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Abstract

This study proposes a novel method that combines
deterministic slope stability model and hydrologi-
cal approach for predicting critical rainfall-induced
shallow landslides. The method first uses the slope
stability model to identify “where” slope instability
will occur potentially; the catchment is characterized
into stability classes according to critical soil satu-
ration index. The critical saturated soil index is cal-
culated from local topographic components and soil
attributes. Then, spatial distribution of critical rain-
fall is determined based on a hydrological approach
under near-steady state condition as a function of
local critical saturated soil depth, slope geometric,
and upstream contributing drainage areas. The crit-
ical rainfall mapping is bounded by theoretically “al-
ways stable” and “always unstable” areas. To show
how the method works, observed landslides (1985-
2008) and a satellite-based rainfall estimates associ-
ated with a past new shallow landslide in the Upper
Citarum River catchment (Indonesia) were used to
validate the model. The proposed study is useful for
rainfall triggered shallow landslide disaster warning
at large catchment scale.
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1 Introduction

It is well known that many shallow landslides
are triggered by rainfall when shear strength is
reduced because of an increase in pore-water
pressure. The literature has so far suggested
three general approaches for relating rainfall,
soil saturation, and landslide research. First, the
methods have attempted to analyze landslide
triggering rainfall threshold by using historical
data (Cardinali et al., 2006). Second, rainfall has
been used as a dynamic variable along with the
static variables of land surface factors in logis-
tic regression approaches (multivariate analy-
sis) for landslide modeling (Dai & Lee, 2003).
Third, process-based geotechnical-hydrological
models is used by utilizing rainfall data as an
input (Bathurst et al., 2006). This last approach
has appeared to capture the influence of rainfall
recharge on subsurface hydrological behavior
and soil mechanics in triggering shallow land-
slides.

Regardless of the approach, the scarcity of
rain gauges has been a common problem of
using rainfall for shallow landslide prediction
and warning, especially in mountainous areas.
For example, The Upper Citarum River catch-
ment (2,310 km?), as one of the persistently ac-
tive landslides occurring in Indonesia is cov-
ered only by one rain gauge installed to be
operated in real-time base with high time res-
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olution. According to the National Agency
for Meteorology and Geophysics (BMG) of In-
donesia, many rain gauge locations report only
daily amount, which has significant delay for
flood and landslide warning system. Recent
advances in satellite-based precipitation obser-
vation technology and increasing availability
of its product in high resolution is providing
an opportunity to deliver an alternative to rain
gauges in sparsely gauged areas and ungauged.

Previous researchers have worked with
satellite-based rainfall data to identify land-
slide potential in response to a heavy rainfall
event at large and global scales (Hong & Adler,
2008). The difference between the critical rain-
fall threshold and estimated radar/satellite
imagery-based rainfall intensity has been used
for computing shallow landslide occurrence
probabilities (Chiang & Chang, 2009). There-
fore, this study focuses on the derivation of crit-
ical rainfall model and to evaluate its efficiency
for shallow landsliding prediction and warning
in mountainous areas of large catchment scale
by using satellite-based rainfall data.

A geotechnical-hydrological approach is the
third approach as mentioned above. It has
been concentrated on deriving critical rainfall-
induced shallow landslides. The approach
combines an infinite slope stability model
with a steady-state hydrologic approach. The
method first uses the slope stability model to
identify “where” potential slope instability ar-
eas, in which the catchment is characterized
into stability classes according to critical soil
saturation through inversion of the standard
of factor of safety analysis; it is an index used
to determine the slope stability. Thus, spatial
distribution of the critical rainfall is deter-
mined as function of local critical saturated
soil depth and upstream contributing areas.
The critical rainfall mapping is bounded by
theoretically “always stable” and “always un-
stable” areas. To demonstrate the effectiveness
of this method, laboratory test of soil proper-
ties, inventory landslides, and a satellite-based
rainfall estimates associated with a past new
shallow landslide in the Upper Citarum catch-
ment, Indonesia were conducted to validate the
model.

