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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
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

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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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

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
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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
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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).

Grant Agreement No.: 226479 Page 22 of 340
SafeLand - FP7



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

* 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)
Grant Agreement No.: 226479 Page 30 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

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.
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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
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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

oY

brush and
hedge layers,

seeding \

PR i - [

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)

Grant Agreement No.: 226479
SafelLand - FP7

Page 86 of 340




D5.1 Rev. No: 2

Compendium of tested and innovative structural, non-structural

and risk-transfer mitigation measures for different landsiges Date: 2012-04-30

MITIGATION THROUGH REDUCTION OF HAZARD
2 MODIFYING THE SLOPE GEOMETRY/MASS DISTRIBUTION
2.2 REMOVAL OF LOOSE OR POTENTIALLY UNSTABLE BLOCKS /BOULDERS (SCALING)
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.

Grant Agreement No.: 226479 Page 118 of 340
SafelLand - 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

3 MODIFYING THE SURFACE WATER REGIME — SURFACE DRAI NAGE

3.6 HYDRAULIC CONTROL WORKS

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
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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)

Break-away - Break-away - Breal-away -
scar ‘ scar
Moverment
into
valley

* Resistance to erosion at the dam surface and gabsur

scar
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).

Grant Agreement No.: 226479 Page 122 of 340
SafelLand - FP7



D5.1 Rev. No: 2

Compendium of tested and innovative structural, non-structural

and risk-transfer mitigation measures for different landsiges Date: 2012-04-30

MITIGATION THROUGH REDUCTION OF HAZARD
3 MODIFYING THE SURFACE WATER REGIME — SURFACE DRAI NAGE
3.7 DIVERSION CHANNELS
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”

Grant Agreement No.: 226479 Page 123 of 340

SafeLand - FP7



D5.1 Rev. No: 2
Compendium of tested and innovative structural, non-structural
and risk-transfer mitigation measures for different landsiges Date: 2012-04-30

MITIGATION THROUGH REDUCTION OF HAZARD

3 MODIFYING THE SURFACE WATER REGIME — SURFACE DRAI NAGE

3.7 DIVERSION CHANNELS

References:

Durville J.L., Effendiantz L., Pothérat P., Marcime®. (2004). “The Séchilienne landslide”. In: idiéication and
mitigation of large landslide risk in Europe. Adeas in risk assessment. Ch. Bonnard, F. Forlatgcavia (eds.),
European commission Fifth Framework Programme, IIMMRID Project, A.A. Balkema, Leiden, 251-269.

Kelly J.M.H., Martin P.L. (1985). “Construction wk® on or near landslides”. In: Landslides in theit8dVales Coal
Field, Polythecnic of Wales, C.S. Morgan (eds.},185.

Liu N., Chen, Z., Zhang J., Lin W., Chen W., Xu {010). “Draining the Tanijashan barrier lake”. dwal of Hydraulic
Engineering, Vol. 136, 914p.

Schuster R.L. (2006). “Risk-reduction measureddodslides dams”. Italian Journal of Engineeringlégy and
Environment, Special Issue 1, 9-13.

Grant Agreement No.: 226479 Page 124 of 340
SafeLand - FP7



D5.1 Rev. No: 2
Compendium of tested and innovative structural, non-structural
and risk-transfer mitigation measures for different landsiges Date: 2012-04-30

MITIGATION THROUGH REDUCTION OF HAZARD

FACT SHEET 4

MODIFYING THE GROUNDWATER REGIME — DEEP DRAINAGE

Grant Agreement No.: 226479 Page 125 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

4 MODIFYING THE GROUNDWATER REGIME - DEEP DRAINAGE

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

Grant Agreement No.: 226479 Page 128 of 340
SafelLand - FP7



D5.1 Rev. No: 2

Compendium of tested and innovative structural, non-structural
and risk-transfer mitigation measures for different landsiges Date: 2012-04-30

MITIGATION THROUGH REDUCTION OF HAZARD

4 MODIFYING THE GROUNDWATER REGIME - DEEP DRAINAGE

41 SHALLOW TRENCHES FILLED WITH FREE-DRAINING MATE RIAL

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 \
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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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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 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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4.5.1.2 VERTICAL SMALL DIAMETER (<800mm) WELLS — U NDERDRAINAGE OF PERCHED ACQUIFER

Description

In a perched water table, water seeping downwabtbisked by an impermeable layer of clay or sililesgroundwater
saturates the area above the impermeable layshasn in Figure 1. An impervious stratum creatdmsin that may
hold groundwater that is perched above the mairemble. A perched water table is not frequerd anwell
recognizable by geologists and water engineergglr@accurate investigations. Perched water is fedurface water
derived from precipitation and snow melt. When #nea is urbanized, perched water is further fedalyn watering,
drain from leaking sewer lines, and other man-nsal@ces. A perched water reservoir can be repledisly a water
source as far as a mile away (depending also orintladved soils). The size of a perched water nesiercan vary
considerably. A small reservoir can pose a seepeg@em only after a prolonged wet season, whiteesperched water
reservoirs do not dry up even during dry seasomsveyer, in the Rocky Mountain region where claynstdedrock is
near the ground surface, the extent of the peraladr table can be very extensive.

A small amount of perched water may be drained fillindy holes which cross the impervious basin,réfere small
diameter well (<800 mm, see Figure 2) without purbps with the open bottom into the sand layer plabelow the
impervious soil layer can be used to under drainhgeperched table (Figure 3).

Design
The borehole should be designed to draw down ar\ilate enough to stabilize the area.

Figure 1: Example of perched table

+

Figure 2: Classification of wells

WELL SYSTEM

l

SMALL DIAMETER
(<800mm

WITHOUT PUMP¢

H RELIEF WELL

v

MEDIUM
DIAMETER

l

LARGE DIAMETER
(>2000mm

L GRAVITY DRAINAGE
THROUGH BASE
CONDUCTOF

— PERCHED WATER-TABLE

WITH

WITH SIPHON

STRUCTURAL WELLS (2m)

| With gravity drainage through bas

conducto

[]

CAISSON (>5-6m)

With gravity drainage and sub
horizontal drains

Figure 3: Example of well to underdrain the perctadile

Impervious soil stratum

’ Normal water table

7
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MITIGATION THROUGH REDUCTION OF HAZARD

4 MODIFYING THE GROUNDWATER REGIME - DEEP DRAINAGE

4.5.1.2 VERTICAL SMALL DIAMETER (<800mm) WELLS — U NDERDRAINAGE OF PERCHED ACQUIFER

APPLICABILITY

Extremely slow

Class Descriptor Rating Notes
Falls
Type of Topples
movement Slides
(Cruden &
Varnes, 1996) Spreads
Flows
Earth
Material Debris The perched water table usually develops into ddayier resting on clay
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
Depth of . The effect of lowering of the water table by meahsinderdrainage is effective of course where telped basin is placed, usually at 3-8 m deep from
Medium (3 to 8 m)
movement the groundsurface.
Deep (8to 15 m)
Very deep (> 15 m)
Moderately to fast
Rate of Slow
movement The water must have time enough to reach the sand.
(Varnes, 1978) Very slow

Groundwater

Artesian

High

Low

Absent

This system is suitable only for high freatic level

Surface water

Rain

Snowmelt

Localized

Stream

Torrent

River

Maturity

Reliability

good working depends strongly on the maintenance.

Implementation

Typical Cost

0’\'0’0’OOOONNOO°°Ooooo'bo_bbm_bo'bmo’ooo"\"\’

The cost of these drainages is more expensivethigaother 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 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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MITIGATION THROUGH REDUCTION OF HAZARD

4 MODIFYING THE GROUNDWATER REGIME - DEEP DRAINAGE

4.5.1.3 VERTICAL SMALL DIAMETER (<800mm) WELLS - P UMPS

Description Figure 1: Classification of wells
The role of pumped wells as a mean of slope stabitin is mostly limited to dewatering excavatidos structural
foundation, where their work is purely temporariiey are not often used as a permanent mean of stapd#ization in WELL SYSTEM

fact this technology has been developed mainlyelation to the extraction of groundwater as a resmubut also in

relation to structural dewatering problems.

Their main advantages and disadvantages are:

advantagesall types of wells can extract groundwater fromedtions where gravity methods are impractical.ifTh

drainage capacity can be increased at any timddmyng more wells. In the case of pumped wellsirdige performance

may also be adjusted by altering the on/off switghievels, by increasing or decreasing the pumpétg, or hutting l l
v

1]

some pumps down (Forrester, 2000);
disadvantagespumped wells require an on-going commitment foaimenance and intermittent or continuous

operations. They are therefore only used if stzdtilon by drainage is essential, but no methodratity drainage is SMALL DlAMETER MEDIUM LARGE DIAMETER

feasible. Therefore the maintenance costs very randhinfluences the service-life and the good waglaf the wells. (<800mm DIAMETER (>2000mm

Pumping system \‘

The selection of the pumping plant will be influeddby the quantity of water to be extracted andchisight to which it

must be pumped to ground level. Typical detailthofe pumping systems that are most commonly usedeiwatering, WITHOUT PUMPE GRAVITY DRAINAGE

and consequently for slope stabilization, are: THROUGH BASE || S,TRUC.TURA',- WELLS (2m )
. . . . . . . RELIEF WELL With gravity drainage through basge

Wellpoint (Fig.2a, 3a, 4aYhis consists of a well screen set on the end 38 anm diasteel pipe. Several wellpoints afe N_( CONDUCTOF conducto

connected to a common pump through a header pigeoand level. A wellpoint may be driven into theognd or — PERCHED WATER-TABLE

placed in a borehole, but it is usually jetted iptace to the required level. This is done by ajmglyvater pressure to the CAISSON (>5-6m)

tip through a temporary jetting pipe, with a rublbatl valve that allows a jet of water to be diegtdownwards. The WITH PUMPS —|  With gravity drainage and sub

valve closes when the jetting pipe is removed dred direction of flow is reversed for groundwatetragtion. The = horizontal drains

wellpoint’s biggest disadvantage is that it worlgssiction and is therefore unable to raise waterentitan about 7.5 m.

The maximum limit of drawdown: 3-4 m in silty firgands, 5-5.5 m generally. It's common practicede wo pumps WITH SIPHON
initially and then continue using one pump at aetiwith the second one available as a stand-by.

Ejector (Fig.2b, 3b, 4b)lso known as an eductor, this is placed in @admrehole with a well screen as part of the

casing. Its essential futures are a jet-the suppler-directed upwards through a venture. The veritualso open to the Figure 2: Wells with different pumping systemswalipoints; b) ejector; c) submersible pump.

surrounding groundwater that has passed througlsdieen and into the casing. This water is camigd the supply Clay seal Main to
water through the venture to the ground level. €hdischarge in excess of the supply water flowasted. There are seftling f—‘?@ Pumping main Header pipe Electricel
two different pipe arrangements. The first uses pipges - one to lead the supply water to the ejeatal the other to Gr tank d|n ~ /pmr cable
_ { e ound ENT/NZ/N AR
carry up the combined supply water and the groutelwdhe other arrangement requires only a singde.pThe )
disvantages of an ejector are its high power copsiom since the same flow of supply water mustpoenped - ¥
continuously out of well for as long as pumpingtioues. Economically, it is not worth using itraise water more than 1 Clay seal |
about 40 m. The advantage of the eductor systehaighe water table can be lowered in one staga ftepths of 10-45 : E
m. However the efficiency of such system is lowleart that of other pumping system. They become enmatly Sand filter F 1 Sand filter f;
competitive in soils of relativity low permeabilityVell diameter: 50 mm minimum-Well depth: up to 30 m pack o _ pack b
p y p p p
) _ _ ] ) ) - ~75 Riser pipe (0.7 N/mm?) Pressure pipe (7 N/mm?) B Casi

Submersible pump (Fig. 2c¢, 3c, 4@his type also required a cased boreholes witlelh sereen as part of the casing. i ".‘“m | ™
The lowest component of the pump is an electricomobnnected by a cable to the power source aingrtevel. Above d g
the motor are the water inlet and pump screen tl@deveral pump rotors, one above the other. €eept the motor 5 é
from overheating, water must be kept moving pastite it is operating. Therefore, a switch thansuoff the power at a : 5
lower water level is required. Submersible pumps arailable in a wide variety of sizes and capeitiSwitching is q L
controlled by electrical contacts, similar in piijsle to those used to monitor waste levels in gpge piezometers. A Screen E Water inlet and -‘
remote alarm system, also required for each pungsnsvof pump malfunction or failure. The submersipump is Al ‘ pump screen ol
suitable for deep wells. Bore diameter: 150 mm@0 Bm - Well depth: up to 150 m. H | ) Venturi tube ¢ s
However in Figure 5 the application field of thigmping system is shown as a function of soil pebiliéand design v Screen . H cresn
drawdown Ball valve flter Motor

) section 5

and jel
@) (b) (€)
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Design

Each pump system can work up to a maximum depthis\e uneconomic compared to other drainage systespecially
when shallow depth must be reached; therefore palits are usually not adopted for slope stabilizatDeep wellg
(around 30 m) with submersible pumps are the nmsingon system.

The type of pump to be adopted is a function ofpthmping flow. Having determined how much the praetric level mus
be lowered to obtain the required condition of slgfability, the flow is determined by means of tharacteristic curve ¢
the well (see fact sheet 4.5) or the Thiem equa#dirsuppliers provide the characteristic curvealwir pumps to choose t
most appropriate model and the optimum working paiccording to the design parameters. Typical subiisle pump-
characteristic curves are shown in the figure 6efch pump type (motor type) at assigned diameter.

Figure 5: Application field of different type of mping systems as a function of soil permeabilitgt dasign drawdown.
0

alngha stags wellpolnis

N e stage wellpoints

2
i
10 E\ E
s
Iz Ejectors Physical cut-oft
1t i
- i
E 16
5 20 T T | | |
108 bl gLy 102 0+ 02 0= 10
Permeability jm/sec)

Figure 6: Charcteristic curves of submersible pumps
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Figure 3: a) Pumps for well system, b) eductor puchgubmersible pump.
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APPLICABILITY

(Varnes, 1978)

Extremely slow

Artesian
High suitable for high freatic water-table, in partiauézntrifugal pumps could be used instead of subiloker ones when the heights to be overcome are
Groundwater
Low than 5-6 m.
Absent
Rain
Snowmelt
Localized ) )
Surface water Not suitable to drainage shallow water.
Stream
Torrent
River
Maturity Technique and design process are well establishedvidely used in suitable conditions
Reliability Reliability in the long term depends on maintergrespecially of the pump system. Difficult togioting actual drawdown pattern in complex soil.

Implementation

Rapid installation, especially well points. Maawperienced suppliers available. Deep wells recgoed working platform for drilling rig

Typical Cost

0"\lG’\looooNNomm@mmNOmmmoohmmowmoo

Deep wells are relatively expensive dependinthemumber installed, depth and strata. Eductthreisnost expensive system.

Note

Class Descriptor Rating Notes
Falls
Type of Topples The role of pumped wells as a means of slope s&abidn is mostly limited to dewatering excavatidosstructural foundation, or for temporary drajes
movement . : ) o : ; . : o
(Cruden & Slides of large landslides while awaiting constructiondodinage adits. Hence their function is purely terapy. They are not often used as a permanent means
Varnes, 1996) Spreads of slope stabilization.
Flows
Earth
Material Debris Deep well systems are effective in a range ofamilditions from gravel to silty fine sands
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
Depth of . . .
movement Medium (3 to 8 m) Deep wells are suitable for very deep slip surfgzéo 30 m..
Deep (8to 15 m)
Very deep (> 15 m)
Moderately to fast
Rate of Slow
movement v I The steady-state condition is attained when the admlepression reaches the equilibrium; time resggss a function of the aquifer properties.
ery slow

less

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

This technique was conceived and developed in Erdhconsists of isolated drainage wells of diaané00 to 300 mm,
equipped with a slotted PVC or a perforated or merforated steel pipe, with the annulus betweapea and soil filled
with draining material, as explained in fact sh&ét. The wells are pumped using a siphon drivethbyfall in elevation
of the slope (Fig. 2), overcoming the inconvenieotmstalling and operating a pump in each well.

Its use in slope stability is restricted for twasens (Forrester, 2000):

6. A siphon has a maximum theoretical lift of 10.2 eqifivalent to atmospheric pressure); however,stehenaximun

practical lift of 8.3 m due to the vapor pressufrgvater and friction head loss.
7. If a sufficient air enters the siphon at any tites pumping is broken. Flow can only resume if jimigris restored.

A siphon is a familiar device for moving water framne level to a lower one; in its simplest formstkbnsists of an
inverted U-tube, both legs being full of water, @hd flow is generally calculated by equating tbelt head producing

flow, i.e. the difference of heads in the two resas, h, to the sum of the frictional and othesdes in the pipe and of the

velocity head produced (for details see Citrini,sBida 1986). System flow would decrease as h desedise to

drawdown in the well. Equilibrium would occur attbdrawdown, yielding the system flow capacity.

Siphons require priming (initial filling of lineptinitiate flow. After priming, the siphon will pasely convey liquid from

the point of higher hydraulic head to the one efdo head indefinitely so long as the head diffeedié maintained and

the prime is not lost. For flow tio be maintainéds necessary that at all times:

* inlets and outlets are submerged, to preventain foeing drawn into the siphon line,

« gases which tend to accumulate in the siphon knth@y come out of soultion due to the sub-atmasplpeessures.
are removed

In fact, as the summit (minimum) pressure decreafissolved gases in the groundwater come out lofisn and help

form intermittent discontinuities as the pressuspraaches a true vacuum. A break in the siphonatigra occurs at a

point less than the theoretical limit as the sunpréssure continues to decrease.

One or both of the following methods may be usedetmove the gases which have degassed from thil,lithus

maintaining full siphon flow:

e Maintenance of the minimum flushing velocity re@uirto transport gases out to the end of the siphon.

« Use of air chambers at the siphon crest This midesystem less than entirely passive, since thenbkers require
periodic recharging.

Management of gas within the siphon line is congiddo be of the greatest importance in the maémtea of siphon
flow. Gas bubble transport, accumulation, agglot@na and entrapment are controlled by fluid flowlacity, gas

buoyancy, and siphon line grades and inside diandkteontinuities (i.e. fittings). Gas bubble trpod in the upward leg
of the siphon line is facilitated by higher fluitbv velocities, by a continuous upward siphon Igrade (no localized
high points), and the minimization or eliminatiohfittings which produce discontinuities in theéntal diameter of the
siphon line. The direction of gas bubble transpibrgny, in the siphon line downward leg is detered by whether
transport due to fluid flow velocity or gas buoygrs dominant. In order to utilize the minimum fhisg velocity to

maintain full flow in the siphon line downward lethe fluid flow velocity must be dominant in thewdoward leg.

Additionally a continuous, downward, siphon lineade (i.e. no localized high points) and the mimiion or

elimination of fittings which produce discontinei§i in the internal diameter of the siphon lindsessary.

Design

The siphon system is a very effective solution lape stability problems in terms of adaptabilitydadurability. The

water table can be lowered to 8.5 m vertically betbe surface when the suction inlet is placedGatnlbelow the crown
of the siphon. Depending on the gradient of thpesldt is possible to achieve greater effectivedomng of the water table
if the length and the slope of the wells are medifiBoth the diameter and the number of siphonspgepend on the
drainage flow. Diameters range from 10 mm for lif@d/hour per well, to 25 mm for 1 m3/hour per w&his system

proves to be economically advantageous and relatbimple to set up even if it necessitates a @ogne of controls and
maintenance.

D

Figure 1: Classification of wells

WELL SYSTEM

l ‘,

SMALL DIAMETER MEDIUM DIAMETER
(<800mm) (1200-1500mm)

l

LARGE DIAMETER
(>2000mm)

WITHOUT PUMPS

GRAVITY DRAINAGE
THROUGH BASE
CONDUCTOR

RELIEF WELL

i

WITH PUMPS

PERCHED WATEF-TABLE

WITH SIPHON

STRUCTURAL WELLS (2m)
With gravity drainage through
base conductor

CAISSON (>5-6m)
With gravity drainage and sub
horizontal drains

Figure 2: Section showing well and siphon instata{from WJ Groundwater Ltd)
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Siphon reference line

Lil~— Tank permanently full of water
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Figure 3: Outlet manhole with flushing system ifieth

Figure 5: Well - Siphon system executed by G.E.AS\gany in Casale Monferrato (Alessandria) (frorisiesni drenanti nei
dissesti del territorio, Torino 7 aprile 2006) aapnb) transversal section
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APPLICABILITY

(Varnes, 1978)

Class Descriptor Rating Notes
Falls
Type of Topples
movement Slides This system usually is adopted to stabilize lan@éslicharacterized by a circular surface. Depenadintihe gradient of the slope, it is possible toi@gh
(Cruden & greater effective as regards the lowering of theem@ble if the length and the slope of the wetlks adjusted, taking into account each situation.
Varnes, 1996) Spreads
Flows
Earth
Material Debris
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
movement edium (3to 8 m e siphon can lower the water table to 8.5 - w ground level, thus it can be most effectiveslip surfaces up to 10-11 m.. deep
Depth of Medium (3 to 8 m) The siph | h ble to 8.5 - Dein d level, thus it can b ffectiweslip surf 10-11m..d
Deep (8to 15 m)
Very deep (> 15 m)
Moderately to fast
Rate of Slow
movement v I The steady-state condition is attained when the admiepression reaches the equilibrium; this isreefunction of the acquifer properties
ery slow

Extremely slow

Artesian
High . . . .
Groundwater C This system is suitable for shallow freatic watsple
ow
Absent
Rain
Snowmelt
Localized ) )
Surface water Not suitable to drain shallow water.
Stream
Torrent
River
Maturity These technique and design processes are ysedadly in France, at least in Italy and in U.K
Reliabilit The siphon system is a very effective solutionlépe stability problems in terms of adaptabilitydaturability. The good working depends strongly on
y the maintenance in particular by the managemegéasfinside pipes..

Implementation

System implementation is easy, especially in atesef pumps.

Typical Cost

01\1cnmooooNNomoo@ooooMo_boom_bohmovoNoaoo

Costs depend on the maintenance

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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Description Figure 2: Typical plan and longitudinal sectionysze: SGI-MI project files)
This technique consists of forming a deep drairsgeen in low permeability soils by installing aligents of wells at 6
to 8 m spacing, connected at the base by drainipgs o allow the gravity discharge of the wateiemted in the wells g
(Figure 1, Leoni et al. 2003). A typical plan andgitudinal section is shown in Figure 2.

The diameter of the wells is typically 1200 to 1506 (scheme of Figure 3). They can reach typicptigeof 20 to 30 m
and in particular cases more than 50 m (Beer d9812, Manassero, 2001). They are excavated usengame equipment
and techniques used for bored piles without beitéanud (Figure 4). N
The wells are typically of two types:

Standard wellsre filled with drainage material, simultaneoushktracting the casing used for temporary suppothef
hole during drilling. The top of the well is sealedth say minimum 1.0m of impervious fill and tojisto prevent
infiltration of surface runoff.

Inspection wellsare formed by installing in the well a permane20@ mm diameter corrugated hot galvanized steel
casing perforated near the base (Figure 5), filting annular space between the casing and the dlerelith drainage
material while extracting the temporary casing heva. These wells are placed at suitable distatmgahe array,
typically one every three wells (Figure 3). Besideing used to drill the base conductor, inspectiefis are used to LONGITUDINAL PROFILE
monitor the correct performance of the system arghirticular to measure and, if necessary, to atguhe flow rate.

The base conductor, which allows the wells to disgl by gravity, is the main feature of this tedbgy. It typically
consists of twin pipes (to guarantee adequate dahay), installed by drilling through the casingsnii one inspection
well to the other by means of mini-probes (Figufesind 10) and installing the pipe in short (450 nsagtions.
Inspectionable wells are completed with accessdesjdhead and bottom sealing and the installationamhole covers in
reinforced concrete.The typical detail of inspettieells is shown in Figure 6. Typical applicaticare shown in Figures
7 and 8.
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Increasingly, the focus on safety of constructiowl @ver greater restrictions on working praciceslteo make the| o HORIZZONTAL CROSS SECTION
traditional method of forming the base conductopriactical, since it requires man entry to the fste well. This may | Figure 3: Classification of wells

be obviated in whole or in part by the use of dicew@l drilling. WELL SYSTEM
Design

The depth of the wells and the minimum section g base conductor are determined by conventiondtalic
calculations based on the required drawdown andagiseciated flow. Spare capacity should be proyitteaninimize

maintenance requirements. l l
Figure 1: Schematic longitudinal section of an yoh medium diameter wells (source. Leoni eR803) v
SMALL DIAMETER MEDIUM DIAMETER LARGE DIAMETER
(<800mm) (2200-1500mm) (>2000mm)
WITHOUT PUMPS GRAVITY DRAINAGE

THROUGH BASE | | STRUCTURAL WELLS (2m )
RELIEF WELL CONDUCTOR With gravity drainage through

base conductor

PERCHED WATEF-TABLE

CAISSON (>5-6m)
With gravity drainage and sub
horizontal drains

WITH PUMPS

WITH SIPHON
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4.5.2 VERTICAL MEDIUM DIAMETER (1200-1500mm) WELLS - GRAVITY DRAINAGE THROUGH BASE CONDUCTOR

Figure 4: Drilling equipment Figure 5 installation of permanent casing
inspection wells

Figure 6: Typical detail of inspection well
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Figure 7: Well screen under construction

Figure 8: Well screen under construction (sourc&l-8I project files)
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APPLICABILITY

(Varnes, 1978)

Extremely slow

Class Descriptor Rating Notes
Falls
Type of Topples
(rg(r)l\jggnnegt Slides This system usually is adopted to stabilize ladésliwith deep slip surface.
Varnes, 1996) Spreads
Flows
Earth
Material Debris Deep well systems are effective in a range offsoih gravel to salty fine sands.
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
n?oevpetrr']ng:]t Medium (3 to 8 m) This system can reach typical depths of 20 - 30 m.
Deep (8to 15 m)
Very deep (> 15 m)
Moderately to fast
Rate of Slow
movement Very slow The steady-state condition is attained when the odmlepression reaches the equilibrium,; this fgreefunction of the aquifer properties.

Groundwater

Artesian

High

Low

Absent

This system is suitable for high freatic level.

Surface water

Rain

Snowmelt

Localized

Stream

Torrent

River

This system is not suitable to drainage shallowewat

Maturity

Technique and design processes are well estatlmhd widely used in suitable conditions.

Reliability

Good performance depends strongly on the maintof the discharge pipe to allow gravity dragag

Implementation

Large spaces and good access required for cotistrof well at 6 — 8 m spacing

Typical Cost

-bCD\ICDOOOONNOCDCDhmcx)l\)obml\)ool\)@ml\)hoﬁoo

Costs are very high, depending on number of vedtieg an array; also costs for maintenance ofltbeharge pipes at the bottom could be high

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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4.5.3 VERTICAL LARGE DIAMETER (>2000mm) WELLS — GR AVITY DRAINAGE THROUGH BASE CONDUCTOR

Description

This technique consists of installing large diaméte2000 mm, Figure 2) wells similar in every respecthe inspection
wells described in fact sheet 4.5.2, except thatlthO0 mm diameter casing of the standard inspeet&ll is installed
inside a separate, 1800 mm diameter, permanentgaied hot galvanized steel casing, which is liestdirst, filling the
annular space between the external casing andothwith drainage material, simultaneously extragtihe temporary
casing used to support the hole during drillingg(Fe 3).

Once installation of the external casing is conglétt is possible to install a reinforcment cagel &me inner casing,
filling the annular space between the two casingh woncrete. This makes these wells resistantetuding and shear,
such that they double up as structural elementsfearing loads from the landslide mass to morepmient strata below.
Accordingly, these wells are often referred to stsuttural wells”.

The hydraulic connection between the externalrfited the inner cavity of the well is provided byeoor more short
PVC pipe(s) placed in short horizontal drillholesass the two steel linings and the concrete iwéen. The well is then
completed with the discharge pipe at the bottorb-tsurizontal drains, stairs, sealing of head anseband manhole
cover.

Prior to the introduction of directional drillindghis type of well was used to install longer sulsimntal drains than
would have been possible otherwise.

Depending on the specific requirements of the ptojbese wells can be used in isolation as desttr@bove, as arrays o
structural wells or in combination with the “hydhauwells” described in fact sheet 4.5.2.

Design
For the structural design of these wells, wherg ihtersect the shear plane and toe into competeérial, reference

may be made to fact sheets 6.2 and 6.3. For tigdiablic design when used in arrays, reference beagnade as far as

applicable to fact sheet 4.5.2. Where additionalrdrge function is provided by sub-horizontal dsaithe design must

define the number, elevation, orientation and leraftsubhorizontal drains pipes. In this case sfee may be made td

fact sheet 4.3 for guidance on the design of thetguwizontal drains.

Il
o

igure 3: Beacon Hill landslides, Herne Bay,UK (Bitwead,1978). Wells deep 14 m, with a diameter rof 4
0 10 20m

shaft B
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f

Figure 2: Classification of wells

WELL SYSTEM
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SMALL DIAMETER
(<800mm)
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RELIEF WELL
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MEDIUM DIAMETER
(1200-1500mm)

i

PERCHED WATEF-TABLE

WITH PUMPS

WITH SIPHON

GRAVITY DRAINAGE
THROUGH BASE
CONDUCTOR

l

LARGE DIAMETER
(>2000mm)

STRUCTURAL WELLS (2m)
[ With gravity drainage through
base conductor

CAISSON (>5-6m)
With gravity drainage and sub
horizontal drains

Figure 3: Typical structural well section and maehy to construct the borehole for PVC pipes (Legral., 2003)
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4.5.3 VERTICAL LARGE DIAMETER (>2000mm) WELLS — GR AVITY DRAINAGE THROUGH BASE CONDUCTOR

APPLICABILITY

(Varnes, 1978)

Class Descriptor Rating Notes
Falls
Type of Topples
(rg(r)l\jggnne;t Slides This system is usually adopted to stabilize ladésliwith deep slip surface.
Varnes, 1996) Spreads
Flows
Earth
Material Debris Deep well systems are effective in a range offsoih gravel to salty fine sands.
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
n?oevpc)etrr']ng;t Medium (3 to 8 m) This system can reach typical depths of 10 - 15 m.
Deep (8to 15 m)
Very deep (> 15 m)
Moderately to fast
Rate of Slow
movement Very slow The steady-state condition is attained when the odmlepression reaches the equilibrium,; this fgreefunction of the aquifer properties.

Extremely slow

Groundwater

Artesian

High

Low

Absent

This system is suitable for high freatic level.

Surface water

Rain

Snowmelt

Localized

Stream

Torrent

River

This system is not suitable to drainage shallowewat

Maturity

Technique and design processes are well estatlmhd widely used in suitable conditions.

Reliability

Good performance depends strongly on the maintenaf the discharge pipe and sub horizontal drains

Implementation

Large spaces need for wells spaced 6 m

Typical Cost

">G’\'°°OOOONNOQOO-booooNobmmooN@m“’pO’Oo

Costs are very high, due to the number of wellagkan array; also costs for maintenance of thendige pipes at the bottom and of the subhorizonta|

drains could be high

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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4.5.4 CAISSON (> 5-6 m), WITH GRAVITY DRAINAGE (AN D SECONDARY SUBHORIZONTAL DRAINS)

Description

Large diameter caissons (figure 1), excavated asritbed in fact-sheet 6.4 may be left with an oplkaft and equipped
with arrays of sub-horizontal microdrains, as dibsat in fact sheets 4.3 and 4.4, to supplement #teictural role with
drainage. Typical vertical and horizontal sectians shown in Figures 2 and 3. Figures 4 to 7 iastsignificant details.
A typical application is shown in figures 8 andi®theory, such caissons could be constructed pdoeltheir drainage
function, but this is unlikely to be appropriatela@tonomic in practice.

Additional drainage may occur along the shaft wéthis consists of discrete columnar elementiegimiicropiles) with
a gap between them and vertical draining matsrestalled adhering with the ground between adjap#es around the
perimeter of the shaft (see Figure X).

The minimum diameter of the caisson is dictatedhieyspace required for the installation of the oudcains. Indicatively,
the minimum diameter is 5 m for microdraind 20 @r8 long and 8 to 10 m for microdrains 50 to 60omgl.

The water intercepted may be discharged connecthiagwells at the base by one or two small diametdlectors,
allowing the water to flow away at the base ofstupe to be stabilized.Wells with diameter of & @om, equipped with a
large number of drains need large diameter disehadilectors. In this case, collectors up to 1008 diameter are
carried out using microtunnelling technology.Thipd of shaft may also be used as the starting vaamoint of
drainage tunnels or as otfall for deep drainagecties.

Design

For the structural design of these caissons, neferenay be made to fact sheets 6.4. Where the anainage function is
provided by sub-horizontal drains, the design nagfine the number, elevation, orientation and leragjtsubhorizontal
drains pipes. In this case reference may be maféetsheet 4.3 for guidance on the design of tihelhorizontal drains.
The minimum section of the base conductor are oted by conventional hydraulic calculations basedhe required
drawdown and the associated flow. Spare capacityldtbe provided, to minimize maintenance requingtsie

Figure 1: Classification of wells

WELL SYSTEM

! ' !

SMALL DIAMETER MEDIUM DIAMETER LARGE DIAMETER
(<800mm) (1200-1500mm) (>2000mm)
WITHOUT PUMPS \— GRAVITY DRAINAGE

THROUGH BASE || STRUCTURAL WELLS (2m )
RELIEF WELL CONDUCTOR With gravity drainage through
base conductor
L PERCHED WATEFTABLE |
CAISSON (>5-6m)

—1 With gravity drainage and sub
WITH PUMPS horizontal drains

WITH SIPHON

Figure 2: Typical large diameter caisson with dagi function: vertical Section (source: SGI-MI jeadjfiles)

] cRopiES ALONS THO CONCENTRIC CRCUNFERENCES

VERTICAL SECTION

Figure 3: Typical large diameter caisson with dagi function: Section 1-1 on horizontal plane (seuSGI-MI project files)
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Figure 4: Well excavation; support structure caissié micropiles and steel ribs (source (SGI-Mljpobfile Figure 5: detail of microdrain heads (source (SGlpkbject file

7o

Grant Agreement No.: 226479 Page 174 of 340
SafelLand - 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

4 MODIFYING THE GROUNDWATER REGIME - DEEP DRAINAGE

4.5.4 CAISSON (> 5-6 m), WITH GRAVITY DRAINAGE (AN D SECONDARY SUBHORIZONTAL DRAINS)

Figure 8: Typical application of caissons with candal structural and drainage function, providedalbnays of sub-horizontal microdrains and gravity
discharge from base of hollow shaft. Plan and Liuafijnal Section along basal discharge conduit muBGI-MI project files)
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APPLICABILITY

(Varnes, 1978)

Extremely slow

Class Descriptor Rating Notes
Falls
Type of Topples
(rg(r)l\jggnnegt Slides This system is usually adopted to stabilize ladésliwith deep slip surface.
Varnes, 1996) Spreads
Flows
Earth
Material Debris Deep well systems are effective in a range offsoih gravel to silty fine sands.
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
n?oevpetrr']ng:]t Medium (3 to 8 m) This system can reach typical depths of 10 - 15 m.
Deep (8to 15 m)
Very deep (> 15 m)
Moderately to fast
Rate of Slow
movement Very slow The steady-state condition is attained when the odmlepression reaches the equilibrium,; this fgreefunction of the aquifer properties.

Groundwater

Artesian

High

Low

Absent

This system is suitable for high freatic level.

Surface water

Rain

Snowmelt

Localized

Stream

Torrent

River

This system is not suitable to drainage shallowewat

Maturity

Technique and design processes are well estatlmhd widely used in suitable conditions.

Reliability

Good performance depends strongly on the maintenaf the discharge pipe and sub horizontal drains

Implementation

Large spaces need for shafts 6 to 10 m in diaiates additional working space.

Typical Cost

MINININIololo|o|N|[No|?® Inlp|oN ol lolololo|N|o|®| 2 glolo|@

The range of costs is very large and dependsamy fiactors as the well dimensions, the soil natine number and the length of drains, etc.

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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46 DRAINAGE TUNNELS, ADITS, GALLERIES, WITH SECON DARY DRAINS OR AS OUTLET FOR WELLS

Description Figure 1: Drainage galleries with drain pipes
Drainage galleries constitute a rather expensiabils&tation measure for large, deep landslide mam@s (30-35 m), to
be used where the subsoil is unsuitable for tremchedrainage wells and when it is impossible takwan the surface
owing to lack of space for the work machinery. dstfgalleries are expensive, if compared with medi bored drains but
they may be advantageous where seepage takesfpatelosely-spaced fissures or laminations in ekrformation.
Moreover, these drainage systems have to be buthestable part of the slope (Figs. 1-2).

The gallery can be tunnelled to intercept the sewfcseepage and then continued along the wateinlgdaorizon to the
extent necessary to achieve the lowering of pieracngressures behind the slope. Drainage gallgniegide a means of
access for supplementary stabilization measurds asitransverse adits, inclined bored drains, outgrg. The drainage
systems are placed inside the galleries and aree mpdf micro drains, with lengths that can reabk@® m and are Drainage galleries
spatially oriented in suitable directions. The sizé galleries are conditioned by the need to inder drain drilling = Drainage galleries
equipment. For this reason the minimum transvergatnal size of galleries vary from a minimum ofr2 when using
special reduced size equipment, to at least 3\Whan using traditional equipment (Fig. 3).

Galleries are constructed on an upward gradiepietanit drainage by gravity towards the portal tiylowa piped drain| Figure 2: a) Typical shape of freatic level befanel after the construction of galleries; b) typitahsversal section of galleries

constructed beneath the floor of the gallery. Thiaind should have a removable cover for easy ingpecand : X
maintenance. o =

Where a gallery is constructed in highly-weatheredks, permanent support is required in the fornreshforced hm=const
concrete liling. In this case, the permanent lingiguld be surrounded with a properly designedndgs filter so that = ——
there is a good hydraulic connection with the niatdreing drained. Weepholes then have to be peavitirough the =—" h,,=const a)
lining in order to drain the filter. P, S s e
Design ! ~ -
Drainage galleries can be very effective in dewagethe slope, because of high surface area exgosetiainage. They - Nen
are however expensive; therefore careful consimeratbout costs and benefits is required. The jposiénd size of the - galiery — | —
gallery is important as shown by Sharp (1970)fabt the knowledge of the ground-water flow is resezey to design the| = hy, c)
position, the path, and the size of the gallerrasthe length of any micro drains installed ingi@dleries. BN e P R R RNk EE LI D w Y

The flow to drain apart from the permeability ofrewnding soils depends on the size and the inméace of galleries.
The flow per unit length of the gallery, with ontye side at the contact with freatic aquifer carcéleulated as (with
f. = hydraulic permeability, Milano, 2005):

=

qg= ;ﬂ S{2H - &) hy a)

B T T T e T T T T

a) b)

Figure 3: Microtunneling system to insert micradsa

j= 4
" dx

L
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APPLICABILITY

(Varnes, 1978)

Class Descriptor Rating Notes
Falls
Type of Topples
(rg(r)l\jggnne;t Slides Drainage galleries constitute an effective but espes mitigation measure for landslide movements.
Varnes, 1996) Spreads
Flows
Earth
Material Debris They may be advantageous where seepage takednplacelosely-spaced fissures or laminations inckformation.
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
n?oevpc)etrr']ng;t Medium (3 to 8 m) rainage galleries constitute a mitigation measardarge, deep landslide movements (30-35 m).
Deep (8to 15 m)
Very deep (> 15 m)
Moderately to fast
Rate of Slow
movement Very slow The steady-state condition is attained when the odmlepression reaches the equilibrium; time fisation of the acquifer properties.

Extremely slow

Groundwater

Artesian

High

Low

Absent

This system is very suitable for freatic acquifer.

Surface water

Rain

Snowmelt

Localized

Stream

Torrent

River

This system is not suitable to drainage the shaliater.

Maturity

Technique and design processes are well estatlmhd widely used in suitable conditions.

Reliability

They may be advantageous where seepage takesfigatclosely-spaced fissures or laminationsiack formation.

Implementation

The same technologies used for tunnels are $elitRbcent applications are carried out by microglimg system (Angeli & Pontoni, 2002).

Typical Cost

'—‘C”\'\'OooooOo°°°°mmmmhmmmoommmmmohl\)

They are the most expensive mitigation system lfipesstability and are built where the slope isuitasle for trenches or drainage wells and whes
impossible to work on the surface owing to a latkgace for the work machinery.

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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MODIFYING THE MECHANICAL CHARACTERISTICS OF THE UNS TABLE MASS
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5 MODIFYING THE MECHANICAL CHARACTERISTICS OF UNSTA BLE MASS
5.0 GENERAL
Description Figure 1) Failure in bending of isolated inclusigubject to Figure 2) Panels formed by tangential or secarntigiens to

Many methods can be used to modify the mechanlwlacteristics of unstable masses. The majorithede methods
have been developed and are widely used for impgosoil in civil engineering works, such as builglifoundations,

bridge foundations and embankments, located irsavBlbow to negligible inclination. The applicalyjliand relevance of
these methods to slope stabilization depends orrdfeired depth of treatment, the soil type to t@etl and the
equipment necessary to carry out the treatmentlé/dhliarge number of methods exist, only thoseifpalty applicable

to landslide stabilization are described here arttieé attached fact sheets..

Typically, shallow unstable or weak soil may beb#ized by use of_vegetatipnsurface substitutioror surface

compaction

Most of the methods providing increased stabilitgr@ater depths are based on forming inclusiomsoglly, columns of
some sort) with higher strength and/or stiffnesstthe surrounding soil, either modifying the #si¢lf, or in such a way
that also the parent soil between the inclusiomsddified.

Deep compaction methods achieve this by increasibdiensity (vibrocompactignor by introducing coarser material
(stone columsvibroreplacemen&nd/or vibrodisplacement).

Deep soil mixing permeation groutingnd_jet-groutingncrease the strength of the soil using admixttowedl the voids

and to bind of soil grains, the three methods diffg mainly in the technique used to achieve thiired penetration of
the admixture in the soil matrix. The advantagemding and grouting methods is that the soil tnezxtt may be limited
to the area of failure, limiting the use of stabilg materials and costs.

Grids of isolated, tangential or secant inclusiaresused, depending on the type of treatment agid®f improvement
required. Isolated unreinforced inclusions are spsble to failing in bending and in tension (Figut). Where the
method of improvement allows it is therefore alwaylvisable to use tangential or secant inclusionfotm panels
aligned with the longitudinal axis in the directiohmovement (Figure 2).

