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Abstract. Rock fall hazard zoning is essential for ensuthgsafety of communities settled at the toe oépitidlly unstable
slopes. Rock fall hazard zoning can be performetuding the effect of protection measures, whem lage restrictions
might not be enough to mitigate hazards. The retgveness of the measures must be assesseck®suee they can play
their role, especially in those cases when measnigist have been installed at a given site sin@s¢eThis article focuses
on how to evaluate the effectiveness of rock fafitection measures and how hazard zoning can heentded by their
correct operation. The approach presented is divid® four main stages, which include a two-stepcpdure to evaluate
the effectiveness of both existing and new provesti It is based on quite a comprehensive rockpfatection database
built for the Canton of Vaud in Switzerland, and thre Swiss Federal Guidelines for hazard zoningydwer, all the
methodological framework proposed and related demations could be in principle extended to anyeotfegional or

national contexts in which a combination of intéysind frequency is used to assess rock fall hazard

1 Introduction

Mountainous regions all over the world are affedtgdock fall hazards, which may constitute a sgsithreat to the safety
of local communities settled at the toe of roclgpgls. Especially in the last decades, the needdiarareas to be exploited
for urban development caused human settlemente todated even in potential rock fall prone arééational authorities
have been trying to establish appropriate hazaddrisk management policies to cope with landslidieduding rock falls
(Cascini et al., 2005; Labiouse and Abbruzzesel1p01

Some countries were actually able to define a cetmrsive set of guidelines for landslide hazard agament at the
national (or at least regional) level (AGS 2002l Ee al., 2008; Raetzo et al., 2002; M.A.T.E./MIE.., 1999; Copons et
al., 2003). Switzerland is indeed among these c@msyta framework for coping with rock falls as s all other types of
landslides exists for the whole Confederation (Raett al., 2002; Lateltin et al., 2005). In the Ssveodes, the priority in
trying to reduce potential risks associated to rfadls is given to appropriate land use planningz&td zoning maps are

elaborated for delineating areas of conflict betwbhaman assets and the rock fall runout, and eaa bf hazard in the
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maps corresponds to constraints to the constryciieirfor each of the hazard levels defined inginelelines, both for new
and already existing urban areas.

The principle of trying to manage rock fall hazavdth an appropriate use of the territory implibattthe use of protection
measures is not necessarily considered at firstveder, if land use regulations alone can be vefgcéfe in reducing
potential consequences in areas destined to neanudlvelopment, protection measures still haveetauded to keep
existing built areas safe, should these areasdagdd in zones where hazard is found to be notgielgl. Land use planning
therefore has eventually been coupled quite oftiém pvotection measures all over the Swiss teryitor

As rock fall protections have been installed thtoug the last decades, their design and instafigtiave complied to
different standards, as long as hazard managenoéioies, hazard modelling procedures and techrmioagress concerning
the protections design advanced. With particulgarés to the existing protection measures, thegefiie problem arises
whether they can comply to the current standardisstwould be accounted for in hazard zoning; furtteee, if this is the
case, the next point to tackle is how this sho@ldibne. As a function of their current state, tedgrt functionality of some
existing measures might in fact be not guaranteedsequently, their performance capabilities shdiddascertained, in
order to understand if they can still play theierand possibly influence hazard zoning and theegfnd use planning (and,
if so, up to which extent).

Similar considerations on the actual effectivenefsa protection measure not only concern existirgasares but could in
fact be extended even to new protections, for whitler types of factors, not strictly related te irotection itself, could
still reduce their capabilities, despite they aesvly designed (for instance environmental factansditions characterising
the site where the measures are located).

The way to take existing and new protection measim® account in hazard analyses still remaing@en question and
requires further development.

In this context, the work presented in this papersaat proposing a methodological framework forleating the role of
rock fall protections (both existing and new) orzdral assessment at a given site. The approach evadoged at the
Institute of Geomatics, Environment and Construtimonitoring of works (G2C) of the University of @ged sciences and
arts of Western Switzerland (HEIG-VD), Yverdon-lesins. It is based on a methodology developed éyrtstitute initially
for the Canton of Vaud, with the objective of edidting a simple yet effective procedure for evéhgthe conditions and
effectiveness of the protection measures on itédey.

