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SUMMARY

Deliverable D5.1 provides a compendium of tested amovative structural and non-
structural (including risk-transfer) mitigation nsemes for different landslide types, to be
used both as a basis for the web-based “toolbod”"a@ma resource for a wide variety of users.
Emphasis has been placed on providing a ratioaaidwork applicable to all the measures
listed in the compendium and to any other speaiasure that may be developed in the
future. In the context of the SAFELAND Project, ttiassification of mitigation measures has
been related to the term of the “risk equation’zérd, vulnerability, elements at risk)
addressed by the specific mitigation measure. Titigation measures classified here as
“stabilization”, i.e. reduction of hazard are fuethsubdivided in relation to the triggering
factors and mechanisms addressed by each technique.

The text is supplemented by fact sheets that peosjecific guidance on hazard mitigation
measures, including a brief description, guidanteesign, schematic details, practical
examples and references. The fact sheets alsamelsubjective rating of the applicability

of the specific mitigation measure in relationhe tlescriptors used for classifying landslides.
These ratings have to be considered indicative amtlysubject to further refinement.
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Disclaimer

Every effort has been made to ensure that allitfogration and recommendations in this
Compendium are accurate and up to date. Howewel,laadslide is different from all others
and technology evolves continuosly. It shall bergsponsibility of the users before
implementing any mitigation measure to seek exgdvice and to satisfy themselves of the
adequacy of the proposed measures for the specffibe landslide under consideration. The
Authors accept no liability for any claim that mayse in relation to the content of this report.

Every effort has been made to use only materiataeered by copyright or for which
specific authorization has been received from idjigts holder. Every effort will be made to
investigate and resolve any claim to the contrayifany such claim is confirmed, the
offending material will be promptly removed.
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1 INTRODUCTION

Within the general framework of the interrelatedrkvpackages and deliverables produced
for the SAFELAND Project, the objectives of WorkcdRage 5.1 is to identify and to

document cost-effective structural and non-stratlandslide mitigation options and to

produce a web-based "toolbox” of innovative anchimécally appropriate prevention and

mitigation measures, based on technology, experiame expert judgment in Europe and
abroad.

In particular, Deliverable D5.1 is intended to pd®/ a compendium of both tested and
innovative structural and non-structural (includinigk-transfer) mitigation measures for
different landslide types.

The Deliverable is intended to be used both asses Ifar the web-based “toolbox” described
above and as a resource for a wide variety of essisy from politicians and planners who
may wish to access and understand the underlyicionteal information to engineers who
may be involved in the “nuts-and-bolts” of implertiag mitigation measures for a specific
application.

As will be discussed in greater detail below, imeml terms, for the purposes of the
deliverable,

e ‘“structural measures include, but are not limited to drainagesion protection,
channelling, vegetation, ground improvement, besrgich as earth ramparts, walls,
artificial elevated land, anchoring systems andingtg structures; buildings designed
and/or placed in locations to withstand the imgantes of landslides and to provide
safe dwellings for people, and escape routes;

e “non-structurdl or more generally “consequence reducing measurestide, but are
not limited to: retreat from hazard, land-use plagn early warning, public
preparedness, (escape routes, etc.) and emergeamagement.

Continuous technological progress and innovatioRemavirtually impossible to provide an
exhaustive and detailed list. Each of the techriqoe approaches described in this
compendium could have many variations, reflectiifiggiences resulting for example from:

» specific conditions which vary form place to place;

» technological development;

« commercial interests to differentiate productsiteroome patents and copyright;

» different or changing legislation.
Apparent variations may result also from the usedifferent terminology to describe
substantially the same measure.

While every effort has been made to provide a cemgmsive and balanced compendium,
inevitably readers will note omissions and, pogsiblpparent repetition. Many may be the
result of having to apply personal judgement inidieg whether to make a particular
distinction or to include reference to proprietaggtems; all queries and suggestions will be
welcome.

Grant Agreement No.: 226479 Page 6 of 340
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In drafting the compendium, particular emphasis basen placed on providing a rational
framework applicable to all the measures listethencompendium and to any other specific
measure that may be developed in the future. Icdinéext of the SAFELAND Project and in
light of the general consensus on a risk basedoapprto landslide management, it is
believed that the classification system that bess she objectives and contents of the Project
is to relate the classification of mitigation me&suto the term of the “risk equation” which is
specifically addressed by the specific mitigatiogasure.

With regard to technical and practical detailssthare necessarily provided only in broad
terms. While sufficient details are provided to atdse the nature and the specific
characteristics of each mitigation measure, witferemce to practical examples where
possible, it must be clear that it is not withir tbcope of this document to provide detailed
guidance on design and implementation, which shbeldddressed on a case by case basis
by suitably qualified and experienced professionéth reference to the specific regulations
applicable from place to place and with local pract

Reflecting these broad objectives, the structurta@feport includes:

» a brief discussion of the classification of the gible mitigation measures detailed in
the report;

e guidance on the applicability and effectivhess athemitigation measure considered
to different types of landslides;

* information on the maturity of the technology, whican range fom “prototype
development” to “obsolete”;

* information on current design methods, their m&wand associated uncertainties;

e comparative (qualitative) information on costs.

For ease of reference, all the information relatmgeach mitigation measure considered is
also summarized in fact sheets, which also inclodef descriptions of practical examples
and further references.

Grant Agreement No.: 226479 Page 7 of 340
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2 CLASSIFICATION OF MITIGATION MEASURES

It is widely accepted and is the backbone of th&BIBAND Project that the management of
landslides and engineered slopes involve some édmsk assessment and risk management.
(Ambrozic et al., 2009).

Engineering judgment has been progressively supgolty formal application of risk
assessment and management principles, initialljitgtreely in the 1970’s and 1980’s, later
also quantitatively, starting from the 1990’s. Taeevelopments are described for example
by Varnes (1984), Whitman (1984), Einstein (198897), Fell (1994), Leroi (1996), Wu et
al. (1996), Fell and Hartford (1997), Nadim and &sse (1999), Ho et al. (2000), Kvalstad et
al. (2001), Nadim et al. (2003), Nadim and Lacagx®03, 2004), Hartford and Baecher
(2004), Lee and Jones (2004), as summarised by daitbet al. (2009).

Figure 1 summarizes the framework for landslide risk manzg® (Fell et al., 2005; Hungr
et al., 2005); it is widely used internationallydamas been adopted as the reference
framework in the “Guidelines for landslide suschtiity, hazard and risk zoning for land use
planning” published by Fell et al. (2008) on belddltthe JTC-1 Joint Technical Committee
on Landslides and Engineered Slopes.

HAZARD ANALYSIS

LANDSLIDE [DANGER)
CHARACTERISATON

ANALYSIS OF FREQUENCY

CONSEQUENCE

ANALYSIS

CHARACTERISATION OF
CONSEQUENCE SCENARIOS

ANALYSIS OF PROBABILITY AND
SEVERITY OF CONSEQUENCE

RISK ESTIMATION PR ]

RISK ANALYSIS

VALUE JUDGEMENTS
AND RISK TOLERANCE
CRITERIA

RISK EVALUATION
VERSUS TOLERANCE CRITERIA e |
AND VALUE JUDGEMENTS

RISK ASSESSMENT

RISK MITIGATION OPTIONS?

RISK MITIGATION AND
CONTROL PLAN

IMPLEMENTATION OF RISK
MITIGATION

MONITOR, REVIEW AND
FEEDBACK

RISK MANAGEMENT

Figure 1: Framework for landslide risk management éfter Fell et al., 2008)
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As shown inFigure 1, the evaluation, implementation and control ofigaition measures fall
within this framework and in fact complete and cdenpent the risk analysis and risk
assessment stages of the process and it is theragaful to relate the classification of
mitigation measures to the same principles andraitsed in the rest of the process.

The principles, current practice, prospected deraknt and example application of the
Quantitative Risk Assessment (QRA) of landslidesadklresses in detail in other Work
Packages of the SAFELAND Project and reference ldhbe made to the appropriate
deliverables, especially:

« D2.8 *“Recommended procedures for validating laddshazard and risk models

and maps”;

e D2.9 “Toolbox for landslide quantitative risk assment”;

 D2.10 “Identification of landslide hazard and rlstspots in Europe”; and

« D2.11 "QRA case studies at selected hotspots”.

Only the basic principles are referred to herethay provide the backdrop for the proposed
classification of mitigation measures.

Notwithstanding the significant efforts spent iteaipting to attain a unified set of definitions
and terminology, some variations remain in therdiigre. For the avoidance of doubt, the
terms used in this report are defined below basethe internationally accepted definitions
provided by the “Guidelines for landslide suscaptih hazard and risk zoning for land use
planning” (Fell et al., 2008), which have also beelopted for the SAFELAND Project (See
Project Glossary in Deliverable D8.1 for full list)

* Hazard (H) means the probability of occurrance within a et period of
time and within a given area of a specifi")(ipotentially
damaging phenomenon occurring in or otherwise igipon on
the area.

* Vulnerability () means the degree of loss to a given element @f sd¢ments at
risk (see below) resulting from the occurrence spacific (I")
phenomenon of a given magnitude impinging on tlee.ar

» Elements at risk (E) means the population, buildings, engineering wogc®nomic
activities, public services utilities, other infragture and
environmental values in a given area.

* Total Risk (R) means a measure of the probability and severitgnoddverse
effect to health, property or the environment asruiption of
economic activity due to a specifié'(iphenomenon.

The Total RiskR; due to a particular{) phenomenon within a specified period of time and
within a given area can be expressed as:

R = (E)I(H; IV}) [1]

It should be noted that the definition of “Elemeras risk” does not include only an
“inventory” of the number and type of elements esqumb but also some measure of their

Grant Agreement No.: 226479 Page 9 of 340
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“value”, whereby reference is sometimes made tandieins which differenciate between
numbers, specific value and overall value. Whilesthdistinctions and possible refinements
and the practical and ethical problems they posg beaof interest for QRA, they are not
essential for the purposes of this report and ateliscussed further here.

The Total Risk Rfrom all (N) possible landslide phenomena withispacified period of time
and within a given area is the sum of the risk ddsg all the specific YI) phenomena that
impinge on the area of interest, subject to comatd®ns of conditional probabilities of
occurrence and to “domino chains”, i.e. the progikestriggering of distinct phenomena in a
linked sequence of cause and effect (e.g. largeslaie — natural dam— overttoping—
debris flow etc.).

R =) (E)IH, ¥) 2

It is evident that the Total Risk can be mitigat®dreducing (see for example Canuti and
Casagli, 1994):
» the Hazard (i.e. the probability of occurrence ¢ @r more phenomena);
» the Vulnerability (i.e. the the degree of losshe elements at risk for a given hazard);
* the Elements at risk (i.e. their number and/or sigealue).

This represents a useful basis for classifyinggation measures, because it provides a direct
link with QRA and it highlights where the benefitd the mitigation measure being
considered are accrued.

Other classifications of mitigation measures hagerbproposed, based on similar concepts
but expressed in different terms. For example, Behsta et al. (2008) distinguish between:
» Stabilization measures which increase the “margin of safetythef slope or that
intercept the run out (structural measures);
» Restrictions on the use of the element at pgkmanently or temporarily;
» Restrictions on land usagtrough [land use planning tools], to limit the seace of
elements at risk in the area threatened by theslaled(non-structural measures);
» Actions by the Civil Protection authoritiesvhich allow to remove from the area
threatened by the landslide within a suitably she@ction time most valuable
elements at risk, including as a minimum human(ef@ergency plans).

In partial analogy with the title of this reportyvéngelista et al. (2008) use the terms
“structural” and “non structural”, although theypdy the terms to cover only part of the full
range of possible mitigation measures.

Similarly, Ambrozic etal. (2009) identify the folving possible strategies for risk
management:
« Avoidance can be implemented at the land-use planning stiage proposed
development sand/or to relocate existing faciljtiepossible;
» Tolerance:can be implemented if the risk level is deemebddsufficiently low such
that direct or indirect costs associated with otbategies cannot be warranted.

Grant Agreement No.: 226479 Page 10 of 340
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Possible actions include “do nothing” or risk realition through private insurance or
explicit or implicit promises of public interventiosuch as declaration of a “state of
emergency” and the awarding of special funding @rdpensation to victims;

* Monitoring/warning can be implemented when landslide hazards affagge
territories or when dealing with massive potentaidslides. It provides additional
information to enhance risk assessment and allbwsirhplementation of warning
systems for the temporary evacuation of the pojulatt risk;

» Stabilization requires the implementation of engineering wotks reduce the
probability of occurrence of landslides;

e Control works requires the implementation of engineering worke
protect/reinforce/isolate the elements at risk ftbminfluence of landsliding

Ambrozic et al. (2009) also refer more generally to
* Measures to reduce the hazard (through reducingrtteability of triggering through
stabilization and/or by reducing subsequent grommayement through barriers or
containment);
* Measures to reduce the vulnerability (i.e. redutiregconsequences of failure).

This last statement exemplifies some of the diffiea that arise in classifying mitigation
measures. In particular:

» although it may be justified in some respects @ssify barriers and containment as
hazard reducing measures, in the context of arda sk management they might be
better classified as measures to reduce the exgpostine elements they protect;

» avoidance may be as effective at reducing the cuesees of failure as reductions in
vulnerability, so inferring an exclusive associatibetween reducing vulnerability
and reducing the consequences of failure can bleaxiisg.

These apparent contradictions derive from the d&fimof “vulnerability”, which Ambrozic
etal. (2009) extend to include not only the damé&gections with respect to ground
movement (vulnerability s.s.), but also the numbgrthe vulnerable elements potentially
affected by a landslide and the probability thagyttwill intersect the landslide ground
movement.

Similarly, warning/alarm systems associated witAnpl for emergency evacuation or safe
sheltering are often classified as measures tocesglulnerability. However, keeping to the
distinct definitions of “vulnerability” and “elemés at risk”, these systems are best classified
as measures to reduce (temporarily and selectitbly)elements at risk, rather than their
vulnerability.

Although they present some significant differen@disthe classifications described above are
somehow related, having as a common thread some ondess explicit relationship with the
constitutive equation of risk. In an attempt toameale to a common framework the different
terminology used by various authofgble 1 summarizes the classification proposed here.

Within the general domain of the mitigation measuctassified here as “stabilization”, i.e.
reduction of hazard, it is possible to consideuréhier subdivision in relation to the triggering
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factors and mechanisms that each technique addreasediscussed in greater detail in
Chapter 4.

Other somehow related, widely used, classificati@isstabilization measures include
distinctions between:

“active” and “passive” stabilization measures (Retlaand Urcioli, 2006; Evangelista
et al., 2008), in relation to whether the mitigatimeasures “actively” pursue an
improvement s.s. of the stability of slope, or tlegassively” intercept the run out
when movement actually occurs, protecting the efgsnat risk.

“hard” and “soft” stabilization measures (Parry at, 2003a, b), where “hard” is
normally used to describe structural techniques dha visually obvious, while “soft”
is normally used to describe techniques that aseally less intrusive and which
improve the strength or other properties of thaugdh such as its drainage capability.
The terms “hard” and “soft” can also be used iatieh to the relative stiffness of the
stabilization works and the surrounding soil, whieBults in the overall behaviour of
the stabilized slope being modelled as an equivalentiuum or as distinct materials.
The terms “hard” and “soft” can also be used ineciranalogy with the terms
“structural” and “non structural”, with the same anéng of hardware and software,
depending on whether the mitigation measure adelsegtangible, material or
intangible, “immaterial” aspects of the risk.

“preventive” and “remedial” stabilization measuf@sarry et al., 2003a, b), relating to
their relevance to different stages of movemerg (sroueil, 2001).

Grant Agreement No.: 226479 Page 12 of 340
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Table 1: General classification of mitigation measies

Classification

Component of
risk addressed

Brief description

Notes and other terms
used

A | Stabilization Hazard engineering works to Preventive, remedial,
< (H) reduce the probability of| hard, soft, active
% occurrence of landsliding stabilization
[ Control Vulnerability | engineering works to Preventive, hard, soft,
8 V) protect, reinforce, isolate passive stabilization
o the elements at risk from
= .
n the influence of
landsliding
Avoidance Elements | temporary and/or Direct temporary and/or
(E) permanent reduction of | permanent reduction of
exposure through: the number and/or value
warning systems and of elements at risk.
emergency evacuation grMonitoring and warning
- safe sheltering, land-use or alarm systems and
é planning and/or associated civil
- relocation of existing protection procedures,
—~ o :
(6] facilities often described as
2 reducing vulnerability, in
(*7) actual fact operate
- through temporary,
O selective avoidance.
< vy | Tolerance Elements | Awareness, acceptance| Indirect reduction of the
(E) and/or sharing of risk number and/or value of
elements at risk

Grant Agreement No.: 226479
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3 CRITERIA FOR SELECTION

The selection of the most appropriate mitigatiorasuges to be adopted in specific situations
must take into account the following aspects:
» factors which determine the hazard, in terms of thee, rate, depth and the
probability of occurrence of the movement or lartsisuch as, for example:

o

o
o

the physical characteristics of the geosystemudinl the stratigraphy and the
mechanical characteristics of the materials, thérdiggical (surface water)
and the hydrogeological (groundwater) regime;

the morphology of the area,;

the actual or potential causative processes afigttie geosystem, which can
determine the occurrence of movement or landslides;

» factors which affect the nature and quantificatadrrisk for a given hazard, such as
the presence and vulnerability of elements at biskh in the potentially unstable area
and in areas which may be affected by the run-out;

» factors which affect the actual feasibility of sifecmitigation measures, such as, for
example:

o
o

o

the phase and rate of movement at the time of img@hgation;

the morphology of the area in relation to accebsiband safety of workers
and the public;

environmental constraints, such as the impact eratiheological, hystorical
and visual/landscape value of the locale;

preexisting structures and infrastructure that nhay affected, directly or
indirectly;

capital and operating cost, including maintenance.

Grant Agreement No.: 226479 Page 14 of 340
SafeLand - FP7



D5.1 Rev. No: 2
Compendium of tested and innovative structural -stonctural
and risk-transfer mitigation measures for differamnidslidetypes Date: 2012-04-30

4 MEASURES TO REDUCE HAZARD
4.1 CLASSIFICATION

Mitigation measures which aim to reduce the harawdt reduce the probability of triggering
of the landslide(s) which the specific measurentended to address. This type of mitigation
measures are sometimes referred to as “stabiliFatio

As discussed in Deliverable D1.1 on landslide &iggy, independently of the causative
processes and the complexity of the specific gegesysinder consideration the factors which
determine the triggering of movements are:

a) decrease in shear strengih

b) increase in driving shear stréssy

The most common causative processes are listd@hie 2 (adapted from Leroueil, 2001).
Combinations of (a) and (b) often act simultanepasl a direct result of external processes,
as in the case of basal erosion or excavationghatan cause both an increasegirthrough
increased slope angle and/or height, or a decreasg through a reduction in total and
effective stress.

Table 2: Triggering factors with examples of commorcausative processes
(adapted from Leroueil, 2001)

Triggering factor Common causative processes
Decrease in shear strength | - Infiltration due to rainfall, snowmelt, irrigatn, leakage
from utilities

- Construction activities, e.g. pile diving

- Weathering (rebound/swelling, physical, chemical)
- Fatigue and excess pore pressure due to cyeldirig
Increase in driving shear Erosion or excavation at the toe

stressiy - Surcharging at the top

- Rapid drawdown

- Fall of rock onto the slope and other impulsivading
- Earthquake

Note:
Many processes affect bothandz,; association to one or the other in the tabladscative only

In order to reduce the probability of triggeringitigation measures which aim to reduce the
hazard of landslides occurring must act in theesysn the opposite direction, by:

A increasing the resisting forces; and/or

B decreasing the driving forces.

While this could provide a first step in the cléissition of this type of mitigation measures, it
is more convenient to classify them on the basisthef physical process involved. In
particular, it is here recommended to distinguistwieen the classes indicatedliable 3.
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Table 3: Landslide Hazard Mitigation Measures

(adapted from Popescu & Sasahara, 2009)

Physical process

Brief description

Surface protection; control ¢
surface erosion

Vegetation (hydroseeding, turfing, trees/bushes)
Fascines/brush.

Geosynthetics.

Substitution; drainage blanket

beach replenishment; rip-rap.

Dentition

Modifying the geometry
and/or mass distribution

Removal of material from the area driving the ldios(with
possible substitution by lightweight fill).

Addition of material to the area maintaining stéjlwith or
without gravity, catilever, crib/cellular and/oriméorced soil walls.
Reduction of the general slope angle.

Scaling (removal of loose/unstable blocks/boulders)

Modifying surface water
regime — surface drainage

Note (*): associated with control of surface erasio

Diversion channels

Check dams

Surface drains (ditches, piping) to divert watenfrflowing onto
the slide area.

Sealing tension cracks.

Impermeabilization. (*)

Vegetation. (*)

Modifying groundwater
regime — deep drainage

Shallow or deep trenches filled with coarse graified-draining
geomaterials and geosynthetics

Subhorizontal drains

Vertical small diameter wells; self draining (wheéhey provide
relief to artesian pressures or underdrainagep@rehed acquifer)
or drained by siphoning, electropneumatic or etengchanical
pumps

Vertical medium diameter wells with gravity draiesiirough a
base collector

Caissons (large diameter wells), with or withowtselary
subhorizontal drains and gravity drainage

Drainage tunnels, galleries, adits, with or witheetondary
subhorizontal or subvertical drains and/or as gyasitlet for wells
drilled from the surface

Modifying the mechanical
characteristics of the
unstable mass

Substitution

Compaction

Deep mixing with lime and/or cement

Permeation or pressure grouting with cementitiumushemical
binders

Jet grouting

Modification of the groundwater chemistry

Transfer of loads to more
competent strata

Shear keys: counterforts, piles; barrettes (diagrhravalls);
caissons

Anchors: soil nails; dowels, rock bolts; multistdaanchors (with or|
without facing consisting of plates, nets, reinfatshotcrete)
Anchored walls (combination of anchors and shegske
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Retaining structures are used extensively and eadnsidered as an additional class of
hazard mitigation measures, even though they ad as means to modify slope geometry
and/or to transfer load to more competent stratther than to address a specific physical
process.

The various techniques available to mitigate laddshazard are described briefly below and
in more detail in the fact-sheets in Appendix A.

4.2 SURFACE PROTECTION AND EROSION CONTROL

Erosion is the displacement of solids (soil, roak}jhe ground surface in response to applied
by external agents such as wind, water, ice, pedasir animal passage.

Various techniques are available to measure sasi@n, including rainfall simulation,
erosion bridges, Gerlach troughs and small watdrsbehniques. They are often costly and
time consuming and are not always in widespread U$erefore, Dissmeyer (1982)
developed a protocol to measure hillslope erosisimg silt fences consisting of a synthetic
geotextile fabric that is woven to provide struetuintegrity and small openings that pass
water but not coarse sediment. They have low pdrititga which make them suitable to
form temporary detention storage areas, allowintnsent to settle and water to pass through
slowly. Silt fences can be primarily used to congparosion rates of naturally occurring
erosion. Furthermore, the effect of vegetative @chanical rehabilitation treatment can be
investigated. This technique has been applied gollthraben catchment (9.5 Kjn situated
neat Susten (Leukerbad) in canton Valais, Switrdtl@he catchment is characterized by a
very high degree of sediment transport activity ahdws rapid dynamic landscape changes
and evidence of significant erosion events, inelgdirequent large debris flows (Gwerder
2007).

e ]
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Figure 2: Silt fence geotextile mitigation measurga) schematic representation;
(b) application to lligraben catchemnt (Gwerder 20Q)

wooden stakes
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Within the framework of mitigating landslide hazapbssible techniques to control surface
erosion include:
* Vegetation (hydroseeding, turfing, trees/bushes)
* Fascines/brush.
e Geosynthetics.
» Substitution with drainage blanket
» Dentition consists of masonry or stone pitchingconcrete protection to localized
soft/erodible material in a rock face. A grout pipay be provided for subsequent
grouting to ensure good contact between the ovgraad the supporting concrete

With particular reference to the use of bio-engimge systems, the main goal of erosion
control is to protect the face of the slope andtrengthen subsurface parts, typically by
interlocking soil particles with a complex matrikroots. The stability of slopes is dependent
on the ratio of driving forces and the strengthtloé soil-root system. The weight of

vegetation growing on the slope accounts for a pltte driving forces but the roots add to
the shear strength of the soil. Vegetation alsera@pts rain, by reducing its impact energy
and preventing splash erosion and slowing downffuno

Vegetation also changes the pore pressure in thevisothe evapotranspiration process
(Morgan & Rickson, 1995). This process decreases pbre pressure and increases the
effective stresses in the soil, which also improvee shear strengthFigure 3). But
unfortunately, in temperate European climates, skeason of peak water demand by
vegetation (summer) is out of phase with the seas@neatest rainfall (winter) (Smethurs et
al., 2006 and Thielen et al., 2011).
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Figure 3: Some influences of vegetation on the soflCoppin & Richards, 1990)
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Initial conditions for bio-engineering measures aseally rather unfavourable. The area to
be stabilised is often barren, partly unstable aruive processes abound (Graf & Gerber
1997; Graf et al. 2003).

Bio-engineering systems are usually establishecblbyentional seeding of the plants or live
planting (Morgan & Rickson, 1995). The main goaltliése systems are reducing surface
erosion and reinforcing the soil. The constructieethods used mainly rooted cuttings and
these are installed in different configurations.e Téffectiveness of this system as soil
reinforcement depends on the depth at which cgtean be placed and the depth to which
the roots can penetrate. Soil reinforcement systeynbushes and trees are described by
Gray& Leiser (1982), Copping & Richards (1990). Tdrewth rate of roots is related to the
volume of the cuttings and some guides on choiak @eparation of cuttings have been
given by Gray & Leiser (1982) and Schiechtl (198®)r stability, the species should have a
root system that penetrates to the required dépthumid regions, bushes and trees with
high transpiration would be more effective in dasiag soil moisture.

Wherever feasible, native vegetation is preferned the succession from pioneer to climax
bush or tree in the site environment, primarilyngie and soil type and moisture, should be
considered (Morgan & Rickson, 1995, Gray & Leis@82, Schiechtl 1980).

The long-term effects of bio-engineering stabilsatmethods depend on site characteristics,
slope failure processes and the technical and dicab measures employed (Stokes et al.
2007). Detailed analysis of the stability of theps is necessary to determine the suitable
stabilising method. One of the greatest unceriamitoncerns the depth of the potential
sliding surface and the measures have to be ctazsemdingly.

Slope stability and the efficiency of stabilisingeasures are usually influenced not only by
soil mechanics but also by hydrological factors d&ydraulics. The combined effects are
rather complex and are often responsible for fail@Boll, 1997). Surface erosion and
landslides are usually long-term processes (overesdecades and more) and stabilising
measures are required to have a correspondingly litespan. The bearing capacity and
functionality of supporting structures are likety hecome critical in the course of time, and
biological measures may fail to prosper. Periodsti@ inspections are therefore necessary to
plan maintenance and/or replacements properly. Kedye about the development and long-
term behaviour of joint technical and biological thaxls is indispensible (Pastorok et al.,
1997; Anand & Desrochers, 2004).

In recent years, several studies have been perfbrtoe describe vegetation effects

quantitatively. According to Simon & Collison (2002root-permeated soil makes up a
composite material that has an enhanced strength. In geneml can resist against

compression stress, but can hardly resist agansilé stress. The fibrous roots of trees and
herbaceous plants, on the other hand, can resshsigensile stress, but hardly against
compression stress (Nilaweera & Nutalaya, 1999)wéi@r, to implement this analysis

method in practice, there are restrictions withpees to the root distribution. Usually, only

man-made brush layers achieve this condition. Toe¥e this model is inappropriate to

provide a generalised representation of vegetatifatts (Frei, 2009).
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If a slip plane is penetrated by roots, they cambkided in stability analyses comparable to
ground anchors operating with a tieback functiomt B requires careful attention to

determining the exact root distribution, as welttzes pull-out resistance of the different root
classes to be able to quantify any anchoring eftdctoots. Therefore, this model is

inappropriate.

A further possibility is to assign vegetation etfe¢o the soil shear strength directly. In
doing so, two approaches can be taken: those tiraediately measure the shear strength
and methods that assign vegetation effects to liearsstrength parameters. The direct
measurement of the shear strength of root permeaiésican be performed by means of a
direct shear apparatus, as described in Waldrah €t983), Wu (1984) and Tobias (1992).
According to Boll & Graf (2001), the disadvantadelos method is that the failure plane is
predefined (by the apparatus) and that the resadtieed by such field tests represents only
a pure shear resistance (analogous to a ring-ghsetito determine the undrained shear
strength of a fine grained soil). The influencesbéar pane undulation or any other layering
or discountinuities my not be taken into accouns. 8Aconsequence, such a value is not
usually appropriate for classical stability anabysk the shear strength is written according
to the Mohr-Coulomb failure criterion (Terzaghi &ék 1967), then it can be directly
integrated in stability analyses. Wu et al. (19&9)well as Wu (1984) assign any vegetation
effects to the soil cohesion, by introducing anitoltll cohesion component due to the root
reinforcement (¢. Variations in mechanical reinforcement at theotymone-scale are
particularly important for small and shallow laridek with areas of 10 to 2000 fReneau

& Dietrich, 1987). Moreover, complexities arisingpiin the distribution of root sizes and
details of root-soil mechanical reinforcement alemonstrate that application of a uniform
cohesion term may represent an oversimplified pectbat could overlook susceptibilities
emerging when a more complete stress—strain rekdtip of root systems and
characteristics of their distribution are includedalculations of slope stability (Schwartz et
al., 2010).

Boll & Graf (2001) regard this additional paramedsrsimple to determine, but it represents
the conditions in superficial soil layers far lesptimally than the stress-dependent
expression in the frictional component of the M@uulomb notation. Since the roots exert
a form of prestress on the surrounding soil grdims,is analogous to increasing the contact
stresses which will contribute to additional shetmength through the modification of
frictional resistance. Therefore, adding an addalccomponent to the friction angle would
represent the mobilised shear resistance undezadegrange of valid stress conditions near
the surface. It was postulated that it would beer@mnvenient for designers to describe the
resistance mobilised and hence the stability invéigetation influenced superficial soil area.
However, there are no suitable models availabl€Rreti, 2009).

