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ABSTRACT

Mountainous areas are prone to natural hazards like rockfalls. Among the many
countermeasures, rockfall protection barriers represent an effective solution to
mitigate the risk. They are metallic structures designed to intercept rocks falling from
unstableslopes, thus dissipating the energy deriving from the impact. This study aims
at providing a better understanding of the response of several rockfall barrier types,
through the development of rather sophisticated tneensional numerical finite
elemens models which take into account for the highly dynamic andinear

conditions of such events.

The models are built considering the actual geometrical and mechanical properties of
real systems. Particular attention is given to the connecting detailsdrethe

structural components and to their interactions. The importance of the work lies in
being able to support a wide experimental activity with appropriate numerical
modelling.The dataof severafull-scaletests carried out oparrier prototypesas well
asontheir structural components, are combined with results of numerical simulations
Though the models are designed with relatively simple solutions in order to obtain a
low computational cost of the simulations, they are able to reproduce wéh gr
accuracy the test results, thus validatimg reliability of the numericatrategy

proposed for the design of these structufée developed models have shown to be
readily applied tgredict the barrier performance und@ferentpossiblescenaris,

by varying the initial configuration of the structuiesd/orof the impact conditions.
Furthermore, the numerical models enable to optimizeldélsgn of these structures

and to evaluate the benefitpdssiblesolutions Finally it is shown they candrlso

usedas avaluablesupporting tool for the operatonsthin a rockfall risk assessment
procedure, to gaiorucialunderstanithg of the performance of existing barsan

working conditions
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CHAPTER 1

INTRODUCTION

1.1 ROCKFALL PROTECTION BARRIER S

Mountain areas cover about the 20% of all the European land antthichef the
European Countries have mountains on more than the 50% of the entire territory. The
extreme environment makes mountain areas prone to natural phenomena such as
landsldes, rockfalls, mudslides, avalanches. Among these, rockfalls are very sudden,
highly unpredictable and strongly influenced by weather events such as precipitations,
freeze/thaw cycles and also wind, drought, fires and permafrost modification.
According b the European Environment Agency, mountain areas have also seen
considerable demographic change, and tourism has led to significant seasonal
variation in the population makg. As a result, populations and assets at risk have
increased leading to enhada®ckfall risk.

Toward this risk different protection measures were developed oviastiyears and
rockfall barriers represent one of the most commonly used passive syRtmrkfall
barriess are metallic structuresthat represent efficient solutions interceptand stop

the blocks detached fronm ainstableslope

Rockfall is anatural hazardvhich usually nvolvessmall areasand high welocites
(Volkwein et al.2011). It consists of free falling blocks of differemblumes (ranging
between0.01and 100 m®) which are detached from a steep rock wall or a cliff, after
an initial block toppling or a local slide, associated with gravity, water pressure in the
joints or adjacent block thru@Biani 1993.

Rockfall hazard isa sudden andot easilypredictablephenomenonbecause of the
severaluncertaintiesn the estimation of thériggering factors that can lead to this
event.If existing infrastructure need to be protected and the rockfall risk cannot be
limited by zone planningf the areathen mitigation measuseare required and a
further level of investigation must barcied outin order to study thenost probable

propagation of the blocks fallingaag the slop.
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Thus, hefirst problemin mitigatingrockfall risk is to predict the motioof the falling
bodies Block mass andvelocity, heightof rebound and ruout distanceare the
typical outputs of numerical simulationsarded outto identify the rock falling
trajectory ando predict the mstprobable energgat impact

Based on the estimation of the rockfall evgmoperties, an adequateprotective
countemeasure must be designéal reduce the riskThese solutions areistorically

classifiedin two different technicatlesign approaches:

1 Active measuresheyprevent roks from falling down the slopley stabilising @

removing the located risk

1 Passive measureghey act during the event by interceptargl stoppinghe

falling rock, thereforeavoiding itfrom reaching thelement at risk

Among the manyavailablepassie protectionsystems rockfall barriers represeiain
efficient solution They are metallic structusedesigned to dissipatiee kinetic energy
deriving fromthe impactof the falling blocks For this reason, the performance of a
rockfall protection barrier is usually expressed in termshef maximum energy
capacitythey are able tabsorb Since the dissipation of energy is accomplished
through the accumulation of permanent deformatminthe systemtherating of the
barrier can be defined also in terms of its deformabilitye greater is the barrier

capaciy, the higher its plastic comphceas reported in Figl.1

FLEXIBLE

SEMI-RIGID

energy increasing capacity

S

Figure 1.1 Scheme of the relevant typologies of rockfall barrierpaiiag capacity related to the
system deformatiofGottardi et al. 2011)
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Thus, it is common to talk abohtgh-energyor flexible barriers when the system is

able to dissipate high impacting energy value (up to 8000 kJ) by means of large
irreversible defamations. On the contrary, if the system is less deformable with a
comparatively minor absorbing capacity we refedaa-energyor rigid and semi

rigid barriers (few hundreds kilojoules).

The behaviour of arockfall protection barrielis traditionally assessed referrintp
results of fullscale tests in whicla prototypeis subjected to the impact of block
having a known mass and velocity. In Europe a guideline was recently developed
(EOTA 2008) to supply a standard procedure to evaluate pleeformarce through
theseexperimers, in order to have a uniform assessment of the products made by

different manufacturers.

A typical rockfall protectiorbarrier is made of several identidahctional modules
installed in sequence fahe required length. Eaamodule is constituted byarious
componentsaving different functions. Particularly, a functional module corssist
three mainparts plushe foundation systenas illustrated irFig. 1.2. The parts have

the following function

1 Interception structurdt is a metallic nebf variousmesh typeslt has the function
to intercept andtop thefalling block. The mesh heto bear the direct impact of
theimpacting bodyabsorbing most of the kinetic energy derivingm the event

by means of elastplasticdeformatiors.

1 Supporting structureit is constitutel by steel posts of differerstection typs. They
aredesigned tdeep in position the interception structure and to trantmait

forcesresulting from the impadb the foundatios.

1 Connecting componentshey arecablesgnergy dissipating devices, studs,
clamps and othezlemens involved at thentersecton nodedor the internal
connection between the various constitutive elem@iftsyhave the function to
connect the nmeh to the supporting structuaadtransmit the stressg®sulting

from the impactto the foundatios
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1 Foundationsysters. Generallythey aredesigned abase platéor the posbor
anchoring system for the cabl@$ey haveao besuitablydesigned to distribute the
impact loads to the ground without reaching failuvlichcould led to

overturning of the barrier.

? legend:
‘ [ interception structure
energy
&? — Supporting structure A~ d|ss|pat|ng
! ,,.r’ % — — connecting components device
! P W foundation structure o- internal
)

connection

e
SRR
% \ IeY 0% 5 VQQ 100
B0
PSSR

”j&:ﬁ Z2 - !
%% , 5 ,"& )’ i e ,‘ :
35S = gt '
o D ST
LXK “
RS N

Figure 1.2 Scheme of the main components of a rockfall barrier fundtioodule

Recently, different authors have examinég toutcomes of the existing research
related to rockfall issige producing a summary review of the worldwictntributions
(Lambert and Nicot 2011; Vkivein et al. 2011Turner and Schuster 201Buncan
2014). From the hazard assessment to the analyie protection measures used, all
therelevant problematiwere described highlighting the need for furthesearch.

Within this context, lhe thesis aims at significantly advance the analysis of the
performance of rockfallbarriersby means of numerical ethods. The response of
protective systembavinglow to high energy absorption capactgwards dynamic
loadings has been investigatd@the different problematic relevant to the two systems

type are extensively explained in next Section.

12 THE NEED FOR FURTHER RESEARCH

Rockfall protection barriers amdesigned by assemblingany functiomal elemert to

withstand stronglydynamic impulsive eventderived fromfalling blocks. Itimplies

high nonlinearity on theresponse at all theomponents, whilehe irteractions
4
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generatedbetween the involve complex mechanisms that areot eay to be
predicted Further, the impact condition of a rockfall evemnt a protection barridras
a strong variability.Many parameters should be considered when an intervention
project is planned, both in terms of design of the barrn&. jeometrical and
mechanical characteristics) and prediction of the rockfall efientvolume, velocity

andtrajectoryof theimpactingblock).

Considering the existingpckfall protection baiiers structuresthe problenshould be

divided in two main branches:

1 High-energybarriers, usually defined also as flexib{€ig. 13a), theyallow the
development of permanent deformation of the structure in order to dissipate

elevate kinetic energy lev@irom few hundreds to thousands of kilojoules).

1 Low-energybarriers, named rigid or senmigid for the characteristic of thggstem
(Figs. 1.3b and 9. Thestructureis amilar to the flexiblebarrier butthey present
crucial differences in some constitutive elementsatildeir interconnections
leading to a simplified design. Due to this modification of the structure the system
is less defanable thusinfluenang the overallenergy absorption capaciyhich is

generally lower thafew hundreds kilojoules

Figure 1.3 Rockfall protection barrier typgsourtesy of the Autonomous Province of Bolzar&))

flexible; b) semirigid and c) rigid.

Though the problematic field is the sartieey areherinafter explained the different

aimsthat needo be developedoncerningthe study of thewo systems

5
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1.2.1 High-energy rockfall protection barrier s

High-energy rockfall barriers are designedatwest blocks moving along alope by
means of large plastic deformationSeveral manufacturers produce different
prototypes of barriers with energy absorption capacity that can range from few
hundreds tdhousands kilojoulesAccording to the deformatiolevel they are able to
perform they are also defined as flexildbarriers Traditionally, the performance of
high-energy barrierss assessed by means of empirical procedures based @utdidl
tests of the prototypes and their components.

Nowadays, hesefull-scaleexperimeng are arried outaccordingly to standardised
procedurs (Gerber 2001LEOTA 2008)planned in order to gain a fllhowledg of

the structureresponse to withstand a given kinetic energy at the impaact.main test
site configurations argenerallyconsideredAn inclined test sitavherethe barrier is
installed along aslope and the block is guided to impdlceé fenceby means of a
trolley running along a track cab(€ig. 1.4). Differently, in a vetical test sitethe
block is lifted by a cran& a specific heighand released to impact the prototype in a

free-fall motion (Fig. 1.4).

b
2 ) crane

tack cable

@ Dblock

barrier

<

=

barrier

Figure 1.4 Full-scale procedurdsr testingrockfall protection barriersa) inclined teg site and b)
verticaltest site(Gottardi and Govoni 2010)
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Test results armonitored throughlifferent measurement systenmhsgh-speed camera
or other suitable instruments recordthe block velocity and displacement, load sell
to evaluate forces actingat the foundation tsucture and additional direct
measurements for other relevant démathe standardised procedurée falling rock
protection kit considered is made of three functional modates impacted in the
centralpanelin its geometrical centre. The barrisrtestedusing a concrete block of
polyhedric shape and the test is conducted in order toagastocity at impact greater
than 25 m/sin this researchthe outcoms of a series ofull-scale testsarried outon
different prototypesn a vertical drop tessite are consideredGottardi and Govoni
2010)

The performance assessment through a-#lefihed procedure represents a good
opportunity to have a standardised definition of the reliability of different protatype

On the other hand, it must beminded that a rockfall event is variable and
unpredictablefurther the protectionbarrier in a real installationould have different
geometrical and mechanical characteristics due to some restriction of the investigated
area.For this reasons, enthe results extrapolated fromhe full -scaletestsare used

for the designof a barrierinstallation,many safety factors need to be introduded.

order to assess its response to the variability ofsien impact conditionthe
experimental setup could be dibed to perform various testing condition, Hutl-

scaletestsarecostexpensive and timeonsumingprocedures

Despite the importance of the experimental testing assessnmeotder togaina real
understanding of thperformanceof flexible barrie's to the variability of the impact
conditiors and to reduce #h costs of testingprocedurespther instruments can be
used. Over thelast 20 years, mmerical analyse have proved to be a valuable
instrument to investigatthe effect ofhighly nonlinear dynamic events like impact

tess against metallic structwgdike rockfall barries.

Numerical modding is a flexible tool,by modifying the submitted inputesults

different configuration can be obtainednsuring the reliability of the obtained

7
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outcoms if the model was wellalidated Data of full-scale tests carried out on the
barrierprototypesare essential in order to assess the numerical model effectiveness by
simulating retrospectively the experiments atompare the resultsThus, if a
database of experimenis available, a numerical modef a rockfall barriercan be
calibrated.

Some peliminary anaftical and numerical modelr these structureswith both
finite and discrete elementmethod, have been developead the last few yearso
achieve suclgoal. Thereare simplifiedanalytical modelgHearn et al. 1991Peila et
al. 1998 Cantarelli et al. 2008 two-dimensional FEmodel(Govoni et al. 201)land
completethreedimensiondFE andDE models(Nicot et al.2001; Cazzanket al.2002
Volkwein et al.2005; Gentilini et al.20123) studying the phenomenamith different
approachesThough simplified modslcan be useful for a preliminary analysis of a
prototype, in order touse subsequentlthe model as gredictive t@l, an advaned
threedimensional numerical moddihg techniqueis more suitable.lt should be
highlighted that to assembly advanced model of a rockfall barrier a real
understanding of all theonstitutivecomponent®f the systenis required.Therefore
gatherinformation about their response under dynamic loadirsgnecessary step and

experiments under dynameonditiors should be considered whenever possible

The models already developed in literatim@eshown thathere is a needf a better
predictve numericaltool for the sitespecific assessment of these structufégre is
still alack of information on th@rocedures for thassessment of the modelseady
developed. Somdetaik should be better explaad and validated. The numerical tool
develped must be able teeproducethe barrier behaviourof experimental results
under various loading or design configuratiobscause my a wellcalibrated model
canbe confidentially used as a design instrum&he availability of a wide database
of full-scale tests carried out at different impact conditions on rockfall t=emnet

their components, allows to further enhance this study.