After briefly recalling the principles of rock falazard zoning in Switzerland, the next Sectiolstilate the details of the

approach proposed and some recommendations gopiisation.
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2 Landslide hazard zoning in Switzerland

Landslide hazard can be defined as a conditiontwitiay adversely affect human life, property onaigtito the extent of
causing disasters. Hazard description must thewouatcfor intensity and frequency of occurrence loé tdangerous
phenomenon within a given period of time (Felllet2005; Fell et al., 2008).
In line with this definition, the Swiss Codes (Raekt al., 2002; Lateltin et al., 2005) charactetendslide hazards based
on a combination of intensity and frequency of opence. Specifically regarding rock falls, theseo tparameters are
represented, respectively, by rock fall energy etdrn period, i.e. inverse of the frequency ofwoence (given by the
product of the frequency of failure of a rock comipgent and frequency of reach of the detached bldekergy and return
period are both classified into three categoriew/(Imoderate, high) and their combination defiresd levels of hazard:
low, moderate and high, as graphically explainedtisy matrix diagram showed in Fig.1. An additiomalzard level
qualified as “residual” is defined for return pettohigher than 300 years, to take into accounptsible occurrence of
extreme rare events (but no further specificationvell defined classes are given in terms of refpenod and energy to
classify this hazard).
As shown in the matrix diagram, each hazard levelssociated to a specific colour: red for highebbr moderate, yellow
for low, and yellow-white hatched for residual hakarespectively. As briefly mentioned in the Irduetion, these four
colours not only classify the severity of potentiatk fall hazards in the zoning maps: in factythee also associated to the
specific land use planning regulations correspantiineach level of hazard in the intensity-frequediagram, for both new
areas to be built and already existing settlements.
The constraints set for each degree of hazarcefpriating land use can be summarised as followsamdported in Fig. 1:
- the red zone (high hazard) is a “prohibition dorftaiew constructions and further developments ef éixisting
areas are forbidden;
- the blue zone (moderate hazard) is a “prescripiomain”: new constructions and further developmanbuilt
areas are allowed under conditions;
- the yellow zone is an “awareness domain”: commesitare informed of potential low hazard but urban
development is, in principle, allowed.
- The yellow-white hatched zone is also an “awaredessain”, the difference with the yellow being tiathis area
the hazard is known to be only at a residual level.

Once validated, rock fall hazard zoning maps ategirated into land use planning and become legtiging.

3 Approach for evaluating the effectiveness of preiction measures

Many different types of rock fall protection meassiexist (examples in Fig. 2) and they do intevattt the process in very

different ways. Some guidelines exist on the datérehind an appropriate rock fall protection ggyt (Volkwein et al.,

3
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2011; CCC, 2013) and on the correct design of s¢vweeasures available for this purpose (Volkweinakt 2005;
Muhuntham et al., 2005).

According to the guidelines and principles includedhe Swiss strategy for coping with natural ldsathe reliability of
protection measures depends on (i) the type of uneaéi) their proper design and (iii) their cunteconditions in terms of
possible flaws or shortcomings (Keusen et al., 2008e first two criteria concern both new and 8ri$ measures. On the
other hand, the current conditions of the protectice a crucial point to consider particularly pootection measures which
are already existing at a given site. Indeed, it@sy important to assess their actual state bafelgéng on their design
capacities, as, in fact:

« despite the measure has already been installeal feliatively long time frame (and maybe even impadiy some
previous events), it could still work as expecteal,that in principle no reason would lead to bei@vshould no
longer be serviceable;

* on the contrary, the measure might actually beigigrtor even totally unable to play its role besauwof, for
instance, partial damages due to previous evextls, df maintenance of other type, etc.

Based on these considerations, an approach foblissiag how well protection measures, either naweristing, can
actually work would be quite useful, in order tdaddish what changes they generate in the hazaebssd at a given site
and, ultimately, how land use planning changedaitsite. On the other hand, a methodology whicthtmig further than
qualitative considerations like those containethim Swiss guidelines (Keusen et al., 2008) is stijuired, for delineating
how this kind of evaluation of the measures effextess should be carried out.

