive), and 4) the model’s ability to correctly identify the area that
does not include the mapped landslides (TN; true negative). An ideal landslide susceptibility map
simultaneously maximises the agreement between the known and predicted landslide locations
and minimises the area outside the known landslides that is predicted to be unstable (FP). To per-
form the ROC analysis, two quantities were calculated: sensitivity (the true positive rate), de-
fined as the ratio between TP and the sum of TP and FN, and specificity (the false positive rate),
defined as the ratio between FP and the sum of TN and FP. Accuracy was defined as the ratio of
TP+TN to the sum of all values (TP+FP+FN+TN) (Fig. 3.3). Relatively flat areas such as rivers
including alluvia, rice paddies, etc. were excluded from the analysis because the mapped shallow

landslides only occurred in the mountainous area.
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A Receiver Operating Characteristics (ROC) plot (Fawcett, 2006), defined by the false
alarm rate FPR and the hit rate TPR, plotted on the x and y axes, respectively. In the ROC space,
a point located in the upper left corner represents a perfect prediction (TPR = 1 and FPR = 0),
and points along the diagonal line for which TPR = FPR represent random predictions. The area
under the ROC curve AUC is taken as a quantitative measure of the performance of the classifi-
cation. If AUC = 0.5, a classification is poor and indistinguishable from a random classification,
whereas a perfect classification has AUC = 1 and an acceptable prediction requires TPR/FPR > 1

(Fawcett, 2006; Rossi et al., 2010; Raia et al., 2014).

True class (observation)

Positives Negatives

5 B TP
= True Positives = S
€y True False
m — - - - -
% = Positives | Positives . FP
< E False Negatives = ——
T N
7]
3 = TP+TN
T S Accuracy = PN
=t N False. True ‘
T Negatives | Negatives TP
é Precision = “IP+FP
Column sums —» P N

Fig. 3.3 Reciever operating characteristic (ROC) analysis method for determining the accuracy

of shallow landslide prediction in this study (modified from Godt et al., 2008).
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3.4 Results

3.4.1 Shallow landslide simulation using experimental data set (Case I)

The three different soil parameters (Table 3.1) used in the shallow landslide model for
the July 16, 2006, event were further analysed to quantify the spatial discrepancy between the
landslides triggered by the July 2006 rainfall event and the prediction results for the critical rain-
fall level that would trigger a shallow landslide in the area. The resulting map of steady-state
critical rainfall (mm/day) that could trigger shallow landslides in the study area is shown in Fig.
3.5, where the shallow landslide-prone areas predicted by equation 1 are delineated by the
steady-state rainfall intensity (mm/day) necessary for slope instability in each topographic ele-
ment. These were also compared with the shallow landslides observed in air photo images.

In Fig. 3.5 a and b, which are based on the direct shear test data, the steady-state criti-
cal rainfall varied between 50 and 500 mm per day except in the stable area, and shallow land-
slides occurred near the high mountains in the simulated area. The landslide areas surveyed in
2006 showed a similar pattern to the critical rainfall simulation results, but these revealed an
over-prediction, particularly around high mountain areas. The landslide occurrence based on tri-
axial compression test data also showed calculated critical rainfall levels at 50 — 500 mm/day
except in the stable area (Fig. 3.5c). However, it was sensitive to rainfall levels of 50 — 200
mm/day, and most of the areas could be exposed to landslide risk when compared with mapped
air photo images. Furthermore, in all three cases, the steep slope of the study area indicates rela-
tively high possibility of a landslide triggered by a critical rainfall level of 0-50 mm/day.

| separated the steady-state critical rainfall (mm/day) data from the simulated grid data
(Fig. 3.6) to obtain the distribution of steady-state critical rainfall levels (mm/day) from the three

types of experimental soil data. In Fig. 3.6a, Cases I-a and I-b showed a large stable area (stable
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cells and cells >500 mm/day), but Case I-c showed less than half the number of stable cells. The
low values of Case I-c mean that the triaxial compression test soil data were more sensitive than

the direct shear test soil data.
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Fig. 3.5 Maps of study area showing steady-state rainfall intensity (mm/d) necessary for slope
instability as predicted from equation 1 using several soil parameters tested by direct
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Observed shallow landslides (in red) that occurred on July 16, 2006, are also shown

apped shallow landslides.
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Table 3.2 Accuracy analysis of shallow landslide prediction using ROC analysis.

Model . .

Class True Positive Rate  False Positive Rate TPR/FPR Accuracy
CASE I-a 0.37 0.28 1.34 0.71
CASE I-b 0.35 0.26 1.34 0.73
CASE I-c 0.65 0.52 1.13 0.48
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Fig. 3.6 Number of simulated cells and the distribution of critical rainfall intensity (mm/day) for

Case I, Case Il and Case 11l from the shallow landslide prediction based on the three soil

parameters in Table 3.1.
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| performed ROC analysis to evaluate the accuracy of the modelling results. The calcu-
lated accuracy values of Cases I-a, I-b, and I-c were 0.71, 0.73, and 0.48, respectively. The value
of the TPR/FPR ratio, which is indicating the large value is a measure of the better predicting
performance, were Case I-a, I-b, and I-c were 1.34, 1.34, and 1.13, respectively(Fig. 3.5d and
Table 3.2). The ROC analysis indicated low overall model accuracy, with the accuracy of Case I-
c (0.48) being the lowest of the three. The difference among the three cases can be attributed to
the soil testing methods, specifically, the values for soil cohesion and internal friction angle that

were determined by direct shearing and triaxial compression tests in this study.

3.4. 2 Calculation of soil strength parameters

| determined the shallow landslide distribution in the study area using equations 3.6
and 3.7 to calculate physical soil parameters such as cohesion and internal friction angle. Equa-
tion 3.6 but not equation 3.7 assumes that shallow landslides only occur when the soil was com-
pletely saturated. These equations together set the limits on the depth-slope space in which land-
slides can occur (Fig. 3.7). Fig. 3.7 shows the results of soil parameterisation, which reflect the
effect of soil thickness (i.e., the measured soil thickness in Fig. 3.1 (a) and the average soil thick-
ness of 1 m), using equation 3.6 (D) and equation 3.7 (Dnax) in the hydro-geomorphological
model derived from the soil parameters in Table 3.1. Fig. 3.7a (Case I) shows an overlap with the
distribution of measured soil thickness (y-axis) against the slope angle (x-axis) (black circles are
located within the shallow landslide scar, and white circles are located external to the shallow
landslide scar). The curves (D¢) and (Dmax) Were calculated using the data in Table 3.1. The
black circles are located outside D.r and Dnax, indicating that the cohesion and internal friction

values used in the Case | simulation for shallow landslide prediction in Fig. 3.5 contain errors.
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Accordingly, I changed the internal friction angle and cohesion values, resulting in values nested

between D¢ and Dpax in Fig. 3.7 for Cases Il and I11.

Case Il (Fig. 3.7) shows an overlap with the distribution of measured soil thickness
(y-axis) against slope angle (x-axis), and the curves were controlled using changes in the internal
friction angle and cohesion. Case Il (Fig.3. 7) shows an overlap with the distribution of the av-
erage soil thickness (1 m) (y-axis) against slope angle (x-axis), and the curves were also con-
trolled using changes in the internal friction angle and cohesion. All values calculated by the hy-

dro-geomorphological model are presented in Table 3.3.
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Fig. 3.7 D¢ (dashed line) and Dpax (solid line) calculated using equations 3.6 and 3.7. Shallow

landslides can occur between D¢ and Dmax. White circles indicate soil thickness meas-

ured by knocking pole test outside of the shallow landslide area, and black circles indi-

cate soil thickness measured by knocking pole test inside the shallow landslide scar.

Case | was calculated using soil thickness and soil data shown in Table 3.1. Case Il was

calculated using soil thickness and by controlling the cohesion and internal friction an-

gle based on data shown in Table 3.1. Case Ill was calculated using the average soil

thickness and controlling for the cohesion and internal friction angle based on data

shown in Table 3.1.
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The internal friction angle and cohesion values in Table 3.3 were greater than those
listed in Table 1. In particular, the soil cohesion value determined by triaxial compression test
(Table 3.1) was almost doubled due to the influence of soil thickness (Table 3.3). To evaluate the
effect of soil thickness on the soil parameters | applied altered soil parameters to the SHAL-
STAB model [i.e., measured soil thickness (Case Il) and a constant soil thickness of 1 m (Case
I11)], and steady-state critical rainfall (mm/day) was re-calculated for shallow landslide predic-
tion. The accuracy of this shallow landslide prediction was also evaluated using ROC analysis to

assess any improvement in the prediction accuracy compared with the results for Case I.

3.4. 3 Application of soil parameters represented the measured soil thickness (Cases I1)

Fig. 3.8 shows the distribution of the areas with rainfall values critical for the occur-
rence of shallow landslides. Fig. 3.8a (Case Il-a) and Fig. 3.8b (Case 11-b) show the critical rain-
fall distribution using soil parameters from the direct shear test, incorporating the effect of meas-
ured soil thickness distribution (Table 3.3). Fig. 3.8c (Case I1-c) shows the critical rainfall distri-
bution using soil parameters from the triaxial compression test, incorporating the effect of meas-
ured soil thickness distribution (Table 3.3). The critical rainfall simulation results in Fig. 3.8
were compared with the shallow landslide grid derived from air photo images from a post-event
survey of the study area in 2006.

