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1. FOREWORD

Quantitative Risk Analysis (QRA) is the goal of all investigations and studies aimed at risk
mitigation assessment and mitigation, whatever is the concerned event, natural or
anthropogenic.

In the specific case of landslides, QRA should consider: i) the probability of landslide
occurrence; ii) the run-out of the potential landslide body (that allows to identify the exposed
goods located along its path); iii) their vulnerability and the damage caused by the interaction
with the landslide body (which can be computed accounting for the energy possessed by the
landslide body, often identified through its mass and acceleration); iv) the total potential loss
(which includes the loss of lives and other consequences).

A complete QRA should then trust in computational tools capable to identify and quantify all
the factors and conditions which can cause the triggering of a landslide and the volume, path
and velocity of the landslide body at any point of its travel. As a matter of fact, the part I of
this report presents a general overview of available models for landslide triggering and run-
out analysis of Ilandslide triggered by precipitations (rainfalls) providing short
recommendations for their use in QRA. Some considerations will be reported about the
limitations of such models. The report essentially summarises the work developed in Area 1,
with particular reference to the WPs 1.2 and 1.4, which review models for analysis of
landslide triggering, and the WP 1.6 and 1.7, which review analytical/empirical models for
analysis of run-out of subaerial slides, submarine slides and snow avalanches, stressing their
advantages and constraints.

The report includes also a relevant part concerning the analysis of earthquake-induced
landslides and of their run-out, a special case which has not been considered in the other
Work Packages of the Area 1 even though being of considerable interest for some important
countries in Europe. These contents are the concern of the part II.
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2. TRIGGERING OF RAINFALL-INDUCED LANDSLIDES

2.1 Foreword

This section is intended to focus on the main codes for analysis and prediction of rainfall-
induced landslides examined in the deliverable D1.4, and to provide some suggestions for a
quantitative prediction of landslide triggering. Their advantages and constraints are briefly
discussed.

Weather-induced landslides are the result of adverse slope-atmosphere interaction. In general,
the basic factors which affect the hydrological slope response are rainfall (or snow),
temperature, humidity, soil radiation, wind. The effects of such factors may be emphasized or
mitigated by factors related to the slope stratigraphy and structure, including any set of
discontinuities, the hydraulic and mechanical properties of the single layers, the vegetation.
Any modification of the factors depending on weather (typically, temperature and humidity,
as well as intensity and duration of precipitations) govern the water content and the pore
pressure regime n the subsoil thus the state of stress, and can give rise to changes in physical,
hydraulic and mechanical properties of soil. Excessive changes in the state of stress and/or in
soil properties can lead to slope failure.

The size and shape of the involved soil body and the same mechanisms of failure (for
instance, progressive failure, liquefaction and so on) depend on the structure and nature of
soil, on the initial state of stress and on its response to the induced strain field. The
displacement and velocity of the landslide body, in turn, depend on slope morphology and
length, stratigraphy, initial conditions, soil properties. In particular, soil brittleness, which
affects the post-failure drop of strength thus the part of the potential energy which might be
transformed into kinetic energy, play a prominent role (Leroueil et al., 1996). The soil
response to any change in boundary conditions (e.g. drained/undrained) is also fundamental:
for instance, loose saturated granular soils display a ductile behaviour under drained
conditions and a brittle behaviour under undrained conditions. When the involved soil mass is
large and its post-failure movement rapid, slope failure can lead to a catastrophic event.
Naturally, single factors play different roles. In fact, some of them could be neglected in the
analysis without serious consequences on the quality of results; others play a prominent role.
Expert investigators can recognize the fundamental ones, performing correct analyses. In any
case, it is always suggested to carry out parametric studies to assess the role of each factor in
the analysis. On the other side, the lesson coming from direct experience and study of the
literature can greatly help: a good model must be able to reproduce the triggering of past
landslides through the simulation of the effects of those phenomena that led to slope failure. If
calibration reveals its reliability, the model may be used for prediction.

Any analysis presents some constraints. For instance, the reference scale (regional, basin or
slope scale) plays a major role. A significant role is also played by the type of geomaterial
involved in the failure and movement, sometimes requiring different approaches and input
data.
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2.2 Landslide triggering

2.2.1 Foreword

The deliverable D1.2 reviews case histories concerning well-instrumented natural and
engineered slopes in different geo-environmental contexts whose documented behaviour
provides important information about the role of rain water infiltration on the hydrological
and mechanical slope response. The global knowledge provided by such case studies and by
further data reported in the literature represents a significant starting point for any
computational procedure having the goal to assess the conditions leading to landslide
triggering and to predict the run-out of the mobilised landslide.

The main features of the available models used for slope analysis and identification of the
failure conditions and of he soil volume involved are the concern of the deliverable D1.4.
This describes the theoretical contents of the geotechnical models set up for the analysis and
of the codes implemented to this aim, their potentialities and constraints and the conditions
for a correct use of each of them; as a matter of fact, several numerical codes are available on
the marked. However, further home-made codes have been produced by teams involved in
researches on this issue; these are also considered and discussed in the deliverable D1.4.

Here only the reasons to select one code or the other one are briefly discussed, stressing
advantages and constraints related to the specific problem in hand.

2.2.2 Advantages and constraints of the available codes and recommendations for their best
use
Looking at the codes listed in D1.4, the following general remarks can be made:

- the reference scales considered in the analysis are very different, covering either the
basin or even the regional scale (1/2000, 1/5000), i.e. study areas attaining a surface
ranging between tens and hundreds km?, or the slope scale (1/500, 1/1000), i.e. study
areas of some hectares;

- the analysis consists of a deterministic approach which is sometimes implemented in a
qualitative or semi-quantitative way (i.e. it is based on some assumptions regarding
soil characterization and initial and boundary conditions, and consists of essentially
parametric analyses), sometimes in a quantitative way (i.e. based on site and
laboratory investigations): basically qualitative or semi-quantitative analyses are
carried out when large scale problems are dealt with (basin or regional scale), while
quantitative analyses concern a small scale (slope scale);

- probabilistic approaches are disregarded: this means that the hazard is not evaluated or
is only indirectly determined; therefore, the analysis essentially provides a quantitative
indication of the susceptibility of slopes to fail; and an assessment of the probability of
failure can be only obtained through separate data and considerations.

About the last point, it is worth to mention that there are methods which can account, in some
way, for all uncertainties of the analysis through the use of a probabilistic approach. These
have not been considered in D1.4, but ca be easily found in the literature.