In the attempt to provide a solution to the problefrassessing the state of the measures and hgwc#meperform (and
possibly modify the hazard zoning that would beeased without them), a procedure was proposed hvetiins to take into
account those factors which can influence the hieawof a rock fall protection and evaluate theeefiveness of the
protection accordingly. This approach includes:

1. the elaboration of a database, which was builtaieeha record of all the types of protection measused in the
Canton of Vaud, to know what types of protectiorss @sed, what their technical specifications are tuerefore
also what their flaws and shortcomings can be, dase issues linked to the design, operation, ifztah,
maintenance, environment in which they are insdadte. ;

2. a methodology, articulated into four steps, whadseia indeed to evaluate what is the actual eféectéess of a rock
fall protection and, ultimately, what the influenckthe presence of the protection is on hazardhgoand land use
planning.

The next Sections give details on the databaseted input data for the application of the metHodg, as well as on each

of the four steps of the proposed evaluation proced
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3.1 Inventory of the existing protection measures

A database of all the types of protection measpresent on the territory of the Canton of Vaud wtborated (Grisanti
and Prina Howald, 2014, 2015a and 2015b), basddformation and data collected on site, providedhsy authorities of
the Canton and the companies producing the protectised on the territory.

5 The database was implemented in Microsoft Acceslscantains quite detailed information about eagte tof protection.
In particular, it counts 23 types, classified imt@ategories: barrier fences, dams, wire mesh/aadtte walls, topographic
modifications (slope re-profiling), anchors andtpation galleries.

An Access form is dedicated to each measure, dedar data are stored in 33 fields, which syn#esnformation on
several aspects including the operation of theegtatn, technical specifications (capacity, heigit,), drawbacks, norms
10 to be respected for their design, installation,tgos list of potential flaws and shortcomings,npiples/needs for
maintenance and reparation. An example of formafgiven type of barrier fence is showed in Figv&ical barrier fence
in single line, low energy absorption capacity).
On the one hand, when new protections need to diellied, this tool can assist the choice of an eypete measure, by
comparing several types of protections and analyfgatures, advantages and possible drawbacksatioreto the problem
15 studied (e.g. hazard scenario, environment, éit.)he same time, it defines most of the technésglects which influence
the behaviour of the protection measures during tifle span, which are very important when exigtimeasures have to be

inspected for evaluating their conditions and, eguently, effectiveness.

3.2. Methodology

The objective of this procedure, based on the S@stes, is to provide a simple yet effective tasldnalysing whether the
20 measure can play the role it was designed forrderto lower the hazard at a given area, and, iesentually reclassifying
the hazard and requalifying the area in termsmd lase.
The methodology is characterised by the followiogrfsteps (Fig. 4), detailed in the next Sections:
e characterisation of hazard and evaluation of thstieg measures/choice of new measures;
« analysis of the measures according to “Scenariefiéctive capacity of the protection;
25 « analysis of the measures according to “Scenartossl: reduced capacity of the protection;
« reclassification of hazard by using the intensiggiiency diagram (in case the measure properhgaés the

hazard according to design).

3.2.1 Characterisation of hazard and evaluation ahe current state of the protection measures

The input data for the hazard analysis in presefpeotection measures are:
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« information about the site and characterisationthef hazardous event, in terms of volume, size effilock(s),
energy and probability of occurrence;
« information about the protection measures to bk bualready existing.

Relevant information about the site and the evemfraprinciple available from the hazard analysisviously carried out at
the considered site for a given hazard scenarid,tla@ corresponding zoning map (which of coursthiat stage does not
account for any possible existing protection). Tdlisws to characterise the hazard all over thpesknd to represent on the
Swiss intensity-frequency diagram the initial sa@mat any point of the slope (Fig. 5).
Then, an investigation on the type of protectiorasuees existing, if any, is carried out, or, if jedion is required and no
measures have been installed yet, an appropriaieecfor a newly designed one has to be made. Begpthe information
for evaluating the conditions of the existing paoti@n measures, the fields and attributes defingtié database presented in
Section 3.1 constitute a fairly comprehensive dpson of each protection and help in establishiigch data is required to
be collected. In particular, the correct operatiba rock fall protection can be influenced by antner of factors which were
grouped as follows:

1) factors linked to the particular environmenthditions characterising the site;

2) factors associated to the general rock fallgmidn design and possible additional engineeratgti®ns to

optimise the design;

3) factors specifically linked to the flaws and whemcks of each type of rock fall protection.
On this basis, forms for collecting data relatedhiese factors were proposed not only to gathehallelevant information
needed, but also to do it in a structured way. Tdss$ aspect can help in uniforming the proceddrdata collection and
achieving a certain degree of consistency and deibility of the data collection phase. The forame composed of three
sections, each dedicated to one of the aspectseahentioned (site, type and peculiar designingufesatof the protection
measures, flaws of the protection measures).
The next Sections present how these factors amntaito account in the elaboration of a two-stepghe@ology for

evaluating the effectiveness of the protections.