The innovative aspect of the method is that
the produced critical rainfall rate (mm hr—1),
which is the minimum steady-state rainfall pre-
dicted to cause instability, has higher tempo-
ral resolution than the current existing criti-
cal rainfall model (mm day~!) (Montgomery
& Dietrich, 1994). In combination with global
near real-time satellite-based rainfall estimates
and global topographic-hydrographic datasets,
it is possible to expand the method for rainfall-
triggered shallow landslide disaster prepared-
ness and mitigation across the large catchment
areas.

2 Geotechnical-hydrological model

2.1 Infinite slope stability model

Slope stability model is developed by the con-
cept of infinite slope model, using factor of
safety (FS) considering a failure surface. It as-
sumes: (i) failure is the result of translation slid-
ing, (ii) the failure plane and water table is par-
allel to the ground surface, (iii) failure occurs
as a single layer, (iv) the failure plane is of infi-
nite length, and (v) the impact of adjacent fac-
tors are not accounted. For hillslopes, the safety
factor generally is represented as the ratio of the
available resisting force (shear strength) to the
driving force (shear stress). Instability occurs
when the shear strength of a soil layer becomes
smaller than the shear stress acting on the soil.
The governing equation of safety factor used in
this study is based on a Mohr-Coulomb failure
law.

Figure 1 illustrates the forces acting on a
point along the potential failure slope. The re-
sisting force of a soil layer is the shear strength
(s) as a combination of forces, including the
normal stress (o), pore pressure (u) within the
soil material, total cohesion factors (c), and
the effective angle of internal friction in de-
gree (¢). The resultant force between normal
stress and pore pressure is the effective normal
stress. Shear strength formulation based upon
the Mohr-Coulomb law as:

s=c+(0c—pu) tang (1)
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Figure 1: Forces diagram on a slice of an infinite
slope.

Normal stress is the vertical component of
gravity which resisting downslope movement:

o =psgh cosf (2)

where p; is the soil density (kg/m?), the g is
the gravitational acceleration (m/sec?), h is the
vertical soil depth (m), and 6 is the slope angle
(deg). Soil moisture increases the unit weight of
soil material, therefore it increases both the re-
sisting and driving forces. Soil moisture creates
pore pressure, which reduces the effective nor-
mal stress and shear strength. Pore pressure is
quantified by the following equation when as-
suming no excess pore water pressure:

# = pwghey cos b (©)

where gs is the density of water (kg/m?®) and
hy is the vertical height of the saturated depth
(m). Pore pressures in the slope are different in
sites and also very much varies with time. It is
difficult to estimate those values and include it
in this model applying for large area. Therefore,
we simplified the condition of pore pressure in
the slope by assuming that the pore pressure
in the slope is always in the static condition,
namely. This assumption gives smaller pore
water pressure in the process of the saturated
depth rise and greater pore water pressure in
the descending process of the saturated level.
In the unsaturated soil layer, suction (negative
pore water pressure) is working and provid-

ing additional shear strength. This is also dif-
ficult to include in this model at present. We
excluded the slope areas from the target of this
research. Those slopes may fail due to the in-
crease of moisture.

The shear stress as driving force is defined
downslope parallel component of gravity as fol-
lows:

T = psgh sinf 4)

by substituting the formula for shear strength
and shear stress, the factor of safety without
considering root cohesion and vegetative sur-
charge equals:

_ c+cosf[l —ry] tang
B sinf

ES )

Cs hwpw

C= ——; 1y =
psgh” ™" hps

in which ¢; is the soil cohesion (Pa). The di-
mensionless form of the Eq. (5) has been widely
used to analyze the stability of shallow soil us-
ing Digital Terrain Models (Montgomery & Di-
etrich, 1994).