The distribution of the simulated critical rainfall (mm/day) in Fig. 3.8a and b based
on the results for Cases Il-a and 11-b (Fig. 3.6b and Table 3.3) showed a similar pattern to the air
photo images grid (red colour). The simulated critical rainfall values in Fig. 3.8a and 3.8b
showed that the area of unconditionally stable cells increased. The critical rainfall values were 0—
50 mm/day, which show decreased sensitivity for shallow landslide occurrence compared with
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Fig. 3.5a and 3.5b. Fig. 3.8c shows the distribution of simulated critical rainfall (mm/day) based
on the results for Case Il-c (Fig. 3.8 and Table 3.3), and also shows a similar pattern to the air
photo images grid (red colour). However, the critical rainfall simulation results in Fig. 3.8c differ
from those in Fig. 3.8a and 3.8b. In Fig. 3.8c, the area of unconditionally stable cells increased,
similar to those in Fig. 3.8a and 3.8b, but the critical rainfall value increased to over 500 mm/day.
The distribution of critical rainfall in Fig. 3.8c matched well with the shallow landslide locations

of 2006.
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Fig.3.8 Maps of the simulation results showing the shallow landslide-prone area based on the
steady-state rainfall intensity (mm/d) necessary for slope instability as predicted from

equation 1 using measured soil thickness.
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The distributions of the critical rainfall simulation using soil parameters reflected ef-
fects of measured soil thickness in Fig. 3.8 (Case Il); the grid cells simulated in Fig. 3.8 are pre-
sented in Fig. 3.6b. The distribution patterns of critical rainfall cells in Cases Il-a and 11-b (Fig.
3.6b) were similar, and the number of stable cells increased, in contrast to Cases I-a and I-b, (Fig.
3.6a) based on the direct shear test method. The distribution of critical rainfall cells in Case Il-c
(Fig. 3.6b) showed that stable cells and cells of >500 mm increased, in contrast to Case I-c (Fig.
3.6a), based on the triaxial compression test method. This means that the over-prediction of shal-
low landslide occurrence under light rainfall conditions decreased.

The accuracy of the simulated critical rainfall prediction for Case Il was evaluated
by ROC analysis. The ROC analysis values for Case Il are presented in Table 3.4. The ROC ac-
curacy values for Cases 1l-a, I1-b, and 11-c were 0.83, 0.86, and 0.85, respectively. The value of
the TPR/FPR ratio, which is indicating the large value is a measure of the better predicting per-
formance, were Case ll-a, Il-b, and Il-c were 1.95, 1.28, and 2.37, respectively. All simulation
cases in Fig. 3.8, simulating the distribution of critical rainfall values (mm/day), clearly im-
proved over those of Case | (Fig. 3.5). ROC analysis results are presented in Table 3.4; the in-
creased ROC values for Case Il (Fig. 3.8d) indicate improved predictive accuracy for the critical
rainfall simulation. This also demonstrates that soil cohesion and internal friction angle may be

important factors for shallow landslide modelling.

3.4. 4 Application of soil parameters represented the average soil thickness (CASE I11)

To evaluate the impact of soil parameters other than soil thickness, | performed shal-
low landslide simulation using an average soil thickness of 1 m (Case Il in Fig. 3.9 and Table
3.3). The critical rainfall simulation distribution for the effect of 1-m soil thickness on shallow

landslide occurrence is shown in Fig. 3.9. The distribution of the critical rainfall value in Fig.
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3.9a (Case Il1-a) was similar to that of Case Il-a (Fig. 3.9), but it differed from the other cases in

Fig. 3.9. The critical rainfall values of <50 mm/day (Fig. 3.9b) and 100-200 mm/day (Fig. 3.9¢),

were low, which differed from the sensitivity in Fig. 3.8. The low sensitivities of Cases I11-b and

I11-c in Fig. 3.9 mean that soil cohesion and the internal friction angle can still influence the out-

come of the critical rainfall simulation despite a constant average soil thickness of 1 m.
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Fig. 3.9 Maps of the simulation results showing the shallow landslide-prone area based on the

steady-state rainfall intensity (mm/d) necessary for slope instability as predicted from

equation 3.1 using average soil thickness 1m.
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The distribution of simulated critical rainfall cells (Fig. 3.9) is presented in Fig. 3.6c.
The distribution patterns for Cases Ill-a and Ill-c are similar (Fig. 3.6¢c). However, the critical
rainfall cells in Case Il1-b (Fig. 3.6c) show that the distribution of < 50 mm/day cells increased
and stable cells decreased compared with the other simulations (Fig. 3.6). The critical rainfall
simulation accuracy of Fig. 3.9 was evaluated by ROC analysis and is presented in Table 3.4.
The accuracy values for Cases Ill-a, 111-b, and I11-c were calculated as 0.83, 0.79, and 0.78, re-
spectively. The value of the TPR/FPR ratio, which is indicating the large value is a measure of
the better predicting performance, were Case I-a, I-b, and I-c were 1.78, 1.50, and 1.60, respec-
tively (Fig. 3.9d). The accuracy values of Case Ill were higher than those of Case | (Fig. 3.5), but
lower than those of Case Il (Fig. 3.8). Therefore, the accuracy of the shallow landslide prediction
based on ROC analysis follows Case Il > Case 11l > Case I. This indicates that soil parameterisa-
tion using soil thickness is important for improving the shallow landslide prediction accuracy of
a model. These soil parameters (i.e., internal friction angle and soil cohesion) can greatly affect

the prediction of shallow landslides.

Table 3.4 ROC accuracy analysis of shallow landslide prediction using soil parameterisation for
two soil thickness parameters (measured soil thickness and average soil thickness of 1 m).

True Positive False Positive

Class Simulation case Rate Rate TPR/FPR Accuracy
CASE ll-a 0.30 0.16 1.95 0.83
Measured
soil depth CASE lI-b 0.16 0.13 1.28 0.86
(m) CASE Il-c 0.32 0.14 2.37 0.85
CASE lll-a 0.27 0.15 1.78 0.84
Average
soil depth CASE IlI-b 0.30 0.20 1.50 0.79
Im
(1m) CASE lll-c 0.34 0.21 1.60 0.78
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3.5. Discussions

3.5.1 The effect of soil strength

| used soil parameters tested by the triaxial compression (Case I-c) method because
Frank et al. (2009) observed that the triaxial compression test is better than the direct shear test
for predictive models of shallow landslides, as it represents the processes and characteristics of
the superficial soil layers reasonably well. In this study, the soil parameters tested by the triaxial
compression method were applied to shallow landslide predictions, and the accuracy of the pre-
diction results by ROC analysis showed over prediction and overly low values in Fig. 3.5c.

However, the results of Case Il and Case Ill, which used modified soil parameters
from a hydro-geomorphological model, rather than those of Cases I, showed high accuracy,
which may be explained by two reasons from the viewpoint of physical soil properties. First, be-
cause the triaxial compression test method did not clearly reflect root cohesion, the cohesion val-
ue might have led to error. According to Montgomery and Dietrich (1994), the effect of roots on
shear stress resistance can be taken into account by increasing the value of the shear stress re-
sistance angle by 40%. Schmidt et al. (2001) and D’Odorico and Fagherazzi (2003) showed that
soil and root cohesion is inherently necessary for soil to build up in steep hollows; otherwise,
landslides would occur even with light rainfall (Rosso et al., 2006).

Additionally, some researchers have recently shown the effect of the dependence be-
tween cohesion and internal friction angle in slope stability analyses (e.g., Wu and Sidle, 1995;
Cherubini, 2000; Hong and Roh, 2008; Cho and Park, 2010). Soil cohesion has sometimes been
neglected in stability analyses of steep mantled slopes, while the angle of repose has been delib-
erately increased to realistic values to account for the overall shear strength of the aggregates
(Montgomery and Dietrich, 1994; D’Odorico and Fagherazzi, 2003). For these reasons, cohesion

IS a sensitive parameter in shallow landslide models and one of the most difficult to quantify;
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empirical treatment of this parameter may lead to large errors in estimates of slope stability (Ca-
sadai et al., 2003).

Second, cohesion has an influence on soil thickness and topography. In this study,
the internal friction angle, and especially cohesion, had a high impact on model accuracy as
many researchers have also explained (e.g. Montgomery and Dietrich, 1994; Rosso et al., 2002;
Lanni et al., 2013). To evaluate the physical soil properties reflecting the distribution of soil
thickness, | used a hydro-geomorphological concept model to calculate the soil properties. From
the hydro-geomorphological model, the internal friction angle and especially cohesion were de-
termined to be sensitive values for shallow landslide prediction.

Additionally, Casedei et al. (2003) noted that cohesion is the most important param-
eter affecting sensitivity analysis and that internal friction affects it secondarily. Another case
study was begun after taking different locations and habitats of soil samples and analyzing the
distribution of cohesion depending on soil depth and the phase of the different habitats, and it
concluded that the results showed a pattern similar to that of previous cohesion tests. In other
words, many researchers have explained that when entering parameters of soil properties into a
model, the result cannot include the real nature of landslides. Although all the strength and hy-
drological parameters in the slope stability model can be obtained from field measurements or
laboratory analysis, some of these parameters are difficult to define in practise, particularly with
regard to their spatial variation (Dietrich et al., 1995). Hence, a definition of the relationship be-
tween soil cohesion and internal friction angle must consider theoretical approaches to a result

based on that modeling method.