Schwartz et al. (2010) reviewed the primary geoiratand mechanical properties of root
systems and their function in stabilizing the smihss. They considered the stress—strain
relationships for a bundle of roots using the fdrsma of the fibre bundle model (FBM) that
clumps the effects of roots together and offersatunal means for upscaling mechanical
behaviour of root systems. They proposed an exderddi the FBM, considering key root and

Grant Agreement No.: 226479 Page 20 of 340
SafeLand - FP7



D5.1 Rev. No: 2
Compendium of tested and innovative structural -stonctural
and risk-transfer mitigation measures for differamnidslidetypes Date: 2012-04-30

soil parameters such as root diameter distributiortuosity, soil type, soil moisture and
friction between soil and root surface. The spatilistribution of root mechanical
reinforcement around a single tree is computed froat diameter and density distributions
and is based properties that can be measured.eHsdydistribution of root reinforcement for
a stand of trees was obtained from spatial and amecal superposition of individual tree
values with respect to their positions on a hifgg@loThis method has been applied to a full
scale rainfall triggering test (Springman et al1@) and the results of simulated failure zone
(Schwartz, 2010) shows good agreemets with the feslaire wedge (Askarinejad et al.,
2010).

4.3 MODIFYING THE GEOMETRY OR THE MASS DISTRIBUTION

Total or partial removal of the actually or poteti{i unstable mass, toe weighting and more
generally modification to the geometry and/or mdisiribution of slopes are widely used

techniques to mitigate the hazard, and to somenexte consequences, of landsliding.
Possible modifications to the geometry of the sliogide:

* Total removal by mass excavation of the actuallypatentially unstable soil and/or
rock mass; a special case is representated by tnghrand scaling to remove
individual hoverhangs, bulges or loose blocks whpdse a rockfall hazard on
otherwise stable rock slopes.

» Partial removal by mass excavation of soil anddakrfrom the driving area (or more
in general, regrading or flattening slope angleyeduce the driving forces, thereby
improving overall slope stability.

* Where necessary, for example to preserve the ityegrinfrastructure, the excavated
mass may be substituted, in whole or in part, ightWweight fill using naturally
occurring (geological) materials such as pumicestoells, manufactured materials,
such as expanded clay, polystyrene slabs, celadacrete, and waste materials or
byproducts, such as soil mixed with shredded tyh@seusol’), pulverized fly ash,
slag, woodchips or logging slash. Lightweight iflalso used to minimize the extent
and cost of other mitigation measures by minimizitige adverse effect of
construction, for example where alignment constsamay dictate that fills for a new
highway be placed in a potentially destabilizingiion across an actual or potential
landslide.

* Addition of material to the toe or resisting area (nore in general, buttressing,
counterweight fills and toe berms), which operdigsncreasing the resisting forces,
thereby improving overall slope stability, by prdwig sufficient dead weight or
restraint near the toe of the unstable slope.

The principles underlaying the complete removathef potentially or actually unstable mass,
be it in soil or rock, including “scaling” othervasstable rock slopes to remove rockfall
hazard, are self explanatory.

Reprofiling, unloading by excavation or by partraplacement with lightweight fill at the
head and loading at the toe with fill and/or grawstructures operate on the principle of
modifying the balance between driving and resistarges.
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This technique is potentially effective in all madgs, except those susceptible to weakening
instability or liquefaction. As also summarized fample by Hutchinson (1977), cuts and
fills appear to be most effective as a hazard iitigpy measure when applied to deep-seated
landslides, where the slip surface tends to faksty at the head and rise appreciably in the
region of the toe (rotational and pseudo-rotatictides). Clearly, the effect of a given cut or
fill on the overall factor of safety depends on ¢iee of the landslide being treated.

The correct positioning of cuts and fills on slofgesa great importance, as is proper drainage.
The respective merits of removing the head of anahor potential slide, flattening the slope
uniformly or benching it, or of building a berm it toe have been discussed extensively in
the literature.

While localized mitigation by cuts and fills mayope very effective in dealing with the
specific failure surface for which they have beesigned, it is important to ensure that they
do not cause instability themselves, either localtyto the rest of the slope outside the
original landslide being addressed. It is importamote also that in some cases, especially in
long translational slides, they may be quite indffee against almost equally serious
landslides involving only a portion of the slide, shown for example slide a-b-d overriding
the fill placed to stabilize the slide a-b-c Rigure 4 (Hutchinson, 1977).

N

s
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Figure 4: Translational slide stabilized by toe fil and the danger of potential over-rider
slides. 1) slip surface; 2) toe fill; 3) over-rideslide (after Hutchuinson, 1977)

4.4  MODIFYING THE SURFACE WATER REGIME

Within the framework of mitigating landslide hazangbssible techniques to modify the
surface water regime and their application include:

Major hydraulic works

» Diversion channels, to divert water courses from tihe of the landslide, either to
prevent or remediate toe erosion, or to make spaicéhe implementation of other
mitigation measures, as was carried out for examplthe Taren landslide (Kelly and
Martin, 1985). Divesion channels (above ground mrtunnel) are also used to
remediate landslide dams, either after the evemtfoa the Val Pola, Italy 1987
landslide or as a preventive measure, as carriedoothe Séchilienne Landslide in
France (Durville et al., 2004).
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* Check dams, to regulate water courses at the totheoflandslide, to prevent or
remediate erosion of the streambed and/or of tmkdalypically, check dams are
constructed just downstream of critical areas. H@aresince they retain sediment,
they tend to accelerate erosion further downstreltms therefore necessary to
consider the overall effect on the watercourse abale.

Measures to minimize the quantity of surface wdlewing into actually or potentially
unstable slopes
» Surface drainage works, consisting of ditches, obb) pipework, chutes etc. to
collect and direct surface run-off in a controli®@nner, to minimize the quantity of
surface water flowing into actually or potentiallynstable slopes. Ditches and
channels should be lined to minimize erosion ancbaotrolled infiltration; flexible,
self-healing lining or pipes should be used in sreasceptible to cracking and
movement. Techniques must be adapted to grounditmredand local technology,
favoring adoption; an example of this is providgdAnderson and Holcombe (2004;
2008) who describe the development and applicatiocommunity level of good
drainage practices with locally available, afforidaliechnologies in St. Lucia
consisting of ditches lined with a specialised fitasheld in place by a wire mesh
(Figure 5).

< X I \Nba §

Figure 5: STAR™ drainage system installed by residents in
St Lucia, West Indies (after Anderson and Holcombe2008)
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Measures to minimize the residual amount of surfaater flowing into or over actually or
potentially unstable slopes actually infiltratinga the ground

* Regrading to facilitate surface run-off, preventipgnding in backtilted areas and
grabens caused by previous rotational landsliding.

» Sealing of tension cracks, typically with puddl@yclor other impervious fill. It is
often sufficient to excavate a trench along thesitamcrack and to backfill it with the
excavated material, possibly adding an imperviownbrane near the surface and
shaping the ground so that surface water doesarat p the area.

e Covering unprotected slopes with impervious memésaor facing. Impervious
membranes are normally used as a short term, tempor emergency measure, while
impervious facing is normally used as a permanegd@sure on excavated slopes.

Using vegetation to reduce the amount of rainfatching the ground and to remove
groundwater by evapotraspiration, inducing suction.

The main effect of these measures is to preventradvmetereological conditions, such as
intense and/or prolonged rainfall, snowmelt etaysing significant adverse variations in the
degree of saturation of the aerated zone withekelting loss of suction and/or variations the
piezometric levels, which would result in a redontdf the shear resistance of the ground.
Typically, measures based on the use of vegetatiompermeabilization are also effective in
controlling surface erosion and providing local edigial reinforcement of the soil.

45 MODIFYING THE GROUNDWATER REGIME

Within the framework of mitigating landslide hazangbssible techniques to modify the
surface water regime and their application include:

» Shallow or deep trenches filled with coarse graifreg-draining geomaterials and
geosynthetics. Trench drains may be located tralysgeross the top of the slope to
intercept groundwater flowing towards the landslide within the landslide itself,
generally as a series of parallel straight or Ypsglaatrenches. Perforated pipes are
often placed at the bottom of the trenches to cbliater; a geotextile filter fabric is
used over the pipe or between the soil and theegtzackfill to prevent occlusions of
the drain, preserving the functionality of the tkes in the long term.

» Subhorizontal drains, consisting of perforated pipecapsulated in a geotextile filter
fabric, if required, and installed in predrilledl&®; advances in directional drilling
technology allow installation of much longer drai&n with conventional drilling
and the use of curved profiles to intercept sietiGoils. An experimental application
of drains installed by directional drilling in ttstratified soils at the coastal landslide
at Barton-on-Sea, UK in the early 2000’s gave \g&gd results.

* Vertical small diameter wells; self draining (whetteey provide relief to artesian
pressures or underdrainage to a perched acquiferdrained by siphoning,
electropneumatic or electromechanical pumps. Theahanethod of pumping is
selected to suit local conditions. Where applicabfeparticular interest for long term
applications is the use of siphon wells (Gressgi®8®mont, 2004), which minimizes
energy consumption.

* Vertical medium diameter wells with gravity draimathrough a base collector. The
wells are constructed by piling equipment at rekyi close spacing along
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predetermined alignments both transversal to amdgathe slope; they are connected
at the base by a collector drain which was constduby drilling from one well to the
next by hand held equipment. Recent advances @ctehnal drilling techniques allow
the base collector to be drilled without enterirge twells, improving safety of
installation.

Caissons (large diameter wells), typically rangingdiameter between 6 and 15 m
with or without secondary subhorizontal drains gnavity drainage. Depending on
anticipated ground and groundwater conditions,niiest common techniques used to
form the annular structure are progressive construcuring excavation by alternate
excavation and casting of consecutive concretesraigmore frequently, by means of
micropiles or piles supplemented by annular staelcencrete ribs installed as
excavation proceeds, in which case vertical drgimrats are installed in contact with
the ground between the piles before casting thal ftructure, to supplement the
drainage provided by the sub-horizontal drains.

Drainage tunnels, galleries, adits, with or withosgcondary subhorizontal or
subvertical drains and/or as gravity outlet for levelrilled from the surface. Several
drainage adits have been constructed to stab#éimdslides encountered during the
construction of the A1 motorway in Italy in the T8& More recent examples are
provided by the stabilization works for the Tareantslide in South wales, UK (Kelly
and Martin, 1985) and in the stabilization of thablachaca Dam Landslide, Peru
(Millet et al., 1992).

All these measures operate by modifying the growtdwregime in such manner as to
achieve the following objectives:

4.6

reduce the baseline piezometric level(s) in theeslancluding increasing suctions in

the aerated zone;

prevent significant temporary adverse variationthef(reduced) piezometric levels in

the slope following adverse metereological eventshsas intense and/or prolonged
rainfall, snowmelt, etc., also preventing temporagyuration and associated loss of
suction in the aerated zone from rising groundwiatezls.

MODIFYING THE CHARACTERISTICS OF THE GROUND

Within the framework of mitigating landslide hazangbssible techniques to modify the
surface water regime and their application include:

Substitution; excavation and replacement of unetabhss with other material with
improved mechanical characteristics; effective ahiy extends to sufficient depth to
include the basal failure surface. Normally usedviery small landslides only. The
use of lightweight fill is discussed at point 4.3.

Compaction; only effective in granular soils an@itglly appropriate to reduce the
hazard of seismically induced liquefaction andritepreading. In applications where
there is the possibility of static liquefactionpitust be carried out with great caution,
since vibration could trigger the very landslideattht is intended to prevent.
Compaction may be achieved by different techniquepending on the depth of
treatment: compaction with conventional roller®my effective to less than 1 m and
is therefore generally inapplicable to in-situ treant; depths of 2 — 3m can be
achieved by special polygonal rollers, while dynanebmpaction carried out by
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commercially available equipment can achieve depthapproximately 10 m. For
greater depths, in-situ compaction can be achibyedbrocompaction and associated
techniques or by compaction grouting.

* Deep mixing with lime and/or cement is suitable dowide variety of soils; two basic
types of techniques and equipment are availabjenix methods use compressed air
to deliver the binder to the soil and is most déan soft clays with a high water
content, such as is encountered for example inddtavia and parts of the Far East;
wet-mix methods use water to deliver the binder gederally use heavier, more
powerful equipment which is better suited less #imessoils. Traditionally, deep
mixing has been carried out with equipment whichmied columnar elemnts; in
landslide stabilization, it is common to performngmenetrating columns to form
panels aligned with the direction of movement. Réckevelopments include the use
of equipment derived from the hydromill used fomamhragm wall construction,
allowing direct construction of isolated or compiagng rectangular panels.

* Permeation grouting, by injecting a low viscosignentitious or chemical binder in
relatively permeable material where it can perméataugh the pores without altering
the solid skeleton (in soils) or into the discontties (in rocks). This minimizes the
hazard of triggering the landslide during treatmdihte choice of binder depends on
the permeability of the medium, but care shouldaen in selecting chemical binders
to ensure environmental compatibility.

« Compaction grouting, by injecting a high viscositgmentitious binder at high
pressure through the tip of the drilling string preferably, through pipes equipped
with valves (tubes a manchettes) injected oneetithe by a system of packers. The
expanding grout mass compacts the surrounding @nasails.

« Jet grouting; cementitious low viscosity grout égecas a high pressure high velocity
jet from a nozzle close to the end of the drillistging is used to erode, mix and
replace the soil to form a column of soil/grout nmitxcess grout and soil return to the
surface along the annulus between the soil and difiléng string. Accidental
obstruction of the return path causes pressurethantreatment zone to increase
rapidly and must be avoided, using a temporaryngasif necessary. Different
technologies exist, using grout only (mono-fluidyput and air (bi-fluid) and grout,
air and water (tri-fluid). Recent advances allowyvéarge (approximately 3 m in
favourable conditions) or irregular shaped colunmbe formed. The actual column
dimensions depend on ground conditions and areemaey to verify. In landslide
stabilization, it is common to perform compenetrgtcolumns to form panels aligned
with the direction of movement.

* Modification of the groundwater chemistry, by dgfan of lime or salt into the
ground. This technique is only suited to treat aiartclay slopes and should be
considered experimental at this stage.

The common objective of all these techniques iad¢tease the shear resistance of the ground.
However, their applicability to specific cases miistalways reviewed with greatr care, since
they involve significant associated risks duringngtouction, mainly linked to vibration and
the use of heavy equipment, or in the long termhsas, for example, unexpected impacts on
groundwater levels.
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4.7 TRANSFERRING LOADS TO COMPETENT GROUND

The loads driving instability can be transferredchamically, in whole or in part, to
underlying competent ground by structural elemepéssible techniques include:

» Gravel or concrete filled trenches intersecting Hasal failure plane; deep trench
drains that intercept the slip plane and providditamhal frictional resistance are
generally called counterfort drains, although teemt is sometimes used loosely to
indicate all deep trench drains aligned along oselto the direction of maximum
inclination of the slope, irrespective of whetheey intersect the slip plane.

* Piles or barretts (diaphragm wall elements), plagéter at regular 2D spacing over
the whole slide or portion thereof, to act as ismadowels, or, more commonly, at
close spacing along one or more specific alignmenferm embedded walls across
the direction of movement, in which case they drenossupplemented by anchors.

e Large diameter caissons typically ranging in diandétetween 6 and 15 m (Brandl,
1988; Leoni and Manassero, 2003). They can be glatearth and debris slopes,
typically along specific alignements across theeation of movement at strategic
positions within the landslide, at a maximum ceritrecentre spacing of twice the
diameter. The method of construction depends oargt@nd groundwater conditions.
They can be supplemented by anchors and/or suloimd@izdrains drilled form within
the caissons themselves.

« Soil nailing, consisting of solid or hollow steelglass fibre bars grouted into the face
of an excavation or an existing slope to reinfatc&he face of the slope is protected
by shotcrete and welded wire mesh, geogrid/gedésxtsheets and cast-in-place
concrete or prefabricated panels, depending oresdagle and ground conditions.

* Dowels, consisting of short untensioned steel lassrted and grouted into holes
drilled across the potentially unstable block abstiown to the underlaying stable
rock; where the mass to be supported is fracturedhblocks which are too small to be
dowelled individually and/or rests on material whis not sufficiently competent to
provide adequate anchorage to the dowels, the futgnunstable mass may be
harnessed by structural netting (or, more rarebpes) of adequate stiffness and
resistance, anchored by dowels along the edgéeegfdtentially unstable mass.

* Rock bolting, consisting of the systematic reinfoent and/or anchorage of rock
slopes by the insertion and grouting of un-tensio(fgassive) or tensioned (active)
steel bars into holes predrilled typically up to t®2 15 m into the more or less
fractured rock mass, improving its stability. Loogjts are typically formed by joining
shorter threaded bars using special couplerscititéde handling.

» Strand anchors installed and grouted in predrilietes in soil or rock to transmit an
applied tensile load into the ground. They are dgiby manufactured with high
strength low relaxations class 1860 MPa steelransts 15.7 mm (0.6”) in diameter;
the number of strands typically varies from 3 tof'Be maximum length is hominally
unlimited, since the strand can be manufacturedamsémbled in any length and it
can be transported coiled; in practice, howeveg, tftaximum length is limited by
drilling. Typical overall lengths are up to 35 — 40

Mitigation measures in this cathegory operate asrengate increase in the resistance of the
actual or potential sliding mass either by parniakplacing the shear surface with more
competent materials (e.g. shear keys, piles, dtgure 6) or by mechanically increasing the
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effective normal stress on the actual or poterfadlre surface, thus increasing the shear
resistance of the soil or rock (eg. pretensionanstranchors +Figure 7). Some systems
operate on both principles simultaneously (eg. ipasanchors, soil nailing, rock bolting —
Figure 8). In all cases, these measures operate by trangfegrart of the driving forces to the
more competent, stable strata underlying the (&otuyaotential) sliding mass.

These systems progressively loose their effects®@as the sliding mass becomes a flowing
mass, either through internal processes (eg. lbsei@ostructure, especially in saturated
materials), or through mixing with addition of wateom surface runoff or graoundwater.

Actual or potential landslide

Shear and flexural resistance
of inclusion transfer demand
to underlying strata

\

\
\
Stable \\
N~

ground S5

Increase in normal stress /

thus no increase in resistance

Figure 6: Load transfer by systems acting in sheaand bending

Actual or potential landslide

Mobilization through prestressing (active)

. or relative displacement (passive)

\\
Stable N

~

ground S

No transfer demand through
shear resistance of inclusion

Increase in normal stress
on failure surface

Figure 7: Load transfer by systems acting in tensioto increase
the effective normal stress on the failure surface

Actual or potential landslide

Relative movements mobilizes
axial stiffness and resistance
of dowel, increasing normal
stress on failure surface

7
Shear resistance of dowel Increase in normal stress
transfers demand to on failure surface increases
underlying strata available resistance

Figure 8: Load transfer by mixed systems acting ishear, bending and tension
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4.8 RETAINING STRUCTURES

Retaining structures are used extensively and eadnsidered as an additional class of
hazard mitigation measures to prevent landslidggéning, even though they are used as
means to modify slope geometry and/or to transfad to more competent strata, rather than
to address a specific physical process.
Retaining structures may provide a workable sofutiere conventional filling at the toe of
the slope is not feasible due to geometrical camds or due to interference with existing
structures or infrastructure; depending on thenfigoration and their location in relation to
the landslide mass, they permit construction ofviegghting with a reduced landtake and/or
to transmit horizontal forces to competent founmtatnaterial in front of the toe.
Retaining walls may be substantially of three tyffegure 9):

» Cantilever walls;

» Gravity walls, including masonry, mass concretdy wralls, gabion walls and similar;

* Reinforced soil systems.
As a general rule for slope stabilization, reldivlexible retaining structures should be
preferred to rigid structures, which are less toieto differential displacements.
Systems such as crib walls, gabion walls and thews types of reinforced soil systems are
increasingly common.
Similar structures can also be used as protectwees, to intercept or redirect the run-out of
rockfall, flow-slides and avalanches.

Potential Failure Wedge7 4
7 7 v Gravity :
Cantilever ! UE':eTeIES //
Wall nterlocking |
N 4 Cribs)-=—
l /
|
B - !
@) (b)
Facing gS'trips or Grids
Panels | L
\ s e
2 I’[’['
s I
7
H ‘I
m_tﬁ
(d)

Figure 9: Typical retaining structures: a) gravity walls; b) crib walls; c) gabion walls;
d) reinforced soil walls (modified after Holtz andSchuster, 1996; GEO, 1993)
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49 REVIEW OF MEASURES INVESTIGATED WITHIN PHYSICAL MOD ELS,
WITH RECOMMENDATIONS FOR DESIGN

4.9.1 Interaction of a pile row with an unstable soil lay(based on Yoon & Ellis, 2010)

Yoon & Ellis (2010) performed a series of centrigugodel tests to study the interaction of a
pile row with an unstable soil layer. The spacimiween the piles is typically 3—4 diameters
in the row. The piles act in shear and bendingegist the passive lateral load applied from
the unstable part of the slopéiqure 10(a)). The larger the spacings between the piles, th
more economical this approach is. But there isnareased risk of ‘flow’ of the unstable soil
between the piles, as showrFigure 10(b).

The relative soil- pile displacements were measw®dg the Particle Image Velocimetry
technique FFigure 11). Occurrence of bulging at the toe of the slopel pst upslope of the
pile row, indicates impedance of the pile row agadownslope soil movement.

A variable By,op Was used to express the equivalent lateral pressubilised on the pile
(p=load per unit length/diameter) due to interactioglative to the nominal overburden
stress at a given depth in the unstable soil layer=7y 2).

Broo(2) = oz) 1)

1
', (2)
A Failing 4% _
i ass Bulging of the Sliding
: ament -, direction
- o = Q L; 1
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Assumad
failura
surface
Active
™
Stabilising pila

(a) Contribution to slope stability

Flow Arching
| between piles | across the gap
H H

o[l

500 1000 500 2000 2500 ELLLE

{b) Flow and arching hetween piles
Figure 10: Slope stabilisation Figure 11: Side view of test with
using a discrete bored pile wall stabilising discrete pile row at 50 g
(Yoon & Ellis, 2010) (Yoon & Ellis, 2010)
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The mobilised and normalised interaction pressugg, Bvas found to be approximately
constant with depth and this was also the casaigiwaut the centrifuge test (as the g-level
increased). Except at pile spacings less than tacatrivalue (3 times the pile diameter)
proposed by Durrani et al. (2008),,& tended to a maximum value of approximately,K
corresponding to an isolated pile. The maximum eabi B, does not appear to be
significantly increased due to the inclination bé tupslope soil loading the piles, and it is
conservative in any case to ignore this potenffacein design. The results have verified that
the sz limit on interaction for an isolated pile can ksed to propose the critical pile spacing,
where arching is effective.

4.9.2 Full-scale reinforced solil retaining wall under dyramic loading (based on
Ling et al., 2003a,b & Mayne et al., 2009)

Ling et al. (2003a) described the behaviour of lxdtale reinforced soil retaining wall,
subjected to earthquake shaking, for validation noimerical analyses. The wall was
instrumented with transducers and was 2.8 m hiKggu¢e 12), which is the deepest soll
model reported to have undergone excitation on ahbing table to date. Kobe earthquake
motions were simulated to excite the wall at a mmaxn base acceleration of 0.4qg initially,
followed by 0.8g. The wall withstood the initialating (0.4g) with minimal deformation and
an acceleration amplification of 1.35. The wall atefations, settlements and acceleration
amplification were almost negligibl&igure 13).

TEST1
Strain Gages
= Force Transducers (Lateral)
Force Transducears (Vartical)

a0 100 25 £0 &  Accelerometers
= Displacement Transducers
l L -L unit: cm
t
' i
45 ' 25 2% ;2?5{ 25 20 104 25
L LY
3
—
- - t
20
100 & ' &0 : 25@6 - =0 ‘20 80
135 ' 135 '
Figure 12: Cross section through an instrumented g&rid reinforced
modular block retaining wall (Ling et al., 2003a)
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Figure 13: Horizontal displacement Figure 14: Peak and residual lateral
of the front of the retaining wall with earth pressure acting over height of
height for both phases of shaking retaining wall for the shaking phases
(Ling et al., 2003a) (Ling et al., 2003a).

Slightly larger horizontal deformations and setients were observed during shaking with a
peak acceleration of 0.8g, and the tension mobiilisethe bottom two reinforcement layers
increased noticeably. Lateral earth pressiigufe 14) acting behind the wall was only
marginally larger at these lower depths, and thik iemained stable and serviceable. The 1g
shaking table tests confirmed that the modular lbkygstem interacted effectively with the
geogrid reinforcement to render this wall systerablet when subjected to significant
earthquake loading.

Leshchinsky et al. (1995) presented a unified aesigproach, based on limit equilibrium
analysis that considers the various aspects ofliggatfl reinforced soil structures including
the stabilizing effects of facing blocks. The despgocedure is validated using the test results
of full-scale walls. They concluded that the facintgrblock friction significantly reduces the
required geosynthetic length and strength for a-wedical wall. This effect diminishes as
the slope angle reduces.

Ling et al. (2003 b) suggested that the wall factogtributes to a better performance, in
terms of deformation and acceleration responsedRagings were found to perform better
than the discrete wall panel.
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4.9.3 Centrifuge modelling of reinforeced soil structuregbased on Zornberg et al.,
1998a&b, Mayne et al., 2009, and Springman et all997)

A centrifuge study was conducted by Zornberg e{1898a&b) to evaluate the suitability of
current design methods of reinforced soil strucutidne results of this investigation indicated
that the orientation of reinforcement forces shohbkl considered to be horizontal, that
significant contribution to stability is provided the overlapping reinforcement layers, and
that rigorous limit equilibrium analyses can predie collapse of reinforced soil structures
accurately when using the soil peak shear streimgthe analysis (Zornberg and Arriaga,
2003). The location of the failure surface obseregderimentally was accurately predicted
by limit equilibrium approaches currently used gsmn Figure 15). These findings support
earlier findings by Springman et al. (1997), whatiomented geosynthetics with strain
gauges and investigated deformation mechanism@rduring increase of gravity and
vertical loading on top of the wall. Subsequenttokige studies conducted by Viswanadham
and Mahajan (2007) confirm, using digital image lgsia, the suitability of current design
methods for geosynthetic-reinforced soil structhayne et al., 2009).

Figure 15: View of failure surface in the reduced-sale model of a geosynthetic-
reinforced soil structure after testing in a geotelenical centrifuge.
(Zornberg et al., 1998).

4.9.4 Rainfall induced landslides (based on Take et al2004)

Take et al. (2004) performed a series of physicalleh tests, to evaluate two candidate
triggering mechanisms of fast landslides in decosedo granite fill slopes against
observations of slope behaviour in centrifuge moeksts.

Despite observing significant collapse due to wgtin an unsaturated loose fifigure 16),
excess pore pressures were dissipated in the wbidsse structure of the soil. More danger
was witnessed for constricted flow in layered slepgtems, which resulted in transmission of
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a slow moving slip into a rapid flow through locad transient pore pressure rise even in
densely compacted filld={gure 17). It was concluded that the priority in hazarduetbn of
loosely compacted fills should be in preventing theld up of localised pore pressures
through permeable layers. Interception of groundwgércolation would be more useful than
densification as a remedial measure, althougheh®val, mixing, and compaction of loose
fill would have the coincidental benefit of elimiiray permeable layers. Attention should be
focussed particularly on regions of slopes wherengp of seepage are observed after
rainstorms. Shallow horizontal drains should betipalarly effective in suppressing slip
triggering in such locations
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Figure 16: Moist tamped loose fill after rainfall in a beam centrifuge (Take et al., 2004).
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Figure 17: Transition from slide to flow in dense ill model (Take et al., 2004)
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4.9.5 Thawing of ice in rock joints (based on Gilinzel & Duies, 2006)

Gunzel & Davies, (2006) performed a series of ¢ferme tests on instrumented rock slopes
with an ice filled joint. The rocks were reinforceg pre-stressed rock bolts. The ice was
allowed to thaw during the test.The stress devetypmnd settlement was monitored during
the experiment with thermocouples, load cells a¥®Ts (Figure 18, Figure 19).

They concluded that warming of ice inside a joiotild lead to a significant drop of factor of
safety compared to a joint filled with cold icewithout any ice. However, they observed that
using pre-stressed rock bolts can be a good approastabilise these discontinuities. These
bolts will have to be tested regularly, as theyhmigse tension as the joint closes.

330mm

LEGEND:

| ot

’\ Rock Boltc

¢ Thermocouple

400 mm
Figure 18: Loose, faulted rock anchored Figure 19: Model slope; four separate blocks
by rock bolts through ice filled joint above joint with saw tooth surface
(Gunzel & Davies, 2006). (Gunzel & Davies, 2006).

4.9.6 Stabilisation effects of plant roots

Sonnenberg et al. (2010) performed a series ofiteyd model tests to study the stabilisation
effects of plant roots in (45°) compacted clay enMoaents Figure 20, Figure 21). The
embankments were brought to failure by increadneghteight of the internal water table. The
authors compared the collapse behaviour of unreiatbslopes to that of those reinforced by
root analogues or real willow rootEigure 22). The change in FoS could be estimated by
comparing the calculated factor of safety (FoS)tha reinforced tests with those from the
fallow (control) test. Thus, an improvement ratie.(the difference in FoS between the
fallow and reinforced test divided by the fallowsttd=0S) was defined to quantify this
reinforcement. The estimated improvement ratio ftests with root analogues was found to
be in the range of 5% to 25%, but was lower in tb&s with grown willow roots. The
experimental methodology should be used to invatifurther the interaction of roots with
soil.
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Figure 21: Schematic of the slope model Figure 22: Contours of displacement
with root analogues and real roots magnitude (mm in model scale) at
(dimensions in mm) different stages of test Wooden taproot
(Sonnenberg et al., 2010) (Sonnenberg et al., 2010).
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4.9.7 A method to monitor the integrity of ground anchorages (based on Hao et al.,
2006 & Palop et al., 2010)

Current guidelines for ground anchorages indidaae their integrity should be monitored by
using load cells or hydraulic jacks (BSI, 1989kuléing in only a small percentage of the
anchorages installed in practice being monitoreelcabse these techniques are either
expensive or may lead to damage of the anchoragaew system, GRANIT (GRound
ANchorage Integrity Testing), has been developeskthan observing the dynamic response
from anchorages, to which an impulse of known isityrhas been applied.

10—

e

I. Frame support of the robot 6. Linear driving mechanism in z-axis

2. Linear guiding mechanism on x-axis 7. Motor on z-axis

3. Mpotor and gear unit with pinion 8. Prestresser and impact device unit (PIU)

4. Linear guiding mechanism on y-axis 9. Retaining wall embedded with soil anchorages
5. Motor and lead screw unit 10. Centrifuge model container box

Figure 23: Schematic diagram of the centrifuge testg system (Hao et al., 2006)

Hao et al. (2006) demonstrated a centrifuge testystiem to conduct such tesigure 23).