According to Eq. (5), most of the variable
could be set up spatially-distributed but it is as-
sumed that only hw is time-varying. The sat-
urated depth hw is determined by the flux of
subsurface water flow computed by hydrolog-
ical model (see Eq. 1). Here the ratio (m =
hyw/h) shows the relative saturated depth is
time-dependent (between 0 and 1). Whenever
FS < 1, the driving forces prevail and the po-
tential for failure is high. Through an inversion
of the standard factor of safety, a fixed time-
invariant critical relative soil saturation (m€)
triggering slope failure (i.e. relative soil satu-
ration that yields FS = 1) for each grid element
could be approximated as:

c_ Ps B tan 0 Cs
"= Ow <1 tan<p> +hpwg cosftan ¢ ©)

Based on the concept of critical relative soil
saturation, three slope stability classes could be
defined: theoretically always stable, potentially
stable/unstable, and theoretically always un-
stable. The condition for theoretically “always
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stable” is addressed for those slopes that are
stable even when saturated depth reaches the
ground surface m® > 1. The slopes are pre-
dicted theoretically always stable in the follow-
ing equation:

tan0 < tan¢ < - f;:) + }msg(f:scose (7)

Similarly, the slopes that are predicted to be
unstable even when dry condition (i.e. m = 0)
are considered to be theoretically “always un-
stable”. Such slopes are where suction is work-
ing or they are rocks (c, ¢ is much higher than
those measured in Table 1). The condition for
this slope stability class is expressed as:

Cs

> -
tan® > tan¢ + Fipsg cosd

8)

The slope elements are classified into po-
tentially “stable/unstable” are those areas be-
tween the criteria of Eqs.(7) and (8). The criti-
cal relative soil saturation depth by using Eq.(6)
and time-dependent slope instability analysis
are calculated only for those grids with the
slope stability classified into potentially sta-
ble/unstable.

2.2 Hydrological model

Spatial lumping of a distributed kinematic
wave rainfall-runoff model, considering three
lateral flow mechanisms, including (1) subsur-
face flow through capillary pore, (2) subsurface
flow through non-capillary pore and (3) surface
flow on the soil layer that was developed by
authors (Apip et al., 2008) is used for hydro-
logical approach in derivating critical rainfall-
induced shallow landslides. The fundamental
assumption of the lumping method is that the
rainfall-runoff process of the catchment system
reaches a steady state with spatially uniform
rainfall input. From this assumption, discharge
flux can be expressed as the product of rainfall
intensity and the upslope contributing areas.

From the steady state assumption, the flux of
water discharge per unit width in each grid cell
as shown by Figure 2 can be given as follow:

N

h(0)
4

J0) = sr) -f»q(x)

@
h(x) o
: ,

: >

0 X L
Figure 2: Schematic diagram of the kinetic wave
flow model for a series of grids.

g(x) :q(O)/w+7/(x)dx:7ll/w—|—17x )
0

where r is the rainfall intensity, U is the up-
slope contributing area, x is the horizontal dis-
tance (slope length) from the upstream end of a
grid cell, and w is the width of the grid cell.

From stage-discharge relationships (Tachikawa
et al., 2004), a general kinematic wave equation
can be expressed as g = g(h):

v.d (h,1d,)’, o<h,<d,
q=+v,d, +v,(h,—d,), d,<h <d,
v,d +v (h,—d)+ah,—d)", d<h,

Vo, =k, i, v,=ki k,=k,/p,
a:«/lT/n

(10)

where g is discharge per unit width, £, is wa-
ter depth, i is the slope gradient, k, is the sat-
urated hydraulic conductivity of the capillary
soil layer, ka is the hydraulic conductivity of
the noncapillary soil layer, dm is the depth of
the capillary soil layer, d, (= h) represents the
depths of the capillary and non-capillary soil
layers, B is the exponent constant of unsatu-
rated flow, vin and va are the flow velocities
of unsaturated and saturated subsurface flows,
respectively, and n is the Manning’s roughness
coefficient varies as a function of land use type.
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2.3 Critical rainfall

Critical rainfall-induced slope instability for
each land unit (grid) inside those areas prede-
fined as potentially “stable/unstable” is pre-
dicted by combining those above slope stability
model and hydrological approaches. From
Eq.(6), the critical saturated soil depth to cause
instability is:

(11)

hfuzhps <1_tan9)+ Cs
tan ¢ Pw § cosftan ¢

from stage-discharge relationships (see
Eq.10), critical subsurface inflow discharge per
unit width into a grid element can be expressed
by substituting the critical saturated soil depth
into Eq.(12):

Pw

c dem (th /dm)ﬁ’ O S hwc S dm
q =
v,d, +v,(h, 5 —d )d, <h 5 <d,
(12)

Finally, near steady-state critical rainfall rate,
rc(mm hr-1), received by each grid can be com-
puted as function of upslope contributing areas,
slope length, topographic elements, soil proper-
ties, and critical saturated soil depth as follows:

c
T (13)
(% +%)

Herein near steady state critical rainfall rate
inducing slope instability of a grid element is
defined as the total of rainfall rate from the up-
slope contributing areas and rainfall over the
grid.

r‘(x) =

3 Case study

The Upper Citarum Catchment with Saguling
Reservoir as the outlet is located in the moun-
tainous area of West Java Province and lies be-
tween 600 to 3000 m. Geographically, the area
lies off 107°26" E-107°95"E and 6°73’S-7°25’S
(Figure 3a).

The characteristic of rainfall distribution in
the Upper Citarum is not uniform. The cli-
mate conditions are characterized by tropical

monsoon with two distinct wet and dry sea-
sons. A series of data from BMG specifying
that high amount of rainfall is at the beginning
of November-December followed by a second
peak in March-April as a result of the west-
erly monsoon. The rainfall amount then quickly
slackens down in May-October due to dry sea-
son as a result of the prevailing easterly mon-
soon. Annually, rainfall of the area varies from
1500 mm up to 4000 mm.

The geological formation consists mainly of
old quaternary volcanic product with some
Miocene sedimentary facies, granite, granodi-
orite, diorite, alluvium, Pleistocene volcanic fa-
cies, and Miocene limestone facies. Due to the
influence of the active volcano, the types of
soils in the study area varies and are under-
lined complex. Based on the digitized soil map
from Agricultural Department of Indonesia, the
andosol-district soil mainly lays on the moun-
tainous area in the northern part that was influ-
enced by volcanic eruption. Black andosol soils
can be found in the flat area whereas latosol is
stretched along the Lembang fault and alluvial
is occupied along sides of the river valley.

4 Model application

4.1 Geotechnical properties of the soil

Six soil samples were returned for laboratory
analysis, representing the six principal soil sam-
pling locations. Sampling depth is 80-120 cm,
which roughly corresponds to the depth of the
potential failure slopes. These were catalogued
with a soil type and administrative region. The
collected disturbed soil samples were analyzed
in the laboratory using a portable direct-shear
test apparatus to provide information on soil
cohesion and internal slope friction. Direct-
shear tests were conducted under three differ-
ent normal stresses (10, 20, 30, and 40 kPa) for
each sample. The test was conducted in the sat-
urated state by filling water into the shear box.
The test results (Table 1) were then used to treat
slope stability model parameters that was re-
lated to geotechnical properties as spatially dis-
tributed.
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Figure 3: (a) The location of the Upper Citarum River catchment over the whole DEM (90 x 90
m2) Citarum River basin. The red points indicate the locations of landslides as inventoried by
the Geological Agency of Indonesia (1985-2008), and (b) Comparison among spatial distribution
patterns of estimated time-invariant slope stability classes mapping based on the critical relative
saturated depth (mc) and investigated landslide location patterns (1985-2008 as shown by white

circles) in the Upper Citarum Catchment

Table 1: Laboratory test results for geotechnical
soil properties.