3.5.2 Infinite assumption on DEM resolution.

Fig. 3.8 and 3.9 show the shallow landslide prediction results using soil parameterisation
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representing the effects of measured (Case Il) and average (Case Il) soil thickness (Fig. 3.7).
Shallow landslide predictions using soil parameterisation showed greater accuracy than those
using experimental soil parameters (Case 1) (Fig. 3.5). The order of shallow landslide prediction
accuracy based on ROC analysis was Case Il > Case Ill > Case I. Although I performed soil pa-
rameterisation for shallow landslide prediction, over-prediction was still detected (Fig. 3.8 and
Fig. 3.9).

I used a 5-m-resolution DEM with a 5-m contour digital map (see section 3.3) for shal-
low landslide prediction. | was unable to investigate the effect of DEM resolution in this study;,
but several authors (e.g., Zhang and Montgomery 1994; Claessens et al., 2005; Penna et al., 2014)
have previously analysed the effect of DEMs on modelling results.

Claessens et al. (2005) calculated steady-state critical rainfall using different DEM reso-
lutions and observed that even using high-resolution DEMs such as LIDAR data for shallow
landslide prediction modelling, the model cannot describe the characteristics of the natural
hillslope in detail. Many previous studies (e.g., Claessens et al., 2005; Tarolli and Tarboton, 2006)
concluded that even if high-resolution DEMs are used to analyse shallow landslides, the com-
plete prediction of the shallow landslide area is difficult.

In addition, Milledge et al. (2012) suggested that the infinite length assumption within
the infinite slope stability model for DEM resolution is only valid for landslides with a high
length/depth (L/H) ratio of 25 calculated by using the factor of safety from the finite element
method. And they established a critical L/H ratio of 25, implying reasonable validity of the as-
sumption for modelling when a coarse (>25 m) DEM resolution is used. If models with a finer
resolution (< 10 m) DEM used, the assumption of infinite length proves to be less valid depend-
ing on the assumed landslide failure plane depth and on the material properties. To do this, they
used SHALSTAB model to be compared with a coarse DEM (10 m) and a fine DEM (1 m) for

verification of their assumption and explained that finer grid resolutions could be predicted on
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shallow landslide long and predicted width is dramatically reduced.

That is, the limited validity of the assumption could be responsible for the under-
prediction of landslides upslope, which in general have a somewhat smaller L/H ratio. However,
they also concluded that the infinite length assumption can be valid for smaller DEM resolutions
(e.g. 1 m). Because if lateral subsurface flow plays a role in defining pore water pressure then its
spatial organization mitigates against predicting short landslides and minimizes the risk that pre-
dicted landslides will have length/depth ratios less than 25 (Milledge et al. 2012). Thus, in this
study site, taking into consideration earlier arguments that more complex and localized processes
play a role in landsliding and finer resolutions might capture those processes better (Milledge et
al. 2012) and, the other factors could be affected on prediction of shallow landslide when 1 fol-

lowed assumption of infinite in this study.

3.5. 3 Limitations

There are many reasons for such over-prediction in this study. Antecedent rainfall and
DEM effects could be the primary factors resulting in over-prediction. Due to the difficulty of
performing field tests for hydraulic conductivity (Ks) on high steep mountainous slopes, classical
methods for measuring hydraulic conductivity have involved the laboratory test-based “constant
head” and “falling head” parameters using soil core samples extracted from the field. Antecedent
rainfall plays an important role in the initiation of landslides but SHALSTAB assumes hydro-
logic steady-state (i.e. all slopes are in equilibrium with infinite duration antecedent rainfall at
the current rate). Because SHALSTAB model can calculate the critical rainfall occurring shallow
landslide by one day [mm/day], it did not reflect the antecedent rainfall.

Antecedent rainfall plays an important role in the initiation of landslides (Wieczorek,
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1987), but its influence is difficult to quantify. Soil water conditions from antecedent rainfall de-
pend on several factors including local climatic conditions, slope angle, and the heterogeneity of
the physical-mechanical properties and permeability of the soil (Aleotti, 2004). Therefore, | was
unable to determine the in situ soil water conditions, and instead used the steady-state critical
rainfall obtained from the SHALSTAB model.

To increase the accuracy of shallow landslide prediction, | performed soil parameterisa-
tions using three kinds of experimental soil data (two direct shear tests and one triaxial compres-
sion test) and applied them to a stochastic hydro-geomorphological model based on soil thick-
ness. | achieved a more accurate critical rainfall modelling result for rainfall-induced shallow
landslide prediction than that obtained prior to calibration of the soil strength parameters. Alt-
hough 1 only considered physical soil properties in this study, further study of other factors in-
cluding the effects of hydraulic conductivity and antecedent rainfall will be needed to improve

shallow landslide prediction.

3.5 Conclusion

To improve the accuracy of shallow landslide prediction, | compared the results of shal-
low landslide predictions using a SHALSTAB model, varying the input soil data. Experimental
soil data were used for the first simulation (Case 1), whereas soil data represented the measured
soil thickness (Case Il) and represented average soil thickness (1 m, Case Il1) data were used in
the second and third simulations, respectively. The accuracy of shallow landslide prediction was
evaluated by ROC analysis. The order of accuracy as determined by ROC analysis was Case 11 >
Case Ill > Case |, indicating that Case Il showed the highest predictive accuracy. Therefore, the
use of soil properties reflecting soil thickness may improve the accuracy of shallow landslide

prediction.
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Chapter 4. Analysis of subsurface flow by piping for landslide initia-

tion and development using a large flume experiment

4.1 Introduction

Rainfall is a principal factor in the triggering of shallow landslides (Campbell,
1966; Starkel, 1976; Iverson, 2000). Shallow landslides induced by rainfall have been studied for
practical and scientific reasons, because it is important to consider subsurface water when at-
tempting to understand the processes involved in shallow landslide initiation (Anderson and Sitar,
1995; Iverson et al., 1997; Gabet and Mudd, 2006). Many landslide studies, however, have found
it difficult to delineate potential landslides because of the strong influence of local controls, such
as regolith, soil permeability, soil layering, root strength, localised seepage forces and preferen-
tial flow along bedrock surfaces due to piping (Casadei et al., 2003).

Previous studies have shown that the presence of groundwater in the soil mantle
markedly affects rainwater discharge and slope stability on steep slopes (e.g., Anderson and Sitar,
1995; Iverson et al., 2000; Wang and Sassa, 2003; Onda et al., 2004; Kosugi et al., 2008). There-
fore, one of the simplest approaches to analyse the effects of groundwater formation on shallow
landslides involves a combination of infinite slope stability analysis with a steady-state shallow
subsurface flow model (e.g., Okimura et al., 1985; Montgomery and Dietrich, 1994; Pack et al.,
1998). In addition, many physical models assume that the soil-bedrock interface is a simple
topographic surface paralleling the soil surface.

Recently, more complex processes have been considered in physically based
models to predict the spatial susceptibility and patterns of shallow landslides (e.g., Hiramatsu et
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al., 1990; Wu and Sidle, 1995; Rosso et al., 2006; Talebi et al., 2008; Uchida et al., 2011). How-
ever, some issues remain unresolved regarding steady-state models. For example, time-scale dis-
crepancies in the modelled hydrological processes and the concept of steady groundwater flow
slope parallel to an underlying impermeable bed can predict only the long-term distribution of
groundwater pressure, which could be viewed as a predisposition to landslides (Teragima et al.,
2014). Models can be used to calculate the topographically driven convergence of rainwater and
the groundwater table in the soil mantle, thus providing a physically based estimate of the stream
hydrograph and a spatially distributed prediction of shallow landslide occurrences. The accuracy
of these physical models is still limited, mainly because they ignore storm responses in the un-
derlying bedrock (e.g., Wilson and Dietrich, 1987; Kosugi et al., 2008; Lanni et al., 2013).

Several recent studies have suggested that flow via piping could contribute sub-
stantially to the rapid transfer of stormwater (e.g., Mosely, 1982; Kirkby, 1988; Tanaka et al.,
1988; Tsukamoto and Ohta, 1988; McDonnell, 1990) and that evidence of the occurrence of in-
creasing groundwater levels due to bedrock flow was often found in the scars of shallow land-
slides (e.g., Ohta et al., 1981; Brand et al., 1986; Jenkins et al., 1988; Selby, 1993; Onda et al.,
2004). Theoretical analyses and observations have been presented regarding the movement of
soil particles within slopes with an emerging subsurface flow to evaluate subsurface flow that
may cause shallow landslides (Zaslavsky and Kassiff, 1965; O’Loughlin and Pearce, 1976; Wu
et al., 1979; Kochel et al., 1985; Iverson and Major, 1986; Kohno et al., 1987; Selby, 1993; Te-
rajima and Sakura, 1993; Terajima et al., 1997, 2001; Gabet and Dunne, 2002; Terajima et al.,
2014).

The importance of seepage flow convergence by the groundwater table within
hillslope hollows to shallow landslide initiation has also been studied. Many researchers have
attempted to analyse subsurface flow for shallow landslide initiation using various methods.

Pierson (1983) observed that a closed pipe raised the groundwater table downslope from the
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pipe’s outlet. Wilson and Dietrich (1987) measured piezometric responses along a hollow in a
catchment underlain by arkosic greywacke and clarified the relations of these responses to spatial
variations in bedrock permeability. Terajima and Moroto (1990) and Uchida et al. (2011) meas-
ured hydrostatic pressure propagation from the soil mantle through the bedrock in catchments
underlain by weathered granite. Katsura et al. (2006) and Kosugi et al. (2006) showed that both
saturated and unsaturated water flows in weathered granitic bedrock are important for the devel-
opment of groundwater within the soil mantle.