More accuratenumerical models of these passive protection systelmsve been

recentlyproposedoy different group of reearch (Bertrandt al.2012 Van Tran et al.
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2013; Bourrier et al. 2014 Escallonet al. 2014 Moon et al. 2014) proving the

relevantintereston this research topic during the last few years.

1.2.2 Low-energy rockfall protection barriers

Low-energy barriers are usually installed hen rockfall evens expected in the
intereséd area involve low values of impacting energyin many cases they are
installed in condition of extreme urgency, without a specific structural design
comprehensive plan afourtermeasuresDifferencesin the designwith respect to
flexible barrierscan be found in the characteristics of some constitutive elements and
atthdr internal connectios) leading to asuitablestructure.Constraintsare restrictive

and the system haswer deformability Although some plastic deformations are
likely to occur, semirigid barriers nay be subjected to elastic deformation oflyear
energy absorbing capacity ha never been properly defined butethare generally

considered able to withstd values from few to less tha@@kJ.

Although these barrieréeature asimple structure their performancewas never
guantified up to now.The European guidelise(EOTA 200§ were developed to
define a methodology to assess the effectivenedsawfer having capacity greater
than 100 kJ. As a consequence, the manufacturers were encouraged to ariglyse
the flexible system performanceince full-scale testingis mandatory to gain a
certification d the product.On the contraryJow-energy barriers wer not studied
experimentally andhere is stilla lack of information about tireresponseéo dynamic

evens.

Nevertheless thase of semrigid barrier isstill worldwide requestedFrom Japan, as
documented by Muraistet al. (2005) where 68% of the monitored rockfall events
involved energy lower than 100 kJ, Aaistraliawhere due to the nature of geological
environmentdow energy levels are expectdetyuset al.2012 Spadaret al.2013).

In mountainous areasike the Alps n Europe or the Rocky Mountains in the US,
greater value®f kinetic energyare usually involvedalong the unstable slopend

flexible barrier areahe most demanded systekiowever,a recent study conducted by
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the Autonomous Province of Bolzano (Italy) h&tsown a different scenario the
Alps territory (Gottardi et al. 2011)Within the context of the European project
PARAmMount (imProved Accessibility, Reliability and safety of Alpine transport
infrastructure related to MOUNTainous hexan a changing ahate) the Rovince
has developed a tool to analyse tbekfall riskinto the territory In the process dhe
evaluation of thehazard assessmerd complete inventory othe existing passive
countermeasuresas achievedA thousand of falling rock protéion barriersstill in
exercisein the province areawere identifiedof both low and higkenergy type.
Unexpectedlyaboutthe 50% of theidentified barrierdelongs to the lowenergy type.
Reason for the wide us# these typologies can be various. First of all, in a forested
area the expected energy at impact couldigkly affected by the rtigating effect of

the vegetation(Volkwein et al. 2011). Recent studies have shown that in the
interaction between treesd faling blocks, the forest can be able to dissipate up to
200500 kJ (Dorrerand Berger 2006; Dorren et al. 200Jonsson 2007 leading to
lower value of theexpecedenergyobtainedfrom rockfall trajectory models.

Further, die to their low deformabilitysemirigid barriercan be installed close to the
road railways orinfrastructure they are called to protecidthey are less expensive

systemseasierto be installegspeciallyin conditions of extreme urgency.

In order to evaluate the effectivenesstluése structures against rockfalla hazard
assessment procedutke energy adorption capacity of the systeshould & known.
The absence of standards for an experimeasslessmenof semirigid barriers
performance,stresses thaweed for improve theunderstanding of the dynamic
behaviourandto assess a procedure to supply this lack of informattosuitable
numerical investigation can be addressed to investigate the performance of these
structuresBased on a welllefined numerical strategy and detailed information of
their design properties, a preliminary understand of the response efigiensiystems

can be assessed.

Nowadays,due to the continuousquest from public administrationviolved in the

defenceof the territory against rockfatisk, many manufacturerare developing the
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study of new protection barriers for the low energy cReeently Buzzi et al(2013
atthe CGMM (Centre for Geotechnical and Materials Modellingf The University

of Newcastle (Australiahave conducté an experimentalcampaignto analysethe
structural response under dynamic conditionsi@kly developegrototypes having
low-energyabsorbing capacity

A cooperation established with the group of research of the CGMM allolneed t
accessibility to such a wid#atabase of fulkcale testsin order to define numerical
strategy also for these barrier typ@swus, & for the flexible systemsa numerical
model opportunely calibratedo reproduce the test outcomes canexloited to

analyse the structure perfoamceunder differentmpact conditions.

1.3 RESEARCH AIMS

Full-scale impact tests are usually carried out to exalthe performance d¢élling
rock protection barriersinder strongly dynamic events deriving from the impact of
rock blocks providing several details about tistructureresponseOn the other hand
the onsite conditions could be widely different from tistandardise@éxperimental
setupand,in orderto plan anddesigna barrierinstallation many safety factors need

to be considered.

The standard experimental configuration definedh®/European Guidelindoes not
take into accountof the many other loading casepossible or geometrical
configurations Obviously, he physical modelcould be modifiedbut the full-scale
tests are expersive solutions and the number of impact events, as well as the

geometrical configuration of the system, can be unlimited.

Therefore it is highly desirable to developell-validatednumerical models for the
prediction of rockfall barriers respongdumerical models areeliable tool to gain
understanding of nelinear dynamic analyses on metallic structures like rockfall

protection barriers.
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In order todevelopa numericalstrategy ale to assess the performanaea system by
varying its configurtion, it is essential testudy the singulacomponentesponsean
dynamic conditionHence, he outcoms of experimentatlynamictestscarried ouon
the sinde constitutive elemdrshould be considered

Subsequently, the model of the barrier can be adsedmtnlibratedand validated,
basedon the resultsof full-scale tes A database ofxperiments carried out at
various impact conditiaon the system should be prefertedenhance the ability of
the numerical tools developed

Once the reliability of he rumerical modelhas been assessets usecould be
extendedwith the aimto predictits response t@everalimpactconfigurations using

the model as a design tool.

A numerical approactihat takes into account theomposition andinterrelation
between the differerdonstitutiveelemens of the structure and providegeliable tool
for the prediction ofthe performance ovarious barrientypesis introduced in this
thesis.Due to the importance of accurate modelloighe nonlinear mechanical and
geometrical characteristics of theelements involved whenever possiblethe
developmentof the numerical strategiiere presented is stronglynderpinnedby
extensive experimentdatato calibrate the response of rockfall protectoamriers.

In absence ofhese outcomess for the case of loenergy barries already installed
in the Autonomous Province of Bolzanahe well-defined numerical strategy

developed for the other systems basnimplemented to fill the lack ahformation

Therefore to significantly advance thrdanensionalnumericalanalysis of rockfall

protectionbarriess, the aims otheresearch covered in this thesis are:

1- Analyse thébehaviour of theinglestructuralelements under dynamic
loadings.Development of atrategy fothreedimensionahumerical model
for high-energy rockfall barriex Validate the model reliability by
reproducingetrospectively the outcomes adatabase atsults fronfull -

scale testsarried outunder severampact conditions
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2- Use tle numerical modeads adesigntool, to evaluateherockfall protection
systemperformanceaundermore realistic impactcenaris. Examine the
potentiality of the created numerical tool to estimate the performance or to
improve the design of a barrier, thneslucing the number of new experimental

tests.

3- Developathreedimensionahumerical modetor low-energy rockfall
barries. In absence of experimental detaite the numerical strategy
validated on higkenergy barriers and, when experimental data \zaeadle,

assesghe model effectiveneglroughresultscomparison

4- Implement the numerical strategy defined for low and{gigérgy protection
barriers to evaluate the effectiveness of the existing barriers towards rockfall

hazard mitigation.

5- Investigation of the dependence of seenirigid rockfall barrierperformance
to thevarnation oftheimpact conditions of the event tihre geometric

configuration of the structutdrough the numerical model

1.4 THESIS OUTLINE

The thesis systematicglivorks through the following steps in order to arrive at each

of the research aims:

Chapter 2 provides background information to the areas concernimpdpybseal and

numerical modelling of rockfall protection barriensd single structural components.

In Chapter 3a numericalFE threedimensional model of digh-energy rockfall
protection barrier is presentedfurther enhancing a numerical strategy previously
developed. The effectiveness of the madedssessed by retrospectively simulate the
experimetal outcomes of several impact tests carried out at various energy level. The

developed modetapacityis thenexplorel further using the model as predictive
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tool. The responseof the rockfall barrierby varying theimpact conditions othe

structuredesgn is addressd.

In Chapter 4athoroughinvestigationis carriedout to define thdehaviour of several
semirigid and rigid rockfall barriersnstalled withn the Alps territory Since no
experimental evidenceseaavailable on the response of thestaictureshumerical
models are developed accordingly to thstrategyearler defined. The modeis
employed ¢ provide the system energy absorption capacity whiepreserd the
essentiaparameteto be assessddr a rockfall risk analysisThebarrierresponse is
analysed assessing the performancesarvice and limitworking conditions The
failure mechanisms also investigated to gain understand of the systems weakness
Finally, parametric simulatiorse carried out to define the respomdée¢he camsidered

barrier in onsite configurations

In Chapter5 the numerical study of a specific lesmergy barrier prototype is
illustrated. Thedeveloped work combines extensive experimental testing of the
system and its components with numerical FEM techsiqliee deigned modelis
calibrated and validated by comparing teenulations outcomes with results of
several fullscale tests carried out on the barrier at The University of Newcastle
(NSW, Australia).The numerical model is then exploited to estimateinhfluence of

the block size on the barrier perfornsarand new evidences about thecatled bullet
effect are identified. Further, a different design, similar to realistic installation of the

barrier, is studied to define pros and cons generated andtidied structure.

This leads to concluding remarks as well as recommendations for further research,

which form Chapter 6.
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CHAPTER 2

BACKGROUMIDHERESEARCH

2.1 REQUIRED NUMERICAL MODELS FOR ROCKFALL BARRIER S
ANALYSIS

This thesis aims at advancing the analysis options available for the simulation of the
response of passive protection system toward rockfall events thiteeidbvelopnent
of techniques for the full thredimensional numerical modelling afrockfall barrier.
The numerical strategy must be developed by comparing results of an integrated
experimental study of the dynamic response of the barrier and its relevant constitutive

elements considered alone.

A rockfall barrier is made of several identical modules, each of thenpased of
different parts: an interception structure, a supporting structure and connecting
components. The performance of the system is assessed basea deridatg from a
physical modelling of the event considering fstiale experimental tests carried out.

In Europe the test on rockfall protection barriers have to be executed in accordance to
standardised procedure defined in a guideline supplied by utierdies (EOTA

2008). In the overall response of a barrier to an impact event like rockfall, the
constitutive elements of the system, in particular the interception structure composed
by the mesh and the connecting elements such as energy dissipatoes,delay a

crucial role. Thus the components behaviour has to be investigated in a preliminary
experimental analysis and then a numerical characterisation of their response can be
obtained. Dynamic experiments may be preferred to static loading cosdstime

rockfall eventscan results in higdynamic impulsive loadsn the structure. At a later

stage the whole numerical model of the barrier can be assembled and assessed by

comparing results with the outcomes of fetlale experimental tests.

The modés introduced in this thesis provide a numerical strategy for the definition of

the performance of these structures. For the different prototypes studied, the numerical
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models were developed addressing to the same numerical strategy, which was defined
to a similar level of sophistication. The numerical models predictability of the
dynamic performance of the systems should be validated by comparing results of

simulations with experimental tests.

In this chapter, physical and numerical modelling technigsesl uo date for the
analysis of rockfall protection barriers and their components are discussed to provide

background information to this thesis.

2.2 PHYSICAL MODELLING OF STRUCTURAL COMPONENTS

The typical arrangement of a protective rockfall barriersesia of many functional
components. Different barrier prototypes can be designed by varying the type and
characteristics of the elements used. Thus, to gain understand of the response of the
whole system it is crucial to analysalividually the performaoe ofeachcomponent.

In fact, the role of each part is critical, since failure of any elemeyt bring to

failure thewholebarrier system.

Basically, rockfall barrier performance is connected to the interception structure
behaviour. It is a metallic ns@ whose function is to intercept and arrest the block
falling from the slope, acting as a surface along the area covered by the structure. The
net absorbs most of the kinetic energy deriving from rock fall impacts by means of
elastoplastic deformationsSince it is the barrier component that is in direct contact
with the impacting body, an appropriate knowledge of its behaviour is required. Many
works in literature are about to gain definition of the performance of méstregh
experimental tests undboth dynamic and static conditioas fully explained in next

Section.

Other important elements that contribute to the dissipation of the kinetic energy are

the energy dissipating devices. Their use is generally restricted to barriers with high
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energy cpacity, where they are frequently installed together with the cables acting as
connecting elements in the whole system. Only a few works in literature consider their
performance in dynamic condition, while results of static experiments are available
and ca vary with the design of the considered device. However, together with the
interception structure they offer the greater contribution to the dissipative mechanism
of the systems and their response to impulsive dynamic effects should be better

investigated

Of course, posts and cablase other importanglements of a rockfall barrier. Cables

can be found in many different configurations depending on the -sez$i®n
constructions, leading to a variation of the main mechanical properties. Tensile tests in
laboratory are usually carried out on cables in order to determine theirsttans
constitutive law. @ntributes in literature are available reporting resultguaisistatic
tensile test Muhunthan et al. 2008 astroFresno et al. 2008; Fontanariat 2009)

and data can be furnished also by the manufacturersiobdynamictestconditions

are availableThe function of posts in a rockfall barrier is to support the mesh and
keep it in position and connected to the cables. They are not calledttibwiento

bear part of the impact energy in the whole barrier response. For this reason their
behaviour is commonly considered only in the elastic range when a numerical
approach of the barrier must be developed and to further investigate the dynamic

respnse of these elements is negligible.