Table 1 summarizes the soil conditions in which difeerent methods of ground improvement applicabléandslide

stabilization are typically effective and appliedaractice. Further details are provided in thevaht fact sheets.

Table 1: Indicative range of applicability of diféat methods of ground improvement to landslidbiktation.

Grain size distribution/characteristic
where typically the method is effective

Method

Vibrocompaction From gravels to slightly silty sand

Stone coulms: Vibroreplacement and vibrodisplaceme Silty sands to sandy silts (#)

Mechanical soil mixing From sands to clays

Permeation grouting Coarse to medioun sands, fiedttwck (*)

Jet grouting From sands to clays

Modification of groundwater chemistry (e.g. liméegsi) Clays

Notes:
(#) in finer soils these techniques may be usedfoer purposes, but typically they would not be thethod of choice

for landslide stabilization
(*) ultra fine, low viscosity or chemical bindease required for soil of low permeability such emfsands and silty sand

For completeness, two additional methods are meatidiere for which no fact sheet is provided sthey are seldom
used: elctroosmosis and thermal treatment.

Electroosmosis

Electroosmosis consists in forcing drainage in fgmained soils by the application of an electriceptial. Water is
dragged by the cations towards the cathode, whéseeixtracted (Mitchell, 1976). The efficiency dre economics of
electroosmosis depend on the water transportedmecharge passed (cubic metres per hour per Aelp€he rate of
water movement depends on the applied electrid, ftek flow resistance of the soil and the fricibdrag of the ions on
the water molecules.

inclined loading (sourcélerashi, 2003) resist inclined loading (sourc8pletanche Bachy)

2N

D

The greater the difference between the concentratib cations and anions, the greater the netahdbe water towards the
cathode.The classic application of electroosmaogssiieen to stabilize landslides and slopes ingiaeed soils. The classic
papers on electroosmosis were published by Casde(d®48, 1952, 1953). An early case case hista/reported by
Casagrande et al. (1961) in which electroosmosgsasiapted to stabilize a 30 m high slope in orgaifi@long the Trans
Canada Highway in Ontario. Casagrande et al. (1884¢ribed the use of electroosmosis to stabilslee for a 80 m deep
exacavation for the cut-off trench of a dam in BhtColumbia.

Despite some success, this technique has not eztridespread usage, probably because of the hégdilation and operation
costs and of some remaining technical uncertaiatiesit the process.

Lo et al. (1991a, 1991b) used specifically desigrmuper electrods to prevent gas accumulation arthumanode and to allow
free water to flow from the cathode without pumpingth a significant reduction in both installatiand electricity costs
compared to previous electroosmosis installations.

Thermal treatment

Thermal treatment can involve either heating oeZieg the soil to modify its characteristics.

Heat traeatment was used in Rumania to stabileyesibpes (Beles, 1957). Experiments with thermesgttnent in clays and
loess soils were carried out in the former Sovieiod (Gedney and Weber, 1978).

High temperatures dry out the soil and tend to fireegrained particles, leading to a permanentiases in shear strength of
the soil and a consequent increases in slopeityalihe high cost of this technique has precluiiedise on all but the most
experimental slope remediation problems.

Ground freezing has developed in recent years tomy effective technique for temporary stabtlaa of large excavations
and tunnels; one of the most complete treatisegraund freezing is by Jessberger (1979). Whildrbeen mass is relatively

5 stable, significant disturbance, deformation amelsst changes can occur during freezing and thawspgcially in fine grained
soils; accordingly, ground freezing must be appligtth great caution.
Ground freezing may be a useful technique to ovaectemporary construction problems, such as tligwdties encountered in
excavating drainage galleries at a landslide orDéweube in Novi Sad, Serbia (Vasic, 2007; Djogo ¥adic, 2011), but it is
unlikely to be used as a mitigation measure irifitse

Design
Specific consideration on design for each methedrariuded in the relevant fact sheets
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5.1 VEGETATION — MECHANICAL EFFECTS

Description Figure 1: Stabilization of a slope by the root eysiof a banyan tree, Hawai (source: Rogers., 1992)
Trees have been planted on many slopes worldwideifggally to increase slope stability. For examm€.000 fast-
growing acacia and gmelina seedlings were plantedni effort to stabilize the historic Cucarachadidite in the
Galillard Cut of the Panama Canal when it was regtetd in 1986, almost blocking the canal (River@91; Berman,
1991).

Vegetation is widely believed to improve the stifpibf slopes, especially on steep slopes and risipect to superficial
or shallow movements. However, it can take a ldngetto become effective at depth and it can alsee haegative
effects, as summarized in Table 1 (Greenway, 1987,;1995).

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

Process Type Effect on stability

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

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

3. Vegetation increases weight or surcharge, and Mechanical Negative
thereby 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 etfeof vegetation is provided by the Hong Kong ®ebhical
Manual for Slopes (Geotechnical Control Office, 4p&eflecting one of the most comprehensive reseprograms in
the world on the engineering role of vegetationdlope stabilization (Barker, 1991).

The net positive contribution of vegetation to @agpability is supported by a number of case studigere slope failures
could be attributed to the loss of reinforcememtvited by the tree roots (Wu et al., 1979; Riestegtand Sovonick-
Dunford, 1983; Riestenberg, 1987), while Greenwebdl. (2004) reported a 10% increases in the Fadft&afety of

vegetated slopes compared to non-vegetated slopes.

From a mechanical point of view, vegetation canriomp the stability of slopes through the anchongeinforcement
effect provided by the roots Wu (1995) — Figurd'he governing factors are the mechanical propeftésile strength
and elastic modulus) of the roots and their denrithe shear zone. The anchoring effect of roefsedds on the type of
vegetation; the roots have different properties grov differently from plant to plant (Figure 2);denser network of
roots in the soil will fovour stability and for avgn species the diameter of the roots will detagrthe amount of stress a
root can take before breaking.

Notable studies on the reinforcement effects ofs@m vegetated slope have been conducted by Gageeival. (1984),
Greenway (1987) and Yin et al. (1988). Wu (199%)veh that roots left after logging continue to havpositive effect
on slope stability for many years, with their téasitrength reducing gradually, but it takes tiroerfew trees to establish
a new stabilizing root system.

Greenwood et al. (2007) highlight that vegetatioaynalso result in increased suction (negative pmEssure) in

unsaturated soil, potentially increasing the apptacehesion of the soil.

Reference shall be made to the fact sheets inosedtiof this Annex for further detailed descriptioh applicable

techniques and discussion of the basis of desigthéuse of vegetation to improve slope stability

For considerations on the hydrological effects efjetation on soil stability reference may be madfatt sheet 3.5 of
this Annex.
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5.1 VEGETATION — MECHANICAL EFFECTS

APPLICABILITY

Class Descriptor Rating Notes
Falls 0
Type of Topples 0
movement . Both rotational and translational.
Slides 4
(Cruden &
Varnes, 1996) Spreads 0
Flows 0
Earth 8
Material Debris 4 Careful selection of species is required for aggians on rock, where roots may actually open énest favouring water ingress and instability
Rock 2
Superficial (< 0.5 m) 8
Shallow (0.5 to 3 m) 4
Depth of Medium (3 to 8 m) 0 Limited by root penetration
movement
Deep (8to 15 m) 0
Very deep (> 15 m) 0
Moderately to fast 2
mgsctj'ncgnt Slow 6 Seeding can be appplied remotely, by helicopteedessary. However, it needs time to become establiand this may limit application in moderate
(Varnes, 1978) Very slow 8 to fast movements
Extremely slow 8
Artesian 8
High 8 : : e o
Groundwater C 4 Species must be selected to suit agronomical donditlrrigation may be neccessary in arid soils.
ow
Absent 2
Rain 8
Snowmelt 8
Localized 6 - ) ) ) )
Surface water St 4 May be used to stabilize banks of slow watercoytsesit requires special techniques.
ream
Torrent 0
River 4
Maturity 6 Impact on mechanical aspects of slope procesgg@nfully established. Strong reliance on engsr.
Reliability 4 Needs significant maintenance, especially inyesteges; inappropriate species selection coulddféective or even detrimental to stability
Implementation 8 Application on steep slopes or moderately to $ides may be done remotely
Typical Cost 8 Relatively low installation costs, but it may vé@ significant maintenance or even irrigation

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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5.2 SUBSTITUTION
Description Figure 1: Substitution of failed soil mass by exai#n and recompaction (source: Rogers., 1992)

The stability of slopes may be increased by suligiit of the original materials with materials aglher strength and,
possibly, higher permeability. In the latter capegvided that drainage is permitted, additionalréases in shear
resistances may derive from changes of effectivessés due to the lowering of pore pressures. Hossible to
distinguish between:

“Shallow” substitution where the unstable materials is partially orliptaemoved in bulk excavation and replace
with materials with adequate strength and permidabdharacteristics using standard earthworks egeint.
Depending on the size and shape of the landslggllow” substitution may involve from a few cubigetres to
tens of thousand of cubic metres.

“Deep” substitutionwhere conventional earthworks become impracticalneconomic and substitution of unstabl
materials can be obtained by means of special igoés, typically vibro replacement/vibrodisplacemand jet-
grouting.

“Shallow” substitution of a significant portion tfe landslide by conventional earthworks is desctibere.
Partial “shallow” substitution to form drainagertobes or to form structural counterforts to trankfads to stable layerg
below the landslide are discussed in Sections 4arfcthis Annex respectively.

Special techniques for deep substitution are dasdrin the relevant fact sheets of Section 5.

Large scale excavation and replacement or recoinpact the landslide body have become feasible @odressively
more widely practiced with the introduction of largelf-propelled hydraulic-powered earthmoving a&ednpaction
equipment in following World War Il (Rogers, 1992).

Where the volume of the sliding mass is relativatyall and shallow, so that there is limited spawecbmpaction, the
excavated material is often replaced with crusheda or stone fill, which requires limted compaactiand provides
excellent drainage characteristics. The developrmoegeosynthetics and in particular of filter falsrihas provided a fas
and economic solution to the problem of migratidriimes from the underlying fine fill or natural iséo the gravel or
stone fill. However, considering that typically theear strength at the soil-geotextile interfaclvger than within the
soil itself, it is necessary to step the basehefdxcavation to prevent forming an artificial distinuity where further
sliding can take place.

For larger slides the use of imported high qudiityis expensive and implies a significant enviroental impact, not
only associated with the quarrying and transpamatif the imported fill but also with the dispogdlthe excavated
material. Accordingly, in larger slides the excahasoil is normally used to backfill the slide,yirh on a number of
techniques to prevent further sliding, where regplir

Drainage installed at the heel of the basal shegs land drainage layers within and at the basbeobackfill prevent
future rises in pore water pressures in the bdckfil

In clay, excavation and recompaction destroys tigeane at the base of the slide, where onlydussi strength is
available, and replaces it with homogeneous mditeifianecessary, the clay backfill can be improvbeg lime
stabilization, both to ease handling and compadtimhto improve its mechanical characteristics.

Additional reinforcement may be added to the bdicldifectively forming a reinforced soil structyras described in
greater detail in Section 7. This is especiallyfuiseshere failure has occurred in very steep slopdsich cannot be
reconstructed with standard fill.

Sisson (2010) describe a recent example of a najdslide repaired by substitution in Oceansiddif@aia.

Design

Shallow substitution

For shallow substitution with unreinforced fill,ghdesign process is the same as would be carriedoomew fill,
typically based on limit equilibrium analyses. Refece should be made to Section 2 of the Annefufther discussion
on the applicability and limitations of these mathavhen used to evaluate “first time slides”. Sglecare should be paid
in ensuring the stability of temporary excavations.

=
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extend shear keys
below slide plane
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5.2 SUBSTITUTION

APPLICABILITY

Note

fill

Class Descriptor Rating Notes
Falls 0
Type of Topples 0
movement . Best suited to rotational slides. Also suitabletfanslational slides, depending on geometry amenex
Slides 8
(Cruden &
Varnes, 1996) Spreads 0
Flows 0
Earth 8
Material Debris 8 Rock may imply difficulties in excavation and theenl to form steep slopes,, which require some fdfrreinforcment.
Rock 6
Superficial (< 0.5 m) 8
Depth of Shallow (0.5 to 3 m) 6 Very small, superficial slides may be repaired lbgnglar fill with limited compaction. Larger slidémedium deep) allow conventional construction
movF:ement Medium (3 to 8 m) 8 equipment to operate efficiently. Intermediate edidcannot be addressed efficiently in either walilewery large, deep landslide involve large
Deep (8 to 15 m) 4 earthmoving with significant potential environmdrgad cost impacts.
Very deep (> 15 m) 0
Moderately to fast 0
mgsctj'ncgnt Slow While excavation can be carried out without speditiiculty when the rate of movement is slow (5daw) or less, backfilling presupposes that theeslid
(Varnes, 1978) Very slow is stable or moving at most very slowly.
Extremely slow 10
Artesian
Groundwater High 4 High or artesian groundwater conditions pose spgrizblems, both to the excavation and to the Btplof the slope after backfilling, limiting the
applicability of this techniques, when these cdnd# occur, unless the long term stability of theldill is improved by combination with deep dragea
Low 8
Absent 10
Rain 8
Snowmelt 8
Surface water Localized 8 Surface flows must be diverted to prevent them femoumulating in the backfill. Drainage to be po®d both on surface and at interface betweer]
Stream 2 and natural soil.
Torrent 0
River 0
Maturity 8 Concept an techniques well developed.
Reliability 8 The reliability of the technique depends on the@ation of the stability of the treated slope.
Implementation 8 Can be implemented with widely available equipmPossible difficulties with excavation in rockdawith the disposal of arisings. Construction coht
Typical Cost 8 Low to moderate, depending on the material usepdrted or from excavation).

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: Different surface compaction equipment:

Compaction of the natural material may be carrigtdfimm the surface applying one of the followingnpiples: a) Pneumatic compactor (source http://kudat68.etenra-china.con)/

1. Compaction due to high static pressures from heguwypment; b) Backhoe-attached vibratory plate compactor @@www.construction-int.com
2. Compaction due to vibratory equipment; ¢) Sheep's foot drum, pulled unit (source www.yaweldinginc.com

3. Compaction due to heavy impact, using either eciertllers or dynamic compaction; d) Vibratory smooth drum compactor (source: www.dhtot.goy

4. Compaction due to pressure waves induced by blasts.
All systems aim to cause the soil grains to regeaimto a denser microstructure (fabric); they affective only on |
unsaturated materials, with relatively low watentemt or, to a lesser extent, in free draining mate where pore water
can readily escape (Forssblad, 1981)

Impact compaction, dynamic compaction and blasting not considered further, since they are noticgige to
landslide stabilization because the very high lew#lenergy involved could itself trigger movemant because of the
intrinsic difficulties of applying these techniques sloping ground. In fact, even vibratory commactneeds to be
applied with caution in certain conditions. There eeports of landslides in quick clay triggereddoystruction-induced
vibrations. Vibration from compaction may also causiisance and in extreme cases damage outsideotiee of
application, to a distance of several tens of nsetre

High pressure compaction

Surface compaction is generally achieved by drivivavy equipments repeatedly on the soil. Differgmies of
equipment have been developed for this purpose.

The simplest equipment consists of a heavy dutyhinas or towed units with regular tires, referredas “pneumatic
rollers” (Figure 1a); these compactors may commdelyas heavy as 500 to 2000 kN. As these compattorsiowly on
the ground, the top soil gets mechanically comghbtethe temporary increased vertical stresses.

Other equipment, referred to as “sheep’s foot rollEigure 1c), has been designed to penetratethcshallow soil to
get better compaction; the penetrating parts résuét smaller contact surface to the soil and tihukigher pressures
applied; pressures as high as 4.2 MPa may be athiey the heaviest equipments in common use. Thetzaing
method is applicable only in presence of fine gedimaterials, resulting ineffective in coarse gedimaterials. In clay,
these rollers prevent the formation of pre-sheawgdiaces sub-parallel to the compaction surfacégiwban be highly
deleterious to stability.

Vibratory compaction

Vibratory compactors are available with vibratingumhs (Figure 1d), pneumatic tires or plates (Figlbd. These
compactors use high frequency, low amplitude valtisscillations in addition to high vertical stresdue to their high
weight. In this way the material is shaken and btbunto a more dense state.

As for the non-vibratory equipments, the smootatefequipments are best suited to compact coaagedrmaterials;
padded or “lagged” equipments, like a vibratosiréep’s foot roll€t are best suited for fine grained materials.

Even in optimal conditions, with these methodsrfeximum thickness of improvement is less than 2nochmore often
less than 0.5 to 1.0 m, hence the applicabilitthebe methods to slope stabilization work is lichite

The high weigth of the equipments is also a linotat Heavy rollers (static and vibratory) are desigj to operate on
quasi-level ground; they become relatively ineffeetand difficult to operate on sloping ground. @tatively short
slopes they can operate along the line of maximiepesassisted by a winch securely anchored atahet the slope,
but this severely limits their operation and mayehaafety implications.

Design

Compaction of the top 0.5 to 1.0 m of soil shoukd dufficient to produce density states charactdrizg strong

interlocking of grains, making the material highlyatants and thus resistant to shear stressethanerosive effects of
wind, rain and runoff. Compaction can be specifiederms of “method”, detailing the type of equipmheand the
compaction procedure to be adopted, or in term&pefformance”, specifying the density to be achavehis is

typically specified in terms of the dry densitylie achieved in relation to standard (for fine gedisoils) or modified
(for granular soils) Proctor compaction tests. Banular soils it is also common to refer to refatdensity instead
(Parsons, 1987).
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APPLICABILITY

Class Descriptor Rating Notes
Falls
Type of Topples
movement Slides Only possibly suitable for shallow translationalvery small circular slides; can improve erosiosisgnce of loose graded soils.
(Cruden &
Varnes, 1996) Spreads
Flows
Earth
Material Debris Applicable in fine to coarse soil and small debineffective on corse debris and rock.
Rock

Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
Depth of Medium (3 to 8 m)
movement

Deep (8 to 15 m)
Very deep (> 15 m)
Moderately to fast

Rate of Slow
movement
(Varnes, 1978)

Maximum depth of effectiveness typically 0.5 to inO

Surface compaction presupposes that the slidaliesbr moving at most very slowly.

Very slow

Extremely slow

Artesian
High
Low

Absent
Rain

Ineffective on saturated soil, unless free draining

Groundwater

Snowmelt

Localized

Surface water St Can improve resistance to soil to erosion by raith unoff.
ream

Torrent

River

Maturity Applicability of shallow compaction as a slopatslization techniquie unproven.

Reliability
Implementation

Effectiveness of compaction on slope to be cowEi on a case by case basis.
Significant difficulties operating heavy compactiequipment on slopes. Vibrating plates mountedaoms have limited reach.

°°°°">G’Ooowmmoom'\’oooNOOOooNc»ObO’oo#Oo

Typical Cost 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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Description Figure 1: The process of viborocompaction (sourcewwibroflotation-ng.com

Vibrocompaction

The vibrocompaction technique, also known as vibtafion, is suitable for compacting thick layeffsl@ose granular

deposits (gravels, sands). The maximum depth ofpeation is typically limited by the lifting equipme Depths up to

70 metres have been achieved (Moseley and Kir€i%;2vww.vibroflotation-ng.com

Deep compaction is normally achieved accordindnéoftllowing steps (Figure 1.):

1. A probe is penetrated to the desired depth undemvin weight with minimal vibration and with thesestance of
high pressure water jet from the tip of the pragiregressively displacing the soil beneath it (Fégu2 and 3).

2. At the desired depth the vibroprobe is activatestiliating laterally and transferring vibrationsrizontally into the
surrounding soil, compacting it. The area of infloe depends on several factors, mainly the mechlanic
characteristics of the vibroprobe, the target netatiensity to be achieved, the nature of the @od groundwater
levels. Guidance on what can be achieved with stahdquipment is provided by Elias et al. (2001xp&cing of 3
m is typically adopted when using standard equigrrefavourable conditions .

3. The vibroprobe is slowly raised towards the surfabde vibrating. The overlaying soil will graduglink in, as the
lowermost material is densified (Figure 4). Addiéb sand is usually dropped into the hole to enBdtreompaction
of the area.

Deep compaction due to vibration may also be aeligenetrating a hollow steel tube into the soihedhod referred to

asTerra-Probe the steel tube is vibrated down to the desirqatidand then drawn up again while the hollow steké
is vibrating; this procedure is repeated severaksi to get the required degree of compaction. i tdchnique the
vibrator is mounted on the top of the stell tubd @mparts vertical, rather than horizontal vibratioesulting in a much
smaller area of influence. A spacing of 1.5 m sidslly adopted when using theerra-Probeequipment in favourable
conditions; the greater quantities are compensatpdrt by the greater speed compared to vibrcdhian.
Notwithstanding the addition of material at eackatment point during compaction, in both casesese¢int is normally
induced by vibration, which can be compensateckeitly overfilling with clean granular soil prior tmmpaction or by
conventional filling and compaction at the endreitment, if required.

According, for example to Bergado et al. (1999) MulCarthy (2007), clay and silty content shouldléss than 15 to
20% for the method to be effective. Higher conteavitsilt and clay will limit the ability of waterotdrain away rapidly
and may result in the sides of the hole not “calag” promptly onto the probe, reducing the effeatiss of energy
transfer from the probe to the surrounding soilistimiting the compaction process. Gravel consdtuld be less than
20%; higher gravel contents may limit the abilitiytbe probe to penetrate the soil to be compadted; limiting the
maximum depth of treatment to, say, 10 m depth.

Figure 2: Typical equipment for vibro compaction Figure 3: Typical equipment for vibro compaction
(source: SGI-MI project files) (source: SGI-MI project files)

Great caution is necessary when performing deeppaotion near existing services or structures, rtot Isettlements,
and below the groundwater level, to limit the résgl excess pore pressures not to trigger locgkoeral instability.
Provided vibrocompaction is carried out properly avith the appropriate spacing between treatmeimttqathe treated | Figure 4: Surface crater during vibro compaction
soil may be considered as a continuous medium vigiroved and more homogeneous mechanical charstateriin | (source, www.kellergrundbau.cém

particular, as a consequence of the increase aitgehoth stiffness and strength are increased.

Stone columns

Stone colums consist of underground colums of @dsbck or gravel, installed by techniques simitathose adopted
and described above for vibrocompaction. Stonenspiare adopted where vibrocompaction ceases édfdxtive, e.g.

where silt and clay content is higher than 15 t&20wo different methods can be adopted to formetmolumns, e,qg,
vibroreplacement and vibrodisplacement. In bothesastone columns reinforce all the layers crossediiding un-

compactable layers. Depending on the nature ofdileand the particulars of the technique usedr thetallation may
also result in the compaction of the original $@tween columns.

Vibroreplacementan be carried out using either a wet processefwat) or a dry process (air jet); normally thetw
method is more effective. Besides the vibroprobé toe supporting crane, which are essentially tmesused for
vibrocompaction, the spread of equipment includesrapressor and a wheel loader (Figure 6).

[1%)
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The vibroprobe, which is the only specialist equimtyn can be easily transported by container andnasled on site | Figure 5: The process of vibroreplacement (souswew.vibroflotation-ng.cor

(Figure 7), while the rest of the equipment carmioed locally. The technique consist of the follagisteps (Figure 5):

1. Asin the case of vibrocompaction, the probe isdm@d to the desired depth. In silty soils the fiaeswashed to the
surface by water circulation (Figure 8); the waghineed to be collected and disposed of in a déedronanner.

2. The probe is then lifted up a short distance @.5.m) and a backfill of stone is introduced in tizde from the top
(Figure 9). The added material is then repenetrhtethe vibroprobe, which compacts it and pushesgéinst the
surrounding soils, ensuring good contact and engegsfer between the probe and the surroundirgisoieasing
the width of the stone columns.

3. The procedure described at point 2 is repeatedithetstone column reaches the surface.

Vibrodisplacemenis performed dry (air jet) according to the foliog steps (Figure 10):

1. As in the case of vibrocompaction and vibroreplageitnthe probe is lowered to the desired depth.tl@pnto
vibroreplacement, the use of air jets only prectutte washing out of fines and all the soil is ispd laterally.
However, this results in a greater resistance t@pation and “preloosening” may be required, esigaf local
dense layers exist above the layers to treateds ddm be carried out by inserting a continuoushfliguger and
retrieving it by counterrotation without soil rena\{Figure 13).

2. The probe is then lifted up a short distance (@.5.m) and gravel loaded in an airlock chambereitvdred to the

bottom through the vibroprobe or a separate pipgu(Es 11 and 12). The grading must be carefullytrodled to
avoid blockage of the delivery pipe. The added nltés then repenetrated by the vibroprobe, whiompacts it
and pushes it against the surrounding soils contpimg or displacing it, ensuring good contact andrgy transfer
between the probe and the surrounding soil, inoigathe width of the stone columns and inducingther
densification/compaction of the soil between colsmn

3. The probe is gradually lifted in stages, continlpasiding and compacting coarse material as destréh point 2.
More material will be added where soil is weaker.

The methods should not be used in saturated suditese clays as the vibration and pressures fitogrnstone columns on

the surrounding soil may exceed its strength asthtidize the slope (Ground Improvement Soluti@es,0)

Great caution is necessary when performing deeppaotion near existing services or structures,nit lsettlements and

horizontal displacements, and below the groundwatel, to limit the resulting excess pore pressunat to trigger local

or general instability. The use of compressed aiy aiso have undesirable side effects in certagunistances.

Stone columns increase stability through all smyjeks because of higher shear strength of the edilrmaterial; their

installation may also improve the mechanical charéstics of the soil between columns, especiallythe

vibrodisplacement method is used; in certain cémat they may also improve drainage, provided #ablé outfall

exists or is provided.

Figure 6: Vibroreplacement equipment: crane, vibobp, Figure 8: Penetration of probe in silty sand; rfates washed
compressor, wheel loader (source: SGI-MI projdesi out by water circulation (source: SGI-MI projede§)

Design Figure 7: Specialist vibroreplacement equipmenttan Figure 9: Stone added to top of column by weeléoatliring
In general all the methods described above ardcayi in saturated relatively coarse grained riwlte(gravels, sands,| transported in containers(source: SGI-MI projeets}i alternate movement of the probe (source: SGI-Mjeutdiles)
sandy silts) susceptible to liquefaction relateémimena induced by monotonic or cyclic (vibratiearthquake, waves,
etc.) stress changes.

Stone columns may be used also to improve the csitepshear strength of a deposit, but this mayetebachieved by
other methods unless it is also possible and napess mobilize their potential drainage effect.

Vibrocompaction
The degree of compaction to be reached by vibroeatign should be determined in terms of achievirgigaificant

reduction in the susceptibility of the soil to doyge of excess pore pressures under monotonic dicdgading. This

presupposes a detailed understanding of the tiiggyerechanisms. The following general consideratiapply:

¢ Under static loading, the density of the materiaktrbe sufficient to preclude the occurrence afsstrstates located
on or above the Collapse /Instability Surface (8fadt al., 1985; Ishihara, 1993; Lade, 1992; L4863) or, more
in general within the Instability Zone (Lade andhdrel, 1990; Leong et al., 2000; Chu et al., 20@Bgre flow-type
instability could be triggered. Examples of how thensity of the materials affects the position ted tnstability
Zone and hence the stability of the slope are ptedeand discussed in the Deliverable 1.1 of th&EAAND
Project., where the terminology used here is akptegned in detail
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The evaluation of the potential for flow-type irstdy in sandy materials can be made on the bas$isimplified | Figure 10: The process of vibrordisplacement (ssunavw.vibroflotation-ng.com
procedures which use the results of SPT and/or eBff (see for example Ishihara, 1993; Fear ancismn, 1995;
Cubrinowski and Ishihara, 2000; Olson and Stark32a). Alternatively, a comprehensive program oblalory tests on
both “undisturbed” and reconstituted samples shbeldarried out to determine the Steady State &ntkthe position of
the in situ state of the material referred to tinie (see for example Been & Jefferies, 1985; Bogéa, 2003). In fact, it
has been recognized that flow-type instability roagur only where penetration resistances are lokar appropriately
defined threshold values and/or the initial stateslocated slightly below the Steady State Line.

« Under seismically induced cyclic loading, the dgnef the material should be sufficient to limietdevelopment of
excess pore water pressures; considering the dhaation of seismic motion, reference may be madgully”
undrained conditions. The verifications may beiedrout as follows:

» Step 1 Evaluation by the “simplified” method originalldeveloped by H.B. Seed and coworkers of
susceptibility to triggering of seismic liquefaatiotaking into account the effect of static shemess by the
coefficient K, (see for example Idriss and Boulanger, 2008) etertnine Factors of Safety against liquefactiof
at different depths. Evaluation of the seismicatiguced excess pore water pressures as indicatedxample, by
Seed et al. (1976), Ishihara and Nagase (1980), ([#®81), Marcuson et al. (1990), Idriss and Bogéar(2008).

» Step 2 Evaluation of slope stability using limit equifibm methods and an equivalent pseudo-static adtq
model the earthquake loads. The analyses mustrdectaut in undrained conditions in terms of efiiee stresse
(UES) and/or in terms of total stresses (UTS). UiS conditions will be considered in layers whére analyses

of liquefaction potential have given safety facteverywhere higher than 1; the amount of excess pressures to Figure 11: Vibrodisplacement equipment: crane,opbobe Figure 12: Probe with separate gravel delivery pipe air
be considered in calculation will be determinedhfrstep 1. The UTS conditions will be considerethirers where With parallel gravel pipe and airlock chamber, iogdskip, nozzles for vibrodisplacement (source: SGI-MI peojides)
the liquefaction potential analyses have giventgdtetors equal to or less than 1; the undraitezhsresistances compressor and wheel loader (source: SGI-MI ptdjees)
to be considered in these layers may be determanedrding to the recommendations given by Olson Siadk
(2002), Olson and Stark (2003a), Olson and Sta0RFB) and Mesri (2007).

» 2D or 3D numerical dynamic analyses should be edrout as a final check, and in any case whegeriecessary
to estimate the seismically induced displacemehiese analyses should be carried out in the tinteado in
undrained conditions using advanced costitutive el®dsee for example Manzari and Dafalias, 1997athd
Dafalias, 2000; Li, 2002) capable of replicating timonotonic and cyclic soil behaviour measuredalotatory
tests on “undisturbed” and reconstituted samples.

« For under water slopes and for wave induced cyo#iding (see for example Madsen, 1978; Okusa, 18@%da et
al., 1994; Sassa and Sekiguchi, 1999; Sassa ariguBkk 2001; Sassa et al., 2001), the densityhefrhaterial
should be sufficient to limit the development otegs pore water pressures. Considering the tyfsealiency of
waves and the duration of storms, the developmémtxoess pore pressures occurs under conditiorsaxial
drainage, requiring 2D or 3D numerical dynamic gs@$ carried out in the time domain in conditioheaupled
consolidation using advanced costitutive modeldessribed above for the earthquake case.

Tests should be carried out after the treatmewetidy that the required density has been reached.

Figure 13: "Preloosening” may be carried out byttarous
flight auger, without soil extraction (source: SKl-project

Stone columns files)

Stone columns are inclusions of highly compactemestor gravel with excellent mechanical charadiessand high
permeability which act both as reinforcement anddesnage elements which favour the dissipatiorexafess pore
pressures.

Verifying the effectiveness of stone columns is mawore complex compared to vibrocompaction, sihdevblves the

behavior of a dishomogeneous and discontinuousunmedhus necessarily requiring some gross simplifios.

The simplified methods currently available are lbase limt equilibrium methods and on the followiagsumptions:

e Stone columns are sufficiently free draining toilmenune from excess pore pressures; they can bellmdde
terms of drained strength parameters under alimggenvironmental conditions.

e The surrounding soil can be modelled in terms efléast of its drained and its undrained strerttnjatter may be
evaluated on the basis of empirical correlationpraposed, for example, by Olson and Stark (20023pn and
Stark (2003a), Olson and Stark (2003b) and Mef0T2 at pre-liquefaction and post-liquefaction ctinds.

The improvement of the natural soil due to theailtstion of stone columns is normally ignored uslgsoven and

quantified by appropriate full scale field tests
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APPLICABILITY
Class Descriptor Rating Notes
Falls 0
Type of Topples 0
movement . . : . . . . . .
(Cruden & Slides 6 Applicable to rotational and translational slidesparticular circumstances it may be applicablegreads and flows.
Varnes, 1996) Spreads 4
Flows 4
Earth 8
Material Debris 4 Possible difficulties penetrating coarse debris.
Rock 0
Superficial (< 0.5 m) 0
Shallow (0.5 to 3 m) 0
n?oevpetrr']ng:]t Medium (3 to 8 m) 8 Best suited to medium to deep compaction. Unecondmnishallow depths.
Deep (8to 15 m) 8
Very deep (> 15 m) 6
Moderately to fast 0
Rate of Slow 0
movement Treatment presupposes that the slide is stableoging at most very slowly.
(Varnes, 1978) Very slow 2
Extremely slow 8
Artesian 0
High 8 . . _ . _
Groundwater C 5 Technique potentially applicable but possibly uressary with low or absent groundwater levels.
ow
Absent 6
Rain 8
Snowmelt 8
Localized 8 )
Surface water Water courses must be diverted from treatment area.
Stream 2
Torrent 0
River 0
Maturity 6 Limited experience of application to slope diaaiion onshore. More widely used for preventitebdization of marine slopes.
Reliability 8 Well developed technology. Reliable where appliea
Implementation 6 Requires specialist equipment and know-how. Csaispended equipment requires stable working ptatémd poses potential safety problems.
Typical Cost 4 Moderate to high, depending on whether importedeggravel is used and transport distance.

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”

Grant Agreement No.: 226479 Page 196 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

5 MODIFYING THE MECHANICAL CHARACTERISTICS OF UNSTA BLE MASS

5.4 DEEP COMPACTION (VIBROCOMPACTION — VIBROREPLACE MENT - VIBRODISPLACEMENT)

References:

Barker R.F. (1991) “Developments in biotechnicabdfzation in Britain and the Commonwealth” Prodiegs of
Workshop on Biotechnical Stabilization, UniversityMichigan, Ann Arbor, 83-123.

Been K., Jefferies M.G. (1985). “A state paramébersands”. Géotechnique 35, n° 2.

Bergado D.T., Anderson L.R., Miura N., BalasubramanA.S. (1996). "Soft Ground Improvement in Lowtaand
Other Environment”. ASCE Press, ASCE, New York.

Boulanger R.W. (2003). “Relating Ka to relativetstparameter index”. Journal of Geotechnical ande@eiroonmental
Engineering., ASCE, 129(8)770-773.

Chu J., Leroueil S., Leong W.K. (2003). “Unstabkhaviour of sand and its implication for slope 8iigth. Canadian
Geotech. Journal, 40, 873-885.

Cubriniwski M., Ishihara K. (2000). “Flow potentialf sandy soils with different grain compositionsSoils and
Foundations, vol. 40, n° 4,

Elias V., Welsh J., Warren J. and Lukas, R. (200&jound Improvement Technical Summaries”. U.S. &épent of
Transportation - Federal Highway Administration i©df of Infrastructure, Publication No. FHWA-SA-98@IR,
Volumes 1 and 2.

Fear C.E., Robertson P.K. (1995). “Estimating tmelrained strength of sand: a theoretical framewofk&nadian
Geotechnical Journal, 32, n° 4.

Finn W.D.L. (1981). "Liquefaction potential: develments since 1976”. Proceedings of Internationahf@ence on
Recent Advances in Geotechnical Earthquake Engimgeand Soil Dynamics, University of Missouri, RolMO, 655-
681.

Ground Improvement Solutions (2010)
http://www.groundimprovement.ch/Groundimprovememifions/Techniques.html

Idriss, .M., Boulanger, R.W. (2008). “Soil liquetion during earthquakes”. MNO-12, Earthquake Eagiing Research
Institute, Oakland, CA, USA.

Ishihara K. (1993). “Liquefaction and flow failudeiring earthquakes”. Géotechnique 43, n° 3, 351-415

Ishihara K., Nagase H. (1980). “Cyclic simple sh&ssts on saturated sand in multi-directional logdi Soils and
Foundations 20(1), Closure to discussion.

Lade P.V. (1992)."Static instability and liquefawsti of loose fine sandy slopes”. Journal of Geot&airEngineering,
ASCE, vol. 118, n° 1, 51-71.

Lade P.V. (1993). “Initiation of static instabiliiy the submarine Nerlerk berm”. Canadian Geotdolrnal, 30, 895-
904.

Lade P.V., Pradel D. (1990). “Instability and piadtow of soil. I: Experimental observations”. Joal of Engineering
Mechanics, ASCE, vol. 116, n° 11, 2532-2550.

Leong W.K., Chu J., The C.I. (2000). “Liquefactiand instability of a granular fill material’. Geataical Testing Journal 23
n° 2, 178-192.

Li, X.S. (2002). A sand model with state-depend#iatancy. Géotechnique 52, n° 3, 173-186.
Li, X.S., Dafalias, Y.F. (2000). Dilatancy for caienless soils. Géotechnique 50, n° 4, 449-460.
Madsen O.S. (1978) “Wave-induced pore pressuregfiedtive stresses in porous bed” Géotechniqua 28,

Magda W., Richwien W., Mazurkiewicz B.K. (1994) &®ility of underwater slopes influenced by poreavgiressure” 13th
ICSMFE, New Delhi, India.

Manzari, M.T., Dafalias, Y.F. (1997). A criticabs$e two-surface plasticity model for sands. Géatepke 47, n°® 2, 255-272.

Marcuson W.F., Hynes M.E., Franklin A.G. (1990) Veltuation and use of residual strength in seisraiiety analysis of
embankments” Earthquake Spectra, 6(3), 529-572.

Mc Carthy D.F. (2007) "Essentials of soil mechargsl foundations: basic geotechnics” Upper SaddlerRN.J., Pearson
Prentice Hall.

Mesri G. (2007) “Yield strength and critical strém@f liquefiable sands in sloping ground” Géotaghe 57, n°3.

Moseley M.P., Kirsch K. (2004) "Ground Improvemeit&w York, Spon Press.

Okusa S. (1985) “Wave-induced stresses in unsatlisatbmarine sediments” Géotechnique 35, n° 4.

Olson S.M., Stark T.D. (2002) “Liquefied strenggtio from liquefaction case histories” Canadian t&ebnical Journal, 39.

Olson S.M., Stark T.D. (2003a) “Yield strength catind liquefaction analysis of slopes and embankshen of Geotech. and
Geoenvironmental Engineering, ASCE, vol. 129, n° 8.

Olson S.M., Stark T.D. (2003b) “Use of laboratorgtal to confirm yield and liquefied strength rationcepts” Canadian
Geotechnical Journal, 40.

Sassa S., Sekiguchi H. (1999) “Wave-induced liqetéda of beds of sand in a centrifuge” Géotechnig@en® 5.
Sassa S., Sekiguchi H. (2001) “Analysis of wavein®tl liquefaction of sand beds” Géotechnique 52.n°

Sassa S., Sekiguchi H., Miyamoto J. (2001) “Analysfi progressive liquefaction as a moving-boungesblem” Géotechnique
51, n° 10.

Seed H.B., Martin P.P., Lysmer J. (1976) “Pore-watessure changes during soil liquefaction” Jouofideotech. Eng. Div.,
ASCE, 102(4), 323-346.

Sladen J.A., D’'Hollander R.D., Krahn J. (1985). E&Tlquefaction of sands, a collapse surface approdanadian Geotech.
Journal, 22, 564-578.

Grant Agreement No.: 226479

SafeLand - FP7

Page 197 of 340




D5.1 Rev. No: 2
Compendium of tested and innovative structural, non-structural
and risk-transfer mitigation measures for different landsiges Date: 2012-04-30

MITIGATION THROUGH REDUCTION OF HAZARD

5 MODIFYING THE MECHANICAL CHARACTERISTICS OF UNSTA BLE MASS

5.5 MECHANICAL DEEP MIXING WITH LIME AND/OR CEMENT

Description Figure 1: Principle of deep soil mixing, here; doil mixing Figure 3: Principle of deep soil mixing, here
Mechanical deep mixing is the creation of vertitedlusions (columns or barrettes) by blending t-$he soil with a | (source: McCarthy, 2007) dry soil mixing (source: McCarthy, 2007)
stabilizing admixture to improve its mechanical rdtderistics (higher strength, lower compressijilitt is typically K | ' '

performed by specialist rotary equipment with mixiblades, which are inserted into and removed ftbenground
nominally without soil extraction while the admiréuis injected from nozzles in or near the bladégure 1). The
hydraulic conductivity of the treated soil will légher or lower than that of the parent soil, defdem on the soil type
and admixture used. The admixture consists of Istatg binders that react chemically with watersuking in cation
exchange on the surface of clay minerals or bondingpil particles and/or filling of voids (Terastd003). The most
common binders are cement or lime; other matelitddsgypsum or fly ash are also used (Moseley aimddk, 2004).

The method is best suited to soft fine grained rateof relatively low shear strength and is apgiile down to a depth
of 30 m. The effect on slope stability dependstatype of soil being treated, the layout and smaoff the inclusions,
the type of admixture used and the equipment antiodeof mixing (Mc Carthy, 2007). +
Research and development of deep mixing as it @svkrntoday started in Japan and in Sweden in tleell860’s using
blades rotated by a single vertical shaft and lasea binder, with the first applications being iemgted in the mid
1970’s. Since then there have been significantldpweents in all aspects of the technology.

Different equipment and procedures have been dpedido respond to different soil conditions andfqenance | Figure 2: Principle of deep soil mixing, here; doil mixing
requirements. Figures 2 and 3 show typical equiprdeneloped in Scandinavia, consisting of relagiightweight rigs | (source: McCarthy, 2007)

and trailers loaded with dry binder. This equipmisnsuitable for treating extremely soft, “quickdils which can be
mixed satisfactorily with very lightweight, fixeddzles (Figure 4); dry binder is used, reacting \lia soil pore water.
Heavier, stiffer soils, possibly mixed with silt even granular soils, require more robust, headeipment with a mix of
rotating and fized or even counter-rotating blaiereak up lumps (Figure 5). A thick slurry of éér is normally used
in these soils (wet method). The selection of drgsus wet soil mixing is normally made on the basithe natural water
content and undrained shear strength of the nasoialdry mixing being preferred where the natumalisture content of
the soil is greater than 60% and its undrainedhgtteless than 70-75 kPa.

A further development in single shaft technologg h&en the introduction of composite systems whimnbine deep
mixing and jet grouting techniques. The jet grogtitozzles are located on the outer edge of thengnilslade (Figure 6)
such that the completed column has a mechanicakgdrcore and a jet grouted annulus (Figure 7).

