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Abstract Landslide risk reduction is a societal pressing need in for counties and
also areas along coasts, lakes, rivers in relatively flat countries. Engineering
measures to stabilize dangerous slopes needs very high cost and not feasible for
many cases. Monitoring, Prediction, Early Warning is the most economical
landslide risk reduction measure which is applicable for both developed and
developing countries. This chapter presents monitoring of triggering factors,
slope deformation, other indicators in indoor experiments, field experiments as
well as in natural condition. Methodology of prediction and early warning is
examined based on these monitoring and topographical, geological and hydro-
logical conditions.
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20.1 IPL C105 “Early Warning
of Landslides”

promoting the International programme on Land-
slides in January 2006. Asian members discussed
and decided to propose a project focusing currently
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Then, the International Consortium on Landslides
applied a budget to the Ministry of Education,
Sports, Culture, Science and Technology (MEXT),
Japan within an Asian joint Research framework
titled as “Asian Joint Project: Early Warning of
Landslides” together with Korea, China, Indonesia,
Thailand, Philippines and Japan. It was fortunately
approved in 2007 as 3 years project (2007-2009).

Figure 20.1 presents the concept of proposed
Asian joint project. “Early Warning of Landslides”.
The development of effective early warning technol-
ogy needs various factors.

(1) The central flow from top to bottom is from the
monitoring of triggering factors (rainfalls, snow
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landslide risk map and of early warning technol-

ogy, then contributing to the creation of safer
community.

(2) The left flow from top to bottom represents a
aspect of technology for site and time prediction
of landslides. Topographical change due to
regional development has big impact on land-
slide risk. Landslide simulator (Dynamic load-
ing undrained ring-shear apparatus (Sassa et al.,
2004) to reproduce the formation of sliding
surface and post-failure motion within an appa-
ratus (Landslide simulator) is a strong tool for

The right flow from top to bottom represents a
social aspect. Population change due to urbani-
zation has a great impact on landslide risk. The
investigation of exposed objects is important for
disaster assessment. Increase of disaster vulner-
ability due to population shift shall affect land-
slide risk map. Human or social aspect of Early
Warning is risk communication system and eva-
cuation system. Those developments will give
great influence on effective early warning to
reduce fatalities.

Figure 20.2 presents landslide types concerning

that. landslide risk. Early warning is often issued without
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any mention of landslide type. However, Landside
risk is quite different by landslide types. Landslides
can be classified with regard to depth and speed from
the aspect of risk. Deep and rapid landslides are most
dangerous as single landslide. Shallow and rapid
landslides are also dangerous especially when many
landslides will occur during the same triggering event.

Slow landslides are relatively safe for people
since they allow evacuation even during motion.
However, often villages are constructed on reacti-
vated landslides (previously landslide occurred and
relatively flat areas are provided by past landslide
events).The velocity is not so high, and travel dis-
tance is not great in this type of landslides. How-
ever, landslide movement can be enough to destroy
houses, schools, and other buildings. The failure of
houses and other structures may give damages to
humans. Shallow and slow landslides are relatively
not dangerous. Often early warning is not specified
on these landslide types. Deep and shallow, rapid
and slow movements have different mechanism, so the
same criteria of early warning cannot be applied. We
have to develop some criteria for different types. Risk
is very different in urban environment or rural areas.

For reliable landslide risk mapping, the measure-
ment of shear characteristics of soils is the most
important. Shear characteristics mobilized during
motion of landslides is available from the Landslide
Ring-shear Simulator (undrained dynamic-loading
ring-shear apparatus, Sassa et al., 2004). For trigger-
ing of landslides, pore-water pressure is the most
important factor. Therefore, it is better to correlate
the initiation of landslides with ground water level
than rainfall itself. One possibility is to use a tank
Model or leakage barrel model. Some application of
tank model to simulate ground water level or
volume of ground water for Zentoku landslides
and landslide triggered by 2004 Niigata-ken
Chuetsu earthquake are reported in Hong et al.
(2004), Okada (2004). Some time prediction
methods are presented by Picarelli, Versace, Jakob
in this chapter.

The Asian joint project group proposed to orga-
nize a session on early warning of landslides in the
First World Landslide Forum. The Italian group
headed by Luciano Picarelli and others joined this
initiative. The landslide research community has to
cooperate to develop a new economical and effec-
tive based on mechanism of landslides, namely early

warning technology. The followings are the basic
consideration by Picarelli, and contribution from
initial participants.

20.2 The Concept of Early Warning

Early warning is the whole of the actions to be taken
before a catastrophic event, allowing individuals to
take action in order to avoid or reduce the impeding
risk (Gasparini et al., 2007). Lead time is the time
interval comprised between the moment when the
occurrence of the event is reasonably certain, and
the moment of its actual occurrence.

In the last years, early warning systems have
been employed for protection against some nat-
ural risks. In some cases, as for heavy meteor-
ological events, volcanic eruptions and tsunami,
they prove quite efficient, since the lead time
available to take action, as evacuation or protec-
tion of some key structures and infrastructures,
is long enough. In other cases (as for earth-
quakes, flash floods, rapid landslides), the lead
time is so short that radical solutions for risk
mitigation cannot be undertaken. In these cases,
early warning can be adopted only for very lim-
ited goals or the signal must be launched well
before the expected event, i.e. when its probabil-
ity is high enough but it is not really certain.
This last approach implies subjective decisions
and can lead to false or missing alarms.

In case of rapid landslides, since the time elapsing
between the onset of slope failure and its impact on
exposed goods is typically in the order of tens of
seconds, the problem is similar to the one posed by
earthquakes, for which advanced procedures are
being experienced (Gasparini et al., 2007), but
even more complicated because often landslides
may occur everywhere within wide areas which
lack any type of instrument able to recognize the
occurrence of the event. Research in this field is
active, even though just beginning.

20.3 Landslide Prediction

The prediction of landslide triggering is a funda-
mental step in the setting up of early warning
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systems. In principle, prediction may be based on
the analysis and elaboration of the precursors (rain-
fall), of indicators of impending rupture (pore pres-
sure changes in the subsoil, ground displacements
etc.) or of both.

Based on the collection of data regarding pre-
cipitation-induced landslides and triggering rain-
fall, thresholds have been established in some
countries, as Hong Kong (Finlay et al., 1997),
California (Wilson & Wieczorek, 1995), New
Zealand (Glade et al., 2000) etc. Typically, such
thresholds depend on a combination of rainfall
intensity and duration; in particular, the critical
intensity decreases as the rainfall duration
increases. Because of the prominent role of slope
morphology, stratigraphy and soil properties,
these approaches can be employed only at a local
scale. In fact, the relationship between landslide
occurrence and rainfall features varies enormously
from site to site.

Approaches based on the analysis of indicators
of slope failure have been proposed for different
types of slope movements. In particular, in the
very last years, remote sensing methods are being
strongly developed. Unfortunately, these methods
can be used only for relatively slow landslides

In the case of rock falls, which occur suddenly,
and shortly reach a high velocity, a timely predic-
tion of failure is necessary. Generally, this is pur-
sued through sensors measuring the progressive
aperture of rock joints. The analysis of microseismic
waves propagating from rock fractures subjected to
pre-failure movement is quite a recent approach
which is extensively tested in France (Senfaute
et al., 2003).

A similar approach based on the analysis and
interpretation of pre-failure movements is adopted
in the case of creeping slopes (Saito, 1965) and
could be used for special conditions, as for slopes
subjected to a monotonic pore pressure increase
(Picarelli et al., 2004). Failure can be predicted
based on an equation fitting displacements recorded
during the pre-failure stage, to be extrapolated up to
general slope failure. The use of neural networks is
another recommended procedure.