Soil Samples Soil Cohesion (kPa) Internal /(\;fg Friction
Soil Sample 1 7.28 21.62
Soil Sample 2 1.59 5.99
Soil Sample 3 4.49 28.68
Soil Sample 4 10.90 37.89
Soil Sample 5 6.29 17.04
Soil Sample 6 5.69 33.30

4.2 Slope stability classes mapping

A reliable field and laboratory measurement of
geotechnical properties (¢® and ¢) for the dif-
ferent parent soil materials of the study area
was available and slope stability model param-
eters were estimated on the basis of laboratory
test and study literature. Calibration through
a comparison of observed landslide locations
with model predictions provides an assessment
of model reliability. The comparison is ob-
tained by mapping long-term observed land-
slide (1985-2008) on a map of the predicted
time-invariant slope stability classes based on
critical relative saturated depth values by grid
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resolution 90 m (Figure 3b). The figure shows
that the patterns of landslide potential area are
simulated on the above basis along with the
general pattern of observed landslides. The
model reproduced several of the principle clus-
ters in the observed pattern.

Two types of error appeared in the spatial
pattern of this map: (1) some grids are pre-
dicted as theoretically always stable, however
landslides were mapped on them, especially
at northern part of the study region, and (2)
some amount of grids are predicted by model
as theoretically always unstable, but no scars
were observed on them. Such errors are typi-
cally caused by inaccurate topography and soil
properties. However, on the basis of these re-
sults, the slope stability model by grid resolu-
tion of 90 m (http:/ /hydrosheds.cr.usgs.gov) is
considered to be utilized effectively for map-
ping critical rainfall rate and dynamic time-
dependent slope stability mapping in response
to particular rainfall event in the study site.
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4.3 Spatial distribution of critical rainfall-
induced shallow landslide

Figure 4c shows the distribution of critical rain-
fall ranges. Lower critical levels (i.e. higher
potential for slope failure) principally occupy
steep slopes and large contributing areas. In
contrast, higher critical rainfall thresholds are
present in gentle slopes.

To assess the potential application for shal-
low landslides prediction and warning, the
system was applied to the past new “Cikem-
bang” shallow landslide event (see Figure 4a)
and forced by utilizing satellite-derived real-
time half-hourly QMORPH rainfall product
(http:/ /www.cpc.ncep.noaa.gov/) (Figure 4c).
Then the method measures the rainfall intensity
difference (RID): the amount of rainfall inten-
sity is above (or below) the critical rainfall. It
is assumed that slope failures will more likely
occur in areas where (RID) is positive or large.
Applied to the past new “Cikembang’s” land-
slide with the critical rainfall rate is estimated
approximately 15.03 mm/hr, the model pre-
dicts the grid over and nearby to this observed
shallow landslides were found in unstable
condition in this study several hours before
landslides initiation. The time for weighted-
area rainfall intensity was more than the critical
rainfall rate to occur in the sub-catchment ap-
proximated to the time of landslide occurrence
as recorded (Figure 4c). A cumulative rainfall
depth of 130.0 mm was detected at Cikem-
bang Village on that time (Figure 4b). The
total amount of rainfall that triggered these two
landslides was characterized as a significant
concentration of rainfall and represented “ex-
treme case”. The present results have shown
a high potential applicability of the proposed
method forced by satellite-based rainfall data
to detect heavy rain-triggered landslide events
in near real-time.

The further study will be intended for es-
tablishing rainfall intensity-duration thresholds
curve on the basin, catchment, and local scales
that is derived based on the previous results
and landslide inventory data. In addition, the
further study also aims to make the approach
more valuable for discerning areas of potential
shallow landslide in response to rainfall events

and its warning system for whole Indonesian
river catchment (Figure 5).

5 Conclusions

This study has presented a novel method that
combines deterministic slope stability model
and hydrological approach for predicting criti-
cal rainfall-induced shallow landslides. Based
on the results of model performance, the pro-
posed method is useful for rainfall-triggered
shallow landslide disaster warning at large
catchment scale. More accurate (quantita-
tively) and high resolution data, including
rainfall, DEM, soil properties, land use, and
hydrological-geotechnical observations, are
necessary for reasonable landslide predictions.
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