A purpose-built testing robot applies an impulsadiog to the head of any anchorage on the
retaining wall, and then the strain gauges andlexameaeter capture dynamic responses of the
anchorage system, where the anchorage can ben@ghte different pre-stress levels, as
required, in-flight.
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Figure 24: Configuration used for testing horizontd soil anchorages in
the centrifuge (above) and inclined anchorages (l®V) (Palop et al., 2010)

The results and analysis from the two different temfigurations Figure 24) presented by
Palop et al., (2010) indicate that similaritiesviitn rock and soil anchorages can be drawn
in terms of potential detection of load althougk tihanges in frequency, related to the soil
anchorages, are much smaller than those relatin tawck anchorages. This has implications
for the use of dynamic testing for soil anchoragé®re it may be necessary to tune the
impulse to optimize the dynamic response. This b@wachieved either by an increase of the
load applied or modification of the frequency carttef the impulse applied. The results from
these scaled tests can be used to interpret bibteresults of tests on full scale soll
anchorages.
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4.9.8 Solil nailing (based on Davies & Jones, 1998 & Juraeen et al., 2004)

Davis and Jones (1998) performed a series of Gegeritests to investigate the effects of nail
orientation and contribution of the stiffness ofi$1to the stability of slopes. The prototype of
these tests was a 70° and 3 metre high cuttingostggpby three rows of 40 mm diameter
nails Figure 25. In most design codes of soil nailing systems, phocess of construction
(i.e. loading path followed during construction) m®t considered. They simulated the
excavation process by draining a solution of zihiogde. The results of their tests showed
that the stiffness of the nails did not appeardoeeha major effect on the overall stability of
the slope, which is provided under working conaitidoy axial load transfer in the nails. The
facing (even flexible ones) assisted the load fearfsom active zone to the resistant zone via
the nails.
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Figure 25: Centrifuge model layout Figure 26: Pulling test apparatus
(Davies & Jones, 1998) (Junaideen et al., 2004)

Junaideen et al. (2004) built a large-scale lalboyatpparatus (2 m long, 1.6 m wide, 1. 4 m
high, Figure 26) to study the soil-nail interaction in loose fiflaterials. Pullout tests were
performed with a contolled displacement-rate ontltmee types of steel bars (ribbed bars,
knurled bars, and round smooth bars) embeddedose|ocompletely decomposed granitic
soils. The results showed that the normal stretisgaon the nail increases (decreases) due to
the dilative (contractive) tendency of the soil Hzpisheared in the pre-peak states and
decreases due to the arching effect of the soithen post-peak states. The ribs have a
significant influence on the pullout resistanceeTiesults of pullout tests carried out in a
multistage manner show that the increase in pulteststance of the ribbed bars is not
significant with an increase in the applied ovedaur pressures. The conventional method of
analysis tends to give a low interface friction langnd high interface adhesion. The correct
interface parameters can be determined by takitg ascount the changes in the normal
stress acting on the nail.
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5 MEASURES TO REDUCE VULNERABILITY
5.1 GENERAL

Measures to reduce the vulnerability of the elemeattrisk consist of “passive” solutions
which are not intended to prevent the triggeringhe&f landslide but to reduce the resulting
degree of loss. They can be subdivided in two neategories, depending on the approach
followed to achieve this objective:

* Measures to increase the resistance of elementsrak (reduction of vulnerability
S.S.) — existing structures can be strengthenedydw structures, the potential effects
of impact from landslide material can be taken iatzount from the outset. This
approach is typically applicable only in relatianrelatively shallow slides, since it is
practically imposible to buid structures capablevahstanding the impact form larger
landslides.

 Measures to stop or to deviate the path of the larstide debris (reduction of
vulnerability s.l.)- Works can be carried out to intercept and blockabteast to
deviate or to slow down the sliding materials. Tiy{ge of works relates mainly to the
fall of massive blocks or to flows of all types, timse cases where a large slope is
affected and stabilization is not feasible for eanmental impact reasons or because
of cost.

5.2 MEASURES TO IMPROVE THE RESISTANCE OF ELEMENTS AT R ISK

Measures to reduce the physical vulnerability ofdigs and infrastructures by increasing
their resistance are commonly referred as strengtbeof existing RC or masonry structures.
For new constructions the strengthening is partheir design philosophy and construction
practice in order to accommodate with safety, indiide prone areas, the estimated
permanent ground deformations.

The aim is to resist the impact from the sliding rotating ground (rock or soil) mass
minimizing the physical losses and casualties. Bdwc idea is to design the foundation and
the rest of the bearing elements of the structarsuch a way that they can withstand the
landslide movement (permanent displacements) atlgédandslide and rock fall impact with
little or repaired damages.

The first goal is to save lives and then to sawe ittiegrity of the structure, which may
accommodate a certain level of repairable damagese the first goal is achieved then the
selection of the strengthening method may be eteduan a cost benefit basis. Excessive cost
may lead to the radical decision to withdraw theerggthening solution and move to a
completely new structure in another safer place.

For the cases under consideration the sliding nahteonsists either of falling or tumbling
rocks and massive debris flow or rotational anchdiaional slow moving soil slides.
Strengthening of structures is generally meaningfudase of rather shallow landslides. It is
clear that in cases of very deep massive slidesmdiderable moving mass, the strengthening
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approach is of limited applicability. It is alsou& that in several cases the strengthening
approach, which actually consists of increasing tlesistance and stiffness of the

construction, is of limited practical importancewc@ the cost of the works that would be

required may be higher compared to the cost otatilng the structure (excluding the cost of

the terrain). Strengthening approaches are intagest case of moderate landslides, which

are developed slowly in time, and of course in sadestructures and urban centres of major
importance, for which relocation is not feasible $everal reasons including historical and

archeological ones. Strengthening of structuresse a good approach in case of moderate
size rock falls and equally small to moderate sakth flow.

Another important parameter affecting the strengigge approach is the fact that any
approach is strongly case depended, in the seasdhth chracteristics of the structure, its
relative position within the landslide zone and siod-rock properties play an important role
in any strengthening decision. This is why the valg research and design practice is rather
fragmented. Consequently it is practically impokesibo define, in a general way, the
improvement in the vulnerability (in quantitativerms) obtained by increasing the resistance
of different parts of the structure, because deftds is a case depended evaluation.

Among the few methods available to evaluate thpaese of reinforced concrete buildings in
case of rockfall is that recently proposed by Malircand Corominas (2010). The
methodology can be applied to evaluate the necestangthening of a specific structure
affected by rock falls. Although the procedure asher limited for the moment to specific
cases, (i.e. 2 storey RC buildings), it is certaipfomising. Similar methods have been
proposed in the case of rockfall impact on road mildvay infrastructures. Methods used to
estimate the impact of avalanches and/or lava flowsuildings could be also applied in
cases of massive fast land movement. A rather ceimgisive description of these methods
may be found in Pudasaini and Hutter (2007). In fiaenework of the present research
project a comprehensive methodology has been pedplog Fotopoulou and Pitilakis (2011)
to assess the vulnerability of simple RC structuceselative slow moving earth slides, as
described in SAFELAND Deliverable D2.5 on “Physiwalnerability of elements at risk to
landslides: Methodology for evaluation, fragiliturges and damage states for buildings and
lifelines”. The method proposes fragility curves fawo types of foundation systems, flexible
and stiff. It is thus possible to evaluate the fhi¢tleat may be obtained from a strengthening
applied to the foundation system by comparing, dogiven seismic intensity, the fragility
curves of the two different foundation systems.idilsr approach may be applied for other
triggering mechanisms.

In the ensuing subsection, mitigation measuresdaae vulnerability through the increase of
the resistance of the elements at risk (buildingd @frastructures) for slow moving earth
slides are presented.

For a shallow, relative slow moving landslide, tteengthening of the exposed structure
should be design in order to decrease its vulnésabBy upgrading the geometrical and

material properties of the exposed building, thalitypiof maintenance, the code design level,
certainly the local soil and drainage conditiorssyell as the foundation and structure details,
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it is feasible to increase its resistance of thracire to withstand the estimated amount
landslide permanent displacement with limited dagsag

The capacity of the structure to resist the permageund deformation depends primarily on
the foundation type. A structure with a deep fouiwta(e.g. piles) compared to shallow
foundations often experiences higher resistancityabnd hence a lower vulnerability. For
shallow foundations, the distinction is betweenidrigr flexible/unrestrained foundation
systems.

When the foundation system is rigid (e.g. contirmiguat foundation), the building is

expected rather to rotate as a rigid body and laré&imainly attributed to the loss of

functionality of the structure is anticipated. O tcontrary, when the foundation system is
flexible (e.g. isolated footings), the various medef differential deformation produce

structural damage (e.g. cracks) to the building tmens Figure 27).
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Figure 27: Typical Building damage caused by the koth Avenue landslide, Anchorage,

Alaska. The landslide movement occurred during thé&rince William Sound earthquake
in Alaska on March 27, 1964. (Photograph from the t8inbrugge Collection, EERC,
University of California, Berkeley) (Day, 2002)

In order to apply any mitigation measure that wault in the reduction of vulnerability of
the affected buildings and facilities, first of,dte landslide displacement potential should be
adequately predicted. Accurate estimating of theugd displacements evaluated with time,
requires sufficient geological, geotechnical susyeyield measurements and adequate
laboratory testing.

Measures to reduce the vulnerability through therease of structural resistance may be
summarized as follows:
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» Strengthening of shallow foundations and improvédcsural design to withstand
predicted permanent ground displacements;

» Deep foundations properly designed to accommotiatéandslide effect;

» Deep anchoring of foundation elements;

« Combination of the above three approaches.

The typical grading solution to this type of fa#uis first to estimate the amount of potential
landslide displacement, and then to design andtiearisa mat of compacted fill that is thick
enough to form a uniform bearing surface. Desigrihregthickness of the mat foundation is
intended to accommodate different amounts of degpteents, mainly differential. The best
technique is to remove the surface soil to a aerdapth in order to find a better foundation
soil and a more stable subsoil conditions. Howeseroften-used practice is to actually
construct the mat foundation on the existing groleeel after a minimum leveling and
compaction Figure 28) instead of excavating below grade. In genera,tkiicker and stiffer
the mat, the greater amount of displacement itac@mommodate. The depth of the foundation
mat depends on the water table and in generabadanat has the added impact of providing
greater separation from a shallow water table (CZ&88).

Nl gl gl g gl gl g ¥ ol ol ol ol

Figure 28: lllustration of a constructed raised matfoundation in Italy.

To illustrate the positive effects of strengthenimgreducing the vulnerability, the next
paragraph presents the difference in the vulnetatf a single story RC frame building
when a flexible foundation (isolated footings) iseeagthened and transformed in a stiff mat
foundation. The corresponding building is assuntetle located near the crest of a relative
slow moving, earth slide. An earthquake triggemmgchanism is considered.
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Figure 29 illustrates the reduced differential displacemgotential for the reinforced

building associated with the continuous mat fourmaiain comparison with the initial building

with the flexible foundation system (isolated fog$), for different levels of earthquake
demand (in terms of PGA).

Figure 30(a) presents the improved structural responses(mg of maximum steel strain) for
the building with stiff mat foundation, leading éoconsiderable reduction in the building’s
vulnerability, as shown ifrigure 30(b). In particular, it is observed that the builgliwith the
strengthened shallow foundation is anticipatedutstasn only minor and moderate structural
damage while all damage levels are possible foiritial flexible structure.

12
E

FA |

£

2

L]

L 08

£ milg
e

c 06 m03g

2

(7] w05
5 04 g
B m07g

2 02

& ' m09g
(]

0

045

3
= 04

=

1]

E 0,35

3

L]
£+ 03
5 0,25 mdlg
2

E 0,2 B)3g
& 0.5
5 015 { g
5 01 - m0.7g
E-E 0,05 l_ ot — mo9g
[} i
e T )
()

Figure 29: Maximum values of differential displacenent vector at the foundation level
for (a) buildings with initial flexible and (b) strengthened, stiff foundation system
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Figure 30: (a) PGA—damage index relationships forow rise RC frame buildings

with initial flexible and strengthened, stiff foundation system and
(b) corresponding fragility curves.

Anchoring foundations in deeper, more stable sojiefs by using piles or caissons can also
increase landslide protection. Such designs shiakiel into account the possible down drag
forces on the foundation elements due to deformatithin the landslide upper soils. A more
detailed description of the aforementioned desigthds is provided in Section 4.7.

It should be recognized that structural mitigatioight not reduce the potential of the soils to
slide. There will remain some risk that the struetoould still suffer damage and may not be
useable if a landslide occurs. Repair and remadiak should be anticipated after a landslide
event if mitigation through reduction of vulneratyilis used. An illustrational example is
provided inFigure 31
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Figure 31: Mitigation through reduction of vulnerability in Drammen
(Lacasse et al, 2010) . Sketch of building designed a deep foundation.

For new structures an adequate setback from trenpait precarious slope should be ensured.
Uniform Building Code (ICBO, 1997) provides guidentor the general geometry for
setbacks Kigure 32). In any case, considerable engineering and geojaggment is also
required for each site.
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Figure 32: Minimum Setbacks established by the
California Building Code (ICBO, 1997)

In conclusion

* For deep-seated slope instability, the strengtlierapproach by increasing the
stiffness of the foundation and maybe of the supsrtire as well, is generally not by
itself an adequate mitigation measure to reduceieftly vulnerability.

* The strengthening approach is efficient in caseatifer shallow and slowly moving
landslides, or in case of moderate rock falls aamthédebris flow.

« The design of any strengthening technique is praltyi case depended.

«  When human lives and casualties are not includezhgrthe exposed elements at risk
strengthening has to be seen in terms of costiaféess..

* When reducing or avoiding casualties is the masuas strengthening is always an
efficient technique to reduce the physical vulnéiiglof the exposed elements at risk
(i.e. buildings), which implicitly reduces the velmability of the non-physical
elements at risk (human casualties and socio-ecmrlosses).
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5.3 MEASURES TO STOP OR DEVIATE THE PATH OF THE LANDSLI DE
DEBRIS

Measures in this cathegory relate to the followgages:
a) Earth or debris flows of any type (5.3.1),and.
b) Toppling, rumbling or free falling rocks of variosies (5.3.2 to 5.3.7).

They should be foreseen when the general staldizatf the landslide is not feasible from
technical, environmental and financial point ofwie

The basic idea of these measures is to intercepslttling or falling material, or at least to
deviate it, in order to protect existing elementsisk or points of particular interest locted
downslope of a potential landslide.

5.3.1 Diversion channels

For the protection from flows it is proved that a¢signed (from capacity discharge point of
view) channels which divert the sliding mass ardarjthe best method. The design of these
channels must take into serious consideration deengorphological features of the landslide
prone area and the most extreme expected metealogia in order to calculate the expected
volume of the debris and the necessary sectiomefthannel. Otherwise the consequences
can be very serious, as can be seeRigure 33 which shows the effects of debris flows at
Stratoni Village in Greece (Anagnostopoulos efall0). Lava flow mitigation practices may
be also seriously considered in the design of w@itiqp measures, as they present several
similarities.

Figure 33: View of Stratoni Village affected by dekis flows
(Anagnostopoulos et al, 2010).
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Several measures are available for the protectiom frock falls, as described below.
Examples of application are provided by Rancoudi.e2004) and Cheer (2009)

5.3.2 Re-modelling of the slope

This can be done by making the slope gentler, ocdnstructing berms. According to the
experience, the berms must be broad (b>4m), otkerthiey can be destroyed by erosion and
they are not accessible by trucks and other mashim@rder to perform any maintenance
works on the slope (Anagnostopoulos and Georgi20i39).

Figure 34: Example of eroed, small w'ith berms
(Anagnostopoulos and Georgiadis, 2009)

Moreover it has been proven that small width bedmsiot “work” well; they are missed by
the falling rocks or they perform like springboards the falling rocks, guiding them in
bigger lateral distances (Wyllie, 2007). So, in sooases it should be beneficial to examine
the possibility to cut down the berms and allow tbeks to be collected at the base of the
slope.

5.3.3 Planting and vegetation on the slope

Planting on the slope acts in two ways:
1. Trees and bushes act as barriers consuming thgyeonéthe falling rocks by their
cracking
2. The surface plants act like absorbers of the enefr¢fye rolling rocks

The most important issue in this case is whethemltants can survive for long at the slope
without maintenance. The success of this method;hyimeedless to say, is a supplementary
one, depends on the inclination of the slope, tredity and properties of the surface soil and
the climatological factors affecting the area.
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5.3.4 Catch trenches

Catch trenches are constructed at the foot of liyges They must have enough width and
height in order to entrap the falling rocks. Usyaliey are combined with a retaining wall at
their end (foot hill), in order to obtain smallerdth.

Figure 35: lllustrative example of catch trenches @ambined with retaining wall
(Anagnostopoulos and Georgiadis, 2009)

The necessary width and depth of the trenches eacealated by empirically obtained graphs
based on experience, like those given by Ritchi@3). Graphs and a detailed design
methodology have been presented by Pierson etOfllj2 Nowadays, the necessary width
and depth of the trenches can be calculated by usievant software, as it will be presented
in the following paragraphs.

5.3.5 Rockfall barriers

Typically rockfall barriers consist of a row of stgoosts anchored on the slope and connected
with wire nets and wire ropes. These structurespdaeed perpendicular to the expected
trajectories of the falling rocks and their roleéasblock these rocks. The barriers are designed
on the basis of the energy they have to absorlrendxpected height of the bouncing rocks.

The main design procedure is as follows:
a) Recognition of the source areas of the falling softky in situ inspection)
b) Estimation of the size of the falling rocks (by &experience and by geological
investigation)
c) Consideration of the simplified slope section
d) Estimation of the bouncing properties of the slepdace
e) Calculation of the expected trajectories of thérfglrocks on a stochastic basis.
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f) Estimation of the best positions where stop basrier appropriate height can be
placed in order to trap the falling or rolling reckbased on the results of the above
analysis). The energy carried by the falling andrwing rocks can be calculated in
any desirable point.

g) The safe distance at which the falling rocks cawmel can be easily obtained.

The design is performed by relevant software, wiscbommercially available (e.g. Rocfall,
V4.0) or free of charge (e.g. CRSP, by Jones £2@00).

Figure 36: Example of investigated protection barrers
during rockfall event (Volkwein et al., 2006)

Once the height and the required energy capacitiieobarrier have been chosen, the design
of the barrier is performed by a simple choice framselection of barriers given by
companies, which have obtained certificates for @bsorption capacity of their barriers
(ETAG, 2008). Only two companies are known to hab&ined these certificates at the time
of writing (GEOBRUGG:_www.geobrugg.comnd MACCAFERRI:_www.maccaferri.com
This fact has led to high cost, even for simpleesas

For example in Greece the cost for a barrier ohyh is from 1000€/m for a 250kJ barrier to
1750€/m for a 1500kJ barrier. For a 5m high barter cost is from 3000€/m (2000kJ) to
4000€/m (3000kJ).

In that respect, for the cases where the energypitsn demands are not so high, there is a
need for more simplified design procedure, which permit the use of much simpler and
cheaper retaining solutions, based on use of comatlgravailable materials, without the
need of paying very expensive certificates. A sifigdl method of calculating the absorbed
energy from these structures is given by JRA (1984)

Another possible solution of rock barriers is tosiouct earth embankments, reinforced in
order to reduce land tak&igure 37). The results of a thorough investigation of thebbem

by Peila et al (2007) have led to a practical desigethod, which of course needs further
verification. The main advantage of the methodchésgmaller cost but the main disadvantage
is the needed space, which for several reasorsualy difficult to obtain.
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Figure 37: Reinforced soil rock containment bund
near Cretaz, Cogne, Italy (Officine Maccaferri)

5.3.6 Rockfall nets (or Drapery)

These nets consist from a wire net, which is arathat the head of the slope and it has been
laid on the slope. The net is reinforced by wirpa® (mainly in vertical direction). When a
rock starts to fall it is guided by the net to fle®t of the slope, consuming almost all its
energy. The nets can be anchored on the surfas@é by small rock anchors (in case of
bigger heights and bigger rocks) or they can beealdree of anchors.

The cost of these nets in Greece is 60€/m2 fofrdeenets and 90€/nior the anchored nets.
The main advantage of the method is that they eguldced and replaced easily.

The WA-RD 612.2 Manual (Design Guidelines for wireesh/cable nets slope protection,
Muhunthan et al., 2005) provides a complete degrgoedure for the nets (wire net, spacing
and section of wire ropes and properties of heatha@ns). The free software MACRO2

(2005) offers similar capabilities.
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Figure 38: Wire net'draping over rockfall prone rock slope (Officine Maccaferri)

5.3.7 Rock Sheds

In many cases, the protection of part of a roanhffalling rocks is needed. One very effective
method is to cover this part with a completely r&wicture (usually made from reinforced
concrete), properly designed to absorb the imphtteorocks and to guide them further, far
from the road. Soft ground material is placed am titp of the sheds in order to reduce the
effect of the impact on the structure by absorliimg energy. From the structural point of
view, the sheds are designed to resist the imp#btiv or easily repaired damages. A very
interesting synopsis of the available design methlogs been presented by Yoshida et al
(2007). There are many types of sheds (see JRAL)1B8ey can be also designed in order to
respect the environment. Although photographed swNZealand,Figure 39 shows a
structural arrangement that is very common in Eerdpgure 40 shows a prefabricated
cantilever arrangement, recently developed andexppi Italy. The mean cost of the sheds in
Switzerland, where many sheds have been construstatbund 1.5million€/100m of shed.
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- Figure 39: Open rock shed (photo by R. Wright,
as reported by Highland and Bobrowsky, 2008)
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Figure 40: Prefabricated cantilever rock shed: (aschematic section;
(b) completed structure near Trento, Italy (www.tersiter.it)
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6 MEASURES TO REDUCE THE ELEMENTS AT RISK

The temporary or permanent reduction of the nunalpelor value of the elements at risk is
widely practiced and particularly cost effectivapecially when the number of elements at
risk is small in relation to the extent of the lahde and of the affected area and when it is
achieved through the sustained implementation pfapiate long-term planning measures.

Ambrozic et al. (2009) distinguish between:
» Decreasing the number of vulnerable elements patnaffected by a landslide, for
example by:

0 Zoning to prevent development in hazardous areaseoroving existing
development from hazardous areas (exclusionarysgpne

o Traffic restrictions (reduce number of vehicles).

» Decreasing the probability that vulnerable elemevilisboth spatially and temporally
intercept ground movements, e.g. by:

0 Moving non-stationary vulnerable elements to leszandous locations;

o Increasing awareness, detection and warning of rdazéeither detected
movement or trigger conditions) and subsequentdavmie (evacuation or
temporary exclusion, followed by inspection befeesuming normal use).

Each of these strategies can be implemented fgréiibbugh standards and legislations or,
less invasively, by means of incentives or disitiees introduced through planning.

« Relocation of existing facilities- Existing facilities can be completely eliminated
they can be reconverted to uses which imply a lowérerability to landslides.

» Reduction of the specific value The average number of people and/or the value of
economic activities associated with a specific @emat risk can be reduced, for
example by limiting the range of end uses allowadugh the planning instruments.
A similar result can be obtained indirectly by rkging the market, for example by
introducing the duty of publicity in deeds of sale.this case, if a given facility is
located in a hazardous area and the potential hsyaade aware of this, the specific
value of the facility will be reduced, althoughtims way only the commercial value
of the facility will be decreased, not the preseotcelements at risk.

* Avoiding the construction of new facilities The forced relocation of existing
facilities is an extremely invasive measure, poadigt applicable only in the most
serious situations. A more practical approach innynaases may be the
implementation of a long term strategy to prevéetlbcation of new elements within
hazardous areas, either by enforcing planning dimit through policies based on
incentives or disincentives. This is the least siwa approach and it can be
implemented, for example, through making it compmyisto obtain insurance for
elements at risk, by public information campaignsy introducing fiscal
incentives/disincentives to make it less attractwebuild in hazardous areas, or by
forcing the constructors to inform potential buyefshe possible risks.

A particular case of (partial) avoidance is exefrgali by measures to limit the impoundment
level in reservoirs, which typically combines auetion in the specific value of the element
at risk with a simultaneous reduction in the hazandso far as the probability of given

landslides and the indirect consequences in a domirain may depend on the depth of
impoundment.
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7 MEASURES TO SHARE RESIDUAL RISK
7.1 GENERAL

Among the possible strategies to manage landsigle techniques can be identified to
increase the tolerance towards the residual riakttipically characterizes real situations even
after implementing all other (technically and ecomzally) possible mitigation measures.

Of particular interest are risk sharing arrangementhich can be either voluntary or
enforced. The two main mechanisms for this are:

e Voluntary or compulsory insurance, to share thie aimong a large number of people.
Owners can tolerate a higher level of residual, rsskce any damage that may occur
would be refunded by the insurance company. Cledtls strategy is useful
especially when the elements at rik consist maafifacilities and properties, which
normally corresponds to the reactivation of sloweny slow movment.

e Compulsory systems based on taxes and public enéon in case of need, where the
Public Authorithy takes on the same general rolemainaging shared risk as the
insurance company.

The role and mechanism of insurance (private orlipuls of particular interest and is
discussed below addressing the question why natazard insurances is necessary and how
insurance companies are involved in risk mitigatiearther details are presented in Annex D,
together with an overview of the natural hazarduiaace system in Switzerland, illustrated
by three case studies and in several other coantReefernce here to insurance and
reinsurance companies can be taken to refer equallgrivate and public institutions,
depending on local practice. Where Public Authoeglreplace private insurance companies,
the face the same issues and have the same aMageadtive of loss reduction and efficiency.

7.2 NATURAL HAZARD INSURANCE

As noted by Smith and Petley (2009), the needrsuriance arises when a risk is perceived
and recurrent. The owner pays a fee (premium) tiaatfers the financial risk to a partner
(insurer). If the premium is fixed at an appropiaate, it will cover the eventual damage
costs caused by an event, besides administratsts end a fair compensation to the insurer.
This allows the policyholder to have guaranteenable recovery of his goods after an
event. However, the existence of insurance dependie number of insured concerned; it is
necessary to have enough policyholders to be dfesitive.

Natural hazard insurances have some particulathigsdistinguish them from other types of
insurance (car, life, fire ...). Specifically, thecnerence frequency, the event size and the
location, are specific parameters of natural haziamslrance (Zimmerli 2003). Some
comparisons with fire insurances can be presentdllistrate these specificitiedble 4).

The need for anticipation and evaluation of futal@ms is strong for insurance companies.
Nevertheless a catastrophic loss due to a majaestdis threatening the stability of insurance,
is difficult to predict because major disasters layedefinition at a larger scale than those
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which occurred routinely in previous years. In tb&se,it is necessary to take into account a
longer statistical period to evaluate the occuregmeriod. Kuzak et al. (2004).

Table 4: Summary of natural disaster insurance speéficities for Fire
and Natural hazards. Modified after Zimmerli (2003).

Difference Fire Natural Hazard

Occurrence frequency High Low

Individual risk affected
Event size (individual building or
complex of buildings)

Large part of portfolio
affectd(entire districts)

Location Low importance High importance

Consequences

Minor fluctuations in the loss Major fluctuations in the los

burden; therefore, burning i o
: burden; therefore, scientifig
cost analysis and exposure )
models are required

rating are sufficient

U)

Pricing

Loss potential

. Low to medium Very high
from single event

Minimal impact on losses, Major impact on losses,
Geographical distribution no accumulation control accumulation control
required important

Most natural catastrophic events affect a largerr gfaa portfolio, and not only a single object
of the portfolio. In the case of floods and landis$, an entire district may be affected.

The spatiality parameter has an influence on theevability of a portfolio. It is essential for
an insurer to be sure that the type of propertissred are varied and that the geographical
distribution is spread. In this way, only a parttbé portfolio is concerned by a specific
disaster and only a fraction of the portfolio can destroyed by a single event (Smith and
Petley 2009).

Insurance intervenes at the moment of financialpmmsation for damages and allows victims
to rebuild after a disaster. Thus, insurance pmsidash to allow rehabilitation. This can

significantly improve the recovery phase of disest a time of extreme stress and thereby
reduces disruption of normal life (Walker 2005).vt&wver, insurance companies also have a
role to play before the event, by financing preirentneasuresHigure 41).
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Measures of precaution Event Recovery
financing of preventive measures compensation for the policy-holders Hine

Figure 41: The insurance operates on two levels, foge and after the event:
financing of preventive measures and compensationif the policy-holders

Damage assessment by modeling the different cormp@heading to financial compensation
of victims is the first necessary step to a betteterstanding of risk. According to Khater and
Kuzak (2002). These components can be describatrbg different modules, regardless of
the kind of natural hazard: theazard the damagesand theloss (Figure 42). These three
parameters are described in the following points.

- Modelisation -
Frequency/intensity

Hazard <€—— _Historic events identified

- Localisation

- Vulnerability assesment
- Vaalue

Damage —— _pposure
Insurance ﬁnancial - Insurance conditions
loss

Figure 42: Component of a risk model. Modified afte Khater and Kuzak (2002)

With its financial weight, the insurance industgndinance mitigation measures, participate
in research about hazard assessment and redudsy fislancing protective measures.

Whatever the method used to protect properties segdo natural hazards, a residual risk
remains. This statement is demonstrated by theysirabf past events (for example BAFU
2007) where the protection measures were excedthgiresidual risk is on one hand linked
to the possibility that protection measures malydamay not work as intended. On the other
hand the residual risk is linked to the possibitityat the event exceeds the chosen level of
protection. Many European countries, governmentd arsurance companies are now
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thinking in terms of vulnerability reduction by deasing residual risk, since this reduction
can have major consequences in financial terms.

The cost associated with natural damages has senteduring the last decades worldwide;
even if the damage costs have increased sinceQ8slin Switzerland, the number of events
is relatively stable (AEAI 2008). This increase @oonomical cost) is principally a result of
higher population densities, a rise in insurancasie in high-risk areas and the high
vulnerability of some modern materials and techgi@e (Zimmerli 2003).

To address this issue, insurance companies cadir@ctly on the financial statement by
increasing premiums or by decreasing allowancederddtively, and with significant
advantages, they can act on the number of claimi®atheir importance, trying to reduce the
causes of the disasters; adapting buildings amgitffluencing the vulnerability.

Kelman (2003) proposes an insurance system ori¢ateards vulnerability mitigation, called

« Reverse insurance ». This system is based amcantive to reduce vulnerability and differs
radically from the systems used in major Europeamtries. It is not the owner who pays to
be insured, but the insurance (or government) wluviges assistance to the insured to
reduce the vulnerability of its property. It is tBfore an inverse insurance system where the
owner receives funding to reduce its vulnerabilityhile the amount of post-disaster
compensation is reduced. This allows governmenbetter estimate the cost of disasters and
it encourages locally-based vulnerability reductemd efficient innovation, although this
system is not without limitations, such as the lgmgle of ensuring that people do use the
payments for vulnerability reduction.