Multi-rotary equipment (Figure 8) has been devetbpemarily to allow simultaneous installation ofo2 more secant

circular columns to form wall panels of mechgnigcamﬂixegi stabilized soil for the constrL!ction of feonary or permanent| Figure 4: Typical mixing tool with light blades deluped Figure 5: Typical tool with complex blade arrangeine
walls. These systems have the added benefit thdngnis much enhanced by the action of countertiigablades on |  in Scandinavia for mixing very soft, sensitiveycla developed in Japan for mixing soft to firm claysl aiity clays
adjacent, compenetrating, columns (Figure 9). Aditamhal benefit specific to landslide mitigation mediation is that| (source: Hercules Grundlaggning) (source: Hayward Baker)

panels are much better than isolated columnssistiieg landslide loads, as discussed in fact shéet

The need to form panels has driven the developroknadically different approaches, deviating frohe ttechnology
based on blades rotating around the vertical &iscrete panels or barrettes can be formed by wteiémixer heads
counter rotating around horizontal axes (Figures1lil0and 12). Continuous walls can be formed, mly & a limited

depth, by a continuous chain cutter/mixer (Figur®and 14). In all cases the dimensions of the tiaguinclusions are
the same as those of the mixer (auger or cutter).

The method may be applicable with caution to siemsitlay since probably the installation procesgsloot induce
significant pressure in the surrounding materia #re temporary change in slope stability may pbbpbe disregarded.

Y

Design

Unless mass treatment is carried out, which islhighusual, the verification of effectivhess of tineatment is complex,
since it refers to the behaviour of a discontinumass. It can only be addressed by applying sigmifi simplifications.
Available simplified methods are based on limitiklgtium (in static and seismic conditions):

The properties of the inclusions are pre-determifnech laboratory tests carried out at different foming pressures to
determine the strength envelope of the treatedirsddrms of both total and effective stress. Begain mind that due to
inmperfect mixing filed strengths are typically 985 to 50% of the strength measured in laboratesys, the actual
strength of the treated soil needs to be verifigdrial fields and control tests.

The surrounding (clay) soil can be modelled in ®whundrained shear strength, with appropriatectons in case of
cyclic loads (see for example Idriss and Boulang@63).
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y Figure 11: Principle of deep soil mixing by counteiting horizontal

Figure 6: Tool for composite mechanical mixing getd
groutinged (source: Terashi, 2003)

Figure 8: Equipment for simultaneous installatién o
multiple columns (source: Schnabel)

Figure 10: Equipment for mechanical mixing b
horizontal drums (source: Soletanche Bachy)

cutter/mixer drums (source: Soletanche Bachy)

Figure 12: detail of cutter/mixer drums (sourceleBanche Bachy)

R

Figure 14: Principle and equipment of continuousgbaoil mixing by

Figure 7: Composite column formed by mechanical
mixing and jet groutinged (source: Terashi, 2003) multiple ¢

.

injection
mixing area

Figure 9: Equipment for simultaneous installatién o
olumns - detalil (s
- B

ource: Schnabel)

Figure 13: Continuous panel soil mixing -
Detail (source: Soletanche Bachy)

continuous chain. Wet method illustrated here. @®uSoletanche Bachy)
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APPLICABILITY

(Varnes, 1978)

Class Descriptor Rating Notes
Falls
Type of Topples
movement . Application to landslide stabilization generallymiied by need to use relatively heavy equipmenpligpbility to spreads and flows to be carefully
Slides . S ) L ;
(Cruden & evaluated on a case by case basis, bearing intimndsk that installation iteself could trigger vament
Varnes, 1996) Spreads
Flows
Earth
Material Debris Most suited to fine soils. Not applicable in coadle®ris and rock
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
n?oevpc)etrr']ng;t Medium (3 to 8 m) Typically inappropriate in shallow applications.€lTentire soil thickness needs to be treated, winigkes it unsuitable for selective tretament athilept
Deep (8to 15 m)
Very deep (> 15 m)
Moderately to fast
mE\?:'ncgnt Slow Workers' safety and end result require constructiotake place when movement is extremely sloweoy glow (maximum 1.5 m/year or 5 mm/day).
Very slow Under special conditions and taking due precautibmsay be carried out when movement is "slow” {afl.5 m/month, corresponding to 5 cm/day) .

Extremely slow

Artesian
High The possibility to operate with a dry binder orarry depending on conditions and the fact thatdbié is never removed make the technique generally
Groundwater applicable in all groundwater conditions. Sevetesan groundwater conditions or strong undergrdiowis may cause seepage induced leaching of the
Low inclusion before the binder sets.
Absent
Rain
Snowmelt
Localized Water courses need to be temporarily diverted labily dry during construction.
Surface water Potential pollution of watercourses during condinrc(for example by spillage of slurry) may impasstriction on construction procedure.
Stream No problems once the works are completed, exceggiply when the inclusions provide an undesireddhzank” to watercourses.
Torrent
River
Maturity The technique is well established and widely dsethe preventive stabilization of engineeringpss; less so in the mitigation of natural laizsl.
Reliabilit Reliable performance in well characterized lan@sljdn first time slides it depends on estimate@zometric regime and apprporiate operational
y strength parameters of soil, which can be problematoblems may occur during construction, forrapde if unforeseen boulders are encountered.

Implementation

4>cnoomNNNmmmmmmmmmmoG’meOOboobpovoo

Requires specialist equipment and techniquedemmgntation may need temporary roads and workiatigrm for safe operation.

Typical Cost

Relatively expensive.

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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56 LOW PRESSURE GROUTING WITH CEMENTITIOUS OR CHEMICAL BINDER

Description

Grouting consistis of the injection of pumpable eneat into soil or rock under pressure through ieattor inclined
boreholes, typically to a maximum depth of 50 mp&mding on the method of injection, grouting canclassified as
slurry (intrusion) and permeation (penetration)ugiey, where disturbance to the original soil stuwe is minimized
(Figure 1), and displacement (compaction) groutjeg;grouting and fracture grouting, which delilteta disturb the
original soil structure (Townsend and Anderson,Z00arner, 2004).

Slurry grouting (injection of flowable suspensiook cement/clay grouts into open cracks, fissured anids) and
permeation grouting (filling pore spaces in soifl oints in rock) are described here generallygsuting”. Jet grouting
is described in fact sheet 5.7, while displaceraadtfracture grouting are not generally applicablslope stabilization.

The most common grout materials are cement, mieeofement, lime, gypsum, sodium silicate chemiaats polymers

(Warner, 2004; Mc Carthy, 2007). Different groutterals have different viscosity; the more viscooaterials, such as
cement grouts, are used for coarse grained soit@idmasses with open fractures; the less visomtsrials, such as the

chemical grouts, are used for fine grained mati{aigure 2). Indicatively, Ordinary Portland cemeamay be used in
soils with D10 > 0.6 to 1.0 mm, while microfine cents may be used in soils with D10 > 0.08 to 0.1. rfivtitchell,
1981; Townsend and Anderson, 2004). Chemical groztg be used in even finer soils. The most comntamical

grout used for structural applications is sodiuticaie. Other chemical grouts are acrylates angiysethanes. In 1997 g

release of acrylamide into the groundwater causeidiss environmental problems in the area of th#aHdas Tunnel,

near Baastad in Sweden (Lofstedt, 1999; Littleji2003), leading to the withdrawal of this chemifraim the market.

Since then the materials used in chemical groutseconder very close scrutiny for their potentialimnmental effects.

The process of injection is usually done by a mtevabjection rig according to the following stepedathe same

procedures apply for all methods of grouting anjddtion material:

1. Aninjection pipe is inserted into the ground te tlequired depth, either by static pressure (isdosoils) or more
commonly by lowering it into a predrilled hole. Dirig is normally carried out by rotary/percussiee more
commonly by percussive methods. Careful consideras required in the selection of the appropritibshing
medium.

2. Typically the grout is injected from the end of thgction pipe while the pipe is withdrawn, eitremtinuously or
in predetermined discrete intervals for the fulickmess of interest, resulting in vertical or ineld continuous
columns of soil with improved characteristics, éngreased stiffness and strength and reduced jpdititge.

3. The procedure is carried out in several holes, llysiraa close grid pattern. If the injection giigl made with small
spacing the ground treatment may becomes “contsiuaso in the horizontal direction.

Alternative procedures include injection througpige in an open hole sealed at the surface or ¢ifragrout pipe left in

place as “tube a’ manchette”, although the laeseldom used for low pressure grouting in stadtilin projects, where

the geometry of the grouted mass is not critical.

To ensure that the injections do not disturb thsitin structure of the soil, special care is reggim adjusting injection

rates and pressures, as too high rates and preseasedisplace grains or even worse result in hyfdréracturing.

To confirm the geometry and effectiveness of treatiminjections rates, pressures and volumes meisicourately

monitored and recorded, in association with corfiogsnspection and testing of the treated soil.

Grouting can be used to stabilize rock masses (€ig), for selective treatment of weak soil layatsdepth or for

stabilizing coarse grained soils susceptible todfgction related phenomena When grouting is chroiet in slopes,

drainage must be provided to avoid build up of pwager pressures behind the treated area.

Design

The true cohesion given by the treatment must feciguntly high to resist the static and seismiads without damage;
in this case excess pore pressures may be corsidegéigible. In static conditions, the analyses e carried out using
limit equilibrium or FEM methods. In seismic condits they may be carried out by limit equilibriunetinods, modelling
the seismic actions pseudo-statically, or by dyeaRiiM methods in the time domain. The mechanicaperties of the
treated soil may be estimated initially from lakiory tests on samples compacted to the in situigjeand permeated
with the selected binder in the laboratory. Thestal estimates will then need to be validatedldlyoratory tests on
undisturbed samples of treated soil. The testsldho@ carried out at different confining pressutesdetermine the
strength envelope in terms of effective stress. fretiminary estimates, unconfined compressivengttes of cement
grouted soil typically range between 0.35 and OFalbccasionally up to 2.0 MPa

Figure 1: Conceptual diagram of permeation | Figure 2: Soil-grout material compatibility (sourd®mwnsend and
grouting (source: Andrus and Chung,1995) | Anderson, 2004)
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APPLICABILITY

Class Descriptor Rating Notes
Falls 6

Type of Topples

(rg(r)l\jggnnegt Slides General consolidation of rock mass and granulds.s8an treat selected horizons, even at signifidapth, making it attractive for spreads
Varnes, 1996) Spreads

Flows
Earth

Material Debris Treatment limited to sand and coarser material
Rock

Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
Depth of Medium (3 to 8 m)
movement

Deep (8 to 15 m)
Very deep (> 15 m)
Moderately to fast

Rate of Slow
movement
(Varnes, 1978)

Most efficient when treating medium to deep soils.

Treatment presupposes that the slide is stableogimg at most very slowly

Very slow

Extremely slow

Artesian
High
Low

Absent
Rain

All conditions leading artesian conditions

Groundwater

Snowmelt

2]

Localized
Water courses must be diverted from treatment @iantion is necessary in very open debris andikaock to avoid outflow of grout to water course

Surface water
Stream

Torrent

River

Limited experience of application to slope diaaiion onshore. More widely used for preventitebdization of marine slopes

Maturity
Well developed technology. Difficult to prediaitoome. Requires expert supervision and adaptafidesign to progress of installation

Reliability
Implementation

Requires specialist equipment and know-how. Religtsmall drilling equipment.
Moderate to high, depending on whether cemenhemical grouts are required

mc’G’G’oOo@mmmmmomNOOmmmbommmhmo

Typical Cost

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. Zatoxg means "not applicable”.
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5.7 JET GROUTING

Description Figure 1 Left: Principles of jet grouting Right: &three basic systems of jet grouting (source: &kkian et al., 2010)
Jet-grouting is different from other grouting andeg mixing methods as it erodes and loosens the with high

pressures and completely mixes the soil with ceitiems slurry while gradually withdrawing the ingg@n pipe Brillin Jottine tesg  JEiling, forming ot Single flud Double flud Triple fluid
(Mc Carthy, 2007). The resulting material is oftefierred to asoilcrete especially when jet grouting is carried out in = il a C';’g]“mn P .‘ _ A
coarse grained soils. . 1 it

Jls N

Jet grouting is carried out as follows:
1. Aninjection pipe is pushed or drilled into the gnal to the desired depth.

2. Grout is injected laterally at high speed from aazie located near the end of the pipe into thewhile the pipe is Grmn&' i “;;j n-‘i':re;';-— = ”‘2
continuously rotated and gradually withdrawn, eitleentinuously or, preferably, in small discretepst. The | Air | |

procedure is carried on until the whole unstabyeds are covered. Three basic systems may be abi@fiteure 1.):
single (grout), double (grout and air) and trigled (grout, air and water).

3. The procedure is repeated at several locationspae@determined spacing, usually in a close gridepat secant
inclusions may be used to form nominally continupasels where required for stability (see fact s/&e@) or for
groundwater exclusion.

}' uﬂJ! Grout

F T )

The addition of air in double and triple fluid sgwsts isolates the eroding jet (grout or water retbgelg) from the
surrounding soil, to achieve greater depths ofienoand thus larger inclusions. Triple jet systemiaimize the amount
of grout used for erosion.

Jet-grouting may replace a large amount of soilandee columns diameter depends on the soil todagetd and on the
system used (mono, double or triple fluid); it typically 0.4 to 2 m for fine grained soils and @3 m for coarse
grained soils (Nikbakhtan et al., 2010). Optimiaatof the nozzle geometry and the use of very Ipiggssure pumps
allows the formation of very large inclusions, op3tto 5 m wide in the most favourable conditiofigre 2, Shibazaki,
2003, Mc Carthy, 2007).

In order to achieve the high jet speeds necessagyoide the surrounding soils, the eroding fluichjected at very high
pressure. The pressure is converted into speedeatdzzle and does not materialize in the soit#loiix nor in the
surrounding soil, provided that a clear outlet igimmined at all times allowing excess fluid anadispo flow to the
surface under low pressure gradients. Severe hgavid/or lateral displacements may occur if thasvfis interrupted.
To minimize this risk, a cased hole is used inssaihere the probehole is prone to instability. Thasing is withdrawn
simultaneously with the drill string.

Jet grouting inevitably generates large amountgpofl; in normal conditions the volume of spoifrdaighly equivalent to
the volume of the inclusion formed. The spoil ihigk soil/grout slurry, not suitable for dry haimdj (Figure 3).

Jet-grouting is applicable for the whole rangeaifssand may be applied to any depth down to 504 Carthy, 2007);
it can be ended at any depth, making it possibtestat only the unstable zone (Jarithgam, 2003).

Very stiff cohesive soils of high plasticity andulders pose special problems and may limit the ieplpility of the
technique. Active movement may be acceleratedh&yet grouting treatment works.

Design

Jet grouted columns act as reinforcement havinghrbetter mechanical characteristics than the sadiog soil.

Unless mass treatment is carried out, which islpighusual, the verification of effectivness of theatment is complex,
since it refers to the behaviour of a discontinumass. It can only be addressed by applying sinifi simplifications.
Available simplified methods are based on limitiélgtium (in static and seismic conditions).

The properties of the inclusions are pre-determiinech laboratory tests carried out at different foming pressures to
determine the strength envelope of the treatedirsdédrms of both total and effective stress. Bagin mind that due to
inmperfect mixing filed strengths are typically 9r85 to 50% of the strength measured in laboratesys, the actual
strength of the treated soil needs to be vertfigtrial fields and control tests.

Where the surrounding soil is clay, it can be miedein terms of undrained shear strength, with appate reductions in
case of cyclic loads (see for example Idriss andl@tger, 2008).

Where the surrounding soil is sand, it can be ntedeh terms of the least of its drained and itdramed strength; the
latter may be evaluated on the basis of empirioaletations as proposed, for example, by OlsonStadk (2002), Olson
and Stark (2003a), Olson and Stark (2003b) and i2807) at pre-liquefaction and post-liquefactamnditions.
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5 MODIFYING THE MECHANICAL CHARACTERISTICS OF UNSTA BLE MASS

5.7 JET GROUTING

APPLICABILITY

(Varnes, 1978)

Class Descriptor Rating Notes
Falls
Type of Topples
movement Slides Application to landslide stabilizati_on gengrall_mlte_d _by need_ to use _rela_tively heavy equipmen'pliépbility to spreads and flows to be carefully
(Cruden & evaluated on a case by case basis, bearing intimendsk that installation iteself could trigger vament
Varnes, 1996) Spreads
Flows
Earth
Material Debris Most suited to coarse grained soils. Stiff plastiy and boulders pose special problems
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
n?oevpc)etrr']ng;t Medium (3 to 8 m) Typically inappropriate in shallow applicationsI&x#ive treatment may be carried out, which makestentially suitable for deep lansdslides.
Deep (8to 15 m)
Very deep (> 15 m)
Moderately to fast
mgsctj'ncgnt Slow Workers’ sa_fety anq _end result re_quire construdl;iptake place when movement is extremgly sloweny glow (maximum 1.5 m/yegr or 5 mm/day).
Very slow Under special conditions and taking due precautibmsay be carried out when movement is "slow” {afl.5 m/month, corresponding to 5 cm/day) .

Extremely slow

Artesian
High Generally applicable in all groundwater conditioSgvere artesian groundwater conditions or str round flows may cause seepage indu
Groundwater ratly appi . 9 ; 9 9 y pag
Low leaching of the inclusion before the binder sets.
Absent
Rain
Snowmelt
Localized Water courses need to be temporarily diverted labily dry during construction.
Surface water Potential pollution of watercourses during condinrc(for example by spillage of grout or spoil) yrimpose restriction on construction procedure.
Stream No problems once the works are completed, excegsiply when treated columns provide an undesiraadld’bank” to watercourses.
Torrent
River
Maturity The technique is well established, but with lediprevious application to the mitigation of natulandslides.
Reliability Geometry and mechanical characteristics of immfusncertain, especially in landslides where miaad variable soil profiles are encountered..

Implementation

Requires specialist equipment and techniques;maag temporary roads and working platform for sqferation. Generates significant amounts of sp

ced

Typical Cost

'bmmmNN[\)OOOOOOOOmmCﬂmmNOmmmooommhbooo

Relatively expensive.

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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5 MODIFYING THE MECHANICAL CHARACTERISTICS OF UNSTA BLE MASS

5.8 MODIFICATION OF GROUNDWATER CHEMISTRY (E.G. LIME PILES)

Description

The influence of changes in pore water chemistrythanresidual strength of clays has been widelypntep in the
technical literature. Ramiah (1970) reported véaied in the residual angle of frictio’, of about 4°. Similar
conclusions were reached by Kenney (1977), Moo®#91), Di Maio (1996a, 1996b), Maggio et al. (20€@) various
pure and natural clays and by Steward and Cripp83)1for pyritic shale.

Moore (1991) carried out a systematic laboratonyestigation of this issue and reported that clegmirated with
monovalent sodium cations consistently resultetbirer residual strengths than clays saturated wéthium divalent
cations. The type of cation can account for chamgessidual strength of up to approximately 40% rfiontmorillonite
and 15% for kaolinite clay minerals.

The concentration of salts in in the pore water @snd to result in furhter differences in residwtength.
Moore (1991) also showed that increasing conceotratof seawater result in increasing residualngtife in natural
clays too, suggesting that seasonal fluctuationkarconcentration of salts in pore water can nyodhé residual strength
of natural calys. This observation, which can bdigalarly significant for coastal landslides, isrmoborated by field
observations (Moore, 1988; Moore and Brunsden, 1996

Mesri and Olson (1971) showed that the void raficlay samples decreased when subjected to a &rnginhcrease in
the concentration of NaCl, thus increasing constilich and stability. NaCl are especially known lfmmg term stability
of sensitive clays as the presence of cations eh#trggsurface tension on the clay minerals. Long teaching of NaCl
destabilizes clays and when the content of NaCoimes too low the clay becomggick (NGU, 2002). In spite of this it
is not found that NaCl is used for increasing ditgtdf clays by groundwater exchange.

Instead, the most common technique for loweringl$éide susceptibility by modification of groundwatdemistry is to
add lime to the soil, often creating lime columnghie ground. The methods for creating lime coluinée ground are
the same as described for mechanical deep mixargygation grouting and jet grouting.

Lime-stabilization has been applied especiallyaiv and sensitive clays (Rogers and Glendinning,7).9

It is widely reported that lime migrates from thawmns, stabilizing also the surrounding clay. 8izdtion is achieved
due to formation of calcium silicate hydrate antticen aluminate hydrate; both gels crystallizehe pores of the clay
(Rogers and Glendinning, 1996). The migration haenbreported over great distances, probably duleytivaulic
gradients. Bell (1996) investigated the effectimfd stabilization on both clay and till and fouhat till did not show any
significant increase in stability to tratment wiime. Migration of ground water into lime columnsishalso been
observed.

The effects of lime columns in clay may be sumnetias follows (Rogers and Glendinning, 1997):

* Increased strength of an annular zone of clay sading the columns, caused by lime-clay reaction;

e Clay dehydration;

« Generation of negative pore-water pressure;

e Over-consolidation of the soil in the shear plane;

e Columns strength.

The stabilization of an embankment of loose claglesfiill was attempted in Thailand in 1977. Liméepiwere installed
in a regular grid with a spacing of 3 m (Figure Hiples 15 cm in diameter were augered by hand dowratural hard
ground, and lime and water were poured into theshahd topped up daily for two months.

Based on measurements at four locations, Ruenkyaaeand Pimsarn (1982) report a significant chaingsoil
properties two years after installing the lime gilthe water content of the clay decreased by upQds, the cohesion
increased by up to 15.7 kN/m? and the friction arigtreased by up to 8.1°.

Design

Although some experimental case histories are te@adn the literature, some of which characteribgda reasonable
degree of success, there is no consolidated aiableeldesign approach at this stage for landslidkilization besed on
modifications of groundwater chemistry, which atgant remains wholly empirical.

Figure 1: : Lime pile stabilization of clay shalmleankment — section and plan (source: Ruenkrameagd Pimsarn, 1982)
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APPLICABILITY
Class Descriptor Rating Notes
Falls 0
Type of Topples 0
movement Slides 6 Applicability to spreads and flows to be carefidlyaluated on a case by case basis, bearing intienask that installation iteself could trigger
(Cruden & movement
Varnes, 1996) Spreads 4
Flows 4
Earth 6
Material Debris 0 Only applicable in clays, but stabilizing effecespgnd on continued treatment
Rock 0
Superficial (< 0.5 m) 0
Shallow (0.5 to 3 m) 4
n?oevpetrr']ng:]t Medium (3 to 8 m) 8 Groundwater chemistry conditioned through relagivahall boreholes, can be used in medium to veep dandslides.
Deep (8 to 15 m) 8
Very deep (> 15 m) 8
Moderately to fast 0
mgsctj'ncgnt Slow 0 Long term operation of injection boreholes maks thichnique applicable only when movement is exgtgrslow or very slow (maximum 1.5 m/year jor
(Varnes, 1978) Very slow 6 5 mm/day)
Extremely slow 8
Artesian 0
High 8 - o ) ) ) ) )
Groundwater Low 4 Uses groundwater for diffusion from injection htdesoil mass; best suited to sites with high grauatér levels and a moderate groundwater flow
Absent 0
Rain 6
Snowmelt 6
Localized 0 _ _ . _ e
Surface water Stream 0 Not applicable close to water courses. Potentiliifjon of watercourses during construction or freabsequent diffusion of salts..
Torrent 0
River 0
Maturity 4 Mostly experiemntal at this stage. Some succesfsg histories exist, but no established desigctipe
Reliability 4 Case histories indicate contrasting results. fitkind effectiveness of diffusion unpredicatbleediecontinuous maintenance to remain effective.
Implementation 8 Relatively simple to implement
Typical Cost 6 Installation cost is moderate, but requires nesiance

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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6 TRANSFER OF LOADS TO MORE COMPETENT STRATA

Actual or potential landslide

Shear and flexural resistance
of inclusion transfer demand
to underlying strata

\
\\
Stable \\

ground M

—
—_——
—_——
ol p—

Increase in normal stress /@

thus no increase in resistance

6.0 GENERAL
Basic principles and physical process Figure 2
Mitigation measures in this cathegory operate asreogate increase in the resistance of the actupbtential sliding ] ]
mass either by partially replacing the shear serfsith more competent materials (e.g. shear keles, etc. — Figure 1) Actual or potential landslide
or by mechanically increasing the effective norstaéss on the actual or potential failure surfdloas increasing the
shear resistance of the soil or rock (eg. preteesgirand anchors — Figure 2). Some systems opamndteth principles e : . .
simultaneously (eg. passive anchors, soil/rockin@i- Figure 3). In both cases, these measurestmpby transferring MObIhZ{:IﬂOI’J_tthUgh prestressmg (act:ve)
part of the driving forces to the more competetaihle strata underlying the (actual or potentibd)isg mass. or relative dfsplacement (passrve)
These systems progressively loose their effectis®as the sliding mass becomes a flowing masgréittough internal
processes (eg. loss of microstructure, especiallyaturated materials), or through mixing with #iddi of water from Stabl 14' No tranSfe?r demand. through
surface runoff or graoundwater. able shear resistance of inclusion
ground
Design
Refer to the description of the various techniques.
.
/
Increase in normal stress
on failure surface
Figure 1 Figure 3

Actual or potential landslide

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

—
—— e — —

Shear resistance of dowel
transfers demand to
underlying strata

Increase in normal stress
on failure surface increases
available resistance
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6.1 COUNTERFORT DRAINS (TRENCH DRAINS INTERSECTING BASAL SHEAR PLANE)

Description Figure 1: Schematic section. Counterfort drains provide additional stabilization by intercepting the slip plane
Deep trench drains that intercept the slip plare@ovide additional frictional resistance are galitg called counterfort | (source: Carter, 1992)

drains. Trench drains are commonly used to stabilandslides of small to moderate depth in claypeso They
contribute to slope stability only through theiabrage action, as discussed in detail in the relefet sheets. If trench

drains are deep enough to intersect the basalrdaplane, they provide additional mechanical sizdtibn, by the
replacement of the weak slipped material by thengfer material in the drain, thus improving the rage shear soil replaced
resistance that can be mobilized on the failur@elor any given pore pressure regime (Lee andkCR002). While

deep trench drains intersecting the failure planeegenerally referred to as “counterfort draingig term is often used ‘T — o o s e = = -‘.—— -——
loosely to indicate trench drains aligned alonglose to the direction of maximum inclination bétslope, irrespective -

of whether they do or do not intersect the slimpla original water
One of the earliest formally reported applicati@icounterfort drains to stabilize landslide is ttenstruction of deep lovel

gravel filled counterfort drains through the sheanface to the undisturbed clay below to remediziztional movements
observed in London Clay in railway cuttings at Névess (Gregory, 1844). lovel -+ drainage aggregate
Deep counterfort drains are reported by TianchB@)2o be the main measure used to treat smallnaedium scale H J

landslides because of the combined benefits ofithmage and mechanical effects. -

Many slip planes are less than 5 m deep and cdarttéirains can be excavated to 6 m deep usingawidrbackactor == —":_.-‘ = - g

excavators; greater depths up to 7 or 8 m deefppeanached using machines equipped with long reaoms. They are 5\ ’ i % 4

typically 0.5 to 1.0 m wide and they are back-flllwith suitable free-draining material. They aresiga as invertes h \ ry average drained » /
filters, with a gravel core surrounded by sandptevent them becoming chocked with fines, whichdeza them I —r waler level S
ineffective. Geotextile filters are widely used this purpose to simplify construction. A poroupgimay be placed at W S

the base to collect and remove the water. Provisiomprevent clogging must be incorporated in theigle The
mechanical benefits are increased if free drainmgrete is used in lieu of the gravel fill.

Design

For the hydraulic aspect of the design, referehadl be made to the relevant fact-sheets. Picture 1. Deep trench drains (counterfort drains) under construction
Provided the length, thickness and spacing of thenerfort drains are such that load transfer ftbensliding mass to| (Source: http://www.svr-vio.org.uk/floodline_no50-59.htm)

the counterforts and from the these to the undwgglystable soil is guaranteed, the mechanical kepéfpartially
replacing the shear surface with more competeneniahtmay be taken into account simply by calcaigtthe post
construction average strength as the weighted geestmength of the original soil and the drain mate

Clearly, this is most effective when remediating-pKisting planar slides in clay, which often exifbse to limit
equilibrium and are cyclically reactivated. Assumin residual angle of friction on the failure platal to 14° and an
angle of friction of the drain material equal tc° 32 replacement ratio of 20% would result in a 3@3rovement in the
factor of safety of the slope. Clearly, lower reglment ratios are sufficient to provide a similasult if the drainage
effect is also taken into account.

For the full mechanical effect to be mobilized, freportions between the length and the spacirtgefirains must be
such that arching takes place between adjacentdrai
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6.1 COUNTERFORT DRAINS (TRENCH DRAINS INTERSECTING BASAL SHEAR PLANE)

APPLICABILITY

Class Descriptor Rating Notes
Falls
Type of Topples
movement . . . . .
(Cruden & Slides Applicable to planar slides and, to a lesser exterotational slides.
Varnes, 1996) Spreads
Flows
Earth
. . Most suitable in clays, both in terms of ease awdllstability of excavations and in terms of rielaeffectivness. In debris it may be useful ifreat out
Material Debris : -
with free draining concrete.
Rock

Superficial (< 0.5 m)
Shallow (0.5 to 3 m)

Implementation Deep excavation in potentially unstable soil esusignificant safety hazard. must be well planAgthngements must be made to avoid man entry.

0
0
8
0
0
8
4
0
8
8
Depth of . Depths up to 4 — 5 m can be reached without spdifaiulty; higher depths up to 7 to 8 m, suitalite slides up to 6 m deep, may be achieved using
Medium (3 to 8 m) 4 . X
movement special equipment (long reach booms).
Deep (8to 15 m) 0
Very deep (> 15 m) 0
Moderately to fast 0
Rate of Slow 4
movement Should be carried out preferably on very or extigrabw landslides; with due care it can be carpetlin slow landslide.
(Varnes, 1978) Very slow 8
Extremely slow 8
Artesian 4
High 8 High groundwater levels imply the maximum effectigas in terms of drainage, but may pose problemiaglgonstruction; applicability to situations
Groundwater : : . ;
Low 6 with arrtesian conditions to be reviewed carefully.
Absent 2
Rain 6
Snowmelt 6
Localized 4 ) ) ) )
Surface water St 5 Suitable to deal with diffused surface water. Coticged flows should be prevented or diverted fthenslope.
ream
Torrent 0
River 0
Maturity 8 Traditional technique, widely applied, mainly @mempirical basis without formal design.
Reliability 8 Generally reliable. Exact location of slip sudamn be confirmed by inspection during installatiffective almost immediately.
6
8

Relatively low cost, unless free draining congelistused and provided suitable material is readibjlable.

Typical Cost

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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6.2 PILES

Description Figure 1: Schematic section and layout (source: SGI-MI project files)

Piles can be placed in earth and debris slopdwredtt regular 2D spacing over the whole slideastipn thereof, to act

as isolated dowels, or, more commonly, at closeisgaalong one or more specific alignments to fgiled walls across Beam connectfng Beam

the direction of movement (lto et al., 1982; Haisiand Chameau, 1984; Soric and Kleiner, 1986peBcou, 1991; pile heads connecting

Reese et al., 1992; Polysou et al., 1998; PouRB9)1- Figure 1. pile heads\ S
Typically, large diameter bored cast-in-situ pilee used, with diameter 800 to 2000 (most frequell00) mm and T ] trand :
spacing 1.2 to 2 times the pile diameter. The atdgs of this technique may be summarized as fellow @6 = pretens;oned
« applicable in a variety of topographical conditipsgbject to access constraints; f? anchors
 casings limit hole instability during constructiand damage to green concrete in piles formed inimgaslides; ©% ==

» conventional equipment may overcome thin layen®ok. D) %)

Where access is difficult and/or the depth of slidis modest, micropiles (200 to 300 mm diametee) also used, 20 —_——

normally reinforced by steel pipes to maximize begdnd shear resistance of the micropiles. 2C —_—m

Pile heads are usually completed by a capping beaailow: : S )

* redistribution of horizontal loads between piles; ?+ )

« the installation of anchors, where required to iowerthe resistance of the wall; @ =

+ the installation of sub-horizontal drains, wherguieed to reduce the thrust on the wall. 0'g =

Examples of applications are provided by Wilson7(@)9 Palladino and Peck (1972), Nethero (1982),kdad and TYPICAL
Chameau (1984), Isenhower et al. (1989), RollirsRallins (1992), Reese et al. (1992), Leoni andnissero (2003). Strand anchors Bored piles

SECTION

Design

The design load on the pile wall may be determiime®D limit equilibrium analyses by calculating theaction on the — - , - -
vertical section corresponding to the piled walliakihis necessary to guarantee, with the appropfiter of safety, the| Picture 1: Double row of large diameter piles (source: SGI-MI project files)
stability of the portion of the slide located ugstoof the wall in the absence of the downslopei@urin any case, the
load on the wall cannot exceed passive soil pressur

The contribution of the downslope portion can basidered only if this portion remains stable wéth appropriate
factor of safety once the driving force from thepapportion is removed; even in this case, it mayptudent to consider
this mass only as confinement for the stable selibW, since even very small deformation such askhge in a dry
season may be sufficient to reduce or completehore downslope support to the wall.

The design loads and the stability of the downslppetion in seismic conditions are normally detered from
pseudostatic limit equilibrium analyses, takingoirgccount the excess pore pressures that may geirelthe slope,
where applicable.

Once the net actions imposed by the landslide erpile wall are known, a suitable soil-structureiaction analysis is
carried out by an appropriate method to determité the reactions in the stable soil into which piles are anchored
and the effects of actions on the piles.

The spacing between the piles must be determinledidiag:

e economy and the need to avoid interference betadgtent piles during construction and with natdrainage;

e ensuring that soil arching develops between adjgquitas and that the soil does not “flow” betweba piles.

The check that soil arching develops between adjguiées and that the soil does not “flow” throutite piles can be
done by means of analytical (simplified) toolse($er example Ito and Matsui, 1975) or 3D numeraralysis.

Provided soil arching is guaranteed, plain straih oil-structure interaction analysis is represtwvgaof actual
conditions, with the effects of actions on eack piking those derived from the 2D analyses, midtighy the pile centre
to centre spacing. The same analysis may be usdetdéomine the optimal length of the piles anditeeefit of anchors.
The calculation of the pile capacity in relationth® soil/structure interaction may be carried actording to several
approaches and simplified methods (De Beer, 191ggiahi, 1981; Hassiotis and Chameau, 1984; Cardgbai, 1989;
Pearlman and Withiam, 1992).

Finite elemnt methods may be used instead to peodidsimultaneous and consistent estimate of tHestsocture
interaction both with the sliding mass and with timelerlying stable soil. Finite element analysethatime domain can
also be used to refine the evaluation of the peréorce of the structure under seismic conditions.

The mechanical charateristics of the piles musaderjuate to sustain the actions and the effeastmins on the piles.
The structural checks must satisfy all applicaloldas and standards on the subject.
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Picture 2: Capping beam connecting pile and anchor heads (source: SGI-MI project files) Picture 3: Rows of micropiles reinforced by steel pipes (source: SGI-MI project files)

[/
/ + 167 41
+ 188 51

+ 168 \Ad
68 10

CAPPING BEAMS

Grant Agreement No.: 226479 Page 217 of 340
SafelLand - FP7



D5.1 Rev. No: 2
Compendium of tested and innovative structural, non-structural

and risk-transfer mitigation measures for different landsiges Date: 2012-04-30
MITIGATION THROUGH REDUCTION OF HAZARD
6 TRANSFER OF LOADS TO MORE COMPETENT STRATA
6.2 PILES
APPLICABILITY
Class Descriptor Rating Notes
Falls 0
Type of Topples 0
movement . Best suited to slides and the slide-like portiomafplex landslides. May be applicable in some s&s@revent the triggering of slides with the moied
Slides 8 g ; P
(Cruden & to turn to spreads or flows, but are substantialiyfective once fuidification has occurred.
Varnes, 1996) Spreads 4
Flows 4
Earth 8
Material Debris 8 Difficult, very expensive and typically inappropeain rock. Tools and temporary hole support tosbkected taking into account ground conditions.
Special care must be excercized where the grounidios large boulders which preferably should bercome without causing excessive vibration.
Rock 0
Superficial (< 0.5 m) 0 .
Typically:
Depth of Shallow (0.5 to 3 m) 4 « best suited where the movement is medium deep &3}
moevF()amgnt Medium (3 to 8 m) 8 « inappropriate in shallower movements because exegss
Deep (8 to 15 m) 4 « difficult (large diameter, multiple rows) in deepuwements,
« not applicable in very deep movements.
Very deep (> 15 m) 0
Moderately to fast 0 , . . : . .
Rate of Workers’ safety and end result require constructiotake place when movement is extremely sloweoy glow (maximum 1.5 m/year, corresponding to
ovement Slow 4 approximately 5 mm/day).
(Varnes, 1978) Very slow 38 Under special conditions and taking due precaut{pesmanent casing; drilling non-stop to avoid lalgé& and brocken piles, it may be carried out when
' movement is "slow” (up to 1.5 m/month, correspogdin 5 cm/day) .
Extremely slow 8
Artesian 2
High 6 High groundwater levels can be dealt with by statigile construction procedures, bu artesian grouater conditions pose special problems during
Groundwater : . ; : A
Low 8 construction, possibly making piles not feasiblextreme cases.
Absent 8
Rain 8
Snowmelt 8
Localized 3 Water courses need to be temporarily diverted lably dry during construction.
Surface water Potential pollution of watercourses by piling ofinas (for example by drilling fluid and/or by g)umay impose restriction on construction procedure
Stream 2 No problems once the works are completed, excegdiply when piles provide an undesired "hard baonkiatercourses.
Torrent 2
River 2
Maturity 10 Technique and design process are well establishe widely used in suitable conditions.
Reliabilit 8 Reliable performance in well characterized lan@sljdn first time slides it depends on estimate@zometric regime and apprporiate operational
Y strength parameters of soil, which can be problematoblems may occur during construction, forrapde if unforeseen boulders are encountered.
Implementation 6 Requires specialist equipment and techniquedeimgntation may need temporary roads and workiatigshh for safe operation.
Typical Cost 4 Relatively expensive.

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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6.3 BARRETTES (DIAPHRAGM WALLS)

Description

Barretts (diaphragm wall elements) used for medzdrstabilization of landslides are typically 8@01200 mm in thickness

and 2000 to 3000 mm in length, matching the sizéh@fequipment used (Leoni and Manassero, 2008gdéssary, multiple

panels can be excavated and cast jointly, to fqrecial shapes, such as Tee, or to make longerptymtally up to almost
three times the standard panel length, althougby Tan be placed in earth and debris slopes, tjpi@ga maximum centre
to centre spacing of twice the thickness, with Ithegitudinal axis aligned with the direction of newent, to form specific
alignements across the direction of movement ategiic positions within the landslide (lto et al982; Hassiotis and

Chameau, 1984, Soric and Kleiner, 1986; Popesdl;1Reese et al., 1992; Polysou et al., 1998; Rpd@99)

Construction of the barrettes involves three migess:

4. Formation of guide walls defining the proposed ghapd location of the barrette;

5. Excavation, typically by means of rope or kellyeogted clam shells grabs or by hydromills, dependim the nature of
the ground to be excavated; a suitable drillingdfltypically bentonitic mud or similar, is usedgopport the sides of the
excavation; the drilling fluid is also essentiakttansport the cuttings in reverse circulation wheimg hydromills.

6. Backfilling with reinforced concrete; after cleagithe hole, for example by forced circulation af trilling fluid with a
high pressure, high capacity pump, the reinforcdnsage is installed and concreting proceeds froenbiise upwords
using a tremie pipe, to displace the drilling fluehich is recovered to temporary storage for réngbke next barrette.

The advantages of this technique may be summaaizéollows:

e applicable in a variety of topographical conditipgigbject to access constraints;

e applicable in relatively deep landslides (up to 2B deep) where other techniques may prove inadegu
e conventional equipment may overcome thin layen®ok; hydromills can be used to cut into rock;

The heads of the barrettes are usually completexddaypping beam to allow:

« redistribution of horizontal loads between barstte

« the installation of anchors, where required to iowerthe overall resistance of the structure;
< the installation of sub-horizontal drains, wherguieed.

Design
The design load on the barrettes may be deternin2B limit equilibrium analyses by calculating theaction on the vertical
section corresponding to the barrettes which ies&ary to guarantee, with the appropriate factsafsty, the stability of the

portion of the slide located upslope of the bagseih the absence of the downslope portion; inGse, the load on the
barrettes cannot exceed passive soil pressure

The contribution of the downslope portion can basidered only if this portion remains stable vathappropriate factor
of safety once the driving force from the uppertiporis removed; even in this case, it may be pntitte consider this mass
only as confinement for the stable soil below, siegen very small deformation such as shrinkagedny season may be
sufficient to reduce or completely remove downsleppport to the barrettes.

The design loads and the stability of the downslgoetion in seismic conditions are normally detered from
pseudostatic limit equilibrium analyses, takingoiaccount the excess pore pressures that may gewetbe slope, where
applicable.

Once the net actions imposed by the landslide erbtrrettes are known, a suitable soil-structuteréction analysis is
carried out by an appropriate method to determath the reactions in the stable soil into which hlaerettes are anchored
and the effects of actions on them.

The spacing between barrettes must be determidaddag:

e economy and the need to avoid interference betadg@tent piles during construction and/or with ratdrainage;

e the need to ensure that soil arching develops letwedjacent barrettes and that the soil does ot between them.

The check that soil arching develops between adjdusrettes and that the soil does not “flow” tigh them can be done
by means of analytical (simplified) tools (see daample Ito and Matsui, 1975) or 3D numerical gsial

Provided soil arching is guaranteed, plain strddnspil-structure interaction analysis is represtveaof actual conditions,
with the effects of actions on each barrette beéhuse derived from the 2D analyses, multiplied ly tentre to centre
spacing of the barrettes. The same analysis maysbeé to determine their optimal length and the fiené additional
anchors, if used.

The calculation of the barrettes capacity in relatio the soil/structure interaction may be carpetl according to several
approaches and simplified methods (De Beer, 197@gi&hi, 1981; Hassiotis and Chameau, 1984; Cartbml, 1989;
Pearlman and Withiam, 1992).

Finite elemnt methods may be used instead to peoddsimultaneous and consistent estimate of thlestsacture
interaction both with the sliding mass and with threlerlying stable soil. Finite element analysethatime domain can
also be used to refine the evaluation of the parémce of the structure under seismic conditions.