In a large flume experiment and field observation study, Iverson and Major [1986]
and Reid and Iverson (1992) showed that ascending subsurface flows at the toe of slopes or at
geological boundaries were involved in the initiation of shallow landslides and subsequent debris
flows. Sidle et al. (1995) conducted a series of flume experiments using a single drainage pipe
composed of five segments, each with a different roughness coefficient. Some researchers devel-
oped numerical models to simulate soil-pipe flow within a hillslope and verified these results
with flume experiments (e.g., Kosugi et al., 2004; Tsutsumi et al., 2005a). They mentioned that
the direction and force of the subsurface flow during rainstorms is important to interpret mecha-
nisms for the initiation of shallow landslides.

However, there have been few previous studies regarding shallow landslide initia-
tion by subsurface hydrological processes, such as the effects of seepage direction and changes
of seepage force by topographic characteristics, and monitoring of the factors of seepage direc-
tion and force is difficult. Moreover, assessment of the individual effects of seepage characteris-
tics on shallow landslide processes due to local conditions is complicated. In this study, to evalu-
ate the seepage failure mechanisms by piping, a large flume experiment and artificial rainfall
simulation were conducted and hydraulic responses were monitored. | analysed the effects of

subsurface flow by piping using factors of safety and numerical modelling.
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4.2 Seepage direction modeling

Unsaturated and saturated flows within the slopes were modelled by finite element
seepage analysis using SEEP/W (GeoStudio 2004 Software,\Version 6.22). The model code is
based on the equations of motion and mass conservation. Both saturated and unsaturated flows
are simulated using a modified version of Darcy’s law (Richards’ equation). Darcy’s law was
originally derived for saturated soils, but later research showed that it can also be applied to the
flow of water through unsaturated soils (Richards, 1931). Under unsaturated conditions, the hy-
draulic conductivity function is no longer a constant but varies with changes in water content
(Brooks and Corey, 1964; Fredlund and Rahardjo, 1993) and the governing equation has been
extended to incorporate unsaturated conditions (Richards, 1931; Fredlund and Rahardjo, 1993;
Tofani et al., 2006). Differential controlling equations for simple saturation seepage are written

for an anisotropic environment as follows:

a(kaH)+a(kaH>_0 41
ox\ *ox/) oay\ Yoy 41

where H = total head, kyx = hydraulic conductivity in the x direction, and ky = hydraulic con-
ductivity in the y direction. For unsteady or transient flow conditions, Equation 4.1 changes to

Equation 4.2:

a(kaH)+a(kaH)+ _69 42
ax\ "*oax/ oh\ Yoy Q=3¢ (4:2)

where Q=flow, 6=the water volume content and t= time.
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Equation 4.2 shows that the difference between the flow entering and leaving an elemental vol-
ume at a point in time is equal to the change in the volumetric water content. More fundamental-
ly, it shows that the sum of the rates of change of flows in the x- and y-directions plus the exter-
nal applied flux is equal to the rate of change of the volumetric water content with respect to

time.

4.3 Factor of safety analysis for seepage force and direction

Soil strength or the resisting force which is responsible for slope stability is usually

defined using Mohr—Coulomb’s equation:

T=c 4+ (on — uw) tan¢ (4.3)

where, T is the shear strength, ¢’ is the effective cohesion, ¢’ is the effective angle of internal
friction, o, is the total normal stress, and u,, is the soil pore-water pressure (Whitlow, 1983;

Fredlund and Rahardjo, 1993).

Under saturated conditions, effective normal stress is expressed as total normal
stress minus pore water pressure. If pore water pressure exceeds total normal stress, the value of
effective stress becomes negative, indicating that stress is acting in the upward rather than
downward direction. In the cohesive matrix above the “normal” level of the groundwater table
(phreatic surface) and capillary fringe, materials are unsaturated, pores are filled with water and

air, and pore water pressure is negative (Simon and Collison, 2002). In unsaturated soils, de-
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creasing matric suction has the effect of increasing the apparent cohesion of the soil, as described

by Fredlund and Rahardjo (1993):

T=c + (Gn - ua) tand + (u, — uy,) tan ¢ (4.4)

where T = shear strength on a potential failure plane (N/m?), ¢’ = effective cohesion, o, =
normal stress, ¢’ = friction angle in terms of effective stress, ¢’ = angle expressing the rate of
increase in strength relative to the matrix suction, (o, — u,,) is the net normal stress state on
the failure plane at failure, u, is the pore air pressure on the failure plane at failure, (u, — uy,)
is the matrix suction and ¢ is the angle indicating the rate of increase in shear strength rela-
tive to the matrix suction (u, — uy,), which is generally between 10° and 20" (Fredlund and
Rahardjo, 1993; Simon et al., 1999). Therefore, an increase in pore water pressure decreases the
effective stress of the soil, which in turn decreases the shear strength.

The safety factor Fg is defined as the ratio of the resisting forces to the driving
forces. The driving forces are the vector components of the seepage force and weight perpendic-
ular to the plane, whereas the resisting forces are equal to shear strength of the soil defined by
the Mohr—Coulomb equation. The safety factor F is defined by the ratio between the stabilising

action, Ty and destabilising action, Ty:

In the infinite slope analysis of homogeneous slopes, the slip surface is assumed
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to be a plane parallel to the ground surface where the end effects can be neglected (Huang 1982).
This analysis is valid if the ratio of depth to length of the sliding mass is small (a ratio of 1/20 or
less is commonly used). Ghiassian and Ghareh (2008) considered seepage conditions including
seepage direction and force and, an infinite slope element subjected to both uniform seepage and

gravitational forces is shown in Fig. 4.1.

Fig. 4.1 Concept of factor of safety reflecting the seepage force and direction.

The equilibrium equations is derived using a rectangular block, Wy, (i.e. a-b-c-d in

Fig. 4.1) and seepage force with a variable seepage direction, F,,, expressed, respectively, as:

Wy, = Vy, = zbcosfyy (4.6)
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E,=iVy, (47)

where W, is the weight of block; V is the volume of rectangular block; y; is soil density, z
is vertical soil depth; b is the length of the element parallel to the slope; g isslope angle; i is
hydraulic gradient (the seepage vector of magnitude, i=sinf/sin)\ ) and y,, is water density.

And normal stress N for the stabilising action and could be expressed as:

N = Wycosf — F, cosA (4.8)

And by substituting eg. (8), the stabilising action for shear strength (S) is expressed as:

S = Ntanf' + ¢'b = (W,cosf — F,cosA)tanf’ + c'b (4.9)

where, A is seepage direction measured clockwise from the inward normal to the slope and 6’

is internal friction angle. In here, the shear stress (T4) on destabilising action could be expressed:

T, = Wysinf + F,sinA (4.10)

And substituting eg. (9) and eqg. (10) into eq. (5) to calculate the factor of safety gives:

S _ (Wycosp — E,cosA)tand’ + c¢'b

FS = =
Wysinf + F,,sind Wysinf + E,sini

(4.11)

116



By substituting eq. (6) and (7) to into eq. (11), the equation could be expressed as:

cosf — W cosn ;Vb
FS = 2——tanf’ + = (4.12)
sinf + iﬁsin/l sinf + iﬁsin/l

If A, (the buoyant seepage) and m,; (buoyant cohesion coefficient) are defined as:

sinf Vw ch c

i My ==
vy sindy,’ 2 W, yuzcosB

A, = (4.13)

By substituting eq. (12) and (13), the equation of FS could be simplified as:

cosf — Apcosi my,
= — ——tanf' + — ,
sinf + Apsini sinf + Apsind

(4.14)

For the sake of convenience and efficiency, the “seepage force” approach was used, although

the “boundary pore pressure” gives identical results (Lambe and Whitman, 1969). The stability

can decrease even more if seepage emerges from the slope with a smaller L. The most critical

seepage gradient is when the flow direction approaches zero, i.e., perpendicular to the slope (i —

).

4.4. Experiment method

4.4.1 Artificial rainfall simulating and large flume experiments

| used the artificial rainfall simulators (75 m in length, 50 m in width and 22 m in
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height) at the National Research Institute for Earth Science and Disaster Prevention (NIED), Ja-
pan. This simulator can be moved between five experimental sites to efficiently conduct many
experiments throughout the year. The height of the nozzles above the ground was 16 m, far
enough for raindrops to reach the natural terminal velocity. The simulator can sprinkle water at
intensities of 15 — 200 mm/h; for our experiment, the rainfall intensity was set at 80 mm/h (Table
1). Three cylindrical rain gauges were installed around the sides of the flume to monitor the rain-
fall amount and its spatial distribution during the experimental simulations.

In this study, a large flume experiment was conducted with a width of 1.5 m,
length of 6 m and height of 3.4 m, with a soil depth of 0.6 m and slope angle of 30°. In this
flume, one sidewall of the entire flume was made of clear reinforced glass to enable direct obser-
vation of soil deformation. To evaluate the effects of piping on shallow landsliding potential, the
water tank was installed on top of the flume for the maximum hydraulic gradient (seepage force).
Two hoses (2.5 cm in diameter) were connected between the water tank and two holes (2.5 cm in

diameter) 50 cm from the flume bottom.
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Fig. 4.2 A large flume experiment and artificial rainfall in NIED.
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Fig. 4.3 Concept of artificial rainfall and a large flume experiment

Height of rainfall simulator nozzles (cm)

16 m

A video camera (Sony, Tokyo, Japan) was used to monitor failure initiation time,

location and subsequent retrogression of failures. This flume was filled with relatively homoge-

neous, isotropic granular sand with a soil thickness of 50 cm. Soil samples were collected from a

depth of about 25 cm in the middle of the flume, and the physical properties of the soil were

measured by triaxial compression test (Table 4.2). The density of the sand, dry density and wet

density were 2.664, 1.478 and 1.638 g/cm?®, respectively. The saturated soil water content was

35.9%, and the saturated hydraulic conductivity, measured using the constant falling head meth-

od, was 2x10% cm/s. The median particle diameter (Dso) was 0.539 mm and the internal friction

angle and soil cohesion were 35.2° and 0.8 kN/m?, respectively.
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Table 4.1 Artificial rainfall properties in NIED

Rainfall simulator

Properties

Raindrop size
Rainfall intensity

Rainfall area

Nozzles

(0.7 - 5.0 kg/cm?)