Other methods rely on the relationship between
pore pressures and ground displacements. Several
Authors show that movements of pre-existing
slides in clay are activated since the pore pressure

reaches a threshold. Through a statistical analysis
of collected data regarding a slow mudslide,
Mandolini and Urciuoli (1999) propose a rela-
tionship between the displacement rate and a
combination of the rainfall heights which have
been measured in different time spans preceding
the present.

Today, a big effort involves researchers
involved in the prediction of fast debris flows in
unsaturated granular soils. Damiano et al. (2008)
discuss a new method to interpret the data pro-
vided by TDR devices for a real-time investiga-
tion of the changes in the water content profile
and consequent suction profile in pyroclastic soils
subjected to infiltration. The method, which is
being tested by flume tests appears promising,
being able to provide reliable information: in
fact, it can enable to perform timely analyses of
the changes in the safety factor. The same experi-
ences provide further useful data about the use of
optical fibres to capture pre-failure soil move-
ments caused by the volumetric collapse which is
induced by saturation, and predict the consequent
slope failure.

20.4 Implementation of Early Warning
Systems

Early warning systems for rainfall-induced landslides
are adopted in some regions of the world. In 1977 the
Hong Kong Geotechnical Engineering Office estab-
lished a warning system, which has been continu-
ously updated and improved in the following years
(Chanetal., 2003). Similar systems have been used to
prevent the consequences of rainfall-induced debris-
flows in the S. Francisco Bay (Keefer et al., 1987), in
Nagasaki and in other parts of the world. D’Orsi
et al. (1997) describe the Rio-Watch, an alert system
based on a network of 30 telemetered rainfall gauges
and weather radars which cover the city of Rio de
Janeiro. Similar systems have been set up in the State
of Oregon (Mills, 2002), in UK (Cole & Davis, 2002)
and in the area between Seattle and Everett,
Washington (Baum et al., 2005). In some countries,
some organizations in charge of land protection pro-
vide continuous information through the WEB
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about slope stability conditions in critical areas
(Flentje et al., 2005).

After the catastrophic events occurred in 1998,
an early warning systems has been established in the
Sarno area, based on the so called FLAiR model
(Forecasting of Landslides Induced by Rainfall),
proposed in 1992 by Sirangelo and Versace (Picar-
elli et al., 2008).

FLalR consists of two modules: RL (Rainfall-
Landslide) and RF (Rainfall Forecasting).
Through a calibration of available data collected
in the past, the first module correlates precipita-
tions and landslide occurrence in order to deter-
mine a mobility function Y(t) which, at any time,
depends on the amount of infiltrated water and
provides the probability, P[E], of landslide occur-
rence at the time t. The second module provides a
probabilistic prediction of impeding rainfall
events through a stochastic rainfall or meteorolo-
gical rainfall nowcasting, which is used to identify
hazard conditions for landslide occurrence suita-
bly in advance. Using both modules, the model
enables a probabilistic evaluation of potential
landslide occurrence.

The adopted strategy for risk mitigation is
based on three warning levels: “attention”, with
instrumental real-time monitoring and real time
simulation model running; “alert”, involving civil
protection agencies and field direct control;
“alarm”, involving population to be evacuated.

A characteristic mobility ratio x=Y/Y¢, is
defined, Y., being the value of the mobility func-
tion associated with each warning level. The
choice of the values of the index y for each warn-
ing level must fit considering the necessity to have
an adequate safety margin, which needs a low
mobility ratio, and to avoid false alarms, which
needs a high mobility ratio. Values of the mobility
ratio presently used in Sarno are the following:
x =0.40, for the “attention” threshold, x=0.65
for the “alert” threshold and x=0.85 for the
“alarm” threshold. The average time elapsing
between the “alert” and “alarm” signal has been
assessed to be in the range 4-5 h, which is consid-
ered long enough to assure evacuation.

In Fig. 20.3 are summarised the data on precipita-
tions concerning the wet seasons 2000-2001. It is
shown that in the period October, 2000 — June
2001, the attention level has been attained several
times, the alert level has been reached three times,
while the signal of warning has been launched only
one time.

20.5 The Near Future

As shown, hydrological models can be very useful to
predict rainfall-induced landslides in well known
geomorphological contexts for which documented
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data are available. In some cases, as for failure in
rock masses and in general everywhere a landslide is
expected to occur suddenly and to develop rapidly,
the analysis and use of indicators seems a useful
criterion. However, rational and advanced
approaches should be based on analyses having
the goal to simulate the water infiltration and its
consequences on the stability of slopes. In fact,
numerical analysis could apply in areas occupied
by uniform geomaterials whose properties have
been adequately investigated in advance. This
encourages the use of simplified codes, supported
by GIS, as TRIGRS (Baum et al., 2002) which
integrate data on rainfall with analysis of infiltra-
tion and slope stability over vast areas. A similar
approach can be adopted at the scale of the single
slope, using well known commercial or purposely
develop codes. Today some research programs
which follow a strategy based on a real-time use of
short-term weather forecasting for slope stability
analysis in large areas are active.

However, the still inadequate quality of rainfall
forecasting at the scale of single slopes is a promi-
nent problem. Presently, this does not yet allow a
confident use of early warning procedures, due to
the high probability of false or missing alarms. As a
consequence, the numerical analysis should be sup-
ported by real-time monitoring of local rainfall and
of fundamental indicators, as pore pressure or suc-
tion. Since accurate analysis is strongly affected by
the difficulty in fixing reliable initial conditions, espe-
cially for unsaturated soil (suction), the main advan-
tage of such an approach is that monitoring can
provide local values of the pore pressure (or suction),
i.e. of the initial conditions (Picarelli et al., 2008). As
with FLalR, the prediction can be carried out using
as input a meteorological or stochastic forecasting or
rainfall, or a Bayesian combination of both. There-
fore, any numerical simulation can start from a
correct initialisation of the governing factors. In
addition, the continuous check of these factors can
lead to a continuous real-time calibration and con-
sequent adaptation of the model.

Just to summarise such considerations, the pro-
cedure to be adopted in instrumented sloping areas
should require the following steps:

1. rainfall monitoring and forecasting;
2. start of analysis and models routing;

3. model calibration and adaptation;
4. iteration of analysis and prediction;
5. decision making.

In this framework, the basic situation corre-
sponds to “normal” weather conditions, which
are characterised by absence of rainfall or by “nor-
mal” rainfall. An advisory signal should be
launched when weather forecasting anticipates
the approaching of an abnormal rainstorm or
when the rain gauge network reports unexpected
severe rainfall. In case of further warning signals
pre-established actions should be activated. A pro-
minent action is strengthening of the monitoring in
the instrumented sites and analysis of the likely
effects of approaching rainfall (which can be
roughly estimated through weather forecasting)
accounting for monitored values of pore pressure
(or suction): hence, numerical modelling starts to
run. Data coming from monitoring should enable a
continuous and timely check of the analysis by
comparison of calculated and monitored values
of pore pressure or suction during rainfall. In
fact, the data provided by site monitoring of rain-
fall and suction can be used to update the initial
and boundary conditions as well as other para-
meters which govern the slope behaviour: hence,
the variation of the safety factor of the slope can be
continuously adjusted. As a consequence, a frame-
work about what can happen in next hours, i.e. of
the presumed scenario of event, should be drawn in
the assumption that rainfall will continue with the
same intensity, or through stochastic forecasting of
continuing rainfall. The process should be iterated
until possible activation or deactivation of one of
the established levels of warning. Decision making
depends on the values of the thresholds which have
been established. In this phase, any indicator of
approaching failure is highly beneficial, support-
ing next decision.