The mechanical charateristics of the barrettes Imeistdequate to sustain the actions and the efiéattions on them. The
structural checks must satisfy all applicable caates standards on the subject.

Figure 1: Schematic plan and section (source: SGI-MI project files)
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Picture 1: Kelly operated grab for excavation of barrettes and diaphragm walls (source: SGI-MI project files)
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Picture 2: Hydromill for excavation of barrettes and diaphragm walls (source: SGI-MI project files)

Picture 3: Excavation in progress; note guide walls and guide frame (source: SGI-MI project files)

Picture 3: Steel reinforcing cage for diaphragm panel - note T-shape (source: SGI-MI project files)
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Picture 4: Casting barrette with tremie pipe (source: SGI-MI project files)
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6.3 BARRETTES (DIAPHRAGM WALLS)
APPLICABILITY
Class Descriptor Rating Notes
Falls 0
Type of Topples 0
movement . Best suited to slides and the slide-like portiomafplex landslides. May be applicable in some cts@revent the triggering of slides with the it
Slides 8 g : 2
(Cruden & to turn to spreads or flows, but are substantialiyfective once fuidification has occurred.
Varnes, 1996) Spreads 4
Flows 4
Earth 8
Material Debris 8 Difficult, very expensive and typically inappropeain rock. Tools and temporary hole support tosbkected taking into account ground conditions.
Special care must be excercized where the grounidics large boulders which preferably should bercome without causing excessive vibration.
Rock 0
Superficial (< 0.5 m) 0 )
Typically:
Depth of Shallow (0.5 to 3 m) 0 « best suited where the movement is medium deep &3}
moevF:emgnt Medium (3 to 8 m) 6 « inappropriate in shallower movements because exegss
Deep (8 to 15 m) 8 « difficult (large diameter, multiple rows) in deepuwements,
« not applicable in very deep movements.
Very deep (> 15 m) 4
Moderately to fast 0 , : . . . .
Rate of Workers’ safety and end result require constructiotake place when movement is extremely sloweny glow (maximum 1.5 m/year, corresponding to
movement Slow 2 approximately 5 mm/day).
(Varnes, 1978) Very slow 6 Under special conditions and taking due precaut{pesmanent casing; drilling non-stop to avoid lalgé& and brocken piles, it may be carried out when
' movement is "slow” (up to 1.5 m/month, correspogdin 5 cm/day) .
Extremely slow 8
Artesian 2
High 6 High groundwater levels can be dealt with by stashgsle construction procedures, bu artesian grauater conditions pose special problems duting
Groundwater : . ; : A
Low 8 construction, possibly making piles not feasiblextreme cases.
Absent 8
Rain 8
Snowmelt 8
Localized 3 Water courses need to be temporarily diverted labily dry during construction.
Surface water Potential pollution of watercourses by piling ofinas (for example by drilling fluid and/or by g)umay impose restriction on construction procedure
Stream 2 No problems once the works are completed, excegdiply when piles provide an undesired "hard bankiatercourses.
Torrent 2
River 2
Maturity 10 Technique and design process are well establishe widely used in suitable conditions.
Reliabilit 8 Reliable performance in well characterized lan@sljdn first time slides it depends on estimate@zometric regime and apprporiate operational
y strength parameters of soil, which can be problematoblems may occur during construction, forrapde if unforeseen boulders are encountered.
Implementation 6 Requires specialist equipment and techniquedpimgntation may need temporary roads and workiatigshn for safe operation.
Typical Cost 4 Relatively expensive.

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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6.4 CAISSONS — MECHANICAL EFFECTS

Description

Caissons used to provide a mechanical stabilizatidandslides typically range in diameter betwéeand 15 m (Brandl,

1988; Leoni and Manassero, 2003). They can be glacearth and debris slopes, typically along dpeealignements

across the direction of movement at strategic jostwithin the landslide, at a maximum centre éatoe spacing of

twice the diameter.

Construction of caissons involves three main stages

1. Construction of the annular structure which is 1s8eey to ensure that subsequent activities caaied out safely;

2. Excavation to the design depth, as necessary tarerisat each caisson is adequately keyed intatiderlaying
competent and stable strata;

3. Backfilling with reinforced concrete (mass concretay be used in relatively short, large caissonsrestshear
behaviour predominates).

Depending on anticipated ground and groundwateditions, the most common techniques used to forenathnular

structure constructed in the first stage are (Da&iPE89; Tambara, 1999):

* Progressive construction during excavation by a#tey excavation and casting of consecutive conaiatss,
although this may be problematic in unstable slopes

« Advance formation of an annular structure by meafnsicropiles, jet grouted columns, piles or disggm walls,
which is later supplemented by annular steel ociete ribs as excavation proceeds.

Where ground conditions vary significantly along trepth to be excavated, different techniques eamsbd for different
portions of the structure: for example by perforgnthe annular structure to rockhead only and extenthe excavation
into rock with local support only.

Special care needs to be paid when excavating b#lewgroundwater level, especially if more permeadpiound is
overlain by less permeable ground and/or whereingnoonditions may occur. Temporary dewateringésassary in
these conditions and in extreme cases they may thakeechnique inapplicable.

The spacing between the caissons must be deterinaladcing:
e economy and the need to avoid interference betadgtent caissons and/or with natural drainage;
e the need to ensure that soil arching develops letadjacent caissons and that the soil does rot"thetween them.

The check that soil arching develops between adjac&ssons and that the soil does not “flow” bemvéhem can be done bly
means of analytical (simplified) tools (see foample Ito and Matsui, 1975) or 3D numerical analysi

Provided soil arching is guaranteed, plain strdinsdil-structure interaction analysis is represgévgaof actual conditions, with
the effects of actions on each caisson being tHesged from the 2D analyses, multiplied by theintte to centre spacing. Th
same analysis may be used to determine the opemgth of the caissons and the benefit of additianahors, if used.

The calculation of the caisson capacity in relattonthe soil/structure interaction may be carriad according to severa|
approaches and simplified methods based on thelifedpassumption that the caisson is infinitelgid and is subject only tg
rotation (Pasqualini, 1975; Rocchi et al., 1992)c@&nmonly used approach is that based on couptiagequation of global
equilibrium with the deformations of the struct@® determined using non linear spring; alternativebil- structure interaction
analysis of horizontally loaded caisson may beiedrmut by 3D finite element analysis.
Finite element methods may be used instead to greavisimultaneous and consistent estimate of ihetsacture interaction both
with the sliding mass and with the underlying stadidil. Finite element analyses in the time doncaim also be used to refine th
evaluation of the performance of the structure usdésmic conditions.
The mechanical charateristics of the caissons ipeisidequate to sustain the actions and the efééastions on them. Thed
structural checks must satisfy all applicable caates standards on the subject.
It is important that the designer considers thegadey of the annular structureand of the stabdityhe temporary excavations
including consideration of base stability (revebsmaring capacity, piping, blow out). The methodsanélysis must reflect the
details of construction. It is prudent not to reblely on the annular resistance of structures éarimy adjacent vertical elemen
and the reduced annular stiffness of this typeoostruction compared to the axial stiffness of mitinio elements. Nonetheless
the structure needs to be designed to resist sodpressures.

]

The main advantages of this technique may be summedaas follows:

e Very stiff and robust structure;

e Applicable in deep landslides (up to 20+25 m deep@re other techniques may prove inadequate;

e Main structural components are constructed undenmtralled, clean conditions, allowing inspection of
reinforcement and controlled placement and compactf concrete;

* May be adapted to suit a variety of ground condgibelow the sliding mass, including rock;

« Allow installation of anchors and/or suborizontahiths from within the caissons, several metresweajoound
level;

« Allow direct inspection of sliding mass and undartycompetent strata during construction.

On the contrary, it must be borne in mind that tmmtion may take several months and it requireess roads and g
level working platform for safe operation, which ihatively steep ground may require significarglipninary works.

Design

The design load on the caissons may be determme®ilimit equilibrium analyses by calculating treaction on the
vertical section corresponding to the caisson aligent which is necessary to guarantee, with theoapiate factor of
safety, the stability of the portion of the slidedted upslope of the wall in the absence of thendtope portion; in any
case, the load on the wall cannot exceed passivpregsure.

The contribution of the downslope portion can basidered only if this portion remains stable wéth appropriate
factor of safety once the driving force from thepapportion is removed; even in this case, it mayptudent to consider]
this mass only as confinement for the stable selibW, since even very small deformation such asishge in a dry
season may be sufficient to reduce or completehore downslope support to the caissons.

The design loads and the stability of the downslppetion in seismic conditions are normally detared from
pseudostatic limit equilibrium analyses, takingoirdtccount the excess pore pressures that may geirelthe slope,
where applicable.

Once the net actions imposed by the landslide ercéfissons are known, a suitable soil-structueraction analysis is
carried out by an appropriate method to determiogh bhe reactions in the stable soil into which t@ssons are
anchored and the effects of actions on the caissons

Figure 2: Schematic plan and section (source: SGI-MI project files)

TYPICAL SECTION

TYPICAL LAYOUT
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Picture 1: Excavation with temporary retaining structure consisting of bored piles and concrete annular beams Picture 2: Caisson top - chamber for the ispection of strand anchor heads (source: SGI-MI project files)
(source: SGI-MI project filti;s)

Grant Agreement No.: 226479 Page 225 of 340
SafelLand - 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

6 TRANSFER OF LOADS TO MORE COMPETENT STRATA

6.4 CAISSONS — MECHANICAL EFFECTS

Figure 2: Typical layout of structural caissons equipped with active strand anchors - see also schematic section in Figure 1 (source: SGI-MI project files)
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APPLICABILITY

Class Descriptor Rating Notes
Falls 0
Type of Topples
movement . Best suited to slides and the slide-like portiomafplex landslides. May be applicable in some $&s@revent the triggering of slides with the moied
Slides 8 - ) S
(Cruden & to turn to spreads or flows, but are substantialyfective once fuidification has occurred.
Varnes, 1996) Spreads 4
Flows 4
Earth 8
. . Difficoult, very expensive and typically inapprogte in rock, but can be extended into rock if resghi Method of construction to be selected taking
Material Debris 8 .
account ground and groundwater conditions.
Rock 0
Superficial (< 0.5 m) 0
Seoth of Shallow (0.5 to 3 m) 0 Typically:
moevF:emgnt Medium (3 to 8 m) 4 « best suited where the movement is deep (> 8 np @0 t 25 m),
Deep (8 to 15 m) 6 « inappropriate in shallower movements because exeess
Very deep (> 15 m) 8
Moderately to fast 0
misctj'ncgnt Slow 2 Workers’ safety and end result require constructitake place when movement is extremely slowesy glow (maximum 1.5 m/year, corresponding
(Varnes, 1978) Very slow 6 approximately 5 mm/day).
Extremely slow 8
Artesian 2
High 6 High groundwater levels associated with coarsenghimaterials and/or artesian groundwater conditrequire special dewatering during construct
Groundwater . : . ; o
Low 8 possibly making this technique not feasible in exte cases.
Absent 8
Rain 8
Snowmelt 8 - . . .
- Water courses need to be temporarily diverted l@hig dry during construction.
Surface water Localized 6 Potential pollution of watercourses by constructiperations, especially for the first stage annsiarcture (for example by drilling fluid and/or gyout)
Stream 2 may impose restriction on construction procedure.
Torrent 0 No problems once the works are completed, excegstiply when caissons interfere with the banks devemurses, modifying the erosion regime.
River 0
Maturity 8 Technique and design process are well establshedvidely used in suitable conditions.
L Reliable performance in well characterized lan@sljdn first time slides it depends on estimatg@zometric regime and apprporiate operational
Reliability 8 . . .
strength parameters of soil, which can be probliemat
Implementation 6 Requires specialist equipment and techniquedeimgntation may need temporary roads and workiaqrim for safe operation.
Typical Cost 2 Very expensive.

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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6.5 SOIL NAILING

Description

Sail nailing is the insertion of solid or hollowest or glass fibre bars into the face of an exdéamatr an existing slope to
reinforce it, transferring part of the load fronethotentially unstable mass to more competentasttgpically where the
potentially unstable mass has a maximum thicknégsto 8 m. The face of the slope is protected litarete and welded
wire mesh, geogrid/geotextiles sheets and caslaicepconcrete or prefabricated panels.

The technique has been developed in France, GermatyUnited States over the past 25 years or sdl¢®u and
Schlosser, 1985; Nicholson, 1986; Bruce and Jel@8ba; 1986b; Munfach et al.; 1987; Juran and Eli887; Gnilsen,
1988, Recommendations Clouterre, 1991; Byrne et 1#98; Mitchell and Jardine, 2002; Phear et ab05), as a
development of the “root piles” technique origigalleveloped in the 1950’s described by Lizzi (19Bfuce (1992a, b).

Figure 1: Schematic construction
sequence (sketches after Byrne et al.,
1998; photos by USA Corps. of Eng.s)

STEP 1
Install cut-off drainage and excavate
unsupported cut, 1 to 2 m high

Excavate Unsupported
Cut 1 to 2m High ‘\

Its application has extended to a wide variety roiugd types, from soils to weathered and un-weatheocks; while the
term “ground nail” might be a more suitable gendeian, “soil nail” has become established as th@ronly accepted
generic terminology and is used here for nailsaite in all types of ground which can be convettjedescribed as
continuoum. Case histories are listed for exampRruce and Jewell (1987a; 1987b) and Bruce (1989).

A typical construction sequence for drilled andwea nails is described below and shown in Figuralfernative methods
of installations include percussive methods or a4brilling (Myles and Bridle, 1991), combination$ vibration driving
with injections and driving nails by compressedaipyrotechnic launchers A typical applicatiorsi®wn in Figure 2.

1. Installation of ditches to intercept and divertfane water; exacavation/trimming in stages of kditeight (typically

STEP 2
Drill hole for Nail

1 or 2 m), minimizing ground disturbance and remgJbosened areas, leaving a working bench of 5¥idth. For
installation in existing slopes, special provisinnst be made for access (long reach booms, sledgasilar).

2. Dilling of nail holes at predetermined locationsat@pecified length and inclination using drillimgthods appropriate
for the ground, supporting the drillhole with casiif required, although this will often have serdoadverse impact on
the cost effectiveness of soil nailing. Bentoniteother mud suspensions should not be used, asat$ma the
drillhole walls can significantly reduce the grdatground bond. Typical drillhole size: 100 to 3®®; spacing: 1 to
2 m, both vertically and horizontally; inclinatioh5° below horizontal to facilitate grouting; lehg6 to 15 m (up to
28 m using large hydraulic-powered track-mountgd with continuous flight augers).

3. Installation and grouting of nails. Plastic or $teentralizers are commonly used to center the inaithe drillhole;

STEP 3
Install and grout Nail

stiffer grout mix may be alternatively used to ntain the position of the nail and prevent it froimking to the bottom
of the hole. The steel nails are commonly 25 taYs0 in diameter; solid or hollow; the yield strengsh420 to 500
N/mn?. Steel nail diameter smaller than 25 mm are ncorenended due to difficulties associated with pieeet of
such flexible tendons in drilled holes. Groutingds place under gravity or low pressure from thiomo of the hole
upwards. Grouted steel nails protected only bygtteeit annulus are not generally considered adedoaigermanent
application in some countries; in this cases, &mthl protection against corrosion may be given dagrificial

thickness, by heavy epoxy coating and by encapsglétin a grout-filled corrugated plastic sheathi “Self-drilling

nails” (Figure 3) can be used where open holeinpilis not possible or practical. However, theyuieg special

STEP 4
Place drainage strips, initial shotcrete
layer and bearing plates and nuts

corrosion considerations and testing procedurég toonsidered for permanent applications. In gémleeaself-drilling
nails should not be used in aggressive ground €éisedi in Byrne et al., 1998) and coatings showtlbe considered
acceptable corrosion protection, which can be aslsonly by providing sacrificial steel.

4. Placement of drainage system and installation ef adbnstruction facing and of the bearing plategfabricated
synthetic drainage mats are placed in verticgbstfabout 400 mm wide) between the nail heads ri¢dmdal spacing
equal to that of the nails. The drainage strips extended down to the base of the structure andemed either
directly to a footing drain or to weep holes thahetrate the final wall facing. If water is encaeretd, short horizontal
drains are generally required to intercept the magdore it reaches the face. The constructiomtatypically consists
of a mesh-reinforced shotcrete layer of the orddr0® mm thick. Following placement of the shoteratsteel bearing

STEP 5
Repeat process to Final Grade

plate (typically 200 mm x 250 mm square and 20 mick) and securing nut are placed at each nail beddhe nut is
hand wrench tightened sufficiently to embed théeptasmall distance into the still plastic shoteret

5. Progressive construction to the final grade. Inagation or on large slopes, the process describsteps 1 to 4 is
repeated in stages to the final grade. The maxitenth height and construction sequence must biedecarefully,
to ensure stability at all stages of construction.

6. Final facing. For long term structural durabiliyconcrete facing or a second layer of shotcreftaafly applied on the
exposed surface. Rip rap or biotechnological fiesshlso applied, especially in landslide stabilimatvorks.

STEP 6
Place Final Facing
(on permanent walls)
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In case of permanent reinforcement and use ofirggiland grouting methods, the steel bar is endafesliin a cement| frigyre 2: Typical section of soil nailing for slope remediation (source: SGI project files)
grouted body to provide corrosion protection angroved load-transfer to the soil; the steel baal$® typically protected

with a heavy epoxy coating or by encapsulation graut-filled corrugated plastic sheathing. Forestinstallation methods
protection against corrosion can be provided byrifseial thicknesses; BS 8006:1995 gives guidance sacrificial
thicknesses for galvanized and non-galvanised .néitsen shotcrete facing is not adopted, corrosimtegtion at the nalil
head may be provided by precat or cast-in-placerete head details.

Nails are characterized by “continuous” reinforcamaith transfer of shear stress along the fulbtérof the inclusion. The
effect is to reduce nail forces at the face, altaytihe use of only a thin cover, primarily to résision or slump of the face| : HOTORMAY
The nails are installed horizontally or suborizdigtaapproximately parallel to the direction of rajtensile straining in the <7 e T T : . — _
soil. The nails work predominantly in tension, lawe considered to work also in bending/shear, cisibhe where the o " - : A
orientation is perpendicular to the anticipatedastseirface; in these cases nails may more properballed dowels. : s ' ' R T e ‘
The nails contribute to the support of the soitipdy by directly resisting the destabilizing fex and partially by increasing . T TP R P A
the normal loads (and hence the shear strengtipotemtial sliding surfaces (see Figure 3 of faae$t6.0 on the general = 4T '. - o . —
aspects of hazard mitigation by transfer of loadhtore competent strata). The reinforcements arsiyEand develop their e T Al g

action through nail-soil interaction as the soiladms; the face protection need to be installedrufer to keep the soil from T g s o N . ,
caving in between the bars. st L ' N . .

The reinforced soil body (nails plus face protectibecomes the primary structural element; in ftts, reinforced zone : S . W i ' L e w T
performes as a homogeneous resistant unit to suffpounreinforced soil behind it in a manner samiio a gravity wall. T Bgn ME - L N , o TYP|CA|_ SECTION .

__ NOTORMAY

(Stocker et al., 1979).

The technique offers several advantages:

e Construction flexibility in heterogeneous soils lwitobbles, boulder and other hard inclusions, abstructions offer
no problems for the relatively small diameter mhillholes.

«  Well suited to sites with difficult or remote acsdsecause of the relatively small size and mohilftthe equipments.

*  High system redundancy as the soil nails are iestait high density and the consequence of a aititré are therefore | Figure 3: schematic detail of self-drilling hollow soil nail (source: SGI project files)
correspondingly less severe.

* The system is relatively robust and flexible and aacommodate significant total and differentiaipiticements.

« Soil nailing has been documented to perform wedlanrseismic loading conditions (See for exampléoFetlal., 1990).

* Additional nails can easily be installed during stvaction, if slope movements occur or is grediantexpected.

* The method is well suited for rehabilitation oftdéssed retaining syructures.

The disadvantages of the technique are mainly dirtkeits constructability, in relation to nature grbund to be reinforced

and/or presence of groaundwater percolating thrahgHace; in general, the economical use of saling requires that the

ground be able to stand during construction. Initeaid when the drill and grout methods is adoptieds highly desirable

that the open drillhole can maintain its stabifiy at least several hours. Therefore difficultas be experienced in:

e Loose clean sands and gravels or coarse grainedodainiform size unless in a very dense condjtitbese soils will
not generally exhibit adequate stand-up time ardabso sensitive to vibration induced by constarcgquipments.

* Soils with excessive water content or below theugdwater; significant groundwater seepage at tippsed face can
cause serious problems (e.g. local slump; drilllrdgability, impossibility to obtain a satisfacyoground-grout bond).

* Organic soils or clayey soils with Liquidity Indegteater than 0.2 and undrained shear strengththess 50 kPa;
remoulding caused by nail installation in may rezlekin friction to unacceptable values.

* Higly fractured rocks with open joints or voids amgen graded coarse materials (e.g. cobbles), g#etrail socks or
low slump grout may be necessary in such mateatsitigate the difficulty of satisfactorily grouij the nails.

« Rock or decomposed rock with weak structural disoaities inclined steeply toward and daylightimga the cut face.

« Expansive (e.g. swelling) soils; these soils magultein significant increases in the nail loadirganthe face. Water
must be prevented from reaching expansive soitsatfeasoil nailed.

It should also be noted that the long-term perfareeaof shotcrete facings has not been fully dematest, particularly in

areas subjected to freeze-thaw cycles. In thesmrostances it is recommended that the design pievieost from

penetrating the soil by provision of an appropriatetective structure (e.g. granular or synthetgulating layer).

Special attention must be paid in both the desighthe construction stage to the issue of corroaimh durability of the

structural elements. For further guidance on g8sié¢, reference may be made to Recommendationte@m® (1991), Phear

et al. (2002) and Byrne et al. (1998), who alsovjgies detailed recommendations on drainage antlgrogection.

CEMENT GROUTING

COUPLER

HOLLOW REBAR

BIT DRILL

NAIL DETAIL
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Design _ _ o _ _ , Figure 4: Stability of excavation phase in CEBTP No.2 experimental wall (after Recommendation Clouterre, 1991)
As highlighted by Mitchell and Jardine (2002), #nés still much discussion about the assessmettiebehavior and

stability of nailed structures. A discussion on tliéerences between the design approaches widsdg in Europe and the

United States, as reported in Schlosser (1983 areh and Beech (1984), can be found in JurarEéiad (1987), Gnilsen Fontainebleau sand (\P =38°, c=4kPa)

(1988), Jewell (1990), Jewell and Pedley (199080b91990c; 1991), Bridle and Barr (1990) and Ss$do (1991).

Solutions to the problem require:

« Carrying out appropriate soil structure interactinalyses to investigate the internal stabilityhef composite system
made up by nails, facing and soil, both in theitacizone” close to the facing, where the sheasst® exterted by the
soil on the reinforcement are directed outward t@nd to pull the reinforcement out of the grountj & the “resistant
zone”, where the shear stresses are directed imavatdend to restrain the reinforcement from pglibuit.

« Evaluation of the overall stability of the nailstlucture, considered as a massive retaining snei¢external stability).

{I
For internal stability to be achieved, the nailsién strength must be adequate to provide the stuf@ee to stabilize the E [:';' -
m v
¥
—

ENTE NN N, AL
O i R - i

active block. The nails must also be embeddedfaiguit length into the resistant zone to preveptibout failure.

In addition, the combined effect of the nail headrggth (as determined by the strength of the acinconnection system)
and the pullout resistance of the length of thé beiween the face and the slip surface must bguade to provide the 1
required nail tension at the slip surface (intexfbetween active and resistant zones). Struts o ==
All potential failure modes, which involve: a) fatalure (active zone slides off the front of ngils) pullout of nails from .l
the resistant zone; c) structural failure of ndits tension, bending or shear), must be analys@dragely (simplified ;;mf it
procedures) or simultaneously (advanced approaches) B
Major difficulties in finding rigorous and reliabBolutions for the internal stability of the nailetlucture derive from the a- Stable b . At stability limit ¢_ Failure
fact that both the forces acting in the nails drelforces acting on the facing are governed byléfermation behavior of -

Y/ Failure
- surface
oo effect ! i

the entire system, which, in turn, depends on #@rgetric and mechanical characteristics of theouarelements (including
the soil), together with the sequence, rate andhaaeof construction. For example, the latter mdlénce the load transfer | Picture 1: Nailing on embankment slope using self-drilling hollow bars (source: SGI project files)
characteristics between soil and nail. The buildihgoil nailed structure involve a critical phasgih respect to internal or
external stability, which can be lower during thélding phase than when the reinforcement is finaliilt. Therefore,
internal and external stability of the nailed stawe shall be checked for all the construction ped&igure 4).

The simplest and most widely adopted method tostigate both internal and external stability ofl s@iled structures is
based on the slip surface limit equilibrium methby incorporating the reinforcing effect of the msailincluding
consideration of the strength of the nail head ection to the facing, the strength of the nail tamétself and the pullout
resistance of the nail-ground interface. Typicalhg analyses are carried out with reference toridte Limit States, with
the magnitude of deformations (Servicibility Linfitates) controlled indirectly by application of appriate values of
partial factors in ULS calculations. Where deforimas are critical, it becomes necessary to resantimerical analyses.
The contribution of any nail to the stability ofparticular sliding surface will be the least of the tensile strength
(shear/bending contributions neglected) or theditstrength (shear/bending contributions considei the nail; b) the
pullout resistance of the length of nail beyond ship surface; c) the nail head strength plus thkopt resistance of the
length of nail between the slip surface and the fafcthe exposed surface. All potential surfacestrba examined to ensure
that the design is complete.

The potential contribution of shear and/or bendifighe nails to the overall resistance of the sysi typically negligible
and in any case difficult to evaluate, with differ@rocedures being proposed in the literature I(8skr, 1982; Schlosser,
1983; Blondeau et al., 1984; Jewell and Pedley0&a9®; Juran et al. 1990; Schlosser, 1991). Exmariah studies (for
example Jewell and Pedley, 1990a, b) have shoatrthis contribution is less than 10% of that pded by tensile forces
and is only achieved after large displacementalsasstated by Géassler (1990).

In case of drill and grout method of nail instatat the pullout resistance of the nail will be teast of ground-grout bond
and grout-tendon bond. Ground-grout bond is stypdgpendent on the method of construction; for théson both pullout
tests and short-term creep tests are a standardfpaail preliminary testing for check and calitioa of the design before
starting with the construction activities; in shtatm creep tests, the rate of creep of the ndliimdrease as the applied load
increases; a creep rate exceeding 6 mm/60 mingtgerierally considered unacceptable (see for exaBpine et al.,
1998).
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For preliminary design evaluation of ground-groand, reference can be made for example to Busta@nagmt Doix (1985). | picture 2: nailing on debris slope using nails grouted in predrilled holes; note associated wire mesh and
More generally, reference may be made to the clpadisosed by Recommendation Clouterre (1991) wietdte pullout biotechnical facing (source: SGI project files)

resistance to the type of soil and the method sthitation, subject always to verification by puitdests in the field.

Pullout tests can also be carried out in the lalboyabut the boundary conditions of the apparandgthe idealization of the
field conditions mean that the results from sudhstare not always realistic.

In case of continuous threadbars, grout-tendon l®hgically an order of magnitude or more higttean the ground-grout
bond and is therefore not critical for soil nailiagplications when proper grout mix and installatiechniques are used.
The strength of the nail head may be controlledheyflexural and punchning shear strength of tluenég these strengths
are usually determined by specific structural asedy taking into account the grid layout of thdsnaome examples are
given by Byrne et al. (1998) and by Phear et @08). Other potential failure mechanisms do existthe nail head;
however,

these modes will not usually control the desigtinoit the nail head strength for the types of sgstecommonly employed
in soil nail structure construction. For discontas facing elements, the face plate should be etkeafainst bearing failure
(see DoT Advice Note HA 68/94, 1994 for guidand®jternal stability refers to the potential deforimatmodes typically
associated with gravity or cantilever retainingistares and involves considerations of:

e Horizontal sliding and/or overturning under thestal earth pressure of the ground retained behiadeinforced mass.
e Bearing capacity failure under the combined eftéctelf weight and lateral earth pressure loading.

*  Overal slope stability of the ground on which tb# sailed structure is located.

In the simplified procedure, both internal and exté stability analyses are usually carried out2id (plane strain)
conditions.

In order to check both stability and deformatiorhddour of the soil nailed structure the analysasied out with the
simplified procedure can be supplemented by trulensd-facing interation analyses with the usefimite element (FE)
methods; the best approach is to use 3D modelsiewthe nail is modelled explicitly as is; often tBi® geometry is such
that it can be simplified considering symmetryhe model.

==

In static conditions, the reliability of the designethod depends on the correct selection of theatipeal strength

parameters of the soil and on the correct modetinie ground-grout load transfer curves; uncati@s can be minimized | Picture 3: nailing on debris slope using nails grouted in predrilled holes; note associated wire mesh and
by preliminary pull-out tests. biotechnical facing (source: SGI project files)

The internal and external stability under seisnunditions can be investigated by means of pseuattzgnethods and/or
finite element methods; the external stability banalso investigated by means of Newmark type alyars. The reliability

of pseudo-static analyses depends on the samedaaffecting static analyses, with the additionuatertainties on the
appropriate values of pseudo-static seismic caeffidkh to be used; Newmark type analyses mustabéed out for a large
number of strong motion records and the results imeigreated by statistical techniques to miningizer.

FEM analyses retain all the limitations of the sienpnethods, except that they can incorporate a&rdetailed constitutive
modelling of soil behaviour, overcoming the needpr@select operational values of strength, as waellgeometric

simplifications.

Systematic monitoring and reporting of performaigca@ecessary, both to verify that the structurdgeers as anticipated
and to enhance confidence and expertise in thefubés technique in the future, especially in ligh continuing debate on
the best methods of design. In particular, moniwrof any lateral outward movement of the faceighly desirable.

Designers should detail monitoring requirementpdtylocation, frequency and data treatment) amtegial part of the
design.

Performance monitoring instrumentation should idelslope inclinometers, survey points and nail $oatithe head and
along the nail length to measure movements ands&seduring and after construction.

Sufficient environmental monitoring should also dreried out to provide the necessary frameworkiriegrpretation of

performance monitoring. Environmental monitoringuld include, as a minimum, temperatuire variatiand groundwater
levels.

Monitoring should continue for a period of at ledsyears after construction, in order to gatheorimfation as a function of
time and environmental changes such as freeze-tkelws and/or variations in groundwater levels.

For further details on the design of soil nailingictures, reference may made to the guidelinesighdd in France
(Recommendation Clouterre, 1991); the United Kimgd®oT, 1994; BSI, 1995; Phear et al., 2005) arel Wnited States
(Byrne et al., 1998; Lazarte et al., 2003).
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6.5 SOIL NAILING

APPLICABILITY

Class Descriptor Rating Notes
Falls 6
Type of Topples 6
movement : . : : o . . . .
(Cruden & Slides 8 Applicable to slides and in special circumstanosfslis and topples in cemented or stiff/hard coleesoils.
Varnes, 1996) Spreads 0
Flows 0
Earth 8
Material Debris 6 Applicable to earth and debris. In very coarse datnilling can be problematical and launchingiisghuded.
Rock 0
Superficial (< 0.5 m) 8
Shallow (0.5 to 3 m) 8
Depth of Medium (3 to 8 m) 6 Practical soil nail lengths and the need to achmw@icient anchorage in the underlying stable $niit the application of this technique to situats
movement where the residual thickness of the actual or gatlandslide to be stabilized is significant.
Deep (8t0o 15 m) 0
Very deep (> 15 m) 0
Moderately to fast 0
Rate of Slow Workers’ safety and end result require constructiotake place when movement is extremely sloweoy glow (maximum 1.5 m/year, corresponding
movement approximately 5 mm/day).
(Varnes, 1978) Very slow Under special conditions and taking due precautiiomsy be carried out when movement is "slow” tad.5 m/month, corresponding to 5 cm/day) .
Extremely slow 10
Artesian 0
High 2 Drillhole stability where groundwater may be encewed should be reviewed carefully, since the dderaporary casing, if required, would norma
Groundwater make this technique excessively expensive. Grouteivezepage at the surface must be avoided, in@dipg suitable drainage works, with the risk
Low 4 local slumping before the draingae works are effect
Absent 10
Rain 8
Snowmelt 8
Localized 4 o ) ) - ) ) )
Surface water St 5 Where sliding is due to channelized water, consiwndifficulties may be expected and there magjpecial requirements for the facing.
ream
Torrent 0
River 0
Maturity 6 There is over 25 years experience with the teglmibut it is still susceptible to technologicatlalesign improvements.
Reliability 6 Successful application depends on correct sclieatiah and characterization of the landslide, giesind construction detail, correct application.
Implementation 6 Requires specialist equipment; special arrangésmeay be required for access on existing slopewldied by launching but durability is questioriab
Typical Cost 6 Moderate. Can become quite high if drillholeguiee temporary casing and/or special access araeqts.

ly
of

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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6.6 DOWELS AND HARNESSING

Description Picture 1: Dowels to stabilize specific blocks above an existing railway (source: SGI-MI project files)

Dowels are short untensioned steel bars insertddyesuted into holes drilled across the potentialhgtable block or slab)

down to the underlaying stable rock; they are Ugwout 25 mm in diameter, embedded 0.5 to 1.Gwm the sound rock

below and spaced about 0.5 to 0.8 m apart. A typixample is shown in Picture 1.

Dowels are generally adopted in situations chariaete by:

e presence of isolated potentially unstable blockslals of rock located on an otherwise stable stdgarent rock, with
clearly identifiable discontinuities separating paentially unstable mass from the underlying Istatope;

» situations where the removal of the potentiallytable mass (scaling and trimming) is impracticaf,dxample becausdq
it would interfere unacceptably with existing stwres or infrastructure.

» situations where geomorphological conditions antlier presence of structures or infrastructure attdle of the slope
do not allow the installation of passive barriers.

Dowels are installed approximately perpendiculath® sliding surface, to provide additional shessistance across the
potential failure surface. They are used to supplatks or slabs of rock with thicknesses up t@ 2tm. They are most
effective when there has been no prior movemetih@frock so that there is interlock on the poteérdiding surface. For
blocks or slabs thicker than 1 to 2 m or wheredhsas been previous movement, the required supmmytbe provided
more reliably by rock bolting (un-tensioned or iengd)

When istalled at the toe of the block or slab, deveee provided by a cap of reinforced concretectvigincases the exposefd
steel; in these cases the concrete shall be imcowith the rock face so that movement and loseteflock on the potential
rupture surface are minimized.

Where the mass to be supported is fractured irdokisl which are too small to be dowelled individuahd/or rests on
material which is not sufficiently competent to yide adequate anchorage to the dowels, the polgniizstable mass mayj
be harnessed by structural netting (or, more rarelyes) of adequate stiffness and resistance paedtby dowels along the
edges of the potentially unstable mass. A typigahgple is shown in Picture 2.

Design

Dowg|3 operate on the following basic principles: Picture 2: Harnessing to stabilize a group of smaller blocks above an existing railway (source: SGI-MI project files)

* The dowels restrict movement along the potentiduria plane so as to preclude possible reductionsmvailable
resistance that could arise from loss of interlogki

- Sufficient additional shear strength is providedlsy dowels at small deformation such that, togettith the resistance
already available (and preserved) along the digmoity, sufficient overall resistance is providea guarantee the
stability of the potentially unstable mass withaatequate factor of safety.

The objective of the design is to define the numdned charateristics of dowels necessary to ensaethe principles
decribed above are satisfied.

The additional shear resistance to be providechbydbwels in static and seismic conditions mayJauated on the basig
of planar and/or wedge limit equilibrium analysdstle type amply discussed in fact-sheet 2.0 onntal aspects of
mitigation by changes to slope geometry and/or rdasgbution”.

The additional shear resistance provided by theettowith respect to a specific discontinuity andvdbconfiguration may
be evaluated for example as proposed by Panet Y 1&8&ing into account both the shear resistancth®fdowel and the
additional resistance associated with the tensibittwis induced in the dowel by dilatancy on thecdintinuity and/or by
geometrical effects. For simplicity, these addiibnontributions may be ignored, considering theashresistance of thd
dowel alone, especially where the dowels are diogerpendicular to the potential failure surface.

Where dilatancy along the discontinuity and/or getiival effects are taken into account, the lerajtembedment in the
potentially unstable mass and especially in theetgithg stable material must be sufficient to poe/adequate longitudina
anchorage to the dowel.

The results of the analyses depend critically @npitecise modelling of the geometry of the discwiities which represent
the potential failure surfaces, as well as theshesistance and dilatancy along the potentialraisurface.

In order for the dowels to operate as anticipabedh the potentially unstable mass and the undweylgtable material musf
provide sufficient lateral resistance to the dowdijch is normally the case in competent rock baymeed to be verified in
highly weathered rock, weak rocks and/or rocks episisle to weathering.

The design should include careful consideratioaatiess and operating conditions and the assocafety precautions.
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APPLICABILITY

Implementation

Requires access on steep slopes, implying spaguipment. Works must be planned carefullyoidexposing workers to rockfall from above.

Typical Cost

Typically moderate; access conditions may hasteang impact on cost.

Class Descriptor Rating Notes
Falls 8
Type of Topples 2
movement Slides 0 Typically most suitable to prevent sliding of indiual blocks; in special circumstances may be wsed to prevent rotation/toppling of individugl
(Cruden & blocks.
Varnes, 1996) Spreads 0
Flows 0
Earth 0
. - Requires both potentially unstable mass and uniderlgtable material to be competent rock; harngssinen potentially unstable mass is hig
Material Debris 0
fractured.
Rock 8
Superficial (< 0.5 m) 8
Shallow (0.5 to 3 m) 2
Depth of ; . .
movement Medium (3 to 8 m) 0 Typically suitable for blocks/slabs up to 1 to Zapth only.
Deep (8t0o 15 m) 0
Very deep (> 15 m) 0
Moderately to fast 0
Rate of Slow 0
movement Bloks must be stable at time of construction.
(Varnes, 1978) Very slow 0
Extremely slow 8
Artesian 0
High 6 : g : : L :
Groundwater . 5 Suitable for all groundwater conditions; "artesianot applicable to the type of situation treatedibwels and harnessing.
ow
Absent 6
Rain 8
Snowmelt 8
Localized 6 ) o
Surface water Not practical within or close to water courses.
Stream 0
Torrent 0
River 0
Maturity 8 Well established technique, widely used wherdiegdple. Often insufficent attention paid to dutai
Reliability 8 Simple schematization and analysis. Possiblallsitih the systematic identification of blocksstabs to be treated.
6
6

Note
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6.7 ROCKBOLTING

Description

Rock bolting is the systematic reinforcment andfochorage of rock slopes by the insertion and grgutf steel bars into

holes predrilled into the more or less fractureckrmass, improving its stability. The deformedebtmars are typically 25

to 50 mm in diameter and up to 12 to 15 m in lengting bolts are typically formed by joining shartereaded bars

using special couplers, to facilitate handling. Eonvenience of installation, strand anchors (ses-sheet 6.8) are
normally used where longer bolts are required. Bate installed across the discontinuities or thtenttial failure surfaces
at a dip angle flatter than the normal and typjcalbrk mainly in tension and only subordinatelysirear and bending.

Typically, drillholes in rock are self supportinglowever, critical drilling conditions with potentitoss of borehole

stability may be encountered when drilling throulgigly fractured or milonitic zones, especially ifater is also

encountered in the drillhole. In this case, it rhaysimpler to grout and redrill the hole, ratherttusing a casing.

In relation to the degree of relaxation or loosgnari the fractured rock to be reinforced and/ob#otied to the more

competent rock below the bolts can be un-tensiamretensioned. Relaxation and or loosening of thek nmass is a

process that takes place as a results of unloaidgwveathering; once relaxation or loosening has ladlowed to take

place there is a loss of interlock between the kdoaf rock and a significant decrease in the sk&angth along the
discontinuities and in the rock mass as a wholeeQplaxation or loosening has taken place, ibispossible to reverse
the process. For this reason:

- where the degree of relaxation or loosening istikelly modest, it is possible to use passive (usitered rock
bolting acting as pre-reinforcement (Moore and &nii982; Spang and Egger, 1990); the deformatiensssary to
activate the bolts are sufficiently small not teuit in a significant reduction of the shear sttbngharacteristics of
the discontinuities and of the rock mass as a whole

* where significant relaxation and loosening haveaady taken place, it may be necessary to instadideed bolts in
order to prevent further displacements and lossteflock.

The advantages of using un-tensioned bolts arlother costs and quicker installation compared wétisioned bolts.
From a conceptual point of view, un-tensioned (pa$sock bolts work in the same way as nails dff sailing structures

Figure 1: Schematic detail (source: SGI-MI project files)
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COUPLER
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BAR ANCHOR DETAIL

(see Figure 3 of fact sheet 6.0 on the “Genera@spf hazard reduction by transfer of loads toenmompetent strata”).

They are grouted for their full length in a singlperation both below and above the potential failsurface. In slope
applications, where the drillhole dips into thegnd, there is no need for anchoring the distaladritie bolt. Even though
in many situation a head plate is not strictly fiegply a end plate is normally fitted to the boltte surface and this may
be usefull to anchor netting and or other facirgg tmay be required.

From a conceptual point of view, tensioned (actieek bolts work like anchors in tieback retainstguctures (see Figurg
2 of fact sheet 6.0 on the “General aspects - feartd loads to more competent strata”). They @raracterized by a
anchor head, a free-stressing length and a bogthielocated beneath the discontinuity or the pidéfailure surface.
Tensioned (active) bolts must satisfy three basjuirements:

1. There must be a suitable method of anchoring thialdend of the bolt in the drill hole;

2. A known tension must be applied to the bolt withontep and loss of load over time;

3. The complete bolt assembly must be protected framosion for the design life of the project.

Methods of securing the distal end of a bolt in ¢#l hole include mechanical devices, resin aethent grout. The
selection of the appropriate method depends onrakevVactors such as the required capacity of thi, lspeed of

installation, strength of the rock in the bond zaaecess to the site for drilling and tensioningipment and the level of
corrosion protection required (Wyllie and Norrid®96).

The most appropriate method to ensure that badtsar susceptible to creep and loss of load owes 6 to set operating
loads significantly lower than the pullout resistarand below the level at which significant creefluage is observed in
load tests. Specific test procedures have beenlajma for example by the Post Tensioning Instit{it885) and by

AICAP (1993), which can detect the essential agpettthe behaviour of the anchor and the surroundjround, to

determine also the long term pullout resistanditerathan the short term resistance only.