3.2.2 Evaluation Step 1 — Analysis of the measurascording to “Scenario 0": effective capacity of tle protections

The first stage of evaluation proposed in this meéidlogy takes into account only factors linked tie site (presence of
protection forest, rivers, freezing/thawing cyclesowfall, outcropping rock, other natural hazadisnages due to animals,
etc.) and the “general” design of the protectiorasuges installed (manufacturing faults, possibiitylastic deformations,
respect of the norms, homogeneity/weak points égtiucture, coupling with other protection measuredundancy of

main structural elements, features related to cfaikpe, etc.) - i.e. factors 1) and 2) in the\poeis Section.
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In other words, at this stage the initial conditiohthe measure is supposed to be that of new girote working and
interacting with the environment as well as potnévents according to its nominal capacity (ile tapacity it was
designed for). This condition was named “Scenaltio 0

The objective of this first analysis is to defindether from this condition the nominal capacityttwé rock fall protection
might be lowered by any of the factors consideteso, this decrease must be evaluated, and aact®fe capacity” has to
be computed and used in place of the nominal cppfacithe next steps of the methodology.

Ideally, this can be achieved in a relatively sieplay, using a heuristic approach and definingrst, ffor each factorj)
belonging to groups 1 or 2, “penalty coefficienB ), Poz2g) (Where O refers to Scenario 0, while 1 and 2 rédefiactor
types 1 and 2, respectively). These penalty caeffis can then be applied to the capacity of tlwteption (e.g. energy
absorption capacity of a barrier fence) to obtaioveer capacity than the nominal.

For instance, the presence of other natural hazfad®r type 1) can partially damage a barriecé(or a dam) and cause a
loss of energy absorption capacity. The effectagacity of the barrier (or dam) can be thus contpate

Eeff = Eopt ' POl,(j) 1)

whereEg: is the effective capacity (in this case expressadrms of energy absorption) of the barrier fertg its nominal
capacity andPoy(j) the penalty coefficient associated to the fagtdiother natural hazards”, belonging to group 1.

This step is applied to any case study, involviiibez new or existing protection measures. In ih& tase, it allows to
consider which factors could lower the capacityaofneasure despite it is newly designed; in the kcthis evaluation
constitutes the starting point for the followingst when flaws and shortcomings of existing measare also taken into

account.

3.2.3 Evaluation Step 2 — Analysis of the measurascording to “Scenarios 1 to 6”: reduced capacity fahe protection

This second step of the methodology was specijiaidlsigned for existing protection measures andges on evaluating
the consequences of flaws and shortcomings affpetath specific type. Based on the types of messumesidered in the
database and on the data collected on each of thetential causes of malfunctioning were classifigd six categories,
common for all the protection measures. Each cayegb flaws was associated to a new “scenario” whlgsis. These
conditions are defined as “Scenario 1", “Scenaria.2'Scenario 6”. The types of faults and associaseénarios were
established as follows:

« issues related to the positioning of the protectimasure (Scenario 1);

« problems due to a non-correct design of the megSaenario 2);

e faults and problems related to the constructiori@ndstallation of the measure (Scenario 3);

« flaws/faults due to lack of maintenance (Scenajjo 4

7
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¢ shortcomings due to the fact that the measuretteised its life span (Scenario 5);

« the measure is working in residual conditions,bh&yond its life span (Scenario 6)
As done in the previous phase, the objective o dime is also to determine how much the capacity mtection measure
can be lowered. This time, the source of capaeitiyction is on the other hand due to the facttti@protection might have
been installed for a long time, might have intezdawith the environment and, possibly, even onmare previous rock fall
events, or might have been not maintained as redjuatc.
Starting from the effective capaciBg calculated at the previous stage, and based osathe principle, penalty coefficients
can be proposed to evaluate to which extent thaaiypof the existing protection is reduced. If éogiven type of measure
Pi) indicates the penalty coefficient associated &j thactor of Scenarid (i=1..6), the “reduced capacity” of a protection
can be determined by means of an expression sitil&q. (1). With reference to the example of aibafence, a factor
like a damage to the supports of the barrier &tprevious impact (Scenario 4) can lower the capacithe barrier, as the
net will not have the necessary support to rether énergy it was designed for. Therefore, its reducapacity (again
expressed in terms of absorption energy) can bleaea as:

Ereq = Eeff ' P4,(j) 2

whereEq is the reduced capacity of the barrier feri&e s the effective capacity atl j the penalty coefficient associated
to the factoij= “damage to supports”, belonging to category afttan.4, i.e. Scenario 4.