The problem of early warning is crucial and deli-
cate. In fact, false or missing alarms can compromise
its reliability. However, it will certainly become a
prominent tool for risk mitigation in the near future,
especially in those densely inhabited areas where the
hazard of landslides is critical and the social and
economical cost of different procedures for risk miti-
gation too high for the involved communities.



20 Monitoring, Prediction and Early Warning

357

20.6 Empirical Hydrological Models
for Early Warning of Landslides
Induced by Rainfall

Pasquale Versace (Universita della Calabria, Italy)

The risk of landslide is extremely variable. In fact,
slope movements have a wide range of velocity, size
and run-out, thus their magnitude and impact on
exposed goods can be either very low or very high,
depending on site conditions, material involved and
other factors. Velocity not only affects landslide
destructiveness, but also the procedures to adopt
for risk mitigation. Velocity can range between
some tens of metres per second (as for rock falls
and avalanches, debris flows and flowslides) and
some millimetres per year (as for active slides in
clay and some lateral spreads).

Early warning can be defined as the entirety of
actions to be taken during the lead time, that is, the
time interval elapsed between the moment of pre-
cursor occurrence and the moment of its actual
occurrence. In more general terms, early warning
is the provision of timely and effective information
allowing individuals exposed to hazard to take
action in order to avoid or reduce the damage and
the loss of life.

From a general point of view, there are four
crucial moments in landslide early warning, such
as: precursor forecasting, precursor occurrence,
event initiation and impact on people and goods
(Picarelli et al., 2007).

Early warning systems prove quite efficient when
the time between the detection of first reliable pre-
cursors and initiation of the event or between the
initiation of the event and the impact on exposed
goods is sufficiently long to take action such as
evacuation or protection of structures and
infrastructures.

When the time between the event and its impact
is extremely short, adoption of early warning pro-
cedures must be based on precursor measurements.
This is the case of rapid landslides, as the time
elapsing between the onset of slope failure and its
impact on exposed goods is typically in the order of
tens of seconds.

When the time between precursor occurrence and
event initiation is also short the forecasting of the
precursor becomes indispensable. This is the case of

shallow landslides when the time between the pre-
cursor and the event is in the order of tens of minutes.

Rainfall is largely adopted as a precursor for
early warning of landslides, owing to the large pre-
valence of landslides induced by rainfalls.

The identification of the precursor is the most
important issue in landslide forecasting, so the rela-
tionship between landslide triggering and intensity
or duration of rainfall has been largely investigated
to identify threshold values.

Based on the collection of data on landslides and
related triggering rainfall, thresholds, often based
on a combination of rainfall intensity and duration,
have been obtained for several regions, as Hong
Kong (Finlay et al., 1997), California (Campbell,
1975; Wilson & Wieczorek, 1995), New Zealand
(Glade et al., 2000) etc.

In some of these countries, early warning sys-
tems have been conceived to prevent disasters. In
fact, these thresholds, in combination with rainfall
forecasting and real-time rainfall monitoring, can
lead to operational landslide warning systems. As
an example, in 1977, the Hong Kong Geotechnical
Engineering Office established a Landslip Warning
System, which has been continuously updated and
improved over the years (Chan et al., 2003). Simi-
lar systems have been elaborated to prevent the
consequences of rainfall-induced debris-flows in
the S. Francisco Bay (Keefer et al., 1987) and in
Nagasaki (Yano & Senoo, 1985). D’Orsi et al.
(1997) report the Rio-Watch, an alert system
based on a network of 30 telemetered rainfall
gauges and weather radars covering the city of
Rio de Janeiro, which issued 42 warnings between
1998 and 2003. Similar systems have been set up
in the State of Oregon (Mills, 2002), in the UK
(Cole & Davis, 2002) and in the area between Seat-
tle and Everett, Washington (Baum et al., 2005).
Even though a true early warning system has not
been set up, in the landslide prone area around
Wollongong, Australia, a monitoring system 1is
active and provides continuous information
through the WEB with regard to the slope stability
conditions (Flentje et al., 2005).

Previous considerations show that today predic-
tion of rainfall-induced landslides is mostly carried
out through the so-called hydrological models
(Fukuoka, 1980; Mitchue, 1985; Cascini & Versace,
1988), which are based on historical data regarding
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landslides and related triggering rainfall and do not
require field instrumentations and measurements.
Hydrological models are distinct from physically-
based models, which attempt to reproduce the physi-
cal behaviour of the processes involved at hillslope
scale. These models are complex and need many field
investigations and surveys.

In Italy, Sirangelo and Versace (1992) proposed
the general hydrological model FLalIR (Forecasting
of Landslides Induced by Rainfall), which has been
recently extended to mudflows, in pyroclastic soils,
occurred in Sarno area on May 1998 (Versace et al.,
1998, 2003, 2007).

FLalR consists of two modules: the R-L module
(Rainfall-Landslide) correlates precipitation and
landslide occurrence, in order to determine a mobi-
lity function Y(t) , which, at any time, depends on
the amount of infiltrated water. This module
enables model calibration and permits the repro-
duction of historical movements (Fig. 20.4).

The second module, RF (Rainfall Forecasting),
provides a probabilistic evaluation of rainfall events
through a stochastic modelling or meteorological
nowcasting. It is used to identify hazard conditions
for landslide occurrence suitably in advance.

Using both modules, the model enables a prob-
abilistic evaluation of future landslide occurrence.
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In the RL module the mobility function Y(¢) is
associated with the probability P[E;] of landslide
occurrence at the time ¢, by the relation:

PIE,] = g[Y(1)] (20.1)

where 0 <g(.)<1.

Among various relationships a simple thresh-
old scheme can be assumed: the event is certain
if the mobility function Y(t) exceeds the thresh-
old value Y. and impossible if this value is not
exceeded. The mobility function can be linked to
the antecedent rainfall P(.) through the
expression:

Y(1) = / V- wWPWdu  (20.2)
0

where (.) is a filter function which plays a critical
role, because the choice of this function can model a
wide range of situations.

The value Y. (t) that the mobility function will
assume at time ¢, calculated at the time t(t < ?),
may be written splitting the convolution integral
(2) into two parts:

Forecasted Rainfalls

Hours 1 zZ 3

Time

4 5 6 7 8 9

10 11 12 13

current time | future time I
| | L |

deterministic © forecasting

component

component
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(=]

’ (20.3)
+ / W (t — 1) Ppreq(t)du

the first one, on the right-hand side, can be consid-
ered as the deterministic component and is calcu-
lated on the basis of observed rainfall P, recorded
rainfall up to time t.

The second one is the stochastic component,
associated to the predicted rainfalls P,.; which
should fall in the interval [t,7] and that can be
estimated through rainfall forecasting models.

As a consequence, the model may be usefully
employed to forecast the hazard of rapid landslides
induced by rainfall, allowing the activation of the
necessary procedures for civil protection.