Methods of protecting steel against corrosion idelgalvanizing, applying an epoxy coating and esglaping the steel
in cement grout. Because of the brittle naturehefgrout and its tendency to crack, particularhewhoaded in tension
and in bending, the protection system is usualipmosed of a combination of grout and a plasticvaee

Alternatively, fibre reinforced polymer (FRP) bohtay be used to overcome problems of durabilityarghet al (2001)

provide useful guidance on these products. Up te details may be obtained from manufacturers.

Picture 1: Examples of bolts fitted with mechanical devices for securing the distal end
(source: http://antech-tfa.com/en/3.2_stress.html
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Figure 1 shows a typical example of a three-laygrasion protection system, where the bolt is esakgted in a grout-| Picture 2: Drilling for installation of rockbolts on Polk County US-64 Rockslide
filled HDPE sheat, and the outer annular space dmtvthe sheat and the rock is filled with a secgrudit layer, with | (source: http://news.tennesseeanytime.org/taxonomy/terin/39
centering sleeves to ensure complete encapsulatitde steel.

Grout mix can be readily pumped down a small-di@mgtout tube, so that grouting proceeds from tistaldend of the

drill hole towards the surface, displacing any wate debris and producing a continuous grout colu@mouting is

continued until clean grout flows out of the hotdte surface. Hollow bars can be used in lieuodfisbars, in which case
the grout is injected through the bar itself, aungcthe need for the grout tube.

When bolting is carried out in a unweathered roassnwith relatively widely spaced discontinuitite spacing between

bolts may be commensurably wide and there is nd fareany facing. In this case the end of the xfitted with a small

steel plate, typically embedded in a small concsktb for corrosion protection (See Pictures 2 &ufmk an example).

Where the rock mass is highly fractured and/orfthetured rock may degrade and ravel from underiaretween the

reaction plates of the bolts, a structural facingstrform an integral part of the rock bolting sclkemifferent solutions

may be foreseen for the structural facing, inclgdior example:

« Reinforced concrete walls: the wall acts both gsaection against raveling of the rock and asrgelaeaction plate
for the rock bolts; the rock bolt will be drilletirough sleeves in the concrete; it is also impadriaat there be drain
holes through the concrete to prevent buildup déwhehind the wall.

e Shotcrete, reinforced with reinforcing mesh (tyflicateel, but other materials may be equally suléa

* Reinforced wire mesh, with a network of steel cable

* Reinforced wire mesh associated with reinstateroewnegetation.

Design

Except for the specific differences that derivarirthe different nature of the material, the desion-tensioned (passive
rock bolts is governed by much the same principled rules as described in fact-sheet 6.5 on “Sailifyy”, while the
design of tensioned (active) rock bolts is goverbgdanuch the same principles and rules as desciibétt-sheet 6.8 on
“Strand anchors”. In particular, the following difences are noteworthy:

» from the point of view of the stability analysedgo determine the design load capacity and leofgthe inclusions, | Picture 3: Rockbolts on Polk County US-64 Rockslide after completion
rock bolting deals with a discontinuous rock masmse stability is typically governed by the disdouities, as | (source: http://news.tennesseeanytime.org/taxonomy/terin/39
opposed to the pseudo-continuous nature of thengranvolved in soil nailing schemes; appropriatethods of
analyses, such as deterministic or probabilistidgeeanalysis need to be applied;

« the grout-ground bond that can be developed in batting (other than in argillaceous rocks) is tglly much higher
than is available in soil nailing, with an impaditl on the minimum length of embedment beyond pitefailure
surfaces and on the lower demand on the facingnihcases, no facing at all will be required;

« the much greater stiffness of rock compared to atilws the component of resistance associated étiding and
shear to develop at much smaller displacements.

For tensioned cement-grout bolts the stress digtdb along the bond length is higly non-uniforine thighest stresses ar
concentrated in the proximal end of the bolt imragzly below the discontinuity or the failure sudaaevhile ideally the

distal end is unstressed (Farmer, 1975; Aydan, 198%ractice the required length of the bond zoae be calculated
with the simplifying assumption that the shearssges at the rock-grout interface is uniformly distred along the bond
length. Limit values of the shear stresses canshimated as a fraction of the uniaxial compressivength of the rock in
the bonded zone (Littlejhon and Bruce, 1975); adble bond stresses related to rock strength aridtype are found in
Wyllie (1991).

The diameter of the drillhole is determined by #nilable drilling equipment but must also meettaias design
requirements. The hole diameter should be largeigindo allow the bolt to be inserted in the holéhaut driving or

hammering and be fully embedded in a continuousronol of grout; a hole diameter significantly larglean the bolt will

not improve the design and will result in unnecesshilling costs and excessive grout shrinkagesuitable ratio between
the diameter of the bolt and the diameter of tHe I®in the range of 0.4 to 0.6.

The working shear strength of the steel-grout fate of a deformed bar is usually greater thamnibiking strength of the
rock-grout interface; hence the length of the baonde is typically determined from the stress levkthe rock-grout

interface.

Littlejohn and Mothersille (2008a; 2008b) providgdpnce on issues related to maintenance and mioigito

11
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APPLICABILITY

(Varnes, 1978)

Class Descriptor Rating Notes
Falls
Type of Topples
(rg(r)l\jggnnegt Slides Typically most suitable to prevent widespread slidand toppling on competent rock masses whosevtmeltas governed by discontinuities.
Varnes, 1996) Spreads
Flows
Earth
Material Debris Requires both potentially unstable mass and unidgrstable material to be competent rock.
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
n?oevpetrr']ng:]t Medium (3 to 8 m) Typically suitable to stabilize multiple slabs oedges up to 8 m depth; requires additional facihgre superficial instability occurs.
Deep (8t0o 15 m)
Very deep (> 15 m)
Moderately to fast
Rate of Slow
movement Rock face must be stable at time of bolting.
Very slow

Extremely slow

and

Artesian
Groundwater High Suitable for all groundwater conditions but grouatisy in the drillholes may affect the grout-grodsshd in some rock types, especially shales
Low mudrocks; "artesian” not applicable to the typesitdiation treated by rock bolting.
Absent
Rain
Snowmelt
Localized . -
Surface water Not practical within or close to water courses.
Stream
Torrent
River
Maturity Well established technique, widely used wherdiegdple. Often insufficent attention paid to dutai
Reliability Relatively simple schematization and analysissibde pitfalls in the systematic identificationveédges or slabs to be treated.

Implementation

Requires access on steep slopes, implying spaguipment. Works must be planned carefullyoidexposing workers to rockfall from above.

Typical Cost

mcnoooooOOmooooOOoomOmooooommmooooooog;oo

Typically moderate; access conditions may hasteang impact on cost.

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”

Grant Agreement No.: 226479

SafeLand - FP7

Page 240 of 340



D5.1 Rev. No: 2

Compendium of tested and innovative structural, non-structural
and risk-transfer mitigation measures for different landsiges Date: 2012-04-30

MITIGATION THROUGH REDUCTION OF HAZARD

6 TRANSFER OF LOADS TO MORE COMPETENT STRATA

6.7 ROCKBOLTING

References:
AICAP (1993). "Ancoraggi nei terreni e nelle roce®Raccomandazioni”. In Italian, 43pp..

Aydan O. (1989). "The stabilization of rock enginiag structures by rock bolts”. PhD thesis, Depaibof
Geotechnical Engineering, Nagoya University, Jagad, pp..

BS 8081:1989 British Standard code of practice forudAnchorages. BSI, London.
EN 1537:2000 European Standard for Execution ofiagpgeotechnical work . Ground Anchors.

Farmer I.W. (1975). "Stress distribution along simggrouted anchor”. Int. Journal of Rock Mecharing
Geomechanics Abstracts, vol. 12, 347-351.

Littlejohn G.S., Bruce D.A. (1975). "Rock anchorS&tate of the Art. Part I: Design”. Ground Engiriegyvol. 8, n° 4,
41-48.

Littlejohn S., Mothersille D.M. (2008a). "Mainteneg and monitoring of anchorages: guidelines”. Cauteal
Engineering 161, issue GE2, 93-106.

Littlejohn S., Mothersille D.M. (2008b). "Maintena@ and monitoring of anchorages: case studies”tésbnical
Engineering 161, issue GE2, 107-114.

Moore D.P., Imrie A.S. (1982). "Rock slope staldtibn at Revelstoke Damsite”. In Transactions, 14thCong. On
Large Dams, ICOLD, Paris, vo. 2, 365-385.

Post Tensioning Institute (1985) "RecommendatiarPiestressed Rock and Soil Anchors”. 2nd ediftimgenix,
Arizona, 57 pp..

Spang K., Egger P. (1990). "Action of fully groutkdits in jointed rock and factor of influence”. &oMechanics and
Rock Engineering, vol. 23, 201-229.

Wyllie D.C. (1991). "Rock Slope Stabilization antbEection Measures”. In Proc. Of National Sympasion Highwaay
and Railway Slope Stability, Association of Engirieg Geologists, Chicago, 41-63.

Wyllie D.C., Norrish N.I. (1996). "Stabilization abck slopes”. In Landslides: Investigation andilyttion, Special
Report 247, Transportation Research Board, NatiBeakarch Council, A.K. Turner and Schuster R.itoes] 474-504.

Zhang B., Benmokrane B., Chennouf A., MukhopadhyRyd&l-Safty A. (2001). "Tensile behaviour of FR¥Adons for
prestresses ground anchors”. Journal of compaoaitstaiction, ASCE, 5, 85-93.

Grant Agreement No.: 226479 Page 241 of 340
SafeLand - FP7



D5.1 Rev. No: 2
Compendium of tested and innovative structural, non-structural

and risk-transfer mitigation measures for different landsiges Date: 2012-04-30

MITIGATION THROUGH REDUCTION OF HAZARD

6 TRANSFER OF LOADS TO MORE COMPETENT STRATA

6.8 STRAND ANCHORS

Description

Strand anchors are structural elements installddgaouted in predrilled holes in soil or rock tarismit an applied tensile
load into the ground. They are typically manufaetufrom high strength low relaxation class 1860 MRl in strands
15.7 mm (0.6") in diameter; the number of stramdground anchors typically varies from 3 to 8 (g 1). Strand is
typically the most economical tendon and oftenriwst versatile due to its flexibility. The maximuength is nominally
unlimited, since the strand can be manufacturedaaseémbled in any length and it can be transpaaédd; in practice,
however, the maximum length is limited by drillinfypical overall lengths are up to 35 — 40 m.

The basic components of a grouted ground anchéudadhe: (1) anchorage; (2) free stressing (unbdptength; and (3)
foundation or bond length. (Sabatini et al., 1999)

The anchorage is the combined system of anchor, Hessding plate and trumpet which allows a corfremising of the
strands and of the wedge system and the transmis§ithe prestressing force from the strands tagtioeind surface or the
supported structure; in permanent application fiir@/ided also with a protection cap.

The free length represents the part of the anchtwden the foundation or bond length and the hieaghich the strands
are free to elongate elastically during tensionipgrations and transfer the resisting force from kibnd length to the
structure, nominally without load transfer to thersunding ground. A bondbreaker is a smooth mlasigeve filled with
greese that is placed over the tendon in the urdmbrdngth to prevent the prestressing steel fromdimgy to the
surrounding grout. It enables the prestressingd stéhe unbonded length to elongate without olitton during testing and
stressing and leaves the prestressing steel unba@itde lock-off, providing corrosion protectiontae same time.

The foundation or bond length is the part of theham which transmits the tensile stresses to toargt; this is usually
obtained by means of cement grout providing adtoerdietween the tendon and the drillhole. To in&¢he grout-steel
adherence, strands are suitably shaped by meapsioérs and straps. A typical assembly is shov#igure 2.

Appropriate drilling methods must be selected tit ground and groundwater conditions, supporting dhillhole with
casing, if required. Bentonite or other mud susjmerss should not be used, as “smear” on the driflhaills can
significantly reduce the grout-to-ground bond. Airsh should be used in argillaceous soils and soslisceptible to

Figure 1: Cut away view of typical multistrand tendon (source: Sabatini et al., 1999)

CENTRALIZER

SHEATH

SPACER

rempulding. Typical drillhole size range from 100 200 mm; a minimum inclination of 10° below honmtal is
recommended to facilitate grouting. Typically, tdles in rock are self supporting. However, caitidrilling conditions
with potential loss of borehole stability may becemntered when drilling through higly fractured milonitic zones,
especially if water is also encountered in thellisle. In this case, it may be simpler to grout aedrill the hole, rather
than using a casing.

Strand anchors contribute to the stabilization miugd slopes operating according to the schemertexpin Figure 1 of
fact sheet 6.0 on the “General aspects of hazattion by transfer of loads to more competentatrar in combination
with other structures such as piles (fact-shegt 6&rettes (fact-sheet 6.3) or caissons (facktshd).

Permanent anchors must satisfy three basic regeirsm

5. There must be a suitable method of anchoring thtaldénd of the strands (foundation, bond lentiihédrill hole;

6. A known tension must be applied to the strand anulithiout creep and loss of load over time;

7. The complete strand anchor assembly must be peotéaim corrosion for the design life of the prajec

The most common method of anchoring the distal@radstrand anchor in the drill hole is cement grdtere are severa

techniques to form the grouted bond length, as¥el (Wymer et al., 2003):

A. Gravity grouted shaft borehole, which may be lioedinlined depending on hole stability;

B. Low pressure (< 1 MPa) grouted borehole via imdintube or insitu packer where the diametethef fixed anchor
is increased with minimal disturbance as the gpaumeates through the pores or natural fissarései ground;

C. High pressure (> 2 MPa) grouted borehole via lirtinige or insitu packer, where the grouted fixedhands enlarged
via hydrofracturing or compaction of the ground;

D. Gravity grouted borehole in which a series of gggaents (underreams) have previously been medipricrmed.

In soils it is important to increase friction beemegrouting and the surrounding soil; thereforaugny of the bond zone is
usually Type C, performed by means of pipes witlvesmequipped with manchettes placed at varialdtadce (typically
30 to 100 cm) depending on the soil characteristegpermit repeated localized high pressure gngutind to repeat
grouting after tensioning, if necessary, in casmsifficient friction.

Figure 2: Multistrand anchor, typical detail (source: SGI-MI project files)
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The most appropriate method to ensure that bodtat susceptible to creep and loss of load owvee 5 to set operating
loads significantly lower than the pullout resistarand below the level at which significant creeffleage is observed in
load tests. Specific test procedures have beerapaaefor example by the Post Tensioning Instif@®85) and by AICAP
(1993), which can detect the essential aspectseobéhaviour of the anchor and the surroundingrgtpto determine also
the long term pullout resistancet rather than tiert¢erm resistance only.

As experience with ground anchors in general arttl strand anchors in particular accumulated, irgingpattention has

been focused on durability and corrosion protectiBmer since the publication of BS 8081:1989, #tindards and

guidelines place great attention on this issue.

The protection degree of strand anchors is defingth reference to their design life and to the eowmental

aggressiveness. Protection in every part of tlendtanchor is usually assured by:

< Bond length: cement grouting and plastic, dielectriaterproof and corrugated sheath (permaneniasich

« Free length: each strand is coated with soft carnoprotection compounds (grease, wax, etc.) andagued in a
polyethylene pipe; an external sheath covers traenundle of strands (temporary and permanenicgijans).

« Anchorage: it is the critical element of the systand is the part most susceptile to corrosion anansmission of
stray currents; it requires a perfect sealing abave below the bearing plate. Protection belowlaring plates
assured by an insulating system consisting of mdytal chamber sealed to the anchor head anket@lastic sheath
in the free length; after tensioning the cylindrichamber is filled with anticorrosion compoundotection above the
bearing plateis assured by a concrete sealing, if it does aquire in service checking or re-tensioning or bg t
installation of a metallic cap filled with anticosion compound. Further protection from stray ausenay be allowed
by the interposition between bearing plate and anhbad of dielectric materials.

The current European standard (EN 1537:2000) ¢ikessanchors depending on their design life, dggtishing

"temporary” and "permanent” anchors, having a dedifg@ less than and more than 2 years respecti@byble corrosion

protection and dielectric isolation are mandatanydermanent anchors and according to strict inééagion, in situ grout

cannot be considered as providing corrosion prigiect

Figure 3: Schematic section of typical strand anchors application for slope stabilization (source: SGI-MI project files)
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PRETENSIONED STRAND ANCHORS

TYPICAL SECTION

Strand anchors are used in all types of soils agtilyh weathered and/or fractured rocks or wherekrbolting is
impractical due to the lengths required (overatigih more than 15 m). Examples are shown in thersakic section of
Figure 3 and in Pictures 1 to 3.

A load distribution structure is normally requirtal spread the very high concentrated loads availablthe anchorage

Reinforced concrete spreader slabs or beams amgatiprused for this purpose in permanent applicesti®here the soil or

the weathered rock may degrade and ravel fromruadd in between the reinforced concrete slabseamis, a full

containment facing must be included in the anchosgtem. Different solutions may be foreseenHerfacing, including
for example:

« Reinforced concrete walls: the wall acts both @sadection against raveling of the rock and asrgelaeaction plate
for the rock bolts; the rock bolt will be drilletirough sleeves in the concrete; it is also impartiaat there be drain
holes through the concrete to prevent buildup dewhehind the wall.

» Shotcrete, reinforced with reinforcing mesh (tyflicateel, but other materials may be equally dién

* Reinforced wire mesh, with a network of steel cable

* Reinforced wire mesh associated with reinstaterobwnégetation.

A typical facing that was popular in the 1970’s di80’s is a network of “vertical” and “horizontalginforced concrete
beams forming a grid pattern on the slope, withngt anchors at the intersections; the open sgzs@geen the beams
were typically filled with soil to encourage re-nsdlization.

A description of the use of anchors to stabiliZatedslide is provided by Millet et al. (1992); inésting case histories
describing the use of tiebacks together with dtibdaft or driven H-piles walls are presented inathlerby and Nicholson
(1982), Hovland and Willoughby (1982), Tysinger §29.

Picture 1: Strand anchors and concrete slab to stabilize multiple tier retaining wall (source: SGI-MI project files)
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Picture 2: Anchorage for 4 strand anchors; photograph shows an example of poor quality construction, both with
Design respect to concrete quality and to prevention of corrosion (source: SGI-MI project files)

For cases where strand anchors are used in coignneith other mitigation measures such as pilestdites and caissons,
they are explicitly considered in the respectivebgl stability and soil-structure interaction aséyappropriate for each
type of mitigation measure(see fact sheets 6.2¢ &.3).

For stand alone anchored plates, the geotechnesifm is carried out using the methods and critselaout in fact-
sheet 2.0 on the “general aspects of mitigatiooufih changes in slope geometry and/or load disioibl taking into
account the stabilizing effect of the anchor loaBssides global stability analysis, it is necesdaryerify the bearing
capacity of isolated spreader slabs or beams,ottad ktability between isolated spreader slabseants, the adequacy of
any facing and the structural design of slabs, lsemmd walls.

With regard to the design of the bond length, d@dt be noted that the stress distribution aloreglibnd length is higly
non-uniform. In practice, the required length of thond zone can be calculated with the simplifyasgumption that the
shear stresses at the ground-grout interface feramly distributed along the bond length. In théspect, it is recommended
to restrict the length of the foundation to maximuignto 15 m.

Limit values of the shear stresses at the groutngtointerface can be estimated by applying, fornmg{e, the
recommendations given by Bustamante and Doix (1@8figh consider different values of limiting frioti as a function of
both ground characteristics and the method of grguCare should be excercised in applying thes@milar guidelines to
anchors placed at shallow depth where the limitagtcmay preclude or render ineffective high pressgmouting.

The working shear strength of the corrugated sbemit interface is usually greater than the workatigength of the
ground-grout interface; for this reason the lengtithe bond zone is typically determined from tleess level of the
ground-grout interface.

In all cases, it is highly recommended to verifg tictual limit resistance of the anchor by fulllsgareliminary load tests
before starting commercial production. A suitaldsting procedure to check that the full design lsadpplied at the
required depth and that there will be no loss afllavith time shall be drawn; reference can be r@icccommendations
given, for example, by the Post Tensioning Instit{it985) and by the AICAP (1993).

As far as experiences on maintenance and monitafifgermanent anchors are concerned, referencbeanade to the
paper by Littlejohn and Mothersille (2008a; 2008b).

Grant Agreement No.: 226479 Page 244 of 340
SafelLand - 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

6 TRANSFER OF LOADS TO MORE COMPETENT STRATA

6.8 STRAND ANCHORS

APPLICABILITY

(Varnes, 1978)

Extremely slow

Artesian
Groundwater High Difficulties may encountered With drilling gnq _gltmg where groundwater levels are high or, worseeséan. Forming drillholes with the mouth belg
Low the groundwater table in relatively free drainimgscan be problematic or even not feasible.
Absent
Rain
Snowmelt
Surface water Lcs)(t';?e“:rid Water courses need to be diverted to allow ingtailathe presence of water courses may acceleaatesion and prevent inspection and maintenance.
Torrent
River
Maturity There is scope for further development, espgudialterms of manufacturing technology, corrosiatgetion system and the use of new materials, (FR
Reliability Critical item, where used. Reliability, espegiali the long term. depends on correct detailing iastallation procedure; doubts on long term dilitgb

Implementation

Can be implemented with commonly available eqeipinbut requires special expertise.

Class Descriptor Rating Notes
Falls
Type of Topples
movement ; : . . L _ )
(Cruden & Slides Suitable for a wide variety of situations, providedy can reach stable ground; cannot preventmrast spreads and flows.
Varnes, 1996) Spreads
Flows
Earth
Material Debris Suitable in all types of materials, some difficufbay be encountered drilling in debris, whcih mayegise to both relatively hard drilling (espetyaif
loose hard blocks are encountrered), problems dvitlhole stability and water inflow.
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
Depth of Medium (3 to 8 m) Most suitable for deep and very deep movemenetsrieg very long anchors, where the advantadgestrahd over bars are evident; often used also in
movement medium depth movements in association with piles.
Deep (8t0o 15 m)
Very deep (> 15 m)
Moderately to fast
mi\?(taemcgnt Slow Movement must be extremely or very slow to allowtatiation. Drilling and placing the anchors typigaakes several hours but grouting operatipns
Very slow typically take several days.

W

D

Ps

Typical Cost

0"0’G’G’oo,\,ooooooooOO@NooAOOmoomNooomoooooomm

Moderate, in relation to the benefits providadiang that installation does not require speaiakas provisions.

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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7 RETAINING STRUCTURES (TO MODIFY SLOPE GEOMETRY AN D/OR TO TRANSFER LOADS TO COMPETENT LAYER)

7.0 GENERAL

Description Figure 1

The potential benefits and methods of modifying geemetry and/or mass distribution of slopes nsteptible to flow

slides are described in Section 2 of Annex A; wHeessible, loading at the toe with buttress fiishown to be particularly

effective and relatively inexpensive. Where butriibs at the toe of the slope are not feasible tugeometrical or other

constraints, such as the presence of existingtanes; infrastructures, etc., retaining structuresy provide a workable

solution, limiting the space occupied by the sfalmiy mass. In certain conditions reinforced stilictures may be used

also to replace the unstable mass altogether. ACTUAL OR POTENT IAL LARNDILIDI

Depending on the specific conditions and constsaatthe site, retaining structures may either @asiop of or within the i e i

sliding mass (Figure 1), whereby their stabilizeféect depends entirely on the modification to teess distribution on the| e

slope, or they can penetrate through the entickiieiss of the sliding mass, reaching and thus feairsy loads to more \ RETAINIA) g

competent layers below (Figure 2). Structures whiehdesigned primarily with this latter purpose described in detail in —?, s be .

Section 6 of Annex A. In this Section, the attentis focused on structures where the transfeoadd to more competent N B o irhdioats ;

layers, where it occurs at all, is only part of #tabilizing mechanism. STABL S i \\ OBSTACLE »
Depending on performance requirements, availakdlitg durability of materials, local practice, aesits, cost and speed &RO )', 17 = e ~ % CoNET J
of construction, retaining structures can be diedint types, as follows (Chapman et al., 2000): Sl = B omean = /— e
* Reinforced soil structures; & AL = Q_ﬁhr ro ’)L : 'if\._!;-;.i.‘.r
e Gabion walls; ~i= N
*  Crib walls — e e

* Drystack masonry walls

* Mass concrete or masonry walls

* Reinforced concrete stem walls (cast in situ ofgimeécated)

As a general rule, for slope stabilization reldtvidexible retaining structures should be prefdrte rigid structures, sinc Figure 2

the latter are more susceptible to being damagsfferential movements.

Modular walls, such as prefabricated RC stem walib, walls and gabion walls are typically relativéast to construct
and factory made structural elements are more doheta systematic quality control before they areorporated into the
wall.

Systems such as crib walls, gabion walls and thi#ows types of reinforced soil systems, which cambspeed of
construction with relative flexibility, are incraagly more common.

The use of certain systems may be inappropriateayrrequire special precautions where the struchang be subjected to
vandalism or accidental mechanical damage, for el@by vehicles or fire.

In all cases, special care needs to be paid taetisat the structure does not impede the corraihage of groundwater.

Design
The basic design of the retaining structures idlainto the design of buttress fills; under theuitrexerted by the sloping
ground (unstable or potentially unstable) the rétgy structures shall be verified, with adequatddis of safety, against]
external instabilities such as:

e Qverturning;

e Sliding at or below its base;

e Bearing failure of the foundation.

« Overall stability, both locally to the structuredaimcluding the unstable or potentially unstableuyd behind.

The internal stability of reinforced concrete walisassured by conventional structural checksptiér types of retaining
structures require the internal stability to beifienl by appropriate methods, including separatecstiral and geotechnical
verification of facing and reinforcing elements,ex appropriate.

References:

Chapman T., Taylor H., Nicholson D. (2000). “Modufaravity Retaining Walls — Design Guidance”. Paation C516,
CIRIA, London

ACTUAL OR POTENTIAL LANDSLIDE

e e,

RETAINING
- T 3T ] b1 h
\\ \\ e CTABL RO M
P . e e -
S ; -'".-}..f-}, : \\. . R"“‘-‘-\ S O EBETAC LE of
GRODM] e CoNSTEAINT
ToL BUTIEEES
~ NorFeEASI&LE

Grant Agreement No.: 226479
SafeLand - FP7

Page 248 of 340




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

7 TRANSFER OF LOADS TO MORE COMPETENT STRATA

7.1 REINFORCED SOIL STRUCTURES

Description

Reinforced soil structures (Figure 1) are formedcbynpacted layers of soil 50 to 150 cm thick in ahreinforcing

elements of appropriate length are interposed fwore overall resistance; the external face ofsthecture is protected by

a facing which may consist of shotcrete and wiresimegeogrid/geotextile sheets, modular facing lpciast-in-situ or

prefabricated panels or similar (Figure 2). Theifgcmay incorporate biotechnical elements, typicdbr aesthetic

purposes only.

Reinforced soil structures are generally applicablsituations where the reinforcement elementsthedill are placed as

the wall is constructed. The concept of reinfording backfill behind retaining walls was develojgdH. Vidal in France

in the mid 1960s).

These structures offer several advantages As bigieldl for example by Mitchell and Villet (1987),inforced soil

structures:

« are coherent and flexible to tolerate relativehgédisplacements;

e can use a wide range of backfill materials;

e are easy to construct;

e are relatively resistant to seismic loading; howetheir use in areas of high seismicity is stillreawhat restricted
because of the lack of definitive research on iggsie; in particular the connection between thefoeting elements
and the facing elements may be critical (Allen &lwdtz, 1991).

» can form aesthetically attractive retaining walisl &lopes because of available facing types

« are often less costly than conventional retaintngctures, especially for high steep slopes ant higlls.

General principles

In reinforced soil structures the reinforcing elenseprovide the structure with a component of tensirength. As the
height of the wall increases, the overburden pressicreases and the shear stresses within thenags build up. There is
a tendency for the face of the wall to displacenautis which increases as the height of the walemses. The outward
movement of the soil is resisted by the reinforaétgments which go into tension as frictional fercevelop along them.
Because of the thin nature of the reinforcing eleimi@sed in this type of structure, they can ombwjole tensile resistance
The tensile forces acting in the reinforcement® asntribute to the normal stress acting along mté@tk slip-surfaces
within the reinforced soil mass, thus increasing fhctional resisting force along them. In the easd reinforcements
consisting of grid mesh, with orthogonal strips mimy parallel to the face of the wall, there isoals component of
resistance generated from their edge bearing agamsoil infilling the gaps between the strips.

The maximum tensile forces in the elements occthiwihe reinforced soil mass rather than at tloenfp The locus of the
point of maximum tensile force in each row of reiting elements separates the reinforced soil masg distinct zones,
an “active” zone immediately behind the facing angbassive” zone. Contrary to soil-nailing struetsirthe position of the
line of maximum tension can be reasonably estimaterhses of reinforced soil structures due tortheiform geometry
and the “known” characteristics of materials.

Reinforcing elements

The reinforcing elements may consist of;

« Metallic strips (Reinforced Earth or Terre Armée);
e Polymeric strips;

* Geotextile sheets;

* Geogrids;

* Metallic grids.

Strip reinforcing elements
The mechanism of stress transfer between the regrftent and the soil is essentially friction depeld at the surface of
the reinforcing strip (Mitchell and Villet, 1987 h@istopher and Holtz, 1989; Christopher et al.,@)99

Early experiments with fibreglass-reinforced polymestainless steel and aluminium strips were meotessful so all
Reinforced Earth (Terre Armée) walls are currentypstructed using galvanized steel strips (Schip$880).

Figure 1: Generic cross section of reinforced soil walls and slopes (source Berg et al., 2009)
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As corrosion rates of metals in soil are very difft to predict, also in presence of galvanizeélst&ips free-draining sand Figure 2: Types of reinforced soil wall facing (after Wu, 1994, as reported by Berg et al., 2009)
and gravel fills are specified to reduce corrogimtential. Epoxy-coated steel strips have beenldpgd and may offer
higher resistance to corrosion (Elias, 1990). botly, steel reinforcement could be designed wihaiificial thickness, but l
this is seldom economic considering the small ahithickness of the reinforcement elements andnised to provide ™
sacrificial steel all round.

Since the mid 1970s, non-metallic strips have baea developed (Holtz, 1978; Jones, 1978), congistif continuous
glass fibres embedded in a protective coating okgpesin or of geosynthetic strips.

The reinforcement elements are connected to vegredabricated reinforced concrete panels or ivedi steel mesh facing
panels progressively assembled as the structemnigructed.

In an attempt to improve the stiffness and pull mdistance of the reinforcement, bar-and-mestesystor bar-mats
formed by cross-linking steel reinforcing bars weleveloped by California Department of TranspootatiCaltrans
(Forsyth, 1978); laboratory tests showed that taeamd-mesh reinforcement could produce signifiganigher pull-out
resistances compared to longitudinal bars only (@het al., 1977). Evolving from the Caltrans projether bar mats Segmental
systems has been developed and used (see for examgérson et al., 1987; Hausmann, 1990; Mitchadl @hristopher, Precast Concrete
1990). The main problems with bar mats systemgjiaen by the corrosion of the steel bars.

Wrapped-Facing
with Shotcrete Cover

Getextile sheets

The use of geotextiles in reinforced soil structufellowed shortly after the introduction of Reinfed Earth (Terre
Arméeé), (Bell and Steward, 1977; Yako and Christoph988; Allen at al., 1992).

The mechanism of stress transfer between the regrftent and the soil is essentially friction depeld at the surface of
the reinforcing sheets (Mitchell and Villet, 19&hristopher and Holtz, 1989; Christopher et al9)9

A large variety of nonwoven or woven polyester aoti/propylene geotextiles, with a wide range of hatcal properties,

is available (Christopher and Holtz, 1989; Koeri&90). —

Coarse grained soils ranging from silty sands &vejis are commonly used as fill. oo
The most common facings are formed by wrapping geetextiles around the exposed soil. Since theegéles are e il |
subjected to vandalism, mechanical damage andiadletiéon, the exposed materials must be coveredl sliotcrete or

asphalt emulsion, modular facing elements, gabiorsoil and vegetation. In the latter case, thénfatypically includes -
additional layers specifically designed to congabsion, consisting of variable combinations ofgyats, geomats and/o ————a—a
biodegradable mats, to hold the soil in place uhélvegetation has taken hold. e

e ——

The use of geosynthetics sheets instead of stées$ $tas been introduced and it has become pragegssnore popular
mainly on account of their lower cost and greatemrasion resistance. However, doubts persist ondimrability and
longevity of geosynthetic materials because of dbahand biological attack (Elias, 1990; Allen, 19®8rand and Pang, Modular Block Wall Units Full-Height Concrete Pancl
1991). The mechanical characteristics of geosyitthetiso give rise to issues related to their lostHfness and their
susceptibility to significant creep (Rimoldi andcBiuti, 1992).

Geogrids and Metallic grids

In grid reinforcement, polymeric or metallic elerteiare arranged in rectangular grid shape, withidhg side oriented
parallel to the direction of the movement betwdenreinforcement and the soil; therefore, the gdilinteraction involves
both friction acting on the long side grid elemesutsl passive bearing resistance on the short sidelgments. Due to the
contribution of the passive bearing resistance ggidforcements provide higher resistances to puilthan flat strips; it
should be considered, however, that passive beagsigtance develops after relatively large digataents (5 to 10 cm),
see for example Schlosser (1990).

Polymeric geogrids represent the most commonly @$echent for soil reinforcement; they are made blygropylene,
polyethylene or PVC coated polyester. Since the0O%49advances in the formulation of polymers ledsignificant
improvement in their strength and stiffness andhieir use for several applications, including repai slope failures
(O’'Rourke and Jones, 1990; Murray and Irwin, 198trray, 1982; Jones, 1985; Szymoniak et al., 193#syth and
Bieber, 1984; Mitchell and Christopher, 1990). Aghwthe geotextile sheets, polymeric geogrids arsceptible to
environmental deterioration, large deformations ersep.

Coarse grained soils ranging from silty sands &vejis are commonly used as fill. Gabion-Facing Tire-Facing Units
Requirements and details of facings are simildhése described above for structures constructtddgeiotextile sheets.
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Whatever the reinforced soil structures, provisibdrainage behind the facing and the reinforceldnsass is important, to
maximize effective stresses within the fill and ilaksle shear strength at the soil reinforcemerdgriaces. Allowance for
drainage from the facing should also be made.

For a more comprehensive description and discussioreinforced soil structures reference can beemtst example, to
Lee et al. (1973), Jones (1985), Mitchell and Yi(&987), Christopher et al. (1990), Mitchell antiriStopher (1990),
O’Rourke and Jones (1990), DoT Advice note HA/68/P294), BS 8006 (1995), Love and Milligan (199wvell (1996),
Jones (1996), Berg et al. (2009).

Design

The thickness of the layers used depends on tlheenat the fill and reinforcement and on the geaynef the structure.
The filling material shall be suitable for compacti granular fill is typically compacted to 95% thfe maximum dry
density determined in Modified Proctor Test.

The type of reinforcement, facing and connectioepethd on soil type, wall height, slope, etc. Usuablymeric
geosynthetic are considered extensible, while si&gds are considered inextensible; using extémsilp inextensible
reinforcements may determine differences in theno:bf analysis (see for example BS 8006, 1995).

The toe of the facing should be embedded belovgtbend surface to prevent against local punchiiigréaat the base of
the facing and to prevent flow of the soil undee thall from water flow due to a head building uphipel the facing
(piping).

The basic design of the reinforced soil structureder the thrust exerted by the (unstable or pietignunstable) sloping
ground behind it includes both external and intestebility evaluations (see for example Ghionr2g5).

External stabilityevaluation will include consideration of:

* Overturning;

« Sliding at or below the base;

e Bearing failure of the foundation.

« Overall stability including the unstable or potatiti unstable ground behind the reinforced soiteays

They are carried out in static and seismic conatiaccording to simplified methods normally adopfi@dconventional

earth retaining structures.

Sliding should be checked using the weakest retdvimtional properties considering that slidingght occur through the
foundation soil, the fill or along the interfacetbé reinforcing element used at the base of thetsire.

Although not a stability criterion, the settlemeftthe ground induced by the reinforced soil syst&ould be considered
excessive settlements can cause problems for eganifil drains and services; care should be takesnvetarth retaining

hr s 0, Nl A S
Connecting reinforcment to wall panels

Figure 3: Typical construction sequence and detaild for reinforced soil wall with concrete panel facing
(source: www.recocanada.ca, La Terre Armée Internationale® - The Reinforced Earth Group®)

'Backfilling to next layer of reinforcment

structures are built adjacent to other existingcttires.

Internal settlements of reinforced soil structuaes governed by the nature and compaction of therfd the vertical
stresses within it (which depend on the heighthefdtructure and surcharges). Differential settlgmgenerally cause the
most severe effects on a completed structure;atiad is the most critical part of the structure.

The .internal stabilityis checked for each stage of construction to enshat failure does not occur infor around the A

reinforcements and the facing.

The internal stability is checked by limit equililom methods in which the additional forces providgdthe reinforcing

elements are added. Only ultimate limit statese@mined with these methods; the magnitude of d&ftions, which

govern the serviceability limit states, is usuabntrolled by applying adequate factors of safetgdcount for variations in

material properties, loads, methods of analysrs, ldbwever, where deformations are critical it ecessary to resort tg

numerical analysis to estimate displacements.

The internal stability evaluations will include:

«  Structural checks on the reinforcement, to vetifgtttheir tensile strength is sufficient to withetawith adequate facto
of safety the tensile forces generated by theaotan with the soil.

e Geotechnical checks on the reinforcement, to vehét their length is sufficient to provide ade@uptill-out resistang
to withstand with adequate factors of safety timsitn generated by the interaction with the soil.

e Structural checks on the facing, with particulderence to the connections with the reinforcemautlacal bending an|
shear in the facing

Figure 4. RSS with sheet reinforcement and soil bags
facing (source: www.geosynthetycsmagazine.com)

e

Figure 5: RSS with grid reinforcement and concrete
block facing (source: www.southeastrrsupply.com)
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Various methods of analysis have been developeddtiate these three aspects; the various mettaadsteen validated| Figure 8: RSS with inclined facing arranged to support vegetation — typical assembly (source www.hydrogeo.net)
to different extent with full scale experiments andtrumentation. A comprehensive descriptionshef Yarious methods —

can be found, for example in DoT Advice note HASB/(1994), BS 8006 (1995), Love and Milligan (1993¢well
(1996), Jones (1996), Berg et al. (2009).

To account for creep and temperature effects, thmure strength of polymeric reinforcements is goed by the
characteristic strength corresponding to the reguilesign life and temperature conditions; paftator of safety are
applied to this strength to account for both vasia in material strength and environmental coodgj possible damage ) _ ) )
during construction, the need to limit creep defations and the extent to which extrapolation ofezipental data is| Facing panels are supplied pre-folded, inclusive local
required where the design life of the structureeexis available long term tests. The rupture strenfitmetallic strip | reinforcment, geosynthetic, mesh facing and supports
reinforcements is usually the quoted yield strergjtthe material:

The bond resistance is usually determined fromidenations of the frictional properties at the ifaee between the soil
and the reinforcing elements, estimating normaisstiacting at the interface. This approach is segled to reinforced soil
structures where the reinforcing material and dile reasonably well controlled. The angle of faotis obtained from
direct shear box tests with shearing carried outhenreinforcing materials at an appropriate ranfjaormal stresses of
from large scale pull out tests under controlledditions.

Figure 6: RSS with grid reinforcement and Figure 7: RSS with grid reinforcement and
gabion facing (source: officine maccaferri) inclined facing (source: officine maccaferri)

TN

and fixed to the base reinforcment

. officine maccaferri)
- ~—y

Filling and compaction to the next level.
Vegetable soil and light compaction near the facing.
The excess reinforcment is folded back, and
the sequence is repeated at the next layer

Grant Agreement No.: 226479 Page 252 of 340
SafelLand - 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

7 TRANSFER OF LOADS TO MORE COMPETENT STRATA

7.1 REINFORCED SOIL STRUCTURES

APPLICABILITY

(Varnes, 1978)

Class Descriptor Rating Notes
Falls
Type of Topples
movement - . : . . . - .
(Cruden & Slides Most suited to rotational or pseudo-rotationaletidMiay be useful to reduce toppling hazard irageitonditions
Varnes, 1996) Spreads
Flows
Earth
Material Debris Mainly applicable to landslides involving earth adebris. Applicability in rock limited by typicalgpe geometry and failure mode
Rock
Superficial (< 0.5 m)
Depth of Shallow (0.5 to 3 m) Typically applicable to intermedite depth landstid®linimum size of reinforcment makes this approagbractical for very small or shallow landslide
movF:ement Medium (3 to 8 m) Potentially the only suitable technique for verif tataining structures, but the implications ofda scale filling and procurement typically make
Deep (8 to 15 m) impractical for deep and very deep slides.
Very deep (> 15 m)
Moderately to fast
Rate of Slow
movement v I Should be carried out preferably on very or extigrabw landslides; with due care it can be carpetlin slow landslides
ery slow

Extremely slow

Artesian
High _ . . . _ _ o .
Groundwater Low Applicable in all groundwater conditions. Adequdtainage must be provided at the interface betuegmpermeability fills and natural soil
Absent
Rain
Snowmelt
Surface water Localized Special facing detailing required where the strieetis or can come in contact with flow. Mechanidaimege of facing from solid transport typical
Stream precludes use near torrents.
Torrent
River
Maturity Relatively simple technique. Potential benefitd Amits of applicability are well established.
Reliability The reliability of the technique depends on #i@bility of the evaluation of the stability ofdhreated slope and of the foundations.

Implementation

Downgrade to 6 where heavy modular elements teebd lifted using cranes in confined workplacesmisteep slopes

Typical Cost

CDCDCDCDNohmmmmmmmmmbol\)mmbo#@mooml\)o

Moderate to high, provided the work does not imealiversion of major water courses or interfeendth existing infrastructure.

Note

y

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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7.2 GABION WALLS

Description Figure 1: Typical details of gabion walls (source Chapman et al., 2000)
Gabions are wire mesh boxes filled with stones;qalaside by side and laced together in order tm figravity structure;
gabion walls can be built with either the frontdaar rear face stepped; where possible, it is aegirto incline the wall
6 to 8° from the vertical towards the backfill nigts; typical schemes are shown in Figure 1; tgb&pplications are
shown in Figures 2 and 3.

Gabions are manufactured either from woven contisueire or welded mesh; the steel mesh is proteagathst corrosion
by a zinc or zinc-aluminium coating; in highly aggsive environments, additional bounded plastarntioplastic or epoxy
resin polymer coating can be provided; further ileetan steel protection are provided by Chapmaad €000).