Nozzle height
Control

Circulating pump

0.1 - 2.2 mm diameter

15— 200 mm/hr

44 x 72 m (dividable into quarters)
System 1 : 15 — 40 mm/hr 544pcs.
System 2 : 30 — 75 mm/hr 544pcs.
System 3 : 60 — 130 mm/hr 544pcs.
System 4 : 100 — 200 mm/hr  544pcs.
16m above the ground

Remote control : flow rate/stress control

160 kW, 11 kg/cm?, 5.5 kl/min, 2pumps
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Table 4.2 Soil properties in a large flume experiment

Analysis of soil Material properties
Wetness density (g/n’) 1.638

Dried bulk density (g/m’) 1.478

Mean porosity (computed from bulk density) 0.45

\Volumetric Water Contents (%) 35.9

Internal friction angle (°) 35.2

Soil cohesion ( kN/m?) 0.8

Permeability (cm/s) 2.0 x10% cm/s
Particle Density (g/m’) 2.664

4.4.2 Monitoring sensors on the flume

Figure 4.2 shows the large flume and artificial rainfall simulator. To measure hydraulic re-
sponse at several points of the flume, 21 tensiometers (diameter, 22 mm; range, 100 kPa; accura-
cy, 2%; Model P with glass filters attached to the tips; Irrometer Co., Inc., Riverside, CA) were
installed vertically to the slope at 87, 0, 50, 80, 120, 160, 200, 310 and 440 cm along the flume
surface, respectively; measuring depths ranged from 10 to 50 cm. The three Time Domain Re-
flect (TDR) sensors (CS series; Campbell Scientific Inc., Canada, Montreal, QC, Canada) for
measuring the volume water contents (%) were installed at a depth of 25 cm on the slope (80,
120 and 160 cm). The sensors for surface water contents (%) were also installed at three points

(30, 140 and 220 cm) on the slope part of the flume.
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To monitor the failure position and location, four vertical displacement and four
horizontal displacement sensors were installed at 30, 140, 220 and 250 cm on the sandy surface
of the flume. The MEMS tilt sensor (Uchimura et al., 2009) was added on a small T-shaped peg,
which was pushed into the slope surface to a depth of 3 cm to measure rotation. Moreover, white
lines were embedded every 50 cm along the reinforced glass sidewall of the flume to determine
the shapes of failures observed in the experiment (Fig. 4.3). The unit weight of the white markers,
which corresponds to the saturated density of the soil (range: 1.47 — 1.638 g/cm®), was used to
detect the movement of any soil failures. | systematically investigated the hydrological responses

within the sloping soil of the flume against water injection to the flume bed.

4.4.3 Experimental performance

| filled the flume with sand on 26 November 2009 after having already checked
the temporal and spatial consistency of the artificial rainfall conditions. The specifications of the
artificial rainfall simulator applied in this study are presented in Table 4.1. Artificial rainfall sim-
ulation was applied continuously, but | considered two phases, i.e., a first phase in which the
main factor for landsliding was only rainfall, and a second phase in which the main factors were
force and direction of seepage during rainfall simulation to evaluate the effects of seepage on
landsliding potential.

Rainfall simulation ran continuously from 11:10 to 13:10 with a rainfall intensity
of 80 mm/h. In the first phase, artificial rainfall was from 11:10 to 13:04, and the flow of subsur-
face water and seepage influenced only by rainfall simulation were monitored. In the second
phase, artificial rainfall was from 13:04 to 13:10, and water injection into the sloping bed of the
flume was applied forcibly from 13:04 to 13:06. Artificial water injection for piping was intend-
ed to observe the effects of seepage on landslide initiation. A landslide occurred during the 2

minutes of water injection and, water injection was stopped when the landslide slowed to a halt.
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4.5. Results and Discussions

4.5.1 Hydraulic responses and seepage change during rainfall experiment

During the rainfall experiment, surface runoff was not observed and seepage out-
flow was only observed from the toe of the flume and | considered it to have been due to inter-
flow along the soil-bedrock interface resulting from rising groundwater. Fig. 4.4 shows the fail-
ure mechanism processes of seepage erosion and washing out to the toe of the flume during the
rainfall simulation. Fig. 4.4a shows that the sediment washed out to the toe of the flume by seep-
age erosion and seepage flow after 100 minutes from the onset of rainfall at 11:10. Over time,
failure was caused by seepage flow and undercutting by seepage erosion. Fig. 4.4b shows that
the failure was caused by undercutting of seepage erosion and sediment washout. In this experi-
ment, subsurface flows and the surface motion of the failure were detected, and Fig. 4.5 shows
the results of our subsurface monitoring and the surface motion of the failure due to subsurface
processes during the experiment. The red dotted line in Fig. 4.5 indicates the time of water injec-
tion in the experiment for analysing the effect of subsurface flow by piping. T1 (a) to T8 (h) in
Fig. 4.5 represent the pore water pressure (cm H,O) data from the tensiometer nets. Fig. 4.4i
shows the soil water contents (%) for monitoring the subsurface flow by applying TDR, and Fig.
4.5j illustrates the surface water content sensors (%) for monitoring the water content at the
flume surface from wireless valve controller (WVC) sensors. Fig. 4.5k and 4.5] show horizontal

motion and vertical motion sensors, respectively, used to monitor the surface motion of failure.
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Fig. 4.4. Rainfall experiment for shallow landslide initiation. (a) is showing the sediment wash
out to toe of flume by seepage and seepage erosion. (b) is showing the failure caused un-

dercutting by seepage erosion and wash out to toe of flume.
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Fig. 4.5 Responses of various sensors for measuring the subsurface flow and surface failure mo-
tion during rainfall experiment (rainfall intensity, 80mm/h). Tensiometer-nets is from (a) to
(h), (i) is TDR sensor, (j) is water contents, (k) is vertical movement sensors and (1) is hor-

izontal movement sensors.

During the rainfall experiment (time from 11: 10 to 13: 00), the increase in pore
water pressure was detected from T1, which was installed at the toe of the flume, and the pore
water pressure increased over 0 cm H,O at a depth of 50 cm, which indicated that the soil was
saturated. For the onset of the rainfall experiment to around 80 minutes later, the pore water
pressure values from T1 to T4 illustrated that measurements exceeded 0 cm H,O, which indicat-

ed that the soil was completely saturated due to an increase in groundwater. According to Fig.
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4.4a, undercutting due to seepage erosion and/or seepage flow occurred on the sandy surface at
the same time as the above result. During seepage erosion and undercutting of the sandy surface,
the pore water pressure increased abruptly (50 — 10 cm for T2, 80 — 10 cm for T3 and 120 — 10
cm for T4 as shown in Fig. 4.5). However, pore water pressure data obtained from T5 to T8
showed values less than 0 cm H,0O, indicating that the soils were unsaturated, except at depths of
40 and 50 cm)

Over time, undercutting from seeping water and seepage erosion occurred gradu-
ally toward the upward direction on the flume and sediment due to undercutting of the sand at a
depth of 15 cm in the flume washed out at the toe of the flume (Fig. 4.4b). All nets of tensiome-
ters initially measured negative pressures < 0 cm H,O and then increased to over 0 cm H,O until
it reached the middle of the flume where T4 was located. All TDR probes in Fig. 4.5i show < 20%
moisture by volume, indicating that the soil was unsaturated. However, after 90 minutes of rain-
fall, the volumetric moisture contents of all TDRs showed approximately 38% (close to porosity),
indicating that the soil was completely saturated to a depth of at least 25 cm. In addition, as
shown in Fig. 4.5, water contents at WSr2 and WSr3 were over 90% as measured from the
sandy surface, indicating that the soil was saturated.

H1 installed on the sandy surface at a distance of 30 cm, one of the horizontal
displacement sensors for measuring motion of failure shown in Fig. 4.5 moved to the toe of the
flume but failure did not occur until this time and after seepage erosion and washout occurred.
During the experiment, H2 sensors installed at a distance of 140 cm on the flume surface moved
in the downward direction when soil was saturated at approximately 12:20 at WSr2-140, as
shown in Fig. 4.5]. However, this was because of undercutting and sediment washout caused by
seepage erosion and seeping water. This means that sensors for failure motion did not clearly
measure the relationship between pore water pressure and motion of failure because they had

already been moved by washout to the toe of the flume due to seepage erosion.
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When the pore water pressure and soil water contents increased after approxi-
mately 110 minutes from onset of rainfall at 11:10, retrogressive failure occurred by undercutting
due to seepage erosion and sediment washout to the toe of the flume in response to the saturation
process at the same time. Subsequently, the H2 sensor installed at 140 cm for measuring failure
motion moved downward. In the video recordings in Fig. 4.4b and displacement sensors in Fig.
4.51, retrogressive failure was observed and the movement of the soil was affected by the saturat-
ed state in Fig. 4.51 and 4.5j. At that time, small cracks occurred close to a distance of 200 cm on
the flume surface but no movement was observed at H3 in Fig. 4.5 during the rainfall-induced
landslide experiment.