The strategy of the civil protection agency with
respect to landslide events is usually based on three
warning levels: “attention” (or “advice”), with
instrumental real-time monitoring and real time
simulation model running; “alert” (or “watch”),
involving civil protection agencies and field direct
control; “alarm” (or “warning”), involving popula-
tion to be evacuated. Using FLalR, a characteristic
mobility function ratio x = Y/Y,, can be associated
with each warning level (Fig. 20.5).
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Fig.20.5 Real time control of the mobility function ratio for
evaluating the different critical situations

20.7 Landslide Monitoring, Prediction
and Early Warning in Banjarnegara,
Indonesia

Teuku Faisal Fathani, Dwikorita Karnawati (Gadjah
Mada University, Indonesia), Kyoji Sassa (ICL),
Hiroshi Fukuoka (Kyoto University, Japan), Kiyoshi
Honda (Asian Institute of Technology, Thailand)

Abstract Landslide is one of most major disasters in
Indonesia due to the susceptibility of the region and
socio-economical conditions of the country. Since
2007, a community-based early warning system has
been introduced in a pilot area at Banjarnegara,
Indonesia. Simple extensometers and automatic
raingauge have been installed for landslide monitor-
ing and prediction with the participation of local
community. Furthermore the Asian Joint Research
Project for Early Warning of Landslides consisting
of International Consortium of Landslide (ICL),
Gadjah Mada University (GMU), Disaster Preven-
tion Research Institute of Kyoto University (DPRI/
KU) and Asian Institute of Technology (AIT) have
conducted a preliminary investigation and estab-
lished a real-time monitoring and early warning sys-
tem at that pilot area. The outdoor unit of fieldserver
gathers the data from multiple sensors (two long-
span extensometers, raingauge, IP camera and
water pressure sensor), whereas indoor processing
unit will store data on the monitor, and send the
data to AIT server through GPRS modem to be
displayed in a webserver.

20.7.1 Background of Landslide Early
Warning in Indonesia

As the dynamic volcanic-archipelagoes, more than
60% of Indonesian region are covered by the
mountainous and hilly areas of weathered volcanic
rocks, which are intersected by faults and rock
joints. These geological conditions give rise to the
high landslide susceptibility of the region. More-
over, the high rain precipitation which can exceed
2000-3000 mm per year, frequent earthquake
vibrations as well as the extensive landuse chan-
ging and deforestation cause the occurrence of
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landslides frequently increase recently. Since the
last 7 years, more than 36 landslide disasters
occurred and result in 1226 people died or missing.
Urgently, some efforts should be done to avoid
or reduce the risk of landslides. Unfortunately,
most landslide susceptible areas have very fertile
soils and very good quality and quantity of water.
This makes the susceptible areas are densely popu-
lated, and it create serious inducement to slope
instability. Despite an effort to establish slope pro-
tection zone, which is restricted for any develop-
ment and settlement, the relocation program is not
easy to be carried out due to socio-economical
constrains. Therefore, landslide monitoring, pre-
diction and early warning system are urgently
required to guarantee the safety of community liv-
ing in such area.

20.7.2 Geological Condition of the Study
Area

A pilot area for landslide monitoring, prediction
and early warning program has been established in
Banjarnegara Regency, Central Java Province,

since year 2007. Based on the site investigation, it
is clarified that not only the rain intensity but also
the morphology and geological conditions of study
area significantly control the occurrence of land-
slides. The unstable zone in the study area is situ-
ated at lower slope of mountains with the slope
inclination of 20-60° (Fig. 20.6). The moving mate-
rials consist of colluvial deposits of silty clay over-
lying the inclined impermeable layer of clay, which
is situated at the lower part of the andesitic brec-
cias mountain. The clay layers are inclined at the
same direction of the slope (i.e. 85°) and this
becomes the sliding failure for the above colluvial
soils. The moving zone is saturated at most of the
rainy season due to the lower position of the zone
comparing to the surrounding mountainous
slopes. The existence of impermeable clay layer
underneath the colluvial soils creates the satura-
tion condition within colluvial soil gradually
increased and maintained during the rainy season,
until then the rise of pore water pressure within this
soil induces the movement. Therefore, monitoring
of the pore water pressure (groundwater table) in
response to the rain infiltration should be the main
concern in establishing early warning for the slope
movement.

Fig. 20.6 Aerial photo, topography map and position of real-time monitoring equipment. Landslide fatalities are shown on

the right



20 Monitoring, Prediction and Early Warning

361

20.7.3 Community-Based Early
Warning System

At the beginning of year 2007, Gadjah Mada Uni-
versity has developed simple and low-cost equip-
ment for landslide monitoring and early warning,
where the local community in remote areas can
easily operate and maintain the equipment based
on their own capability. As the initiation of quan-
titative investigation, two types of simple extens-
ometers and automatic raingauge were installed at
a pilot area in Banjarnegara. The first type of
extensometer is a handmade manual reading
extensometer. Another type is the automatic
extensometer, where the relative movement
between two points is mechanically enlarged by 5
times and recorded on a paper continually. Both
types of extensometers are connected to the siren
system in order to directly warn the local commu-
nity for taking necessary actions in dealing with
landslide disaster. Furthermore, a simple modified
raingauge has also developed with hourly
rainfall intensity recorded on a paper continually.
This raingauge is also connected to the siren system
to warn the community if the precipitation reaches
a certain value. During the installment, five local
operators have been trained on how to install
and operate this simple equipment (Fathani &
Karnawati, 2007).

20.7.4 Real-Time Monitoring and Early
Warning System

In line with the installation of simple monitoring
equipment, on September 2007, the Asian Joint
Research Project for Early Warning of Landslides
has conducted a field survey to support the instal-
lation of real-time landslide monitoring equip-
ment. This system presents the results of real-time
measurement by using long span extensometers,
raingauge, pore pressure sensor, and monitoring
scene by IP camera. The real-time monitoring
equipment consists of outdoor unit and indoor
unit. Outdoor unit is fixed on a center pole consists
of fieldserver, two extensometers, raingauge, IP
camera and water pressure sensor (Fig. 20.7).

Fieldserver is a sensing device with real-time online
data display system which gathers the data from
multiple sensors and shows them in a webserver.
The extensometer placed at two positions con-
nected by a pulley and a super invar wire which
can measure both extension (+) and compression
(-). Indoor unit has two crucial components i.e.
processing unit and GPRS modem. Indoor unit
collects the data, then process and store data on
the monitor, and send the data to AIT server every
one hour. This unit also implements early warning
that can be adjusted depending on the site
condition.

Figure 20.6 shows the aerial photo and topogra-
phy map of the landslide area mapped by the Balloon
Photogrammetry System. This system combines the
balloon aerial photography and digital photogram-
metry for low-altitude aerial mapping. The balloon
carries out a digital camera up to 400 m above the
ground level and takes aerial photographs in appro-
priate viewing angle. The digital photogrammetry
processes the photo-restitution to produce 3D
model from the multi-view aerial photograph
(Rokhmana, 2007).

The position of long-span extensometers poles
(P1 to P6), raingauge, pore water pressure sensor
and indoor unit are shown in Figs. 20.6 and 20.7.
The installation of three poles (P1 to P3) were con-
ducted on December 15th, 2007. The installation
process had faced some problems since the slide
occurring also on day of the system set up. As
shown in Fig. 20.8, starting from December 23rd,
2007, the extensometer has been saturated (up to
660-920 mm of displacement), therefore it cannot
measure the movement when the landslide occurred
on December 30th, 2007, which destroyed the center
pole (P2), buried the lowest pole (P3) and also
attacked several existing houses, farm land and
district road.

On January 19th, 2008, the monitoring system
has been reinstalled at a new location about 150 m
from the previous destroyed place (Fig. 20.6).
Three new poles (P4 to P6) were erected with
two long-span extensometers, raingauge and
IP camera connected to center pole (P5). Pore
water pressure sensor is placed inside a well near
P5, whereas the indoor unit located in a house
belongs to a volunteer resident near P4. The result
of measurement of two extensometers, daily
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Fig. 20.7 Outdoor unit of
real-time monitoring
equipment

rainfall and pore water pressure fluctuation are
shown in Fig. 20.8 The accumulated movement of
extensometer starting from January 19th until
May 31st 2008 reaches of about 30 and 220 for
Extensometer P4-P5 and P5-P6, respectively.