In the following, the codes examined in the deliverable D1-4 will be shortly discussed by
dividing them as a function of the reference scale.
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2.2.2.1 Regional and basin scale

Slope analysis at regional or basin scale requires a code based on a grid-based Geographic
Information System (GIS), that enables to manipulate required data starting from a Digital
Terrain Model (DTM). In general this provides all information regarding local slope geometry
and structure (morphology, stratigraphy etc) and soil properties. GIS provides a friendly
spatial representation of data and allows to manage them as well as the results of the analysis.
The main codes used for slope stability analysis, at a basin or regional scale, as a consequence
of precipitations are: SHALSTAB (Montgomery and Dietrich, 1994), TRIGRS (Iverson,
2000; Baum et al., 2002; Savage et al., 2004), TRIGRS-unsaturated (Baum et al., 2008) and I-
MOD 3D (Olivares, Tommasi, 2008). These codes couple a hydrological model, which can
analyse the slope response to precipitations, and a geotechnical model which performs the
stability analysis using the simplified scheme of infinite slope: the potential failure surface is
located at the base of the deposit (SHALSTAB) or at different depths (TRIGRS, TRIGRS-
unsaturated and I-MOD 3D). The shear strength of soil is expressed by the Mohr-Coulomb
failure criterion for saturated soils (SHALSTAB and TRIGRS) or by an extension of this to
unsaturated soils (TRIGRS-unsaturated and I-MOD 3D). All hydrological models, but -MOD
3D, analyse 1D vertical infiltration; I-MOD 3D can investigate a pseudo-3D infiltration
process (see D1.4). While SHALSTAB considers only steady-state conditions, the other codes
can examine transient conditions, solving the Richards equations.

Every code presents some advantages and some constraints. A common constraint is the fact
that the infinite slope is the only mechanism that can be investigated when dealing with
stability analysis. This implies that every situation characterised by an irregular morphology
or stratigraphy which is not consistent with such a simplified model, cannot be considered or
must be simplified with obvious implications on the validity of the results. The same problem
arises for those special situations that are characterised by a non uniform groundwater regime
or by non uniform soil properties (quite usual situations for natural slopes), even within a
realistic scheme (from the geometrical point of view) of infinite slope. On the other side,
often irregularities in the slope profile or in the soil stratigraphy and/or properties are not put
into evidence by investigations or can be disregarded when extensive areas are examined.
Further specific advantages or constraints of these codes are briefly discussed below.

SHALSTAB

SHALSTAB implements a simplified hydrologic model for 1D vertical steady-state
infiltration. This is considered to be in equilibrium with a steady-state water flow parallel to
the slope. The lowermost boundary of this is impervious and parallel to the ground surface.
The soil is homogeneous and saturated. Rising of the groundwater surface, thus the safety
factor, can be calculated based on rainfall duration and intensity.

The main advantages of SHALSTAB consist in the use of a low computer memory and in a
low computational time. For such a reason, the analysis can cover very large sloping areas.
On the other hand, as the area to analyse extends, the assumption of uniform rainfall,
morphology, stratigraphy, soil properties and initial groundwater conditions become unlikely,
vanishing such an advantage that becomes fictitious.

Looking at the limitations of the code, the assumption of steady-state is highly unrealistic
being reliable only for continuous uniform rainfall (boundary conditions) and for very stiff
saturated soils whose water content remains constant during precipitations (initial conditions
and constitutive laws). This always imposes a model calibration and the adoption of
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assumptions minimizing the errors associated with the limitations of the code. Therefore,
SHALSTAB is of some utility in climatic areas characterised by continuous uniform
precipitations and when the uppermost part of the slope located above the groundwater
surface is stiff and fully saturated, a likely situation only for relatively fine-grained OC soils
and for groundwater surface located at relatively shallow depth. Moreover, the double
assumption of impervious base and vertical infiltration is a strong constraint for relatively
long-lasting rainfalls. In fact, due to these assumptions the slope behaves as a reservoir that
progressively fills up, eventually attaining a failure condition due to the progressive increase
of the groundwater surface. Naturally, the initial conditions play a crucial role on the time of
failure and/or the assessment of the “critical rainfall”. Since vertical infiltration occurs under
steady-state conditions, the time at which the groundwater surface starts to rise does not
depend on its initial depth: this is not realistic and shortens the duration of the critical rainfall,
especially for deep bedrock. Another limitation of this code is in the fact that slopes
consisting of cohesionless soil cannot be steeper than the friction angle. Therefore, the only
way to analyse their response to precipitations is to assume a fictitious cohesion which affects
the quality of the result.

In conclusion, there are several reasons that restrict the applicability of this code that is not
recommended, mostly for non homogeneous unsaturated thick layers of cohesionless soil
resting on pervious bedrock and for relatively long-lasting rainfalls. In other cases, it could be
used for a preliminary assessment of the slope response to short precipitations over broad
areas.

TRIGRS

This code performs one-dimensional analyses (one dimensional vertical flow, stability
analysis of the infinite slope) based on a solution of the one-dimensional Richards’ equation
for impervious basal boundary located at a finite depth. The soil is saturated and
homogeneous. A simple procedure is adopted to assess the run-off whose amount is
calculated as the volume of water that is not absorbed by the subsoil when the rainfall
intensity is higher than the hydraulic conductivity of soil. Such a water volume is moved from
the cell where it directly falls to the adjacent cells located downslope; there, it is added to the
volume of falling water for evaluation of infiltration; therefore, groundwater rising in the soil
columns bounded by the superficial grid can be different.

The slope stability conditions are assessed at any element of the grid independently from its
size; this means that different safety factors might be calculated due to different local slope of
the ground surface, to different local soil properties and to different local pore pressures. The
output then consists of cells characterised by different safety factors; a question then arises
about the meaning and interpretation of maps with small isolated red spots where the safety
factor is equal to one.

As for SHALSTAB, the assumptions of 1D flow and impervious lowermost boundary don’t
allow to perform reliable analyses for long-lasting rainfalls even though the transient nature of
the vertical infiltration allows to account for the depth of the groundwater table on the
hydraulic soil response (groundwater rising).

The stability of steep slopes consisting of cohesionless soils depends on the apparent cohesion
which in turn has to be related to the initial suction which is then a fundamental mechanical
parameter for analysis. Therefore, the initial conditions not only strongly affect the
hydrological slope response, but also its mechanical response. Unfortunately, the initial
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suction can be obtained only through monitoring. Often, a fictitious position of the
groundwater table is established to obtain the established values of suction and cohesion,
above it. Finally, the influence on water contents and suction changes due to the dry phases in
between successive precipitations (evapotranspiration) cannot be accounted for. Even though
this is a complex problem which cannot be certainly solved through these extremely
simplified approaches, it cannot be disregarded at all since initial suction, hence cohesion, at
the beginning of every precipitation is the fundamental factor which governs the stability of
slopes.