This result was similar to at least two failure modes, i.e., seepage erosion as the
driving failure mechanism and retrogressive sliding (e.g., Sassa et al., 2000; Lourenco et al.,
2006; Huang et al., 2009). Howard and McLane (1988) conducted experiments on spring sap-
ping using simulated slopes. The results showed that the hydraulic gradient and the direction of
the saturated subsurface flow were related to the movement of soil particles. In our rainfall ex-
periment, soil displacement began after the wetting front arrived at the deepest soil from the toe
of the flume, which coincided with a directional change in subsurface flow. This suggested that
directional changes in subsurface flow may be the main cause of soil displacement according to a
rising groundwater table. As increasing groundwater can change the seepage direction, saturated
soil can be changed due to cohesionless soil. Soil displacement, such as retrogressive failure,
may occur.

Lourenco et al. (2006) conducted a flume experiment (3 m in length, 45 cm in
height and 29.75 cm in width) and showed that seepage erosion occurred due to (1) drag induced
by seepage in granular materials, and (2) macropore enlargement by shear stresses applied to
their perimeters by water flowing through cohesive and unsaturated soils by Crosta and Prisco

(1998). In addition, Huang et al. (2009) conducted flume (1.5 in m width, 1.7 m in height, 0.7 m
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in depth and 3.94 m in length quasi-infinite sandy slope) and artificial rainfall experiments. They
detected that the washout of sediment occurred before the retrogressive failure at the soil-
bedrock interface due to increased soil moisture and pore water pressure. As some researchers
mentioned above, the failure was related to seepage based on subsurface flow, such as the in-
crease in groundwater, and then developed into retrogressive failure after seepage erosion.

Thus, I accomplished numerical modelling to evaluate the effects of seepage di-
rection during a rainfall-induced experiment on how it affects seepage direction and topography
for shallow landslide initiation. SEEP/W (GeoStudio 2004, Version 6.22) was used to evaluate
the seepage direction and calibration of the model was achieved by slightly adjusting saturated
hydraulic conductivity Kg;:. The initial conditions of the models matched those of the constant
hydraulic head imposed on the experiment. Cumulative mass flux at the inlet and outlet were
taken from each (running) SEEP/W model and compared with observed data from the experi-
ment. Hydraulic conductivity and van Genuchten (1980) parameters were calibrated to match the
SEEP/W inflow and outflow to observe pore water pressure data and soil moisture data measured
from the experiment.

Fig. 4.6 shows the relationship between seepage direction and topographic effect
during the rainfall experiment (rainfall intensity, 80 mm/h). Fig. 4.6a presents the results of seep-
age direction, which increased gradually in the upward direction. When seepage erosion occurred
on a sandy surface during the rainfall experiment, the seepage direction changed from slope-
parallel to the upward direction at the toe of the flume and gradually moved towards the upward
direction over time due to the rising groundwater table. The seepage erosion occurred from sand
surface at the toe of the flume and sediment wash out to the toe of the flume at the same time
(Fig. 4.6a). The topography of the sand surface on the flume changed due to seepage erosion
from increased seepage during the rainfall experiment. | changed the topography of the sandy

surface by using the motion of failure data obtained from a video camera in Fig. 4.6b and the
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changed topography data were applied to our numerical modelling. In addition, Fig. 4.6b shows
the result of seepage direction considering the topographic effect during the rainfall experiment.
When changed topographic data were calculated by numerical modelling and compared with
these results and video data, undercutting occurred near the sand surface and affected the
groundwater (blue line). In addition, seepage erosion occurred from sand surface sediment

washout to the toe of the flume at the same time (Fig. 4.6Db).
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Fig. 4.6. Relation with Seepage direction and topography effect during rainfall experiment (Rain-
fall intensity, 80 mm/h) (a) is the result of seepage direction that gradually was increased
to upward direction. (b) is the result of seepage direction considered the topography effect

during rainfall experiment.
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In our rainfall experiment, when the groundwater table approached the slope sur-
face, especially near the middle part of the flume, slope failure was induced by undercutting due
to the seepage effect; monitored data are shown in Fig. 4.5 and modelling results are presented in
Fig. 4.6. Furthermore, no sudden sliding slope failure was observed even when the moisture con-
tent within a region such as that near the toe of the slope almost reached full saturation (e.qg.,
Orense et al., 2004; Tohari et al., 2007). On the other hand, when the groundwater table in Figs.
4.5 and 4.6b was approached focusing on the soil surface (approximately 2 hours (13:00) after
rainfall start at 11:10), the soil was completely saturated and failure by undercutting associated
with the partially liquefied soil mass may be observed, instead of sudden sliding slope failure.
The topography of the sand surface on the flume was changed due to seepage erosion by increas-
ing seepage water and/or groundwater during the rainfall experiment. The beginning of soil dis-

placement nearly coincided with the timing of the first directional change in subsurface flow.

4.5.2 Hydraulic responses and failure during the seepage induced landslide experiment

During the seepage-induced landslide experiment for the seepage force and direc-
tion of seepage with 80 mm/h continuous sprinkling rainfall at 13:04 — 13:06 pm in Fig. 4.7, the
water was injected to a distance of nearly 50 cm at the bottom of the flume holes where seepage
force and direction were directly made in an upward direction<unclear?>. In this experiment,
failures on a large flume were detected and accelerated in the downward direction, and Fig. 4.7
shows failure and movement of failures during this experiment. Before water injection, failure
did not occur but multiple failures did occur at point (a) and moved along slowly as water flowed
into the flume (b). The failures moved abruptly in a downward direction after 1 minute during
water injection (c). In this artificial seepage-induced landslide experiment with continuous sprin-
kling rainfall (rainfall intensity, 80 mm/h), | detected multiple failures from distances of 120 to

220 cm, the motion of the multiple failures was abruptly accelerated by piping, and the failures
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moved in the downward direction as detected by video camera (Fig. 4.7).
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Fig. 4.7. Failure and movement during rainfall (rainfall intensity, 80mm/h) and water injection

experiment from 13:04 to 13:06.

Fig. 4.8 shows the results of subsurface monitoring using various sensors installed

inside the flume of the surface motion of the failure based on subsurface processes. From Fig.
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4.8a to 8h, pore water pressure (cm H,0O) was measured using tensiometers. Fig. 8i shows soil
water contents (%) measured from the TDR sensors to monitor the subsurface flow, and Fig. 4.6j
illustrates surface water content (%) determined from WVC sensors for monitoring the water
content at the flume surface. Fig. 4.8k and 4.81 show the horizontal and vertical motion sensors,

respectively, for monitoring the surface motion of failure.
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Fig. 4.8. Responses of various sensors for measuring the subsurface flow during rainfall experi-
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ment sensors and (1) is horizontal movement sensors.
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According to Fig. 4.8a—d, in the artificial seepage-induced landslide experiment
during the two-minute period (13:04 —13:06), pore water pressure data exceeded 0 cm H,0O,
which indicated complete saturation. In particular, T2 in Fig. 4.8b shows a sudden increase in
pore water pressure at a depth of 40 cm from 13:04 when water was injected into the flume,
which decreased slowly over the following 10 seconds. However, the values of pore water pres-
sure were over 50 cm H,O because of the continuous water injection from the water tank and
outflow of groundwater recharged the flume. At the same time, pore water pressure at a depth of
40 cm (Fig. 4.8c —e) showed some increase and decreased slowly. Other pore water pressures
(i.e., depths of 10 and 25 cm) showed stable values in Fig. 4.8c and 4.8d, and under 0 cm H,O in
Fig. 4.8e because the tensiometers experienced failure (Fig. 4.7). However, pore water pressure
in Fig. 4.8e — h showed a stable state and no response to subsurface flow during water injection,
indicating no slope failure and no seepage effects as in Fig. 4.7.

During the seepage-induced landslide experiment, the volume moisture of sand
from TDR increased in Fig. 4.8i and from all sensors increased to over 38%. These observations
indicated that soil porosity increased or contributed to failures because moisture was detected
over the limitation value of the TDR sensor (38%). In particular, for the Probe3-80 line located
near the water injection holes, it showed a sudden increase of moisture (%) that may have been
directly affected by upward seepage direction and high force. Water contents (%) in Fig. 4.8j
showed values of 100% and over 95% for WSr1-L30 and WSr1-L140, respectively. These sen-
sors had already moved to the toe of the flume due to seepage erosion and washout. H4 did not
move, indicating that failure had not occurred at this position. However, the results for WSr1-
L220 showed a decrease of water content (%) during the 30 seconds while water was being in-
jected into the flume at 13:04. Subsequently, the water contents increased and stabilised. At the
same time, the results for H3 at a distance of 220 cm, as shown in Fig. 4.8i, indicated abrupt

movement in the downward direction after water was injected for about 1 minute. When the H3
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sensor stopped, WSr3-L220 showed an abrupt decrease in water content (%). This may have
been due to changes in seepage direction and groundwater level affected by the movement of the
failing soil mass.