The barrier performance is related to the deformability of the structure, thus internal
connections and resulting constrains between the different elements involved give a
contribution to the overall system capacig. an example, usually longitudinal cables

are allowed to slide through eyelets placed at the head or base of the posts. However,
there are not experiments carried out to analyse this aspect, also because it is not easy
to investigate these sliding effeict such dynamic eventensle tests performed to
analyse the internal connecting elements (i.e. clamps or bolts) used in the construction
of the meshare given inCastreFresno et al(2012).The study showshat in a mesh

constructed with theselementsfailure usually occuron cables and not in the
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connecting clamps. For this reason they can be modelled with a simplified solution in

a numerical model and no further experiments are required.

In the following, a literature review about different experitaémnests carried out on
relevant rockfall components like the interception structure and the energy dissipating
devices is presented. The works presented were considered to develop part of the

research reported in the thesis.

2.2.1 Testing of meshes

In arockfall barrier, the mesh has the function to intercept and stop the falling block
bearing the direct impact of thidock The mesh design has an important role in order
to define the overall performance of the protection system and different types of
metallic nets can be used as interception structure.

Figure 2.1 shows thetypical mesh constructienused for rockfall barriex
Particularly, chairwire, chainlink and doubletwisted nets (Figs. 2.1 a, b and c) are
light systems with wire diameter up to 4 mm, commonly used fordogrgy barriers.
When the prototype must be designed for brginergy levels these types of nate

no more reliable. Thegan be used as secondary meshik the only functionto
intercept small fraction of blocks, buhe principal mesh isnade bystrongly steel
cableswith largerdiametes. The cables can barrangedto form a square grid net
(Fig. 2.1 d)or interlacedring mesh (Fig. 2.1 e)These mesh types have different
geometrial characteristics (weight and dimension), and mechanical properties
(strength and elongationhn order to characterise the mechanical behaviour of the
mesh in a nunrecal model it is fundamental tbaveexperimental tesas reference
Many previous researctake into account results of different experimental tests
conducted on the mesh types illustrated (Nicot et al. 2001; Grassl et al. 2002;
Muhunthan et al. 2005; Rwo et al. 2007; CastrBresno et al. 2008; Bertolo et al.
2009).
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Figure 2.1Rockfall mesh type&Spadari et al. 2013b) chairwire, b) chainlink, c) doubletwisted
hexagonal, d) square grid cable and €) ring mesh.

The physical models adopted $tudy the mesh behaviour consider different scale
approaches: from the singular wire or composing element, to a panel portion er a full
scale installed operating system. In the following, tensile test carried out in one of the
two principal direction of te panel they are named-pane test, while when the

applied load is normal to the mesh surface we will talk aboubplane tests.

Surprisingly, results regarding dynamic tests on meshes are rather scarce in the
existing literature and most of the wWer here presented concern qusisitic
experimental procedure. One reason is that they are designed also as draped mesh
systems, thus as active protective countermeasures for the stabilisation of slopes
where static condition is the main characteristithef phenomenon. On the contrary,

for rockfall impact events, outcomes of strongly dynamic tests should be preferable.
On the other hand, the execution of these experiments is more complex and the use of

different instrumentation is required.
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Another reasothat leads to prefer statoonditions, rather than dynamic, is that static
tests are always carried out up to failure of the system and a full knowledge of the
system response during the experiments is given. Further, the reproducibility of results
is ersured. Differently, in a dynamic setup more than one test leading to rupture or not
of the system should be provided. In fact, results in service and failure conditions are
necessary to gain a full understand of the mesh response, also because similar test
can led to different outcomes due to the dynamic effects that can occur in the system.
Further, it should be underlined that experiments carried out in service condition do
not allow the necessary confidence to assess a numerical model with failure

charateristics into the material properties.

Considering higkenergy rockfall barrier, metallic ringhaped mesh composed of
rings (Fig 2.1e) is the common solutidior theinterception structuie

Nicot et al. (2001) underlined that the behaviour of a nmeghis complex because it
depends on both geometrical and mechanical features of the rings. In the experiments,
two scales approaches were considered: first a single ring alone (Fig. 2.2a) and then a
small portion of mesh composed by seven rings intetlagth each other (Fig. 2.2b).

The tests were performed in the-plane direction in quastatic condition. The
tensile loading test carried out on the single shgwed two different domains of the

ring shape evolution in a foraksplacement grapfkig. 2.2c)

In the first domain (OB) the ring changes its shape considerably developing a small
rate of forces and high plastic strain. This phase is related to the geometric
characteristics of the ring which modify its shape due to a small bending resistanc
On the rockfall barrier, the developing of these deformations allows the mesh to
dissipate a large amount of energy during the impact event.

Then, along the second domain (BC), the original circular shape of the ring is
modified and it behaves like alila subjected to a tensile loading test. Consequently,
the forces rose to high value for small displacements with an elastic mechianilsen.
second test concerning the mesh portion, four lateral rings were blocked vertically

while the other two externaings were stretched in horizontal direction (Fig. 2.2b).
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Figure 2.2a) Tensile loading test performed on a single ring; b) tensile test on seven interlaced rings
and equivalent DE model considered illustrated with dots and dashed lines; c) expebeteantaiur
of the single ringafter Nicot et al. (2001)

Results obtained were evaluated in terms of falisplacement and then used to
calibrate the numerical response of a discrete element model of the mesh. This is
explained inSection 2.41.

The ring mesh behaviour was analysed experimentally also by a Swiss group of
researcher (Grassl et al. 2002; Grassl et al. 2003; Volkwein 2005). Though the method
was similar, some difference occurred compared to the work presented above. Quasi
static tensile testsvere executed only on the single ring but concerning different
initial boundary conditions, with two, three or four internal bolts usestretch the

ring as illustrated in Fig2.3a. The use of these configurations allowed to gain
understands of the s behaviour for different external constraints.

The mesh responseas studiedinderdynamic condition with an owdf-plane impact

test. The panel, a squared mesh portion of 4 m length, was connected to a rigid frame
and tested dropping a concrete blockalgrane from a known height (F3b).

Results were evaluated by monitoring the time history of acceleration and total energy
of the block during the test, measured by means of-$pgled cameras and

accelerometers placed into the block.
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Figure 2.3a) Tensile testing on single ring with two, three or four boltRib)d frame for impact

test after Volkwein 2005.

This arrangement probably represents the best procedure to gain a full knowledge of
the mesh performance in such dynamic conditions, bedabghaves like the system
installed on a real rockfall protection barrier. The weak point here is that no tests up to
failure were considered in order to accurately determine the limit state of the material
properties.

Concerning low to medium energycidall barriers, a lighter system is used as for
interception structure. Chalmk and doublewisted mesh types (Figs. 2.1b and c) are
installed on semiigid barriers, while cable nets (Fig. 2.1d) are generally used for
high-energy prototypes fitted ofibr small amount of energy capacity (i.e. about 500
kJ). The latter mesh types are also used as drapery system, thus active protection
systems for the stabilisation of slopes. For this reason, many works have investigated

their performance in static comidin, while no dynamic tests were carried out.

A comprehensive report was developed by Muhunthan et al. (2005) stuadlythe
three mesh types experimentally. A series of gatic inplane tests were carried
out on square mesh panels of about 1 ngtle (Fig. 2.4a). The experiment was
performed by means of a specific testing apparatus where one edge of the square
sample was stretched keeping constrained the other side. Though the several data
obtained, the different considered meshwork implied thair tinitial configuration
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was not similar, thus the results were not comparable. However, the outcomes of the
test campaign conducted allowed the evaluation of some relevant mechanical

properties like the elastic modulus, the ultimate load and the tehsitegth.

Another approach to investigate the performance of cable mesh leading to different
outcomes was given b§astro-Fresno et al. (2008)The mesh was tested in quasi
static condition but the experiments were carried out in theofopllane directon.
Results of two pulbut test type were evaluated: a concentrated load test where the
load was applied in the centre of the mesh (Fig. 2.4b) and a distributed load test whit a
pressure uniformly applied to the net sample (Fig. 2.4c).nEbeesistantapacity in

terms of maximumdeformation and forces developed on a square sample of 2 m
length was estimated.

All the samples were tested up to failure that always occurred to the cables forming
the mesh. This outcome was specifically investigated also otftér tests, proving

that the weakness of the system is not in the connecting clamps placed at the

intersection of the wires, but at the cables themselves.
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Figure 2.4 Quasistatic test on mesh panels: a) tensitplame tesafterMuhunthan et al2005); b)
concentrated load owtf-plane tesandc) distibuted load oubf-plane test afte€astroFresno et al.
(2008).
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Bertolo et al. (2009) proposed a simieperimentabrocedure. The authors pointed

out that investigating the performance of the masly with local scale tests could be

a limitation to the comprehension of the fsilistem response. Although partially
representative of the real behaviour of the mesh, eithplaime or oubf-plane tests

are greatly influenced by the adopted boundargddmns of using a frame of
restricted dimension.

As a consequence, the authors decided to investigate the mesh response by means of a
full-scale test suitably designed with the aim of analyse an installed draped mesh
system performance. The physical mioddopted is illustrated in Fig. 2.5, a square
mesh of 6 m side installed on a verticatk wall. A half-spherical cagshaped load
distributor of 1.5 m diameter was used to apply anobyglane force to the central
surface of the mesh.

Tests were run tifailure of the mesh or to maximum stroke of the loading system and
results analysed for both displacement developed and forces acting on the cap. Load
cells were also installed on the anchorages to investigate the distribution of forces
along the system.
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Figure 2.5 Schematic drawing of the fulicale field test adopted by Bertolo et al. (2009): a) front
view; b) vertical section.
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The experiments carried out showed that the constraints imposed in the laboratory test
on mesh portion can led to differen¢sults compared to fuficale test. Thus,
outcomes of experiments carried out on a small scale mesh can be useful to calibrate
the response of the mesh in a numerical model, buiséale test on the whole
working system (i.e. the rockfall barrier) or peximents considering different

boundary condition should be considered to have &«hdiviedge of its behaviour.

Bertrand et al. (2008hvestigated the albletwisted hexagonal mediehaviour with

a comprehensive experimental procedures largely sed on rockfalbarriets with

low energy absorption capacity. As defined by the authbesdoublegwisted mesh is

built by twisting continuous pairs of steel wires three half turns and by interconnecting
adjacent wires téorm hexagonathaped opening$hus, two main section types must

be considered in the constitutive elements of the mesh: the single wire and the double
twist which has double cross sectional area and behave differently. At a first stage
uniaxial tensile tests were carried out to provide mechanical behaviour of the
single wire section. Then, 4plane and oubf-plane tensile tests in quastiatic
conditions were carried out to investigate the performahogesh samples (Fig. 2.6).
Particularly, the irplane test was carried out faffdrent combination of mesh size of

the hexagonal openings and single wire diameters. Theofqulane test was
performed on a square mesh of 3 m length where the external edges were fixed to a
steel frame. It consisted of a punch test where adphlércal body applied the

loading at the centre of the panel. All the extracted data were used to calibrate and

validate a DE model of the net that is widely illustrated in Section 2.4.1.

Figure 2.6 Quasistatic experiments carried out on doutéstedhexagonal mesh by Bertrand et al.
(2008): a) tensile iplane test; b) punch cwof-plane test.
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Concerning the chailink system, a series ofjuasistatic outof-plane test were
performed by Roth et al. (2007). Theesh was bolted to the ground in fourmisiand

pulled out by means of a square frame connected to a hydraulic jack. Experiments
were conducted up to failure of the mesh that always occured close to the area of the
bolts representative of the boundary condition. It demonstrated that ruptuee for
chainlink system can be easily achieved for stress concentration where connections

with other elements are involved.

Recently a full experimental analysis of the dynamic performance of a-lohiain
mesh was developed by Buzzi et al. (2014). Severahcimests were carried out by
dropping blocks from a known height against a mesh fixed to a steel frame and the
response of the net was analysed. The attention was focused to investigate the
influence of the block size on the net performance. This effectamedi b ul | et

e f f and it i better illustrated togethsith the paper details i@hapters.

2.2.2 Testing of energy dissipating devices

A rockfall protection barrier works dissipating the potential energy deriving from the
impact of the rock by mea of deformations of the structure. For barrier provided of
high-energy absorbing capacity the introduction of energy dissipating devices is

necessary in the design of the structure.

The configurationof these devices can be various as reported inZ=ig Generally
theycan dissipate energy by producing relevant plasticrewarsible deformation of

their constitutive elements. Other typology are based on a friction criterion, they work
transforming into heat the friction between two surfaces in contact.

Some research ag carried out to investigate the behaviour of these devices, but
usually their characteristics are supplied by the manufacturers and can vary depending
on its construction design. The issue is that their performance is always assessed by
means of quasstatic tensile test, while there is a lack of information about their
behaviour in dynamic condition. It is due to the difficulty to perform a realistic test in

this configuration.
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Figure 2.7 Energy dissipating devicea) friction type(Giacomini et al2001); b)and c)friction and
aluminium pipeype (Peila et al. 1998); d) {dhaped tubular double loadevice (Castrd-resno et al.
2009); e) ringshaped type.

Quasistatic test on two type of energy dissipating devices were analysed by Peila et
al. (199§. The type 1 develops energy by friction of wire sliding throtighclamps

(Fig. 27b), while the device named type 2 produces permanent plastic deformations
of the constitutive aluminium pip® dissipate energ{fFig. 2.&). The experiments

were carriedout with the use of an electioydraulic machine to stretch the ropes
attached to the system in one direction while keeping constrained the other. Tests on
type 1 were performed by varying the bolt torque value at the clamps. Results were
evaluated monitong the evolution of the foredisplacement curve, thus measuring

the energy dissipated by the system. It was pointed out that the absorbed energy for
type 1 is not directly associated with bolt torqued that the performance of the
device could vary degnding on this parameter. For type 2 oohe testresult was

reported in terms of foredisplacement measured.