For every Scenario, therefore, all those factotsiadly affecting the protection at the site havebi® assigned proper
corresponding penalty coefficients. These coeffitsecan then all be applied to the effective capador evaluating the
reduced capacity.

Contrary to the factors considered in the previsiep, which often might modify the capacity of tneasure to a lesser
extent, the factors related to Scenarios 1 to @dcaatually prove the protection measure to bellfotmserviceable, as a

function of its current state.

3.2.4 Reclassification of hazard

The two step evaluation explained in the previoestins allows for computing the actual capaciffe(ive and reduced)
of the protection measure considered, starting fileennominal. As a result, by comparing at the tioceof the protection
the hazard affecting the slope (in absence of nmeasto the capacity obtained, it can be estaldistieether the protection
can actually act against the event and mitigatéh#izard beyond that location. In particular, tHeofeing possibilities could

happen:
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a) the capacity of the measure is not sufficieribteer the hazard; the protection measure coulddstroyed by the event
(e.g. energy absorption capacity of a barrier fdoeeer than the energy of the event). The protectieeasure cannot be
taken into account in its state:

« for existing measures: the protection should be: (i) replaced for ensyithe proper level of safety for the assets it
was meant to protect when it was first installed;ignored (for what concerns its effect), if tsfarmations in
terms of land use have already modified the asstetisk and no properties are highly exposed riggytond the
protection.

« for new measures: the design solution should be (i) modified/upgedvith additional solutions which can avoid
the effect of factors 1) and 2) (Sections 3.2.1 &2d2); (ii) changed to another type of measurespecially if the
new choice of the measure is less sensitive tofadf) and 2).

b) The capacity of the protection is sufficient foitigating the hazard, but it might not guarangetotally satisfactory
margin for safety (for instance, the energy absonptapacity of e.g. a barrier fence, or a dammdgédairly or too close to
the energy of the event). In these cases, furthvesiderations on the specific problem can lead to:

« for existing measures: decision to (i) repair/upgrade substantially by feplace the measure, similarly to what
discussed for the previous situation (point a)a disnction of the type/amount of flaws. For ins@nmaintenance
and/or partial reparation could be enough in soaees, but replacement might be required if flawd partial
damages cannot be handled otherwise;

« for new measures: (i) modify or (ii) change the project, as diseedgor the previous situation - point a);

c) the capacity can still be fairly sufficient tatigate the hazard (e.g. energy absorbed and heigatbarrier fence); the
protection can be considered in the hazard assessmest probably only minor interventions in terafsmaintenance are
required.

In situations b) and c) described above, the rélthe protection can actually lower the values @ik fall energy and/or
return period obtained without protections, inalas affected by the process runout and locatgohbethe measure. A
reclassification of hazard can be then performetth@iocations concerned by using the Swiss intesfiquency diagram.
In particular, the position of the energy-returmripeé couple corresponding to the original hazarenscio, i.e. “natural”

scenario (Point A, Fig. 6), can be shifted to aaptrea of the diagram, as a function of the nesvgnreturn period couple
which can be determined after the hazard has eassessed accounting for protection measures.hdeard levels can be
determined based on the effect of the measurbisifetffect is such that the point representingrifeiral scenario is shifted
to an area of the diagram corresponding to a Itaeard (Point B in Fig. 6), the area concernedbeaassigned that (lower)

level of hazard. Land use regulations will therefbe defined accordingly, based on the new haeard tetermined.
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4 Scheme of application of the methodology

In this Section, principles of application of thetimodology are presented separately, with sombeurdetails, for the two
situations in which (i) new protection measuresentivbe installed, or (ii) the presence of alreaxrigting measures has to
be considered. As mentioned before, for both tyfemnalyses, the rock fall hazard affecting thelgtsite is preliminarily

5 known.