Financial insurance loss is determined by insuraocelitions, such as deductibles, limits and
total insured value (Khater and Kuzak 2002). Byuafcing insurance conditions, insurance
companies can act directly on the financial statémigy increasing premiums or by
decreasing allowances.

Modeling the loss is difficult, because it has takeé into account the evolution of
vulnerability, land use planning, environmental dibdions and the increase of population, and
requires a prospective, rather than a retrospentgel (Khater and Kuzak 2002).

Natural hazard insurances participate in the firdnecovery after an event. Insurance
companies can thus play the role of the State witladtering the economy of the country.
Therefore, an insurance system is a necessity dtegirthe local economy, while lack of
insurance can discourage development in hazardeas §&Smith and Petley 2009).

By requiring obvious and defined protection godlse insurance companies have the
possibility to control the fragility of the portiol. They may thus decide the degree of fragility
of their portfolio and the "damage tolerance". hagite companies that pay without seeking
to reduce the amount of damages are not an inessystem to reduce disaster costs, because
after every disaster, the owner is reimbursed.
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An insurance company can transfer, against paynpamt, of the risk of a premium to a
reinsurance company. A reinsurance company is sowehe insurance of the insurance
companies. It will directly cover the damages exoag the insurance provisions. The
reinsurance companies are thus very interestedtimate the potential damages induced by
natural disasters. These companies are very aatitree publication of prediction of risk and
natural disasters. They finance scientific studied research work in a partnership between
academia, public policy institutions and the insgrindustry to lead scientific understanding
of extreme events. Contrary to private insurancéiseat the national level, the companies of
reinsurance work on the worldwide market and aresequently interested in catastrophes in
a more global manner.

Hurricane "Andrew" in 1992 and more recently huane "Katrina™ in 2005 illustrate the need
for the insurance and reinsurance companies to lbetter natural hazard models, in order to
anticipate the most important catastrophic evemdsta estimate the maximum potential loss.

Regarding natural hazards, it is not sufficienatdicipate the “normal” catastrophe, but it is
necessary to anticipate “the worst” possible evemtss is why reinsurances companies
develop catastrophe risk models (Khater and Kug&Rkp

The catastrophe risk modg@ligure 43) combines the components leading from the rigkéo
loss, described above. As highlighted by these ispdeany possible benefits exist for
insurance companies to encourage mitigation messaseshown by Kunreuther et al. (2004):

a) Reducing direct losses: Mitigation measures carndapbysical damages caused by
the disaster to insured infrastructures as wethadoss of lives. For example for rock
falls, building a reinforced wall can avoid buildigollapses and save lives.

b) Reducing indirect losses: This concerns the lodsidad by the catastrophe but not
directly to the infrastructure. This can be a ldagn loss, for example a business
interruption, causing a loss other than the dilesg.

c) Reducing losses to neighboring structures: A ntitigameasure can avoid damage to
other infrastructures, without having been desigried the neighborhood. For
example, a building collapse can damage other ing#dthat would have been left
standing otherwise. Mitigation measures that ati@collapse reduce also the loss to
neighboring structures.

d) Reducing financial costs from catastrophic losies:mitigation measure can reduce
the catastrophic losses and thus avoid the recaargablic finance envisaged in the
case of great catastrophes exceeding the finarega(cities of the private insurers.

With their financial strength, insurance companies/e the possibility to influence the

economic losses due to natural hazards. This cadobe either by reducing allowances,
through incentives to reduce the vulnerability obperties, through research or by directly
influencing the owner. The reduction of allowanteshe policy-holder does not seem to be
the most optimal way, because this benefits ordyitsurer and not the policy-holder.
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I Objectn
| Object ...
| Object 2
Object 1
Modul Parameters Example
Frequency 7
Hazard 2 e 100=VII
Intensity ot -y
% damage /
Damage Vulnerability N
loo Intensity
Value

Total damage = Value x Vulnerability = 600°000 x 15 % = 510"000

Insurance financial
loss

Insurance conditions

Deductibles : 60’000

Effective loss for insurance : 510’000 - 60’000 = 450'000

Loss amount

Occurrence frequency

Figure 43: Loss amount vs. frequency of occurrenc&umming the
economic losses for all the objects gives a modéleocatastrophic loss.
Modified after Khater and Kuzak (2002) and Zimmerli (2003).

Object vulnerability reduction will certainly bechallenge for the coming decades. With the
current trends of ever increasing damage coststlamgrospect of an increase of natural
disasters induced by global warming, many instngi will have to take into account the
fragility of exposed objects. Indeed, the vulneligbof a given object has a huge impact on
the final amount of damages. Reducing the vulnéraluf a person’s property is important
and beneficial to decrease the amount of damage.

By focusing on this research area, particularlptigh laboratory research or partnership with
the scientific community, insurance companies sdemhave anticipated this problem.
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However, vulnerability is not always taken into @aot by owners; even when they are aware
of the danger in which their property lies. Indetfte systematic reimbursement of damage
(or even only the expectation of systematic reirabarent) does not encourage owners to
take initiatives to reduce vulnerability, even thbhusimple measures to reduce vulnerability
could be effective in most cases.

According to Munichre (1997), motivation throughdncial incentivestias already proved
to be one of the most effective ways of encouratiegwner to take precautions. The best
approach is to make sure that clients retain anca@ge proportion of the risk themselves,
especially by introducing substantial deductibles
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MITIGATION THROUGH REDUCTION OF HAZARD

FACT SHEET 1

SURFACE PROTECTION - EROSION CONTROL

Grant Agreement No.: 226479 Page 71 of 340
SafeLand - FP7



D5.1
Compendium of tested and innovative structural, non-structural
and risk-transfer mitigation measures for different landsiges

Rev. No: 2

Date: 2012-04-30

MITIGATION THROUGH REDUCTION OF HAZARD

1 SURFACE PROTECTION - EROSION CONTROL

1.0 GENERAL

Basic principles

The main goal of erosion control is to protect thee of the slope and to strengthen subsurfaces,pmically by
interlocking soil particles with a complex matrikroots. The stability of slopes is dependent anrtitio of driving forces
and the strength of the soil-root system. The weaflvegetation growing on the slope accounts fpag of the driving

preventing splash erosion and slowing down ruriéffure 1 shows the decrease of erosion rate asoihé covered by
vegetation.
Vegetation also changes the pore pressure in theigdhe evapotranspiration process (Morgan &KRam, 1995). This

(Figure 2). But unfortunately, in temperate Eurapelimates, the season of peak water demand bytatage (summer) is
out of phase with the season of greatest rainfafiter) (Smethurs et al., 2006 and Thielen et2fl11).

Table 1: The effects of vegetation on the stabditglopes (after Wu, 1995).

forces but the roots add to the shear strengtheoboil. Vegetation also intercepts rain, by redgdts impact energy and

process decreases the pore pressure and incrbaseffeictive stresses in the soil, which also inpsothe shear strength

Process Type Effect on stability
Increase of permeability, infiltration and pore gzere Hydrologic Negative
Increase in interception and evapotranspiration @extease | Hydrologic Positive

in pore pressure

Increase of weight on the slope Mechanica| Negative
Increase in wind resistance Mechanica Negative
Reinforcing the soil by roots Mechanical Positive

Initial conditions for bio-engineering measures aseally rather unfavourable. The area to be ssakilis often barren,
partly unstable and erosive processes abound §&@Gdrber 1997; Graf et al. 2003).

The long-term effects of bio-engineering stabilmatmethods depend on site characteristics, slajigré processes and
the technical and biological measures employedkéStet al. 2007). Detailed analysis of the stabitit the slope is
necessary to determine the suitable stabilisindatketOne of the greatest uncertainities concemslépth of the potential
sliding surface and the measures have to be cltamsemdingly
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Figure 2: Some influences of vegetation on the soil
(source: Coppin and Richards, 1990)

Slope stability and the efficiency of stabilisingeasures are usually influenced not only by soil meis but also by
hydrological factors and hydraulics. The combinédats are rather complex and are often responséibsidailure (Boll,
1997). Surface erosion and landslides are usualtg-term processes (over some decades and more3talitising
measures are required to have a correspondingly lidespan. The bearing capacity and functionatifysupporting
structures are likely to become critical in the rseuof time, and biological measures may fail tosper. Periodical site
inspections are therefore necessary to plan maintenand/or replacements properly. Knowledge atteutievelopment
and long-term behaviour of joint technical and bgital methods is indispensible (Pastorok et 8971 Anand &
Desrochers, 2004.

Quantification of the stabilising effects of vegeti#on (based onFrei, 2009

In recent years, several studies have been pertbtméescribe vegetation effects quantitativelycdrding to Simon &
Collison (2002), root-permeated soil makes upoampositematerial that has an enhanced strength. In genswélcan

resist against compression stress, but can haedigtragainst tensile stress. The fibrous rootgess and herbaceou
plants, on the other hand, can resist againstléessiss, but hardly against compression stredawBera & Nutalaya,
1999). However, to implement this analysis methogriactice, there are restrictions with respedh®root distribution.
Usually, only man-made brush layers achieve thiglitmn. Therefore, this model is inappropriatgtovide a generalised
representation of vegetation effects (Frei, 2009).
If a slip plane is penetrated by roots, they cainblided in stability analyses comparable to gtbanchors operating with
a tieback function. But it requires careful attentito determining the exact root distribution, asllvas the pull-out
resistance of the different root classes to be ablguantify any anchoring effect of roots. Therefothis model is
inappropriate
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Figure 3: Retaining walls and biologicél measuteabilise a slope against surface erosion and shaddindslides. If the foot of the
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slope connects with a torrent, check dams in ttterlare a prerequisite. The supporting struct(gabions in this example) are
each protected against rockfall by a log grid gnabthem (source: Boll et al. 2009).
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A further possibility is to assign vegetation effeto the soil shear strength directly. In doing tseo approaches can be
taken: those that immediately measure the sheamgttr and methods that assign vegetation effectiset@hear strength
parameters. The direct measurement of the sheargstr of root permeated soils can be performed bsns of a direct
shear apparatus, as described in Waldron et é883j19Vu (1984) and Tobias (1992). According to BbiGraf (2001), the
disadvantage of this method is that the failuren@les predefined (by the apparatus) and that theltrebtained by such
field tests represents only a pure shear resist@madogous to a ring-shear test to determine tiseained shear strength of
a fine grained soil). The influence of shear pandulation or any other layering or discountinuitieg not be taken into
account. As a consequence, such a value is notlysygpropriate for classical stability analyseflstHe shear strength is
written according to the Mohr-Coulomb failure criten (Terzaghi & Peck 1967), then it can be dinedtitegrated in
stability analyses. Wu et al. (1979) as well as (0284) assign any vegetation effects to the sdiks@mn, by introducing an
additional cohesion component due to the root oed@ment (9. Variations in mechanical reinforcement at thetizone-
scale are particularly important for small and khallandslides with areas of 10 to 2008 (Reneau & Dietrich, 1987).
Moreover, complexities arising from the distributiof root sizes and details of root-soil mechanieghforcement also
demonstrate that application of a uniform cohesiemm may represent an oversimplified picture thatild overlook
susceptibilities emerging when a more completesstrgtrain relationship of root systems and chaiatitss of their
distribution are included in calculations of slagtability (Schwartz et al., 2010).

Boll & Graf (2001) regard this additional paramedsrsimple to determine, but it represents theitiond in superficial soil
layers far less optimally than the stress-dependgptession in the frictional component of the M@wulomb notation.
Since the roots exert a form of prestress on thesgnding soil grains, this is analogous to inciegshe contact stresses
which will contribute to additional shear strengtinough the modification of frictional resistanceherefore, adding an
additional component to the friction angle woulgnesent the mobilised shear resistance under daegremge of valid
stress conditions near the surface. It was postlidiat, it would be more convenient for designerdescribe the resistance
mobilised and hence the stability in the vegetatidluenced superficial soil area. However, there @o suitable models
available yet (Frei, 2009).

Schwartz et al. (2010) reviewed the primary geoitatand mechanical properties of root systems thed function in
stabilizing the soil mass. They considered thesstrstrain relationships for a bundle of roots ushey formalism of the
fibre bundle model (FBM) that clumps the effectsrobts together and offers a natural means for alipgr mechanical
behaviour of root systems. They proposed an exiarsi the FBM, considering key root and soil pareeresuch as root

Figure 4: Schwandriibi scree slope. Left: in 1918rpp the application of joint technical (gabioms)d biological Alnus
incana, Salix purpuredjydroseeding) measures conducted during 1981 a8l d1®d right: in 2005 after the heavy rainstorm
event in August. (source: left Forestry Servic&awalden; right WSL)

diameter distribution, tortuosity, soil type, swibisture and friction between soil and root surfadee spatial distribution of
root mechanical reinforcement around a single ise@mputed from root diameter and density distiins and is based
properties that can be measured easily. The digiib of root reinforcement for a stand of treeswatained from spatial
and mechanical superposition of individual treaugalwith respect to their positions on a hillslopkis method has been
applied to a full scale rainfall triggering testp¢(Bigman et al., 2009) and the results of simuldédide zone (Schwartz,
2010) shows good agreemets with the real failuréged Askarinejad et al., 2010).

Hydroseeding (based on BMP Handbook

Hydroseeding typically consists of applying a mietuwf wood fibre, seed, fertilizer, and stabiliziegnulsion with
hydromulch equipment, to temporarily protect expbseils from erosion by water and wind (Figure Bydroseeding is
suitable for areas requiring temporary protectiotil permanent stabilization is established.

Limitations

e Hydroseeding may be used alone only when therafficient time in the season to ensure adequatestaéign
establishment and coverage to provide adequatéarosntrol. Otherwise, hydroseeding must be ugsecbnjunction
with mulching (i.e., straw muich).

e Steep slopes are difficult to protect with tempyprseeding;

« Temporary seeding may not be appropriate in dripdemwithout supplemental irrigation.

« Temporary vegetation may have to be removed bgfenmanent vegetation is applied

Inspection and maintenance

« Where seeds fail to germinate, or they germinatedi®, the area must be re-seeded, fertilized,nanidhed within the
planting season, using not less than half the malgapplication rates

e e '
i o = 1 - ' p T

Figure 5: Aerial Hydroseeding (http://www.ericksoweane.com/hydroseeding.php)
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e lIrrigation systems, if applicable, should be ingpddaily while in use to identify system malfuncts and line breaks.

When line breaks are detected, the system mudtliedswn immediately and breaks repaired beforesyistem is put
back into operation;
« Irrigation systems shall be inspected for compteteerage and adjusted as needed to maintain caqaeerage.

Turf reinforcement mats (based on www.urbancreeks.a)

The use of Erosion control blankets are considedemporarily stabilisation method and protectudi®ed soil from
raindrop impact and surface erosion. They incréafi¢ration, and conserve soil moisture. Mulchimgth erosion control
blankets will increase the germination rates fasges and legumes and promote vegetation establishm

Erosion control blankets are used on slopes artdrbid soils where mulch must be anchored. Theyappéied for steep
slopes, generally steeper than 3:1, and slopesewgresion hazard is high. Their use is especigdpr@priate for critical
slopes adjacent to sensitive areas, such as stieramgetlands, and disturbed soil areas, wherdiptais likely to be slow
in providing adequate protective cover. Establighiegetation in channels or on slopes may requiditianal measures
beyond seeding and straw mulching.

Materials

Erosion control blankets are generally a machinelpced mat of organic, biodegradable mulch sudtrasv, curled wood
fiber (excelsior), coconut fibre or a combinatidwerteof, evenly distributed on, or between photoaléaiple polypropylene
or biodegradable natural fibre netting. Synthetios®n control blankets are a machine-produced ofiatiltraviolet

stabilised synthetic fibres and filaments. Theingtand mulch material are stitched to ensure nitiegnd the blankets are

provided in rolls for ease of handling and instidia.
Advantages

Erosion control blankets can provide immediate soiface stabilisation. Even if herbaceous vegatadioes not grow, the
blankets will provide excellent protection for aabt one season. Woody cuttings such as staketesmand fascines may

be used with erosion control blankets and geotsxtil

Disadvantages
The slopes must be uniform and relatively smootforeeinstallation to ensure complete contact witle soil. The

associated labour cost may be higher.

Bushes and trees
Bio-engineering systems are usually establisheddoyentional seeding of the plants or live plantjiprgan & Rickson,

1995). The main goal of these systems are redwgtirfgce erosion and reinforcing the soil. The aoesion methods used

mainly rooted cuttings and these are installed ififer@nt configurations. The effectiveness of thigstem as soll
reinforcement depends on the depth at which cugtoan be placed and the depth to which the roatspeaetrate. Soil
reinforcement systems by bushes and trees areiloesddy Leiser (1982), Copping & Richards (199MeTgrowth rate of

roots is related to the volume of the cuttings smhe guides on choice and preparation of cuttiage lheen given by Gray

& Leiser (1982) and Schiechtl (1980). The spechesukl have a root system that penetrates to th@reztjdepth to creat
favourable conditions for stability. In humid reg& bushes and trees with high transpiration wéeldnore effective in
decreasing of water content. The characteristitkeplants are summarized in Table 2.

Table 2: Characteristics of plant groups, (afterdém & Rickson, 1995).

Ecological criteria Resistance to drought, saltdaemperature extremes

Growth characteristics Ease of propagation, grovette requires consideration of cutting material,
humidity, temperature, light, soil type and timepobpagation

Engineering properties Root strength, depth ancheliar of root systems, water use

Wherever feasible, native vegetation is preferrad the succession from pioneer to climax bush ee tin the site
environment, primarily climate and soil type andishare, should be considered (Morgan & Rickson,519Bray & Leiser
1982, Schiechtl 1980).
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Figure 6: Typical drawing: Erosion Control Blankéts soil slope stabilization
(http://www.urbancreeks.org/Erosion%20Control%208Bts. pdf
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Fascines/Brush (based on www.ohiodnr.com/water/pubps

Fascines or brush mattresses are particularlycstoreespecially erosion-prone areas and in casesendiffering substrates
(e.g. topsoil onto raw soil) are put onto slopethaut being sufficiently interlocked and are moften used to stabilize
fairly long slopes.

Fascines are made of up bundles of thin live ogstiof willow or red-osier dogwood. Live fascines=jland inert fascines
(IF) are sausage-shaped bundle structures madecfutimgs of living woody plant material, 20-25 ¢mdiameter and 1-6
m in length. In the LF, the cut branches are exqgetd grow producing roots and top growth, (periogradditional solil
reinforcement via the roots and surface protectianthe top growth) (Gerstgraser, 1998). Fascimesptaced in grooves
parallel to the slope and are fastened with woiekes (Figure 7 & 8). The plant-filled trenchesak up the length of the
bank face, shortening each slope segment and regitice energy available for erosion. The lines efetation placed
parallel to the contour of the shore can breakheperosive force of small waves since the plarags/dn lines perpendicular
to the source of energy.

The IF is not intended to grow, but can be usegrttect the toe of the streambank while other \atget becomes
established (Figure 9) (Sotir & Fischenich, 2001).

For brush mattresses and hedge mattresses, dophaatg or plant cuttings are laid crisscross ort€260 cm wide berms
and are then covered with soil and carefully cortgzh¢Figure 10) (Allen & Fischenich, 2001).

Operation and maintenance (based on Sotir & Fischech, 2001 and Allen & Fischenich, 2001

The stream and corresponding parameters like wg/dwod frequency, flood stage, timing, and fietyslanned use governg

the operation and maintenance program. As withligayplant, health, growth and form need to be eatdd periodically to
assure its continued function. Repair of the systmmay be required until the vegetation becomes estblished.
Successful plants will grow vigorously and spreagirtroots into the surrounding substrate. If ahiovehuman damage is
evident, preventative measures, such as exclosuesbe required. Such exclosures, especially twydy plants, may only
need to be used until the vegetation is well-esthétl. Inspections are needed after high watertevkning the first year
and once a year thereafter.

. AR
Figure 8. Installing a live fascine structure
(Sotir & Fischenich, 2001)

Figure 9. Installing an inert fascine structure
(Sotir & Fischenich, 2001)

1.5-2

Brush Mattress

Water Level
at
Base Flow

Water Level
at
Base Flow

Figure 10. Profile view of brush mattress with rack; note relationship to water level at basakflo
and that live brush is not permanently floodedd@l& Fischenich, 2001)
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Basic principles and physical process

Total or partial removal of the actually or potali§i unstable mass, toe weighting and more genenadidification to the
geometry and/or mass distribution of slopes areelyidised techniques to mitigate the hazard, ansbtoe extent the
consequences, of landsliding.

The principles underlaying the complete removahefpotentially or actually unstable mass, be &ail or rock, including
“scaling” otherwise stable rock slopes to remowekfall hazard, are self explanatory.

Reprofiling, unloading by excavation or by partiaplacement with lightweight fill at the head aodding at the toe with
fill and/or gravity structures operate on the pipte of modifying the balance between driving aadisting forces.

This technique is potentially effective in all madts, except those susceptible to weakening ifigtabr liquefaction.

As also summarized for example by Hutchinson (19@u)s and fills appear to be most effective aszald mitigation

measure when applied to deep-seated landslideseline slip surface tends to fall steeply at thedhend rise appreciably

in the region of the toe (rotational and pseudatiohal slides). Clearly, the effect of a givert oufill on the overall
factor of safety depends on the size of the laddddieing treated.

While localized mitigation by cuts and fills mayope very effective in dealing with the specificlfae surface for which
they have been designed, it is important to enthatthey do not cause instability themselves eeitbcally or to the rest

of the slope outside the original landslide beidgrassed. It is important to note also that in soases, especially in long

translational slides, they may be quite ineffectigminst almost equally serious landslides invghamly a portion of the
slide, as shown for example slide a-b-d overridimgfill placed to stabilize the slide a-b-c ig&ie 1 (Hutchinson, 1977).

N

e
o/ T~

Figure 1: Translational slide stabilized by toédihd the danger of potential over-rider slides.
1) slip surface; 2) toe fill; 3) over-rider slidaffer Hutchuinson, 1977)

The neutral line concept and its application

The correct positioning of cuts and fills on slopes great importance, as is proper drainage. rébpective merits of
removing the head of an actual or potential siféatening the slope uniformly or benching it, driailding a berm at its
toe have been discussed extensively in the litegatu

The efficacy of a corrective cut or fill is contied by its location, weight and shape and the dteristics of the actual or
potential landslide to be treated. In order tosighie design, Hutchinson (1977, 1984) proposesdrtbutral line” concept
to evaluate the relative merits of performing arns/or fills at different locations in the slope.

“Influence lines” can be drawn to represent howftetor of safety for sliding along a particulaildee surface is modified
by an “influence load” moving across the slopelshiénd to decrease the existing factor of safgtyhen they are placed
close to the head of the slide and decrease it wiwnare placed close to the toe. Of particultarest is the point where
AF = 0, termed the “neutral line”, which forms theubdary between areas where a fill or cut wouldrowp stability and

areas where the reverse applies.

For circular slip surfaces, in undrained condititims position of the neutral point is verticallyidog the centre of the slip
surface, where its inclinatioa is equal to zero, whilst in drained conditionssitshifted uphill, where the slope of th
failure surface has the same value as the mobifizettbn angle (Figure 2). For non-circular sBprfaces the neutral line
will widen to become a neutral zone if the faileurface has a planar section with the same indinats the mobilized
angle of friction.

The “neutral line” concept can be particularly \alie in the early stages of planning and designekample when it
comes to identifying the optimum route of a roadotiyh an existing landslide or to make preliminguantitative

estimates of the improvement in factor of safetydpiced by a give design being considered. A fihalck should always
be carried out by conventional analysis.
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Figure 2: Neutral lines and the effect on slopéibtg of fills and cuts in the short term and tleeg term (after Hutchinson, 1984
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Slope stability analysis under static conditions

Soils and/or weathered heavily fractured rock mgsse

In soil and/or weathered heavily fractured rock snamt susceptible to weakening instability or éfaction and for which

the “continuum-equivalent model” can be reasonalplylied, the stability of slopes is routinely eathd according to the

Limit Equilibrium Method in 2D conditions (see fexample Bishop, 1955; Morgenstern and Price, 19&6bu, 1968;

etc.). Three-dimensional effects are generallyeetgt or taken into account by introducing “soma&'tection factors in the

safety factors calculated in 2D conditions (seeef@mple Azzouz and Baligh, 1983; Turner and Senu$996).

* Three-dimensional stability analyses with simptfimethods (see for example: Chen and Chameau, 1882hinsky
and Baker, 1986; Hungr, 1987; Gens et al., 19&88igr et al., 1989; Leschinsky and Huang, 1992; laawh Fredlund,
1993; Stark and Eid, 1998, etc.) are rarely peréatrfor the following reasons:The majority of work this subject
suggests that the 2D safety factor is conservétbee for example Hutchinson and Sarma, 1985; HU®@7).

 Even when 3D analyses may be justified on geomaraunds (morphology and macrostructure), the akésl
simplified methods, being often based on extrapmiatof 2D methods of slices to 3D methods of calgninvolve
numerous assumptions related to side forces tbai@r easily justified;

¢ In cases where the critical surface is unknowas difficult to set up general algorithms that woséhrch for the critical
surface, especially in cases where it may not bersgal.

However, the assumption that 2D analyses lead tserwative safety factors need some qualificatere (for example

Griffiths and Marquez, 2007):

e A conservative result will be obtained only if thist pessimistic section in the 3D problem is getkbfor 2D analyses
(Duncan, 1996); in a slope that contains layerind strength variability this “most pessimistic” §ea may not be
intuitively obvious.

¢ Anunusual combination of soil properties and getoyneould lead to a 3D mechanism that is moreaaitiBromhead
and Martin (2004) argued that some landslide caméitions with highly variable cross-sections colgdd to failure
modes in which the 3D mechanism was the most atitic

» Other investigators have indicated more critical 8&fety factors (Chen and Chameau, 1982; Seed.,e1940),
although this remains a controversial topic.

» The corollary of a conservative 2D slope stabilityalysis is that “back analyses” of a failed sloyik lead to an
“unconservative” overestimation of the soil stran@Cantoni and Rocchi, 1999; Arellano and Starlg®0

The hypothesys on which Limit Equilibrium Method® dased are such that these methods can be apglaaly only in
the case of potential reactivation of pre-existifiges; only in these cases can the geometry, dhenater pressure regime
and the “operational” strength along the pre-emigthear surface be known with an acceptable deg ecision.

First time slides involve much more complex proessshich determine the amount and distributionti@gths inside the
potentially unstable soil/rock mass; the “operaidnvalues at incipient failure can be only estigtht on
empirical/experience basis, with a relatively hitggree of uncertainties.

A higher degree of realism could be reached onlyfibge element (FE) approach implemented takintp inccount
appropriate mechanical and hydraulic boundary d¢and, the porous (two or three phases) naturéh@frbaterials and
these are characterized using appropriate congtitlews (elasto-plastic, elasto-viscoplastic) sild on the basis of their
geotechnical behaviour as reflected by experinhéasas in situ and in laboratory (see for exanipidts and Zdravkovic,
2001; Vaughan et al., 2004 and section 2 and HeoDtl1.1).

Thanks to the remarkable increase in computatipa®ler in recent years, meaningful 3D analyses ni&y lze performed
(see for example Chen et al., 2005; Griffiths arafd@iez, 2007).

In all cases, the results of the analytic appraaehvery sensitive to the piezometric regime careid in the analysis and
its variation with time in relation to hydrogeologl and metereological conditions; the piezome#&@ime and its variation
with time is seldom known with any great detail asdoften much more complex than can be modelegrattice,
especially for unsaturated materials.

It is therefore advisable always to calibrate thethad and results of any analysis with well docuie@nrepresentative case
histories, where available.

Rock masses where stability is governed by disnaitiés
The stability of rock masses is governed by thelmnnorientation and characteristics of discontiasj in these cases, a

continuoum-equivalent model may not reflect theawaur of the rock mass and specific methods ofyaisamust be applied.
Single blocks may be analyzed by simplified limiudibrium methods which consider sliding on onenaore discontinuities
which define a kinematically admissible mechanistodk and Bray, 1981; Moore, 1986; Giani, 1992; Mbrrand Wyllie,
1996), as follows:

e Planar failure, governed by a single discontinsityface dipping out of a slope face;

* Wedge failures, governed by two discontinuitieshveitline of intersection that is inclined out of tslope face;

* Toppling failures, involving slabs or columns defihby discontinuities that dip steeply into thepsldace.

The anlysis of toppling failures has been investigeby several researchers, including Goodman &mdg (1976), Hittinger
(1978), Hoek and Bray (1981), Choquet and Tano8319nd Wyllie (1992). Reference may be made taislorand Wyllie
(1996) for a summary and discussion of applicatdthods.

More complex situations, including those where Riatically admissible mechanism are not present,beaanalyzed by the
discrete elemnt method (Cundall, 1987; Lorig et 891), which does not require a prescribed faikurface, and determine
by iterative calculation the demarcation betweaiblstand unstable blocks. The rock mass is modedaddividual bloks that
can undergo large relative rotation and/or disptea®, generating changes to the interaction folmdseen blocks. The
solution scheme is sxplicit in the time domain aad thus simulate progressive failure.
Where stability is governed by the discontinuiiiean otherwise competent rock mass, the main fiatesources of errors in
the analysis relate to the accuracy with whicts ipossible to determine and model the actual gegrétthe discontinuities,
their “operational” mechanical characteristics #mel water pressure distribution in the rock masktheir variation with time,
both as a result of changes in the boundary camditand as a result of the response of the sysiethet environmental
conditions. It is therefore advisable always tdibcate the method and results of any analysis wittl documented,
representative case histories, where available.

"

Slope stability analysis under seismic conditions
For the analysis of slope stability in seismic dtinds, reference may be made to the three diftespproaches listed below in
increasing order of complexity (Kramer, 1996):

» Static equivalent analysis (Seed, 1979; Marcus®811Hines-Griffin and Franklin, 1984); analyticallution are available
for translational slides (Hadj-Hamou and Kavazanj&085).

¢ Newmark type of analysis; (Newmark, 1965; Sarma75l19Franklin and Chan, 1977; Makdisi and Seed, 1978
Constantinou and Gazetas, 1984; Lin and Whitma@6;1Baccioli et al., 1987; Ambraseys and Menu, 1988jian et al.,
1991; Crespellani et al., 1996; Crespellani et1#198).

< FEM analysis (Prevost et al. 1985; Griffiths anéveist, 1988; Finn, 1988; Elgamal et al., 1990; Steb et al., 1991;
Ktenidou and Pitilakis, 2007).