27



Chapter 2

Interestingly, Giacomini et al. (2001tarried out a series of testensideing static

and dynamic conditionand then comparethe outcomes aerved The energy

di ssipating device stiedindid. 2.4 She destgiwerei ct i o
conducted with different bolt torque value and outcomes analysed in terms of average
braking force reached. For the dynamipeiments the scheme ind- 2.& illustrates

theadoptedsolution.
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Figure 2.8a) Schematic section of the dynamic test cardaetlby Giacomini et al. (2001) and b)
comparison of the average activation forces measured from static and dynamic tests with different
bolt torques.

The system was tested by dropping the block from a known height in a vertical free
fall. The energy dispating device was connected to a block in a side and fixed to a
bolt anchorage to the other by means of a steel cable. During the event displacement
and velocity of the block were monitored diodce measured in a loall placed in

the upper cableTwo configurations of the brake system with different bolt torques
applied were considered for the comparison. FiguBb 2hows he results obtained

for the two tests in terms of average activation force with the bolt torque agplied.
was observed that tletivation force was lower in the dynamic case, ustated by

the authors, the small amount of daia not allow to identify a precise correlation

between the two testdleverthelesst was proved that theesponse is different and
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dynamic effect shodl be taken into consideration to study thesportant structural

components.

A different approach to investigate the performance of an energy dissipating device
was conducted by Castkresno et al. (2009). It is a-shaped tubular double loop
device (Fg. 2.7d), a series of quasiatic tensile test were carried out by varying the
tightening pressure on the compression sleeves which joined the two tubular steel
loops. Figure & reports results in terms of forcksplacement measured during the
tests shwing the different curves obtained for the tightening pressure considered.
Further tests proved that, whit higher value of pressure, failure occurred at cables
before the energy dissipating device could reach its plasticization. The excessive
tightening pessure applied didot allow the sliding mechanism of the pipe bend
through the compression sleevAsa later stage the dynamic behaviour of the device
was investigated with a virtual solution. A numerical model of the device was built
with a finite elenent commercial code (i.e. ANSYS), nonear dynamic simulation

were run for two test tyge First a symmetric tensile load test, where both ends were
stretched with an applied velocity of 25 m/s; then one edge was fixed while the other

subjected to a spd load of 50 m/s.
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Figure 2.9Forcedisplacement curve of sample tested with different tightening pressure (Castro
Fresno et al. 2009)
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The simulations were performed considering different friction coefficients in the
contact properties between the nfidees. The developed model was then used to
estimate the behaviour of an improved version of the original design.

A complete description of the FE modwlthe device is reported by del Coz Diaz et
al. (2010). Though the adopted procedwereserganinteresing work, there is some
lack of information orhow the numerical model was calibrated since the comparison
of results reported was made between static experimemtsstangly dynamic
simulations.Anyway, it confirms how the finite element methoduld be a suitable

tool to analyse the response of this system to different loading configurations.

2.3 PHYSICAL MODELLING OF ROCKFALL BARRIER S

Rockfall protection barriers are complex systemesdperformance is assessed with

an energy criterion defed as the system capacity to absorb the kinetic energy derived
from the impact of a falling body.

Nowadays dferent products are available, produced and designed by many
manufacturers. Thalifficulty lies on assessg and compang ther performance
uniformly, because the barrier configuration and the interaction mechanisms induced
between the constitutive parts used can be various leading to different outcomes.
Particularly, the geometrical and mechanical non linearity produgedhe system
during the sbngly dynamigohenomeon are not easily predictable.

In order to gairanunderstanthg of the whole system response under impact events it

IS essential to base the study on appropriate experimental analyses. Since any
restriction to the physical model dfie system can underestimate the real structure
response to such complex event,-Bdhle tests had shown to be essential to assess the

behaviour of a barrier prototype.

Over the last decade it was worldwide approved the importance of carrying eut full
scale tests to assess their energy absorption capacity and to evaluate the response in

terms of forces and deformations produced. Essentially, the test consists o the launch
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of a block of known mass and velocity against the central panel of a prototype made
of at least three functional modules (i.e. to obtain a symmetric response). The first
outcome of the test is to observe if the barrier is able to withstand the impact. Then,
the measure of displacements and forces produced within the system should be
monitored. Many experimental setups have been proposed for full scale testing of
rockfall protection barriers in the last few years (Smith and Duffy 1990, Hearn et al.
1995; Peila et al. 1998; Grassl et al. 2003; Arndt et al. 2009; Gottardi & Govoni
2010).

In Europe two important documents were recently developed (Gerber 2001; EOTA
2008). They defined a standardised assessment of a barrier performance. The
documents provided the guidelines for the definition of the test methodology, the
minimal requirements aeanded during and after experiments and the approval
procedure to obtain a certification of the produkfter the endorsement of the
guidelines testing rockfall protection barriers started to be compulsory in Europe
leading to an improvement of the effieeness of higkenergy capacity systems. In

the meanwhile, in other countries where no specific guideline was introduced,
different passive protective countermeasures were tested similarly (Muraishi et al.
2005; Dhakal et al. 2011)t should be highlighte that the guidelines concern only
flexible rockfall barrier with high energy capacity (i.e. assumed as more than 100
kilojoules), while no instruction are already given for femergy systems even if they

are widely used within mountain context.

In the Pbllowing, after a brief introduction of the two guidelines, the relevanisitdle
testing approach adopted in the last few years are described, showing the various

assumptions made.

2.3.1 Procedures according to gidelines

In order to assess the maiharacteristics of a rockfall protection barrier by means of
full-scale tests a wetlefined methodology is required to ensure that different

prototypes performance can be compared objectively.
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Recently two important guidelines were developed for this quap The first
document was published in Switzerland with the Swiss Guideline for the Approval of
Rockfall Protection Kits (Gerber 2001). Then, in 2008 the European Organization for
Technical Approval (EOTA) developed th&uideline for European Technical
Approval of Falling Rock Protection Kits, otherwise known BSAG 027 (EOTA

2008 Peila and Ronco 2009The guidelins set out the minimum standards fbet
design and testing of rofadl protection system$iaving energy absorbing capacity
greater than 10ilojoules. They establish how the nominated Approval Bodies
should evaluate the product suitability in order to approve its conformity and assign a
certificate of its performance. In the documents, the rockfall barrier components and
results to be measenl during and after the impact test are identified providing the
methodology to monitor these outcomes (Fig. 2.10a).

The guidelines do not specify a unique test configuration, various setups are allowed

to test a prototype, accordingly to some restricimroduced.

The rockfall protection kit tested has to be arranged with at least three functional
modules.The test consists ampactingthe central modulef the kit witha concrete

polyhedric shaped block (Fig.1@b and chavinga minimal velocity o5 m/s.
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Figure 2.10a) Rockfall barrier components after ETAG 027 (Peila and Ronco 2009). Shape of the
testng block: b)ETAG 027(EOTA 2008)andc) Swiss guidelindGerber 2001)
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In Switzerland averticaltestsite facility (Fig. 1.2a)locatedin Walenstadt ismanaged

by the Swiss Federal Institute for Forest, Snow and Landscape Research [WVSL)
Europe both the two main test site configurations (Fig. 1.2) have been developed
across the different countriefccording to the guidelines, during ttests he rockfall
protection kit must be able to stop the impacting block without a ground contact until
the barrier reaches the maximum elongatibrmeans thathe testedbarrier hasto
absorb the full kinetic energy deriving from timpact. For thiseason, vertical test

site can be preferable avoiding any contact till the end of the test, when the complete

stabilisation of the block is reached.

Two energy levels are considered: the maximum and the service energy levels (named
MEL and SEL in the ETA®27). The MEL is considered as the maximum energy
absorbing capacity for what the prototype was designed. For the Swiss guideline the
service level is 50% of the maximum, while ETAG considers it as 1/3 of MEL and the
experimental launch of the block haslie repeated twice on the kit. When the test is
carried out at the maximum level the barrier has to be able to arrest the block along
with some specific restriction introduced by each guideline. Concerning the double
impact test of SEL, during the firssunch no rupture in the connection components is
allowed, the block has to be removed and the second launch performed and arrested
by the kit with no maintenance allowed between the two testes. Nine levels of
classification of the rockfall barrier are defd in both the guidelines with different
threshold values and measures limitation concerning the test results at the two energy

levels.

The design of the foundation structure is not defined into the guidelines since they are
not considered part of theoakfall protection kit. It is left to the discretion and
responsibility of the designer, taking into account of specific national
recommendations where defined.

As previously stated, only prototypes with highergy capacity were contemplated

into the gui@lines. Consequently, in the last few years there was an important
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improvement of the effectiveness of flexible barriers produced by different
manufacturers leading to energy absorbing capacity up to 8000 kJ. However, it was
proven that in many real caseidies, the level of energy expected in the investigated
area can be very low. In this configuration, lewergy barriers with semrnigid
characteristics of deformations can be more suitable andeffestive. Into the
guidelines there is a lack of infoatilon on how to assess these kinds of prototype
even if they are still produced and frequently installed worldwide without a
certification of their performance. Due to their low deformability these barriers work
differently and cannot be tested followingetsame methodology introduced by the
guidelines. The configuration of the test, the minimal velocity at impact of the block,
the expected outcomes and other requirements and recommendations should be
modified. In the absence of a document to regulatetdication procedure to assess

the performance of these barriers in terms of maximum energy capacity, this value is
unknown. Their design is still mainly based on the experience of the designer. In this
legislative void, numerical procedure can be usefyreliminary evaluate the barrier
performance but experimental test should be preferable to validate the model.

In the past lowenergy barriers were tested considering different test setup, but results
are unsuitable and poor, due to the old instrumemsiused (Duffyand Haller1993;

Hearn et al. 1995). Furthermore, nowadays the configuration of these structures is
changed and the old outcomes cannot be used to understand the modified system
response. Recently Buzzi et al. (2013) have conducted & sfraxperimental full

scale test to analyse the performance of nalelyeloped lowenergy protection kits.

The methodology is proposed @hapter 5 together with the numerical model

developeds part of the research, accordinglytie available data.

2.3.2 Full-scale testing of rockfall protection barriers

In order to assess the rockfall protection barrier response to dynamic ewascafell
test are necessary and mandatory to obtain a certification of the product performance

in accordance to the guidees recently introduceh Europe.
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The first aim of the test is to assess whether a barrier prototype is effectively able to
dissipate the kinetic energy deriving from the impact of falling blocks having energy
up to the maximum designed level of thé KA complete definition of the ultimate
capacity of the prototype should require experiments conducted up to failure of the
system, but it is beyond the scope of the guideline which aims to just verify the
maximum level of performance of the barrier.

Coneerning the analysis of results, fisitale test are useful to evaluate the maximum
deformation of the mesiD(,,) obtained at a time named braking tintg @nd the

final value of the mesh elongatioDg achieved when the block is definitively
stopped bythe barrier. Another important quantity that has to be monitored at the end
of the test is the residual heiglt)( It is the distance between the two longitudinal
upper and lower ropes connecting the interception structure, that initially represents
thenominal heightlf,) of the barrier [Fig. 210a). Furthermore, load cells installed at

the base plate of the posts and at the anchorages of the cables can be installed to

measure forces transmitted to the foundation structure.

A definition of methodologylimitation and expected results from a fatlale test on a
barrier is now specified into the guidelines previously introduced, ensuring a good
reproducibility of the obtainable results. In the following, an overview of the various
approaches to executellfigcale test on rockfall barrier over the years is reported,

underlying the pros and cons of the adopted procedures.

The first contribution to rockfall testing can be attributed to the Washington State
Department of Highways where a research projecti@aing to monitor the rock
motions along slopes and to observe the response of fence systems (Ritchie 1963). It
was a pioneering study but it focused mostly to the analysis of the trajectory of the
falling rock. A real approach to fuficale testing on barrier samples is dated to the
mid-eighties when experiments were carried out just to examine the prototype
respmse by means of a trolley system (Neri 1986). The barrier was installed vertically
and to impart a horizontal speed against the central panel the impacting body was
comected to a trolley running on a railway (Fig. 2.11a). It was a rudimentary method,
theachievable velocity at impact was low and, in order to obtain high energy values,

35



Chapter 2

a)

- »o 150

Figure 2.11Experimental test setup developed over his(8padari et al. 2013ba) trolley system
(Neri 1986); b) free motion along a slope (Smith and Duffy 1990; Hetaath 1991) and c) along a
smooth ramp (Muraishi et al. 2005).

the considered mass had to be too big compared to the nominal height of the barrier.
Though the adopted methodology led to a condition not representative of a typical
rockfall event, it was ammportant breakthrough into the study of a rockfall barrier

performance by means of ftdtale testing.

More realistic testing methods were then developed in the US in the early nineties.
The California Department of Transportation conducted full sealeon barriers built

down a slope (Smith and Duffy 1990; Duffind Haller1993). A similar approach

was also implemented by the Colorado Department of Highways testing a particular
type of barrier named Flexpost fence (Hearn et al. 1991; Hearn et a). TA8%lock

was left to roll along a natural slope in a free motiod # fall into a barrier sample

(Fig. 2.11b). Over hundred tests were carried out on various prototypes. The
observation ofresults was focused also to plan some modification to thieersys
design. The barrier performance was tested with different configuration and also
experiments up to failure were carried out. Therefore the experimental campaign was
used with both the purpose to validate the performance and to improve the design of
the structure. The physical model adopted was realistic, the effect of rotation and
translation of the colliding block against the barrier were taken into account. The issue
lies on the reproducibility of the test that could not be ensured since it waspdbea
predict the motion of the falling bodies. The innovation introduced was the use of
slow motion cameras for the analysis of the tilisplacement evolution of the block

during the impact. The obtained data were thought as a base to develop anahnalytic
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model of the studied prototypes leading to the idea of studying the barrier behaviour
by means of some virtual tool. The formulation proposed is quickly discussed in
Section 2.4.3.