In conclusion, the advantages and the constraints of this code are similar to those concerning
SHALSTAB even though a more reliable approach is adopted in the analysis of the
infiltration process. In particular, this code is non-recommended for non homogeneous
unsaturated granular deposits and for long-lasting rainfalls.

The version of TRIGRS for unsaturated soil, which adopts a solution of the Richards
equations and the Gardner expression for the water retention curve, solves the limitations of
previous version, but requires the evaluation of complex and unusual soil tests for many
laboratories, in order to obtain additional data for the analysis as the permeability function of
soil and the relationship between apparent cohesion and suction. As usual for the most
sophisticated codes, the selection of values of the required parameters is crucial and delicate
since the global effect of small errors may be great, leading to wrong results.

This code allows to analyze the behaviour of shallow unsaturated slopes, bounded by an
impervious bedrock, subjected to vertical infiltration. The possibility to consider the presence
of unsaturated soils is a significant advantage, but the limitations due to the coupling of the
assumptions regarding the permeability of the bedrock and the vertical direction of flow
persist.

An important advantage compared to more advanced codes adopted at the slope scale is the
low computer memory required for analysis and the low computation time that allow to
investigate on the effects of precipitations over very large areas.

In conclusion, for several reasons these three commercial codes present severe limitations, but
allow to quickly perform a simplified analysis of the effects of relatively short precipitations
over large areas occupied by shallow deposits. In particular, TRIGRS-unsaturated provide
rough information about the response of unsaturated deposits that cannot be correctly
accounted for by the other codes. The best use of these is for a preliminary assessment of the
slope stability conditions of wide areas subjected to short precipitations. In particular, reliable
considerations can be made only after a careful calibration of the model, possibly based on
parametric analyses and on a comparison with observed slope performance under similar
precipitations.

A complete analysis of the performance of the three examined codes is reported in the
deliverable D1.4 (Sorbino et al., 2010), where are discussed the results of analyses carried out
in the Sarno area for the same precipitations which caused the catastrophic landslides of May,
1998, and using maps obtained prior to hose events. Those comparisons confirm previous
considerations about the difficulty to implement SHALSTAB which requires the input of a
uniform rainfall and the limitations of TRIGRS to assess the hydrological response of
unsaturated soils.
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I-MOD 3D

I-MOD 3D is a 3D Finite Volume home-made code developed as a GIS application at basin
scale. It adopts an uncoupled formulation of the water flow for unsaturated porous medium
under isothermal conditions neglecting the flux of the gas phase.

Well known expressions taken from the literature are adopted for both the water retention
curve and the permeability function of unsaturated soils (see deliverable 1.2, section 4.1).
Either water inflow either water outflow can be imposed a the ground surface as well as
established values of suction. Similar conditions (a specified water flow or value of suction)
can be imposed at the lowermost boundary. This allows to perform the analysis covering long
time lengths featured by alternating phases of precipitation and evapotranspiration (water
inflow and outflow from either the ground surface or the base), a potentiality which is not
provided by the other codes.

The code has been developed to predict rainfall-induced landslides as a part of a “simulation
chain” including a module capable to forecast precipitations during next 48 hours (see
deliverable 4.1). Especially after a proper calibration phase based on data from monitoring,
the code can be friendly used as a forecasting tool. The first component of the simulation
chain is the COSMO LM model associated with a downscaling module which is used to
establish the boundary conditions for the geotechnical module at the basin scale. The
geotechnical module is I-MOD3D which has the goal to analyze 3D infiltration under
simplified hypotheses and to assess the slope stability conditions under the assumption of
homogeneous infinite slope. These two parts are integrated through an interface able to
automatically define the soil domain to analyse starting from a Digital Terrain Model, and to
capture the forecasted rain from the downscaling module.

I-MOD3D removes some uncertainties and simplified assumptions present in the other codes
and adopts more realistic an useful boundary conditions but can be used only at a smaller
scale (basin scale).

2.2.2.2 Slope scale
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2.3 Landslide run-out

2.3.1 Foreword
In general, two classes of methods can be considered for run-out analysis:

- empirical methods for assessing travel distance of soil and rock slides which turn into
debris flows or debris slides;

- dynamic and numerical methods for assessing travel distance of rockfalls (Bozzolo,
Pamini, 1986; Pfeiffer, Bowen, 1989; Agliardi, Crosta, 2003), debris flows
(Takahashi, 1991; Hungr, 1995; Laigle, Coussot, 1997; McDougall, Hungr, 2004),
flowslides (Hutchinson, 1986) and rock avalanches (Soussa, Voight, 1991; Hungr,
1995; Eberhardt et al., 2004).

2.3.2 Empirical methods

Empirical methods for assessing travel distance of soil and rock slides which become debris
flows and debris slides involve different approaches. They may be based on geometrical
relations between the slope and the landslide deposits (Nicoletti, Sorriso Valvo, 1991; Hungr,
Evans, 1998; Evans, Hungr, 1993; Corominas, 1996; Hunter, Fell, 2003; Hungr et al., 2005)
or on volume change-methods (Cannon, 1993; Fannin, Wise, 2001). These methods are
widely presented in section 2.1 of deliverable D1.9 where the references can be found.

Several empirical methods for assessing landslide travel distance and velocity for use in
susceptibility mapping have been developed based on field observations and on the analysis
of the relationship between parameters characterizing both the landslide (i.e. the volume of
the landslide mass) and the path (i.e. local morphology, presence of obstructions), and the
distance travelled by the landslide debris.

H

S . - \\\\\\\ Farthest
outlying
block

Figure 1. Geometrical variables: vertical drop (H), travel distance (L), reach angle (1), shadow angle
(), source-talus angle (), substrate angle (), and shadow distance (S;) (Hungr et al, 2005).
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The geometrical variables used in empirical models are represented in Figure 1. These are:

- the travel distance (L) is defined as the horizontal projection of the line linking the
upper part of the landslide source and the outermost edge of the landslide deposits;

- the angle of reach () is the angle of the line connecting the highest point of the
landslide crown scarp to the distal margin of the displaced mass;

- the shadow angle () is the angle of the line linking the talus apex with the farthest
block;

- the source-talus angle (1) is the angle of the line linking the rockfall source with the
talus toe.

Empirical methods are very simple and travel distances can be obtained very easily. The main
advantage is their simplicity and that they can be implemented in GIS to delineate the areal
extent of potential slope failures for susceptibility and hazard mapping purposes (Ayala et al.
2003; Michael-Leiba et al. 2003L; Jabodeyoff et al. 2005; Copons , Vilaplana, 2008).