When applying the methods listed above the follgnaspects shall be clearly borne in mind:

e Static equivalent analyses are normally carriedwith the use of limit equilibrium methods. The ukts are critically
dependent both on the selected value of the opeedtshear strength and on the selected valueegi¢budostatic seismic
coefficient kh. In recognition of the fact that thetual slopes are not rigid and that the peakla@t®n exists for only a
very short time and varies across the landslidesrdas to phase differences, the pseudostatic seefficients used in
practice generally correspond to acceleration waiuell below the peak ground acceleration amaxr&hee no hard ang
fast rules for selection of a pseudostatic seisméfficient; however, it is clear that it should $me fraction of the actual
anticipated level of peak acceleration in the failmass (including amplification or deamplificatieffects).

« In Newmark type analyses, the evaluation of thédypseudostatic seismic coefficient khy is normaklyried out with the
use of limit equilibrium methods; its value is md#lly dependent on the selected value of the djpea shear strength
The earthquake-induced slope displacements estintatethis approach are very sensitive to the valfighy; small
differences in khy can produce large variationgiadicted slope displacements. Furthermore thet gradability in
distribution of acceleration pulse amplitude betweddferent ground motion records produces greatbdity in predicted
slope displacements; even ground motions with aimdmplitudes, frequency contents and durations mamuce
significantly different predicted slope displacertserit is therefore necessary to carry ot the aisilfpr a large number of
relevant ground motion records and to apply stesistechniques to the results.

* The results of dynamic FEM analyses depend ondhk#tative model used; as far as the input grountion is concerned,
the same considerations apply as detailed abovedamark type analyses.
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Description Figure 1: Schematic section
In some situations, complete removal of the aggualipotentially unstable mass can be an effeaive economic form
of mitigation, removing the potential hazard atreeu Probably the most high profile example of dpglication of this

technique is the construction and maintenance ®ffthnama Canal (Duncan, 2008). Generally, howévés,only Cut-off drainage

practical on small slumps or small rotational didéarge scale excavation of larger landslide afsassually not

recommended for several reasons (Highland and Bathyg 2008): Localized failure

e Excavation is not always effective. For large plafadures, excavation may not cause movementsoje and may / at oversteep scarp
allow the landslide to expand.

« Excavation may actually destibilize the groundtartupslope by undercutting, which weakens theeslepen to the i ;
point of triggering a larger slide than is beingigated. N O”gmal 310»09 proﬁle

« In certain soil profiles, where there are severdua or potential failure surfaces at differenpties, excavating
down to the top failure surface might trigger siglion deeper failure surfaces.

e Excavation may interfere with surface runoff andtewacourses; unless this is properly addresseghaif cause L.
backdrops and areas of temporary or permanent atagmater with resulting changes to infiltrationdathe | Finished slope after
groundwater regime of the slope, or favouring enosn areas previously protected by the slide mass. removal of slide mass

Complete removal of the landslide body is only efffee at mitigating the hazard of further movemiétihe slope can be
reprofiled at a lower inclination compared to thégimal, failed, slope and/or additional hazardigaition measures are p
implemented. If this is not carried out, removihe fandslide debris is equivalent to acceleratedien at the toe of the ’ln.termed"ate b.erm
slope where this was a cause of the original lagelstecreating the conditions for further slidbogake place. with S"Ope dramage
Excavation may alter drainage patterns, with paéntdetrimental effects on the stability of theea; care should be
paid to diverting surface water flows away from twecavated areas and to ensure that reprofiling chm¢ create
conditions for stagnant water to accumulate in lging areas. Similarly, it is necessary to ensunat the materials
exposed by the removal of the landslide body atesnsceptible to or are adequately protected frapidrweathering

Slope profile after landslide

which could cause renewed landsliding. To fac#itaonstruction and maintenance of drainage andeze@rotection | Picture 1: Landslide debris tipped over the side in emergency road rehabilitation. This practice should be avoided as far

works, excavated surfaces are typically shapedrta & number of benches, typically at 6 to 10 ntie@irinterval. as possible (photograph from http:/bengalnewz.blogspot.com/2010/08/maoist-frontal-organisation-pcpa-may.html)
The equipment and methods of excavation will neeblet selected to suit the nature of the materibletexcavated and

local conditions in general. Even when the parendisturbed material is rock, landsliding may haweken up the mass
sufficiently for it to be excavated by conventiorguipment. However, it is not rare for the lardisldebris to retain
sufficient remnants of the original structure amshsistency of the parent material that excavatioth @moval of the
landslide debris requires specialist equipmenth sichydraulic hammers or even explosives. In te#sations, careful
consideration will be given to the need to minimitigrations, if there is a risk of these triggerfogther movement.

Design

In all cases a careful review of ground, groundwated drainage conditions needs to be undertakéorebeny
excavation is carried out. When considering coneplemoval of the landslide body, it is necessargvaluate the
stability of the slope in the proposed final configtion, with particular attention to the stabilif the slope above the
excavated area. The principles and methods of sisadye decribed in the general fact-sheet 2.(Hazérd reduction by
modifying the slope geometry or mass distribution”.

The design should consider the method and sequeinegcavation, to ensure stability at all timespessally when

excavating active landslides; typically, excavatstiould proceed from the top of the slope downwawther than from
the toe, to ensure that the work is carried owglgaf

The design should also consider the final dispo$dahe excavated material, which can be a serigablem in some
cases. Uncontrolled tipping of the material dowpsloof the excavated area, as often practiced inrgamey

rehabilitation of rural roads in mountainous terraihould be avoided since it can damage the rgistgetation and it
can create a serious hazard of further sliding daivn

Special care needs to be paid if the landslide nsasaspected to contain contaminated materiatsywfatever reason,
since this may require special provision with respge ensuring the safety of both workers and thblip and with

respect to arrangements for the disposal of agsing

Finally, complete removal of the actual or potdniéadslide may have a significant visual impacttba landscape,
which needs to be considered and weighed agamsia$t of possible alternatives.
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APPLICABILITY

tis

1S

Class Descriptor Rating Notes
Falls 4
Topples 4
Type of movement X Most applicable to slides, although might causéhrrsliding in certain conditions. Applicable irinxiple also to rock slopes subject to falls grbing.
(Cruden & Slides 6 Th : ) ; : T - . : . )
e complete removal of source material for potdfiilbws may be considered in special circumstamhcgst is unlikely to be applicable in practice.
Varnes, 1996) Spreads 0
Flows 2
Earth 8
Material Debris 8 Mainly applicable to landsliding involving earthcadebris. Applicability in rock limited by difficty of excavation.
Rock 4
Superficial (< 0.5 m) 10
Shallow (0.5 to 3 m) 6
Depth of Medium (3 to 8 m) 4 Typically applicable to relatively small and/or #bev landslides. The implications of large scale@¥ation and disposal typically make this technigque
movement impractical for deep and very deep slides.
Deep (8 to 15 m) 2
Very deep (> 15 m) 0
Moderately to fast 2
Rate of movement Slow 6 Can be carried out without special difficulty whtére rate of movement is slow (5 cm/day) or lesscantain circumstances and with due care,
(Varnes, 1978) Very slow 8 possible to excavate slides moving moderately(fgsto a few metres per day), especially if it@sgible to place the equipment on stable ground.
Extremely slow 8
Artesian 2
High 4 High or artesian groundwater conditions pose speciblems both to the excavation and to the stghif the slope after removal of the landslide 53
Groundwater S LI . . ..
Low 8 limiting the applicability of this technique whelmetse conditions occur.
Absent 8
Rain 6
Snowmelt 6
Localized 0 ) )
Surface water St 0 Surface flows must be diverted to prevent them freathing the excavated area.
ream
Torrent 0
River 0
Maturity 10 Simple technique. Potential benefits and limftapplicability are well established.
Reliability 8 The reliability of the technigue as a mitigatimeasure depends on the reliability of the evalaaticthe stability of the treated slope.
Implementation 8 Easily implemented with widely available equipmétossible difficulties with excavation in rockdawith the disposal of arisings.
Typical Cost 6 Moderate, provided the work does not involve aonihated material.

Note

Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific netiraler consideration to use in landslides of tivery characteristics, evaluated individually. Oviéraitability to specific case under consideratiory be obtained by a weighted average

of these ratings, with user defined weights. Zatmmg means "not applicable”
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Loose or potentially unstable vegetation, blockd kotalized bulges or overhangs remaining on a sloge as a result g
previous falls or excavations, progressive loosgrand weathering of discontinuities as a resulfreéze-thaw cycles
growing tree roots, weathering and/or washingadwtlayey infill in rock discontinuities can be remed to sound rock by
variety of means and techniques, collectively reiérto as “trimming” and “scaling”. Larger scalerefiling of rock slopes
falls within the scope of sheet 2.1 — “Removal adt@ally or potentially) unstable soil/rock madsi’ particular, “trimming”
refers mainly to the removal of potentially unseblerhangs, bulges and other geometric anomal@rugding above the
general lay of the slope, while “scaling” refersttee removal of individual blocks or boulders whiofay be or readily
become detached from the slope, even if they doapesent a geometric anomaly.

Trimming and scaling may be carried out by a vgrigt methods and techniques, depending on thedfizmomaly to be
removed and, even more importantly, access conditigvhile scaling can be carried out, to some éxt®nconventional
hand held tools, such as pry bars, shovels, &iis.ntay need to be supplemented by controlledibtastr other significant
mechanical assistance, especially when trimminglias the removal of blocks which are not yet detalc

Where small scale blasting is used, blast mats negeg to be used to prevent flying debris, sincécijly there will be
insufficient overburden to provide confinement. Mmimize the risk of blasting causing uncontrolfegicturing of the rock,
requiring additional trimming and scaling, cotrallblasting is typically carried out by drilling ome more series of closel
spaced (typically at 10 to 12 times the diamefajallel holes along the intended breakline to Bvdistribute the explosive
on the face. Holes drilled by hand-held equipmeatr®rmally up to 40mm diameter and up to 3 m iigth. Typically, low-
velocity explosive is used, with a decoupling rdtiee ratio between the the hole diameter anddhtie explosive) of abou
2 to limit the pressure on the side of the holdirtot uncontrolled fracturing, stemming the hol@srinimize venting and
detonating each hole on a single delay. Wherehiokriess of material to be removed is significamtltiple breaking lineg
are detonated in sequence, starting from that setire free face, to the final line.

Blasting is often precluded by regulations in oamerban areas. Blanket bans on blasting may li@rée in some countrie
or it may be so cumbersome to obtain permissiorafat to actually carry out blasting that to alleefs this option is no
available. In this case, alternative methods ofa@#imn may be considered, depending on circumstanincluding:
hydraulic hammers (rock breakers), either hand beltounted on the boom of an excavator;

hydraulic rock splitters, which are inserted inreelof drilled holes and expanded hydraulicallgteate or open cracks;
expansive grouts (soundless chemical demolitiom@yewhich expand slowly as a result of chemieaktions.

Both trimming and scaling can be highly dangeraus @eed to be carried out by specialist personpetating under a strig
safety regime. Typically the work is carried oub@eeding from the po of the slope downwards, sbttleworkers are ng
unnecessarily exposed to the hazard of materidihdafrom above and to avoid that the debris frolne toperation
accumulates on previously completed portions ofthpe.

Workers and equipment are typically suspended fimmes anchored in a safe area above the slopem@lies slopes, acces
can be provided by self elevating platforms, wigavier equipment suspended from cranes, but trasgement tends to b
cumbersome and does not afford workers the saraddre of movement in case of need.
Since the debris from these operations will falttie base of the slope, access to this area mustsbécted during this typg
of work and the exclusion zone must extend suffityeto cover for all possible run-out trajectoridailnerable structure
within the exclusion zone may need to be tempgraribtected.

Trimming and scaling may need to be repeated atl@eintervals, especially if the rock is suschkigtito rapid weathering
for example in mountain areas subjected to repdetede-thaw cycles, or where the rock face islaireby debris.

Design
The design of scaling and trimming does not typycialvolve calculation. Rather, the design involthe identification and
mapping of the main unstable blocks, bulges angftangs that need to be removed, delegating to sxtest to the
workers on the face the task to determine whetlspeaific block needs to be removed, preferablyréadefined criteria.

In relation to the need to define a safety exclusione and to protect vulnerable structures frofimgadebris, computer
programs may be used to simulate the trajectorfidalling rocks as they bouce down the slope (Ritek980; Wu, 1984
Descoeudress and Zimmerman, 1987; Spang, 1987;rkumtbevans, 1988; Pfeiffer and Bowen, 1989, Rfeit al., 1990)
These programmes require information on the gegnaatd roughness of the rock face, the attenuatianacteristics of the
materials and details of the size and shape dbltteks. The statistical analysis of the resulta tdrge number of simulation

2 MODIFYING THE SLOPE GEOMETRY/MASS DISTRIBUTION
2.2 REMOVAL OF LOOSE OR POTENTIALLY UNSTABLE BLOCKS /BOULDERS (TRIMMING AND SCALING)
Description Figure 1: Schematic (source: Wyllie and Norrish, 1996)
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may be used to estimate the optimum position am@dsions of ditches and the height and capacityrafes and barriers.
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Pictures 1 and 2: Typical situation requiring scaling, at different scales (source: SGI-MI project files)

Pictures 4: Typical scaling and trimming work with rope access (source: http://pacificblasting.com/stabilization.html)
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APPLICABILITY
Class Descriptor Rating Notes
Falls 8
Type of Topples 6
(rg(r)l\jggnnegt Slides 0 Only suitable to prevent/anticipate falls and, lesser extent topples, of individual blocks.
Varnes, 1996) Spreads 0
Flows 0
Earth 2
Material Debris 0 Applicable to rock slopes and, to a much lessegréxto cemented soils.
Rock 8
Superficial (< 0.5 m) 8
Shallow (0.5 to 3 m) 2
n?oevpetrr']ng:]t Medium (3 to 8 m) 0 Applicable to superficial or very shallow movemerdrge scale reprofiling to be considered separatel
Deep (8to 15 m) 0
Very deep (> 15 m) 0
Moderately to fast 0
Rate of Slow 0
movement Rock face must be stable; conditions should natdmgluctive to falls occurring whilst the work isitg carried out.
(Varnes, 1978) Very slow 8
Extremely slow 8
Artesian 0
High 2 . _ . . . e _
Groundwater Low 3 Generally most suitable in dry conditions or miseepage from the face; in other conditions it néed® supllemented and preceeded by drainage.
Absent 10
Rain 6
Snowmelt 8
Localized 4 ) _ . . : .
Surface water Stream 0 Suitable to reduce hazard associated with rairdathwmelt and freeze-thaw cycles and intermittecalized flows over the face.
Torrent 0
River 0
Maturity 8 Widespread experience.
Reliability 8 High, provided parent material not susceptibleafuid weathering, in which case it may need todpeated on a regular basis.
Implementation 4 Difficult and hzardous.
Typical Cost 8 Relatively low.

Note
Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific ntethmer consideration to use in landslides of tiveig characteristics, evaluated individually. Oviégaitability to specific case under consideratiory be obtained by a weighted average

of these ratings, with user defined weights. Zatong means "not applicable”
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2.3 REMOVAL OF MATERIAL FROM DRIVING AREA
Description Figuere 1: Cameo Slide, Colorado River Valley — Stabilization by partial removal of material in driving area (Volume B).

The removal of material from the driving area (@rein general, regrading or flattening slope angfeerates by reducing
the driving forces, thereby improving overall slagiability.

This method is most suitable in cases where thabilgy mechanism occurs as a rotational or psewdational slide, e.g.
where the displaced mass moves as a relativelyrenhenass along a spoon-shaped (curved upwardydaslurface with
little internal deformation. It is generally inefféve on translational slides on long, uniform @aslopes, or on flow-type
landslides.
Generally it is most practical on small slumps ima#l rotational failures, but several examples tewisere this technique
has been applied successfully on large landslidesevconditions allowed large scale earthmovinget@arried out.
It should always be kept in mind that the resistioges are also reduced, especially in the long,tas a result of the

reduction in driving forces exceeds the reductioneisisting forces. The neutral line concept, desdrin fact sheet 2.0 or
“mitigation by modifying the slope geometry / maistribution; general aspects” can be used foredimpinary evaluation
of the relative merits of the proposed excavation.

The main limitations of the technique relate tofibilowing issues:

Excavation may actually destabilize the grounchirup-slope by ubdercutting ;

Excavation increases safety factor by only a lichitsenount, which tends to decrease with time in pmrmeability
saturated soils; satisfactory solutions may invaignificant modification of the landscape (seedgample Chatwin
et al.,1994);

Excavation results in large volumes of materialb® disposed of off-site in a controlled manner,hwattendant
difficulties;

Excavation may interfere with existing structuresl aervices; This is potentially significant whewnsidering this
type of mitigation for “potential” landslides, whilon actual landslides the residual value of engsstructures and
facilities can be very low;

Excavation impacts on the upper part of the slopi, the greatest potential visual impact on thedkcape
Excavation of active landslides requires speciat ¢a ensure the safety of workers; in particuiais necessary to
assess the possibility of sudden accelerationgahdve in place well drilled evacuation plans.
All excavation in the upper part of a landslide trius accompanied by drainage works to redirecaserfvater away from
infiltrating the landslide body. Typically, surfageotection to newly excavated surfaces is als@s&ary to limit erosion
and/or weathering. To facilitate construction andintenance of drainage and surgface protection syoekcavated
surfaces are typically shaped to form a numbereathes, typically at 6 to 10 m vertical interval.

Examples of large landslides stabilized by thihitegue are shown in Figures 1 and 2.

Figures 3 and 4 show the remedial works carriedabtite Settebagni motorway cutting, just NorttiRoime, where major|

1)

reduction in normal stress on the failure surfdtes therefore necessary to locate the excavaticsuch manner that the

Removal of volume A was considered and found ineffective (source Peck and Ireland, 1953; Baker and Marshall,
1958)
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deep seated sliding occurred approximately 20 y@&rs after construction due to a thick plio-pteisine clay layer
daylighting in the cutting below a thick cover dherwise stable tuffs and pyroclastic cinders (R&s 1 and 2). The extern
of the clay outcrop in the cutting is shown indieally by the hard facing installed at the time ofistruction to safeguarg
fron erosion and shallow instability. As shown lie ffigures, reprofiling formed an essential parstabilization works and
extended for the full portion of the cutting poially affected by future sliding, beyond the lima$ the 1992 slide (SGI-
MI project files).

Design
For general considerations on the geotechnicabdesfi mitigation by removal of material from theuiing are, reference
shall be made to the general fact sheet 2.0 orrdhaziéigation by changes in slope geometry and/assrdistribution.

-

Figure 2: Cortes de Pallas Landslide, Spain — Stabilization by excavation in driving area (source Alonso et al., 1993)
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Picture 1 Settebagni slide — 1992 after emergency temporary remedial works (SGI-MI project files) Picture 2 Settebagni slide — 1992 after emergency temporary remedial works (SGI-MI project files)

e

Figure 3: Remedial works for Settebagni slide included major reprofiling from the original 1960’s cut slope profile to reduce driving forces (SGI-MI project files)
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Figure 4: Remedial works for Settebagni slide included major reprofiling from the original 1960’s cut slope profile to reduce driving forces; note original grading in southern portion of cut (SGI-MI project files)
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APPLICABILITY

tis

AS

Class Descriptor Rating Notes
Falls 0
Type of Topples 2
g?;’gglegt Slides 8 Most suited to rotational or pseudo-rotationaledidmay be useful to reduce toppling hazard iragedonditions.
Varnes, 1996) Spreads 0
Flows 0
Earth 8
Material Debris 8 Mainly applicable to landsliding involving earthchdebris. Applicability in rock limited by difficty of excavation.
Rock 4
Superficial (< 0.5 m) 8
Shallow (0.5 to 3 m) 8
Depth of Medium (3 to 8 m) 8 Typicall_y applicable to relatively sma_ll and/or 8ba Iandsli_des. The implication_s of large spal@mtion and digposal typically make this technique
movement impractical for deep and very deep slides. On therchand, it may be the only suitable techniqueeiry large landslides, besides drainage.
Deep (8to 15 m) 6
Very deep (> 15 m) 6
Moderately to fast 2
miséem(gnt Slow 8 Can _be carried out Wit_hout spe_cial difficulty whte rate of movement is slow (5 pm/d_ay)_or_lesscéltain circumst_ances and with due care,
(Varnes, 1978) Very slow 8 possible to excavate slides moving moderately(fgsto a few metres per day), especially if it@sgible to place the equipment on stable ground.
Extremely slow 8
Artesian 4
Groundwater High 6 I_—Iigh or artesian gro_qndwatgr condit?ons pose speciﬂ)le.ms both to the excavation and to the stglf the slope after removal of the landslide g2
Low 38 limiting the applicability of this technique whelmetse conditions occur.
Absent 8
Rain 6
Snowmelt 6
Localized 4 ) ) o ) ) )
Surface water Stream > Surface flows must be diverted to prevent them freathing the excavated area, infiltrating theipordf the landslide mass left in place.
Torrent 0
River 0
Maturity 8 Simple technique. Potential benefits and limftagplicability are well established.
Reliability 6 The reliability of the technigue as a mitigatimeasure depends on the reliability of the evalaaticthe stability of the treated slope.
Implementation 8 Easily implemented with widely available equipmédtossible difficulties with excavation in rockdawith the disposal of arisings.
Typical Cost 8 Moderate, provided the work does not involve aonhated material.

Note

Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific netiraler consideration to use in landslides of tivery characteristics, evaluated individually. Oviéraitability to specific case under consideratiory be obtained by a weighted average

of these ratings, with user defined weights. Zatmmg means "not applicable”
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2.4  SUBSTITUTION OF MATERIAL IN DRIVING AREA WITH L IGHTWEIGTH FILL
Description Figure 1: Schematic section (source: Geofoam Research Centre, Syracuse University,

This mitigation technique consists in excavating thaterial in the driving area and replacing ithwét lightweight
backfill material (Figure 1).

Lightweight fill is also used to minimize the exteand cost of other mitigation measures by miningzthe adverse
effect of construction, for example where alignmeomstraints may dictate that fills for a new higiywbe placed in a
potentially destabilizing position across an actugbotential landslide.

A wide variety of lightweight materials have beaognsed and used in this context, depending on &lability and
practice and reguloatory constraints, includinguradty (geological) lightweight materialsuch as pumice or shells
manufactured materialsuch as expanded clay, polystyrene slabs, celtalacrete, and waste materials or byprodug
such as soil mixed with shredded tyres (‘pneusdqdilverized fly ash, slag, woodchips or loggingsklaClearly,
manufactured materials are typically more expenaivé synthetic material may have limited durahiltliyt they afford
greater reliability in terms of homogeneity of riksuthe use of waste materials or byproducts mlag be subject to
environmental constraints and concerns about pedsibg term pollution.

This technique operates on the principle of redutie driving forces more than the resisting fofogsltering the mass
or load distribution on the slope, in the same mneammmd subject to similar considerations and litiutes as described in
fact-sheet 2.3 on “Removal of material from thevithg area”. It is most suitable in cases where ithgtability
mechanism occurs as a rotational or pseudo-rotdtilite, e.g. where the displaced mass movesastively coherent
mass along a spoon-shaped (curved upward) failurtace with little internal deformation, while is igenerally
ineffective on translational slides on long, unifoplanar slopes, or on flow-type landslides.

It should always be kept in mind that the resistiiges are also reduced, especially in the long,tas a result of the
reduction in normal stress on the failure surféicis. therefore necessary to locate the excavati@uch manner that the
reduction in driving forces exceeds the reductiomesisting forces. The neutral line concept, desdrin fact sheet 2.0
on “mitigation by modifying the slope geometry / seadistribution; general aspects” can be used fpreiminary

http://geofoam.syr.edu/GRC bayfd.asp)
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evaluation of the relative merits of the proposecheation.

Generally it is most practical where it is necegsamremediate or prevent small slumps or sma#itional failures, while
at the same time maintaining a specific functidns Igenerally impractical and not necessary taycaut large scale
substitution as would be necessary on large lagheksli

Compared to the simple removal of the landslidesniaswhole (2.1) or in part (2.3), substitutionaaffs long term
surface protection to the excavated surface. Howekie permeability of the lightweight fill is tygally much higher
than that of the original soil and special care intngspaid to drainage, both at the surface antleatrterface with the
natural soil.

The main limitations of the technique relate tofibleowing issues:

Excavation and replacement with lightweight fill ynactually destabilize the ground farther up-siope
ubdercutting;

Excavation and replacement with lightweight filcirases safety factor by only a limited amount,ciwhiends to
decrease with time in low permeability saturateitbso

Excavation results in large volumes of materiabto disposed of off-site in a controlled mannerhvattendant
difficulties;

Excavation may interfere with existing structuresl @ervices; This is potentially significant whesnsidering this
type of mitigation for “potential” landslides, whilon actual landslides the residual value of exgs$tructures and
facilities can be very low;

Work on active landslides requires special carensure the safety of workers; in particular, mésessary to asses
the possibility of sudden accelerations and to hay#ace well drilled evacuation plans.

Vibration necessary to compact certain lightwefilst may be detrimental to slope stability.

Design

For general considerations on the geotechnicabdesfi mitigation by removal of material from thewing are, reference
shall be made to the general fact sheet 2.0 orrdhaaiéigation by changes in slope geometry and/assrdistribution.
For the mechanical characteristics of manufactumeterials, reference may be made to published boéde(see for

example Stark et al., 2004 on geofoam; Di Pris€8,/2o0n expanded clay).

Picture 1: Installation of geofoam mats for lanslide remediation (source: Geofoam Research Centre, Syracuse
University, http://geofoam.syr.edu/GRC _bayfd.asp)
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Picture 2: Installation of expanded clay for lanslide remediation (source: Di Prisco, 2007)

Picture 3: Installation of expanded clay for lanslide remediation (source: Di Prisco, 2007)
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APPLICABILITY
Class Descriptor Rating Notes
Falls 0
Type of Topples 0
movement : . . . .
(Cruden & Slides 6 Only suited to rotational or pseudo-rotational e$id
Varnes, 1996) Spreads 0
Flows 0
Earth 8
Material Debris 6 Mainly applicable to landsliding involving earthcadebris. Applicability in rock limited by difficty of excavation.
Rock 2
Superficial (< 0.5 m) 6
Shallow (0.5 to 3 m) 6
Depth of ; Typically applicable to relatively small and/or #ba landslides. It is generally impractical andt m@cessary to carry out large scale substituton a
Medium (3 to 8 m) 6 .
movement would be necessary on large landslides.
Deep (8 to 15 m) 4
Very deep (> 15 m) 0
Moderately to fast 0
mgsctj'ncgnt Slow 2 While excavation can be carried out without spedifficulty when the rate of movement is slow (5/dawy) or less, backfilling with lightweight fil
(Varnes, 1978) Very slow 6 presupposes that the slide is stable or movingost mery slowly.
Extremely slow 8
Artesian 4
High 6 High or artesian groundwater conditions pose sp@c@blems both to the excavation and to the stalof the slope after backfilling with lightweight
Groundwater N, . . i -
Low 8 fill, limiting the applicability of this techniquezhen these conditions occur.
Absent 8
Rain 6
Snowmelt 6
Localized 6 Surface flows must be diverted to prevent them femmumulating in the lightweight fill and/or infitting the portion of the landslide mass left iaga.
Surface water . ; : 4 .
Stream 2 Drainage to be provided both on surface and atfadte between fill and natural soil.
Torrent 0
River 0
Maturity 6 Concept is well developed but knowledge of meaproperties and applicability of different ligeight fills still not fully established.
Reliability 6 The reliability of the technique depends on thewation of the stability of the treated slope andhe homogeneity and durability of the fill used
Implementation 6 Can be implemented with widely available equipmPBossible difficulties with excavation in rockdawith the disposal of arisings. Construction cohti
Typical Cost 6 Moderate to high, depending on the material used.

Note
Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific ntethmer consideration to use in landslides of tiveig characteristics, evaluated individually. Oviégaitability to specific case under consideratiory be obtained by a weighted average

of these ratings, with user defined weights. Zatong means "not applicable”
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Description Figure 1: Coarse grained or rock buttress for slope stabilization (source: Gedney and Weber, 1978)
The addition of material to the toe or resistingaafor more in general, buttressing, counterwefifjstand toe berms)
operates by increasing the resisting forces, thyeimproving overall slope stability, by providingfficient dead weight or
restraint near the toe of the unstable slope (Eigyr

This method is most suitable in cases where thahilgy mechanism occurs as a rotational or psewadational slide, e.g.
where the displaced mass moves as a relativelyrenhenass along a spoon-shaped (curved upwardydasurface with

little internal deformation. It is generally inef&ve on translational slides on long, uniform @aslopes, or on flow-type
landslides.

Generally it is most practical on small slumps ral rotational failures, but several examples tewikere this technique
has been applied successfully on large landslidesrevconditions allowed large scale earthmovingpdocarried out. In
these cases, this mitigation measure is typicalhpemented by drainage and/or other mitigationsuess.