4.1 New protection measures

The elaboration of a rock fall hazard zoning map gtven site might show that some assets coulddzged in areas with
too high rock fall potential risks. The areas caned require therefore protection, to be ensurechéwly designed
measures. In such a case, the methodology carptiedaps follows. Referring to Fig.7:

10 1) Choice of the protection measure(s). The first point to tackle is the choice of theoegpriate measure to be installed:

l.a) consideration of the hazard scenario;
1.b) exam of the environmental conditions of the site
l.c) choice of the appropriate protection measure: Hialthse presented in Section 3.1 can assist thheeabio

the engineer also in this sense, showing whicheptimns are more frequently used for a given snatmore than
15 one option can initially be considered and/or aloim@tion of more measures (each of them will bewatad in the
next step of the procedure);
2) Evaluation of the effectiveness according to Scenario 0. Evaluation of the performance of the selectedsmenaccording
to Scenario 0:
2.a) analysis of the factors belonging to group 1) (BecB.2.1) which can affect the protection in thielgem
20 examined,
2.b) analysis of the factors belonging to group 2) (Bec8.2.1);
2.0c) definition of penalty coefficients for factors gfes 1) and 2);
2.d) computation of the effective capacity of the préitetby means of Eq. (1)
If the reduction of capacity is negligible or lomnly smaller (or no) interventions could be necesfar the measure
25 in order to avoid this reduction, and have the meaworking according to its nominal specificatioRer instance, if
aggressive water is present at the site and migihergite corrosion and problems to the foundatibasbarrier fence,
drainage systems and appropriate treatment of #talrnomponents against corrosion should be adppgdther
with as much appropriate maintenance operatiorsyaa a loss of efficiency of the protection imé.
2.e) if more than one possible protection measure wakiated, steps 2.a) to 2.d) should be repeatedllftive
30 protections considered, so that a final choicetlierhazard mitigation can be taken, based on hoehrthe factors
considered can potentially lower the capacity & theasure, and therefore what modifications anadatitional

10
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solutions have to be considered in terms of engingalesign to avoid this (design, installationstsp operation,
performance, maintenance...)
3) Reclassification of hazard and requalification of the areas concerned in terms of land use. Reclassification of hazard and
requalification of affected areas are technicathggible, as the good performance of the protedtambeen guaranteed by
its correct design and possible complimentary smist adopted, according to the previous steps efuation. The
reclassification of the hazard levels affecting éneas located beyond the protection can theniieda@ut as pointed out in

Section 3.2.4, at all locations concerned by tto fall runout.

4.2 Existing protection measures

When protection measures exist at a given site thed effectiveness has to be evaluated, the agtic of the
methodology includes (Fig. 8):

1) Analysis of the conditions of the existing measure(s).

l.a) consideration of the hazard scenario;
1.b) exam of the environmental conditions of the site
l.c) collection of all data and information concernitg type of measures existing at the study sitetleid

current state (forms described in Section 3.2.1)
2) Evaluation of the effectiveness according to Scenario 0. The analysis performed at this stage is basi¢hlysame as the

one described for new protections:

2.a) definition of penalty coefficients for factors gfpes 1) and 2);
2.b) computation of the effective capacity of the prtitstby means of Eq. (1)
2.c) if more than one measure exists at the site, &epsand 2.b) should be repeated for each measure.

3) Evaluation of the effectiveness according to Scenarios 1 to 6. The effect of flaws and shortcomings of the pebta

measure(s) on its (their) performance are detemnatehis stage:

3.a) analysis of which factors associated to Scenarités & which can affect the protection in the proble
examined,

3.b) definition of penalty coefficients for all thesecfars (Scenarios 1 to 6);

3.0) computation of the reduced capacity of the provectly means of Eq. (2)

If the effective capacity is only slightly inferido the nominal capacity, most probably repairiaglacing some parts
which might have been damaged from previous smediek fall events or other causes can be suffidieritave the

protection restored to good working order.

3.d) if more than one protection measure is presenhatite and need to be investigated, steps 3.a)cjo

should be repeated for all the protections;
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3.e) Design of new protections, if existing ones are adequate for hazard mitigation, according to the
procedure in Section 4.1.
4) Reclassification of hazard and requalification of the areas concerned in terms of land use. Contrary to the case of new
measures, where the reclassification of hazarddcoubrinciple always be done, for existing measuhes can happen only
when, even in presence of faults and flaws, thecéffe capacity is still such that the measureamgre with the event. If this
is the case, the reclassification can be donenagaidescribed in Section 3.2.4, at all locatiomscerned by the rock fall

runout.