Meanwhile the maximum rate of rainfall could
reach 200-360 mm/day. It can be seen that the
extensometer movements on March 7th and
April 13th, 2008 were strongly related to the rain-
fall occurrence.
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20.7.5 Conclusions

Some lesson learned can be derived from this pro-
gram that the warning system should be based on a
real-time telemetric system with the involvement of
community participation. Therefore, both technical
skill and communication skill are the main require-
ments to achieve the success of early warning system
program. The system should include some technical
aspect such as the geological surveys and site selec-
tion, development of equipment design which is
simple (low cost) but effective, determination of
early warning levels, installment and operation/
maintenance at the field site, as well as include the
social aspect such as social mapping and evaluation,
public consultation and dissemination of program,
community empowerment (including the technical
training and evacuation drill) for landslide hazard pre-
paredness and operational system of the early warning.
Moreover, the communication with all stake-holders
such as local, regional and national authorities, local
leaders, local youth communities, and local non gov-
ernment organization should be established and main-
tained. The role of scientist or researcher is more like to
be the motivator and facilitator, instead of the instruc-
tor or manager of program.

20.8 Early Warning of Landslides Based
on Landslide Indoor Experiments

Katsumi Hattori, Hitomi Kohno, Yasunari Tojo
(Graduate School of Science, Chiba University,
Japan), Tomomi Terajima (Disaster Prevention
Research Institute, Kyoto University, Japan),
Hirotaka Ochiai (Forestry Agency of Japan)

Abstract An experiment to induce a fluidized land-
slide by artificial rainfall has been conducted on an
indoor slope. The experimental slope is 10 m long, 1
m wide, and the slope gradients are 10° for the lower
and 32° for the upper slope. A landslide initiated
65440 s (1h49m40 s) after the start of sprinkling at a
precipitation intensity of 80 mm/h. During this
experiment, pore pressure, self-potential, and soil
displacement have been measured. The results sug-
gest the relationship among motion of subsurface
water, soil displacement, and electrical potential

differences. Self-potential method seems to have cap-
ability for early warning system for landslides.

20.8.1 Introduction

Rainfall-induced landslides often cause cata-
strophic disasters. In order to mitigate the disasters,
monitoring and forecasting of the landslides are
important. There are hydraulic and geotechnical
knowledge prior to a landslide based on the indoor
and outdoor experiments (Ochiai et al., 2004). They
are based on pore pressure and soil displacement
using gaugemeters and CCD video cameras, respec-
tively. The obtained facts are as follows; (1) devel-
opment of the saturated area under the surface, (2)
direction of the filtration of water changes from
vertical to lateral to the slope, and (3) beginning of
the apparent soil displacement about a few tens
minutes before the catastrophic slide. On the other
hand, the geophysical exploration method is one of
powerful tools for subsurface monitoring such as
electrical resistivity. The electrical resistivity tomo-
graphy approach shows the slip surface very pre-
cisely and continuous measurements of resistivity
could be helpful to identify the water condition
under subsurface (Perrone et al., 2004) (Lapenna
etal., 2005). Self-potential method is also applicable
to monitor underground fluid motion based on the
electro kinetic effect (Ishido & Mizutani, 1981).
Laboratory experiments and geothermal applica-
tion show the high capability to detect subsurface
water motion (Rizzo et al., 2004), (Sasai, 2008),
(Zlotnicki & Nishida, 2003). Self-potential method
is passive measurement and simple in comparison
with electrical resistivity tomography. In this paper,
self-potential approach is conducted to develop an
early warning system for landslides. The results of a
laboratory experiment under precipitation control
show the capability to monitor the underground
water condition using self-potential method.

20.8.2 The Laboratory Experiment

The laboratory experiment of landslide under the
precipitation control has been carried out to
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investigate electrical properties and understand the
physical process associated with landslides. The
background of this experiment is as follows. Based
on the previous hydraulic knowledge, (1) the rain
water penetrates vertically at the initial stage
because of the unsaturated condition. (2) As a satu-
rated area is developed, the water flow pattern turns
to the lateral to the slope. (3) From geotechnical
point of view, significant soil displacement starts
about a few tens minutes before the main collapse.
Then, a landslide takes place. The purpose of the
experiment is to investigate whether electrical
potential changes show those of hydraulic and geo-
technical conditions.

The overview of the laboratory experiment sys-
tem is shown in Fig. 20.9. The angle of an upper
slope was 32° and that of a lower slope was 10°.
The length and width of a slope are 9 m and 1 m,
respectively. The soil density in the slope was
almost uniform and the thickness was 70 cm. The
soil is weathered granite and averaged grain radius
is 0.39 mm. There is a sprinkler for an artificial
precipitation. The intensity of the precipitation
was controlled by 80 mm/h. 40 mm rain (with
80 mm/h) was precipitated two days before the
experiment. It was found that water came out of
from the slope very slowly. It means that ground-
water system has been created before the experi-
ment. It seems rather natural situation. A rubber
sheet is used for insulation.

Pore pressure, self-potential, and soil displace-
ment measurements have been performed. As

Fig. 20.9 Indoor experiment system of an artificial slope
under precipitation control

for self-potential measurements, electrodes (Pb-
PbCl,), pasted the bentonite to reduce a contact
resistivity, have been installed with intersensor
distance of one meter in a depth of 20 cm and
50 cm and the reference electrode has been
installed in the depth of 50 cm at the top of the
slope. For pore pressure measurements, gauge
meters have been set up in a depth 10 cm, 40 cm
and 65 cm with one meter spacing. Here, electro-
des and pore pressure meters were installed alter-
nately. The electrodes and gauge meters have been
connected to the 16 bit AD converter (National
Instrument SCXI-1120) and fed to the data acqui-
sition PC. The sampling rate is 100 Hz. Soil dis-
placement has been recorded by CCD video
cameras with motion of markers. The total
amount of water flowed out from the slope has
also been measured.

The landslide occurred at the upper slope 65440 s
(about 110 min) later from the beginning of the
precipitation. Thus, the total amount of the rain
fall was about 145 mm.

20.8.3 Observed Data

Figure 20.10(a,b) illustrate the 2D variation of
hydraulic and electrical properties, respectively.
The sequence of figure corresponds to the time pro-
gress after the precipitation start. The time stamp is
given beside the panel. In Fig. 20.10(a), the color
and contour indicate the pore pressure and hydrau-
lic head. In Fig. 20.10(b), the color and contour
show the potential differences the electric field.
From Fig. 20.10(a), we found that filtration of pre-
cipitation water was vertical at the initial stage.
Saturated area was developing and extending
50 min before the collapse. 20 min before the col-
lapse, we can see the lateral flow of the underground
water. 1s before the collapse, the lateral flow is
significant at the lower part of the upper slope.
From Fig. 20.10(b), it is almost uniform at the
beginning of experiment. The saturated area seems
to be charged in negative. The most interest point is
the appearance of a large electric field around the
slip surface area a few tens minutes before the
collapse.
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Fig. 20.10 2 dimensional
maps of pore pressure and (a)
self-potential with time. (a)
pore pressure and (b)
electrical potential difference

color

A typical example of observed hydraulic and self-
potential data is shown in Fig. 20.11. The position
of the corresponding sensor is described at the top
panel in the Fig. 20.10(a) (2 pt.) and (b) (15 ch). The
curve of potential shows an interesting behavior.
When the wetting front arrives at the position of
electrode, the potential indicates the local mini-
mum. While the area of the electrode turns to be
saturated, the value shows the local maximum and
a dramatic decrease. Furthermore, 30 min before
the main slide, transient signals cam be seen only in
self-potential changes. There is a remarkable step-
like change around 90 min and rectangular
changes around 105 min. These changes observed
only below the upper boundary of the slipped
body. The detected electric field is almost uniform.
For the variation of pore pressure, transient signals
such as impulsive and step-like changes are not
described. The soil displacement data shows that
the dislocation of the soil become apparent a few
tens minutes before the collapse, so that there is a
possibility that these transient signals are asso-
ciated with dislocation of the soil.
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20.8.4 Conclusion

Indoor laboratory experiment with simultancous
measurement of hydraulic, geotechnical, and elec-
tromagnetic approaches has been performed to
investigate the rain-fall induced landslide process.
It is found that self-potential variation seems to
show the good relationship between hydrodynamics
and electromagnetics and geotechnology and ele-
cromagnetics. It means that there is a possibility to
monitor the underground water condition or estab-
lish an early warning system of landslides with use
of self-potential method.