However, it should likewise be noted that assumptions implicit in these methods are not
precise and their statistical scatter is very large. Also, they do not provide any kinematic
parameters during the run-out process, which are needed for engineering design.

2.3.3 Numerical methods
Analytical methods model for moving landslides are based on continuum mechanics
equations, i.e., balance of mass, linear momentum, and heat (if relevant to the case analyzed).

(1) 3D models based on mixture theory. The most complex model category involves all phases
present in the flowing material, as solid particles, fluid and gas. Here relative movements can
be large, and this group of models can be applied to the most general case. The model is based
on the mixture theory. However, due to the great number of unknowns and equations, these
models have not been used except when considering the mixture, which is correct for
mudflows and rock avalanches. As the geometry is rather complex, no analytical solution
exists and it is necessary to discretize the equations using a suitable numerical model, such as
finite elements or SPH. As an example, we can mention the work of Quecedo et al. (2004)
who analyzed the waves generated in reservoirs by landslides.

(i1) Velocity-pressure models (Biot-Zienkiewicz). In many occasions, the movement of pore
fluids relative to the soil skeleton can be assumed to be small, and the model can be cast in
terms of the velocity of the solid particles and the pore pressures of the interstitial fluids. This
is the classical approach used in geotechnical engineering. Again, the resulting model is 3D,
and the computational effort to solve is large. Material point models, SPH, and ALE methods,
such as used by Crosta et al. (2009) can be used, but their field of application is restricted.
One important point is that pore pressures can be fully described.

It is important to notice that these two groups of models present the most advanced features,
being possible to predict run-out distances, depth of the deposits, and specially, forces over
contention structures and buildings.
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(ii1) Taking into account the geometry of most of fast propagating landslides, it is possible to
use a depth integration approximation. The equations reduce from 3D to 2D, as all variables
depend on (X,y), the z information being lost in the integration procedure. This method has
been classically used in hydraulics and coastal engineering to describe flow in channels, long
waves, tides, etc. In the context of landslide analysis, they were introduced by Savage, Hutter
(1991). Since then, they have been widely used by engineers and earth scientists (Laigle,
Coussot 1997, Pastor et al., 2009). It is possible too to include information of the basal pore
pressure, as done by Iverson et al. (2001) and by Pastor et al. (2009). It is important to notice
that even if the results obtained by these models can be plotted in 3D, giving the sensation
that is a full 3D simulation, the model is 2D.

One important conclusion about their use is that pressures and forces over structures are
hydrostatic; therefore, if this information is needed, it is necessary to couple the 2D depth
integrated models with the full 3D model in the proximity of the obstacle.

(iv) Depth integrated models can be still further simplified, as in the case of the so called
infinite landslide approaches. Indeed, the block analysis performed in many cases does consist
on a succession of infinite landslides evolving over a variable topography. Here, pore pressure
dissipation can be included, as done by Hungr (1995).

Block models, due to their simplicity, are a reasonable bridge between empirical methods and
analytical methods. They can be run in small computers, and the time of computation is very
small. It is important to notice that some SPH codes can be used to this purpose, just by using
a moving node without any interaction with other nodes
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3. TRIGGERING OF EARTHQUAKE-INDUCED LANDSLIDES

3.1 Introduction

Seismically triggered landslides represent one of the most important collateral hazards
associated with earthquakes. They commonly account for a significant proportion of total
earthquake damage related to human losses and damage to the built environment. Some of the
most pronounced seismically induced landslides in terms of direct and indirect losses are:

- Las Colinas landslide triggered by the 2001 El Salvador earthquake (Mw=7.7)
involved a total volume 183,500 m’ of stratified volcanic deposits (Crosta et al.,
2004). Once mobilized, the landslide transformed into a flowslide and traveled an
abnormally long distance of about 700 m, covering hundreds of residential houses and
resulting in 500 casualties (Konagai et al, 2009).

- The Higashi-Takezawa landslide activated by the 2004 Niigata—Ken Chuetsu
earthquake (Mw=6.8) in Japan involved a soil volume of about 1,200,000 m’
(Kokusho, Ishizawa, 2005). The landslide mass filled a valley and stopped a river flow
forming a large natural reservoir. The surprisingly large (100m) and rapid runoff of
the soil mass motivated several researchers (Tsukamoto, Ishihara, 2005; Sassa et al.,
2005; Kokusho, Ishizawa, 2009) to study the Higashi-Takezawa landslide, providing
different interpretations of the sliding process.

- The Jiufengershan landslide was one of the major large and deep-seated landslides
triggered by the 1999 Chi-Chi Taiwan earthquake (Mw=7.6). The slide affected
weathered, jointed rock and soil materials, which slid along the bedding plane,
generating a catastrophic rockslide-avalanche. The avalanche created a debris deposit
with maximum thickness of 110 m, which dammed two small rivers and created three
small lakes located upstream, resulting to 39 casualties (Chang et al, 2005).

- Among the landslides triggered by the 2008 Wenchuan earthquake (M =8.0) in
Sichuan, China, the Chengxi landslide, which is located at the west side of the
Beichuan County Town, is the most severe one; it caused 1,600 deaths and destroyed
half of the old area of the Beichuan County Town (Yin et al, 2009).

Geographic Information Systems (GIS) and remote sensing have significantly improved the
ability to map earthquake-induced landslides. Various earthquake triggered slides have been
mapped and analyzed in California, Taiwan, Japan, Italy and elsewhere. With the aid of the
GIS incorporating various models (geotechnical parameters, geology, hydrology, digital
elevation model (DEM), land use, lithology, seismic parameters), analyses of the landslide
susceptibility, hazard and risk in local, regional and national scales have been performed in a
deterministic or probabilistic sense. The implementation of GIS tool in the landslide
susceptibility, hazard and risk zoning at different scales is discussed among others by Wang et
al. (2008), Van Westen et al. (2008), Hasegawa et al. (2009) and Miles et al. (2009).
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Earthquake induced landslides are grouped into three main categories on the basis of type of
material, type of landslide movement, degree of internal disruption of the landslide mass and
geologic environment (Keefer, 1984; Keefer, 2002): (I) Disrupted Landslides, which occur
fast and at high inclinations (>35°) in discontinuous rock masses or weakly cemented
materials; (II) Coherent Landslides either in rock or soil with deep slip weakened surfaces or
with a relatively broad distributed shear zone, reported for inclinations >15°; (III) lateral
spreads and flows slides associated to liquefaction in granular materials; if residual strengths
are lower than static shear stresses, flow slides can develop at very low inclinations.
Considering the landslide type within a landslide hazard and risk analysis is crucial as
different and complementary methods are usually required to model multiple landslide types.