To evaluate the relationship between seepage direction and force for landslide
initiation, | used monitored surface data (Fig 4.7) and the numerical model to estimate the topo-
graphic effect (failure motion was obtained using video cameras, and then transferred to the nu-
merical model) and the seepage effect (direction was sustained upward and seepage force was
also sustained at 5.6). Fig. 4.9 shows the relationships between seepage direction, seepage force,
topographic effect during water injection, and the continuing sprinkling rainfall experiment (rain-
fall intensity, 80 mm/h). Fig. 9a presents the results of small tension cracks and numerical mod-
elling before water injection. Furthermore, Fig. 4.9b illustrates the results of increased tension
cracking and numerical modelling during water injection after 1 minute. Fig. 4.9c shows the re-
sults of the failure moving in the downward direction and of numerical modelling presenting the
topography during water injection after 2 minutes.

When water moved in the upward direction and seepage force of 5.6 flowed into
the flume (Fig. 4.9), the topography affected the seepage direction and force near the plane of
failure and groundwater increased (Fig. 4.9a). After water was injected for 1 minute, the topog-
raphy changed due to failure and I transferred the changed topographic data to numerical model-
ling. According to a comparison of monitoring and modelling data, the seepage direction particu-
larly affected the initiation of failure and continued failure during its movement. After water was
injected for around 2 minutes, the topography abruptly changed due to movement in the down-
ward direction, and the changed data were applied to numerical modelling. According to the re-
sults of seepage direction and force (Fig. 4.9¢c), movement of the failure in the downward direc-
tion changed the topography and increased the pore water pressure near the failure plane of pip-

ing flow.
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Fig. 4.9. Relation with seepage direction, seepage force and topography effect during rainfall ex-
periment (Rainfall intensity, 80 mm/h) and water injection. (a) is the result of small tension
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Fig. 4.10 presents the results obtained from sensors monitoring subsurface flow
(T2 and TDR) and motion of failure during abrupt movement of the failure (H3). Fig. 4.11 shows
the results of modelling during abrupt failure. These results indicate that seepage direction and
force affect failure motion, and changed topography may also affect seepage direction and force.
In addition, when the failure mass moved downward, | also detected the motion of failure until it
reached the lower part of the flume after the experiment. Consistent with previous reports, this
result suggests that liquefaction from rapid pore water pressure changes (e.g., Iverson and Major,
1986; Reid et al., 1992; Iverson et al., 2000; Teragima et al., 2014) contributed to landslide mo-
tion and the developed failures moved in the downward direction together with broken soil struc-
ture due to abruptly increased seepage direction and force.

Terajima et al. (2014) conducted an experiment using artificial rainfall to evaluate
the initiation of instability due to hydrological factors. The results showed that directional chang-
es in subsurface flow may be the main cause of soil displacement, and subsequently a shallow
landslide. In addition, Zhang and Chang (2012) showed that when soils fail due to seepage forces,
large deformation occurs and the soil failures emerged due to changing stress and reduction in
shear strength due to the loss of fine particles. For slopes where the soil at the slope face is load-
ed asymmetrically, the hydraulic gradient causing failure will be much lower than the gradient
obtained theoretically.

In this experiment, the soil loses strength and deforms by flowing rather than by
frictional slipping (lverson and Major, 1986; Skempton and Brogan, 1994; Tegragima et al.,
2014). The loading of the landslide mass onto the lower slope caused fluidisation of the lower
slope, which accounted for the excess pore water pressure (pore water pressure data are shown in
Fig. 4.8b and TDR data in Fig. 4.8i) from the higher soil water content of the lower slope (Fig.
4.8)). In addition, the groundwater table defined by the pressure head of 0 cm H-,O, soil moisture
from TDR data, which was over the threshold value, and simulated data using the numerical

model, which showed upward seepage in Fig. 4.11, all support liquefaction.
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Fig. 4.10. Monitored sensors (T2, TDR and HD) for subsurface flow and motion of failure dur-
ing rapid movement of failure near pipinn area positioned on 50cm along the large flume.
In this data, T2 means tensiometer data installed on 50cm on flume and tensiometers, in-
stalled on 10cm and 25cm depth, respectively, washed out by seepage and undercutting
during rainfall experiment. HD sensors were installed on four points (30cm, 120 cm, 220
cm and 240cm on flume) on large flume but H1 and H2 were also washed out by seepage
and undercutting during rainfall experiment and H4 was not moved, indicating failure

was not occurred at H4
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Thus, | proposed that a saturated, non-cohesive soil mass may liquefy if it experi-

ences a uniform seepage force with an upward vertical component and with a magnitude equal to

the submerged unit weight of the soil (Iverson et al., 1997). These factors are related to changes

in the direction and magnitude of the subsurface flow (e.g., seepage direction and force), and

could be related to both soil displacement and the subsequent shallow landslide observed during

the seepage-induced landslide experiment.
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4.5.3 Analysis of stability by seepage effect and limitation

To evaluate the effects of seepage direction and seepage force, the FS (eq. 4.11)
was applied to this experiment. In addition, a hydraulic gradient was used as the theoretical value
(e.g., Iverson and Major, 1986; Budhu et al., 1996) and the experimental value using the water

table of the water tank, respectively (eq. 4.12). The results of FS are presented in Table 4.3.

Table 4.3 Analysis of factor of safety for seepage direction and force

During rainfall ex- ~ During artificial seepage

Description of seepage direction periment experiment
Distribution of FS Distribution of FS1
_ 1en Vertically downward ~ -
A=180"-«a seepage flow 1.45~10 1.28~6.3
o . Increasing to slope paral- _ N
180%- a>A>90 lel seepage flow 1.02 ~1.37 1.1~0.25
—an® Slope parallel
A=90 seepage flow 1 0.2
o Increasing upward N N
0<A<90’-a seepage flow 0.87 ~0.97 0.32 ~0.05
—one Horizontal N
A=90"-a seepage flow 0.85~0.02 <0
r=0 Upward <0 <0

seepage flow

FS : Hydraulic gradient was used by 1 = sina/sin A
FS1 : Hydraulic gradient was used by water level in water tank, 1= Ah/I
* FS means factor of safety

During the rainfall-induced landslide experiment, for seepage direction (1) 90° in-
dicating that the slope parallels the seepage flow direction, Fs value < 1 indicates instability. The
A value was increased to 0° (0° is normally in an upward direction), and all calculated Fs values

were < 1, indicating that high potential of landsliding. Groundwater increased (Fig. 4.5) and ret-
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rogressive failure occurred from the toe of the flume then gradually increased upward; although
modelling data shown in Fig. 4.6 support these results, I did not clearly monitor the seepage di-
rection using only monitoring sensors.

In the artificial seepage-induced landslide experiment, when seepage direction re-
flecting a large hydraulic gradient (i.e., i = 5.6) changed from vertically downward seepage flow
to slope-parallel seepage flow, calculated FS < 1 indicated instability. In addition, when the seep-
age direction A was increased from horizontal to another seepage flow direction (A = 90° — a), the
calculated Fs revealed serious instability. These results indicated that considering the seepage
force may reduce the factor of safety, as seepage forces strongly influence the initiation of shal-
low landslides and possibly affect the beginning of soil displacement, which corresponds with a
change in direction of the subsurface flow. Previous studies (e.g., Iverson et al., 1997; Reid et al.,
1998; Lourenco et al., 2006; Huang et al., 2010; Teragima et al., 2014) considered only seepage
direction and groundwater level. Therefore, in this study, | considered hydraulic gradient (seep-
age force) and directional data, which revealed that seepage can contribute to shallow landslide
initiation, as shown by monitoring, numerical simulation data, and calculated Factor of Safety.

In nature, seepage direction and force are generally detected in various states ac-
cording to the development of surface topography, subsurface geology, local properties, etc.
However, this study analysed the initiation and development of landslides using artificial rainfall
and artificial seepage flow by piping. I did not apply varying seepage sizes or forces as factors to
landslide initiation. Therefore, further studies are needed to analyse various states of subsurface
flow. Although our large flume experiment did not completely resolve the mechanisms of land-
slide initiation in natural hillslopes due to the various limitations, such as scale, rainfall and soil
properties, our experiments may lead to an eventual explanation and verification of the various

mechanisms of shallow landslide initiation.
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6. Conclusion

The experiments of laboratory slope failure were conducted to evaluate the initia-
tion process of rainfall-induced shallow landslide and seepage-induced slope failures by focusing
on the topographic effect and bedrock flow from piping. In a rainfall-induced landslide experi-
ment (rainfall intensity at 80 mm/h), failures were caused by undercutting, which occurred due to
seepage erosion from increasing groundwater levels in both monitored and simulated data. In a
seepage-induced landslide experiment with continued rainfall simulation, the failures were
caused by seepage in the vertically upward direction with high seepage force. Both monitored
and simulated data support this suggestion, and the safety factor results show that seepage direc-
tion and especially seepage force can strongly influence the initiation of shallow landslides. In
this study, the results of monitoring and modelling experiments indicated that seepage can be one
of the key factors in shallow landslide initiation and movement. Therefore, | suggest that seepage
force and direction could be important to analyse landslide mechanisms, and these factors must

be considered in landslide studies.
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Chapter 5. General Discussion and Conclusion

5.1 Application of physically based models for topography effect and limitation

In Chapter 2, to evaluate the effect of topography for shallow landslide prediction, we
applied physically based H-slider model to hillslope scale site by using diverse factors for shal-
low landslide prediction. In first simulation (Case | and Case I1), two kinds of DEMs (GSTO and
BSTO) were constructed and three soil thickness data, i.e. average soil thickness 1m, weathered
soil thickness and bedrock soil thickness, respectively, were inputted to each DEMs for evalua-
tion of H-slider model. In results of first simulation Case | and Case 11, results of Case | had high
accuracy of steady state critical rainfall prediction rather than Case Il but the accuracy values
using ROC analysis had a low value at both results due to various soil parameters, i.e. cohesion
and internal friction angle. To evaluate these soil parameters, a stochastic hydro-geomorphologic
model was applied and soil parameters, which represented the effect of three soil thickness dis-
tribution, were calculated to evaluate the effect of soil parameters. In second simulation Case 11
and Case IV using changed soil parameters, Case 11l had a high accuracy value and, especially
Case IlI-c used GSTO, bedrock soil thickness and soil parameters, represented the effect of bed-
rock soil thickness, had a highest accuracy value using ROC analysis among the results of entire
simulations

However, some researchers(e.g. Freere et al., 2002; Hopp and McDonnell, 2009;
Lanni et al., 2012) mentioned that subsurface topography has a strong impact in controlling the
connectivity of saturated patches at the bedrock interface but despite this evidence, most catch-
ment-scale shallow landslide models fail to include a connectivity component. Therefore, con-

sidering the bedrock interface for shallow landslide prediction can be improved on simulation
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results because the spatial distribution of soil depth is a strong control on local pore pressure dy-
namics.