Further analysis and experiments in both labora-
tory and in-situ field will be required to evaluate the
electric phenomena with the hydrological and geo-
technical changes. Such as pore pressure and the
water flow out and geotechnical parameters such
as the soil displacement.
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20.9 A Real Time Debris Flow Warning
System for the North Shore
Mountains of Vancouver

Matthias Jakob, (BGC Engineering Inc., Canada)

Abstract The District of North Vancouver spans
160 km? at the foot of the North Shore Mountains
that form the southernmost extension of the Coast
Mountains. Numerous creeks draining the North
Shore Mountains terminate as fans that have
formed predominantly through debris flows. These
fans have developed over the Holocene period, and
those along the ocean inlets have become highly
desirable properties due to low gradients, good drai-
nage conditions and scenic locations. Between 1995
and 2003 a series of consultants reports have been
released that quantified debris flow hazards and risk
as well as propose engineering measures to reduce
risk. Engineering measures on the highest priority
creeks exceed the financial constraints of the Dis-
trict and thus a different risk reduction measure was
chosen to compliment a long term risk reduction
program in the form of a debris flow warning sys-
tem. The Greater Vancouver Regional District has
maintained records for some 15 years on the occur-
rence of landslides on the North Shore Mountains
and some 32 storms were identified that had

50 60 70
Time(min) S(40)

produced debris flows. An additional 32 storms
that had not produced debris flows were selected
based on rainfall amounts and intensity similar to
those that had resulted in debris flows. A discri-
minant function analysis was conducted on all 64
storms for a large variety of rainfall antecedent
and intensity variables to extract the significant
discriminatory variables. The selected variables
were the 4 week antecedent rainfall as well as the
2 day antecedent rainfall and the 48 h rainfall
intensity. This function was able to correctly clas-
sify 80% of all cases. A high resolution calibrated
weather forecast model designed and operated by
the Geophysical Disaster Computational Fluid
Dynamics Centre at the University of British
Columbia is used to predict 48 h rainfall in one
hour time steps, while the antecedent variables are
calculated in real time for every approaching
storm. The system is currently undergoing a test-
ing phase and will be made operational in October
of 2008.

20.9.1 Background

Debris flows are a common occurrence on the
coastal mountains of British Columbia. They
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Fig. 20.12 Typical cyclone during late fall that can trigger
debris flows along the North Shore Mountains (November
15, 2006)

occur primarily between October and January when
numerous Pacific cyclones cross the coast with total
rainfall amounts ranging between 40 and 150 mm
and rainfall intensities up to 20 mm/h (Fig. 20.12).
Debris flows are especially prevalent in areas logged
over the past 15 years due to a pronounced loss in
root strength and from poorly constructed logging
roads. At the interface with urban development
debris flows have impacted homes and other facil-
ities. While the damages from debris flows on the
North Shore Mountains pale in comparison with
those in other countries, particularly the subtropical
and tropical belts, the damage or potential damage
affects a very affluent and increasingly risk adverse
society. This fact has led to an active landslide risk
management program with components of active
engineering measures and warning systems.

20.9.2 Method

A large number of rainfall thresholds have been
proposed for shallow landslides worldwide. These
have recently been summarized by Guzzetti et al.
(2008). Most are based on relations between rainfall
intensity and duration and are plotted as envelopes

below which shallow landsliding is unlikely and
above which landsliding is possible. In the case of
the North Shore Mountains, those thresholds are
very low and application of an intensity-duration
threshold for warning purposes would lead to tens
of false warnings per year thus undermining the
system’s credibility (Fig. 20.13).

Previous work by Jakob and Weatherly (2003)
has recognized that antecedent moisture conditions
are crucial for explaining landslide occurrence and
that the 4-week antecedent cumulative rainfall is the
most significant variable in explaining the regional
occurrence of shallow landsliding. Similarly to
Jakob and Weatherly’s study in 2003, antecedent
and intensity data were gathered for all storms
since 1990 that have caused shallow landslides in
undisturbed (no logging or road building) terrain.
An additional 32 storms were selected from the
database over the same period with total rainfall
amounts above 40 mm but for which no landslide
records exist. Since the Greater Vancouver Regio-
nal District monitors the watersheds of the North
Shore Mountains by helicopter after significant
storms, it is believed that the assumption of no-
landslides for those storms is reasonably correct.
A forward stepwise discriminant function analysis
was conducted on all 64 cases with the goal of (a)
extracting the most significant variable to separate
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Fig. 20.13 Landslide Initiation Threshold for the North
Shore Mountains
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landslide from non-landslide initiating storms and
(b) to create a discriminant function that allows
calculation of the relative likelihood that a storm
belongs to either group. The stepwise discriminant
analysis identified three significant variables and
the resulting function is shown in Egs. (20.4) and
(20.5).

LS = —6.43 4+ 0.0544w; +0.28A 14

(20.4)
—0.033Asg

NLS = —1.63 +0.02144 5 + 0.104A 4

(20.5)
— 0.009A54

The results from the discriminant function analysis
allow the real time calculation of a sliding time
window of 4 week and 2 day antecedent rainfall
based on rainfall records at the raingauge that was
used for the original analysis. The 48-h rainfall
intensity is being fed from a weather forecast
model issued daily from the Geophysical Disaster
Computational Fluid Dynamics Centre at the Uni-
versity of British Columbia. Using this statistic, a
total of 75% of all landslide-triggering storms and
87.5% non-landslide triggering storms were cor-
rectly classified.

20.9.3 Debris Flow Warning
Implementation

Section 20.3 summarized the development of a dis-
criminant function model and classification func-
tions for landslide and non-landslide initiating
storms. Two of the variables (4 week and 2 day
antecedent) will be measured via the DN25 rain
gauge and be monitored real-time throughout the
rainy season (between October 1 and April 30). The
48 h rainfall intensity will be produced from UBC’s
climate model.

Step 1: Backward computation of A, Aza

Starting on October 1, every year, the four week and
two day antecedent rainfall will be back-calculated
from real-time data of the Berkeley rain gauge oper-
ated by BGC Engineering. The Berkeley gauge is

not the calibration gauge, which is the DN25 gauge,
but a regression analysis of monthly rainfall showed
an almost perfect correlation (r> = 0.99) between the
two gauges.

Step 2: Forward-looking prediction of the 48-h
rainfall

Once a day, UBC’s Geophysical Disaster Compu-
tational Fluid Dynamic Centre will forward their
48 h rainfall prediction for the North Shore Moun-
tains. This data will arrive in the form of a meteo-
gram, which will show the cumulative rainfall for
pre-specified areas on the North Shore Mountains.
At this point, predictions will be made for two rain
gauge sites and forward looking calculations will be
conducted simultancously for these sites.