3.2 Current practice to assess earthquake induced landslide triggering processes

According to APEGBC 2008 guidelines, there are various methods to assess earthquake
induced landslide hazards. These include, but are not limited to, estimating:

- the likelihood or probability of occurrence of a landslide;
- the factor of safety of a slope;
- the slope displacement along a slip surface.

In order for the results of the above estimate to be incorporated in a QRA methodology, they
must be combined with an estimate of landslide run-out distance (for residential development
at the bottom of the slope), or an estimate of where the main scarp of the landslide will
intersect the ground (for residential development on, or at the top of, the slope) (APEGBC,
2008).

3.2.1 Likelihood or probability of occurrence of a landslide

When assessing the probability of a particular slope experiencing landsliding within a
reference period and within a given area, the recognition of the geotechnical, hydro-
geological, topographic conditions that caused the slope to become unstable and the
mechanisms that triggered the landslide movement is of primary importance. The triggering
variables (e.g. the seismological characteristics) shift the slope from a marginally stable to an
unstable state and thereby initiating failure in an area of given susceptibility (Dai et al., 2002).
They are time-dependent factors that may change over a very short period of time. The
historic frequency of landslides in an area can be determined to provide realistic estimates of
landslide probability of occurrence throughout a region where landslides have caused a
significant amount of damage. The trigger/landsliding and frequency-magnitude relations that
help understanding landslide probabilities may be derived from landslide inventories.
Considering that landslide inventories are usually incomplete or inaccurate, the use of aerial
photographs and/or satellite images in conjunction with the landslide inventories may give
further insight in the documentation of the landslide occurrence and the interpretation of the
main landslide triggering processes.

The frequency of seismically induced landslides may be related to the peak ground
acceleration at the site, the magnitude of the earthquake and the distance from the earthquake
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epicenter (Fell et al., 2008). Studies by Keefer (1984, 2002), Harp, Jibson (1995, 1996),
Rodriguez et al. (1999), Jibson et al. (1998), Papadopoulos, Plessa (2000), have shown that
there is a threshold magnitude, peak ground acceleration and distance from the earthquake
epicenter above which landsliding will occur. This varies for different landslide types and
sizes. However, smaller earthquake events can occasionally trigger landslides in correlation
with non seismic causes. Hence, precedent intense precipitation may influence the response of
slopes to earthquakes resulting to the initiation of the landslide mass in cases of even a weak
earthquake (M<4) event. One problem with the characteristics of the expected ground shaking
is that strong-motion stations are not usually widely distributed in areas where landslides are
most likely to occur. Hence, the interpolation of the available data from the few stations
available to grid points in mountainous areas is difficult and sometimes ineffective.

3.2.2 Factor of safety of a slope

For site-specific slopes, the probability of failure is usually considered as simply the
probability that the factor of safety is less than unity. There are many different ways to
compute the factor of safety of a slope including limit equilibrium and strength reduction
method (SRM) methods. For simple homogenous soil slopes, it is found that the results from
these methods are generally in good agreement. The strength reduction method, utilized in
many finite element and finite difference codes, does not require any pre-definition of the
sliding surface. Instead, the failure surface develops “naturally” based on the selected yield
criterion (e.g. Mohr Coulomb, Hoek-Brown etc.). Nevertheless, the strength reduction method
is incapable of determining other failure surfaces, which may be only slightly less critical than
the SRM solution (Cheng et al., 2007). For this reason, a limit equilibrium analysis is
generally preferable.

The factor of safety of a slope may be defined as the ratio of the shear resistance to the shear
stress mobilized. In simple terms, a FS=1 is assumed when failure occurs and values
successively greater than 1 suggest increasing stability and hence lower susceptibility to
failure. When an earthquake occurs, the slope material is subjected to horizontal and vertical
acceleration with reverse cycles. The inertial forces associated with these accelerations may
momentarily reduce the factor of safety below 1.0 by increasing the shear stresses and
possibly decreasing the shear resistance of the material, initiating down slope movement. If
the accelerations are large enough or continue for a long period of time, they may lead to
instability or extensive permanent deformations.

In a conventional limit equilibrium slope stability analysis, such as the ordinary method of
slices, simplified Bishop’s method and simplified Janbu’s method, an additional horizontal
static force is applied to simulate earthquake shaking (Fig. 2). Analyses that model the
earthquake as an equivalent static force are commonly referred to as pseudo-static analyses.
For pseudo-static analyses, the horizontal static force is calculated by multiplying the soil
weight by a seismic coefficient, k, that represents the earthquake shaking. Seismic
coefficients used in pseudo-static analyses are empirically derived to represent an equivalent
seismic load. The selection of the proper value of the seismic coefficient is fundamental, as
this value controls the inertial forces on the soil masses. According to Terzaghi (1950), who
first introduced the pseudo-static (PS) approach, the values of the seismic coefficient should
be k=0.1 for severe earthquakes, k=0.25 for violent-destructive earthquakes and k=0.5 for
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catastrophic earthquakes. In all cases the Author suggested that the design safety factor with
respect to strength, Fs, may be close to 1.0. In contemporary seismic norms, e.g. Eurocode 8
(EC8 2004), the pseudostatic slope stability analysis is widely adopted for the design of
natural and engineered slopes due to its simplicity. The selection of a seismic coefficient
equal to a specific portion of the design peak ground acceleration at the site of interest is
prescribed depending on the earthquake magnitude and peak ground acceleration values.
However, a main limitation of the pseudostatic approach is that it provides only a single
numerical threshold below which no displacement is predicted and above which total failure
is predicted. Moreover, the fact that an equivalent static force models the earthquake does not
permit the actual dynamic response of the structure to be taken into account, thus the real
response and stability of the geo-structure cannot be accurately assessed during a moderate or
severe seismic event. Therefore, in cases of loose, sensitive soils (sensitive clays, loose
saturated silty sands) where the local site conditions play an important role, more
sophisticated non-linear dynamic analysis procedures should be used (Lagaros et al., 2009).

_ Resisting Forces
Driving Forces

Figure 2. Pseudostatic slope stability analysis

3.2.3 Slope displacement along a slip surface
Typically, two different approaches of increased complexity are proposed to assess permanent
ground displacements in case of seismically triggered slides:

— Newmark-type displacement methods;
— advanced dynamic methods.