On the other hands, Zhu and Lin (2009) also studied on the relation between sub-
surface interface DEM and land surface DEM using hydrologic model and, they mentioned that
result of flow path in hydrologic modeling was almost same results with over 90%. And they in-
terpreted on the distinction between results of ground surface interface and bedrock surface inter-
face, respectively and they explained it. First, the topography of the interfaces was dominated by
the variation in land surface elevation. Second, soil thickness points, which are measured at their
research site, were lack and that affected to results of flow path simulation. In addition, Uchida et
al., 2011 applied H-slider model to the Hiroshima areas in Japan which are similar with the our
study site, and they also used surface interface DEM and bedrock interface DEM. In results of
the critical rainfall prediction of Uchida et al., 2011, they mentioned that the precision of land-
slide susceptibility prediction had little effect between surface interface DEM and bedrock inter-
face DEM.

Because researches on effect of the bedrock surface DEM for shallow landslide
prediction are lacking, we are clearly unable to evaluate it. However, the effect of bedrock inter-
face DEM in our research could not increase the accuracy on shallow landslide model such as
the other study (e.g. Zhu and Lin, 2009 and Uchida et al., 2011). Consequently, for areas where
subsurface interface topography is dominated by surface DEM, surface DEM can be sufficiently
used to simulate the subsurface concentrated lateral flow paths. Otherwise, simulation based on
subsurface interface DEM maybe more desirable (Zhu and Lin, 2009).

In Chapter 3, to improve the accuracy of shallow landslide prediction, we compared
the results of shallow landslide predictions using a SHALSTAB model, varying the input soil
data. Experimental soil data were used for the first simulation (Case 1), whereas soil data repre-

sented the measured soil thickness (Case I1) and represented average soil thickness (1 m, Case I11)
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data were used in the second and third simulations, respectively. The accuracy of shallow land-
slide prediction was evaluated by ROC analysis. The order of accuracy as determined by ROC
analysis was Case Il > Case Il > Case I, indicating that Case Il showed the highest predictive
accuracy. Therefore, the use of soil properties reflecting soil thickness may improve the accuracy
of shallow landslide prediction.

Thus, depth difference between soil properties maybe makes different soil’s physical
properties: cohesion and internal friction angle depending on soil depth. The prediction accuracy
of critical rainfall intensity for shallow landsliding was better than when we consider the soil
thickness by model input parameter in this study. That means that the accuracy of prediction for
shallow landslide will be increased by using a soil thickness, after soil parameters were calculat-
ed by hydro-geomorphology model. Therefore, spatial variability in soil depth is likely to be im-
portant in determining shallow landslide susceptibility on other steep landscapes (keijsers et al.,
2011).

Physically-based numerical models can be used successfully for examining the role
of the conditions at the model boundaries (Lanni et al., 2012), but only under conditions of com-
prehensive data availability (Brontstert, 1999) where all relevant processes are accounted for and
where there are sufficient knowledge of the real conditions (i.e. field) at the model boundaries
(Cloke et al., 2003). Correct selection of boundary conditions is a critical step in model design
(Anderson and Woessner, 1992) if a system is simulated based upon incorrect configuration deci-
sions, then the numerical simulation is solving the wrong problem and, by definition, will pro-

vide the wrong solution (Franke and Reilly, 1987).
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5.2 Shallow landslide mechanism by topography and piping flow

In Chapter 4, a large flume experiment using artificial rainfall in the National Research
Institute for Earth Science and Disaster Prevention (NIED), Japan have been conducted to evalu-
ate the initiation process of rainfall-induced shallow landslide and seepage-induced shallow
landslide by topography effect and bedrock flow in model hillslope. In this study, shallow land-
slide initiation affected by seepage direction, force and effect of topography during rainfall ex-
periment and water injection experiment for bedrock flow by piping, respectively. And changed
topography accelerated shallow landslide initiation due to seepage direction and seepage force.
We also found that when we changed cohesion value to evaluate effect of cohesion because value
of cohesion was 0.08 in this experiment, values of FS increased and it had more value of safety
even seepage force had large value.

Subsurface flow paths that link source areas to a generic point in the hillslope control
the development of pore-water pressures at that point and the local value of the factor of safety,
FS (i.e., the ratio of driving to resisting forces within the slope). These subsurface flow paths are
spatially variable and temporally dynamic (Reid et al.,1997; Lanni et al., 2012). And Teragima et
al., 2014 mentioned that seepage forces, controlled by changes in direction and magnitude of
saturated and unsaturated subsurface flows, may be the main cause of shallow landslides. And
they concluded the effect of apparent soil cohesion was the most important factor promoting
slope stability, but seepage force became the most important factor promoting slope instability
closer to the landslide occurrence. Results of our experiments were similar to those of Reid et al.,
(1997) and Teragima et al., (2014) but seepage force and direction were influenced by topogra-
phy and pipeflow and, they became the most important factor promoting slope instability closer
to the landslide occurrence. Thus, topography effect and subsurface such as pipe flow may con-

tribute to shallow landslide initiation and developed to rapid movement of failure.
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5.3 Future study issues

In this study, | used physically based model for prediction of shallow landslide induced
by rainfall. Some issues, however, remain unsolved regarding steady state models. For examples,
one is a time scale discrepancy in the supposed hydrological process. The concept of steady
groundwater flow parallel to the slope above an impermeable bed can predict only the long-term
distribution of groundwater pressure, which should be identified as a predisposition to landslid-
ing. The second concern is that the model cannot apply to hill slopes underlain by highly perme-
able bedrocks, where the near surface lateral water movement becomes an unfeasible proposition.
And these mostly physically based models have been used by factor of safety concept combined
a simple hydrology model related with ground water increasing within soil layer by hydraulic
conductivity and, they have expressed the output to stable or/and unstable using values of FS
where the shallow landslide area is sensitive. So, to perform the shallow landslide prediction,
weakness on steady state shallow landslide models have to be considered and the timing caused
shallow landslide by rainfall also was needed to be considered.

And soil piping plays a significant role in a number of geomorphological processes
and therefore more research should be devoted to explain and model observations from this re-
search. Laboratory pipeflow experiments demonstrated that improved deterministic models are
needed to better simulate soil piping and internal erosion processes. In many cases, soil pipes
erode so quickly that transport-limited conditions can be created, which may potentially lead to
pipe clogging and the buildup of pore water pressures that can cause geotechnical failure (Chu-
Agor et al., 2008a).

Laboratory experiments are typically conducted on homogenous soils, manufactured to
provide researchers with homogeneous and isotropic materials, although the manner in which the

samples are reconstituted will affect the results. In nature, no soil slope is truly homogeneous, as
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the gradation of the soil will differ from one sampling point to the next. Furthermore, the availa-
ble numerical codes are not currently suitable for modeling seepage-induced instability in
hillslopes. The development of new numerical methods to seepage-induced physically based
model will provide practitioners with a means to better identify slopes susceptible to seepage in-
duced mechanism, particularly in disasters areas encroaching on sloping topography. Further
work is required to determine if in fact this solution is valid for natural slopes. Although a large
flume experiment did not reflect on completely the mechanism of shallow landslide in real natu-
ral hillslope due to various limitations such as scale, rainfall and soil properties, these experi-
ments maybe better method for explanation and proof on the various mechanism of shallow

landslide.

5.4 Conclusion

This research tried to analysis of topography (i.e. ground surface interface and bed-
rock surface interface) effect, which is one of the important parameters for rainfall-induced shal-
low landslide prediction, by using physically based models. In results of application of physical-
ly based model, various factors (e.g. cohesion, internal friction angle and hydraulic conductivity)
were influenced on topography but especially cohesion was very sensitive value to topography.
However, these physically based models are based on steady groundwater flow parallel to the
slope above an impermeable bed can predict the distribution of groundwater pressure, which
should be identified as a predisposition to landsliding.

To evaluate topography effect and pipflow mechanism in shallow landslide, we con-
ducted a large flume experiment using artificial rainfall and analyzed it. In results of experiment,

shallow landslide initiation affected by seepage direction, force and effect of topography during
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rainfall induced experiment and seepage induced experiment for bedrock flow by piping, respec-
tively. And changed topography accelerated shallow landslide initiation due to seepage direction
and seepage force. | also found that cohesion maybe can control seepage effect because seepage
force and direction were influenced by especially cohesion by results of numerical modeling and

analysis of factor of safety.
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