In order to obtain a more reproducible impact with a similar procetMureishi et al.

(2005) investigated the response of the barriers with a ramp system. In the present test
method the block was a spherical body guided to collide against the barrier sample
along a smooth ramp made of steel (Fig. 2.11c). As a consequeringptct location

and speed was easily predicted and both the translational and rotational components
were taken into account. The limitation of the method was that only low energy value
could be reached. Thus, the adopted configuration can be consideeedhaable
example on how to test leenergy barrier systems. Recently this method was
implemented also by Dhakal et al. (2011) to analyse the behaviour of a particular
passive protection system mainly constitute by cables and net. Here the impacting

bodywas able to achieve energies up to 400 kJ.

On the contrary, Peila et al. (1998) developed a testing method able to reach very high
energy (i.e. mass of the block up to 7000 kg with achievable velocity of 34 m/s,
leading to kinetic energy up to 4000 kJhe setup consisted of an inclined test site
where the barrier kit was installed at the bottom of the slope in a realistic condition.
The impacting body was attached by a trolley to an aerial ropeway aligned with the
slope and perpendicular to tharber (Fig. 1.20. The block was detachewd order to
Impact the prototype directly, without any bounce on the ground before in accordance
to ETAG. Three cameras filmed the event from different locations while the forces
transmitted to the cable were monitoredhmdynamometers, giving results both in
terms of acting forces and displacement or velocity of the block.

The advantage of this solution is that higiergyrockfall barrier can beestedin a

very realistic way. Anyway, the impacting block has no rotatiGpeed and the exact
location of impact on the mesh is not easy to be predicted, therefore the
reproducibility of the test cannot be absolutely guaranteed. As an example, a slight

variation of the predicted impact location can cause a ground contéuoe dilock
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before maximum elongation of the mesh is reached, leading to test results that could

not be taken into consideration.

To address this issue, vertical test site have shown to be the preferable solution. Firstly
introduced by Gerber (2001) it allis the best control of impact velocity and location

of the impacting body. The procedure consists of dropping concrete rocks by means of
a crane into a rockfall barrier installed on a vertical rock wall (Fig. 1T2&.block
dimension, mass and droppingight are known, in order to predict the impact
velocity. This configuration ensures the complete reproducibility of the test with any
contribution of the ground to the dissipation of energy. High speed cameras and the
use of multiple load cells for anclages and base plate of posts allow to monitor all
relevant measurements. The only limitation is that, as for the inclined test site with
cableway, no rotation of the block is considered during the experiments. However,
Arndt et al. (2009) showed that thetational component of speed is negligible.
Barrier prototypes performance was investigated in an inclined test site considering
realistic value of rotational motion of the boulder used (Figure 2.10d). The outcomes
showed that the overall performance of tharrier was not affected by the rotational

motion and no cutting failures were observed during test conducted.

Nowadays vertical test site is the prevalent solution adopted to study the behaviour of
high-energy rockfall protection systems. Recently, somwork was produced
considering outcomes carried out from these-dodlle tests to develop numerical
models of the studied barriers (Bertrand et al. 2012; Escallon et al. 2014).

In this thesis, data of fucale tests carried out by Gottardi and Gov@@1Q) on
different highenergy barrier prototypes accordingly to ETAG were considered. The
experiments were performed in a vertical test site located in Fonzaso (ltaly). A
comprehensive database of results investigating the barrier performance undér severa
iImpact tests was produced. These data were used to develop the numerical models
introduced in the presented research. Details and outcomes obtained are better

explained inChapter3.
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2.4 NUMERICAL MODELLING OF ROCKFALL PROTECTION
SYSTEMS

An extensive ntroduction of the empirical methods followed to analyse the
performance of rockfall protection barriers and their components has been reported.

It was shown that, rockfall protection barriers in working conditions are subjected to
high impact loads that ppduce geometrical and mechanical non linearity into the
systems. Fulkcale tests are essential to predict and assess the response of the system
to such dynamic eventslowever, the real osite installation of a rockfall barrier can

be different from theprototype arrangement, as like as the impact condition can have
high variability. Obviously, it is unrealistic to perform all the possible configurations
experimentally, also because these investigations are expensive arwbrtisnening

procedures.

Other instruments may be helpful to this aim. Analytical and numerical modelling
provides a powerful tool to study such a complex phenomenon while reducing
experimental costs. The use of these virtual approaches allows to simulate special load
case or geometdt configuration of a prototype, as well as to estimate the
performance of different construction design by varying the constitutive elements
used. Up to now, some simplified analytical and numerical strategies have been
developed in literature. It was pded out that, if the aim is to use the developed
model as a predictive tool, by varying the material and geometrical parameters of the
barrier elements, theesponse of thsingle structuralcomponerg must be correctly
analysedefore thewhole system maelis developed

Thus, the effectiveness of a rockfall protection barrier model mostly depends on the
attention given to characterise the behaviour of the constitutive elements involved,
especially the mesh used as interception structure.

Further, it mustbe underlined that, regardless the numerical choice adopted to
investigate the performance of a rockfall protection kit, the base model should always

be validated by comparison with fidtale test results, whenever possible.
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In the following, after @ahorough introduction of numerical techniques adopted for the
mesh types, a description of the modelling approaches employed to study the rockfall
protection systems is presented. From the simplified analytical and numerical model
to more sophisticated tbedimensional models developed by using either the Finite
or Discrete Element Methods (i.e. FEM or DEM).

2.4.1 Modelling of meshes

The different mesh types generally used for rockfall barrier were introduced in Section
2.2 (Fig. 2.1).Based on the datproduced, differenapproachesvere adopted to
simulate the mesh responsaesing both FE or DE methodsand they a& briefly

illustratedherenafter.

As for the ring mesh type, Nicot et al. (2001) analysed the experimental response of
the net in two stepsfirst the single ring alone and then a small panel portion
composed of seven rings (Fig. 2.2a and b). The numerical model was realisdtewith

DE method. The adopted procedure was to model each ring as a particle placed at its
centre and considering imagry bars connecting the nodes to simulate the interaction
between the adjoining rings. As a consequence, a simplified equivalent mesh with
triangular shap of the openingsvas obtained avoiding teeproducethe entire ring
shape(Fig. 2.2b) A force-disgdacement law was assigned to the connecting bars
calibrated by comparing with the experimental outcomes of Fig. 2.2c. The ofodel

the equivalent mesh was then validated reproducing the tensile loading test on the
seven rings panel. The results of expentseand simulations were compared taking
into account the forces and displacement developed in both vertical and horizontal
directions. At a later stage, the model of the net was implemented on a full barrier

model and details are reported in Section 2.4.3
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Figure 2.12Definition of the equivalent mesh after Volkwein et al (2005): a) design with respect to
the ring mesh; b) discretization with spring elements of a single ring; c)-8ismacement curve

used to represent the ring response, Upiils reached only the two internal springs work viith
stiffness value, then the ring behave like a steel bar in tension with stifroéske external springs.

Grassl et al. (2002) carried out a similar experimental study on ring mesh, hence a
numerich model was generated with a computer program named FARO based on the
FE method. This software was developed by the Swiss Federal Research Institute
(WSL) to specifically investigate the response of rockfall protection barriers
(Anderheggen et al. 2002).nfequivalent numerical mesh was built, each adton

node between the rings was connected with spring elerffagt2.12b) Thus, based

on the number of external boundaries of the ring (i.e. adjoining rings or connection to
otherelements) it was modeltl with two, three or four nodes connected to each other
(Fig. 2.12a). The results of the tensile test carried out on the single ring (Rp. 2.3
were used to assign the material properties to the spring elements. Initially the ring
allowed high deformatios with low stiffness (i.e. low resistance to bending of the
ring) and only the two diagonalprings are working (Fig. 2.12cWhen the sharp
discontinuity isreached, the outside spring system take over the internal one, because
the ring starts to behavi&e a steel bar in tension.

The equivalent mesh designed was then validated by reproducing tbkepbaine test
performed and illustrated in Fig. 2.3 d. Good accordance between experimental results
in terms of block deceleration and energy absorptionfircos the calibration
developed. The mesh model was then assembled on the whole barrier to simulate the

response of the system to rockfall events as described in Section 2.4.3.
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Whereas ring meshes are typical interceptive device for flexible barriersvernyh

high energy absorbing capacity, wire meshes are commonly mounted on prototypes
with minor dissipation capacity. This net is made of steel cables joined together to
form a square grid with anslip clamps or bolts at the intersection nodes. Some
numeical model was developed to analyse their response, considering the results of

the experimental tests described in Section 2.2.1, and based on different approaches.

Sasiharan et al. (2006) analysed the behaviour of cable net numerically based on the
dataof experiments carried out by Muhunthan et al. (2005). The aim of the study was
addressed to investigate the performance of active rockfall protection systems with a
model of the mesh assembled with the finite element computer code ABAQUS.
During the tende test (Fig. 2.4) the loaedisplacement behaviour of the mesh was
determined. The data refer to the mesh portion considered as a unique system, while
the behaviour of the constitutive cables was not investigated. The reason of this
simplification lies onthe choice to model the mesh as a thimeensional membrane
element, because the installed system works like a membrane. Hence, the data
extracted from the test were used to set the material parameters of the membrane: the
Youngds modul sparametats. The raumeticalsriodelenas then realised

to analyse the built esite configuration (Fig. 2.13).
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Figure 2.13FE model and boundary condition§the mesh adopted [8asihararmt al.(2005).
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The horizontal and verticaupporting cables wereadelled with beam elements, the
anchor nodes were assumed to be pinned, while the vertical and bottom external edge
of the mesh were left fredlany considerations were made to establish the interface
friction parameters with the rock wall, which playedimportant role since for this
protection system.

The model reliability was assessed using some field test results but they are not
entirely reported along the text. Once the model was validate, several analyses were
executed by varying the configuratiof the whole system (e.g. eliminating the
horizontal top supporting rope, adding vertical cables, etc.) and outcomes examined.

Thus, the numerical model was used as a supporting tool for the system design.

This method to simulate a cable mesh as a memhbwvaselso used by Dhakal et al.
(2011) to analyse a similar rockfall protection syst@rhe structure had a similar
construction design, acting like hybrid passive gstem. The model was developed
with the programme LB®YNA that is based on the FE methadd calibrated with
experimental outcomes. Particularly, the mesh was modelled with shell elements
having a nodinear stresstrain curve extracted by developing an -ofiplane
numerical test on a wire panel. Though the assumptions made, the obtauled res
were quite satisfactory, showing that also this method could be taken into account to

model a mesh system.

CastreFresno et al. (2008) followed a different approach to model a wire mesh. The
numerical mesh was designed based on its real sketchcalile elements having
spherical hinges at the intersection nodes instead of the clamps. The model was
developedwith the ANSYS computer program based on the FE method. The
constitutive law of the cables was determined by means of-gta®& tensile tests
carried out on a single wire. An elagitastic behaviour was assigned to the selected
element type with no compression and bending moment resistance allowed. A model
of the net with the laboratory test configuration was developed. The comparison of
resuts in terms of forcalisplacement for the concentrated load case (Fig. 2.4b) had

shown an excellent fit with experiment data. In the case of a distributed load over the
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net (Fig. 2.4c), some difficulties occurred. The pressure during experiments was
applied by means of gravel sacks and the realistic distribution of the load was not easy
to be predicted. Therefore, in the simulations different load conditions were
considered until a convergence of result was reached. This implies that the
methodology used Wialways need a calibration with laboratory tests for other
configuration of the mesltOn the contrary, the validated model with the concentrated
load was used to investigate the influence of the mesh size and shape on its

performance, for this castudy(Fig. 2.14).

—a—2x2- 200
——2x3- 200
—4—3x3- 200
~—3x4- 200
—¥—3x5. 200
4x4-200

4x5. 200

4x6- 200
—&—5x5- 200
—o—6x6 - 200

Displacement [mm]

Pressure [kN/m?)

Figure 2.14Displacement as a function of the applied pressure for a concentrated load towards the
mesh (Castrdresno et al. 2008)

An important contribution to the research about rockfall interceptive device with wire
meshes has been giv by Cazzani et al. (2002). The FE commercial code ABAQUS
was used to develop the numerical model of the mesh. The cables were modelled with
truss element with an elasfperfectly plastic behaviour, no bending stiffness and cut

off to compression stres§he clamps located at the intersection points were assumed
as spherical hinges.

A first assumption that should be evidenced is that, destitangly dynamic

conditions were considered during the simulations, the material properties of cables
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were assigad based on the outcomes of static tensile test. Thus, the definition of
failure properties based on static condition could led to wrong estimation of the
outcomes. Further, no experimental data on the mesh were available and the
performance of the numeat model developed was not perfectly validatétie
idealised panel was designed with square shape of 5 m length with a grid of 25 cm
size of the openings. The diameter of the constitutive cables was 8 mm and
reinforcing cable at the perimeter with 16 mrardeter were considered. As for the
boundary conditions, the panel was not fixed at the edges but connected at its vertices
with four friction brakes aligned with the diagonals (Fig. 2.15 a). The brakes were
modelled with truss element and a thleear dastoplastic constitutive law was

adopted as frorthetypical static experimental resulta these devices (Fig. 2.15 b).
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Figure 2.15a) FE model of the cable mesh pastidiedand b) constitutive law adopted for the
friction brakes placed in the nedrner(after Cazzani et al. 2002)

The dynamic performance of the net was estimated by simulating the impact of a
spherical block against the panel. The mesh response was deeply analysed by running
several simulations and considering different loadditions.