The first class includes simplified or advanced displacement based approaches by means of
the conventional Newmark rigid block model (Fig. 3), as well as through its improvements to
account for the topographic amplification effects (Peng et al, 2009) and the soil deformability
(Makdisi, Seed 1978; Rathje, Bray 1999; Ausilio et al., 2008, Bray, Travasarou, 2007, Rathje,
Antonakos, 2010). Newmark-type methods are only applicable to soil slides. The dynamic
site response and the sliding block displacements are computed separately in the ‘decoupled’
approach or simultaneously in the ‘coupled’ stick -slip analysis (Fig. 4). In general, coupled
analysis yields reliable results for slopes of all dynamic stiffness and strength, but, of course,
is the most complex to conduct. Rigid-block analysis is appropriate for analyzing thin, stiff
landslides but yields quite unconservative results for deep, flexible slopes. The decoupled
approach is generally considered to slightly overestimate displacements compared to the fully
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nonlinear, coupled stick-slip analysis. However, it was found non-conservative primarily for
projects undergoing intense, near-fault ground motions (Rathje, Bray 1999; 2000).

Advanced stress-deformation analyses based on continuum (finite element (FEM) or finite
difference (FDM)) or discontinuum (e.g. distinct element method) formulations usually
incorporating complicated constitutive models, are becoming more and more attractive, as
they can provide approximate solutions to problems which otherwise cannot be solved by
conventional methods e.g. the complex geometry including topographic and basin effects,
material anisotropy and non-linear behavior, in situ stresses, pore water pressure built-up.
Numerical methods have been applied to model the dynamic response of slopes using
different constitutive models (e.g. Mohr Coulomb, strain softening, hysteretic model etc),
boundary conditions and dynamic input motions (real or synthetic accelerograms, simplified
wavelets). Recent work can be found in Zania et al. (2008), Bourdeau et al. (2008), Han et al.
(2010), Latha at al. (2010), Taiebat et al. (2010). One basic limitation of the advanced
numerical methods is that the parameters required for the definition of the models are not
easily quantified in the laboratory or in situ. Moreover, they can be only used for specific case
studies and not for a parametric analysis aiming to evaluate the landslide risk at local and
regional scale. Finally, it should be emphasized that numerical modeling is a very powerful
tool in the identification and comprehension of the coupled processes and complex
mechanisms leading to instability of a given slope but it should be combined with engineering
experience and critical thinking in order to yield reliable results.
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Figure 3. (a) Newmark Sliding-block model (b) Newmark algorithm (adapted from Wilson and
Keefer, 1983) for seismically-induced permanent displacements.
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Figure 4. Decoupled dynamic response/rigid sliding block analysis and fully coupled analysis (Bray,
2007)

3.3 Recommended models of earthquake induced landslide triggering mechanisms

Similar to current practice, a screening analysis procedure is recommended for use in order to
exclude slopes that are not expected to experience permanent deformations. When
liquefaction or strain softening is not considered an issue, this can be done by estimating the
factor of safety (or the critical acceleration) of the soil slope through a limit equilibrium or a
simplified empirical method. Hence, if the resulting FS > 1.0 (or ky>kmax), no further
seismic slope analysis is required.

3.3.1 Rigorous Newmark sliding block analysis

A rigorous Newmark sliding block analysis (Newmark, 1965; Jibson et al., 2003) can be used
to calculate permanent displacements of the slide mass for different seismic scenarios. The
Newmark’s method treats the potential landslide block as a rigid mass that slides in a
perfectly plastic manner on an inclined plane (Fig. 3a). This assumption is reasonable for
relatively thin landslides in stiff or brittle materials, but it introduces significant errors as
landslides become thicker and material becomes softer. The mass experiences no permanent
displacement until the base acceleration exceeds the critical (yield) acceleration of the block
(o), that is the threshold base acceleration required to overcome the shear resistance of the
slope and initiate failure; then, the block begins to move downslope. Displacements are
estimated by double-integrating the parts of an acceleration-time history that lie above the
critical acceleration. Figure 3b presents a schematic description of the rigorous Newmark
Sliding Block procedure (adapted from Wilson and Keefer, 1983) for estimating permanent
co-seismic landslide displacements. The critical (yield) acceleration may be determined
through a pseudostatic analysis, by iteratively employing different horizontal earthquake
accelerations in a static limit-equilibrium analysis until a factor of safety of 1.0 is achieved.
Newmark (1965) showed that the critical acceleration of a potential landslide block is a
simple function of the static factor of safety and the landslide geometry, expressed as:
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a=(FS—1)g (1)

where a. is the critical acceleration in terms of g; g the acceleration of Earth’s gravity; FS is
the static factor of safety; and a is the angle from the horizontal that the center of mass of the
potential landslide block first moves, which can generally approximated as the slope angle.
Similar empirical relationships for the estimation of critical acceleration have been introduced
by other researchers (e.g. Graham, 1984; Jibson, 1993).

Recently developed methodologies (Peng et al., 2009) improve the rigorous Newmark
approach by incorporating the effects of topographic amplification, that take place over a
narrow zone near the crest of the slope, and the run-out behavior in the GIS earthquake
induced landslide hazard assessment. The Authors calculated the theoretical topographic
amplification factors based on the transfer function introducted by Paolucci (2002) and then
estimated the corresponding amplified ground motion. By using this amplified motion a
cumulative displacement map is generated through the rigorous Newmark displacement
method. Once the calculated cumulative displacement is higher than a preset value of critical
displacement (above this value a general failure is assumed to occur), the zone is regarded as
a source area. The run-out simulation is performed on materials located on the predicted
source areas. Finally, the complete set of landslide areas is constructed by recording the
sliding routes and final deposition areas.

3.3.2 Coupled stick-slip deformable sliding block model

One of the most recent and reliable methods described by Bray, Travasarou (2007) is
recommend for use in the estimation of co-seismic displacements of a slope. The Suthors
proposed a simplified semi-analytical/empirical method to estimate PGD of soil slopes in case
of earthquake loading. This semi-empirical predictive approach utilizes the nonlinear fully
coupled stick-slip deformable sliding block model proposed by Rathje, Bray (2000) to capture
the dynamic response of an earth-waste structure (Fig. 5). The model used is one dimensional
to allow for the use of a large number ground motions with wide range of properties of the
potential sliding mass.

The primary source of uncertainty in assessing the likely performance of an earth/waste
system during an earthquake is the input ground motion. Hence, a comprehensive database
(PEER strong ground motion database http://peer.berkeley.edu/smcat/index.html) containing
688 recorded ground motions from 14 earthquakes, has been used by B&T to compute co-
seismic displacements (Travasarou, 2003).