The materials used to fill gabions must be durahig, resistant to erosion and frost.

Gabion walls are constructed in 1 to 0.5 m highrses; gabions are typically supplied flat and asdedion site (Figures 4
and 5). Filling can be carried out mechanicallyg(ffe 6) or by hand, depending on the finish reglihe order to facilitate
construction the backfill is placed and compactedding it to the same level reached by the walbi@e are suitable alsg
for underwater uses; in this case, prefilled gabiare lowered and put in place by a crane, usitiflig frame; this
construction process may be adopted also for attezrs with poor access.

Gabion walls are permeable and will allow retaifiddo drain freely; where appropriate or necegsaurface and/or deep
drainage systems will be provided to keep the hihokéterials free from groundwater pressures.
Gabion walls can be designed to support vegetatsimg growing pockets; root growth within or nelae gabion structure NN
is not normally detrimental. Advice on planting e&gfion in gabion walls can be found in Coppin &ichards (1990).
Care should be taken both in the choice of plant&alsle for locations within, above or below thelwand for the
suitability of the growing medium (usually loos@$oil or growbags) which may require special watéention measures.
Unprotected gabions are susceptible to vandalismidental damage and fire due to the small sectina of the wire
mesh. Gabion wall with a stepped face front Gabion wall with a stepped rear face
Design

The wall specification should stipulate the matsria be considered for both gabion walls and feldilling.

Stones for filling gabions should conform to BS 838r hardness, crushing strength and resistaneeetdhering (frost | Figure 2: Tipical application of gabion walls (source www.gabbioni.it)
susceptibility in particular); they should confoaiso to specification provided in paragraph 8.2fZZhapman et al. (2000
regarding grain composition in relation also to siees of the gabion compartment and of the wirshme

The properties of backfill will depend on whethemot locally-won backfill is to be used, and if teaal is required to be

free-draining. Optimum backfill is: easy to compagitZing high strength and stiffness; and free+uraj, to minimize the

build-up of groundwater pressure.

Backfill should not include: natural or contamirdhil which will be chemically aggressive; frozeaterials; degradable

materials such as topsoil, peat, wood, vegetagtm; materials which could be toxic, dangerouprone to spontaneous

combustion; soluble material or collapsible sollee use of clays prone to swelling should be c#yefonsidered as they
can exert very high pressures on the back of ietawalls; the same applies for materials deriveanfargillaceous rocks
such as shales and mudstones.

Walls design shall put special consideration oneeisprelated to water pressure and drainage. Régidor drainage

systems and related details can be found for exampbeotechnical Engineering Office (1993) andhan et al. (2000).

The following ultimate limit states (ULS) need te terified:

« Bearing resistance failure at the base of the wall;

» Sliding failure at the base of the wall;

» Failure by toppling of the wall;

* Loss of overall stability around the wall;

« Overall stability of the slope, including the wall;

* Unacceptable leakage through or beneath the wall;

« Unacceptable transport of soil grains through avela¢h the wall;

« Internal stability. Gabion walls shall be also prdpned so that the resultant forces at any hataasection lies within
the middle third of that section. No allowance dtodoe made in the design for the strength of theewhnalyses
should be made on horizontal sections above the bfathe wall to check that there is adequate tasig to sliding
using a design friction angle for the gabion fiitlsg against itself, ignoring the effect of thérevmesh.
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Figure 4: Typical gabion as supplied (source: www.topfreebiz.com)

Figure 3: Tipical application of gabion walls (source www.protezionecivile.tn.it)

Figure 6: Machine filling of gabions (source: www.degcostruzioni.com)
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7.2  GABION WALLS

APPLICABILITY

(Varnes, 1978)

Class Descriptor Rating Notes
Falls
Type of Topples
(rg(r)l\jggnnegt Slides Most suited to rotational or pseudo-rotationaletidMiay be useful to reduce toppling hazard irageitonditions
Varnes, 1996) Spreads
Flows
Earth
Material Debris Mainly applicable to landslides involving earth adebris. Applicability in rock limited by typicalgpe geometry and failure mode
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
n?oevpetrr']ng:]t Medium (3 to 8 m) Typically applicable to shallow to intermedite defandslides.
Deep (8to 15 m)
Very deep (> 15 m)
Moderately to fast
Rate of Slow
movement Very slow Should be carried out preferably on very or extigrakow landslides; with due care it can be cardetlin slow landslides

Extremely slow

face

Artesian
Groundwater High Applicable in all groun_o_lwater C(_)ndi_tions. Stondefil ga_bion baskets are intrinsically free drainkdpquate drainage must be provided at the inter|
Low between low permeability backfills, if any, and urat soil
Absent
Rain
Snowmelt
Surface water L::z::]d Mechanical damege of facing from solid transpopidsglly precludes use near torrents.
Torrent
River
Maturity Relatively simple technique. Potential benefitd Amits of applicability are well established.
Reliability The reliability of the technique depends on #i@bility of the evaluation of the stability ofdhreated slope and of the foundations.

Implementation

Downgrade to 6 where pre-filled gabion basketedto be lifted using cranes in confined workptameon steep slopes

Typical Cost

°°°°°°°°CDommmmmmmooooooboONoomhhmooooooNO

Low to moderate, provided local stone is used #rawork does not involve diversion of major wateurses or interference with existing infrastanet

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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7.3 CRIB WALLS

Description Figure 1: Typical details of gabion walls (source Chapman et al., 2000)
Crib walls comprise a grillage of header and stretelements placed on a firm foundation, usudilgnass or reinforced

concrete; the spaces between the grillage of heanlgrstretcher elements are filled with free drajncoarse grained
materials (sand and gravel), which must be durabte,resistant to erosion and frost; crib walls lba built with either the
front face or the rear face stepped; it is desirablincline the wall with an angle correspondind.tH: 4 V (Figure 1). LEGEND
The header and stretcher elements can be madenfdroed concrete or timber and are designed tonterlocking;
durability is provided by appropriate covering betreinforcement in the concrete elements, or bgtinent to timber
elements. These elements are usually designeddouvah handling; some more complex cellular systexrist where the 1 - Prefabricated reinforced concrete element
\r/l\?al(ljer angj stretgher_friements are I|tr_1t|egrated ?HCQE% reguwe zécran%_for |If[|nt?1. height of the regisiructure (o b 2 - Granular fill in wall

all can be made with one or multiple row of cr e base, depending on the height of the remisiructure to be { . .
formed. In order to facilitate construction, theckfdl is placed and compacted keeping it to thmedevel reached by the 3- L“'_rE cuts (local SpEt.:IES ﬂ_r otherwise
wall. In placing the backfill within and behind thell attention should be paid to avoid causing agento the header and suitable for local microclimate
stretcher elements. 4 - Concrete foundation
Crib walls are permeable and will allow retaindtith drain freely; where appropriate or necessauyface and/or deep 5 - Existing slope
drainage systems will be provided to keep the hihokéterials free from groundwater pressures. 6 - Temporary excavation
Planting is possible, typically with livepole cuittis long enough to reach the backfill; the frortefgrovides suitable 7 _ Backfill behind the wall
anchorage for climbing or cascading vegetation. ié&hon planting vegetation can be found in Coppid &ichards ;
(1990). Care should be taken both in the choigglanits suitable for locations within, above or beline wall and for the| & - UEQ_EtabIE 5_"“'"
suitability of the growing medium (usually loos@$oil or growbags) which may require special watéention measures. 9 - Drainage pipe
Crib walls are susceptible to vandalism and accalestamage due to the small section size of theldreand stretcher 10 - Subhorizontal drain
elements; timber and concrete elements are subteepdi fire, although it is unlikely that fire wibe intense enough tq 41 . Drainage ditch
cause more than superficial damage. Once the rseaddrstretchers have been erected, it is pogsilfilea crib wall with
lean mix concrete, making it more akin to a masomayl; in this case, the free-draining nature o thall is lost and a
drainage system may have to be incorporated tcepteakie build-up of groundwater pressures behiadatll.

Design

The wall specification should stipulate the matsria be considered for filling within and behirg:twall.

The properties of the backfill will depend on whatlor not locally-won backfill is to be used, addhe material is

required to be free-draining. Optimum backfill é&asy to compact, giving high strength and stiffnass free-draining, to

minimize the build-up of groundwater pressure. Biélckhould not include: natural or contaminated! sehich will be

chemically aggressive; frozen materials; degradatalerials such as topsoil, peat, wood, vegetaéitm, materials which

could be toxic, dangerous or prone to spontaneonmuastion; soluble material or collapsible soileeTuse of clays prone

to swelling should be carefully considered as tbay exert very high pressures on the back of rietiwalls; the same

applies for materials derived from argillaceouskeosuch as shales and mudstones. Care shoulddrettaknsure that the

infill material cannot escape from the crib walbnSetimes it needs to be retained using geotextile.

Walls design shall put special consideration oreeisprelated to water pressure and drainage. Rdd¢iand details for

drainage systems can be found for example in Geoteal Engineering Office (1993) and Chapman e{24100).

The following ultimate limit states (ULS) need te terified:

« Bearing resistance failure at the base of the wall;

« Sliding failure at the base of the wall;

» Failure by toppling of the wall;

* Loss of overall stability around the wall;

« Overall stability of the slope, including the wall;

* Unacceptable leakage through or beneath the wall; A

* Unacceptable transport of soil grains through arelagh the wall; s gt ok =

e Internal stability. The main aspect of internalbdity that will concern designers is checking trgiding and @
overturning failures cannot occur at various lewelkhin the wall. BS 8002 Clause 4.2.7.2.3 warnaiasf the use of
crib walls to retain unstable slopes; this is beeathe crib walls will not offer much resistanceféiure planes
passing through it. The detailed design of reirddrconcrete elements will normally be undertakenspgcialist
suppliers. Information on the forces for which thré modules should be designed is given in BS 8002.2.7.4.2
and in greater detail in BD 68/97.
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Figure 2: Timber crib wall with quick-set live cuttings (source: SGI-MI) Concrete crib wall (source: E Zimbres, Rio de Janeiro State University, through Wikimedia Commons)

Figure 4:
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7.3 CRIBWALLS

APPLICABILITY

(Varnes, 1978)

Class Descriptor Rating Notes
Falls
Type of Topples
(rg(r)l\jggnnegt Slides Most suited to rotational or pseudo-rotationaletidMiay be useful to reduce toppling hazard irageitonditions
Varnes, 1996) Spreads
Flows
Earth
Material Debris Mainly applicable to landslides involving earth adebris. Applicability in rock limited by typicalgpe geometry and failure mode
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
n?oevpetrr']ng:]t Medium (3 to 8 m) Typically applicable to shallow to intermedite depandslides. Minimum size of elements makes tpf@ach impractical for superficial landslides
Deep (8to 15 m)
Very deep (> 15 m)
Moderately to fast
Rate of Slow
movement Very slow Should be carried out preferably on very or extigrakow landslides; with due care it can be cardetlin slow landslides

Extremely slow

ace

Artesian
High Applicable in all groundwater conditions. Stondefil crib walls are intrinsically free draining Adexje drainage must be provided at the interf
Groundwater " A .
Low between low permeability backfills, if any, and urat soil
Absent
Rain
Snowmelt
Localized _ . .
Surface water Not applicable in contact with watercourses.
Stream
Torrent
River
Maturity Relatively simple technique. Potential benefitd Amits of applicability are well established.
Reliability The reliability of the technique depends on #i@bility of the evaluation of the stability ofdhreated slope and of the foundations.

Implementation

Downgrade to 6 where elements need to be lifsgtlg cranes in confined workplaces or on stegpeslo

Typical Cost

°’°°°°°°OoommmmmmooooooboONoomohmooooooNO

Moderate, provided local stone is used andwitr does not involve diversion of major water cmsg or interference with existing infrastructure.

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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7.4 DRYSTACK MASONRY WALLS

Description

Drystack masonry walls consist of precast concsptial blocks and occasionally bricks designeitieriock with each
other and to produce a solid wall face; interloctvides adequate shear resistance between eaclofaylecks and assists
accurate placing of successive layers of blocks.

Drystack masonry walls must be constructed on asmaseinforced concrete foundation. In order tovate additional
stability it is possible to build the walls thickatrthe base. It is also prudent to specify thelagprs of blocks to have somé
form of mortar pointing, adhesive or capping toidwbem being dislodged by vandals.

The individual blocks are usually designed to tecetl by manual handling. The walls can be congtduatrtically or with
a batter to provide better stability for greateights. In order to facilitate construction the biditks placed and compacted
keeping it to the same level reached by the wall.

Most of the drystack masonry walls are relativelsetdraining; however, where appropriate or necgssarface and/or
deep drainage systems will be provided to keepp#uokfill materials free from groundwater pressures.

Drystack masonry walls may be used in associatibh twp, bottom or wall —face planting; wall-fackapting may be in
spaces provided by open joints filled with a sdgagrowing medium. Advice on planting vegetatiom dae found in
Coppin and Richards (1990). Care should be takémibhdhe choice of plants suitable for locatiorithim, above or below
the wall and for the suitability of the growing nigah (usually loose topsoil or growbags) which maguire special water
retention measures.

Design

Drystack masonry walls should be designed as graviss walls.

The wall specification should stipulate the matsria be considered for filling behind the wall

The properties of the backfill will depend on whestlor not locally-won backfill is to be used, arfdhie material is

required to be free-draining. Optimum backfill é&sisy to compact, giving high strength and stiffness free-draining, to

minimize the build-up of groundwater pressure. Biickhould not include: natural or contaminated! sghich will be

chemically aggressive; frozen materials; degradatdeerials such as topsoil, peat, wood, vegetagtm; materials which

could be toxic, dangerous or prone to spontaneoosbastion; soluble material or collapsible soileeTuse of clays prone

to swelling should be carefully considered as tbay exert very high pressures on the back of regiwalls; the same

applies for materials derived from argillaceousksosuch as shales and mudstones.

Walls design shall put special consideration oreeafsprelated to water pressure and drainage. Rdg¢iand details for

drainage systems can be found for example in Geoiesl Engineering Office (1993) and Chapman et24100).

The following ultimate limit states (ULS) need te Yerified:

» Bearing resistance failure at the base of the wall;

« Sliding failure at the base of the wall;

* Failure by toppling of the wall;

« Loss of overall stability around the wall;

« Overall stability of the slope, including the wall;

« Unacceptable leakage beneath the wall;

« Unacceptable transport of soil grains beneath & w

e Internal stability. The resultant force at any korital sections shall be within the middle thirdtleé section. Checks
should be made of horizontal sections above the bbthe wall that there is adequate resistanséiding.

Figure 1: Typical example of drystack masonry wall (source Chapman et al., 2000)

Varying inclinations
of front face

80° B2.5° 75° 67.5° 60°
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Coping block attached
with epoxy resin adhesive
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APPLICABILITY

Class Descriptor Rating Notes
Falls

Type of Topples

(rg(r)l\jggnnegt Slides Only suited to rotational or pseudo-rotational efidvhich are fully stabilized with no further movemh
Varnes, 1996) Spreads

Flows
Earth

Material Debris Mainly applicable to landslides involving earth adebris. Applicability in rock limited by typicalgpe geometry and failure mode
Rock

Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
Depth of Medium (3 to 8 m)
movement

Deep (8 to 15 m)
Very deep (> 15 m)

Moderately to fast

Rate of Slow

movement
(Varnes, 1978) Very slow

Extremely slow

Typically applicable to shallow landslides, fullyabilized.

Should be carried out preferably on very or extigralow landslides which become fully stabilized.

Artesian
High
Low

Absent
Rain

Applicable in all groundwater conditions. Adequdtainage must be provided to wall and at the iat&fbetween low permeability backfills, if any, and
natural soil

Groundwater

Snowmelt

Localized _ . .
Not applicable in contact with watercourses.

Surface water
Stream

Torrent

River

Relatively simple technique, but applicabilitylamdslide remediation must be proven.

Reliability penalized by susceptibility to lossimtegrity on further movement.

Downgrade to 6 where elements need to be lifséoly cranes in confined workplaces or on stegpeslo

Low to moderate, provided the work does nobive diversion of major water courses or interfeeewith existing infrastructure.

Maturity
Reliability
Implementation

OOCD-bCDooommmmmmmmmooOonm#@moo#oo

Typical Cost

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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7.5 MASS CONCRETE OR MASONRY WALLS

Description

Mass concrete, stone and masonry walls are postiildyoldest form of retaining structures. They &and in
archaeological sites from all ages round the wofldey punctuate the landscape to the extent thet titen go
unnoticed (Figures 1 and 2).

Masonry walls are made with bricks, blocks, nateramanufactured stones conventionally bedded wmiitar, but are
otherwise similar to mass concrete walls; all thea#ls are built on a mass or reinforced concretadlations; they can
be provided with fins or reveals to improve theitedurning resistances and may be built convenjieeticurves and
irregular plan forms.

BS 8002 Clause 4.2.4 suggests that the simple st@lla are suitable for retaining heights up to th5while greater
heights can be accommodated by stepped or buttressdks.

In order to avoid water saturation and possiblstfdtamage, masonry walls shall be provided withgative measures
(coping, drainage, damp-proof courses and watesfprg, see for example BS 5628-Part 3, 1985) andt fresistant
mortar, bricks, blocks or stones.

Masonry walls are constructed in panels, typicalyto 15 m in length between joints; joints shdatddetailed in such a
way to prevent unattractive vertical lines of sagpdn the wall face. Panels of this length may nexqorizontal
reinforcement. Backfill can be placed only when taphas had time to gain appropriate strength. Bilivais addressed
in BS 5628 and Thomas (1996); particular attensioould be paid to sulphate attack.

Masonry walls can be provided with decoration. Epkes are shown in the “Brick Development Associapaiblication
by Haseltine and Tutt (1991).

Design

The wall specification should stipulate the materia be considered for filling behind the wall.

The properties of the backfill will depend on wtestlor not locally-won backfill is to be used, aridhie material is
required to be free-draining. Optimum backfill &asy to compact, giving high strength and stiffnassl free-draining,
to minimize the build-up of groundwater pressuracigill should not include: natural or contaminatad which will be
chemically aggressive; frozen materials; degradatégerials such as topsoil, peat, wood, vegetagtn, materials
which could be toxic, dangerous or prone to spauas combustion; soluble material or collapsibléssdhe use of
clays prone to swelling should be carefully consdeas they can exert very high pressures on thk dfretaining
walls; the same applies for materials derived fargillaceous rocks such as shales and mudstones.

These walls should be designed as gravity mass sl for example BS 8002; BS 5628; Geotechningirieering
Office, 1993 and Chapman et al., 2000). By far i@st common form of masonry wall is the simple bneall; the
design of unreinforced brickwork retaining wallsaiddressed by Haseltine and Tutt (1991).

Figure 1:Stone masonry retaining walls at Machu Pichu
(source. www.travel.webshot.com)

Figure 2: Stone Retaining walls in Brazil (source: E Zimbres,
Rio de Janeiro State University, in Wikimedia Commons)

Thomas (1996) gives guidance on the design andfgagion of all types of masonry walls, giving dés from relevant

standards.

Walls design shall put special consideration oreetsprelated to water pressure and drainage. Régi@nd details for

drainage systems can be found for example in Geoteal Engineering Office (1993) and Chapman e{24100).

Special attention is also required in the desigmstruction and maintenance of masonry walls isrs& areas, since

earthquake shaking can induce internal failuredsessthe global mechanisms that are normally coreidin design

(Figure 3 and 4).

The following ultimate limit states (ULS) need te terified:

» Bearing resistance failure at the base of the wall;

« Sliding failure at the base of the wall;

» Failure by toppling of the wall;

» Loss of overall stability around the wall;

* Overall stability of the slope, including the wall;

« Unacceptable leakage beneath the wall;

« Unacceptable transport of soil grains beneath & w

« Internal stability. This aspect is covered by B2&parts 1 and 2, and simple design rules are diyenaseltine and
Tutt (1991); walls should be designed to resistriovaing; buttresses and fins can be used to peokégdistance in

circumstances where their use would not conflichwther requirements.

Figure 3: retaining wall in L’Aquila: no or tolerable damage
in 2009 earthquake (source www.geerassociation.orq)

Figure 4: Retaining wall near L’Aquila. Local damaged in
2009 earthquake (source www.geerassociation.orq)
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MITIGATION THROUGH REDUCTION OF HAZARD

7 TRANSFER OF LOADS TO MORE COMPETENT STRATA

7.5 MASS CONCRETE OR MASONRY WALLS

APPLICABILITY

(Varnes, 1978)

Class Descriptor Rating Notes
Falls
Type of Topples
(rg(r)l\jggnnegt Slides Only suited to rotational or pseudo-rotational efidvhich are fully stabilized with no further movemh
Varnes, 1996) Spreads
Flows
Earth
Material Debris Mainly applicable to landslides involving earth adebris. Applicability in rock limited by typicalgpe geometry and failure mode
Rock
Superficial (< 0.5 m)
Shallow (0.5 to 3 m)
n?oevpetrr']ng:]t Medium (3 to 8 m) Typically applicable to shallow landslides, fullyabilized.
Deep (8to 15 m)
Very deep (> 15 m)
Moderately to fast
Rate of Slow
movement Very slow Should be carried out preferably on very or extrigrakow landslides which become fully stabilized.

Extremely slow

Artesian
Groundwater High Applicable_ in all groundwater conditions. Adequdtainage must be provided to wall and at the int&rfbetween low permeability backfills, if any, a
Low natural soil
Absent
Rain
Snowmelt
Surface water L::z::]d Applicable in contact with watercourses, but camstion requires temporary diversion/exclusion amehflations must be protected against scour.
Torrent
River
Maturity Relatively simple technique, Potential benefitd Amits of applicability are well established.
Reliability Reliability penalized by susceptibility to lossitegrity on further movement.

Implementation

Downgrade to 6 where work involves heavy liftugjng cranes in confined workplaces or on stegpeslo

Typical Cost

0000CD00c»4;m@mmooOOOOoooomooOommh-bmooooooo

Low to moderate, provided the work does nobive diversion of major water courses or interfeeewith existing infrastructure.

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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7 TRANSFER OF LOADS TO MORE COMPETENT STRATA

7.5 MASS CONCRETE OR MASONRY WALLS
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MITIGATION THROUGH REDUCTION OF HAZARD

7 TRANSFER OF LOADS TO MORE COMPETENT STRATA

7.6 REINFORCED CONCRETE STEM WALLS

Description Figure 1: Typical in-situ r.c. stem wall Figure 2: In-situ r.c. stem wall construction
Reinforced concrete stem walls, called also camgflevalls or gravity cantilever walls, are L-shapednverted T-shaped| (Source www.mailingmaggioli.it)) (Source www.villacostruzioni.com)
walls which rest on the ground and act, from a g&mtical stability point of view, in conjunction thithe mass of the
retained fill above the foundation element. Talheavy duty walls may incorporate additional bui$es or slabs. | m ;
These walls may be cast in-situ or prefabricatedt am-situ walls requires a range of site craftiskbut can be more [“ [" =]
effective in difficult situations, where the fouribm soil is poor or where interaction with othérustures is required;

prefabricated walls, which are manufactured in dewiange of heights, can usually be installed withe specialist & e
labour force and the construction process is radtifast, but they require good access and theofise crane for =1
offloading and installation.
Different finishes can be applied, especially tegarst walls, using stone or matrix formwork. sl
Reinforced concrete elements should have vertaiatg§. BS 8002 Clause 4.3.1.4.6 recommends thatevhecessary| # S BRI
(generally where water penetration from the rewifié through the wall joints would be unsightly could damage a : -
facing structure), jbints should be lined with a resilient jointing tedals about 10 to 20 mm thick and sealed with| a
proprietary sealing compound. Dependent upon tleeigdwater present, waterbars may be also required

A drainage layer is normally installed on the baxfkthe wall to limit pressures on the stem. Additfly, where
appropriate/necessary to keep the backfill matriede from groundwater pressures, surface andéep dirainage Wi
systems will be foreseen. - R '
Standard precautions for ensuring the durabilityedforced concrete should be followed (see faneple BS 8110, ! [ "

EC2, BS 5400- Part 4).

i P/ H=

LT

Design

The wall specification should stipulate the matsria be considered for filling behind the wall. "
The properties of the backfill will depend on wtestlor not locally-won backfill is to be used, aridhie material is .l = |
required to be free-draining. Optimum backfill &asy to compact, giving high strength and stiffpassl free-draining, | . I'
to minimize the build-up of groundwater pressuracigill should not include: natural or contaminatad which will be

chemically aggressive; frozen materials; degradatégerials such as topsoil, peat, wood, vegetatbn, materials

which could be toxic, dangerous or prone to spauas combustion; soluble material or collapsibléssdhe use of

clays prone to swelling should be carefully consdeas they can exert very high pressures on thk bfretaining

walls; the same applies for materials derived fargillaceous rocks such as shales and mudstones.

From a geotechnical point of view, these walls $thdne designed as a gravity mass walls consideniadpackfill on the

foundation slab as an integral part of the walk(§& example BS 8002; Geotechnical Engineeringc®ff1993 and

Chapman et al., 2000); the vertical plane on whiehearth pressure are evaluated is that througlvabk of the heel,

not the stem. Even where “active” earth pressuraditions are applicable on the upslope face of wadl for

geotechnical design, structural design should Isedan “at rest” conditions, since normally thersend the connection

between the stem and the base will be too stifaltow sufficient relative movement between wall apackfill to

generate “active” conditions. Higher earth pressumay occur as a result of compaction, especiallthe upper portion

of the stem (Ingold, 1979; Duncan et al., 1991).

Wall design shall pay special attention to aspesitted to water pressure and drainage. Ratiooaldriinage systems

and related details can be found for example int&@xmical Engineering Office (1993) and Chapmaai.e2000).

The following ultimate limit states (ULS) need te terified:

» Bearing resistance failure at the base of the wall;

« Sliding failure at the base of the wall;

» Failure by toppling of the wall;

* Loss of overall stability around the wall;

« Overall stability of the slope, including the wall;

« Unacceptable leakage beneath the wall;

« Unacceptable transport of soil grains beneath thié w

« Internal stability. The forces to be used for tlesign of the stem and heel will be evaluated adogrth guidance
provided by for example BS 8002, EC2, BS 8110 @dse Geotechnical Engineering Office, 1993 and Gimpet
al., 2000).

Figure 3: Typical prefabricated buttressed stem wall Figure 4: mixed in-situ and prefabricated stem wall
(Source: www.tensiter.com) (Source: www.villacostruzioni.com)
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MITIGATION THROUGH REDUCTION OF HAZARD

7 TRANSFER OF LOADS TO MORE COMPETENT STRATA

7.6 REINFORCED CONCRETE STEM WALLS

APPLICABILITY

Implementation

Downgrade to 6 where work involves heavy liftugjng cranes in confined workplaces or on stegpeslo

Typical Cost

Class Descriptor Rating Notes
Falls 0
Type of Topples 0
(rg(r)l\jggnnegt Slides 6 Only suited to rotational or pseudo-rotational efidvhich are fully stabilized with no further movemh
Varnes, 1996) Spreads 0
Flows 0
Earth 8
Material Debris 6 Mainly applicable to landslides involving earth adebris. Applicability in rock limited by typicalgpe geometry and failure mode
Rock 4
Superficial (< 0.5 m) 0
Shallow (0.5 to 3 m) 8
n?oevpetrr']ng:]t Medium (3 to 8 m) 6 Typically applicable to shallow to landslides, jufitabilized.
Deep (8to 15 m) 0
Very deep (> 15 m) 0
Moderately to fast 0
Rate of Slow 0
movement Should be carried out preferably on very or extigrakow landslides which become fully stabilized.
(Varnes, 1978) Very slow 6
Extremely slow 8
Artesian 8
Groundwater High 8 Applicable_ in all groundwater conditions. Adequdtainage must be provided to wall and at the int&rfbetween low permeability backfills, if any, a
Low 8 natural soil
Absent 8
Rain 6
Snowmelt 6
Localized 6 ) ] ) ) ) ) ) ) )
Surface water Stream 5 Applicable in contact with watercourses, but candion requires temporary diversion/exclusion amahfiations must be protected against scour.
Torrent 4
River 6
Maturity 8 Relatively simple technique, Potential benefitd Amits of applicability are well established.
Reliability 6 Reliability penalized by susceptibility to lossitegrity on further movement.
8
6

Moderate, provided the work does not involweediion of major water courses or interference wilisting infrastructure.

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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7.6 REINFORCED CONCRETE STEM WALLS
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FACT SHEET 1

EARLY WARNING SYSTEMS

Grant Agreement No.: 226479 Page 273 of 340
SafeLand - FP7



D5.1 Rev. No: 2
Compendium of tested and innovative structural, non-structural
and risk-transfer mitigation measures for different landsiges Date: 2012-04-30

MITIGATION THROUGH REDUCTION OF EXPOSED POPULATIONS

1 EARLY WARNING SYSTEMS

1.1 DISPLACEMENTS MONITORING

Description Figure 1: Current monitoring devices setup for the Aknes rockslide (available on the NORSAR website:
In some situations, landslides are too large artafgr to think to remove completely the hazard wiidndard techniqueq§ www.norsar.no/c-48-Aaknes-Rock-Slide.aspx).

previously described in the Annex A, such as thdliffzation of the slope geometry or the installatiof anchors. It is :
particularly highlighted by major rockslides as flagnous ones of Frank slide (Canada), Aknes or Nesdockslides o -
(Norway), Ancona and Beauregard landslides (Italaere risk management strategies are presentlylynbased on '_ grneredel m i " M meped
early warning systems. Nevertheless, as large lidelsscan seriously threaten people and infraatrast new kinds of : | ‘
measures have to be achieved in order to reducastheespecially in term of human lives. One waydb that is to
reduce the exposition thanks to appropriate evamuptans. Indeed, many researches aim to buildhiel early warning
systems in order to be able to alert and evacuadergered populations as soon as monitored dispkus reach
previously established velocity thresholds.

o
i

B el WS AART A SR T
e
o i

Design

There is no rule in the design of early warningtayss; it can change a lot from a site to another, depending of the
type of landslide, the failure mechanismes, the siz the instability, the available technologiesl arsources, etc...
Nevertheless, two fundamental rules have to beidered:

- It is crucial to have a complete view and underding of the intability (i.e. extends of unstalaeeas, failure
mechanismes, etc...) in order to setup systems alewant location in the field and to fix appropeiahreshold
parameters, such as velocity or level of wateretabl

- To achieve reliable and robust systems, the implgation of complementary devices is a real kentp&Jsually,
simple and robust ones are prefered, such as exteters, tiltmeters or automatic distancemeterseNeeless, they
can be linked with more complexe instruments priogidadditionnal information about displacements timee
dimensions, usually with GNSS antennas, and abefarichations of the entire instability, such as guased radar
interferometry (GB-INSAR) devices which presentiyrgin importance and is steadily used.

...E....
i

SafeLand deliverables dedicated to early warning sgems
Considering the complexity and the importance &f thpic, three distinct deliverables within the eafnd European

Picture 1: Back scarp of the Aknes rockslide with the position of differents monitoring instruments: (a) geophone, (b)
laser and webcam and (d) extensometer (available on the NORSAR website: www.norsar.no/c-48-Aaknes-Rock-
Slide.aspx)

project are linked and dedicated to the desigradf/avarning systems. As developing more this tapithis compedium
would be too long, we strongly recommend to coridigin:

1) SafelLand deliverable 4.1, 2010. Review of Techrsqfm Landslide Detection, Fast Characterizatioapig
Mapping and Long-Term Monitoring. Edited for thef@aand European project by Michoud C., Abellan Berron
M.-H. and Jaboyedoff M. Available at http://www.skind-fp7.eu

2) SafeLand deliverable 4.4, 2011. Guidelines for #adection of appropriate remote sensing technaododiie
monitoring different types of landslides. Edited the SafeLand European project by Stumpf A. andleKal.
Available at http://www.safeland-fp7.eu

3) SafeLand deliverable 4.8, 2012. Guidelines for rtrenitoring and early warning systems in Europe si@eand
required technologies. Edited for the SafeLand peam project by the ICG. Available at http://wwviedand-
fp7.eu
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1 EARLY WARNING SYSTEMS

1.1 DISPLACEMENTS MONITORING
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ANNEX C

LANDSLIDE MITIGATION

SELECTED NATIONAL PERSPECTIVES AND EXPERIENCE

ROMANIA

SLOVENIA

SWITZERLAND
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C.1 ROMANIAN APPROACH TO LANDSLIDE HAZARD AND RISK
MITIGATION MEASURES

C.1.1 OVERVIEW OF LANDSLIDE HAZARD IN ROMANIA

Every year landslide activity causes significardreamic loss as well as loss of human life. In
the view of experts from Central and eastern Eu(@®&CO) countries, in Romania landslides
represent a high riskigure C.1.1),

In the rural environment, and particularly in mainbus areas, landslides represent a critical
hazard. The total estimated area of landslidesoim#&hia covers about 900,000 ha, putting at
risk 60,000 households, 350,000 people, agricdltaral, public and private buildings, utility
networks and roads.

The areas of the highest landslide risk are loc@tethe South Western portion of the
Carpathian Mountains. The risk is mainly relategtecipitation, slope angle, soil condition,
land use and management.
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Figure C.1.1: Landslide risk in PECO countries

In Romania, landslides are closely related to floadd earthquakes. However, the studies
and reports carried out by the Romanian Governeméhtthe help of ONU in 2008 have
shown that the role of the anthropic action is caraple with that of natural processes in
elevating the risk.
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Severe soil erosion, gullying processes, landsladesmud flows affects 30-40% of the total
agricultural land. Landslides triggered by heavinfedl and earthquakes usually affect the
villages located on the slopes, while floods are thajor risk factor for the network of
settlements and lifelines along the main rivers.

Landslides play a significant role in the evolutiohintra-and extra-Carpathian landscape,
hilly regions and highlands which consist of flysdlihe extension of these processes during
periods of heavy rain, such as those that happbeedeen 1969 and 1975, affected more
than 11,000 ha in some counties such as Vasluj, Mehedinti, Gorj, Valcea, Vrancea. In
1970 alone, a year characterized by extremely heaiwyall, landslides affected 20 000 ha,
comprising large areas of agricultural land, degtr@ many buildings and communication
routes. Nowadays things are even worse: the nurobeaffected terrains has grown
exponentially as shown ifable C.1.1.

Table C.1.1: Adaptedfrom “Report on the status of environment in Rorm&n?009

Name Description Surface (Ha) and the degree of affectation

Soil Surface and Weak | Moderate| Strong Heavy | Excessive Totaly
erosion | depth  soil| 602778.85| 317546.44 224134.12 183976(3  147201.1649198.14
and erosion
landslides

Landslide 120070,53| 525800,791 451501,63 173061{93 76899,45 73712,71

Total 722849.38| 843347.21 675635.15 357038|23 224100.68322970.85

C.1.2 ROMANIAN POLICY AND PRACTICE IN DISASTER MANA GEMENT

Romania is exposed to a range of natural disagparsicularly to the risk of earthquakes,
floods, and landslides causing economic and humsseks across the country. The expected
annual property loss from earthquakes and floodssignated at around 500 million euro.
Since 1908, 14 earthquakes of magnitude VII ortgreand 8 major floods were recorded
affecting almost 2 million people and causing massiconomic losses.

Romanian national policy in disaster risk reductiteld is currently expressed through
various legislative documents for the whole field adifferent risk types, administrative
authorities, public institutions and specializedtitutions with responsibilities in disaster
prevention and response management.

The relevant laws regarding the national policydsiaster management are:
* Government Ordinance (GO) no. 47/1994, regardireg dbfense against disasters,
approved by Law n0.124/15.12.1995;
e Law n0.106/25.09.1996 — Civil Protection Law, maatif by G.O. no. 021/15.04.2004
regarding the National System for Emergency SitmatiVanagement.

At national level the system for the managemengroérgency situations is currently under
reorganization, involving the redefinition of allet responsibilities for the national and local
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institutions playing a role in this field. Accordinto the new laws currently under
development, new institutions and operational stmes will be created which will ensure
that during emergencies people infrastructure hadetivironment will receive protection in a
coordinated and professional manner.

C.1.3 RISK ASSESSMENT

Risk analysis must be based upon:
a) Hazard maps — geological, climatic, hydro -geolagitechnological, environmental,
the maps will also indicate the zones of influence.
b) Maps of the risk elements.
c) Vulnerability maps.
d) Risk maps (direct and indirect losses).
e) Assessment of the accepted risk.

C.1.3.1 Hazards mapping and evaluation

The institutions in charge of detailing the methéalde used in Romania for evaluations of
risks, vulnerability and response capacity are:
* National Institute of Research-Development for Ewowinent Protection (ICIM)
Bucharest;
* National Institute of Research-Development for ktdal Ecology (ECOIND);
* The National Institute for Building Research (INCER
* National Institute of Research-Development for E&tysics (INCFDP);
» Institute of Nuclear Physics and Engineering “Hddislubei” (IFIN HH) Magurele;
» Institute of Geography form Romanian Academy;
» National Administration of Meteorology;
» National Institute of Hydrology (INH);
* Army Centre of Study and Research and Centre ofli&u Experiments and
Specialization in prevention and fire fighting.

In accordance with the Law which in 2001 approved Plan for National Territory
Arrangement in Romania, maps have been developetihdorisks of floods, landslides and
earthquakes for every locality within the natuigkrareas, containing information about the
hazards, existing elements at risk and popula@isnyell as the preventive measures applied.
These maps will be included in the Plans for Gdndraanism in order to implement the
specific measures for building and terrain useetiogr with the definition of who will have
free access to them.

Moreover, the maps and tables annexed to Law n&?8@% provide information about the
localities potentially affected by floods caused hyer draining or overflowing and
landslides. Maps of the biggest hydro technical slarere also developed.

Various research institutes and private companagldped electronic maps of risk. The
Geographic institute of the Romanian Academy dexedothe map of 15 geomorphological
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risks (landslides, avalanches, erosion, etc) abagsehumerous atlases referring to the natural
and technological risks specific to the Romaniatidvial Territory.

Detailed electronic maps of risks are developedheradministrations involved, for all types
of natural and technological hazards, in ordemgpsrt the territory development, to be used
in the framework of defense plans in case of disast

Regarding the planning for general urbanism, wiscbefined at local administration level,
the development of risks maps is currently undey atascales between 1:5.000 and 1:500,
depending on the extension of the area of interest.

Within the plans for disaster response, risk mapsagailable at scales between 1:15.000 and
1:50.000 for local level, and 1:1.000.000, 1.500.@0d 1:200.000 at national levels. In this
respect, GIS ArcView electronic maps were prepaedcale 1:1.000.000 for major hydro
technical dams, chemical accidents, pollutions vhifdrocarbons, nuclear accident and
explosions. The maps adopted for disaster defdase pre in the GAUSS-Kruger coordinate
system.

Furthermore, risks maps are employed by the majergy producers and transportation,
construction companies etc. for information to pllic.

At present, the responsibilities for risk mapping a&hared among several commissions
specialized on each class of disaster; those cosions are formed according to the
Government Order n0.47/1994. The maps are generadijable to the public.

C.1.3.2 Vulnerability and capability assessment

By request of the operational team of Disaster &rgon and Preparedness Initiative, a
National Plan for Disaster Management (NPDM inftiilowing) in Romania was developed

in 2001. Within this rather complex document, depel in collaboration by all the relevant
institutions, the impact, intensity and evolution time of the main types of hazards and
vulnerability were assessed, as well as the humarterial and financial resources available
for hazard management.

During the assessment phase, the following werentako account:

» the infrastructure elements (streets, bridgesdimgk, etc) which could be affected by
future disasters;

« the most vulnerable targets and the elements lgdditheir weakness with respect to
each hazard class;

* increasing/decreasing number of vulnerable comnasit

» the preparedness level regarding the risk factocsramunity level;

» the interest of communities in these issues, etc.

Moreover, the NPDM includes an analysis of the gomental and non-governmental
bureaus involved in disaster management, the iatiemal cooperation in disaster situations
as well as the capacities and challenges in disgatevention and preparedness, the gaps,
imperative needs and demands in disaster managem@itional and regional level.
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The information provided by Romania through the WRDwhich was transmitted to the
South-East Europe Stability Pact, contributed ® development of the “Gorizia” Regional
Report on the Disaster Preparedness and Prevdnii@ive..

Regarding the assessment of the vulnerability efaitivironmental factors with respect to the
impact of economic and industrial activities, thare legal methodologies established by the
Ministry of Environment and Waters Administration the basis of those methodologies,
studies for the impact on the environment and fonatg authorizations were issued. These
studies are compulsory for all the economical agant are developed by institutes and firms
authorized and accepted by the Ministry of Envirentrand Waters Administration.

Regarding the evaluation of the vulnerability oflustrial facilities, the methods applied are
of two types: qualitative (HAZOP) and quantitatitd AZAN). The framing of industrial
facilities and targets in categories of risks idirdeel based on these evaluations and the
measures for reducing risks subsequently applmxbrdingly in order to decrease the
vulnerability.

Two of these methods for the evaluation of riskd anlnerabilities for industrial objectives

were finalized through projects of co-financing dooted in partnership with the Italian

Ministry of Environment al Territory ArrangementERIRA (with reference to the impact on

waters) and TEIAMM (currently under way, which ti®ethe aspects related to impact on air).
All these methods and studies are conducted wilB{@ quality and efficiency standards
provisions and are in accordance with the apple&hbiropean Norms.

C.1.3.3 Systems for Post-disaster impact assessmehthe socio-economical and
environmental damages

After each disaster, a systematic analysis of secamomical and environment losses and
impact is conducted, along with the definition bk tdisaster effects mitigation measures
adopted, together with the measures that will hebéished to prevent that kind of situations.
The results of the previous activities, presentedhe Government and the public through
mass media, can be examined by every interestedmper institution.

The physical preliminary evaluation and the valigaster effects evaluation are a permanent
care of the Romanian institution for the defensehef territory against disasters, aiming to
realize some urgent operative measures and alsaumeghd long term rehabilitation and
reconstruction measures finalized to the normatimabf the social-economic activities, and
to promote the long lasting objectives.

At local level there are Commissions devoted tolwateon of consequences that use a
specific methodology for the estimation of losgessnsure compensations and to provide the
necessary funds for situation normalization.

In case of disasters with major consequences, gomartal commissions are responsible for
the damage assessment, sometimes with the compeodinternational experts.
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C.1.4 CLASSIFICATION OF MITIGATION MEASURES

The term “mitigation” refers to the actions whicte gut into practice to reduce the risk of
damage and casualties. Mitigation can be conduwasthdr by:

» Structural mitigation,which refers to any physical construction to redwe avoid
possible impacts of hazards, this includes enginganeasures and construction of
hazard-resistant and protective structures andstrincture.