At a later stage the performance of an entire rockfall barrier FE model, assembled
with this mesh type, was assessed by comparing results of simulations with
experimental tests data (Peila et al. 1998). Details of the rockfall barrier model are

described in next sections.

Typical mesks assembled on rockfall barriemsith low energy capacityare the

doubletwisted and the chautink systems. Consequently to the experimental

campaign described, Bertrand et al. (2008) developed a DE model abtde

twisted hexagonal meshes. A spherical particle was located to each intersection point
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and a concentrated mass assigned. A remote interaction model between the nodes was
implemented with the mechanical properties of the metallic @btained from tasile
laboratory tests. For the single wire a uniaxial elgdastic relation with work
hardening, cubff to compression stress and failure value, was defined accordingly to
experimental outcomes. However, for this mesh type, two interaction model®enust
considered: the single wire and the dotiwested sections. The constitutive law of
the doubletwisted section was obtained considering two parameters to transform the
single wire remote interaction model. One parameter was introduced to modify the
lengthening at failure, while thether modifies the initial elastic stiffness. These
parameters needed to be calibrated and the experimefi@n@ test carried out on

the mesh portion (Fig2.6a) was used to this aim. Considering the outcomes obtained
from the test in terms of foredisplacement, the parametersed in the simulations
were modified in consecutive steps in order to find the best fit of resultther
validation of the model was done considering the simulation of the punch test (Fig.
2.6b) In this way also the owdf-plane loading path was investigated in static
condition.The comparison ofesults ofthis case study showed some inconsistencies
the authors justified this variation by the difficulties to reproduce the stress
concentratiorat the boundary conditions introduced in the experiméhtsbably, the
underestimation lies on the doutleisted section properties which are not defined
experimentally but only with a numerical approximation.

The model response to dynamic conditions Wen evaluated but only numerically.

A patrticular rockfall protection system model was built and its capacity to withstand
the collision of a rock falling against the net was investigated. The capability of a
well-defined modelling strategy to be usedaaslesign tool to study different test
phenomenon was proved, although the dynamic tests should be validated by

experimental data.

Recently Thoeni et al. (2013) have developed a more comprehensive study of this
mesh type. They carried out tensile test athkthe sections wire to determine the
constitutive law experimentally, then dynamic -ofiplane tests on the panel were

conducted to better validate the model of the system. The work has been considered to
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the aim of developing part of this dissertatiand it is extensively described in
Chapters.

The chainlink mesh system was studied numerically by Roth et al. (2007). The model
was realised using the FE software FARO; this code was specifically developed to
study the behaviour of rockfall barrier maaéh a ring mesh. To analyse this mesh
type, the equivalent model developed for the ring mesh was used, even if the
meshwork of a chaHink system has a different design. The material properties were
initially assigned to the elements and then modifi@asaering four parameters. They
were calibrated in order to obtain a similar response to theoptillests carried out
experimentally. The model was then used to investigate the performance of the chain
link mesh to dynamic otaf-plane tests. Though thistudy represents an original
work, the simulation results should be validated by experimental data. Further, the use
of an equivalent mesh developed for another mesh type demonstrates that a better

analysis should be considered for the cHaik system.

2.4.2 Simplified models of rockfall protection barrier s

A first analytical solution to study the impact event against a rockfall barrier system
was given by Hearn et al. (1991). Based on the wide experimental database of full
scale tests carried out fdifferent configurations of a rockfall barrier named Flexpost
fence, a FORTRAN program that considers -finear dynamic analysis with large
deformation was developed. The model was made by a set of nodes with lumped mass
assigned to each node. During #malysis the node displacements and element forces
were evaluated with a tirrgtep approach of 0.01 s. The contact forces between the
mesh and the block were computed during the analysis and distributed to the system.
The model was able to estimate thenglation of the mesh, the rotation of the posts,
and the reaction forces at the foundation nodes. The results were quite consistent with
the field test data although the assumption made. Further, the program was refined to
analyse the behaviour of other ber configurations. Despite, the comparison with
experimental data was not substantial, this work firstly proved the importance of using

these instruments as predictive tool to define a barrier performance.

47



Chapter 2
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Figure 2.16Geometry adopted as deign schepretlie analytical formulation of Peila et al. (1998):
a) transversal section; b) plan and c) scheme for the computation of the forces acting at uphill
anchorage and post foundation.

A design procedure for rockfall barrier, adopting an equivalent statiwulation was
defined by Peila et al. (1998). The dynamic event was transformed into a static
problem and solved with a simple redistribution of the acting forces. Two simplified
schemes were used considering the deformed configuration of the bailtiestesgted

in Fig. 2.1& and b The design forceH,y) used in the problem was derived from the
theoretical average forc€{erage= Exin/Dmay applying a safety factor of 2.5.

The following hypotheses were made to solve the analytical formulation
1 theblock impacted the net orthogonally with no gravity;

1 the designdisplacementonsidered in the adopted schewasthe maximum

observed during experiments
1 the net was considered as a structure distributing the doit@amly.

The analytical model waable to compute the forces acting at the post foundation
(Fig. 2.16c) and at the anchorages. It walsdated based on the results of a-&dale

test. The comparison of results was quickly illustrated and showed that the
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approximations made were parlyahffecting the solution. However, the formulation
proposed just wanted to represent a simple tool and to define a preliminary indication

about the barrier outcomes.

A simplified analytical formulation to study rockfall protection barriers was also
recenly realised by Cantarelli et al. (2008). The model parameters were calibrated by
comparing with the experimental outcomes obtaifrean different prototypes of
barrier tested in a fullcale vertical test site (Gottardi and Govoni 2018)the
formulation, the initial time(t, = Os)wasassumd when the block, a lumped mass
impacted the barrier with a vertical veloc{ty). Considering the angldas the barrier
position with respect to the vertical directon (is=s ~ / 2 f or v e rthei c a |
coefficientk to take into account the net elastic respotisesimple harmonienotion

equation was considered as
s=gs iDnﬁs (2.1

Thus, byimposingnf1 1 and through opportune substitutipnise formulationthat

expresses the blockotion after the impaatan be written as:

_gs iUn
2

st 1-c owst +§s ivh (2.2)

Eq. 2.2 combined with experimental outcomes can be used to estimate the elastic
property of the barrier and to evaluate the braking tithevas proved thathe
equation was lde to reproduce the experiment results quite well for a preliminary
analysis.The validated model was then used to investigate the influence of the block
characteristicon therockfall barrier capacitypy assuming soe parameter to take

into account for the block presence. This issue is fugkplained n Chapters.

Considering simplified analysis of rockfall barrier, some authors developed-a two
dimensional numerical model to retrospective simulate the strucesmonse to
dynamic eventsde Miranda et al. 2030Govoni et al. 2011 The model was built

with a FE code based on a time integration approach using the Newmark method to

solve nonlinear dynamic analyses. The aim was to reproduce the experimental full
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scale test carried out on several prototypes ofeigérgy rockfall barrier in a vertical

test site (Gottardi and Govoni 2010). Due to the system configuration, the block was
hitting the central point of the middle functional module with a normal trajgctor
therefore the barrier response was considered symmetric with a uniform transmission
of the derived forces to the structure.isfassumption enabled a strong simplification

in the model geometrybut still retaining its dynamic and highly ndinear natue.
Thus,a twodimensional model that considers a vertmasssectional plane located

at the impact poinvas designe@Fig. 2.17a).

All the components were modelled with truss elements: one element as for the uphill
cables, one for the posts and tvao the mesh, while the block was modelled with an
additional lumped mass placed at the central node of the net. Spherical hinges were
assigned to the internal and external connection between the elements and the slope.
The simulations fitted the experintah outcomes quite well for the different
configuration of prototypes tested. Though a low computational effort required to
solve the problem, the simulations were able to reproduce most fafstheart of the

Impact test.

a)

Time 0-17 s

7 4 uphill anchorages

upstream cables

Time 0-39 s

1 ground plates posts

net

[}
L. . - ...
0,1 2 3 &5 6T

Figure 2.17a) Twodimensionamodel adopted by Govoni et §2011) and b) qualitative results of
the deformation (experiments vs FE model).
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Further, an excellent prediction of two important parameters, the maxaiwngation

(Dmay and the pertaining braking timg)(was achievedHig. 2.17b). Thesimplified

FE model demonstrated to be a very practical tool to support for the design of these
prototypes. However, it should be highlighted that the model data were strictly
calibrated based on the fidtale test outcomes. Considerihgttthe geometry of the
system can vary for different manufacturers, the model should-balidated with
experimental data. Thus, to gain understand of different prototypes performance, a

more realistic thregimensional FE model should be developed.

2.4.3 Advancedmodels of rockfall protection barrier s

If opportunely validated with experimental data, the simple -dwoeensional
analytical or numerical model described above, can be used as supporting tools for a
preliminary estimation in the design obarrier. Different impact condition (i.e. block

size or velocity) or barrier configuration (i.e. barrier inclination or dimension) can be
modified for simple parametric analyses. Anyway, to take advantage of the capacity of
the numerical instruments and tgain accurate information of a prototype
performance, the use of a complete thaleeensional model should be preferable.
Despitesome workhas beeralready carried out, théhreedimensionalnumerical
modeb of rockfall barriers developeg to now should be enhanced.

This need has been underlined by tbeentwork developed to study the barrier by
means of different numerical instrume(Bertrand et al. 2012; Van Tran et al. 2013;
Bourrier et al. 2014; Escallaat al. 2014; Moon et a2014).

Nicot et al. (2001), after studying the mesh behaviour initialised a complete modelling
of the system. Though it was a preliminary study, some important information were
supplied. The model was developed with the DE method and the simulationsiwere
through a software that used the explicit algorithm based on the finite differences
method. In the creation of the model every material body was reproduced by nodes
and linear elements, post were considered rigid elements as well as the spherical

block. The energy dissipating devices were modelled with a plastic law but it was not
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fully-explained in the text. The outcomes of fedlale testing on a rockfall barrier
prototype were analysed and compared with the simulations. The problem is that no
information about experimental results were recorded during the test, therefore only a
gualitative comparison of the deformed shape as outcomes was done. The only
available testing data were the final displacements of the energy dissipating devices,
the compariso of these results showed a rather good agreement, although showing
that the model dissipated less quantity of energy. As stated by the authors, the model
should be better enhanced and validated. However, it proved the potentiality of a
similar approach tagain a rapid understanding of many features that cannot be

otherwise evaluated during an experiment or demand several tests to be estimated.

Similarly, Cazzani et al. (2002nvestigated the dynamic response of a regkrgy
rockfall barrierafteranalysng the performance of tleable mesh. The studied barrier

was subjected to fubcale tests in an inclined test site (Peila et al. 1998). The cables
and the energy dissipating devices were modelled with truss elements as described for
the mesh model, whalbeam elements with elasperfectly plastic relationship were
selected for the posts. The trajectory parameters derived from the experiments were
defined for the impacting block, but the angular velocity was neglected as well as the
gravity accelerationOther important approximation regarded the internal connections
between the elements, the sliding mechanisms at the connections was simplified by
joining the nodes with short rigid bafurthermore, the interaction with the ground,
which happened durinthe experimental test, was not taken into account. The authors
themselves highlighted the approximations made and the assumptions were justified
by the purpose to develop a simple model with low computational cost. Due to the
less flexible system obtaineds a consequence of the several assumptions made, the
comparison of results showed that the model was underestimating the whole barrier
performance. However, the work carried out represented a breakthrough on three
dimensional numerical modelling for rdell protection barriers. It revealed the
difficulties that need a further investigation to be overcome in order to develop a more

reliable model of these structures. Particularly, the last part of the work was focused to
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use the model to analyse the blagike influence on the overall performance of the

barrier and is illustrated in Chapté.

Up to now, one of the thorough works that developed a -tiraensional numerical
model of rockfall barriers has been carried out by Volkwein (2005). The innovation
here introduced regarded the modelling of the interaction between the different
elements. Particularly, the attention was focused on thecehfp connection. The
sliding mechanism involved would require an investigation with high computational
cost. Theassumption made was to model the longitudinal cables as single tension
only springs with several nodes (Fig. 2.18a), allowing the movement of the internal

nodes while keeping cotnaint the others (Fig. 2.18b).

In Volkwein et al. (2004) a comparison asults is shown, demonstrating the quite
good accordance reached. However, while a lot of data were illustrated for the mesh
modelling described in Section 2.2, only results of one test were reported for a
prototype configuration. The model validity sholdd better validated also for other
construction designs, or more experiments carried out at different impact condition.
Though the numerical modelling technique is rather good, its flexibility to evaluate

different case study was not proven and some tainges has been demonstrated.
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Figure 2.18a) Modelling of the cable elements with springs and b) movement of the cable nodes
during the dynamic event after Volkwein (2005).
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Recently Gentilini et al. (20H? have proposed a numerical strategy to sealhree
dimensional numerical models of higmergy barrier prototypes. A walkfined
procedure was assessed, considering data of impact tests carried out on barrier with
different characteristics and construction designs. The numerical model produced by
the authors has been further developed as part of this thesis, in order to reproduce the
barrier response under different impact test conditions through an accurate comparison

with experimental data. The work obtained is extensively described in Chapter 3
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GAPTER

NUMERICIWDDEL TRVESTIGATERESPONSE

OFHGHENERARDCKFABARRIERS

Introduction

High-energy rockfall barriers are complex systems designebsorbthe energy of

blocks falling along an unstable slope by means of large plastic deformations of the
structure.

Due to the high notinearity engendered by the dynamic event, it is diffidol
describe the decelerating proce$she block hence a typical barrier design is based

on prototype testing (Volkwein et al. 2011). In 2008 the European Guideline were
approved (EOTA 2008), outlining the testing procedures for rockfall barrier syistem
Full-scale testing of these structures became mandatory for the manufacturers
throughout the European countries in order to obtain a CE marking of their products.
Thus, a continuous research of these systems has been encouraged leading to an

improvemenof their engineering design.