The developed seismic displacement model captures the primary influence of the system’s
yield coefficient (ky), its initial fundamental period (Ts), and the ground motion’s spectral
acceleration at a degraded period equal to 1.5Ts. The slope’s yield coefficient (ky) and initial
fundamental period (Ts) were selected to represent the dynamic strength and stiffness,
respectively, of the earth/waste slope in the seismic displacement model. The spectral
acceleration at a degraded period equal to 1.5 times the initial fundamental period of the
slope, i.e., Sa (1.5Ts), was found to represent the most efficient measure of the seismic
intensity (Travasarou, Bray, 2003).The degraded fundamental period is considered to capture
the overall average stiffness reduction for the earth/waste slopes.
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Potential Slide Plane

(b) Potential Slide Plane

Figure 5. Generic seismic slope displacement problem of height H and initial stiffness Vs and
(b) idealized nonlinear stick with one-way sliding used in Bray, Travasarou (2007).

The model separates the probability of “zero” displacement (i.e., 1 cm) occurring from the
distribution of “non-zero” displacement, so that very low values of calculated displacement,
with no engineering significance, do not bias the results.

The probability of negligible “zero” displacement is estimated as:

P(D=0)=1-® (~ 1.76 — 3.22 In(k,) — 0.484Ts In(ky)+ 3.52 In(Sa(1.5Ty))), )

where P(D=0): probability (as a decimal number) of occurrence of zero displacements; D-
seismic displacement; ®: standard normal cumulative distribution function; ky: yield
coefficient; Ts: initial fundamental period of the sliding mass in seconds, and Sa(1.5Ts) : the
spectral acceleration of the input ground motion at a period of 1.5Ts in tems of g.

The amount of nonzero seismic displacement (D) is given by the following equation:

In(D) = — 1.10 — 2.83 In(ky)— 0.333 (In(ky))*+ 0.566 In(ky) In(Ss(1.5Ty)) + 3.04 In(Sy(1.5Ty)) —
0.244(In(S4(1.5T)))> + 1.50Ts + 0.278(M — 7) £ ¢ 3)

where the ky, Ts, and S,(1.5Ts) are defined as previously for Eq. (3), and € is a normally
distributed random variable with zero mean and standard deviation 6=0.66.
For the Newmark rigid sliding block case (Ts=0), Eq. (3) is transformed as follows:

In(D) = — 0.22 — 2.83 In(ky)— 0.333 (In(k,))+ 0.566 In(ky) In(PGA) + 3.04 In(PGA )~
0.244(In(PGA))* + 1.50T, + 0.278(M — 7) £ ¢ )

where PGA is the peak ground acceleration of the ground motion (i.e., Sa(Ts=0)).

The model can be implemented rigorously within a fully probabilistic framework for the
estimation of the probability of exceedance of a selected threshold of displacement (d) for a
specified earthquake scenario and slope properties.

The probability of the seismic displacement (D) exceeding a specified displacement threshold
(d) is expressed as:

P(D >d)=[1 - P(D = 0)] P(D>d/ (D > 0) (5)
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The term P(D=0) is computed using Eq. (2). The term P(D>d/D>0) may be computed
assuming that the estimated displacements are lognormally distributed as:
P(D>d/(D>0) =1-P(D<d/D>0)= 1_®[M]

o

........................ (6)

where Ind is computed using Eq. (3), o is the standard deviation of the random error, which
in this case is 0.66; and @ is the standard normal cumulative distribution function.

The Bray and Travasarou (2007) seismic displacement model was shown to predict reliably
the seismic performance observed at 16 earth dams and solid-waste landfills. Besides, the
values of predicted displacements are not inconsistent with other simplified methods.

It is important to note the fact that the estimated range of seismic induced permanent
displacement from semi-analytical and/or semi-empirical procedures both coupled and
uncoupled, should be considered as an index of the expected seismic performance. Seismic
displacement estimates will always be approximate in nature due to the complexities of the
dynamic response of the soil materials involved and the variability of the earthquake ground
motion. Moreover, it‘s worth noticing that the yield coefficient ky is assumed to be constant
during seismic shaking. Thus, the methods described above should not be followed when
significant strength loss is anticipated in the slope soil material. In the later, a more
sophisticated numerical analysis capable to account for soil nonlinearity is recommended for
use.

In any case, the choice of the most appropriate method primarily relies on the scale of the
problem, data availability and quality concerning the geometrical, hydro-geological and the
geotechnical characteristics of the site, the seismic motion parameters and soil dynamic
properties (e.g. residual dynamic shear strength), the criticality of the structure and
engineering judgment. A simplified empirical or semi-empirical method is generally
preferable for the landslide hazard assessment in small scales (e.g. European scale, regional
scale) while a more sophisticated method is usually adopted in large and detailed scales (e.g.
for a certain case study).

3.4 Models of runout to be used in QRA

3.4.1 Introduction

As it has already been stated, the evaluation of the landslide triggering processes should be
followed by a prediction of the expected run-out distance of the landslide mass (for residential
development at the bottom of the slope), as it constitutes an integral part of a Quantitative
Risk Assessment methodology. The landslide run-out distance needs to be estimated to
calculate the annual probability of spatial impact P(S/H) (i.e. the probability of the landslide
impacting a specific element at risk) given a specific landslide event, in the equation
describing the risk in terms of the annual probability of loss of life or property (Morgan et al.,
1992; Finlay et al, 1999). A run-out analysis is performed once the potential unstable slope
exceeds a preset threshold displacement (Dgajre) above which a sharp acceleration of the
slope movement, leading to a general failure of the slope, is expected to occur. The value of
this critical displacement may vary for different landslide types and depends primarily on the
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thickness of the basal shear zone. Hence, for thin shear zones (e.g. sandy soils) the pre-failure
slope displacements may be limited to some centimeters. On the contrary, if a thick sliding
surface is involved (e.g. homogenous clay material), the slope may experience significant
deformation before failure can occur (Hungr et al, 2005).

The run-out or travel distance of the landslide deposit can be estimated either by using an
analytical approach or statistical- empirical relationships and expert opinion (Finlay et al,
1999; Corominas 1996; Hunter, Fell, 2003; Rickenmann 2005; Hungr et al., 2005; Devoli et
al., 2009; Copons et al., 2009). In case of earthquake triggered landslides the same methods
are generally adopted for the estimation of the expected run-out path. Different landslide
types (rockfalls, rock avalanches, debris flows, earthflows, and translational slides) usually
require different methods to predict the travel distance.

3.4.2 Empirical methods for estimating runout distance

Several empirical methods have been developed for the prediction of the expected run-out
distance. These are based on field observation and on the analysis of the relationships
between parameters characterizing both the landslide (e.g. landslide volume) and the path
(e.g. effect of obstacles and topographic constrains), and the distance traveled by the landslide
debris (Corominas, 1996; Hungr et al., 2005). They can be classified as: geomorphological,
geometrical and volume change methods. The main advantage of the empirical methods is
their simplicity and that they can be quite easy implemented in a GIS-based hazard and risk
assessment framework. However, empirical methods can only provide a preliminary estimate
of the profile of the travel path.