5 Discussion

The methodology presented constitutes a tool faiuating the role of protection measures in rodktfazard assessment
and zoning, which represents a good compromisedagt\i) dealing with a fairly solid amount of infoation to collect and
use, (ii) being relatively simple in terms of agpliion, and, at the same time, (iii) flexible.

5.1 Rock fall protections database

Building up a database of existing types of rodkgdeotections actually in use was surely a consiiee amount of work to
do. In return, this helped a lot in clarifying whipoints require particular attention in terms efign and maintenance of
each protection and, therefore, which informatitwowt a given protection should be carefully cokelctvhen they are
inspected for the application of the methodology. tbe other hand, despite the database constiéuteseful preliminary
step to the application of the approach propogeis, mot mandatory. Once the most important featurethe protection
measures to be investigated are given the apptepc@ansideration, in terms of quality and amountr@levant data
collected, the applicability of the methodology kwbstill be extended to territories (countries wstjregions) whose surface
is far greater that the surface investigated in@aaton of Vaud and for which an extensive survieyed at building a
database of the existing protections could be toahding.

Regarding the information collected, it has to linfed out that some protection measures are used commonly than
others, e.g. barrier fences, dams, anchors andegtimesh wire/cable nets rather than some typeslts, re-profiling the
slope, protection galleries for roads. Consequerittg amount of information available for some nwees used less
frequently is not as large and complete compargtidéanost common - this is also due to the fadt #g., modifying the
profile of a slope or designing a gallery are caempgbrojects which can be carried out using a nurbelifferent solutions,
depending on the conditions of the site; thus,eddifit aspects have to be considered and, afterwaasitored for the
correct operation of the measure, depending onstiexific solutions adopted. However, the databases chave an

evolutionary structure and can be updated as seoewa and/or more accurate information becomedadolai

12
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5.2 Considerations on the application

The procedures of data collection for examining therent conditions of existing protections and leation of the
effectiveness of the measures are in principleecgiinple.
For data collection, the forms mentioned in Sec8c¢h1 already provide the basic structure of thiado be collected, and
the information required can be recorded fairlyilgam site during field investigations.
Regarding the evaluation, no specific detailed wettias been developed for computing the reduceeéfiective capacities
of the protections, nor to reclassify hazard basedhe natural scenario and the effective capadity.clarified in the
introduction to this paper, this degree of detailnot sought after in this paper, which rather amhsproviding a
methodological framework to solve the problem ofvhto evaluate whether protection measures shouldaken into
account into hazard analyses. This feature refldtscharacter of the original methodology, devetbfor the Canton of
Vaud, in which once a general framework was deteedor the approach to the problem, freedom wasrgito each
Municipality, bureau or company to carry out therentechnical parts of the evaluation with their omethods. In other
words, for practical applications especially, thgeative was not to impose a detailed methodolobiclvwould overcome
the “know-how” of each professional involved in Buanalyses (which very often is very complex), toyprovide them with
a general common approach, within which each psafeal could work with the most appropriate methadsording to his
own experience. Nevertheless, the basic idea optadpa heuristic approach for computing the acusacity of the
measure (i.e. effective or reduced), as introducesections 3.2.2 and 3.2.3, is in course of furttevelopment; this should
provide any potential users (not only practitiopevith a slightly more pragmatic approach, compared general scheme
of application only. In this respect, appropriatnalty coefficients should be defined for all tteestbrs introduced, to
establish which of them should rather act on trergnthat the measure can retain, or the probglofibccurrence, or both
of them. The work in course of development aimpraviding more precise elements on how these pasmshould be
assigned, in a way that, once validated, the riegustpproach could be indeed relatively fast anth to use, in practice as
well as in research, and keep a good scientifitssbdhis way, a step further could be done in tppliaability of the
methodology, which on the one hand could keep thbad approach to this problem uniform, and at $hene time still
allow to integrate the experience of the enginearsying out the analyses, for instance by an gpate choice of the
penalty coefficients for reducing the capacityle measure.
Concerning how to perform the reclassification at#érd, the presence of a protection measure (dtrjsasore frequently
done in Switzerland, a combination of them) shanldrinciple mitigate the hazard completely, yielglia negligible hazard
at the areas that the measure is meant to pratettie{ Canton of Vaud in Switzerland, for instarite, tendency is to assign
directly residual hazard — hatched zone in the Sdiagram - after the protection is installed)fdot, as a function of the
type of measure, e.g. a barrier fence or a danmtddci the propagation zone rather than an anchoe¢dixed on the
unstable rock wall, some events can indeed be stbpp the measure, but at the same time otherdhemeyen of smaller
importance, can still occur and reach areas dogypeslAs an example, a barrier fence might be dedidor mitigating an
13
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event characterised by a large volume of the blagid therefore high energy; even when this enesggbsorbed by the