Consequently to a partnership between the Italian comp&woeasorzio Triveneto
Rocciatori and Officine Maccaferand the DICAM Department of the University of
Bologna,a series of fullscale tests on several barrier prop&ty were carried out. A
comprehensive database of results was produced and most of the data obtained are
described in Gottardi and Govoni (2010).
Based on these data, analytical and -thmensional numerical solutions were
developed (Cantarelli et al. 2008e Miranda et al. 2010; Govoni et al. 201They
supplied a simplified tool to gain a preliminary understanding of the barrier response.
However, the several data available would allow for developing a more refined
modelling of the prototypes in order better analyse the structure behaviour.
Gentilini et al. (2013) first realised advanced thregmensional FE models dhe
different prototypes studiedThe authors proposed mumerical strategy for the

55



Chapter 3

definition of rockfall protection barrier model The developed model was validated
by reproducing retrospectively the experiments, however there were still some
uncertainties in the definition of the behavioaf some constitutive elements
Moreover, the wide database at our disposal would allow torletsess the model

reliability and then to further explore its potentiality.

In this research, the numerical approach devised by Gentilini et al.g)2042 been
further enhancedconsideringa rockfall protection barrier having energipsorbing
capacityof 3000 kJ The prototype was analysed lhyll-scale teshg asdescribed by
Gottardi and Govoni (2010)The testresults are used to assess the model
effectivenessby simulating, retrospectivelyhe experiments carried out at different
energy levelsThen the barrier's model is used as a predictive tool to estimate the
overall system performance by varying its construction design and the impact

configurations

In the following the details of the experimental database used to define the numerical
model are briefly described. The numerical strategy previously developed is widely
reported, highlighting the various weakness obseredomprehensive background

of this part of research has been given and finally, the chasing aims are illustrated.

After this introdudng part,two papers producearereportedas part of the thesighe

first is a journal paper where the procedure followed to develop the FE model of the
analysed barrier is widely describaddthe model hathenbeenused as a supporting

tool in the design of the structure. In the second, a conference paper, the poteftiality
the model has been further explored pgoovide information abouthe barrier
performance under different impact conditions. Other conference papers were
develogd aboutthis issue outlining the model reliability but they are not reported
here, their references are given in the first part of the tij@sidiranda et al. 2011;
Gentilini et al. 2012b)
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Background

Typically found in territories interested by rapid slapevements, flexible barrier are
metallic structures made of identical functional modules, installed in sequence for the
required length. They are designed to withstand the impact of falling blocks producing
large irreversible deformations of the system. this reason their capacity is defined
on an energy criterion, which is the kinetic energy owned by an impacting body that

the barrier is able to absorb.

Gottardi and Govoni (201Qarried out a series of fuficale experiments on several
prototypes of dlling rock protection kits having energy absorbing capacity ranging
from 500 to 5000 kJThe tests were conducted as a consequence of the collaboration
between the University of Bologna and two Italian firms: the Consorzio Triveneto
Rocciatori and Officie Maccaferri. The first aim of the research was to investigate
the response to impact events under varlonstic energy levels (SEL and MEL) of

the different rockfall barrier configurations tested. The experiments were performed
according to the Europedasting standard (ETAG 027) and a vertical drop test site
located in Fonzaso (Italy) was used for éx@erimental campaign

As described ifChapter2, the vertical test setup allowed a series of advantages, above
all the reproducibility of the tests. Rber, it guarantees that all the energy is
dissipated by the system, with any contact between the impacting body and the
ground. In fact, the block was lifted by a crane to the requested initial height and then
dropped, by means of an automatic quick reted@o impact the centre of the middle
functional module in a free vertical fall.

Five different configurations dfarriers were testednade of three functional modules

of 10 m width and nominal height ranging from 3 to 6 m. Depending on the energy
capaciy of the system, the complexity of the design had some dissimilarities. The
number of connecting cables and the energy dissipating devices mounted on them was
varying on each tested prototype. As for the interception structure, a wire mesh was
used for laver energy class barrier, while ring meshes were assembled cartegyy

prototypes (i.e. more than 3000 kJ).
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Concerning the relevant data obtained, different instrumentations were used to allow
their supervision before, during and after each test. Thialiwonfiguration was
measured with a precision surveying system, in order to have the right value of the
initial block position with respect to the installed barrier and thus estimating the
impact characteristics. Then, a laser sensor system locateabjuge the barrier was

used to monitor and verify the velocity iatpact; while three front cameras and one
lateral were recording the entire event allowing the extrapolation of the block
displacementime-history.

All the anchorages of the connecting lest(i.e. lateral and uphill) were supplied with

load cell instruments, able to record the resultant acting fevo&ution during the

test. Onlythree prototypes werturther investigated andquipped with load cells
measuring althe components of theaetion forces at the post base. Note that all the
foundation systems were provided with instrumentations to verify the symmetric
response of the barrier to the impact test. Finally, at the end of the test the residual
heights and the total shortening oketknergy dissipation devices were taken with
direct measurement.

The barriers were subjected to MEL test and some prototypes to the double launch of
SEL impact test. Despite only part of the results were reported, all the test data were
available to develpthe research hereinafter described.

As stated by the authors, the experimental setup could be easily modified and different
test conditions and configurations can be assessed but it would be a costly and time
consuming procedure. Thus, the aim of the kvaas to supply a wide and rich
database of experimental evidence on these structures, with the idea to support the

development of an advanced numerical modelling of the systems.

In Section 2.4 the analytical and tvloanensional FE models proposed aadibrated

with a backanalysis of these experimental data were introdutkd.simple models

have shown to be able to reproduce part of the relevant parameters design (i.e.
elongation, braking time and average load distribution at the foundation stjuéture
preliminary understand of the barrier response was achieved, but a more advanced

model was requested to further investigate the rockfall barrier performance.
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Gentilini et al. (2013), taking into account these broad experimental database, have
develped a numerical strategy which aims to define a series of instruction to be
followed in the design of numerical models of rockfall barriers.

Contrary to the researches previously described, the authors have assessed the models
effectiveness taking into eount data of three different prototypes tested under
various impact conditions (i.e. SEL and MEL tests).

In the numerical approach, the commercial available computer program
ABAQUS/Explicit was employed. In order to produce accurate simulations with a
simple and computationally effective model, some assumption was made within
reason of the structure complexity.

A first important approximation was taken in the modelling of the impacting body. It
was simulated with a set of lumped mass placed in the meds mddhe impacted

area. The equivalent mass of the block was distributed to the nodes and a vertical
velocity input derived from the fullcale test was assigned. This solution allowed a
strongly reduction of the computational cost of the simulationsn ¢keugh the
model had shown to be able to predict with accuracy only the first part of the test (i.e.
till maximum elongation is reached).

All the cables were modelled with truss elements with an efdagtic constitutive

law derived from the typical atic tensile test outcomes, while for the posts, beam
elements were used with a simplified linear elastic behaviour.

Differently, a thredinear stressstrain relation (Fig. 3.1a) was assigned to the cables
endowed with an energy dissipating device. Tinge&was extrapolated through some
assumption®f the resultsof the test carried out on the whole barrier. The authors
analysed the force tirdeistory recorded by an anchorage load cell where one cable
equipped with the device was connecte). 3.1b) After a first rapid increase of the
force, a sort of plateau was noticed, before it grgain to the peak value.

It was suggested that the force at which the plateau was reached gave indication of the
activation of the energy dissipation device. Thus,ahest horizontal branch of the
constitutive law, which represents the device influence in the cable response, was

identified and calibrated.
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Figure 3.1 Energy dissipating devices properties affantilini et al. 0123): a) constitutive law
adopted ant) timehistory recorded by the load cell and location of the node in the barrier.

Concerning the internal connection, a particular attention was focused to study the
sliding mechanism of the longitudinal through special eyelets placed at the head and
base of the posts. Figure 3.2a illustrates with a simplified scheme the effect: as a
consequence of the impact, the cables tend to shift following the deformed shape, but
the eyelets retain the vertical displacements allowing only horizontal movements. As
pointed out in Section 2.4, it represents a problematic issue to be solved for these
systems. A set of special link was used to model this mechanism in the simulations
(Fig. 3.2b). Each link connected a master node (M) placed on the post centroid, to a
slave node (S) located along the cable. The connector keeps constrained the vertical
displacement of the S nodes to the initial valyg, (vhile letting free the motion in

the other directions. Further, when the cables slide tilltheaol | ed A dnettoa,c hi n
the connector bond failed, allowing the S node to move also vertically, thus following

the normal deformation derived from impact.

|
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Ytrajectory
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Figure 3.2 Details of the internal connection between post and the longitudinal cables after Gentilini
et al. (2012): a) sketch of the sliding mechanism and b) solution adopted in the numerical model.
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This simple solution had shown able to wadiscribe the motion during the test, and it
has been used also in the numerical models produced as part of this thesis and
de<ribed hereinafter.

In order to investigate the rockfall protection barrier response to dynamic event, the
interception structure is the most important component to be studied in the modelling
approach. Two flexible barriers here analysed were built aiting mesh type. An
equivalent mesh made by truss element connecting each centre of the ring was
realised following the approach proposed by Nicot et al. (2001). The-strass
relationship assigned to the equivalent elements was calibrated through an
identification procedure. Two quasiatic inplane and oubf-plane tests were carried

out on a panel made by rings and to the equivalent truss mesh (Fig. 3.3a). Results of
the two tests are reported in Fig. 3.3b and c. As stated by the authors, nmerfari

evidence were available, hence the tests were performed only numerically.
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Force [KN]
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3
Force [KN]
Y
3

0 0.05 0.1 0.15 0.2 0.25 0.3 0
Displacement [m] Displacement [m]

Figure 3.3 Identification procedure of the equivalent meshes (Gentilini et al.&204a? ring mesh
portion tested and equivalent truss mesh identified (lighter line)aidisplacement curves obtained
from the inplane and c) oubf-plane tests.

Results of the model versus the experimental data were shown dsigtorg of the

barrier elongation for all the tests analysed and a remarkably good agreement was
observed bdt in terms of maximum value reached and general trend of the curves.
Concerning the forces measured at the anchorages and post foundations, only a
comparison of one model at MEL impact test was illustrated proving the effectiveness

of the numerical approaaleveloped.
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Chapter 3

Though the method was welalidated by a wide confrontation with the experimental
outcomes, there was still sorteeck of information on some details of the modelling
that should be enhanced. Some of the approximations made in the maagtinogch

and highlighted above could be better solved.

Firstly, the model with lumped mass had proved to be not useful to predict the model
response after the first peak or to run simulations of a second launch on the deformed
barrier. Despite the possiityi to model the impacting body with lumped mass is a
good simplification, a thredimensional model of the blockan allow for further
consideration.

Considering the method adopted for the energy dissipating devicebyidusly
represents a good soloni that can be easily implemented, but the problem is twice.
There is no evidence of test on a single brake system to validate thesstgss
curves adopted. Since the first aim of the work was to produce a model able to
investigate the barrier performee by varying its configuration, it should not be
possible to analyse the influence of using a different dissipating brake type. It leads to
the second issue that, in order to define the behaviour of the dissipating device, this
method need of test ressllon the entire barrier. Hence, a better investigation of this
device should be carried out, both experimentally if possible, either by using the
numerical method.The last assumption made was about the validation of the
equivalent model of thenesh. The esults obtained from the two tests (Fig. 3.4)
proved that the response of tveo models was not perfectly fitted. Further, the ring
mesh behaviour should be validated with result of experimental test to assess the net

performance, therefore a more acceredlibration should be developed.

Aims of the research

Up to now, a background of the relevant document proposed in literature, used to
carry out this part of the thesis has been illustrated. The origin of the available
experimental data was explaine@ihe various problematic encountered in the

definition of the numerical approach already defined were widely highlighted.
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Numerical model to investigate the response of high-energy rockfall barriers

In the papers hereinafter reported, a numerical FE -tireensional model of a
rockfall protection barrier prototypes having enerdpg@bing capacity of 3000 kJ
was developed and deeply investigated. For this protection kit, data of several impact
tests carried out at various energy level, also on the deformed prototypes (i.e. double

impact test of SEL) were available.

The startingaims of the produced works can be recapped in different point:

1 Further investigation of the behaviour of some constitutive elements (i.e. the
interception structure, the energy dissipating devices and the impacting body)
by considering experimental dathpossible, or developing specific numerical

analysis.

1 Validation of the numerical model developed in a banklysis confrontation
by considering the outcomes of several impact test conditions. Especially,
assess the model effectiveness to second lauests tarried out on the

deformed structure.

1 Use the model as a predictive tool to support the design of these structures.
Investigate the performance of different construction design of the barrier, in
order to assess the improvement of the new configurally using the

numerical model without recurring to costly fsltale tests.

1 Use the model to analyse the response of the barrier to different impact test

conditions.
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JHURNAL HAPER

3.1 DESIGN OF FALLING ROCK PROTECTION BARRIERS USING
NUMERICAL MODELS

Abstract

A numerical approach has been recently devised by the authors for the modelling of
falling rock protection barriersnetallic structures used as passive measures against
rockfall. Following this approach, in this study a FE model of a specific barrier type is
developed. The constitutive parameters of the model are calibrated employing the data
of a series of experimentsirried out onto the main barrier components such as the
interception structure and the energy dissipating devices. Then, the ability of the FE
model to reproduce the real barrier behaviour is explored by simulating,
retrospectively, a set of experimengsreed out onto readcale prototypes of the

barrier, under various impact conditions. The very good fit of the rather complex
experimental and numerical results can assess the ability of the FE model to reproduce
the prototype behaviour, so validating tle&ability of the adopted numerical

approach and giving further confidence to the use of such models as design tools.
Therefore, based on the numerical results, the considered barrier model has been

enhanced in terms of cestfectiveness and esite peformance.
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3.11 INTRODUCTION

Typically found in territories interested by very rapid slope movements, falling rock
protection barriers are metallic structures, made of identical functional modules
installed in sequence for the required lenffiani 192). As depicted in Fig3.4,

each module presents an interception structure kept in position by steel posts
(supporting structure), while special connecting elements transfer the impact loads to
the foundations. Easy to be installed and maintained, wdlatively low
environmental impact, the barriers are designed to intercept and stop the blocks
moving along a potentially unstable slope, by developing large gltsttic
deformations of the system and of the system components. Nowadays, several
manufactirers produce different models of falling rock protection barriers which
cover a wide range of energy absorption capacities, from less than 100 kJ to more than
5000 kJ.