3.4.2.1 Geomorphological assessment of the runout distance

In geomorphological methods the prediction of the travel distance is based on field work and
photo interpretation assuming that future landslides will take place into the same
environmental conditions having the same slope geometrical and geotechnical characteristics.
However, this is not always the point, as the slope geometry and various environmental or
anthropogenic conditions responsible for past landslides might have been changed.
Furthermore, the identification of the landslide debris is not an easy task and it includes
various uncertainties regarding the reconnaissance of the source area, the size and the
mobility of the landslide mass. Hence, the applicability of geomorphological methods should
be limited to the observed site without having the capability of transferring the results to other
areas of interest (Hungr et al., 2005).

3.4.2.2 Geometrical assessment of the run-out distance

Another empirical approach is the geometrical method that is based on the angle of reach (o)
concept, defined as the angle of the line connecting the highest point of the landslide crown
scarp to the distal margin of the displaced mass (Fig. 1). The tangent of reach angle is
expressed as the ratio of the vertical drop H to the horizontal projection of the distance L
between the upper part of the landslide source and the lowest point of the sliding mass (Fig.
1). The angle of reach (a) is associated to the mobility index ((Nicoletti, Sorriso-Valvo, 1991,
Corominas, 1996) and the friction coefficient (Shreve, 1968; Scheidegger, 1973) as follows:
the higher the angle of reach (a), the higher the mobility of the mass (velocity) and the lower
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the friction (¢) of the soil material. Domaas (1994) determined the reach angle from the angle
(v) of the line linking the rockfall source with the talus toe (Fig. 1), for different intervals of
height of vertical drop (H). Further, Evans, Hungr (1993) have used the concept of shadow
angle (B) to determine the maximum travel distance of a fragmental rockfall defined as the
angle of the line linking the talus apex with the farthest block (Fig. 1).

Several authors (Scheidegger, 1973; Li, 1983; Hutchinson 1988, Corominas 1996; Nicoletti,
Sorriso-Valvo, 1991; Finlay et al., 1999; Rickenmann, 1999; Devoli et al., 2009; Copons et
al., 2009) have proposed empirical relationships based on the inverse relationship between the
tangent of the reach angle (H/L) and the landslide volume taking into account the different
landslide types and sizes. Plots of the tangent of the reach angle (H/L) against the landslide
volume show a reduction of H/L with volume increase and thus large landslides are
characterized by a higher mobility compared to smaller ones (Scheidegger, 1973, Hsii, 1975).
Such plots and the corresponding regression equations generally experience a large scattering
(poor correlations) due to various reasons: different triggering mechanisms and material
properties, presence of obstacles etc. Hence, the use of the regression equations for estimating
the expected landslide travel distance needs to be applied with care because the mean values
may give optimistic results. Many landslides will travel far beyond the calculated distance. It
i1s recommended that the lower envelope that corresponds to the maximum landslide run-out
be used (Hungr et al., 2005). Using envelopes derived through empirical methods are
conservative but not unrealistic because they are based on observed cases.

3.4.2.3 Volume change assessment of the run-out distance

The volume change method (Cannon, Savage, 1988; Iverson et al., 1998; Fannin, Wise, 2001)
estimates the potential travel distance of debris flows based on the initial volume of a debris
flow and the rate at which material is entrained or deposited along its travel path. The path is
subdivided into “reaches”, for which reach length, width and slope are measured. The model
considers confined, transitional and unconfined reaches and imposes no deposition for flow in
confined reaches and no entrainment for flow in transitional reaches (Fannin, Wise, 2001).
Using the initial volume as input and the geometry of consecutive reaches, the model
establishes an averaged volume-change formula by dividing the volume of mobilized material
by the length of debris trails (Fannin, Wise, 2001; Hungr et al., 2005). As the landslide debris
moves downslope, the initial volume/mass of the landslide is progressively reduced through
loss or deposition of materials, and that the landslide debris halts when the volume of the
actively moving debris becomes negligible. The results give a probability of travel distance
exceedance that is compared with travel distances of two observed events (Fannin, Wise,
2001, Hungr et al., 2005). In addition to uncertainty in event volume, channel yield rate
estimations (as well as the angle of reach methods) have the additional difficulty that an
initiation point of the debris flow must be predicted. Not all debris flows initiate from a single
failed landslide mass and thus the selection of a single point of initiation is sometimes
impossible (Prochaska et al., 2008).

3.4.3 Numerical methods for estimating run-out distance
Numerical methods include different formulations based on the block (“lumped mass™)
models, Continuum fluid mechanics and distinct element models. A comprehensive
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description of the various methods can be found in Hungr et al. (2005). In the block (“lumped
mass”) method the moving landslide mass is represented by a dimensionless block that is a
major simplification. The important effect of lateral and longitudinal spreading of the slide
mass cannot be accounted for, should therefore be suitable only for comparing paths which
are very similar in terms of geometry and material properties (Dai et al., 2002). Continuum
fluid mechanics models utilize the conservation equations of mass, momentum and energy
that describe the dynamic motion of debris, and a rheological model to describe the material
behavior of debris. Continuum models compared to distinct element models experience faster
computational times and are better suited to model viscous flows and pore pressure effects.
On the other hand, distinct element models can better model large strain particle movement
and active and passive pressures (Prochaska et al., 2008).

Gerolymos, Gazetas (2007) and Gerolymos (2010), in an effort to address the complex issue
of triggering and post—failure travel distance of violent landslides, have recently developed a
multi-block numerical model to interpret the sliding process, considering two mechanically
coupled substructures: the accelerating deformable body of the slide, and the rapidly
deforming shear band at the base of the slide. The model combines features of an extended
Savage-Hutter approach for the sliding soil body, with (a) a Mohr—Coulomb failure criterion,
(b) Bouc—Wen hysteretic stress—strain relationship, and (c) the Voellmy’s rheology for the
deformation of the material within the shear band, and exploits the concept of grain crushing-
induced instability. The model has been validated with few large landslide cases in Japan.

No analytical solution, regardless its complexity, can be relied on without being calibrated
against field observations. In general, rheological relationships defining the equivalent fluid
should be simple with few changeable parameters that can be easily constrained. It is also
recommended that each calibration study should use more than one landslide of a given type,
in order to properly constrain the model (Hungr et al., 2005).

With the use of the correct input parameters, dynamic numerical models have the potential to
provide accurate run-out lengths. They also provide additional information, such as the flow
velocity along the run-out path, the area of flow and the peak discharge. However, these
models also require the most sophistication during data collection and analysis in order to
estimate appropriate input parameters. The cost of these detailed analyses may not be
warranted for preliminary hazard assessments.
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