* Non-structural mitigation, which refers to policies, awareness, knowledge
development, public commitment, and methods andatipg practices, including
participatory mechanisms and the provision of imfation, which can reduce risk
with related impacts.

C.1.4.1 Structural mitigation measures

Structural damage, collapse of buildings or infiasture are common consequences of
disasters, including earthquakes, floods, and lateds Structural mitigation aims to reduce
this damage and to save lives through the reductiaghe hazard and/or the reduction of the
physical vulnerability of exposed elemnts.

Structural mitigation requires the expertise oflawngineers, including (a) the design of new
buildings, roads, canals, dams, and other infresiras, and (b) the strengthening and
retrofitting of old structures. It is most importao ensure good maintenance of structures: if
not accomplished, the poor quality of structuresfien the cause of indirect damage.

Landslides can be triggered by many often concarhitauses and the reader is referred to
other Safeland Deliverables (as D1.1) for a coreptigscription of the factors which may
induce a slope instability. With particular refecerto Romania, in addition to shallow erosion
or reduction of shear strength caused by seasamdhll, landslides are often triggered by
anthropic activities such as adding excessive weigbve the slope, digging at mid-slope or
at the foot of the slope. Often, individual phenom@oin together to generate instability, also
after some time has elapsed, causing difficultreshe back-analysis of the landslide. This
precludes a detailed reconstruction of the evatutd the landslide, other than in well-
instrumented limited areas.

Details and examples of structural mitigation meesuactually used in Romania are
discussed in Section C1.6. Referring the readether part of Deliverable 5.1, devoted to the
compendium of mitigation measures, it is worth namng here that in Romanian practice
slope stabilisation methods are classified in tiewing three categories:

* Geometric methods, in which the geometry of thésidi is modified (usually the
slope);

* Hydrogeological methods, in which an attempt is endd generally lower the
groundwater level, or to reduce the water contétite material,

* Chemical and mechanical methods, in which atterapgsmade to increase the shear
strength of the unstable mass or to introduce @&xternal reactions to movements in
order to contrast the destabilising forces; thetreas can be active (e.g. anchors, rock
or ground nailing) or passive (e.g. structural sigtliles or reinforced ground).
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C.1.5.1 Non-structural mitigation measures

Many types of non-structural mitigation measures ba simple and quick to apply and
generally very cost-effective in reducing risk. Exades include land-use plans which define
where human settlements and activities can be ddcat regulations that dictate which
activities can or cannot be undertaken, dependmageotain critical indicators; for example,
early warning systems can temporarily restrict pedppm entering areas when the risk is
above an admissible level. In addition to regutsicand planning requirements, non-
structural mitigation also refers to training peof recognize hazards to limit their their own
exposure.

Our “cohabitation” with the hazard modifies theemeince points of equilibrium, compelling
us to a receptive and anticipative permanent andrmyc action, for example by:

1. Disseminating the new concepts of reducing the nslcase of disaster through the
educational system. Both educational systems —g#meral culture system and the
specialty system — should assimilate and dissemidigbster knowledge by a permanent
transfer of information from researchers, praatiés and officials to the community.

The education on reducing the risks in case ofstisawill have to be a component of the
development program, by organizing well-informeaugs with an educational role at
various levels:
» political level (national planners, management atstriators);
« community level (community leaders, public, teashestudents, local civil and
religious leaders);
» voluntary level (voluntaries in case of disastpgrganeous leaders).

2. Activating all the educational components by ina&ning the formal education (school)
with non -formal (extracurricular) and informal (glct experience) education.

3. Developing special educational programs of behawsoaiology

It was noticed that, in case of disaster, the pEsdlehaviour differs according to race,
ethnic group, religion, education (in the commun#y school and in the family). The

reaction to a disaster depends on the developnie¢hé tiuman feeling of belonging to an
habitat. The idea that a human being is cohabituitpy hazard should turn from an

attitude of resignation into one of involvementisTbhange in the human attitude is only
possible through education.

5. Developing specific university specializations netjag risk management in case of
disaster, by architecture and city planning striatewith the following structure:

» Dissemination of specific scientific terminologya@ard at source, hazard at
emplacement, elements exposed to hazard, vulngyakigk) in order to favour its
correct use by all those involved in decision amfdrmation and to overcome the
current confusion and superposition of meaningsch#d to the different terms.

* Introducing some new concepts which can foster idisttiplinary relations
between different scientific departments — suchthes principle of ecosystem
approach, also applied in the constructed enviramtmehis perception of the
space organization establishes a hierarchy of élaionship of the individual -
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collectivity (the anthropogenesis) with the envirent (the biotope), which
creates behavioral reference points that are fuedtaily necessary to reconstruct
in case a disaster occurs.

» Developing a relation between the university dikegand history of landslide in
a given area, with that of management of risk rédocby implementation of a
strategic system of global risk protection, by depig the concept of a security
habitat.

6. The territorial planning within the limits of an @pted insurance percentage in case of
disaster. It is necessary that every single villagen and city, especially those rated with
“high’ and “very high” risk levels, have zoning nmaphat should take into account the
implications of the risk over the planned developtm&he zoning maps must indicate the
planning for different building categories (resitdah social, industrial), the reserved
zones and the special zones (for special risk img].

C.1.6 LANDSLIDE HAZARD MITIGATION MEASURES USED IN ROMANIA
C.1.6.1 General

In Romania, the most common causes of slope idigyabre excavations on the slopes,
especially at their base, changes to the groundwatgme and deforestation. There are
numerous examples showing that often constructiorksvare designed and implemented
without careful evaluation of all the implicatiottsat these works have on the environment,
causing or aggravating instability. Subsequentorasibn of damaged constructions required
greater financial, material and additional humaforés than would have been required to
prevent adverse effects in the first place.

There are frequent (and increasing) cases in whiatislides require the adoption of complex
solutions for their stabilization. Depending on tingportance of the economic and social
elements at risk, once landsliding has initiatedrtbed to prevent further damage may call for
immediate intervention with emergency works, whhbften very expensive.

Ensuring the stability of slopes by acting on tistudtbances factors is the most important aim
sought by the designer. Its accomplishment requlresapplication of measures capable of
preventing the resistance to be exceeded and lbotgrio its functionality. Consequently, the
mitigation of landslides affecting important objges involves the application of special
measures and works to achieve a state of resistamsgstent with the demandable C.1.2
summarizes the specific categories and types dkswoormally adopted or considered for the
mitigation of landslide risk in Romania; due to thegh cost and difficulties of
implementation, only some of the works listedlamble C.1.2remain as possible solutions to
implement.
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Table C.1.2: Special works to stabilize landslidesommonly used in Romania

Special work | Type of work Features
categories
1 | Drainage Tunnelg Built both in water-bearingtstiend beneath the sliding
surface; the alignment of the drainage galleridlevic
influx of water or it assumes vertical wells
2 | Horizontal Kerisel Caqout-type drilling; in deep, thin aquder
drainage mechanical vibrodrilling is used; can be combinétthw
Benotto columns carried out in open drains ortatec
0SMOsIs
3 | Vertical drainage | Used to relieve the pressure of the permeabledayer
wells water is extracted by draining trenches
4 | Drainage trenchesInstalled from the hill into the valley, by mechaed
techniques, reaching bedrock; distance betweenidgai
trenches should not exceed 20 m; filter and dranag
material occupies at least 1/4 of the trenchesmect
Work to 5 | Drainage by The anode electrodes used are from steel tubeadhdde
. electroosmosis | electrodes from perforated pipe; DC source U =50V],
improve B - .
resistance of _ | =25 A. The water is discharged by pumping
slipped soil 6 Electrqche;mlcal The electrodes used are from aluminum steel onx;glc
consolidation bars (anode), and copper (cathode) and are suppiied
continuous current;
at the anode clays are desiccated with H ionsarttie
cathode appear Al (OH) 2 and Fe (OH) 3
7 | Thermal Heating soil to temperatures of 500-800°C by bugran
treatment fuel (wood, coal, diesel); additional wells are dee to
achieve a strong circulation in the cavity comlorsti
8 | Piles of soil Run drills with® = 10-60 cm at depths of 10-20 m in th
stabilized with massive sliding. Place the soil mixed with lime and
lime or cement | cement
9 | Treatment with | Treatment of cohesive soils with vinisol,
surface-active dialkildimethylammonium chloride, resins and epesd
substances and | etc..
macromolecular
polymers
10 | Slope Reprofiling| Excavation work to balance the masses of eartteslbp
and embankments reducing slope angle. The aim is to reduce slipdey
increasing the resistance to sliding.
Slope stability| 11 | Retaining and For restoring stability of slipped soil . Continsowork

works

anchoring works
(retaining walls,
caissons, piles,
bars, columns,

on the entire front to be supported. Discontinumask
are made within the sliding mass

piling)
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C.1.6.2 Special works to improve underground drainge

Drainage is used both to remove excess water anchddify the current underground
hydrodynamic regime in periods of high groundwakevels or flows. Intervention is
necessary in view of the fact that the cover lsgszumulaties water in a fractured porous
medium and to deal with very heterogeneous, buaywresent, hydrodynamic relationship
between the different hydrogeological units in stape (Livet, 1976).

For all types of drains, drainage has a positifectfon slope stability by increasing normal
stress and thus shear resistance in the soil angrogving hydrostatic driving forces in

tension cracks. When not drained, deep undergrawater filtration pressures can participate
with 20-24% of the total shearing forces that cbwite to rock (Coates and Brown, 1961).
The disadvantage is that the underground drainagebe designed only after a detailed
hydrogeological research of the slipped alluviuncasducted, so it shall be included within
the category of long term works.

The main types of drainage work used in Romanistdbilize active landslides arEigures
C.1.2,C.1.3,C.1.4)

a)

b)

d)

drainage galleriesare recommended for deep landslides, which havarge
amount of water to be discharged. They can beedrijust below the sliding
surface: the upper layers of water collection ifggened by means of installing
vertical wellsat the crown of the tunnel, essential where ladédsldeep drainage
must be performed with tunnel length exceeding B9(qZaruba and Mencl,
1974).

Horizontal drilled drainshave wide application as a landslide stabilization
technique. They can be set up by means of heligés$,dmills, roller or vibro
drilling, installed from excavations or circularigsons. The process involves
drilling holes of 20 to 200 m long with a slope Bngf 3-10° and a diameter of
65-90 mm. The casing pipes used in association migdting drill bits or rollers
must be thick-walled tubes, to avoid torsional defation; they serve as support
during drilling, which is done in the presence aoflidg mud. Vibro-drilling has
become accepted as a suitable technology for tbtaliation of horizontal
drainage due to lower cost per unit length, thetgrespeed of execution and the
reduce labor. The installation phase requires tiséiling a reinforced concrete
caisson with a diameter of 3 m, fitting the vibnstalation equipment ath the base
of the caisson and the actual drilling. After tloenpletion of drilling, a perforated
PVC tube is inserted. The installation of a drabn2 long and 100-140 mm thick
requires approximately 1 - 1.5 hours.

Vertical drainage wellsare characterized by a minor application in laidégsl
stabilization work. They have been used to disahary deep layers water
abstracted from coastal springs (Tarina ValleyjéPgrVaslui County)

Draining trenchesvith depths up to 10 to 12 m are used routinelstabilize
landslides with large and medium depth. The desigtrenches demands for a
thorough knowledge of the geological and hydroggicl conditions, in order
not to affect the stability of the slope. From fh@nt of view of the construction,
they can be executed along the line of greatepesimgle, in the form of arches
and along contours, with mechanical technologies.
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(a) (b)
Figure C.1.2: DJ10 (County road)- affected by land&le in Chiliile , Buzau County
November 2009. Earth embankment works. (a) Fillinghe dig for the surface drains;
(b) Filling the dig without the surface drain.

Figure C.1.3: Houses of Chiliile village, Buzau Cauty, affected by landslide
in March 2010 — draining work in progress
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Figure C.1.4: Section through network drains
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C.1.6.3 Special measures to increase the resistammédandslides

In special circumstances, due to the urgency optalp measures to stabilize a slope, several
methods are available to enhance the resistarns@lef Among them the following are noted:

a) Drainage through electro-osmosis (electro-@nginwas first used by Casagrande
(1941) to stabilize the cut slopes of a norwegailway line. Electro-osmosis has
the same effect as underground drainage, butférdiin that the drainage water is
moving under the action of an electric field. Thethod applies very well to clay
and muddy-clays-rocks, but it becomes inefficiemtfine sands. Electro-osmosis
drainage consists in the introduction, into thelisty mass, of electrodes from
steel tube-anode and perforated pipe (needle djltéor the cathode. The
electrodes, located at a spacing of 3-10 m, araexiad to a source of continuous
current of 50-150 V and 25 A. The resulting elecfield produces a shift of
water from the anode (+) to cathode (-), whers #vacuated with needle vacuum
filters.

b) Electrochemical strengthening figklachieved by placing the electrodes formed
of aluminum or steel (anode) and copper (cathodednected to a source of
continuous current. The electrolysis process indueg the electrical potential
difference leads to the decomposition of water kpasating hydrogen and
oxygen at the anode and at the cathode, anode gestdion of metallic cation
and movement of soil solutions. It was applied withsitive results in areas of
several civil and industrial construction in laBraila, Galati, Navodari and some
mining tunnels.

c) Thermal treatmenis known from a long time but its use was limitéde to
demanding technologies and high energy consumptioapplying this method
the structure of the mineralogical constituents medified, leading to the
calcification effect. Heating is achieved by diffus, from the external heat
source, either by direct combustion with injectiwalls or tunnels. To intensify
the process of combustion and heat spreading efiiectthe soil, two
communicating wells are required, with combustiohiaved in one of the two.

d) Inclusions (columns) of soil stabilized witlmi or cementThis applies to clay
and consists of drilling with a diameter betweenah@ 70 cm, down to depths of
10-12 m (see for exampleigure C.1.5. Earth mixed with lime or cement is
inserted into the drilled hole, thus resulting indumn of treated material which
increase the soil mass resistance. Sometimes, a&#gEr extraction, cement
concrete or mortar with additives is injected, colting the pressure flow and
setting time, and resulting in columns of reinfatevaterial. These effects occur
in the short term. However, there is a reductionsail moisture around the
drilling, with 0.6 to 0.8% for a dosage of 1% limegused by the water used for
the hydration of calcium oxide.

e) Treatment with macromolecular surfactants aslgnpers Increasing soil residual
shear resistance along the sliding surface, reptessowadays the subject of
recent research interest. Researchers are comgjddre creation of bulbs or
blocks, under the pressure of injected stabilizaggnts. The results obtained by
introducing under pressure a solution of water,e&nand soil material have been
found as satisfactory only in unsaturated clays.
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Figu}e C.i.5: Network of lime Colums (1-1.5 m distace between colums)
C.1.6.4 Special work to retain landslides

Construction works to retain landslides are desigte increase stability and protect the
transport networks and existing buildings. In relatto the length required by the sliding
front to be consolidated, and the forces generbtethe soil mass, technical solutions are
different and dependent on social and economic itapoe of the target. Some examples are
illustrated in Figure€.1.6, C.1.7andC.1.9

Soil renforcement by means of vertical element$uoas, drilled anchors, piles, etc..) is not
new. A special case is constituted by soil reirdotent methods for running old solutions
(obtaining resistant materials using straw mixethvaglay land), based on the principle of
placing in the ground synthetic textile materiasensure stability and reduce deformation.
Vidal's solution (1966) of reinforced earth was mmuieproved by using geosynthetic
materials, particularly to strengthen the main e®pand landslides regressive reconstruction
of excavation slopes. Reasearch conducted on tiogses show that earth reinforcement
gives a certain rigidity reducing deformation. Amtiog to the results obtained by Saran et al.
(1979), Petrik et al. (1982) and Christie (1988 &ffect of reinforcement works are:

* Reduction of the sliding surface tension by 20% nvhsing geotextile materials, and

about 50% with steel bands.

¢ Reduction by about 30-40% of the load on earth work

* 15t0 20% increase in overall soil stiffness.

* replacing, in some cases, of the traditional supgtouctures.

e 40-50% reduction of expenditure on the classicdyamkments works.

Although not part of the group works to stabilizendslide,_reinforced net® protect land
against erosion are adopted widely. Thanks to 8pacial geometry, installed directly on the
ground these nets prevent the displacement ofpsoticles, the formation of run-off and
ravines, contributing substantially to reducing stsa. On the land protected by nets,
vigorous vegetation usually develops, with plamtsgrotected and secured. Before and after
installation it is recommended to spread topsoislmpes mixed with perennial grass seed. In
this manner the vegetal cover installation is miasier, resistant and dense.
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Figure C.1.6: Retaining walls, gabions, terracing wrks, drainage, application of soil
reinforcement solutions or afforestation. Works of‘Stabil Ambient” in Romania, 2009.

Figure C.1.7: Example in Romania: torrent planning,repairs to retaining walls of routh
stone, consolidations including nets anchored slopeNational road 7-Olt Valley, 2009
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C.2 GENERAL EXPERIENCE AND PRACTICE IN SLOVENIA
C.2.1 OVERVIEW OF LANDSLIDING IN SLOVENIA

The Republic of Slovenia, located in Central Eurdggdween the Alps and Adriatic sea,
became an independent and sovereign country onr#s1P91. Slovenia (20.000 sqr. km) is
positioned on the complex Adria — Dinaridic — Pamaa structural junctionHigure C.2.1).
Although the general geological structure is welbwn, details may come as surprise. As a
consequence of its geological setting, Slovenieery much exposed to slope mass movement
processes and almost one quarter of Slovenianatgriis subjected to processes of soil and
rock movements and, based on rough estimationsndr@8 % of the population is under
threat by these phenomena.

The Slovenian territory is, geologically speakingry diverse and mainly composed of
sediments or sedimentary rocks. Slope mass movenwaur almost in all parts of the
country. Rock falls, rock slides and even debosvll can be triggered in the Alpine carbonate
areas of the northern part of Slovenia. In the Afpsk slides and rock falls are frequent. For
example, numerous rock falls and slides were olesema western Slovenia during large
eartquakes in 1976, 1998 and 2004. Rockfalls ae ptesent in those areas, where rivers
have cut gorges through hard carbonaceous roakshatlower-lying soft clastic sediments.

Landslides are present first of all on the hillsidend slopes of the perialpine terrain
composed of carbonaceous and clastic rocks. Largislides in such rock strata are frequent,
where the thick weathered surface layer is slidiregge soil landslides are quite usual in the
mountainous regions of central Slovenia composeuh fifferent clastic rocks, while there is
a large density of small soil landslides in the y@soil sediments of the eastern part of
Slovenia, where the hilly terrain, with relativedgntle slopes and wide valleys, is composed
of clayey and silty soils / sediments, sometimelnsand and clayey gravel. These hard soils/
soft rocks are subjected to strong weathering anah the basis for frequent soil slumps in
thick weathered surface layers and along the iedliclayey layers. Landslide-safe areas in
Slovenia are karts plateaus and karst heights, widiand basins and alluvial valleys.

Landsliding is not only a threath for buildingsafy kind and to infrastructure in general but
also changes the morphology of the terrain. Laddslioften release (destabilize) large
amounts of sediments, which not only stay on tlesd but also reach the fluvial network.
Under catastrophic conditions, landsliding may leéadorrential outburst, debris flow, or
dam-brake wave, as was the case in November 2000the first Stoze debris landslide that
turned after 35 hours into a deadly debris flowndfilandslides in Slovenia are of different
forms (mainly shallow landslides, with abundancesofaller slides and slumps). They are
mainly triggerred durig short and intense rainélénts or after prolonged rainfall periods of
moderate intensities. The order of their volumd,B00n7, rarely 10,000rh Some of them
have already been stabilized using technical measuothers are still active.
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C.2.2 LANDSLIDE HAZARD MAPPING AND DATABASES IN SLO VENIA

Unfavorable geological conditions are the main edos such a high landslide density within
Slovenia (>1 slide per 10K despite good vegetation conditions. Such higghestiensity

was confirmed in perialpine Slovenia using multiate statistical methods. As a result of
such an approach, a landslide susceptibility maglo¥enia was preparedrigure C.2.2.

The next contributing factor is the abundance etmitation and high number of days with
daily totals above 20mm. Many slumps and slidestaggered during short and intense
rainfall events or afetr prolonged rainfall periods moderate intensities. Slope creep is
common in Tertiary over-consolidated clays and Recarboniferous claystones and shales.

Depending on yearly weather conditions, a few temsa few hundred new instability
phenomena emerge every year. Erosion appears meddyf of the Slovene territory, mostly
in connection with mountain torrents, where largeavered rock areas are revealed. The
consequence of landslides and erosion phenomeha tseation of unusable areas, becoming
at the same time a thread to different objectstargets.

For the area of Slovenia, a debris-flow suscejiybimap at scalel:250,000 was also
produced Figure C.2.3. Values in the legend indicate the susceptibitiydebris-flow:

1 —insignificant; 2 — low; 3 — medium; 4 — high+%ery high. The grey areas represent areas
where the debris-flow susceptibility is negligiblene results show that approximately 4 % of
Slovenia is extremely susceptible and approximéakél$o of the country is highly susceptible
to debris-flows. As expected, these areas areecklat mountainous terrain in the NW and N
of Slovenia.

The new rockfall susceptibility map is currently pnogress: it will complement the set of
susceptibility maps of different mass slope movesen

In Slovenia over 6,600 active and mainly minor Elittes have been registred so far. Not all
of them are part of the official landslide inventothat was incorporated into a GIS
enviroment, using a software called GIS-UJME, depetl mainly by the Ministry of
Defense. The landslide inventory maps include ntloa@ 3,500 landslides, but not rock falls
and rock slides. It is one of the 85 geo-refereriagdrs incorporated in the database, together
with infrastructure, flood hazard maps, avalanameemtory, earthquake hazard maps, etc.
This electronic database is used as an interndtcappn by the Ministry of Defence in
regional Notification Centers for coordination posps during immeadiate disaster relief
actions led by the Civil defense units, and asrdramet application for the training in the
Protection and Rescue Education and Training Ceatet for the preparation of civil
protection and disaster relief plans in the Adntnaison of the Republic of Slovenia for Civil
Protection and Disaster Relief. Unfortunately, tbetabase is (still) not directly used for
planning activities in the Ministry of the Enviromteand Spatial Planning for hazard
prevention.
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Figure C.2.3: Debris-flow susceptibility map

The damage caused by slope mass movements is bugtstill no common strategy and
regulations have been developed yet to tackleutmganted event, especially from the aspect
of prevention. One of the first steps towards decatifve strategy of fighting against landslides
and other slope mass movements is a central ldeddhtabase, where (ideally) all known
landslide occurrences would be reported, and desttiin as much detail as possible. At the
end of the project for the implementation of thetiblaal Landslide Database, May 2005,
there were more than 6,600 registered landslideshach almost half occurred at a known
location and were accompanied by the main charatitedescriptions. The assessed database
is a chance for Slovenia to start a solid slopesnmagvement prevention plan. The only part
which is missing and which can be considered asmnbst important one is the adoption of a
legal act that will legalise the obligation of repog slope mass movement events to the
authorities responsible for the database population

Legislation, planning and prevention measures atesatisfying in the field of landslides and
erosion processes in Slovenia. The legislation tedbin the last few years remains on general
level (Environment Protection Act, Protection AgaiiNatural and Other Disasters Act, Water
Act, National Programme for the Protection AgaiNsitural and other Disasters,) and does
not demand making of instability risk maps thatidtdde obligatory. The financial resources
used for prevention measures are also much too low.
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C.2.3 CURRENT STATUS AND RECOMMENDATIONS FOR LANDSL IDE RISK
MANAGEMENT IN SLOVENIA

Damage caused by landslides and avalanches in ridoi® large and it summed to 84.8

million EUR in the period of 1994 to 2003, not agnting for the remediation costs. As

stated in the previous paragraph, a National |lahelslatabase exists (GIS_UJME), but it has
not been operational since 2005. The landslide al@a&cattered among different institutions.
The last evidence reported from the Slovenian mpalities in the year 2005 contains 1677
active landslides that pose a threat to the infnagire and buildings. Depending on yearly
weather conditions, a few tens to a few hundred mestability phenomena emerge every
year.

The primary activities are still focused on the egation instead on the prevention
measures.With respect to damage prevention or igmsation, a much higher focus on

prevention would be logical and the only logicaluson. More rigorous spatial planning

restrictions should be imposed on areas susceptiibldope mass movements to prevent
damage to objects, infrastructure, and soil. Susubly and geohazard maps based on
knowledge and understanding of influential spagimyporal factors affecting slope mass
movements represent the basis for the sound sédiahing. Its maintenance and updating
represent a valuable source of information for wstd@ding slope mass movement
occurrences, while susceptibility and geohazardsmepresent one of the key information for
sustainable spatial planning. Regarding the cursniation, the first step ought to be

reanimation of the landslide database and inclusiogeohazard and susceptibility maps in
spatial planning processes.

Insufficient implementation of prevention measuresults in damage occurring at times of
extreme precipitation which can be several timesgr than prevention investment cost. The
fundamental prevention measures should be: (1)rtazral risk estimations, (2) avoiding new
housing development on threaten areas and (3) mregehazard mitigation (stopping the
spreading of landslide and erosion areas, statidizaf the sliding surfaces and torrents).

C.24 MITIGATION MEASURES

Mitigation relates to concrete actions which ard puo practice to reduce the risk of
destruction and casualties. Mitigation could beegally divided into two main types of
activities (see main text of the Deliverable fortifier discussion):

1) Structural mitigatiorrefers to any physical construction to reduce rthpa to avoid
or minimize possible impacts; this includes engimgemeasures and construction of
hazard-resistant and protective structures andstriicture. The following comments
provide an overview of structural mitigation mea&suused in Slovenia to date. A
detailed list is shown ifiable C.2.1
» GeoZS creates its own landslide database with 8®rds (included in

GIS_UJMA).
» Short statistics on these 803 landslides: 24% (a83)Ymanmade” (18,7% loading
the head of slope ; 5,2% decreasing the toe oflibyge ; 0,12% drawdown the
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water table) and 76% (61@ye “natural” (73,7% heavy rainfall and 2,2 % rive
bank erosion).

In past years structural methods were prevailirspeeially retaining structures
with subsurface draining (gravity walls, anchoredllgy cantilever walls, pile
walls).

Surface drainage for surface protection is comndoainage is generally the most
cost-effective solution; high quality drainage systis needed!

Several drainage system devices were used, degeadirslope geometry, ground
material (soil or rock) and slope charachteristsieépness, vegetation, ..)
Measures for structural reinforcements and modibocaof material properties
were rarely used

On terrain susceptible to creep, trees and shm#efeen needed to decrease local
instabilities

2) Non-structural mitigationrefers to policies, awareness, knowledge developme

public commitment, and methods and operating presti including participatory
mechanisms and the provision of information, whaan reduce risk with related
impacts. The following comments provide an overviedv structural mitigation
measures used in Slovenia to date:

The financial resources used for prevention measane much too low

Due to updated law since 2007, land use planningt imclude possibility of
floods and landslides

Land susceptibility map (multivariate analysis oéglisposal factors): since 2005.
Hazard maps for municipalities (6 already prepatddin progress; altogether 210
municipalities).

Raising of public awareness: interviews on TV, &8, informative internet
pages; Geological Survey of Slovenia(GeoZS) produseme informative
»letters« for public which are available on our wsite (http://www.geo-
zs.si/podrocje.aspx

Insurance - people in Slovenia are not sufficaeemare of it's importance .
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Table C.2.1: Structural landslide remedial measuresised in Slovenia

No. | Description

1. | Modification of slope geometry

1.1 | Removing material from the area driving thediide (with possible substitution by lightweight)f

1.2 | Adding material to the area for maintainindgity (counterweight berm or fill)

1.3 | Reducing general slope angle

2 Drainage

2.1 | Surface drains to divert water from flowing @ttie slide area (collecting ditches and pipes)

2.2 | Shallow or deep trench drains with free-drairinarse granular fills and geosynthetics

2.3 | Buttress counterforts of coarse-grained masefieydrological effect)

2.4 | Vertical (small diameter) boreholes with pungpar self draining

2.5 | Vertical (large diameter) wells with gravityadtting

2.6 Subhorizontal or subvertical boreholes

2.7 | Drainage tunnels, galleries or adits

2.8 | Vegetation planting (hydrological effect)

3 Retaining structures

3.1 | Gravity retaining walls

3.2 Crib-block walls

3.3 | Gabion walls

3.4 | Passive piles, piers and caissons

3.5 Cast-in situ reinforced concrete walls

3.6 | Reinforced soil structures with strip/ shepblymer/metallic reinforcement elements

3.7 | Buttress counterforts of coarse-grained mdt@riachanical effect)

3.8 | Retention nets for rock slope faces

3.9 | Rockfall attenuation or stopping systems (n@gkditches, benches, fences and walls)

3.10 | Protective rock/concrete blocks against erosio

4 Internal slope reinforcement

4.1 Rock bolts

4.2 | Micropiles

4.3 | Soil nailing

4.4 | Anchors (prestressed or not)

4.5 | Grouting

4.6 | Stone or lime/cement columns

4.7 | Vegetation planting (root strength mechaniéfalot)

5 Surface protection

5.1 | Slope surface protection (used to reduce aragid water infiltration)

5.2 | Impermeable surface protection (sprayed coeret

5.3 Biomeshes
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C.23 USING NEURAL NETWORKS IN LANDSLIDE RISK ASSESSMENT IN
SLOVENIA

There was interest in evaluating the suitabilitynefiral networks for solving slope stability

problems around roadways. In calculating stabibfylandslides, slopes and sideslopes,
various analytical and numerical methods can bd.udewever, by means of such methods,
one could not take into account a wide number afatteristics that influence slope stability.
First, suitable input characteristics were choseroider to predict slope stability in the

research and assessment phase. Proper trainingenfral network depends on the choice of
input data, which include all geological possi@kt for landslide appearance. A neural
network can only assess properly in circumstanaew/fich it was trained.

Among more than 100 project reports on landslidead construction sites, new regional

road construction and motorway construction, repregive cases with an agreeable set of
correct data were chosen. For each landslide,atatite and laboratory investigations had to
be available. In data analysis, landslides on romdee chosen, being the procedure and
determination of suitable input characteristic vinye consuming.

Problem: choice of characteristics that influerexedklide stability and are at the same time
investigated and described in the majority of prbjeports. On the basis of project reports,
11 parameters or characteristics, which sufficiedéscribe a landslide, were determined.

The aim was to investigate the use a neural netwmpkedict slope stability. Characteristic
cross-sections were chosen in the landsliding arféash characteristic cross-section was
described with the chosen parameters. Common deasdics of the studied landslides:

e They all cross a road.

* The study was limited to land/soil slides.

» Only cross-sections with adequate number of date we@nsidered.

Each cross-section was described with the follovpagmeters:

e Slope inclination in degrees; important data as remediation is atlyndone with
decreasing of slope inclination

» Bedrock inclinationin degrees; steep inclination is a potentialistidsurface for the
above landslide

» Bedrock type water, which normally appears at the contactbenh landslide and
bedrock soaks the bedrock and worsen geomechaaraathristics of the bedrock
(class 1 — impermeable clastic rocks that softearwih contact with water; class 2 —
carbonate rocks not considerably influenced by wate

» Depth to the bedrockn meters; as relevant is given the largest distdo the bedrock

» Geology of the landslide described is prevailing material with the poorest
geomechanical characteristics (class 1 — coheodst slass 2 — incoherent soils)

» Soil granulometry a landslide consists of parts with good and pgewmechanical
characteristics; for our purposes they were dividéal five categories

» Landslide consistencfstate of thickness): it is described for the sath the poorest
geomechanical characteristics, there are 4 catgtor coherent and 4 categories for
incoherent soils.

» Highest degree of moistursoils with the highest % of moisture
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 Smallest shear angle of landstidgetermined with reversible stability analysis or
geomechanical laboratory tests

» Type of other matrix in a landslidefor now the described characteristics describe
parts of a landslide with the poorest geomechargbaracteristics. As landsliding
depends also on geology of other parts of a latelslie added another characteristic
that describe a type of soil that constitutes offaets of a landslide: class 1 — coherent
soils; class 2 — incoherent soils

» Water appearanceategorisation into five categories.

According to the described methodology, 95 crossi@es on landslides and stable slopes
were listed, of which there were 53 landslides d4Adstable slopes. Among the listed cross-
sections, 67 were chosen to constitute a trainiegahd 28 to form a test file. The chosen
slopes are covered with fine-grained and coursiggamaterial. Chosen are cases with
different bedrock: flysch, marl, grey clay, doloaitlimestone, claystone, sandstone and
diabase.

For slope stability assessment, three types ofah@etworks were used:
« back-propagation: the best results
« learning vector quantization — LVQ
» self-organizing maps

The results of slope stability calculation with @dree types of neural networks showed that
slope stability can be predicted on the basis ofnjplit characteristics. A neural network
assesses slope stability with 96 % accuracy. Amalhd1 characteristics, shear angle and
moisture percentage are the most difficult to deiee. They are measured in geomechanical
laboratory tests, but they are often unavailabléfirst analysis and assessment. The neural
network learned properly to distinguish betweeblstand unstable slopes even if shear angle
and moisture percentage were not used in the tiapriocess. In this case the neural network
accurately predicted slope stability in 89 %, whigltill a high percentage.

Grant Agreement No.: 226479 Page 304 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

C.24 REFERENCES

Fifer, Karmen. (1999). “Uporabnost nevronskih mreinzenirski geologiji”. Disertacija,
NTF. (Engineering geology and usefulness of nengélork), PhD, Ljubljana, 154 p.

Komac M., Jemec M. (2007). “Zemeljski plazovi kdiliga pob@&nih masnih premikov in
preventivno varstvo pred njimi v Sloveniji. (Landiss as a landmass movement on a sloped
surface and their prevention in Slovenia)”. In:atgija varovanja tal v Sloveniji: zbornik
referatov Konference ob svetovnem dnevu tal 5. méca 2007. Pedolosko drustvo
Slovenije, Ljubljana, 25-37 (in Slovenian, with Hisj abstract).

Komac M. Ribéi¢ M. (2006): “Karta verjetnosti pojavljanja plazov $loveniji v merilu
1:250.000 (Landslide susceptibility map of Slovestigzcale 1:250.000)". Geologija, Geoloski
zavod Slovenije, Ljubljana Vol. 49/2, 295-309. 8lovenian, with English abstract).

MikoS M. in drugi. (2005). “Metodologija za dalanje ogrozenih obn®g in nadin
razvr&anja zemljig v razrede ogrozenosti zaradi zemeljskih plazow?’.Qiljni raziskovalni
program — CRP "Konkurénost Slovenije 2001-2006". (in Slovenian)

MikoS M. in drugi, (2007). “Ocena ogroZenosti zarddlovanja drobirskih tokov. (Debris-
flow susceptibility model of Slovenia at scale 0Z®0)”. Ciljni raziskovalni program
"Znanje za varnost in mir 2006-2010" v letu 2006.Flovenian)

MikoS M., PetkovSek A., Majes B. (2009). “Mechansmf landslides in over-consolidated
clays and flysch. Landslide”, 367-371.

MOP. (2005). “Resolucija o nacionalnem programuasge pojavov nhestabilnosti tal.
(Resolution on the national programme on the sdmitaregarding the features of soil
instability)” (in Slovenian).

Ribic¢i¢, M. (2007). “Stanje in zakonodaja na paguoplazenja in erozije tal v Sloveniji. (The

State and Legislation in the Field of Landslidesl &rosion Processes in Slovenia)” In:
Strategija varovanja tal v Sloveniji: zbornik reftav Konference ob svetovnem dnevu tal 5.
decembra 2007. Pedolosko drustvo Slovenije, Ljablja3-24. (in Slovenian, with English

abstract).

Zakon o varstvu pred naravnimi in drugimi neamai. (Protection Against Natural and Other
Disasters Act). ZVNDN (Ur.L.RS 64/1994 Odl. US R%/2000 ZMatD, 87/2001 ZDU-1,
52/2002 zVO-1).

Nacionalni program varstva pred naravnimi in drugnasréami. (National Programme for
the Protection Against Natural and other Disast@®VNDN, Ur.L. RS St. 44/2002).

Zakon o vodah. Water Act. ZV-1 (Ur.L.RS 67/2002,02D02 ZGO-1, 2/2004 ZZdrl-A,
10/2004 Odl. US RS, 41/2004 ZVO-1)..

Zakon o varstvu okolja, ZVO-1 (Ur.L. RS 41/2003nhvitonment Protection Act.

Grant Agreement No.: 226479 Page 305 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

SWITZERLAND

Grant Agreement No.: 226479 Page 306 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

C.3 EXAMPLES OF PROTECTION MEASURES IN SWITZERLAND
C.3.1 INTRODUCTION

Natural hazards include all processes and impdgatatare which can be damaging to human

beings and material assets. Natural disasterscafastrophic extent have always occurred in

Switzerland. However, as housing schemes have bedmnser and material assets bigger
and more valuable, the scale of damage has coabigeincreased over recent decades.

Switzerland is frequently affected by floods, sterandslides and avalanches. Less frequent
hazards include droughts and heat or cold wavesntearthquakes are very rare, but they
can occur, as history has proved (www.planat.ch

Landslide mitigation works are conducted in ordestop or reduce landslide movement so
that the resulting damages can be misgdi Landslide mitigation works are broadly
classified into two categories: 1) control worksda?) restraint works. The control works

involve modifications of the natural conditions lahdslides such as topography, geology,
groundwater, and other conditions that indirectbntcol portions of the entire landslide

movement. The restraint works rely directly on tnstruction of structural elements.

Specific measures included in the control works i@straint works are listed ifable C.3.1

Four case histories from Switzerland are descrijzaw:
1. Stabilisation of the Toggenburg rock slope;
2. Deep Drainage of the Campo Vallemaggia landslide;
3. Pontresina Check Dam;
4. Arschella Ost creeping landslide.

The natural hazard protection measures adopte@Fanere C.3.1):
* Reducing risk from rock fall hazard (1);
» Drainage of the water (2);
e Stopping, guiding, draining debris flows (3);
» Decelerating creep movements (1, 2 & 4)

Rockfall Topple Debris flow

Figure C.3.1: Schematic representation of the protgion measures
adopted in Switzerland (adapted by Springman et a2011).
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Table C.3.1: Classification of landslide mitigationmethod
(after http://www.tuat.ac.jp/~sabol/lj/ljap4.htm, adapted by Springman et al., 2011)

Category Method Treatment
Control works | Surface drainage to redugeSeepage barrier, surface drains, drainage
water infiltration blanket, capillary barrier
Eqs<Ry4 Sub-surface drainage to | Shallow: horizontal drains, trench drains;
remove the ground water | peep: deep wells, well point and ejector
within or to prevent water| systems, relief wells, vertical gravity drains,
from flowing into the tunnels and drainage adits, vertical shaft
landslide mass with drainage array
Solil treatment Electro-osmosis, vacuum dewatering
Soil removal Weight reduction or regarding
Soil fill Buttress or toe berm
Erosion control Stabilization/protection of riveairiks
Restraint works| Sheer piles Driven piles, steel piles, large sas-m-
place piles
Eqs<Ry+ARy | Anchors Soil nails and anchors
Retaining walls Crib, gravity, tieback, sheet pdeldier pile
Earth reinforcement Mechanically stabilized soil
Biological stabilization Vegetation for stabilizai or protection
Slip surface strenthening Grouting

NOTE
E, are the actions at design levB, are the complementary resistances in the groudd gn
AR, the additional stabilising measures
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C.3.2 STABILISATION OF THE TOGGENBURG ROCK SLOPE

Toggenburg is the name given to the upper vallah®fThur River, in the Swiss Canton of
St. Gallen. The valley descends in a northwesteactibn from the watershed between the
Rhine and the Thur, and is enclosed on the northyate Santis mountain range and on the
southwest by those of the Churfirsten and the Sdw®r mitigation measures to prevent
weathering and erosion of the steepest slope ackoaed concrete beams (with load cells to
monitor the pre-stress applied); grouted nailss aed greening, as reportedHigure C.3.2

(b)

(c) (d)

Figure C.3.2: - Mitigation measures adopted for theloggenburg rockslope: (a) netting ;
(b) anchor concrete beam with load cell; (c) stealails; (d) net with nails (Photographs:
Springman). The classical treatments in Switzerlanaften include a combination of pre-
stressed anchors to secure the deepest unstable @pnand grouted nails to stabilise the
potential shallower instabilities. These methods @& often used together. Protection
against any possible corrosion is fundamental for dth types of long term structural
measures.
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C.3.3 DEEP DRAINAGE OF THE CAMPO VALLEMAGGIA LANDSL IDE

The Campo Vallemaggia creeping landslide is locatethe crystalline penninic nappes of
Ticino, in southern Switzerland, 50 km NW of Luganbwo small villages, Campo
Vallemaggia and Cimalmotto, are located on the tbethe slide mass, and surface
displacements have been geodetically measuredvier 100 years. Surface and borehole
investigations of the Campo Vallemaggia landslidesénh shown that the unstable mass
incorporates approximately 800,000,000 ofi weathered and intact rock (Bonzanigo et al.,
2007). Surface and borehole investigations of thgtable mass suggest that the yield and
sliding surface (actually a zone several metreskjhreaches a depth of up 300 m. A
schematic representation of the region, and thdoget's block model, are reported in
Figure C.3.3(after Bonzanigo et al., 2007; Eberhardt et ab730

The measure adopted to mitigate against the desmedsereeping landslide is a drainage
tunnel, as shown ifrigure C.3.4 The water table has been successfully drawn deitm
considerable settlements developing during thisodefprior the mitigation v = 5 cm/year
with an average of 30 cm/year over the past 100sydae to several short periods of
acceleration). The slope has virtually stoppedpireg

Geodetically measured slope movements were segectease significantly across the entire
slide mass, and in some cases, upslope displacenveste recorded relating to the
development of a subsidence cone. Surface geadetsurements revealed that up to 40 cm
of vertical consolidation subsidence occurred diyeaver the drainage adiEigure C.3.4c).
Given the kinematic constraints imposed on the Gmo#o block by the Campo block
(Bonzanigo et al. 2007) the stabilization of thar(pa block had a similar stabilizing effect
on the Cimalmotto block.