It should always be kept in mind that when filplsiced on the landslide body itself, the drivingcés are also increased.

is therefore necessary to locate the fill in sudmner that the increase in resisting forces excteincrease in driving
forces. This is typically achieved by placing thik dt or very near the toe of the landslide. Theutnal line concept,
described in fact sheet 2.0 on “mitigation by myidifj the slope geometry / mass distribution; gen@spects” can be useq
for a preliminary evaluation of the relative menfsthe proposed fill.
It is worth noting that the increase in resistingces associated with the fill will tend to increas time as a result of the
increase in normal effective stress on the failsueface as consolidation takes place. Thus, the ord&al conditions

typically occur during construction, when the Cantor is still on site and it is easier to resptmdnexpected performance

Butress fills are normally constructed of blastedmy rock, boulders and cobbles and coarse gfdlyelhich are relatively

free draining. If fine grained material is usedisiessential to include a drainage layer at therfiace between the buttress

and the underlying natural soil (Figure 2)

This technique can be incorporated economicallfighway or railway projects if it is possible tositgn the alignment to

match the stabilization requirements, as was doneXample with the Taren Landslide (Kelly and Nar1985)

The main limitations of the technique relate tofibilowing issues:

e Filling may actually destabilize the ground fartkdemn-slope;

e Satisfactory solutions may involve significant nfogdition of the landscape and possible interferemitie water courses
at the toe of the landslide;

« Filling may require large volumes of material, ® firocured off-site; availability of suitable fithay limit application of

this technique; Figure 3: Stabilization of Tablachaca Dam Landslide, Peru, crossection (source: Millet et al., 1992)
» Filling may interfere with existing structures aservices; this is potentially significant when dadesing this type of

mitigation for “potential” landslides, while on aet landslides the residual value of existing streess and facilities can it i

be very low;
* Filling on or at the toe of active landslides regsispecial care to ensure the safety of workergatrticular, it is

necessary to assess the possibility of suddenaaatiens and to have in place well drilled evaaratilans. 200
Examples of large landslides stabilized by thishtégue (alone or in combination with other mitigaii measures are 2
provided by Gedney and Weber (1978); Edil (19%)ppp and Thomas (1992). Figures 3 shows a singl@ample 2850 A Siking
described by Millet et al. (1992). 7 Surtaces (Typ)

E 2800+ g;?sem
DeSign EE— Sun“gcgas "
For general considerations on the geotechnicagdesi mitigation by addition of material to the istgg area, reference| g E:‘;T:;M )
shall be made to the general fact sheet 2.0 orrdhauitigation by changes in slope geometry and/assrdistribution. @ s ““Lanasiide  Tunnel 5-250
The basic design of buttress fills is similar te ttesign for external stability of conventional\gia retaining structures, o N
including check of the following limiting situatisnevaluated taking into account the loading indumgthe landslide body. 2700 i oo L
«  Overturning Anchiges; = ?
e Sliding at or below the base 2650
e Bearing capacity of the foundations, including edibn of the stability of the slope downhill oktbuttress
It is also necessary to evaluate the possibiligt the landslide body overrides the buttress, éalheon slides with a 2600 , , : , . : ! ;
significant translational component. 150 200 250 300 350 400 450 SO0 S50 600 650
Possible internal failure modes should also belato ensure that the buttress does not fail bgish CRRTANSE i)
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APPLICABILITY

Class Descriptor Rating Notes
Falls 0
Type of Topples 2
movement . . : . . . o "
(Cruden & Slides 8 Most suited to rotational or pseudo-rotationaletidmay be useful to reduce toppling hazard iragedonditions.
Varnes, 1996) Spreads 0
Flows 0
Earth 8
Material Debris 6 Mainly applicable to landsliding involving earthdadebris. Applicability in rock limited by typicalope geometry and failure mode.
Rock 4
Superficial (< 0.5 m) 6
Shallow (0.5 to 3 m) 8
Depth of Medium (3 to 8 m) 8 Typically applicable to relatively small and/or 8bev landslides. The implications of large scaldéirfg and procurement typically make this technig
movement impractical for deep and very deep slides. On therchand, it may be the only suitable techniqueeiry large landslides, besides drainage.
Deep (8to 15 m) 6
Very deep (> 15 m) 4
Moderately to fast 2
Rate of Slow )
movement Can be carried out without special difficulty whibe rate of movement is slow (5 cm/day) or less.
(Varnes, 1978) Very slow 8
Extremely slow 8
Artesian 8
High 8 : : iy : : : I :
Groundwater C 3 Applicable in all groundwater conditions. Adequdtainage must be provided at the interface betwmemermeability fills and natural soil.
ow
Absent 8
Rain 6
Snowmelt 6
Localized 4 Possible limitations in applying this technique whthe landslide is caused by or impinges on arveaterse, although examples exist where rivers |
Surface water . . - . . . I . )
Stream 2 been diverted to implement this type of solutiodefuate protection must be provided in this cas@nagtoe erosion by wave or current.
Torrent 0
River 0
Maturity 10 Simple technique. Potential benefits and limftapplicability are well established.
Reliability 10 The reliability of the technique depends onrtimbility of the evaluation of the stability dig treated slope. More reliable than excavation.

Implementation

Easily implemented with widely available equipmédtossible difficulties with the procurement andontrol of compaction of fill.

Typical Cost

Moderate, provided the work does not involve dii@n of major water courses or interference wiisting infrastructure.

Note

ue

ave

Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific ntethmer consideration to use in landslides of tiveig characteristics, evaluated individually. Oviégaitability to specific case under consideratiory be obtained by a weighted average

of these ratings, with user defined weights. Zatong means "not applicable”
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3.0 GENERAL

Description Figure 1: Ponding in topography disturbed by landsliding, Lillaz, nr. Cogne (AO), Italy (photo: G. Vaciago, SGI-MI)
Surface water features such as streams, lakeagspeeeps, marshes and closed topographic depressie of importance
to slope stability. Springs and seeps near the ofea slope can supply recharge zones that prayidand water to the
actually or potentially unstable slopes; springd aeeps near the base of a slope indicate dischargss that can help in
estimating the piezometric surfaces in the slopealized closed topographic depressions on sldpigsire 1) are usually
zones of ground water recharge, particularly ifumeb cracks are present in or adjacent to themasearfvater infiltrating

into actually or potentially unstable zones throeglicks and fissures may activate or reactivadathdslide.

Good surface drainage is strongly recommended dsopdhe treatment of any actual or potential klitte (Cedergren,
1989). Modifying the surface (this section) andssukace (see section 4) water regime increaseg si@gbility helping to

prevent potential landslides or to mitigate exigtimes.

Surface drainage measures operate to achievellbeiftg objectives:

* They reduce the surface water ponding on or floveicigss the face of the slope;

e They reduce the amount of surface water thar détrate into the ground;

e They modify the hydraulic regime of natural streamsiver channels.

Achieving these objectives helps prevent erosicthefface and minimize the tendency for localiztlifes on the slope.
Ditches, channels, pipework, etc., are widely useachieve the first objective, especially in sitoas where large volumes
of runoff are anticipated (Figure 2).

Local regrading, impermeabilization, sealing tenstacks, geomembranes, impervious facing, vegetdtiydrological
effect) are largely used to achieve the secondctifsge

Hydraulic control works and diversion channelsased to achieve the third objective.

Special care is necessary when dealing with laghelslin built-up environments, since roads, drams@her buried surfaces
may cause significant adverse changes to the dpairegime of the area, modifying the effective getrynand extent of the
catchment area and/or ampltyfying and acceleratingoff. In these situation, leakege from existitrgins, acqueducts cess
pits etc should be addressed as part of an ineyegdproach to slope drainage.

Design _ , - _ L o _ Figure 2: Coarse grained or rock buttress for slope stabilization (source: Gedney and Weber, 1978)
Surface drainage measures normally require minangineering design; it involves expertise in hydgyl, to determine
anticipated flows, and hydraulic engineering, tafyehe adequacy of the design.
Surface drainage works require frequent maintenaibe Geotechnical Controll Office of Hong Kong @@echnical
Control Office, 1984) has presented useful guidslirfor maintenance of surface drainage systems;gthéelines DIVERSION DITCH
particularly recommend the use of surface chan(oitishes) as opposed to pipes placed on the surface l
INTERCEPTOR DRAIN
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3.1 SURFACE DRAINAGE WORKS (DITCHES, CHANNELS, PIPE WORK)

Description

Surface drainage works are used to collect ancttdgerface runoff in a controlled manner, to mirdenthe quantity of
surface water flowing into actually or potentiallgstable slopes.

Surface drainage works are especially importattieahead of the slope to intercept the run-off mtlice the surface water
flowing downstream across the face of the slopés ay be achieved by open ditches at the hearkdlope.

Ditches on the main landslide body are used toodisf local surface runoff and any water arisirggmf deep drainage
works.

Different types of ditches are used to drain s@wfamoff. The cross-section of ditches is usualipézoidal, although small
ones may be V or U-shaped or semicircular; theiretisions vary according to the expected runoffnged for open water
storage, the risk of bank erosion, the need to ranvadate the transit of construction or maintenaggeaipment and the
available means for maintenance (Figures 1 andiZrable 1).

Figure 1: Typical arrangement of open ditches
(source: ftp.fao.org.pdf

Cross-section of a shallow ditch

Table 1: Typical dimensions of open ditches (ffip/fao.org/dicrep/fao/010/a0975e/a0975€)pdf

Figure 2: Typical detailing of open ditches
(source: www.co.nrcs.usda.gov)

2 ft (0.6 m) maimum width, sail
stabilized with vegetation

Channel lining for
high velocity

Chanael, 18 in (457 mm) minimum
below top of dike with & in {152 mm}

&1t (1.8 m) minimum of freebeard at design flow

compacied soil at base

Type of ditch Depth Bed width (m) Side slope Maximum side slope
(m) (v:h) (v: h)
V-shaped 0.3t0 0.6 - 1:6 1:3
V-shaped >0.6 - 1:4 1:3
Trapezoidal 0.3to1 As required 1:4 1:2

Ditch gradient should be at least 2% to ensuredréipw away from the potentially unstable areas émgromote self
cleaning from any windblown or other debris thatdotend to accumulate, causing local blockagesgithge.

Ditches should be lined to minimize erosion andamimlled infiltration. The lining may consist ofast-in-place or
prefabricated concrete, pitched stone (Figure 8), rap, gabion mattresses or baskets, specialitytegtles or

geocomposites, zinc coated steel or PVC half-piplexible, self-healing lining or pipes should kzed in areas susceptible

to cracking and movements.

Where permeable linings are used, this should essociation with an impermeable geomembrane tomize infiltration.
Geomembranes may also be used by themselves fpotarg or emergency applications, but they arelyedsimaged by
wind and direct sunlight and should not normallyused by themselves for permnnent applications.

Techniques must be adapted to ground conditiondcaad technology; an example is provided by Anderand Holcombe

Figure 3: Open ditch lined Wit pitched stone, Gimillan nr. Cogne (AO), Italy (photo: G. Vaciago, SGI-MI)

(2004; 2008) who describe the development and egtmin at community level of good drainage practieéth locally
available, affordable technologies in St Lucia, Yeslies, consisting of ditches lined with a spbséd plastic, held in
place by a wire mesh (Figure 4).

Design

Ditches must have enough capacity to transportithznage water in wet period; however they are siones made wider
than needed in order to create more storage infira water system. Such temporary storage is a wagaf diminishing

the peak outflow from the area, as occurs aftevheains. Thus it reduces the required capacitydofvnstream
constructions, such as the larger watercoursegertaland pumpung stations.

Ditches are often relatively unaccessible and nemgive less maintenance than would be appropdateordingly, it is

advisable to design them with a generous freelmndinimize the risk of blockage and spilling.

Steps or other energy dissipation systems shouldsée on and at the toe of steep sections, to prexeessive flow speeds
and the resulting erosion.

Figure 4: STAR™ drainage system installed by residents in St Lucia, West Indies
(source: Anderson and Holc

Pe, 2008
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3.1 SURFACE DRAINAGE WORKS (DITCHES, CHANNELS, PIP EWORK)

APPLICABILITY

Class Descriptor Rating Notes
Falls 0
Type of Topples 0
(rg(r)l\jggnne;t Slides 8 Most suited to all types of slides and, subjeatitoumstances in flows. In spreads, only usefukasediation, not as a preventive measure.
Varnes, 1996) Spreads 4
Flows 6
Earth 8
Material Debris 6 i\/lainly applicable to Iandslidin_g in\_/oIving t_—zarthda_debris. Applicability in rock limited by typicalope geometry and failure mode. Potential diftiesl
in excavation and impermeabilization of ditchesdarse debris.
Rock 2
Superficial (< 0.5 m) 8
Shallow (0.5 to 3 m) 8
nlijoevpc)etrr']ngl;it Medium (3 to 8 m) 6 Typically applicable to landslides of any deptht lmlative effectiveness decreases with increadammh of movement.
Deep (8 to 15 m) 4
Very deep (> 15 m) 0
Moderately to fast 0
mgsctj'ncgnt Slow 6 Cari be carried out without. special difficulty whie rate of movement is slow (5 cm/day) or lesg,rhay be disrupted and will require addition
(Varnes, 1978) Very slow 8 maintenance or reconstruction as a result of coatirmovement.
Extremely slow 8
Artesian 6
High 6 . _ ) . ) oo o
Groundwater Low 5 Applicable irrespective of groundwater conditiotigioes not drain groundwater. Effects on grounéwkevels only indirect through reduced infiltratio
Absent 6
Rain 8
Snowmelt 8
Localized 8 i ) )
Surface water See fact sheet 3.7 for diversion channels for maiter courses.
Stream 4
Torrent 0
River 0
Maturity 10 Simple technique. Potential benefits and limftapplicability are well established.
Reliability 8 Effects on stability only indirect. The relialpflin the long term may be impaired by further mmeat or poor maintenance.
Implementation 10 Easily implemented with widely available equiptne
Typical Cost 10 Low, where applicable.

Note

al

Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific ntethmer consideration to use in landslides of tiveig characteristics, evaluated individually. Oviégaitability to specific case under consideratiory be obtained by a weighted average

of these ratings, with user defined weights. Zatong means "not applicable”
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3.2 LOCAL REGRADING TO FACILITATE RUN-OFF

Description Figure 1: Ponding in topography disturbed by landsliding, Lillaz, nr. Cogne (AO), Italy (photo: G. Vaciago SGI-MI)
Smoothing the topography of the slope surface cawemt surface water from ponding in local depmssi(Figure 1), thus § ¢ i ¥

reducing the opportunity for infiltration. Any degasions on the slope that might retain standingmgitould be removed by
regrading, infilling and exacavation works (Figie combined with surface and/or shallow drainaget(sheets 3.1 and
4.1), measures to promote rapid runoff (fact st84} and measures to reduce net rainfall thanksatmpy storage in
vegetation (fact sheet 3.5).

Regrading inevitably damages the residual vegetataiver, which should be reinstated without detayninimize erosion.
Reference may be made to fact sheet 1 for details.

Local regrading as described here should not béused with general modification of the slope geametlescribed in
Section 2.

Design

The design should balance cut and fill, in ordemtoimize the cost and environmental impact ofwloeks.
The design should minimize major changes to thesrdatribution of the slope, unless this is caroet deliberately as part]
of the stabilization works in accordance with thimgiples and methods described in fact sheets 2.

Figure 2: Stabilization of Lillaz landslide, nr. Cogne (AO), Italy (photo: G. Vaciago SGI-MI)
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3.2 LOCAL REGRADING TO FACILITATE RUN-OFF

APPLICABILITY

al
DUS

Class Descriptor Rating Notes
Falls 0
Type of Topples 0
(rg(r)l\jggnne;t Slides 8 Most suited to all types of slides and, subjeatitoumstances in flows. In spreads, only usefukasediation, not as a preventive measure.
Varnes, 1996) Spreads 4
Flows 6
Earth 8
. . Mainly applicable to landsliding involving earthchdebris. Applicability in rock limited by typicalope geometry and failure mode. Potential diffiesl
Material Debris 6 . X ) 2 ; ) _
in excavation and impermeabilization of ditchesdarse debris.
Rock 2
Superficial (< 0.5 m) 8
Shallow (0.5 to 3 m) 8
n?oevpc)etrr']ng;t Medium (3 to 8 m) 6 Typically applicable to landslides of any deptht lalative effectiveness decreases with increadammh of movement.
Deep (8to 15 m) 4
Very deep (> 15 m) 0
Moderately to fast 2
Rate of Slow 6 Can be carried out without special difficulty whive rate of movement is slow (5 cm/day) or less,rhay be disrupted and will require addition
movement maintenance or reconstruction as a result of coatirmovement. May be applicable, with special préoas and limited effectiveness due to continu
(Varnes, 1978) Very slow 8 disruption, to moderately fast movements.
Extremely slow 8
Artesian 6
High 6 Applicable irrespective of groundwater conditioligloes not drain groundwater. Effects on grounéwbgvels only indirect through reduced infiltratig
Groundwater D e . L . X . . _
Low 8 Potential difficulties in carrying out regardinganeas of high or artesian groundwater levels, nidipg on the depth of local excavation required.
Absent 8
Rain 8
Snowmelt 8
Localized 8 ) ) )
Surface water See fact sheet 3.7 for diversion channels for maiter courses.
Stream 4
Torrent 0
River 0
Maturity 10 Simple technique. Potential benefits and limftapplicability are well established.
Reliability 8 Effects on stability only indirect. The relialpflin the long term may be impaired by further mmeat or poor maintenance.
Implementation 10 Easily implemented with widely available equiptne
Typical Cost 10 Low, where applicable.

Note

Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific ntethmer consideration to use in landslides of tiveig characteristics, evaluated individually. Oviégaitability to specific case under consideratiory be obtained by a weighted average

of these ratings, with user defined weights. Zatong means "not applicable”
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3.3 SEALING TENSION CRACKS

Description Figure 1: Tension cracks, 2009 reactivation, Petacciato Landslide, Italy (source: SGI-MI Project files)

In the context of landslide mitigation, ilt is alyganecessary and beneficial to prevent the infittraof surface water into

the ground in or close to existing or potentialdsiides. Good surface drainage is therefore negessthese areas. This ig

particularly significant where failure has alreambcurred, because the runoff water may flow intcks and fissure in or at

the boundary of the unstable soil mass, espedaaltgnsion cracks at the head of the slope (Figur&his would give rise

to the following unfavourable effects:

* Raise piezometric levels in the unstable mass,ciadueffective stress and consequently shera streoig the slip
surface;

* Provide additional driving force by means of theltostatic pressure of free water in tension cratkhe head of the
slide.

The most common methods for sealing cracks (Figumnsists of filling them with puddle clay or etimpervious fill; it
is often sufficient to excavate a trench along témesion crack and to backfill it with the excavatetpervious material,
possibly adding small quantities of bentonite dreothatural material to reduce permeability furtleerd shaping the ground
so that surface water does not pond in the areecdssary, an impervious membrane may be adagdheatr the surface
Impervious membranes may be used by themselves amargency or temporary measure, while arrangensst being
made for the works to be carried out.

Regular inspection and maintenance is requireéée of continued movement, since it may cause quiskji sealed cracks
to reopen.

Figure 2: Sealing tension cracks — typical detail

Backfill with impervious excavated soll,

or puddled clay, compacted in layers Ampervious geomembrane

Tension crack or ground fissupe/
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3.3 SEALING TENSION CRACKS

APPLICABILITY

al
DUS

Class Descriptor Rating Notes
Falls 0
Type of Topples 0
movement . . . - .
(Cruden & Slides 8 Most suited to all types of slides. In spreadsy arsieful as remediation, not as a preventive measur
Varnes, 1996) Spreads 4
Flows 0
Earth 8
Material Debris 6 Mainly applicable to landsliding involving earthdannly to a lesser extent in debris. Applicabilityrock limited by typical slope geometry and fadly
mode, but note that in deep seated rock slidesoteiesacks propagating through the surface coverdvalso benefit.
Rock 2
Superficial (< 0.5 m) 8
Shallow (0.5 to 3 m) 8
n?oevpc)etrr']ng;t Medium (3 to 8 m) 6 Typically applicable to landslides of any deptht lalative effectiveness decreases with increadammh of movement.
Deep (8to 15 m) 4
Very deep (> 15 m) 0
Moderately to fast 2
Rate of Slow 6 Can be carried out without special difficulty whive rate of movement is slow (5 cm/day) or less,rhay be disrupted and will require addition
movement maintenance or reconstruction as a result of coatirmovement. May be applicable, with special préoas and limited effectiveness due to continu
(Varnes, 1978) Very slow 8 disruption, to moderately fast movements.
Extremely slow 8
Artesian 6
Groundwater High 6 Applicable irrespective of groundwater conditioifects on groundwater levels only indirect througtduced infiltration. Potential difficulties i
Low 8 carrying out in areas of high or artesian grounéwkgvels, depending on the depth of local excanatequired.
Absent 8
Rain 8
Snowmelt 8
Localized 8 )
Surface water Water courses should be diverted.
Stream 4
Torrent 0
River 0
Maturity 10 Simple technique. Potential benefits and limftapplicability are well established.
Reliability 8 Effects on stability only indirect. The relialpflin the long term may be impaired by further mmeat or poor maintenance.
Implementation 10 Easily implemented with widely available equiptne
Typical Cost 10 Low, where applicable.

Note

Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific ntethmer consideration to use in landslides of tiveig characteristics, evaluated individually. Oviégaitability to specific case under consideratiory be obtained by a weighted average

of these ratings, with user defined weights. Zatong means "not applicable”
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3.4 IMPERMEABILIZATION (GEOMEMBRANES, IMPERVIOUS FA CING)

Description

In the context of landslide mitigation, it is alvgagecessary and beneficial to prevent the infittradf surface water into the|
ground in or close to existing or potential landisfi. Good surface drainage is therefore necessahese areas to avoig
rises in piezometric levels in the unstable masdcing effective stress and consequently sheamgitr on the slip surface.
Impervious membranes are normally used as a stront temporary or emergency measure.

Impervious facing is normally used as a permanezdsure as part of landslide remediation or as @epte measure on
excavated slopes (see section 1).

Vegetation may be considered to provide partialimpeabilization through the canopy storage efféses fact sheet 3.5).
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3.4 IMPERMEABILIZATION (GEOMEMBRANES, IMPERVIOUS FA CING)

APPLICABILITY

Class Descriptor Rating Notes
Falls 0
Type of Topples 0
movement . . . - .
(Cruden & Slides 8 Most suited to all types of slides. In spreadsy arsieful as remediation, not as a preventive measur
Varnes, 1996) Spreads 4
Flows 0
Earth 8
Material Debris 6 Mainly applicable to landsliding involving earthdannly to a lesser extent in debris. Applicabilityrock limited by typical slope geometry and fadlu
mode, but note that in deep seated rock slidesoteiesacks propagating through the surface coverdvalso benefit.
Rock 2
Superficial (< 0.5 m) 8
Shallow (0.5 to 3 m) 8
n?oevpc)etrr']ng;t Medium (3 to 8 m) 6 Typically applicable to landslides of any deptht lalative effectiveness decreases with increadammh of movement.
Deep (8to 15 m) 4
Very deep (> 15 m) 0
Moderately to fast 2
Rate of Slow 6 Can be carried out without special difficulty wheére rate of movement is slow (5 cm/day) or lesg, rhay be disrupted and will rquire additional
movement maintenance or reconstruction as a result of coatirmovement. May be applicable, with special préoas and limited effectiveness due to continupus
(Varnes, 1978) Very slow 8 disruption, to moderately fast movements.
Extremely slow 8
Artesian 6
Groundwater High 6 Applicable irrespective of groundwater conditioli$fects on groundwater levels only indirect througduced infiltration. Potential difficulties in
Low 8 carrying out in areas of high or artesian grounéwkgvels, depending on the depth of local excanatequired.
Absent 8
Rain 8
Snowmelt 8
Localized 8 )
Surface water Water courses should be diverted.
Stream 4
Torrent 0
River 0
Maturity 10 Simple technique. Potential benefits and limftapplicability are well established.
Reliability 8 Effects on stability only indirect. The relialpflin the long term may be impaired by further mmeat or poor maintenance.
Implementation 10 Easily implemented with widely available equiptne
Typical Cost 10 Low, where applicable.

Note

Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific ntethmer consideration to use in landslides of tiveig characteristics, evaluated individually. Oviégaitability to specific case under consideratiory be obtained by a weighted average

of these ratings, with user defined weights. Zatong means "not applicable”
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3.4 IMPERMEABILIZATION (GEOMEMBRANES, IMPERVIOUS FA CING)
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3.5 VEGETATION — HYDROLOGICAL EFFECTS

Description

Both soil erosion and shallow landslides may oatug to degradation or removal of land cover oretatipn. The use of
vegetation to mitigate these phenomena has long t@@mon practice, The role of vegetation in mifigg soil erosion is
described in section 1 and summarized in Figur@hk role of vegetation in mitigating shallow larndek is twofold:

vegetation contributes to slope stability througbtrreinforcement (mechanical function, discussedact sheet 5.1) and
through rainfall interception and evapotranspimaijbydrological function, discussed here).
Greenwood et al. (2007) highlight that vegetaticayralso result in increased suction (negative poessure) in unsaturateg
soil, potentially increasing the apparent cohesibtie soil.
Vegetation is widely believed to improve the stitpibf slopes, especially on steep slopes and retipect to superficial or
shallow movements. However, it can take a long timbecome effective at depth and it can also megative effects, as
summarized in Table 1 (Greenway 1987; Wu, 1995).

Table 1. Mechanical and hydrogeological effects afegetation on slope stability (Wu, 1995)

]

In the model rainfall is stored in the canopy upatonaximum depth, beyond which throughfall occi®ain stored in the
canopy is subject to evaporation, which is a fuorctf time of a day.

Infiltration of rainwater into the top soil depends hydraulic conductivity and preferential flowdbigh macropores create
by cracks in the soils and channels produced bptplaots and soil organisms. Collison and Ander§b®96) tested
significant increase in permeability due to roatd found that permeability of top soil depends @ot density.

The hydrological effect of the canopy (canopy ioggtion, stemflow and evaporation) on slope stghidi controversial and
presumably depends on the specifics of each casexample:

Collison and Anderson (1996) concluded that in hiigtensity rain storm areas, canopy interceptidgamfiow and

evaporation have little effect on slope stability.

A case study conducted in riparian vegetation cdoeriverbank stability suggests that hydrologieflects of trees
contributed 29%, while grasses contributed 15%éototal Factor of Safety (Simon and Collison, 2002

Process Type Effect on stability

1. Roots increase permeability, increase infiltratiamng Hydrological Negative
thereby increase pore pressure

2. Vegetation increases interception and Hydrological Positive
evapotranspiration, and thereby reduce pore presgur

3. Vegetation increases weight or surcharge, andhlyere Mechanical Negative
increases load on slope

4. Vegetation increases wind resistance, and thereby Mechanical Negative
increases load on slope

5. Roots reinforce soil, and thereby increase strength Mechanical Positive

Information on the mechanical and hydrological @feof vegetation is provided by the Hong Kong @ebhical Manual
for Slopes (Geotechnical Control Office, 1984)|aeting one of the most comprehensive researchranagyin the world on
the engineering role of vegetation for slope sizdtiion (Barker, 1991)

The hydrological function of vegetation influencé® rate of water flow into and on the slope thtoulge process of

the ground.
Canopy interception is the loss of available priggijpn due to storage and evaporation from thepgnFor closed canopy|
forests, the interception ranges from 10 to 50%heftotal precipitation. The capacity of the cant@yntercept and store
water differs among the ecosystems. It dependslynaimthe leaf surface area. Conifer (needle leaeegl pine) forests
store around 15% of the precipitation, whereasdigxis (broad leaved) forest store from 5 to 10%hefprecipitation.

The bark structure and architecture of stems amik$ influence the amount and direction of stemflevater movement
from stems to the ground). Trees and shrubs withlldmarks have greater stemflow (around 12% ofpieipitation) than
the rough-barked plants, such as conifer whichasglearound 2% of the precipitation received byrtbeim (Chapin et al.,
2002).

Collison and Anderson (1996) developed a vegetatiover model (Figure 2). In the model, canopy itggtion is

calculated by a subroutine which include theserpatars.

Canopy area per cell fm?)

Leaf index ratio (fim?)

Maximum depth of canopy store (m)

Stemflow rate (percent rainfall)

Maximum evaporation rate (m/s).

Wind Erosion
interception stem flow, leaf drip evaporation, estgnspiration, infiltration, etc., which may re@ugore water pressures in &

Figure 1: Some influences of vegetation on sobitita
(source: Coppin and Richards, 1990)

Figure 2: Model of hydrological and
mechanical functions of vegetation
(source: Collison and Anderson, 1996)
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APPLICABILITY

Note

Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific ntethmer consideration to use in landslides of tiveig characteristics, evaluated individually. Oviégaitability to specific case under consideratiory be obtained by a weighted average
of these ratings, with user defined weights. Zatong means "not applicable”
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Class Descriptor Rating Notes
Falls 0
Type of Topples 0
(rg(r)l\jggnnegt Slides 8 Most suited to all types of slides and, to a less#ent, flows, by attenuating the impact of ineepsecipitation and by inducing suctions.
Varnes, 1996) Spreads 0
Flows 6
Earth 8
Material Debris 6 Applicable to landsliding involving earth and ondya lesser extent in debris. Applicability in rdokited by typical slope geometry and failure mode
Rock 0
Superficial (< 0.5 m) 8
Shallow (0.5 to 3 m) 8
n?oevpetrr']ng:]t Medium (3 to 8 m) 6 Typically applicable to landslides of any deptht lalative effectiveness decreases with increadammh of movement.
Deep (8to 15 m) 2
Very deep (> 15 m) 0
Moderately to fast 2
mgsctj'ncgnt Slow 6 Seec_iing can be appplied remotely, by helicoptareifessary. However, it needs time to become eésttell (especially trees) and this may lim
(Varnes, 1978) Very slow 8 application in moderately to fast movements.
Extremely slow 8
Artesian 8
Groundwater High 8 A_pplica_ble irrespective of_ groundwater (_:onditiorEffects on groundwater levels only indirect througiduced infiltration and suctions. Potential
Low 6 difficulties and/or extra maintenance required vehgroundwater is low or absent.
Absent 6
Rain 8
Snowmelt 8
Localized 6 ) ) )
Surface water Stream 4 Water courses should be diverted. Even small Ipedlflows may hinder establishment.
Torrent 0
River 0
Maturity 6 Apparently simple and long practiced techniquegquires careful selection of species. Ongoisgutision about real benefits and limits of applligb
Reliability 6 Effects on stability only indirect and difficutt quantify.
Implementation 8 Easily implemented with widely available equipmétowever, it requires intense maintenance dueiudy stages, say up to 3 years in certain cases.
Typical Cost 10 Low, where applicable.
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3.6 HYDRAULIC CONTROL WORKS (CHANNEL LINING AND CHE CK DAMS)

Description Figure 1: Pitched stone channel lining and concrete check dams, Gimillan, nr. Cogne (AO), Italy (photo: G. Vaciago, SGI-MI)
Two types of hydraulic control works are normalked: stream channel linings and check dams (Fiure -
Channel linings are effective both in maintainidgaenel alignement and in reducing the frequency\aidme of debris
flows. They are most effective if applied over gmgire reach of an unstable channel.
Channel linings are usually made by masonry orestaitching with high-quality concrete, preferabginforced by steel
fiber to resist abrasion; protruding boulder areisethe concrete to dissipate the energy of wketf Where required,
boulders may be tied together by C chaped stesldrdled and grourted ito adjacent boulders.
Check dams are small sediment-storage dams budssit¢he channels of steep gullies to slow downfltwe, dissipating
part of the energy, to stabilize the channel bleds preventing or mitigating landslides caused &gaberosion. They arg
also used to control the frequency and volume ahoklized debris-flows and/or to control ravellemgd shallow slides in
the source area of debris-slides. Channelized slélbrs are associated with channel gradients 88&rand obtain most of
their volume by scouring the channel bed.
Check dams serve three purposes when installdeiohtannels (Chatwin et al., 1994):

1. To mitigate the incidence of failure by reducing tthannel gradient in the upper channel;

2. To reduce the volume of channel-stored materiaptgwventing down cutting of the channel with subsequyully

sidewall destabilization and by providing toe suppo the gully slopes;
3. To store debris-flow sediment when installed inltheer part of the channel.

Check dams can be constructed of timber cribs ¢Ei@) or concrete cribs, concrete mortared rocglain or stone faced
reinforced concrete (Figure 3). Concrete mortak dams do not usually exceeed 8 m in height, @dseconcrete or
timber crib dams do not exceed 2 m.