Step 3: Real-time calculation of the Classification
Functions and ACS.

Both the A4,,., A>4 variables and the Rainfall Inten-
sity of 48-h will be entered into the classification
functions. CS will be calculated as the difference
between the LS and NSL function [CS = Fg) -
Fnesyl- CS will then be plotted for the next 48 h.
Implicit in these calculations is the recalculation of
Agyi, Aoy whenever a storm (as per definition in this
report) is considered past. This re-calculation will
occur on an hourly basis.

Step 4: Definition of Thresholds

The proposed real-time debris flow warning system
will rely on the use of three separate thresholds,
which are referred to as “Debris Flow Watch”,
and “Debris Flow Warning”. These terms are
defined as follows:

Debris Flow Watch

A debris flow watch will be issued when the CS line
crosses negative one (-1) and more rainfall is being
predicted in the next 48 h. The significance of a
Watch is that hydroclimatic and hydrometeorolo-
gical conditions are forming that provide condi-
tions favourable for future debris flow occurrence.
It is intended to provide information to those who
need considerable lead time to prepare for a poten-
tial debris flow. It will include a qualitative state-
ment of likelihood that the Advisory or Warning
Levels will be exceeded. This qualitative statement
will be: It is likely or very likely that the Warning
Level will be reached. If it is unlikely that the
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Warning level will be reached, no debris flow
watch will be issued.

Debris Flow Warning

A debris flow Advisory will be issued with the CS
line crosses the zero (0) line, and more rainfall is
forecasted. In this instance, debris flow occurrence
is more likely than not in the next 48 h and the
predictions call for rainfall amounts in excess of
40 mm. This warning level is thus issued when
hazardous weather conditions have developed, but
the expected time of debris flow occurrence is still at
least several hours in the future.

Step 5: Cancellation of Warning Levels

The cancellation of warning levels occurs in reverse
order as described above. The debris flow warning is
cancelled once the CS line drops below zero and
forecasted rainfall for the next 48 h is below
40 mm. The debris flow watch is cancelled once
the CS line drops below — 1 and forecasted rainfall
for the next 48 h is below 40 mm.

20.9.4 Conclusions

This real time warning system will be the first regio-
nal operational debris flow warning system in
Canada. It is expected that false warning will
occur several times a year, which may eventually
lead to some desensitizing of the population to
warnings. However, for those individuals who live
on creek fans created by debris flows, the debris
flow watch and warning may provide sufficient
time to leave their homes and stay in a safer place
until the warnings have been cancelled. Over the
long term, hazard avoidance or engineered mitiga-
tion measures are likely the preferred risk manage-
ment option.

20.10 Study on Early Warning System
for Debris Flow and Landslide
in the Citarum River Basin,
Indonesia

Kaoru Takara, Apip (Disaster Prevention Research
Institute, Kyoto University, Japan), Agung Bagiawan

(Water Resources Research Institute, Ministry of
Public Works, Indonesia)

20.10.1 Introduction

This paper describes a distributed hydrological
model of which advantage is to be able to calculate
spatio-temporal patterns of rainfall-runoff and
sediment transport dynamics in a catchment on a
grid-cell basis. Since this model can quantitatively
assess the possibility of the occurrence of debris
flow and landslide in each grid-cell, it should be
useful for early warning of sediment, debris flow
and landslide disasters. The sediment runoff model
are applied in the Lesti River which has small catch-
ment located in the upper Brantas River basin,
Indonesia as the case for study.

The objectives of this research are: (1) to verify
the model performance by adding hillslope sedi-
ment transport algorithm and considering river
channel routing processes to the model; (2) to illus-
trate how this model can be used for early warning;
and (3) to develop a new method of lumping the
distributed rainfall-runoff model to obtain a
lumped-parameter model for larger river basins
that require much computation time.

20.10.2 Physically-Based Distributed
Model

The Cell Distributed Rainfall-Runoff Model Ver-
sion 3 (CDRMV3) as a distributed hydrological
model" is used as a base of a distributed sediment
transport model. The model includes a stage-dis-
charge, g-h, relationship for both surface and sub-

surface flows?:

dem(h/dm)/j7 0 S /’l S dm
dem + Va(h - d!‘l’l)7 dm S h S dll
q = dem Jr vll(h - dm) JF Oé(h - da)m, da S h

Vm = kmiv Vg = kai’ km - kﬂ/ﬁ7
a=+/i/n
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where ¢ is discharge per unit width; /2 is water depth;
i is the slope gradient; k,,, is the saturated hydraulic
conductivity of the capillary soil layer; k, is the
hydraulic conductivity of the non-capillary soil
layer; d,, is the depth of the capillary soil layer; d,
is the depths of capillary and non-capillary soil
layer; and n is the roughness coefficient based on
the land cover classes. The continuity equation
takes into account flow rate of each grid-cell or
slope as:

% + % = (1) (20.7)
where ¢ and x are time and distance along water
flow, respectively; and r is the rainfall intensity.

The Lax-Wendroff finite difference scheme is
used to solves the one-dimensional kinematic wave
equation with the stage-discharge equation to simu-
late runoff generation and routing. The simulation
area is divided into an orthogonal matrix of square
grid-cells (250 m x 250 m).

20.10.3 Coupling of CDRMV3 and
Sediment Transport Model

The concept of spatially distributed sediment runoff
modeling is shown in Fig. 20.14. A sediment trans-
port algorithm is newly added to the CDRMV3.
Runoff generation, soil erosion and deposition are
computed for each grid-cell and are routed between
grid-cells following water flow direction. The sedi-
ment transport algorithm includes multiple sources

of sediment transport, which are soil detachment by
raindrop (DR) and hydraulic detachment or deposi-
tion driven by overland flow (DF). The basic
assumption of this model is that the sediment is
yielded when overland flow occurs. The eroded
sediment is transported by overland flow to river
channels.

Soil detachment and transport is handled with the
continuity equation representing DR and DF as:

(20.8)
e(x,t) = DR+ DF

where C is the sediment concentration in the over-
land flow (kg/m?*); A, is the water depth of overland
flow (m); ¢, is the discharge of overland flow (m?/s);
and e is the net erosion (kg/m?/h).

Soil detachment by raindrop is given by an
empirical equation in which the rate is proportional
to the kinetic energy of rainfall and decreases with
increasing i;. From the observation of rainfall char-
acteristic in the study area® and dampening soil
detachment rate by h?, the empirical equation for
DR for the ith grid-cell is expressed as:

DR; =k KEe " = [ 56.48 r; e " (20.9)
where k is the soil detachability (kg/J); KE is the
total kinetic energy of the net rainfall (J/m?); and b
is an exponent to be tuned.

Following the theoretical work of EUROSEM®,
the concept of transport capacity is used to deter-
mine sediment transport rates in overland flow.
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Sediment transport capacity of overland flow (7TC)
is defined as the maximum value of sediment con-
centration to transport, which is estimated for each
grid-cell. Then for the ith grid-cell, DF is simulated
as a result of overland flow and function of TC as
follows:

DF; = a(TC;/1000 — C;)hy; (20.10)
where « is the detachment/deposition efficiency fac-
tor. Detachment or deposition by flow is assumed to
be proportional to the 7C deficit. Following the 7C
approach; if actual suspended sediment from upper
grid-cells is lower than this capacity, detachment or
erosion occurs, otherwise soil deposition excess.