barrier, other events might occur soon after, &edblocks could still roll/jump over the fencedill up by the blocks of the
bigger event already retained by the barrier, angagate downslope. Although such a situation wbeldnuch less severe
in terms of potential risks, it would not represarscenario characterised by a negligible hazhstetfore it should not be
neglected in any case. The same could happenndtarice, if maintenance of the barriers is not dmérequently as it

should, and the barriers might be filled up andfamaged by smaller rock fall events (some of wimight even be not

recorded). In the same way, if measures are takeatly on the cliff to prevent big volumes to dettae.g. wire mesh/cable
net, still smaller blocks could fall and propagdtevnslope, generating hazards.

Depending on the situation, the principle of resifging hazards should therefore take these aspetcisaccount; in other

words, from e.g. a high hazard scenario at a dgivestion before the measure is put into placehdmard evaluated after the
installation of the measure should not necesshslyeclassified directly as residual, but it comldact be moderate, low or
residual, as a function of the degree of mitigatbteined (Fig. 9).

5.3 Flexibility of the approach

The approach proposed presents also a certainedegifexibility. As mentioned throughout the pap#re same procedure
for evaluating the role of the protections is apgile to both existing and new protection measunet)ding situations in
which the two could be present at the same timeexample of combination of existing and new meascomild be that of
a cable net already existing on the wall, whichldastill be effective many years after it was itist (as this kind of
measure does not require a significant maintenaace) a new barrier fence, installed on the propagaone of the rock
fall, for capturing potential smaller blocks whinfight still fall despite the net.

Also, as it does not have any feature linked tosike or the situation for which it can be applitte methodology can in
principle be applied to any rock fall scenario atutly site.

Furthermore, despite it was developed based ofhss guidelines for hazard zoning and the Swissmenendations for
taking into account rock fall protection measumresazard zoning, the considerations behind the adetbgy are such that
this approach could be applied to any other courfthe methodology is indeed not dependent on tliéeines, so the
evaluation of the protections’ effectiveness wonlat be substantially influenced by the legislato@nstraints of other
countries (besides possible norms for the corresigth and maintenance of the measures). Similartii¢ Swiss context,
the approach could be used based on different dityefiequency diagrams and corresponding land pisening
regulations. In fact, several methodologies foikrfatl hazard zoning, regional or national, arerently based on intensity-
frequency diagrams (Interreg llc, 2001; Crosta duyliardi, 2003; Corominas et al., 2003; Jaboyedeffal. 2005;
Abbruzzese and Labiouse 2013); applying the metloggo proposed internationally could be thereforeitequ

straightforward.
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6 Conclusions

This work presents an approach for evaluating ffiecéveness of protection measures and their amfte on rock fall
hazard zoning. It is based on the Swiss Federaldélines for hazard zoning and is constituted by &teps, which include
the evaluation of the conditions of existing measuand/or the choice of new ones to be installedoastep evaluation of
5 their actual capacity and the possible reclassifinaof hazard, as a function of the mitigatiorerplayed by the measure.
The methodology features a simple structure, andeaused both for existing and new protection nness It is based on a
rock fall protection measures database which caistathe engineer in the choice of new protectionke installed and in
the evaluation of the state of the current ones.
The flexibility of the methodology allows to apptyto any type of protection measure recorded endhtabase, for any rock
10 fall scenario, at any site and, in principle, ading to any national or regional guidelines for drazzoning based on an
intensity-frequency diagram.
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Fig. 2. Protection measures installed on the slopedove the city of Montreux (Switzerland). Above: lrrier fences and cable nets
5 on the cliff overhanging the Cantonal Road near théown of Vallorbe. Centre: barrier fence (Source: Gisanti and Prina Howald,
2015). Below: earth dam (Source: Privat and Prina dwald, 2014).
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