The spacing of check dams along the channel depemdke natural and infill gradient of the chanimdill and the dam

height; as an example, a 2 m high dam in a 20°edeghannel with 10° sloping channel infill will spaced every 12 m.
(Highlands and Bobrowsky, 2008).

Reference may be made to Popescu M.E., Sasahd@0®9) for further discussion and examples of chdmis for the

mitigation of debris flows.

Channel linings are usually less expensive tharlcldams, especially if a long reach is to be stadil check dams are
preferable, however, if the banks are very unstéldeause a dam can be keyed into the bank, provigiea support,
enhancing stability. Check dams are expensive targct and therefore are usually built only wheesassary to protect
vulnerable elements downstream.

Figure 2: Timber crib wall check dams, Trafoi, Italy Figure 3: Selective stone faced concrete checkatain
(source: Highlands and Bobrowsky, 20D8 debris accumulation basin, Gimillan, nr. Cogne JAOQ
Italy. (a) downstream and (b) upstream view
(photo: G. Vaciago, SGI-MI)

Design

Channel linings need to be designed to have adeability against disturbance by the currentrentrvelocity and bank
slope angle govern the minimum and median blook isizip rap and stone linings. The local stabitifythe lining will also
need to be verified with respect to static equlibr under various groundwater conditions. Wherecoete slabs or
equivalent systems are used, special care will iede paid to relieving water pressures at thdamrwith the underlying
soil, especially where the lining obstructs freaidage towards the channel.

Lateral stream erosion and scour by spillway waterthe main drawbacks of check dams. To prevestkctlam failure the

following recommendations apply:

»  During construction the wingwalls must be tied ithe gully walls and the streambed to withstandkfilhpressures
and lateral scour; wingwalls should slope about #0fb extend a minimum of 1+2 m into the banks;

* The foundation of the dam should have a minimunthwvirf 1/3 the total height of the dam and be deépean any scour
holes likely to develop;

» Downstream aprons (Figure 3b) or stilling basinsudth be provided, where feasible;

*  The dynamic equilibrium of the whole reach shoutddonsidered, remembering that sediment accumulgtesheck
dams tends to be replaced by increased streambsid®downstream.

« Backfilling the dam, rather than allowing it tol filaturally, reduces the dynamic loading on thadtre and results in 4
more stable design. The slope of the backfill stidnd less than 1/2 the channel gradient.
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APPLICABILITY

ue

ind

Class Descriptor Rating Notes
Falls 0
Type of Topples 0
movement - . : . . . o "
(Cruden & Slides 8 Most suited to rotational or pseudo-rotationaletidmay be useful to reduce toppling hazard iragedonditions.
Varnes, 1996) Spreads 0
Flows 8
Earth 8
Material Debris 8 Mainly applicable to landsliding involving earthdadebris. Applicability in rock limited by typicalope geometry and failure mode.
Rock 0
Superficial (< 0.5 m) 8
Shallow (0.5 to 3 m) 8
Depth of Medium (3 to 8 m) 8 Typically applicable to relatively small and/or 8bev landslides. The implications of large scaldéirfg and procurement typically make this technig
movement impractical for deep and very deep slides. On therchand, it may be the only suitable techniqueeiry large landslides, besides drainage.
Deep (8to 15 m) 6
Very deep (> 15 m) 4
Moderately to fast 0
Rate of Slow 0
movement Can be carried out only when the rate of movenwakiremely slow or at most very slow (maximumr/year).
(Varnes, 1978) Very slow 6
Extremely slow 8
Artesian 6
Groundwater High 6 Applicable in all groundwater conditions. Adequdtainage must be provided at the back of impervimiisgs, especially where artesian or high grot
Low 8 water levels exist.
Absent 8
Rain 6
Snowmelt 6
Localized 8 ) o ] ] ) )
Surface water St p Applicable to water courses. Most useful in higkrgly environments. Unaffected by and ineffectudhwéspect to rain and snowmelt.
ream
Torrent 10
River 8
Maturity 8 Well established technique. Potential benefitslanits of applicability are well understood.
Reliability 8 The reliability of the technique depends on #i@bility of the evaluation of the demand in terai$ydraulic and/or debris flows.
Implementation 6 May be complex in permanent water courses. Regjliieavy construction equipment which may havessa@strictions.
Typical Cost 5 Moderate to high, depending on access condiiodsavailability of materials.

Note

Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific ntethmer consideration to use in landslides of tiveig characteristics, evaluated individually. Oviégaitability to specific case under consideratiory be obtained by a weighted average

of these ratings, with user defined weights. Zatong means "not applicable”
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Description

Diversion channels are mostly artificial channedsigned to divert excess amount of water to preflentling, erosion and
landsliding. On the basis of the purpose of usesrdion channels can be grouped into:

» river diversion channels;

» runoff diversion channels.

Runoff diversion channels are describe in fact sBele River diversion channels are discussed here.

River diversion channels are artificial channelsltbor used to divert all or part of the river flolvom the toe of a
slope/landslide, either to prevent or remediate daEsion, or to make space for the implementatibotber mitigation
measures, as was carried out for example on thenTlandslide (Figure 1, Kelly and Martin, 1985)may be temporary or
permanent based on the duration of use.

Diversion channels, often in tunnel, are also usedivert water from landslide dams to protect éheas below and aroung
the landslides dams; they are used either afteetieat, as for the Val Pola, Italy 1987 landslisel dor the landslides
reported in Table 1, or as a preventive measureaigiied out for the Séchilienne Landslide in Fea(@urville et al., 2004).

Table 1: Examples of landslide dam break and flm@dention through diversion channel (Schuster52Qiu et al., 2010)

Figure 1: River diverted to allow construction of toe berm, Taren landslide, UK (source: Kelly and Martin, 198b

Kilkenny Fault

~ /o - :
\ | Average winter piezometric levels A470

+300 m \_\T_Elpper 2009 % ' Trunk Road

_|<Central Zone —>
e IS .?.Dum[ilng'weus / «—Lower Zone —» | River Taff
s Wl e 4 T / Original New |

m Lops o e position  channe

Eault e ol S ollier

+150m Fault Fault spoil J
T 1l D RN G A | TR
+100m——— :
0__50 100 150 Slip surface Glacial deposits
m BS = Brithdir Sandstone

N° Caselyear Problem Material in dam Mitigation Corsequences
1 Madison 21x10 n7’ landslide, Rocks, gravels 75 m wide open channel Prevented dam
River, triggered by spillway designed for a failure
Montana, earthquake, created discharge of 280 s
USA/1959 70m high dam
2 Pisque River,| 3.6x10 m’landslide, | Silty sands from | 100m x11m x 9m open| Dam failed due to
Northern triggered by irrigation volcanic tuff, channel constructed in T erosion at channel,
Ecuador/1990| wastewater, created| fragments and days to reduce the but reduced 40% of
58m high dam blocks of soft tuff, severity of expected the lake discharge

sandstone, breccip flood by limiting the
depth of the lake

3 Yingong 300x1G m® debris - Open channel spillway Dam failed by
River, Eastern| avalanche dammed thg overtopping and
Tibet, river; the dam was 60 eroding the
China/2000 | to 100m high, 2.5 km discharge channel;
long, 2.5 m wide severe property and
life loss
downstream
4 Tongkpo Earthquake triggered Sandstone Discharge channel 890 rithe lake water wag
River, landslide, creating long, 13 m deep and 8 m drained, reducing
Sichuan, Tanjiashan barrier lake wide the risk of flooding
China with storage capacity upon dam breakage
of 3.2x16 m®

Landslides dams (Figure 2) cause mainly two tygdods: 1) upstream flooding as in the impoundiféls (Figure 3); or

2) downstream flooding resulting from failure oétdam (Figure 4). A landslide dam and its impounidé&d may last from

a few hours to thousand of years, depending on:

« Rate of inflow to the lake, which is based on tlze ®f the drainage basin upstream of the dam antthe amount and
rate of precipitation into the basin.

e Size and shape of the dam. High dams will needngeptime to fill than low dams and wide dams vei# more
resistant than narrow dams to failure upon oveitapp

* Rate of seepage through the dam.

Figure 2: Mechanism and consequences of landslide dams (source: www.kingston.ac.uk)
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Figure 3: Flooding induced by landslide dam, Randa, Switzerland, 9 May 1991 (source: www.crealp.ch)
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Istantaneous lake depletion can be caused by eap&lon of the landslide dam on overtopping or aaltapse caused by| Figure 4: Flooding induced by breeching of landslithm

piping and internal erosion. (source: _http://yeehowcentral.blogspot.com/2008 026 archive.htmPosted by Dr. Jerque)
Significant technical and financial resources ageessary to design and construct diversion charoelshannelling the
huge volumes of water involved. Diversion chanmeésexpensive and they take a long time to build.

The cases presented in Table 1 show the diffiafitgealing with landslide dams. In cases 2 ande3dikcharged channels Before: 27 Mﬂ'r 2008
constructed across the landslide dam were not ssftdebecause of retrogressive erosion of the adlanin cases 1 and 4
the surface geology was mainly composed of weatheyek materials and erosion of these channelsmiasnal, so they
were successful. In order to minimize the risk @fséon, the diversion channel should be designedcanstructed with all
the necessary precautions typical of major hydecaubrks. However, this is seldom possible in anrgewcy. To minimize
this risk, significant temporary pumping was catriut at the Val Pola landslide dam to allow sugfit time to construct
erosion protection works in the emergency spilleagnnel. A more radical solution is to place theediion channel in
tunnel, but this requires a much longer time amdredly be considered in an emergency.

Design

Diversion channels are complex hydraulic structtihes need to be designed accordingly. Criticakatpare the design of
headworks and outlet, cross section, horizontahentical alignment, flow speed and profile, batdbdity, lining of banks
and base. All design calculations are based omgdédsiws derived from full hydrological analysis thie catchment area.

To design and construct a diversion channel aadansdslide dam, it is necessary to estimate theuatrof discharge from
the dam. The accuracy of dam-break flood routingffiected by many hydrological and topographicatdes; the calculated
results may be quite different from the real sitwat An example of a dam breaking flood analysisefgresented by case 4
of Table 1; the equations used to calculate the-bigak flood are summarized below :

e The maximum flood discharge at the entrance (Qrhas)been calculated according to the formula cddiarest weirs:

Qox =O0IMMIR2IYH,

where: b = width of the weir; H= effective water head during the maximum fload;= coefficient of lateral After: 10 June 2008
contraction; m = coefficient of discharge, g = deration of gravity. i REUS

« The maximum flooding discharge at a distance L fitben lower reaches of the landslide dam (Q, fifs)rhas been
calculated on the basis of the following equation:

B W
Q‘w L
+

Qmax Vmax I:k

where: L = distance downstream the landslide danméters; W = total storage capacity of the reserimim®
Vmax = Velocity of the maximum flood discharge im mikd= empirical coefficient (1.1+1.5 in mountain ased in hilly
areas; 0.8+0.9 in plain areas).
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APPLICABILITY
Class Descriptor Rating Notes
Falls 6
Type of Topples 6
movement Slides 8 Appropriate for any type of landslide, in so farita:iay form a landslide dam. Diversion to previere and/or basal erosion typically relevant taygles
(Cruden & of slides.
Varnes, 1996) Spreads 6
Flows 6
Earth 8
Material Debris 8 Appropriate for landslide in any type of materialso far as it may form a landslide dam.
Rock 8
Superficial (< 0.5 m) 0
Shallow (0.5 to 3 m) 0
n?oevpetrr']ng:]t Medium (3 to 8 m) 4 Typically applicable and justified only to very gelandslides.
Deep (8to 15 m) 6
Very deep (> 15 m) 10
Moderately to fast 8
mgsctj'ncgnt Slow 8 The \_/vorks are carried out outside the Ia}ndslideybbtbwever, they may be _Iocated in the run-out arelarger slides than considered in design, thus
(Varnes, 1978) Very slow 8 special care is required in areas susceptiblert@ut of fast to very fast landslides.
Extremely slow 8
Artesian 8
High 8 . . . _ _ _ . _ . _
Groundwater Low 3 Applicable to all landslide groundwater conditioAslequate drainage must provided at the interfateden impervious channel linings and natural soil.
Absent 8
Rain 6
Snowmelt 6
Localized 6 ) L _ : : .
Surface water Stream p Applicable to water courses. Most useful in higkrgly environments. Unaffected by and ineffectuahwéspect to rain and snowmelt.
Torrent 8
River 8
Maturity 6 Simple technique. Potential benefits and limftagplicability are well established.
Reliability 6 In emergency works, the reliability depends anbssibility of implementing appropriate erosiamirol. Otherwise depends on the hazard study.
Implementation 6 Major erthworks or even tunneling works. Time soming. Compex to implement in emergencies.
Typical Cost 2 Very high. Only justified for major risk situatis.

Note
Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific ntethmer consideration to use in landslides of tiveig characteristics, evaluated individually. Oviégaitability to specific case under consideratiory be obtained by a weighted average

of these ratings, with user defined weights. Zatong means "not applicable”
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40 GENERAL

Description

In saturated soils, drainage is often the best disheneasure against slope instability due to theartant role played by
pore-water pressure in reducing the shear stremigthe soil. Because of its high stabilization @ffincy in relation to
cost, drainage of groundwater is widely used andjamerally the most successful stabilization metHddreover,
drainage proves suitable for a large number ofs;aseen when the landslide is very deep and stalatieasures are no
effective (Popescu, 2002).

Approach to design

The mechanism of drainage inside slopes involvele@ease in pore pressures in the subsoil and qoaisgy an
increase in effective stresses and soil sheargttrén the whole drained domain. In particular, therease in soil shean
strength along the potential sliding surface of ldredslide body, due to working of drains, is rasgible for the slope

stability improvement. Therefore the first steghie design of a drainage system is to determin@adhne pressure change

that is necessary to increase the factor of safettye slope to the required value. The next stdp design the geometrig
configuration of drains that will result in the éed pore pressure change. The effect of the dgairsystem is usually
analyzed for the steady-state condition, whichtigimed some time after drainage construction (nethe long term)

Figure 1: Shallow trenches

Compacted clay soil

Geo-texile

Grave-sanct

Discharae pio

D

Figure 2: Sub-horizontal drains

:
¢ \ AR

=/
m Sub-Horizontal drains

(Urciuoli, 2008).
The steady-state conditias usually analyzed by assuming continuous iafiibn of water at the ground surface f
recharge the water table. In the literature, resoitsteady-state analyses are often presentednidimensional design
charts that practitioners generally use to desigindge systems.

After drain installation, a transient phasfeequalization of pore pressures occurs and aspects have to be evaluated
the design referring to this phase (Urciuoli, 2008)

a. whether the delay until the drains are completéflgctive is affordable,

b. Whether settlements associated with de-waterinigdaihage buildings and infrastructures at the gilaurface.

During the phase of construction and of workinghvad, it is important to evaluate and to check tioaditions of drains
by means of piezometers. Indeed, pore pressurgebkaare the most direct and useful indicatorsaihd being in good
working condition. Measurements of surface and digplacements are good indicators of overall skipbility.

Drain types
The main deep drainage systems include:
« Shallow trenches filled with free-draining matei(gig. 1);

Figure 3: Vertical large diameter wells
o}

Figure 4eNWith gravity drainage and secondary drains

= Secondar-drains

Scala

BaCk - ispazione,
TN

stairs

Collector

« Deep trenches filled with free-draining material;

e Sub-horizontal drains (conventional drilling) (FR);

e Sub-horizontal drains (directional drilling);

e Vertical small diameter (< 800mm) wells - relidfastesian pressure;

« Vertical small diameter (< 800mm) wells - undesidage of perched aquifer;

e Vertical small diameter (< 800mm) wells - pumps;

e Vertical large diameter (> 1500mm) wells - grawdtinage through base conductor (Fig. 3);
e Caisson (> 5 - 6 m), with gravity drainage (andoselary sub horizontal drains) (Fig. 4);

« Drainage tunnels, adits, galleries, with secondiaayns or as outlet for wells (Fig. 5).

Bibliography
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Figure 5: Galleries

Drainage tunnels
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Description Figure 1: Shallow trenches with only main branchesPlan, b) Cross section. Shallow trenches, widin and secondary
Drain trenches are used to stabilize translatiamatotational slides which occur typically in highiveathered fine- | branches: ¢) Plan, d) Longitudinal section (fronciuoli, 2008).
grained soils, characterized by permeability highan that of the underlying layer. Tipical layoofsshallow trenches, a) Plar

with main and possibly secondary branches, andaypross sections are shown in Figs. 1a, b, drdifoli, 2008). \

Trenches should be excavated deep enough to iptetoe regions of positive pore pressures. Shatlewches can be Main

excavated by means of an excavator up to a de@hpmbximately 5 m from the ground surface (Fig.T2)e width of the trenche [&

trench is dependent on the type of excavator besegl and may vary from 0.5 to 1.0 m. In open ateasches can have . :

sloping sides, the gradient of which is based abibty consideration (Fig. 3). Where there is Babugh space, trench i R

sides have to be formed to vertical and shouldrbpeyly supported (Fig. 4). Guidelines on the desiflateral support x

to excavation are given in many publications, B§.6031:1981 (BSI 1981). However problems of treimstability can Inspection E

be reduced by opening up trenches in short lengttts backfilling the trench within a short time afexcavation. W

(Urciuoli, 2008). Trenches need to have a highhdisge capacity to avoid the saturation of the Lillickf material or of

the lower portion of it. This can be achieved pdivg a drainage layer of gravel materials or itistglat the bottom of
the trench a perforated pipe (with slots on theenpggart). The perforated pipe should be wrappetl wigeotextile to
prevent the clogging of the slots by fine soil et (Fig. 5). A compacted clay cover should tecpt on the top of the \
trench to prevent ingress of surface water, whiobukl be drained by means of a system of surfagmalye network.
The impermeable cover should have a minimum thiskmé 0.5 m and should be compacted in layers &ig.

Inspection
| wells _— 57C

15525 g I

T A it e

Trenches should be constructed starting from tive$d point in the area to be drained, so that taeydrain water during

construction. Inspection wells that intercept ttemthes should be installed to allow: MM

« monitoring of the working condition of the drainagestem, possibly by measuring the flow; Discharge

e maintenance, possibly flushing of the perforatguepi pipes Discharge
pipe

The reduction of pore water pressure varies altwegstope longitudinal section, the maximum decrepsiccurs at a

distance from the head trench equal to 3-4 timessfiace along the cross section. Therefore thehesfgrenches is d) Lonaitudinal section -B'

usually extended 3-4 time the wheelbase outsidslitie area. b) Cross section -A’
Design RN RN <I> I

The first step in the design of a drainage systenthé determination of the pore pressure chandgeighaquired to 4+5m E h E’ RET
increase the factor of safety of the slope to thsigh value. The next step is to design the gedmednfiguration of 5

drains that will result in the required pore pressthange.

AT

o
E:‘I:j //M\

The design of drain trenches can be carried ouwising numerical analyses or easily by adoptinggiesharts. Figure 2: Excavator used for trenches up to a depépproximately 5 m from the ground surface

In the first case drainage works is analysed bynsi@d numerical codes (DEM or FEM) and the problaay be solved
by taking soil stratigraphy and heterogeneity iattcount and by assuming climate conditions actinghe upper
boundary. The pore pressures calculated alongitieatsliding surface should be used in slopditits analysis.

In the second case, non-dimensional charts obtdardtbmogeneous soil and very simple geometriesws are used tg
estimate pore pressure, lowered by drains. Dedignt€ are a general tool: they cannot consideraufidr conditions at
ground surface according to a seasonal trend, wieckessarily depends on typical climatic featufeth® region being
considered.

In fact methods of analyzing the stabilization effef drain trenches commonly available in therétare (e.g.,
Hutchinson 1977, Desideri et al. 1997) model theugdwater regime as a steady-state phenomenonasemnd
assume the presence of a film of water at the graunface. In areas where the weather is not \a&nyrsuch as in
southern Europe, this assumption underestimatesfibets of drains on slope stability (Urciuoli,GR).

The majority of design charts are used to obtatngbometric configuration from the global efficigraf the drainage
system, determined as a function of the pore vdistribution that guarantees the safety factor ehdsy the designer.
The design charts proposed by Urciuoli (2008) argeld on steady-state analysis carried out for slig@erating in 3D
conditions, assuming a film of water fixed at grdusurface. For more details about the boundary itondand the
domain analysed see D’Acunto & Urciuoli, 2006. Theults pointed out are that the lowering of theéewgable caused
by drains is not homogeneous with depth in thengicidomain: it depends upon the distance of thenigxead point from
the drain boundaries and especially from the graunthce.
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The drainage effect is weaker in the deepest zbtteecslope. Because a simplification is requiredhandle the problem| Figure 3: Excavation of trenches with sloping side Figure 4: Excavation with vertical sides and suppor
more manageably and to make the design chartsadldel of infinite slope (1D) is adopted. Accordiogthat, the Author
schematized the 3D pore pressure distribution tiegufrom the action of drains as a 1D distributi@gyuivalent to 3D
distribution as regards its influence on slope iitgh Therefore the effect of drainage is evaluated bymaeof the
average efficienclz along the sliding surfade, which expresses the difference between the liwitid current value of
mean pore pressure (at a generic tijnaormalized to the initial value:

Finally, for the steady-state solution (attainetbag term), the functior’zoo can be used:

u(0,r)-u(e,l)
u(o,r)

E.()=

The function Em plays_a key role in designing slope stabilizatigndipains, because it considers the final distrirutf
pore pressurgl (o0, "), used in the calculation to obtain the desiredrawpment in slope stability; the effectiveness
drains is correctly analyzed by considering theugowater regime as a steady-state phenomenon.

In practice, E. (F ) is calculated, after determininld (,1) from slope stability analysis, as the pore presshat

guarantees the safety factor chosen by the desiEmmnEoo (I')

, by means of non-dimensional charts, the desigaer

determine the geometric characteristics of thendsgstem.
By using the pore water pressure distribution aletdiby numerical analysis and adapting them tovadgrit 1-D domain,

the value of E. (D) has been calculated for trenches with secondagdmes and represented in design charts g4s a
function of the following parameters: N\Z
Humus
H = depth of analysed volunge, Compacted cla o
Ho = depth of drain, Backfilling
D = depth of the plane on which efficiency is ewaéd (correspondent to sliding surface), material

L, = longitudinal length of the analysed voluf2g(in the case of trenches it is the spacing betv#ipal branches of
drain trenches),

S = spacing between secondary branches of draiottes,

i = spacing between horizontal drains,

I, = length of secondary branches of drain trenches,

I]_ = Ly'|2.

(gravel or
sand

Four design charts, one for each plane on whicleffi@ency is evaluated, are reported below. . .
Discharge pipe
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Figure 6: Examples of shallow trenches. The uppert of the system is covered by stones in orddower the environmental
impact
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4.1 SHALLOW TRENCHES FILLED WITH FREE-DRAINING MATE RIAL

APPLICABILITY

(Varnes, 1978)

Extremely slow

Class Descriptor Rating Notes
Falls
Type of Topples
movement ; : . . . .
(Cruden & Slides Drain trenches are often used to stabilize shaltanslational slides of large extension.
Varnes, 1996) Spreads
Flows
Earth
Material Debris Translational slides occur typically in fine-graihsoils strongly altered and characterized by pelitiey much higher than that of the underlyingday
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
Depth of Medium (3 to 8 m) The maximum depth for the shallow drainage syste®6 m therefore the best efficiency value is @aked at a depth equal or less than 5-6 m. As a
movement consequence shallow drain trenches are suitable teedepth of slip surface is not deeper thama-6
Deep (8to 15 m)
Very deep (> 15 m)
Moderately to fast e . . . . . . . . .
Rate of y The steady-state condition is attained some tirter dfainage construction (i.e. in the long termjact after drain installation, a transient pheeaon
movement Slow of equalization of pore pressures occurs. Draiasampletely effective after a delay; thereforeythepresent a suitable mitigation method for \soyv
Very slow landslides.

Artesian
High _ o :
Groundwater 3 This system is suitable for shallow freatic watable.
ow
Absent
Rain
Snowmelt . e . . : . )
- The methods of analyzing the stabilization effecti@ins commonly available in the literature aseutme presence of a film of water at the groyind
Localized surface. However in areas where the weather iv@mtrainy, such as in southern Europe, this assompinderestimates the effects of drains on slope
Surface water » L I . ;
Stream stability. The seasonal variation of rain-infiticm may be taken into account, as they influeheesystem performance.
Torrent
River
Maturity Technique and design process are well establishedvidely used in suitable conditions.
Reliability The good working depends strongly on the maimteaa possibly by flushing the perforated pipe. ldeer the life-service is long enough.

Implementation

Technologies used for excavation are well-kowah lang-established and uncertainties are low.

Typical Cost

\‘\'\'ooOOOOOOOOONG’NOOOOWOOO_';OO(:DOCDOO#OOOO

Lless costly than other types of stabilizatiorrkgoand suitable for a large number of cases, @@ structural measures are not effective.

Note

Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific metiraler consideration to use in landslides of tivery characteristics, evaluated individually. Oviéraitability to specific case under consideratiory be obtained by a weighted average

of these ratings, with user defined weights. Zatong means "not applicable”
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4.2 DEEP TRENCHES FILLED WITH FREE-DRAINING MATERIA L

Description
Figure 1: Deep trenches with only main branchg®lan, b) Cross section. Deep trenches, with mathsecondary branches:
¢) Plan, d) Longitudinal section.(from Urciuol)@3)

a) Map c)Map

The schematic map of deep trenches, with main asdilply secondary branches, and typical crossosectire shown in
Figs. 1a,b,c,d (Pun & Urciuoli, 2008). Essentiahly the technology to excavate the trench is csffé from that used for
shallow trenches. Deep trenches can reach the maxigepth of 30 m and are excavated by means of gabls __
(Fig. 2). The sides of the trenches, being vertishbuld be supported by means of slurry, e.g.mpehc mud (Fig. 3), Main_ gy
therefore costs increase very much respect tooshatenches. trenches
Because of the high depth, it is difficult to prdeithe good laying of the discharge pipe; moredker volume of At____
materials necessary to fill trenches is very laffeerefore new technologies are continuously adwandor example
drainage cage may be dropped directly inside #mactres. Two new types of technologies adopted coentty for deep Inspection
trenches are described below: wells
« Narrow trench fitted with a draining geocompositéhwa high capacity collection surface, buried witlightly i
compacted excavated soil. This is a geocompositsisting of a draining core combined with two getite filters 15425 [
with a socket at the base for fitting the drainagee. The features of this system are: excellét@rifig, constant i
hydraulic efficiency, good excavation volume andsad to dispose of, total or drastic reductioniradrt materials,
higher output and extra safety in the yard. Allsthdeatures make draining with this system an iatie® technique (_\

- 600

Inspection
\\_'L?US_ __— 570

compared to traditional systems. Vertically continsi draining is possible for deep trenches by combi this Discharg :

system with suitable draining composites by secutirem and superimposing them by means of suitairaple pipes B Discharge
measures (Figs. 3a, b). ‘ v . vive

+ Deep trenches can be carried out as panels caestitsy “aerated concrete”: gravel with high pemabdity b) Cross section A-A d) Lonitudinal section B-B
(10" m/s) and cement with a good compression strerijth 4). The technology used is that used for hiagms, AN ARG gy
therefore any depth can be reached. The paneldlyusaae the plan dimensions: 0,8-1m x 2,5-3m;tftre odd-
numbered ones are constructed. This system cheractdy ‘aerated concrete’ can be realized asngikes as well
(Fig. 4), but the previous technique is faster.

About the maintenance and monitoring, the sameideration for the shallow drain system can be made.

Design

The design criteria of deep trenches are the sanaelapted for the shallow trenches. Numerical a®slyean be carried
out or, more easily, design charts can be usedf¢stsheet 4.1).

Figure 2: Grab shells used for trenches up to shdgigher than 5 m from the ground surface.

2000:5000 o

01712071
13030
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4.2 DEEP TRENCHES FILLED WITH FREE-DRAINING MATERIA L

Fig. 3: a) Scheme of narrow trenches with geofmmsit and pipes; b) Example of narrow trenches gébcomposite

Backfill with
original topsoil

= - =« Backfill with original soil

Drainage geocomposite

Bedding sand

Eﬁﬂﬁuﬁ-:

AYAYAVAVAY)

Collector pipe

EFAVAT >

Figure. 4: Construction of deep drainage trencldmant piles technique: a) first series of pil@gdd-numbered piles
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4.2 DEEP TRENCHES FILLED WITH FREE-DRAINING MATERIA L

APPLICABILITY

Note

In
er

Class Descriptor Rating Notes
Falls 0
Type of Topples 0
movement ; . . . . . . . . _
(Cruden & Slides 8 Deep drainage is used to stabilize translation@éslof large extension or rotational slides chariwed by a deep slip surface.
Varnes, 1996) Spreads 2
Flows 6
Earth 8
Material Debris 6 Translational slides occur typically in fine-graihsoils strongly altered and characterized by anpability much higher than that of the underlyiagdr.
Rock 4
Superficial (< 0.5 m) 8
Shallow (0.5 to 3 m) 8
Depth of Medium (3 to 8 m) 8 The maximum depth for deep drainage system is 20-25erefore the best efficiency value is calculaea depth less than that. As a consequence the
movement depth of slip surface should not be more than 1%-20
Deep (8to 15 m) 4
Very deep (> 15 m) 0
Moderately to fast 6 e : . . L . . . .
Rate of The steady-state condition is attained some tirer dfainage construction (i.e. at the long temmfgict after drain installation, a transient pheeaon of
movement Slow 8 equalization of pore pressures occurs. The dramsampletely effective after such a delay and ttegresent the suitable mitigation method for very
(Varnes, 1978) Very slow 8 slow landslides.
Extremely slow 8
Artesian 4
High 8 ) _ _ _
Groundwater 3 4 This system is suitable for lower shallow freatiater table.
ow
Absent 0
Rain 6
Snowmelt 6 . e . . - )
- The methods of analyzing the stabilization effdatl@ins commonly available in literature assune hesence of a film of water at ground surface.
Surface water Localized 0 areas where the weather is not very rainy, sudh &outhern Europe, this assumption underestintateffects of drains on slope stability. Howe
Stream 0 the rain —water infiltration influences the systparformance less than in the case in which shailemches are adopted.
Torrent 0
River 0
Maturity 8 Technique and design process are well establishedvidely used in suitable conditions.
Reliability 7 The good working of drains depends strongly @nrttaintenance, possibly flushing of the perforaipe. However the service is enough long.
Implementation 6 Some uncertainties about good construction®tistem can exist because of the high depth th r@ad the large spil volume involved.
Typical Cost 6 Deep drains are more costly than the surfacesltz@cause of the deep excavation and the lareataine involved.

Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific metiraler consideration to use in landslides of tivery characteristics, evaluated individually. Oviéraitability to specific case under consideratiory be obtained by a weighted average

of these ratings, with user defined weights. Zatong means "not applicable”
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Description Figure 1:: Horizontal drains inserted from the wgrd surface: a) Plan, b) Longitudinal section, apds section.
Horizontal drains are used to stabilize deep ladeslessentially characterized by circular slifaae. They are adopted (from Pun and Urciuoli, 2008).

in fine—grained_soils and in fissgreq rocks. Thbesnatiq Iayout of horizontal drains, representetiypical longitudinal a) Plan b) Longitudinal section A-A'

and cross sections, are shown in Figs. 1 a, by &Urciuoli, 2008).
Horizontal drains involve drilling holes in the grud, drilled with a tricone or drag bit (Figs. 2, 3he diameter of the| ~ Horizontal drain 5 <---- 2+5
hole is usually 100-120 mm. During drilling, fluski fluid such as bentonite mud, polymers, foam,ewatr air is !
required to reduce friction and aid the removathef cuttings. A PVC slotted pipe, protected by a-gextile to avoid the | AN

clogging with fine materials, is inserted in thden¢Fig. 4). The maximum length of horizontal pipesround 100 m, but ~ S\ = o
in some cases it has been possible to reach 3@kepuosits of calcium, salts and iron oxide can blbokizontal drains ] _— R Superficial
during operation; therefore regular maintenanceflbghing the pipes with a high pressure water ghould be — | drainage

programmed. In absence of maintenance, drain mipesot keep functioning for a long time (maximum2lbyears). A 2 3% network
good practice to reduce precipitation of calciteside pipes consists of drilling the hole at arifation slightly above /
horizontal, such that the pipe is not continuosslgmerged. Conversely, there are other chemicalgshena, favored by \\

bacterial activity, that are due to aeration (Wal&eMohen 1987). At the portion of the horizontahth near to the slope 40+-70m [~ | 50 A
surface, it is recommended to use a 3-6 m longesfepated pipe, grouted all around with cementptevent the T
penetration of tree roots into the pipe, which dollock the water flow (Fig. 4). The timerequireat installation is
approximately 100-200 m per day. ' )
PP y per day | 58 ~ 0 ¢) Cross sectic

. A
Design !
The_ design _of horizontal dr_ains_ can be carried k_nwiusing numerical anglys_es or easily by adoptiegigh charts | ------ --- S E . VN VN VN
available in literature (see Di Maio et al.1988sideri et al. 1997, Pun & Urciuoli 2008). ] _
In the first case drainage work is analysed by medmumerical codes (DEM or FEM) and the probleayrhe solved [~ 57
by taking soil stratigraphy and heterogeneity iatcount and by assuming a water flux dependinghenctimate — 1] o
condition at the upper boundary. In this way, gamressures can be calculated along the critiadihgjisurface; then they Superficial

. - X . 2+5
can be used in slope stability analysis. | drainaae ° o 0&—>o o

In the second case, non-dimensional charts obtdordtbmogeneous soil and very simple geometrieses are used tg . : —
estimate pore pressure, lowered by drains. Dedigmt€ are a general tool useful for general comusti they cannot A <----

consider hydraulic conditions at ground surfaceoetiog to a seasonal trend, which necessarily dipe@m typical
climatic features of the region. In fact the methddr analyzing the stabilization effect of drameriches commonly
available in the literature assume the presence fidfn of water at the ground surface. The major o design charts
consists of obtaining the geometric configuratimm{ the global efficiency of the drainage systeat th determined as g
function of the pore water distribution that gudess the safety factor chosen by the designer.

Based on numerical analyses, Desideri et al.1988agsed design charts for drains installed fromgifoeind-surface, with
the drain rows placed at the distance S along th&imum slope direction (if they are installed onotwr more
alignments); the distance along the direction rabrio slope is indicated by i. L is the lengthtloé slope where pore
pressures are reduced by draining, D is the deptheoplane parallel to the ground surface on whkeh efficiency is
evaluated, X, is the relative position of the drainage systerspeet the lower end of the longitudinal section |L
(Fig 5 a,b).

In the analysis, the following hypothesis are assiim

e infinite slope;

« homogeneous soils and isotropic permeability;

« presence of a film of water at the ground surface;
* two-dimensional flow conditions (by assuming valé the ratio i/1<2); S — ]
e constant ratio d/I=0.02; —_—

» flow parallel to the ground surface, as initial dan. ' B
Design charts have been developed by the authodifferent slope angles, as a function of théslL, X,4/L, SIL,. -E\*
for one and two rows of drains. The design chalftav to obtain: -

e the optimum design of system;
« the system efficiency;

« the time at which 90% and 50% of efficiency is fest

Figure 2: Rotary drilling for horizontal drains.®amnatic section and drilling tools
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The first step of the design procedure is to deterthe maximum factor of safety correspondinch®atmospheric pore Figure 3:: Drilling of boreholes
pressuredistribution in the subsoil and then the incremehthe factor of safety (relative to its initial lue) that is
necessary to assure a suitable level of safe ofltpe. These two values of safety factors areinbeedients for the
calculation of the long-term efficiency of the draystem. The following step is to design the geameonfiguration of
drains that will result in the required pore pressthange. A single level of drains is assumedhlhit The values of L,
D, Xpq are assigned and by using Figures 6c, d, 7c, detight of drains, I, and then the efficency atglderm are
obtained. In this way it is possible to evaluatehd efficiency of the hypothized drain systemaiggér than the required
value. If necessary, an increase in system efficiency lsarachieved by increasing the lenght of the draius, no
significant benefits are obtained for values higian | =4 -5 D. The values of the time factorresponding to 50%
and 90% of efficiency are obtained from Figurestg&a, b, .
If the results do not satisfy the design probleoo (ong to achieve efficiency, low safety factag.§ a system of draing
installed on two levels can be considered. A valug, is fixed and |, X4, and S are determined by using Figures 8-9.

Figure 5: Drain installation scheme: a) isometi@ b) longitudinal section (source: Desiderakf1998)
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Figure 6: Design charts for slope angle = 30°irag tfactor for E=50%, b) time factor for E=90%, Figure7: Design charts for slope angle = 20°: mgtfactor for E=50%, b) time factor for E=90%,
c) B (at long term) as a function of lengnt |, d);4s a function of lenght | (source: Desideri gtl898) c) B (at long term) as a function of lengnt |, d);4s a function of lenght | (source: Desideri gtl898)
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Figure 8: Design charts for slope angle = 20° tavadrows of drains: a) S as a function of |, by Bt long term) as a Figure 9: Design charts for slope angle =30° avalrows of drains: a) S as a function of |, I &t long term) as a function
function of |, c) time factor for E=50%, d),&Xas a function of lenght, | , e) time factor ford%6. (Desideri et al.,1998) of I, c) time factor for E=50%, d)Xas a function of lenght, |, e) time factor for@%6.(source: Desideri et al.,1998)
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Figure 10: Phases of construction of sub-horiairgins
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APPLICABILITY

Typical Cost

Class Descriptor Rating Notes
Falls 2
Type of Topples
(rg(r)l\jggnne;t Slides 6 Horizontal drains are used to stabilize deep slesentially characterized by circular slip surfacd with a high slope angle of the ground surface.
Varnes, 1996) Spreads 2
Flows 4
Earth 4
Material Debris 8 They are adopted in fine-grained soils and in fisduocks as well.
Rock 4
Superficial (< 0.5 m) 0
Shallow (0.5 to 3 m) 2
Depth of Medium (3 to 8 m) 6 The horizontal drain system is suitable for degpsirfaces.
movement
Deep (8to 15 m) 6
Very deep (> 15 m) 4
Moderately to fast 2
Rate of Slow 6 The steady-state condition is attained some tiner dfainage construction (i.e. at the long temmfpict after drain installation, a transient pheeraon of
movement equalization of pore pressures occurs. Draincamgpletely effective after such a delay and theyesent the suitable mitigation measure for veows
(Varnes, 1978) Very slow 8 landslides.
Extremely slow 8
Artesian 4
High 6 ) _ _ :
Groundwater 3 3 This system is suitable for deep freatic waterdabl
ow
Absent 0
Rain 4
Snowmelt 4
Localized 0 . . . .
Surface water Horizontal drains are not suitable to drain shalleater.
Stream 0
Torrent 0
River 0
Maturity 7 Technique and design process are well establishedvidely used in suitable conditions.
Reliabilit 6 Necessary to flush the pipes with high pressuremjats for good operation. The most frequent oisl are: fouling, deterioration of the final cottag
Y changing of the water path.
Implementation 6 Difficult to have good installation of the pipespecially if very long; it is good practice tdlidhe hole slightly inclined to allow gravity dirzage.
7 Lless costly than other types of stabilization veoakd suitable for a large number of cases, edpesaiaen the landslide is very deep and structural

measures are not effective..

Note

Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific netiraler consideration to use in landslides of tivery characteristics, evaluated individually. Oviéraitability to specific case under consideratiory be obtained by a weighted average

of these ratings, with user defined weights. Zatmmg means "not applicable”
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Description

Horizontal Directional Drilling (HHD), is an innotige technique adapted from the drilling technolaged usually in
the petrochemical industry, for the installationusiderground utilities where conventional openghéng solutions are
inappropriate or not permitted, such as under sivailways, highways, in protected areas (natipaaks, urban areas o
historical importance) or in densely populateddestial areas (Figure 1).

This technology is currently also used for slo@b#ization, to lay the drain pipes instead of te@ventional drilling; it
can be used in geological conditions ranging frofiit® very hard formations.

The processstarts with the construction of the receiving hahel the entrance pits. These pits will allow thi#ig fluid
to be collected and reclaimed to minimize cost eimgrevent excessive waste. The first stage dilslot hole on the
designed path (Fig. 2a) and the second stage esldéng hole by passing a larger cutting tool knasithe back reamer
(Figs. 2b, 3b). The reamer's diameter depends @site of the pipe. Throughout the drilling andmé&eay process the
drilling is done with the help of a viscowkilling fluid. It is a mixture of water and, udiya polymer continuously
pumped to the cutting head or drill bit to facilitahe removal of cuttings, stabilize the bore hotsl the cutting head,
and lubricate the passage of the product pipe.tiing stage places the drain in the enlarged hglenbans of the drill
steel and is pulled behind the reamer (Fig. 3a@lltaw centering of the pipe in the newly reamechf&ig. 2c).

The equipment used in a directional drill operation (Figs. 3,54,and 6) depends on the size of the pipe, leafjthe
run, and surrounding locations. For the large hoae400,000 pound pulling power drill is used wihreclaimer,

Figure. 1: Different applications of HHD technolo@lope stabilization highlighted in red

excavator, and multiple pumps and hoses to movdldige The drilling steel is a 3-in. diameter pipgth male and

female threads (Fig. 4). The head of the operatmmes in multiple designs and depends on the rocsoib being

penetrated. The drilling head (Fig. 6) has multipiater ports to allow removal of material. A talbit involves the

diamond tipped cutters. These allow for steerindg ewtting the material. Another head type is a mater which is

used in rocky landscapes (Fig. 6).

Typically a small two-person crew is required irdihg a drill operator and a tracker. The trackeecls the progress of

the drill by using a hand held device that gatldata from a sonde located in the drill head justirm the bit. The

advantages of this system are:

« the size of the worksite consists of two small gatnd exit pits;

< the drain may be laid at the desired depth withisioto the operator;

« the bore path can be directed to avoid buried okestar other utilities, or to follow an angledjé@tory according to
the particular requirements of the bore design;

« the installation is faster and safer with no neetéack-fill the excavation.

An experimental application at Barton-on-Sea, UKgved very successful. The drains were drilled frstarter pit in
very stiff clay some distance away from the toehef unstable seacliff. Once drilling had penetratefficiently below
the toe of the cliff, the directional drilling wasade to turn upwards to come out onto the maireplaat the top of the
cliff, where the reamer and the perforated pipeeasiixed to the drillstring and pulled back to thtarter pit. This
arrangement allowed the drains to intercept seymraihed water tables in the stratified soil peofind to discharge by
gravity. The minimal intrusiveness of the techngeian added bonus, allowing installation in enefonentally sensiive
locations with minimal disruption.

Design

The design of horizontal drains can be carried lputusing numerical analyses or easily by adoptiagigh charts
available in literature (Di Maio et al.1988, Degidet al. 1997, Pun & Urciuoli 2008). See the smt#.3.

However when this technology is used apart fromdésign of drains (length, diameter, number, anerépace), it is
important that the work area at entry and exitdecuate and safe and to plan bore path with adesegparation from
utilities and obstacles.
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Figure 3: Power drilling machine

Figure 4: Rods
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Figure 5: Pipe lines

Figure. 6: Different applications of HHD technology
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Figure 7:Laying of drain by means of directional drillingctenology (HHD) at Montaldo di Cosola (AL), Italyqisrce: Capaccetta, 2006)
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APPLICABILITY

Extremely slow

Class Descriptor Rating Notes
Falls
Type of Topples
movement - . : . . . . . .
(Cruden & Slides Horizontal drains are used to stabilize deep ladgeslessentially characterized by circular sligaue.
Varnes, 1996) Spreads
Flows
Earth
Material Debris The Horizontal Directional Drilling technology cée applied to several soil types such as clay,ysand limey soil, and rocky ground.
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
n?oevpc)etrr']ng;t Medium (3 to 8 m) These drainage system can reach very deep sliacguttirough any type of path.
Deep (8to 15 m)
Very deep (> 15 m)
Moderately to fast
Rate of Slow The steady-state condition is attained some tinez dfainage construction (i.e. at the long temmfact after drain installation, a transient pheeaon of
movement equalization of pore pressures occurs. Drains angptetely effective after such a delay and theyasent the suitable mitigation measure for verys|o
(Varnes, 1978) Very slow landslides.

Implementation

Artesian
High ) ) ) )
Groundwater Low This system is suitable for deep freatic waterdabl
Absent
Rain
Snowmelt
Surface water Localized Horizontal drains are not suitable to drain shalleater.
Stream
Torrent
River
Maturity Technique and design process are sufficientibéished.
Reliability It's necessary flushing the pipes with a highsgure water jet for a good working.
Drain alignement can be adapted to avoid obstarlduildings. Easily implemented with 2 man crBaster and safer than other methods, with no

cr:\lcncnoooOh#ommbmmmwmmmoohmphhoml\)

need to enter or backfill threnches, but requigesalist equipment.

Typical Cost

The cost of this type of drilling is 5-7 timegher than the conventional drilling.

Note

Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific ntethmer consideration to use in landslides of tiveig characteristics, evaluated individually. Oviégaitability to specific case under consideratiory be obtained by a weighted average
of these ratings, with user defined weights. Zatohg means "not applicable”
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4.5 CLASSIFICATION OF WELLS

WELL SYSTEM

l v v

SMALL DIAMETER MEDIUM DIAMETER LARGE DIAMETER
(< 800mm) (21200-1500 mm) (> 2000 mm)

WITHOUT PUMPS

L GRAVITY DRAINAGE STRUCTURAL WELLS (2m)
RELIEF WELL THROUGH BASE | With gravity drainage through
CONDUCTOR base conductor
PERCHED WATEFTABLE

CAISSON (> 5-6 m)

—|  With gravity drainage and sub
WITH PUMPS horizontal drains

WITH SIPHON
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4.5.1 SMALL AND MEDIUM DIAMETER WELLS - GENERAL ASP ECTS

Description Figure. 1) Classification of wells
Wells are used in deep landslides. They are negess$een the water table or landslide surface aspdmnd when the soil
is not homogeneous but is characterized by hordeyers of different permeability, among whichmapermeable onesg
must be captured. Wells are usually divided in (Eig

* wells of small diameter (< 800 mm);

* wells of medium diameter (1200 - 1500 mm);

« wells of large diameters (> 2m) or structural wells

WELL SYSTEM

Small diameter wells can work without pumps or byams of pumps or siphons. The medium and largead@amvells

usually allow the drawdown of the water by meangrakity drainage through the bottom and of the lsafizontal drains l v l

(well diameter >3 m) (Fig.1). The cost is higheartithe other drainage systems, especially when jmgnie necessary.

The construction of small and medium diameter wisll$he same and is described below. Large diametdis are SMALL DIAMETER MEDIUM LARGE DIAMETER
described in fact sheets 4.5.6 and 4.5.7. (<800mm DIAMETER (>2000mm
Technology for small and medium diameter wells

Small and medium diameter wells consist of a dtilele; a screen or slotted pipe section to allawasce of ground WITHOUT PUMPS

water; a bottom plate; a filter to prevent entraand ultimate loss of aquifer material; a risecémduct the water to the - GRAVITY DRAINAGE

ground surface; a check valve to allow escape démand prevent back flooding and entrance of fpranaterial;
backfill to prevent recharge of the formation byface water; and a cover and some type of barrigadeection to
prevent vandalism and damage to the top of the wethaintenance crews, livestock, etc (Fig. 2).

The hole should be vertical so that the screenra®sl can be installed straight and plumb. The hisldrilled large

THROUGH BASE
CONDUCTOF

'—{ RELIEF WELL

PERCHED WATER-TABLE

STRUCTURAL WELLS (2m)
With gravity drainage through bas|
conducto

CAISSON (>5-6m)

enough to provide a minimum thickness of 10 — 15 @epending on the gradation, of the filter matefiae methods of WITH —|  With gravity drainage and sub
providing an open boring in the ground are: horizontal drains
- Standard Rotary Method (Fig. 3i§tandard rotary drilling consists of rotating ateutit against the bottom of a

boring, while a fluid is pumped down through thél ¢hipe to cool and lubricate the bit and retuhne cuttings up the WITH SIPHON

open hole to the ground surface. The fluid mushibdegradable, organic; no bentonitic clays arel usehe drilling

fluid.
* Reverse-Rotary Method his method is generally considered to providertiost acceptable drill hole and should
used whenever possible for the installation of @eremt wells. In the reverse-rotary method, the farghe well is
made by rotary drilling, using a similar cuttingopess as employed in standard rotary drilling etde@ drilling
fluid is pulled up through the drill pipe by vacuuand the drilling fluid reenters the top of the opggoring by
gravity. Soil from the drilling is removed from thele by the flow of drilling fluid circulating fnm the ground

pe

Figure 2) Typical small diameter well and well sare

Tap 1o contrcd dischamge

surface down the hole and back up the hollow drdim from the bit. RS RO
« Bailing and Casing (Fig. 3aWhere standard or reverse-rotary drilling is setcessful, especially in caving alluvigl i i X .
sands and unconsolidated palaeochannel deposiesjuatly acceptable method of drilling consistsailing while Rizer pips = il Fenereis bacel
driving a steel casing into the hole to stabilise boring walls. This method is economical in sanaerials, and it 3 ,_ o Bachl
does not inject deleterious materials into the ftion. Loose to medium dense, clean, granular maétecan be ok -
bailed economically. Thin layers of cohesive matsrior cemented materials within the formatiom peeclude the ik R —— u
ad\I/Iance by bailing and may also produce smear dlwngides of the drill hole which could impairédrBow into the Tom of well scresn §
well. B
»  Bucket AugersUnder certain conditions drill holes for relief vgetan be made with a bucket auger. The method has Flar pes E{; /
been successfully employed where cobbles up tor@84have been encountered. A bucket with side aufter §
employed, and only water is used as the drillingpifl Frauel finer ;
| Fesforated or %,
Once the boring is completed and the tools withdrative well screen and riser pipe can be constluatehe site in Hattme sermen -
varying lengths. The lengths of screen are connectedhegets they are lowered into the hole. The riser sureen —_— — 3| e
sections should be centred in the drill hole by mseaf appropriate centring devices to facilitamatinuous filter around varlaniz fomom phug -
the well screen. Then the filter may be placedrefnie should be used to maintain a continuous @bwaterial and thus
Flal 16T e

minimise segregation during placement. After tleenie pipe or pipes have been lowered to the bottbthe hole, they

should be filled with filter material and then slgwaised to keep them full of filter material dlt ttmes.
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Extending the filter material at least 60 cm abthetop of the screen will depend on the depthhefwell to compensate Figure 3) a) Cable percussion drilling; b) Rotarijlidg
for settlement during well development. The levéldalling fluid or water in a reverse-rotary defl hole must be
maintained at least 2 m above the natural grounté+wavel until all the filter material is placed.a casing is used, it
should be pulled as the filter material is plac@ud the bottom of the casing kept 60 - 300 mm belwntop of the filter
material. Development procedures include both ét@nand mechanical processes. Development of Askelld be
accomplished as soon after the hole has beenddakepracticable. Delay in doing this procedure magvent a well
being developed to the efficiency assumed in design

Chemical development is applied usually in the calsere special drilling fluids are utilised and otieals are injected
into the well to aid in the dissolution of the sl drilling fluid in the filter. After the cheméds have been dispersed, the
well should be pumped and the effluent checkedhsue that the drilling fluid has completely broldawn. The purpose
of mechanical development is to remove any filmsif from the walls of the drilled hole and to déye the filter
immediately adjacent to the screen to permit ay #aw of water into the well. The result of propgevelopment is the
grading of the filter from coarsest to finest extiery from the well. The effect of proper developmisran increase in the|
effective size of the well, a reduction of entradgsses into the well, and an increase in the iefficy of the well.
Basically there are three methods used in developrag Water Jetting, b) Surging, ¢) Pumping.

During the development process, sand and silt mgllbrought into the well. When the depth of saniiected in the
bottom of the screen reaches 30 cm, it should bwved by bailing. The remainder of the hole shdwddfilled with
either a cement-bentonite mixture tremied into @lac concrete. In both cases, a 30 cm layer ofred&icand or excess
filter material should be placed on top of theefilbefore placement of grout or concrete. A treegjaipped with a side
deflector will prevent jetting of a hole throughethand and into the filter.

Materials for wells i
Well screen (fig.2)Commercially available well screens and riser pigesfabricated from a variety of materials such [as
black iron, galvanised iron, stainless steel, hressnze, fibreglass, polyvinyl chloride (PVC), aotther materials. How
well a material performs with time depends uporsitength, resistance to damage by servicing dpestand resistance p
to attack by the chemical constituents of the gdowater. PVC appears to be completely stable, tisdeiasy to handle
and install; however it is a relatively weak matkend easily damaged. A variety of slot typesamalable in most types -
of well screens. PVC screens with open slots of/imgr dimensions consisting of a series of saw euks typically
available. The size of the individual openings imell screen is dictated by the grain size of titterf The openings
should be as wide as possible, yet sufficiently Istoaminimise entrance of filter materials. Theenparea of a well
screen should be sufficiently large to maintaima entrance velocity of less than 3 cm per secardeadesign flow. In
general, the slot width (or hole diameter) of theeen should be equal to or less than the 50%o$ittee finest gradation
of filter.

Filter: The filter gradation must meet the stability regment that the 15% size of the filter should lo¢ greater than
five times the 85% size of the aquifer materialee design should be based on the finest gradafisheofoundation
materials, excluding zones of unusually fine matsriwhere blank screen sections should be providatie aquifer
consists of strata with different grain size bardifferent filter gradations should be designeddach band. Each filter
gradation must also meet the permeability critetltat the 15% size of the filter should be morenttiaee to five times
the 15% size of aquifer sands. Either well gradedroform filter materials may be used. The filsrould consist of
natural material made up of hard durable particles.

Well-characteristic curve

Pumping tests are necessary to obtain: (a) welacheristic curve and (b) hydrogeologic charactiessof aquifer
(permeability, K , trasmissivity, T, etc...). Thell-characteristic curve is the relation betwéem decreasing water leve)
in the well respect the initial piezometric levekeguilibrium and the flow pumping, and in part@uto know the optimal
flow to pump. In order to stabilize a slope, if tthecreasing of the piezometric level is realizedhimans of wells, the (b)
characteristic curve provides the flow to removenfraquifer to reach that ground-water level. Thél-alearacteristic
curves are shown in figures 4a and 4b, respectieelireatic and artesian aquifer.
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However if the characteristics of the aquifer anewn: the permeability influences radius of theeof depression and Figure 4) Well charateristic curve for a) confirextjuifer, b) unconfined acquifer
the thickness of aquifer, Thiem equations can kel ue link the pumping rate to depth of water ie thell while ollfs) Ql/s)
pumping (Fig.5a, b). Derivations of the foregoieguations are based on the following simplifyingumsptions: 1) 20 40 80 80 100 20 40 60 80 100
uniform hydraulic conductivity within the radius affluence of the well; 2) the aquifer is not sfiatl, 3) for an 04~=== N 0
unconfined aquifer, the saturated thickness is taomsefore pumping starts and for a confined aguithe aquifer 0.05 . 005 .
thickness is constant; 4) the pumping well is 10&fficient, that is, the drawdown levels inside gust outside the well 01 . ' ‘m
bore are at the same elevation and Head lossé® ini¢inity of the well are minimal; 5) the intakertion of the well _ 0.5 n o1 Y.
penetrates the entire aquifer; 6) the water tablgiezometric surface has no slope; 7) laminar fiotists throughout the E 01‘; s E *
aquifer and within the radius of influence of thellv8) the cone of depression has reached equitibiso that both < .53 A RRE oR
drawdown and radius of influence of the well do ab&nge with continued pumping at a given rater details about 03'5 :
Thiem equations see Thiem, 1906 Hydrologische nathpl eipzig. o ! 0.2 ;s ]
0.45 0.25
Figure 5) aWell in an unconfined aquifer and Thiem equatibh Well in confined acquifer antihiem equation (Thiem, 1961)
Ground surtsoe Sround surtsce
Cepit 1o Depih to stathc
waber tabie |+ polEnticrmetric surfsce
-E.' --I'--- L “muﬂim';m -EI."qL-- --_'_--
] ’___.--'5.’ - Core o i
# -~ de=pression -
™ - -
i T -
Crawsdoran ! * #  Crawakoram
In = :'ral.'.'.ln:-'.'m l:J:-E '-.". i I ]
H-F [oenl=nbicmetric surface] " H-h
L | H PUMEIrg water jeye >
[ B  — — | - —
— dnperadouie ckhwhom. | e B 1
; i fa [y
0 =well vield or pumping rate, n m*'day = Thickress. of
E = hydranlic conductivity of the water-bearing formation, ms-'d.a'_v'mzl:m'da}-} befiore - waber-te=aring
H = ztatic head measured from bottom of aquifer, mm purEng ! Tormation
h = depth of water m the well whils pumping, nm Vsl corean ™ — l
R =radius of the cone of depression, mm i i — . —— . I 'I' . -
r = radms of the well, in m o e e e e et T i e e e o I - Impervious siratum o I
i = thickness of aquifer, in m C T 1T 1T 1 L 1T 1T 1 iy i N e e e r i
- % 1 o \
qo LABEEIH —h7) 0 2T7IEBH -h)
logR/r logR/7
(a) (b)
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4.5.1.1 VERTICAL SMALL DIAMETER (<800mm) WELLS —RE LIEF OF ARTESIAN PRESSURE

Description Figure 1: Classification of wells
Relief wells, characterized by a small diameter0O@&m) (Fig.1), may be used to reduce piezometadhn a confined
aquifer. No pumping is necessary, relief wells oaly discharge water when the piezometric levehaaquifer is above
the level of their outlet (Fig. 2left). Thereforeelief well is able only to reduce the piezometeeel to the level of the
well’s outlet. At worst, the level of the outlet ynbe that of the ground surface, but discharge atsy be at lower level,
through a pipe installed in a trench (Fig. 2right).

These drainages are mostly appropriate in not stgp slopes where there is not sufficient fall&f@ravity drain. Their
most frequent application is therefore related rieaa downstream of an earth dam or at the toerofesbank levee. l l

v

WELL SYSTEM

Therefore in a slope, relief wells may be usedeleve the artesian pressure in a confined aquifeler the toe area
where the ground surface is usually on a flattadigmt (Forrester, 2001).

The technology used to construct the well is disedsn fact sheet 4.5.1. The only thing to add& the length of the SMALL DIAMETER MEDIUM LARGE DIAMETER
filter might be equal to the thickness of the aquif (<800mm DIAMETER (>2000mm
Design
Once the decrease of the piezometric level is knaseording to the design, the corresponding diggthiflow is p
calculated. A pipe being able to discharge thig/fitnould be designed. WITHOUT PUMPS GRAVITY DRAINAGE STRUCTURAL WELLS (2m)
RELIEF WELL THROUGH BASE | With gravity drainage through basge
CONDUCTOF conducto

— PERCHED WATER-TABLE

CAISSON (>5-6m)
] With gravity drainage and sub
WITH horizontal drains

WITH SIPHON

Figure 2: Typical relief well in a confined acquifgith the piezometric level higher (left) and law@ght) than the groundsurfac

Maintainancs

BCCa55

Wirzs tiz

Geotzxila limer

2. mm open-grads
aceracata

Confinad

acouifar
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4.5.1.1 VERTICAL SMALL DIAMETER (<800mm) WELLS —RE LIEF OF ARTESIAN PRESSURE

APPLICABILITY

Class Descriptor Rating Notes
Falls 0
Type of Topples 0
movement Slides 4 A relief well is only able to reduce the piezometieével to the level of the well's outlet. Theredorelief wells can only discharge water when the
(Cruden & piezometric level in the aquifer is above the lesviaheir outlet and only in this case they areduse
Varnes, 1996) Spreads 2
Flows 4
Earth 8
Material Debris 4
Rock 4
Superficial (< 0.5 m) 0
Shallow (0.5 to 3 m) 6
n?oevpetrr']ng:]t Medium (3 to 8 m) 8 This system can lower the pore water pressureconéined acquifer and it is usually placed 3-4 repléfom the ground surface.
Deep (8to 15 m) 8
Very deep (> 15 m) 6
Moderately to fast 0
Rate of Slow
movement The steady-state condition is attained when thedulitt equilibrium is reached and it is a functfithe aquifer properties.
(Varnes, 1978) Very slow 8
Extremely slow
Artesian 10
High 0 ) ) ) )
Groundwater C 0 This system is suitable only for artesian grounewat
ow
Absent 0
Rain 2
Snowmelt 2
Localized 0 ) , . _ , . :
Surface water St 0 Relief wells modify the piezometric level of thenfimed aquifer and they are completely separateuh the ground surface by means of a grouting cap.
ream
Torrent 0
River 0
Maturity 8 Technique and design processes are well estatlmhd widely used in suitable conditions.
Reliability 7 good working depends strongly on the maintenance.
Implementation 7
Typical Cost 6 The cost of these drainages is more expensivetkigaother drainage systems.

Note

Ratings are given on a scale of 1 to 10; the highergrade, the most suitable is the specific ntethmer consideration to use in landslides of tiveig characteristics, evaluated