The transportation capacity is calculated based
on the Unit Stream Power (USP) theory. The USP
theory contributing to T'C is defined as a product of
the overland flow velocity, v, and slope, i, in the ith
grid-cell. A relationship between USP and the upper
limit to the sediment concentration in the overland
flow, C, (ppm), can be derived” (see Eq. (20.11)).
TC is the product of C, as follows:

TC =log C, = I+ Jlog((vi — veriricari) Jw) — (20.11)

in which:

= 5.435 —0.386 log(wDsy/NU) — 0.457 log(U* Jw)
J = 1.799 — 0.409 log(wDsy/NU) — 0.314log(U* /w)

we 2o 36 B 36
32— D@\ (&= De(Be) Y
(20.12)

where vi is the unit stream power, m/s (v is flow
velocity in m/s and i is the slope gradient m/m);
Verinicall 18 the critical unit stream power (Ve isicas 18
the critical flow velocity); w is the sediment fall
velocity (m/s) calculated by Rubey’s equation; p; is
the sediment particle density (kg/m?); p,, is the water
density (kg/m>); g is the specific gravity (m/s?); Dso
is the median of grain size (mm); and NU is the
kinematic viscosity of the water (m/s).
U* (= /gihj) is the average shear velocity (m/s).

This model does not explicitly separate rill and
interrill erosion. Gullying, river bed erosion, river
bank erosion and lateral inflow of sediment to river
channel are not considered.

20.10.4 Simulation Result

The model parameters to be determined are
n (m~'7%s), k, (m/s), d, (m), d,, (m), B, Dso(mm),
kg (kg/J), o, b, and F1 (ratio of rainfall lossed by
interception or evapotranspiration processes).
The regional sensitivity results show that six para-
meter F1, K,, d,,, d,, o, and kg are sensitive and
identified as compared to n, beta, D5y, and b.
One of the simulated flood events in calibration
time is shown in Fig. 20.15. The predicted runoff
and sediment concentration were compared with
the observed one. The model is generally successful
in representing broad trends in water discharge and
sediment concentration, but water discharge tends
to overestimated along times of rising limb and fall-
ing limb of hydrograph, the range of modeled sedi-
ment concentration is somewhat lower and higher
than observed. A summary of this flood runoff
event is given by the model efficiencies are: 0.854
(R*: the coefficient of determination) and 0.251
(RRMSE). We may be able to recognize that the

Rainfall (mm)
oS a o

n
=}

A Obs. Discharge
+4 —— Comp. Discharge
m Obs. Sediment
—— Comp. Sediment

Fig. 20.15 Comparison of predicted sediment runoff with
observed data for rainfall event 3—6 October, 2003
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model prediction from an example is closer to the
observed value.

An extensive sensitivity analysis utilized Monte
Carlo simulation framework to produce an ensem-
ble of sediment runoff simulation with respect to
prescribed uncertainty in model parameters for each
of the selected rainfall events was performed. To
determine the uncertainty prediction at each time
due to model parameters uncertainty, the predicted
outputs were rangked to form a cumulative distri-
bution function of the output variable based on the
objective function selected, then the confidence
intervals could be determined, which can be selected
to represent the model uncertainty.

The calibrated model was applied to the discharge
data sets for several rainfall events to test how well
the calibrated parameters performed in reproducing
an independent data set. These validation runs sug-
gest that the hydrological condition is generally
amenable to the hydrologically based on the distrib-
uted sediment runoff model under consideration.

20.10.5 Spatial Patterns of Erosion
and Deposition

Figure 20.16 shows simulated erosion and deposi-
tion areas inside watershed for flood runoff event

Erosion & Deposition Depth (mm)
10.01

6.0

Fig. 20.16 Spatial
distribution of erosion and
deposition sources inside the
catchment after rainfall

event September 13-15, 2004 kN

on 13-15 September 2004. A direct comparison with
observed data is difficult since the threshold erosion
rate above which these areas are mapped is not
known. Figure 20.16 shows that the model was
capable of locating the main sediment sources and
sink within the Lesti River during this flood event.
The model was also able to assign major erosion
features. This three- dimensional representation
shows that the simulated zones of soil detachment
by flow are generally coupled with steep slopes and
land use type, while the soil type assumed uniform
over the catchment. Zones of deposition were simu-
lated in valley bottoms and river banks.

The sediment transport algorithm for the distrib-
uted model includes multiple sources of sediment
transport, which are soil detachment by raindrop
and hydraulic detachment or deposition driven by
overland flow. Estimations of the changes in total
runoff and sediment yield with time and space in the
catchment scale are required for solution of a num-
ber of problems. Design of dams and reservoirs,
design of soil conservation, land-use planning, and
water quality management are some of the exam-
ples. In addition, the processes controlling sediment
runoff are complex and interactive. This complexity
results in the term “erosion runoff processes” inter-
nal catchment area. The difficulty in the observa-
tion and measurement of the erosion and sediment
transport processes during a runoff and erosion

70
Deposition
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event due to small temporal and spatial scales
makes necessary the use of a sediment runoff
model for the spatio-temporal predictions of runoff,
erosion, and deposition at the internal locations and
catchment outlet. The recent developments of one
dimensional model from this study are physically-
based distributed sediment runoff model and its
lumping which produced new lumped sediment run-
off model version. Those models are used for the
prediction of runoff and sediment transport pro-
cesses at the catchment scale which facilitates the
analysis of total sediment load in river channel and
assists in the watershed and water resource manage-
ment and planning. Application of this model to an
Indonesian river basin is demonstrated.

20.11 Conclusion

As demonstrated here, the physically-based distrib-
uted rrainfall-runoff model can deal with overland
flow, sediment yield, water content and some other
elements relating to occurrence of debris flow and
landslides at grid-cell scale on hillslopes. This has a
potential ability for early warning of rainfall-
induced sediment, debris flow and landslide disas-
ters to be applied to small sized catchment, coupled
with detail hydro-geo spatial information.

20.12 Other presentations

Development of a ubiquitous-based monitoring
system for debris flows in Korea
Byung-Gon Chae (Korea Institute of Geoscience
and Mineral Resources: KIGAM)

Development of Community-based Landslide Early
Warning System in Indonesia
Dwikorita Karnawati (Department of Geologi-
cal Engineering, Gadjah Mada University,
Indonesia)

Distributed optical fiber sensors for precocious alert-
ing of rainfall-induced flowslides
Luigi Zeni (Dept of Information Engineering,
Second University of Naples)

Landslide geotechnical monitoring and mitigation
measures in chosen location inside the SOPO

Landslide Counteraction Framework Project, the
Carpathian Mountains, Poland

Zbigniew Bednarczyk (Opencast Mining Insti-
tute, the Poltegor-Institute, Poland)

Preliminary Approach for a Nation-Wide Regional
Landslide Early Warning System in South Korea
Dugkeun PARK?*, Jeongrim OH¥*, Youngjin
SON*, Minseok LEE (The National Emergency
Management Agency (NEMA), Republic of
Korea)

Rainfall height stochastic modelling as a support tool
for landslides early warning
Roberto Greco (Seconda Universita di Napoli,
Italy)

Short-term weather forecasting for early warning
Pasquale Schiano, Paola Mercogliano, Gabriella
Ceci (The Italian Aerospace Research Center
(CIRA) and Euro-Mediterranean Centre for the
Climate Change (C.M.C.C.)

Simple and low-cost wireless monitoring units for
slope failure.

Taro Uchimura (University of Tokyo, Japan)

The warning criteria analysis of sediment runoff,
debris flows, shallow landslides along the mountai-
nous torrent
Tetsuya Kubota, Israel Cantu Silva, Hasnawir
(Kyushu University)
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