" Cimalmotto

|
L

block
\L\ — —— - — _‘
Figure C.3.3 - Plan view and block model of Campo &llemaggia slide,
with scale (after Bonzanigo et al., 2001).
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Figure C.3.4 - Drainage gallery adopted for Campo ®llemaggia slide.
(a) schematic representation; (b) 2-D hydrodynamiflow model of the lower Campo
block due to drainage adit; (c) settlement measureefore and after drainage
(after Eberhardt et al. 2007, adapted by Springmaret al. 2011).
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C.3.3 PONTRESINA CHECK DAM

Pontresina is a municipality in the Oberengadin-dskrict of Maloja in the canton of
Graubiinden in Switzerland. Pontresina has anadr&a8.2 knf. Of this area, 16.7% is used
for agricultural purposes, while 8.8% is forest€x. the rest of the land, 1.6% is settled
(buildings or roads) and the remainder (72.9%) @nm-productive (rivers, glaciers or
mountains). It is located in Val Bernina, whichthe highest altitude valley that branches off
the Upper Engadine Valley. It consists of the adlthge sections of Laret, San Spiert as well
as Giarsun and the new sections on the mountapeslncluding Muragl). Nearby glaciers
include the Morteratsch Glacier and the Roseg @tg@iww.pontresina.gh

A debris flow and avalanche channel previouslytgpk village in two parts, but mitigation
works have diverted the channel around the villadewing construction to fill this gap.
Pontresina has escaped large-scale natural catiastroin living memory. Far-sighted
investment in hazard zone planning and avalanchelardslide shoring have made crucial
contributions, but have required continual inteasiwalysis of natural hazards on the part of
authorities.

The possible consequences of climate change wemsidswed at an early stage and,
Pontresina can now be regarded as a pioneeringcipatity with respect to permafrost,
landslide and avalanche protection.

The Giandains Protection Dam, completed in 2008tegts the village of Pontresina from
avalanches and the possible consequences of thgemmgafrost Figure C.3.5. The total
area of the construction is 6.3 ha. and over themtares of waste wood and young forest had
to be cleared for the purpose. Permafrost is aspidad phenomenon above 2,500 m a.s.l. in
the Alps. Combined with global warming, thawing rpefrost can lead to various forms of
mass movement from rockfalls and landslides throt@tdebris flows. Whereas thawed
rubble in loose debris increases volumes of ddlaig greater rock fall is to be anticipated in
rock permafrost, causing landslides at unstablatpdiArenson et al., 2002). Arnold et al.
(2005) identified possible unstable situations migithawing of massive ice in permafrost that
could lead to instabilities on slopes steeper tramterface angle of friction between ice and
rocky debris cover in an active layer.

g

(@)

Figure C.3.5 : Pontresina dam (www.pontresina.ch
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C.3.3 ARSCHELLA OST CREEPING LANDSLIDE

The mitigation measures adopted for this landséide based on the observational method
(Peck, 1969; Vollenweider, 2003). This slope hadrbereeping at the rate of 0.3 m/a, and
had been identified as unacceptably unstable. Walleder proposed that the equation in
Figure C.3.6 could be used to design measures to increasebalglafety of factor byAy,
dependent upon initial velocity,vV‘reduced design landslide velocity” v, an emgtitactor

£ (obtained from temporal measuremenys)=0.05 in this case.

A schematic representation of the force acting ghoge reinforced by anchors is reported in
Figure C.3.6 It is possible either to reduce the loading®$, or increase the resistance by
AR to raise the factor of safety ldyy . The mitigation measures adopted in this casedsd

a double row of anchors. The anchor acts to ineréas normal force acting on the soil and
hence increase the mobilised resistance tp!/y,=7-10% due to the anchor mitigation
measures. The landslide velocity before anchoalilasion was 25-40 mm/a reduced to 0.3-
1.3 mm/a after installation of the anchors.

t}* e
parallel to slope in failure state! <

reguired increase in safety factor; Ay
T =AY (1~ 1.0)

1=, {1+ o |Og (V'!Vo))
-Ay = p, l0g (viv,)
p,, = creep factor v, = original velocity of movement & v < v,

Measures:; Reduce loading: AS = Ay- S,
Increase resistance: AR=Ay R,

Dimensioning: AR =Ay G, sina,

Anchors: Alcos (o, + &) +sin(u, t&)tang'] = AR
Approximation: A = AR (after Volienvreider, 2003)

Figure C.3.6: Anchor mitigation measure: forces acting (after Valenweider 2003).
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ANNEX D

INSURANCE POLICIES AND NATURAL HAZARDS
IN SWITZERLAND AND EUROPE
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D.1 INTRODUCTION

Natural hazards have caused considerable damagentankind in Europe in recent years.
Beyond social damages, the financial impact of csétmal damages to buildings and
infrastructure is considerablBigure D.1); for instance in Switzerland, the economic cast d
to natural hazards in 2007 was estimated at 12Bomibwiss francs and 417 million Swiss
francs in 2008, only for buildings, according to iSsvPublic Fire Insurances (SPFI), 2007
annual report. In financial terms, the insurancenganies are, together with governments,
one of the most important actors involved and heegfore particularly interested in reducing
the financial impact of such disasters. The finaheaieight of the insurance industry gives it a
strong influence in the field of risk mitigation.

® Economic loss
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USS billion
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40
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10 » .I...||l..|.||||.}|.||.|1.II| ”l l ,Ill
1950 1960 1570 1880 1990 2000
Figure D.1 Yearly cost for the main natural catastophes in the world
during 1950-2001 (vertical bars), including a trenccurve.
(Modified after GeoRisks Research Dept., Munichre2005)

This Annex is structured as follows: (a) the fpsairt attempts to answer the question “why do
we need natural hazard insurances and how areitkeived in risk mitigation?” (b) the
second part discusses the different possibilitms the insurance industry to reduce the
financial impact of natural disasters and the pmdérthat insurance companies have to
anticipate them; This part will be followed by @) overview of the Swiss natural hazard
insurance system, illustrated by three case studiesrwards, (d) will focus on the particular
case of reinsurance and the role reinsurance cdegaan play in anticipating natural
disasters. Finally, (e) we will present an overviefvseveral systems of natural hazard
insurance from different countries, including théfedences between public and private
insurance systems.

The increase of insurance costs over recent yearstionly caused by the increased intensity
of hazard, but also the increase of population ithems urban areas and the increase of
buildings vulnerability, their increased costs a&hd value of the property market (AEAI
2008). We will see later that insurances polici@s affect each of these factors.
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D.2 WHY DO WE NEED NATURAL HAZARD INSURANCES? THE
PLACE OF INSURANCE IN RISK MANAGEMENT

D.2.1 CHARACTERISTICS OF NATURAL HAZARD INSURANCES

As noted by Smith and Petley (2009), the needrfsuriance arises when a risk is perceived
and recurrent. The owner pays a fee (premium) tthasfers 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. This action allows thieybolder to have guarantees to enable
recovery of his goods after an event. However, cencral natural hazard insurances concern
principally developed countriesTdble D.1). “80 per cent of all premiums for private
insurance worldwide are paid in Europe or AmericéAt present, there is a limited market
for disaster insurance in the developing natio(Sith and Petley 2009). For example, only
2 % of the losses due to Hurricane Mitch which e#&#d Central America in 1998 were
covered by insurance. Despite this there are insesafor all kinds of disasters, but the
existence of insurance depends on the number ofdgdsconcerned, it is necessary to have
enough policyholders to be cost-effective.

Table D.1: Catastrophes in the world. A huge diffeence can be observed between
events in Europe or in the rest of the world (Soure Swissre 2006)

Insured Loss Victims Date Event Country
(in USD m)
6802 110 25 12 1999 Winter Storm| Switzerland, UK,
Lothar France et al
5157 22 15.10.1987 _Storms and floods France, UK,
in Europe Netherlands et al
UK, Spain,
2621 38 06.08.2002 Severe floods | Germany, Austrig
et al
3 138000 29.04.1991 Tropical - cyclone g ladesh
Gorky
258 10000 12.12.1999 Floods, landslide’ EN€Zuela,
Colombia
599 9000 22.10.1998 Hurricane Mitcr Honduras,
Nicaragua et al

Natural hazard insurances have some particulathigsdistinguish them from other types of
insurance (car, life, fire ...). Specifically, tloecurrence frequengythe event sizeand the
location are specific parameters of natural hazard inseraZimmerli 2003). Some
comparisons witffire insurancescan be presented to illustrate these specificfliable D.2).
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Table D.2: Summary of natural disaster insurance sgcificities for
Fire and Natural hazards (Modified after Zimmerli 2003)

DIFFERENCE FIRE NATURAL HAZARDS

Occurrence frequency High Low

Individual risk affected .
. S o Large part of portfolio affectd
Event size (individual bU|_Id|_ng or complex off (entire districts)
buildings)

Location Low importance High importance

CONSEQUENCES

Minor fluctuations in the loss
burden; therefore, burning cost Major fluctuations in the loss burden;

Pricing analysis and exposure rating ar¢  therefore, scientific models are required
sufficient
Loss potential from single Low to medium Very high
event
Geoaraphical distribution Minimal impact on losses, Major impact on losses,
grap no accumulation control required accumulation control important

D.2.1.1 Occurrance frequency

In case of fire insurance, the probability thaira &ffects a single building is very low. On the
other side, at the portfolio level, the chanced #mevent happens are important and rather
stable over a given time period. This is quiteeadi#ht in terms of natural hazard insurance.
Indeed, natural catastrophes are not frequent pordolio and can vary considerably over
time. Then the need for anticipation and evaluatbruture claims is strong for insurance
companies. Nevertheless a catastrophic loss, #meagt the stability of insurance, due to a
major disaster is difficult to predict because majsasters are by definition at a larger scale
than those which occurred in previous years. I tlaise, it is necessary to take into account a
longer statistical period to evaluate the occureeperiod. This statement is confirmed by

Kuzak et al. (2004):

“The severity of these events is high becausedheyarge-scale earthquakes
or meteorological phenomena affecting thousandssgdiare kilometres,
sometimes impacting hundreds of thousands of ptiegerand since the
frequency of these events is low, historical daausually insufficient to
estimate future monetary losses. In such casds,assessment needs to be
prospective, anticipating scientifically credibleemts that could happen in the
future, but have not yet taken place.” (Kuzak e804)

D.2.1.2 Event size

In most cases, a fire is a very localized evenilenmnost natural catastrophic events affect a
larger part of a portfolio, and not only a singhgext of the portfolio. In the case of floods and
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landslides, an entire district may be affected.hWegard to fire insurance, the prescriptions
and regulations on protection against fire may helgonfine the fire and thus avoid it
spreading to a disproportionate extent. Gurenk@4apwrote:

« Even in industrial nations with well-developedurance markets the loss
potential from catastrophe risk exposures can béasge that the insurance
markets are unable to provide sufficient capacity amceptable price. »
(Gurenko 2004a)

This is confirmed by Swissre:

« The sum of all claims can reach considerable art®and far exceed the
amount of premiums collected during one year. m(derli 2003)

On the other hand, this is what the insurance compeaclaim because they have to justify
premium.

D.2.1.3 Location

The spatiality parameter has an influence on thHeevability of a portfolio. Indeed, with
appropriate modeling, natural hazards can be loedlin space, creating hazard maps. This is
not the case for fire which can strike at any plag&in an insured portfolio. One way to do
is to adapt the buildings to identified natural drakzin order to reduce vulnerability.

As aconsequence, it is essential for an insurbetsure that the type of properties insured are
varied and that the geographical distribution i®ag. In this way, only a part of the portfolio
is concerned by a specific disaster and only aitma®f the portfolio can be destroyed by a
single event (Smith and Petley 2009).

D.2.2 ROLES OF THE NATURAL HAZARD INSURANCE IN THE CONTEXT OF
RISK MITIGATION. PREVENTION VS REIMBURSEMENT

Kelman (2003) provides a simple and understandadfiaition of natural hazard insurance:

“Insurance involves many people with each individoaying a small amount
of money, yielding a large pot of money. When astigs affects a small
number of people, the pot is available to give éamums to small affected
population.” (Kelman 2003).

Insurance intervenes at the moment of financialpemation for damages and allows victims
to rebuild after a disaster. Thus, insurance pewidash 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).isTfinancial compensation acts on the

resilience of a devastated society, but dependshenfinancial capabilities of insurance

companies to cope with disasters. However, insgraimnpanies have also a role to play
before the event, by financing preventive meas(kegire D.2).
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financing of preventive measures compensation for the policy-holders Tie

Figure D.2 The insurance operates on two levels, foee and after the event:
financing of preventive measures and compensatiownif the policy-holders.

Worldwide, insurance companies are facing risingtcaue to natural disasters (Munichre
2002). To act on the financial impacts of disasté@nsurance companies can proceed in
different ways. Damage assessment by modelingitfegzetht components leading to financial

compensation of victims is one of the possibilitiesact on rising costs, it is in all cases the
first necessary step to a better understandingskf According to Khater and Kuzak (2002),

these components can be described by three diffenedules, regardless of the kind of

natural hazard: thieazard thedamagesand thdoss(Figure D.3). These three parameters are
described in the following points.

Meodelisation
Frequerncysntensity
Hazard < - Histaric even's identified
-Locaiisotion

-Vulnerability assesment
- Value

Damage € -Eposue
: -Insurance conditicns
Ir i C
Insu anl_e financial <
055

Figure D.3 Component of a risk model. Modified afte Khater and Kuzak (2002).

D.2.2.1 Hazard module

With its financial weight, the insurance industrnanc finance mitigation measures.
Furthermore insurance companies can participateesearch about hazard assessment, the
first necessary step before any mitigation. AlthHoggme insurance companies or reinsurance
companies have their own research laboratory origeofunding to research in the field of
natural hazard modeling and understanding (seexample Willis research network 2010).
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Insurance companies also have the possibilitydaae risk by financing protective measures.
This last possibility may have the form of a pulpiivate partnership in the case of private
insurance (Gurenko 2004b). In fact, the insuranm@panies, like the other risk partners
(policyholders, reinsurers or government), musetide responsibility for a portion of the risk
and some of the costs (Munichre 1997).

Whatever the method used to protect properties ®¢®o natural hazards, a residual risk
remains. This affirmation is demonstrated by thalysis of past events (for example BAFU
2007) where the protection measures were excedthesiresidual risk is on one hand linked
to the possibility that protection measures malydaimay 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
thinking in terms of vulnerability reduction by deasing residual risk, since this reduction
can have major consequences in financial terms.

D.2.2.2 Damage module

As already shown in Figure D.1, the cost associat@l natural damages has increased
during the last decades worldwide. However, thissdonot imply that the number of events
has increased everywhere. For example concerniildjriys, even if the damage costs have
increased since the 1990’s in Switzerland (AEAI 0Q@he number of events is relatively
stable (AEAI 2008).

« This increase (in economical cost) is principally result of higher
population densities, a rise in insurance densityhigh-risk areas and the
high vulnerability of some modern materials andhtemogies. » (Zimmerli
2003)

Both an increasing population and an increasingbarmand costs of infrastructure contribute
to rises in costs. The following reasons may algaain the increasing costs of damage in
recent years: (1) negligence in the consideratibmlamger zones (authorities and project
managers) and land use planning, (2) extensionudflibg zones in risk areas, (3) soil

waterproofing or (4) increasing of the buildingduea All these factors have contributed to
raise the costs of damages.

Insurance companies have many possibilities tocgmbr the problem. First, they can act
directly on the financial statement by increasimgnpums or by decreasing allowances
(Figure D.4). This solution affects the services provided he property owners without
directly decreasing the potential damages.
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Figure D.4 Opportunities for insurance companies to act on cas from natural hazards

Another possibility for insurance institutions s act on the number of claims and/or their
importance, trying to reduce the causes of thesthssy adapting buildings and thus
influencing the vulnerability. This aspect is reldtto the loss module, presented in the
following point. Taking into consideration the vahability of an insurance system has many
advantages:

- Insurance can better estimate the annual costroédes by assessing the vulnerability
of its insured property (Kelman 2003).

- The owner is aware of the vulnerability of his peay and will seek to reduce it, often
by simple measures. Being aware of the fragilityhisf property, the owner will be
better able to respond to an event.

- Simple measures to reduce vulnerability can be makien only from the time that the
fragility of the object was evaluated. From thismemt, this is possible to consider the
best solution from a cost-effectiveness point efwi

- With a system of encouragement by the insurancepaaras, the owner could be
motivated to undertake preventive measures. Thasigmificantly reduce the amount
of damages.

Kelman (2003) proposes an insurance system orieéateards 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) whuiges assistance to the insured to reduce
the vulnerability of its property. It is therefoa®m inverse insurance system where the owner
receives funding to reduce its vulnerability, whihe amount of post-disaster compensation is
reduced:

“Each year, the government could pay each individaasmall amount of
money which should be used by each individual doce their own, and their
community’s, vulnerability. In exchange, post-disasassistance from the
government would not be as extensive as before.gblernment, though,
must provide information, advice, and assistanceechniques for individual
and community vulnerability reduction. This systeperates to some extent
when governments provide grants or funding for stisamitigation activities,
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but cases are rare where every citizen or everyngonity receives funding
and is responsible for their own vulnerability retion.” (Kelman 2003

Kelman then shows the following benefits to itsposal:

- “The government can better estimate the cost cdstéss to government
each year.

- The system encourages locally-based vulnerabiligduction and
encourages efficient innovation. Individuals andnoaunities are given the
resources to decide for themselves the vulnergbpiagthway to choose.
They suffer the consequences of their own decisathsr than suffering
the consequences from someone else’s decisi@itslfhan 2003

Some limitations and defaults are pointed out bintéa (2003):

- " For each individual, if the disaster happens i@ $ears, they would have
had time to reduce their vulnerability. If the dssar happens in 1 year,
they would be in trouble.

- A challenge exists in ensuring that accurate, ustdgrdable, and effective
“information, advice, and assistance on techniqdes individual and
community vulnerability reduction” are provided he government,
particularly given the diversity of groups and vettabilities which always
occur.

- A challenge exists in ensuring that people do use payments for
vulnerability reduction. If neighbours or neighbauy communities choose
different uses for the money given to them for enalbility reduction,
problems for everyone may result.

- Reducing post-disaster assistance could cost vesmay be politically
dangerous.

- The payments would be calculated partly based enntagnitude of the
event expected. If that event magnitude is excedded the government
would be obliged to assist fully. ”

D.2.2.3 Loss module

Financial insurance loss is determined by insurasaalitions (Khater and Kuzak 2002),
which include thedeductibles(portion of the claim that is not covered by inswu), the
limits (maximum value of loss take into account by theauieg andthe total insured value
(effective value engaging the insureFidqure D.5). The insurance conditions determine the
consideration of financial damage by the insurarigéeis complete or partial.

By influencing insurance conditions, insurance cames can act directly on the financial
statement by increasing premiums or by decreadiogances.
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Figure D.5: Relation between damage and reimburseme
Modified after Khater and Kuzak (2002).

Modeling the loss is difficult, because it has takd into account the evolution of
vulnerability, land use planning, environmental dibions and the increase of population.

« Therefore, what is needed is a model that isgeove in risk estimation,
not retrospective.” (Khater and Kuzak 2002)

Besides, the insurance company can become moreeftestive by a variety of other
financial measures (Smith and Petley 2009):

- Re-rating premiums

- Restricting cover

- Widening the policyholders base
- Transfer the risk to a reinsurance

D.2.3 WHICH GOVERNANCE FOR INSURANCE COMPANIES?

As we have seen, natural hazard insurances patgcip the financial recovery after an event.
This intervention is necessary, because in the @iasatural hazard event, the damages can be
so important that it can be impossible to recover game state as before the event without
financial help. Insurance companies can thus ghayrole of the State without altering the
economy of the country. Therefore, an insurancéesyds a necessity to protect the local
economy. As shown later on (chapter D.5), insuraree be public or commercial, both
systems have advantages and drawbacks.

From there, we can wonder which governance thganse industry can promote. In the case
of the natural hazards, it can intervene in sewsegls on the function of the state. Besides, a
lack of insurance can discourage development iardazis areas (Smith and Petley 2009).

The insurance sector represents an important Ithditycan intervene politically. This lobby
has the possibility of proposing regulations anchit take part in land use planning. This will
depend of course on its will to get involved in girevention.
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The insurance sector has an important financialghteithat gives power but also
responsibilities. An insurance company is ofteniantgin the local economy. However, a
menace threatens its position of strength: sefiesefcy. This occurs when the insurance
company pays without necessarily seeking to redieeamount of damages, as long as its
financial mass is sufficient. As such, insuranceas an incentive system to reduce disaster
costs, because after every disaster, the owneginsbursed. The owner has therefore no
incentive to reduce its vulnerability. In other wsy if the property is damaged, the insurance
will restore it in the initial conditions. By corgpgences this insurance is condemned to
assume the increasing costs caused by the indreasems.

By requiring obvious and defined protection godlse insurance companies have the
possibility to control the fragility of the portiol. They may thus decide of the fragility degree
of the portfolio and the "damage tolerance”. Thayehthe option to require a kind of label
taking into account the exposure of the propernty,also its vulnerability. This option might
help stabilize the rising cost of damages.

D.3 THE ROLE OF INSURANCE IN SWITZERLAND AND ITS
INTERVENTION IN RISK MANAGEMENT. CASE STUDIES.

D.3.1 SWISS INSURANCE ORGANIZATION

As Smith and Petley (2009) noted, risk managengiie process through which different
strategies are evaluated in order to mitigate th@ad to manage economic losses.
Traditionally, the national government leads thianaggement. As seen before, insurance
companies have a role to play in risk managemeirith & strong presence in Switzerland
(100% of buildings covered by insurance in certagions), they are involved in the risk
management.

As a federal political system, Switzerland does hae a unique insurance system
(Figure D.6). Indeed, each canton has a different insuranteypagainst natural hazards. 19
of the 26 cantons have a system of cantonal moggmablic insurance for buildings. The
Cantonal Insurance Institutions (Cll) are indepenaxé political power but are obligatory for
owners who must ensure any building. The CII havenger-cantonal reinsurance pool (UIR),
which works like a reinsurance company, but spedlify for the CIl. The CIl is involved in
the allocation of building permits in risk areatrdugh the CIl Association (AEAI), it makes
recommendations on the consideration of naturaarduszin constructions (Egli 2005 and
2007). AEAI also finances a foundation of naturaiége prevention, which funds projects in
the field of risk mitigation. For instance the @nt project carried out by University of
Lausanne and the societies R&D, Bianchi Conseits Risk and SafetyAnalysis Tool to
assess buildings vulnerability to flooding and rigduction’ aims to provide an accurate
assessment of building vulnerability to floodinglao propose mitigation solutions (Choffet
et al. 2009). The AEAI also provides educationalrees for construction professionals.

In addition to CII, private insurance companies exzogantons which do not have public
insurance, together with most of the furniture gondds not insured by the CII. Thus, private
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companies are also active in the field of natuestand management to reduce the costs of
damages. In addition, they participate in finanaim¢ggation measures, as this will be shown
in the example below (section D.3.2). The coveeexand the amount of the premiums in
Switzerland are uniform and compulsory for all frévate insurers. Considering its great
sociopolitical and economic importance, this pmpheiwas registered in the law in 1993
(OFAP 2008).

Public insurance Private insurance

Reinsurance companies

ZEN

19 Swiss Public Fire Insurances |

\
AEAI

- Prevention of
natural hazard
damages

\
UIR
- Reinsurance of
all ECA
- Availability of
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limited seismic
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research

I
|

/
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N
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Private insurance
for personal property

Private insurance
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|
Figure D.6 Swiss insurance system for fire and natal hazards.

A few years ago, the main activity of Cll was firesurance. Today, these institutions
annually compensate 18’000 fire claims for a tasiimated at 270 million Swiss francs
(AEAI 2008). Thanks to an effective strategy foeyention and intervention (Figure D.7),
the trend in the number of claims is stable ordwen declined in recent years. Nevertheless,
since about 2004, the trend of the economic lodsesto natural hazards has become more
important than the same trend due to fire. The gmreon policy against fires conducted by
the CIl has proven to be effective and there ham ke decrease in the annual financial
amount of damage$-igure D.7), but the same principle is not observed for rathazards,
where the economic losses caused by natural elsrhante grown. This fact illustrates that,
on one hand, the reduction of fire risk was achdetterough vulnerability reduction by
adapting buildings to new standards. On the otlaadhfor natural hazards, the prevention
has focused on reducing hazard, which has giveerfessults. This fact shows that measures
focusing on vulnerability reduction can be effidien

Damages due to natural disasters are very expef@ivgrivate insurers, since insurance
companies are so active in financing protection suess in threatened areas. The Swiss
insurance companlya Mobiliere responding to the exceptional floods of 2005, desided

to create a fund of ten million Swiss francs todumitigation projects. This amount has been
doubled since then. More surprisingly, this compalsp decided to participate in funding a
research center on global warming effects in algireas at the University of Bern for five
million francs. Even if these measures are alsé glaa communication and advertisement
strategy, they allow nevertheless some progrebes toade in research.
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Figure D.7 Evolution of fire damages and natural eédments of the 19 CIl. The Y axis
represents the centimes by 1'000 francs assured gtiX axis represent the years.
The dashed lines illustrates the trend. Modified d@er AEAI (2008).

D.3.2 CASE 1: THE PRIVATE INSURANCE SYSTEM IN VALAI S

The canton of ValaisHigure D.8), located in the Swiss Alps, has a strong presehocatural
hazards in its territory. Each year avalanchesrtislélows, rock falls and floods do extensive
damage to infrastructure.

The canton of Valais does not have any system loligunsurancefigure D.8). Only private
companies insure goods and there is no obligatwnah owner to be insured. A first
consequence is that the insurance penetrationigdtev, meaning that only a few people
ensure their property. Since the number of politgéis contributing to the common pot is
reduced, the insurance cost is more expensive.

Figure D.8 Valais is one of the 7 cantons (in whifavith a private insurance system.
The other cantons have a public insurance system.
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Figure D.9 The canton of Valais is threatened by seral natural hazards. For instance,
the catastrophe of Gondo in October 2000 killed 1Beople. The economic loss
for the whole canton was estimated in more than 67@illion Swiss francs.
Image source:_www.vs.ch

Another consequence is that private insurance coiepare more present in this region and
play a major financial role. A case illustrates timplication of private insurance industry in
the risk mitigation: Port-Valais_(www.mobi.xhThe Municipality of Port-Valais, located in
the Rhone Valley, is threatened by mudflows andldides Figure D.89). The insurance
companyLa Mobiliére financed part of the construction of two dams. sehelams are
intended to protect residential areas and indlisand artisanal settlements. Thanks to this
financing, the insurance company expects savingsossible damage costs in its portfolio. It
estimates indeed that the possible costs induced tandslide would be higher than the
insured value present in the landslide area aridthiegprotection measures are cost-effective.
In the contrary case, an individual reduction @& tisk would have been privileged, by the
buildings adaptation or by financing relocation, that can be the case elsewhere in the
canton. The last solution would have perhaps beanthe insurance company would have
quite simply chosen not to assure the values caedern fact, private insurance companies
have no obligation to insure everything and thahes main difference between private and
public sector in the field of insurance.

Concerning the particularity of private natural &wakzinsurance, private insurance for natural
damages is regulated by a federal office (Fedédfiabf the private insurances). Thus, such
as ClII, the proposed insurance is offered at aoumifrate in exposed areas (OFAP 2008).
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D.3.3 CASE 2: THE PUBLIC INSURANCE SYSTEM IN NIDWAL DEN

Since the canton of Nidwalden is frequently affddig different kinds of natural hazards (see
for instanceFigure D.10), its population is very concerned to these phesran Regarding
buildings, the floods of 2005 have cost 120 milli&wiss francs (BAFU 2007). Since the
population of this canton is reduced (40200 peop®.1 Knf), the assured community is
small, meaning that the damages have strong fiahmpacts. The Swiss public insurance
system allows remedy of this problem through aesysof solidarity between CII. Thus, a
policyholder of another canton pays a small amdamé policyholder of Nidwalden touched
by a catastrophe.

Figure D.10 Nidwalden is affected by natural hazard. Here, a
shallow landslide at Ennetbirgen during the eventsf 2005.
Image source: Nidwalder Sachversicherung

To reduce the financial consequences of naturaardaz Cll Nidwalden has an advanced
prevention policy, oriented on vulnerability redoat

For example, the CIl is working with the authosti® provide recommendations in buildings
construction. It edits technical recommendations fowners in hazardous areas
(Figure D.11). It has also employed full-time workers in theeldi of natural hazards
prevention for many years. They have developed rakwwrategies to assess the risk.
Nidwalden is also far ahead of other cantons imitkgt natural hazard mapping. Indeed, it
does not only map the extent of the phenomenaalsotthe intensity, the risk and all event
information is collected in databases.
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Figure D.11 The Nidwalden CII offers remediation stutions through
technical sheets. Image source: Nidwalder Sachvérkerung.

D.3.4 CASE 3: EXAMPLE OF A FAILURE. THE CASE OF THE FALLI-HOLLI
LANDSLIDE NEAR FRIBOURG

ClI of Fribourg participates in delivering buildingermits. Having an obligation to insure all
buildings on the cantonal territory, it gives arpest advice on building implementation.
However, a noticeable example in the early 90sstithtes the limits of the influence of
insurance on the amount of damages due to nateaigmena.

In May 1994, a major landslide of 40 million*rwas activated in the Prealps zone, at the
location of Falli-Hélli. The dimension of the unbta mass was 2 km long and 700 m wide.
The landslide covered an area of 1.5°kand an estimated depth of 60 m. The maximum
displacement rate was measured in early Augustrétl@®/ (Caron et al. 1996, Raetzo and
Lateltin 1996).

Before the landslide occurrence, the CII Fribourgvged its opposition to the construction of
a touristic area in this region already recogniasdunstable. However, underpolitical and
economic pressure, the authorities of this time'dithke into account the negative notice of
the CII Fribourg and authorized the constructiontims holiday village. The landslide
destroyed 41 houses causing economic losses estiraal5 million Swiss francs. Despite its
negative notice, the CII of Fribourg was requiredpay for the financial damages. This
illustrates that the insurance companies have ribigad role and their decisions can be
contested by political decision maker. In fact, Gdlve the obligation to insure all buildings,
despite its own notification.
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The case of Falli-Holli illustrates the limits ofie possible involvement of insurance in
prevention Figure D.12). This event triggered the writing of the preventipolicy in
Switzerland by the federal recommendations on abhazards.

Figure D.12 The landslide of Falli-Holli destroyed41 houses
causing economical losses estimated in 15 millionvis francs.
Image source : Hugo Raetzo.

D.4 REINSURANCE COMPANIES AND NATURAL HAZARDS
D.41 THE ROLE OF REINSURANCE COMPANIES IN RESEARCH

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 exaag 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. Contrary to private insuranctiseaat the national level, the companies of
reinsurance work on the worldwide market and aresequently interested in catastrophes in
a more global manner. Swissre and Munichre, thdelsaon the reinsurance market have
their own publication services regarding naturakdnd prediction and scientific model
development. The reinsurance companies financatgaestudies (Bock and Seitz 2002) or
finance research work, for example the UIR (reiasae of swiss public insurance) in
Switzerland which publishes post-event reports @eample Imhof and Heuberger, 2008).
They also finance scientific organizations, suclthaswillis Research Network, supported by
Munichre and Swissre (Willis Research Network 20Ijis partnership between academia,
public policy institutions and the insurance indyshas the objective to lead scientific
understanding of extreme events. For instance,ydas Willis Research Network convened
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one of the largest sessions at the Annual GenesakAbly of the European Geosciences
Union (Natural hazard Risk assessment Session,apdre from Insurers and Academics,
Vienna, 2010).

D.4.2 FROM PREDICTION TO PREVENTION

Hurricane "Andrew" in 1992 and more recently huane "Katrina" in 2005 shook the
reinsurance industry. Various insurance companiesluding some important ones) had
financial problems following these events, and @hsount of damages were not anticipated
by many insurers. Hurricane Andrew induced an eduoss of 16 billion dollars and is
credited for the bankruptcy of ten insurance comgm(White and Etkin 1997; Kunreuther
2001). The provisions and the covers of insuraneewften not adequate. These two major
catastrophes illustrate the need for the insuramze reinsurance companies to have better
natural hazard models, in order to anticipate tlstnimportant catastrophic events and to
estimate the maximum potential loss. This is mongdrtant for reinsurance companies,
which must face mainly these kind of events. Asiageto now, the increased damage is not
only due to the increasing hazard, but also intteenby other risk factors, such as the
vulnerability and the increase of objects at ris&ated in hazard area. It is thus necessary to
anticipate all the risk factors.

For the traditional insurance such as automobite, dr life insurance, the first step of the
potential loss model passes by a statistical sbhadgd on history:

“However, the risks of natural disasters are genlgrdow-frequency, high-
severity events.” (Khater and Kuzak 2002)

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:

“Using current computer technology and the latesttle and meteorological

science information, catastrophe risk models ofterake or other perils (...)
have been developed by specialist consulting cormpaithese models are
now deemed essential tools for use by insurerssuoeers and government
agencies around the world to assess the risk «f flmsn such catastrophes.”
(Khater and Kuzak 2002)

The catastrophe risk modétigure D.13) combines the components leading from the risk to
the loss, described in the chapter D.2.2.
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loss Effective loss for insurance : 510°000 - 60'000 = 450’000
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Figure D.13 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).

Once the risk model is established, it is posdiblpass to a targeted prevention. International
institutions, such as reinsurance companies, hhoegrs their interest in promoting cost-
effective mitigation measures to reduce the dantagproperty and infrastructure after a
major catastrophe (Kunreuther 2001). Indeed, masgiple benefits for insurance companies
to encourage mitigation measures exist, as showrKloypreuther et al. (2004):

(a) Reducing direct losses: Mitigation measures aaoid physical damages

caused by the disaster to insured infrastructusesedl as the loss of lives. For
example for rock falls, building a reinforced wedin avoid building collapses and

save lives.

(b) Reducing indirect losses: This concerns the laguced by the catastrophe

but not directly to the infrastructure. This cand&ng-term loss, for example a
business interruption, causing a loss other tharifect loss.
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- (c¢) Reducing losses to neighboring structures: Aigation measure can avoid
damage to other infrastructures, without having nbegesigned for the
neighborhood. For example, a building collapse @amage other buildings that
would have been left standing otherwise. Mitigatimeasures that avoid the
collapse reduce also the loss to neighboring strest

- (d) Reducing financial costs from catastrophic éssghe mitigation measure can
reduce the catastrophic losses and thus avoid dbeurse to public finance
envisaged in the case of great catastrophes excp#uk financial capacities of
the private insurers.

D.5 OVERVIEW OF DIFFERENT NATURAL HAZARD INSURANCE
SYSTEMS IN SEVERAL COUNTRIES

In August 2005, the whole northern Alpine regionsvedfected by extreme floods. The total
amount of damage to buildings, infrastructure agdcalture has been considerable. The
insurance companies’ data provide a first insigito ithe different insurance policies of
European countries and how the proportion of induoss can influence the overall loss
(Table D.3).

For the 2005 events, Switzerland had the highegiqgution of insured loss compared to the
overall loss. Switzerland had the highest overdkltoo. On the 2’100 billion USD of overall
loss, 1'250 billion USD were insured (Munichre 2D061 Germany, the insurance cover
policy is lower than in Switzerland and 50 billiatsD of the 220 billion of overall damages
were insured (Munichre 2006). In Austria, the pmtjom between overall loss and insured
amount was even lower, because only 21% of theativdamages were insured.

Table D.3 Flood in the Alpine region in the summef005.

Country Overall Loss (US $ m) Insured loss (US $ m) %

Switzerland 2'100 (Munich Re 2006) 1'250 (MunichZR@6) 59 %
Germany 220 (Munich Re 2006) 50 (Munich Re 2006) 22 %
Austria 700 (Munich Re 2006) 150 (Munich Re 2006) 21 %
Europe 3000 (Swiss Re 2006) 1'700 (Swiss Re 2006) | 56 %

Some countries (like Switzerland) have a strongrausce penetration in the society and so a
high cover. Moreover, after a catastrophic evemtpwner will not hesitate to declare as lost

or damaged any object, event if it is only slightdlgmaged, considering that he is paying
significant insurance premium. Both factors wiltiease the insured loss. In countries where
insurance penetration and cover are lower, onlyptetaly destroyed objects will be declared

damaged and the overall loss will be lower too

Since each country has a specific way to manage rienbursement policy after a natural
event, it is difficult to provide a general ovemwieof all European systems. The insurance
varies according to the risk or the insured propert
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“The availability of landslide insurance is quiteanable. In many countries,
including the UK, private insurance for mass mowveinteazards is not available
because of the risk of high numbers of claims” (Brand Petley 2009).

However, there exist two main categories: publsumnce with a financing of the state and
private insurance with commercial goals. In mostesa these systems are nested. Some
examples with France, Turkey and Germany can bgepted. The case of Switzerland was
already described in chapter D.3.

D.5.1 THE CASE OF FRANCE

In France, natural hazard insurance is not obligatdhere is a government approach to
insurance, which involves a mandatory extensiopraperty insurance policies provided by
private insurance companies. Insurance companiesotdmsure all natural risk and do not
insure the values which could be concerned by aldage risk and which could affect the
community pot in a too important way. The naturaindges caused by a natural disaster are
difficult to estimate. This is why the French stgtees its guarantee, by the intermediate of
public company, the CCR, which plays the role ofiasurer.

France has a particular way to manage its prevetgainst natural hazards. Indeed, for the
insured properties, a prevention fund exists (FBarchier) for the major natural risks, which

finances measures of vulnerability reduction sushth& expropriation of goods exposed to
certain natural risks or to help the stricken regioThis fund is financed by a portion of

insurance premiums. According to Mission Risquesuigdies (2004), this fund can be use
for:

e "The acquisition by mutual agreement by the statenunicipality or a group of
common properties strongly affected by naturalstess.

« The acquisition by mutual agreement by the Stateumicipality or a group of
common properties exposed to some major naturartdazavhich seriously threaten
human lives.

* Measures to reduce vulnerability prescribed bysk prevention plan (PPRN) to
existing assets in risky areas.

e Studies and prevention work against natural hazaodthe owner of regional
authorities with a NRPP prescribed or approved $8itin Natural Hazards 2004).

All compensation provided by insurance companiessabject to two prior conditions: (a) the
French government must declare a state of natusalstr (being the government who
decides whether or not an event is a natural édigaahd (b) the damaged property must be
covered by a property insurance policy.
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D.5.2 THE CASE OF TURKEY

Turkey Catastrophe Insurance Pool (TCIP) was estad in 2000, after the earthquake in
the Izmit area (1999). TCIP is a government-badkadrer. It has variable rates based on
risk.
"The government of Turkey has decided to enforeeetfrthquake insurance
on a nationwide basis with the sole purpose ofgiining the potential risk by
offering insurance through the TCIP and then expgrthe major part of this
risk on the international reinsurance and capitahnkets. Initially funded by
the WorldBank, TCIP was founded on 08.08.2000 &edprogram became
effective since then. All registered residentiaktings that are located within
municipality boundaries are required to be in thempulsory earthquake
insurance coverage. With its 2.7 million policy nbas of April 2008, Turkish
Catastrophe Insurance Pool has a potential to bexdtime largest earthquake
insurance company in the world” (Yucemen 2008).

So far, Turkey has a modest penetration rate aframge. In Istanbul, the market penetration
is approximately 27.3%” (Freeman 2004). TCIP cowanly residential buildings. Freeman
(2004) exposes some problems, which illustratebakness of this kind of insurance:

"From 2000 and 2003, fifty earthquakes occurredTiarkey and the TCIP
paid total damages of 7 million dollars to 4200 lemwners. For the two most
serious earthquake, the Government of Turkey waikiedprovisions of the
Disaster Law requiring the purchase of insurancel ateclared all citizens
eligible for government support, insured or not.eToosts of non-insured
victims in the 2002 and 2003 earthquakes cost thasliry on additional 200
million dollars” (Freeman 2004).

D.5.3 THE CASE OF GERMANY

Germany is a case of pure private insurance systém individual premium calculation.
Since 1991, natural hazard insurance companiesdqa®upplemental contract which covers
economic losses due to floods, torrential rain,rideland mud flows, earthquakes, land
subsidence, avalanches and snow buildup (Thiek@6)2®owever, apart from storms and
hail, the insurance penetration rate against nahazards is very low (95% vs. below 10%,
respectively) (Schwarze 2010). This rate is veny lm comparison with Switzerland or
France, which have a governmental approach. Thistihtes the fact that in case of private
insurance system like in Germany, only those mustatened by natural disaster are willing
to contract private insurances.

An insurance system such as Germany can have pisldach as those mentioned by Smith
and Petley (2009):

"Buildings insurance is only mandatory during thiéelof a mortgage and
many householders — nobly tenants, pensioners lazgktin the lower socio-
economic groups — either fail to insure or are unthsured” (Smith and
Petley 2009).
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Moreover, this system does not encourage the ovmeeduce the buildings vulnerability.
According to Thieken et al. (2006), only 14 pertcehGerman insurers rewarded voluntary
private mitigation measures.

As seen in different examples provided above, peivar public insurance systems are
characterized by certain advantages and disadwemtatpwever, most of the countries have
not got a unique system, private or public, butia o both.

D.6 CONCLUSIONS

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 allowant@she policy-holder does not seem to be
the most optimal way, because this benefits ordyitiurer and not the policy-holder.

Object vulnerability reduction will certainly bechallenge for the coming decades. With the
current increase in damage costs and the prospect increase of natural disasters induced
by global warming, many institutions will have ke into account the fragility of exposed

objects. As such, insurance companies are concetrtad forefront.

By focusing on this research area, particularlpdigh laboratory research or partnership with
the scientific community, insurance companies sdemhave anticipated this problem.

Nevertheless, they still should go further: whas baen written until now seems to confirm
that this is the right way and that the insurano#ustry has everything to gain. Indeed,
vulnerability of a given object has a huge impattlee final amount of damages.

However, vulnerability is not always taken into aaot by owners; though they may know
the danger in which their property lies. Indeeds #ystematic reimbursement does not
encourage owners to take initiatives. Simple mesasto reduce vulnerability could however
be considered in most cases.

A lack of information seems to be the cause of thiservation; reducing the vulnerability of
a persons property is important and beneficialdorgiase the amount of damage. Insurance
companies can work in this direction.

According to Munichre (1997), motivation throughdncial incentivestias already proved
to be one of the most effective ways of encourathi@egwner to take precautions. The best
approach is to make sure that clients retain anca@ge proportion of the risk themselves,
especially by introducing substantial deductibl&he role of insurance companies in natural
hazards is financial, but must be used properlyiiitends to reduce damages and not only
the financial impact.
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