Traditionally, these structures are designed using the results efcéld tests in

which prototypes are subjected to the impact of blocks having known mass and
velocity. Since 2008, the testing methods and procedures have been provided by the
European Guideline for the Technical Approval of Falling Rock Protection iKits
ETAG 27 (EOTA 2008). The data collected in the ftdcale tests enable to assess the
energy absorption capacity of a falling rock protection barrier and provide the relevant
parameters for the barrier installation-site, which include the deformation
characteristics andhe dynamic forces acting on the barrier anchorages and
foundations.

In the last ten years, the results of fsdlale tests were also employed to develop
numerical models of specific types of commercially distributed falling rock protection
barriers, usig either FEM(Cazzani et al 200 Volkwein et al 2009; Oggeri et al.
[2004; Govoni et al 2011pr DEM (Hearn et al(1992) Nicot et al. 2001; Spadari et

al. 2012;Bertrand et al. 20129pproaches.

Due to the complexity of the problem, the trustwortegy@f numerical models as
design tools relies upon a consistent procedure of calibration and assessment which
must be based on experimental data, accurate in describing the complete barrier

response in dynamic conditions. The database should also befdigesad relevant
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to the response of these structures in different conditions, enabling the use of a set of
data for the model development and calibration and the use of further results for the

purpose of the model assessment.

Within this context, a nusarical approach for the design and verification of flexible
falling rock barriers has been recently proposed by the auiGertilini et al. 2013).

Rather than a single numerical model, the proposed procedure enables the definition
of key numerical choies of general validity that enable the development of consistent
numerical models of any type of falling rock protection barriers.

The main advantage of the approach is that, notwithstanding the complexity of the
simulated phenomenon, it enables to prodaocmparatively simple models which
accurately capture the highly ntinear response of these structures in dynamic
conditions. The procedure was based on data otfalle tests performed on various
barrier prototypes of capacities ranging from 500 t0O(BRJ (Gottardi and Govoni
2010) under several values of impact energies, carried out in different conditions.

In this paper, a FEM model of a falling rock protection barrier of capacity 3000 kJ,
hereinafter named barrier 3000, has been developed aartodime above mentioned
approach. The model is calibrated using the results of specific tests performed on the
main barrier components and assessed using the experimentssoalelprototypes.

The reliability of the model as a predictive tool is thexplered through a
retrospective simulation of further fidcale tests executed on the same barrier
prototypes. The model suitability to support the design of these structures is then
investigated. In particular, guided by the reliable numerical resalispfodifications

in the tested prototype of barrier 3000 are introduced to enhance both #s cost

effectiveness and esite structural performance.

Impact analyses are then carried out onto the modified model of barrier 3000 to
investigate its modified sponse in dynamic conditions. Results provide a useful
guidance for the development of enhanced falling rock protection barriers.

In the paper details of the ftdkcale experiments are given in Sect®h2, referring

to Gottardi and Govon{2010) for further information; the numerical approach is
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briefly described in SectioB.13, referring toGentilini et al(2012) for details; the
development of a complete model of barrier 3000 is illustrated in SeB8tioh.
Results of retrospective simulatis of fullscale tests on prototypes are then
compared to the experimental data in Sec8dib, to enable a thorough assessment
of the numerical model. The use of the model as a predictive tool has been finally

investigated on an improved model of bar8000 in SectioB.16.

components

Figure 3.4 Scheme of the main components of a typical falling rock protection barrier

3.12 EXPERIMENTAL DETAILS

In this Section, details of the experimental tests conducted on the interception
structure and on fulbcale baier prototypes are described and discussed. These tests
were carried out at the Fonzaso test site (Belluno, I{&@p)tardi and Govoni 2010)

and enable the development, calibration and assessment of the numerical modelling

procedure described in the f@iing Sections.

Impact tests on the interception structure

Impact tests were carried out onto samples of a type of ring net employed as an
interception structure for various falling rock protection barriers of high energy

absorption capacity (typically higher than 2000 kJ). The scope of the tests was to
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evaluate he dynamic response of an individual net panel to the impact of a block of
known mass, velocity and direction.

The tested net was made of 350 mm diameter rings completed by twisting six times
the same 4 mm wire and arranged so that each ring is enclaséabaaly interlaced

to other six. The sample, a 3040 mm x 2590 mm portion of such a net made up of 56
rings, was connected to the top of a rigid frame of structural steel beams, built on a
concrete foundation as illustrated in F3gha.

Employing a smaltrane, the test was carried out by lifting a concrete block of mass
1610 kg to the established position and then releasing it onto the net sample. Two
video cameras, one on the front, one on the top of the frame, recorded the entire event.
By varying thefalling height of the block, two launches were performed at two
distinct values of kinetic energy: 98 and 129 kJ, hereinafter called launch N1 and N2,
respectively. At the end of each launch (RBghb), the test block was removed and the

net final maximun elongation was measured. Recorded values were 0.60 m and 0.67
m after launch N1 and N2, respectively. No failure occurred in the net after the two

launches.

Figure 3.5The experimental set up for impact tests on ring nets: a) before and b) afterNduinch

Full -scale impact tests on barrier prototypes

The Fonzaso test site is of one of the vertdrabp type, in which a three functional
modules barrier, installed approximately normal to a-wetical rock wall, is

subjected, in its centre, to the ingpaf a free falling test block.
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Figure 3.6 Barrier 3000 in the verticalrop test site configuration: a) schematic drawing and b)
picture taken after the maximum energy level impact test.

A scheme of barrier 3000 in the typical tege configurationis given Fig. 3.6a,
where the names of the principal elements, the positions of the load cells and node

labelling are also indicated.

The interception structure is made of a steel ring mesh and the supporting structure of
steel | posts, inclined at an dagf 10° with respect to the horizontal plane. The loads
are transferred to the uphill anchorages through uphill cables. Two longitudinal upper
and two longitudinal lower ropes connect, respectively, the heads and the bases of the
four | beam posts. Theateral cables, two for each side, connect the heads of the
external posts to the side anchorages. All cables are 20 mm in diameter and are
provided with energy dissipating devices whose llalgeandpositions ardllustrated

in Fig. 3.7.
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Figure 3.7 Barrier 3000 in the verticalrop test site configuration: labeling and position of the energy
dissipating devices on the uphill and side cables, on the longitudinal upper ropes and on longitudinal
lower ropes
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The movements of the block, a concrptdyhedron, are controlled by a crane. The
site is provided with precision instrumentation for the measurement, in the dynamic
range, of the following relevant quantities: the barrier elongation (defined as the
maximum downhill displacement of the net m&asl during the impact with respect

to the initial position), the barrier residual height (defined as the minimum distance
between the longitudinal ropes, measured after the impact orthogonally to the falling
trajectory) and the forces acting at all theclaoring points and foundations. The
braking time (defined as the interval between the instant of the first-hktckontact

and the instant in which the net elongation is maximum) is also evaluated during the
test as well as the final shrinkage of all @meergy dissipating devices (travel).

Three fultscale impact tests are considered in this study as follows. Maximum energy
level test: a prototype of barrier 3000 was subjected, at its centre, to the impact of a
block having energy higher than the dedigwel (3000 kJ). Service energy level test:

a prototype of barrier 3000 was subjected, at its centre, to the impact of a block having
energy equal to one third of the maximum (1000 kJ). Following this launch, the
prototype of barrier 3000 was subjectedatgecond launch at the same energy level
(1000 kJ), to investigate the response of the barrier to subsequent launches. In Fig

3.6b, a general view of barrier 3000 after the maximum energy level test is given.

3.13 THE NUMERICAL APPROACH

The FE model obarrier 3000 was developed according to an effective numerical
approach for the modelling of falling rock protection barriers, recently developed by
the authors. A concise description of theocedure is provided in thise&tion,

referring toGentilini etal. (2012) for further details.

Modelling of the supporting structures

The supporting structures are the barrier posts made of structural steel S275. They can
be modelled successfully with beam elements with a haksstic, perfectly plastic

constituive law described by the conventional steel elastic modulyis &0 GPa)
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and vyield strain thresholay(= 0.0013), as illustrated in Fi§.8a. Cylindrical hinges

are also effective towards the modelling of the connection between the posts and the
foundations. The posts are also provided with eyelets at the base and head which lead
through the longitudinal lower and upper ropes. A translator type of connector which
allows slave nodes located on the lower (upper) ropes to move along a specific
direction while keeping a fixed distance from a master node located on the base (head)
of the posts, was shown rather suitable to model these connections. The distribution of
the impact force to the anchoring points and post foundations in the numerical
analyses is ather accurate while a very low computational cost is ensured. Yet,
numerical forces slightly above the experimental might be observed at some of the

anchorages and post foundations, notably in presence of unleatbaging cycles.

Modelling of the conrecting components

The main barrier connecting elements are the uphill, side and longitudinal cables.
These elements can be satisfactorily modelled by means of truss elements with no
flexural rigidity and no ability to sustain compressive stresses. Fgs;abbilinear,
elastoplastic law with hardening can be used (RBdgb). The three parameters that
characterize the constitutive curve are those typical of strands subjected to tensile
loads and should be selected among those relevant for the cotdiglezeof cable
(Fontanari et al. 2009; CastRyesno et al. 2008)

Typically, the cables are provided with energy dissipating devices to enhance the
energy absorption capacity of the system by developing plastic deformation. These
elements can be convently modelled using axial connectors provided with the
threelinear forcedisplacement relationship illustratedin F&y8&c . The yr st br
intended to reproduce the linedlastic (0;) response of the element prior to the
activation. Following theactivation displacement 4s, the diagram pat
second linear branch (B along which large axial movements take place under low
increments of force until the energy dissipating device is eventually smashed. At a
displacement equal t@,g2he reponse becomes comparatively stiffeg{DIn the next

Section, an identification procedure to evaluate these parameters is illustrated.
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Modelling of the interception structures

Truss elements are used to model the interception structures. In presence of a ring net,
an identification procedure could be carried out, in order to provide a simpler
equivalent truss mesh with a proper mechanical behaviour. Identification should be
performed employing tests onto net samples. Experimental data would be preferable,
but also numerical tests can be adopted for such a scope. A good agreement between
the response of a ring net and the equivalent truss mesh could be achieved by
assigning to th&russ elements a thréieear, elasteplastic hardening law (Fi¢g.8d)

as it will be shown in the nextestion, where details of the procedure employed to
identify the five constitutive parameters,{E&.,, En3, €3 ande,), performed by means

of both ptysical and numerical models, are provided with reference to the interception

structure of the prototype of barrier 3000.
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Figure 3.8 Constitutive laws adopted in the numerical approach for: a) steel posts; b) cables; c)
energy dissipating devices andnd truss elements

3.14 MODEL DEVELOPMENT AND CALIBRATION

According to the procedure described in Sec8d3 and based on the data presented

in Section3.12, a FE model of barrier 3000 was developed. For the purpose, the
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commercially available computer program ABAQUS/Explicit v. @fbbitt 199B8)
was employed. In thisegtion, details on the model development and calibration are
given, with special emphasis to the identification procedure necessary to an effective

modelling of the barrier interception structure and connecting components.

Modelling details: interception structure

The interception structure of barrier 3000 is made by ring elements, arranged so that
each of them (diameter equal to 350 mm) is enclosed aselipinterlaced to other

six. The numerical net was made of a triangular meshwork of truss elements,
assembled so that the ends of each truss connect the centers of two adjacent rings
(Nicot et al. 2001)

An identification procedure was performed on twei samples: one made of rings and

the other one made of truss elements. The aim of the identification procedure is the
selection of the mechanical parameters that characterize thditi@a@econstitutive

law (as described in Sectidhl3) of the truselements such that the equivalent net

has the same structural response of the ring net in loading conditionts @ut and in

the net plane.

To this purpose, two net panels were considered as illustratemysn3.%a and b.
Following the testing conddns of the experiments described in Secfioh2, the

ring sample was composed by 56 rings (Bi§a), restrained at the outermost points
with spherical hinges. Rings were modelled by -dimensional, twenode beam
elements, obeying to a bilinear elaglastic hardening law. The parameters: the
elastic (& = 150 GPa) and hardening{E 1 GPa) slopes as well as the yield strain
threshold €= 0.008) were calibrated on the base of static tensile tests recently
performed on single ring€argnel2011). The tests on the net panels were performed
by impacting the sample centre with a thd#mensional deformable body of

mechanical properties equal to those of high resistance concrete.
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Figure 3.9 Outof-plane test onto a) ring and b) equivalent truss samples.

Launches N1 and N2 were simulated onto two distinct samples of the same ring net.
At the end of the simulations, the numerical elongations were 0.56 m and 0.60 m,
respectively, in good agreemt with the experimental results (0.60 m and 0.67 m,
respectively).

The response of the ring sample in terms of total reaction force and elongation is
found in Figs 3.10a and b for launches N1 and N2, respectively. The results of the
same, oubf-plane ¢gnamic analyses, performed onto the truss santje 3.%) are

also insertedn Fig. 3.1Q With reference to the notation introduced in Sec8dh3

(Fig. 3.8d), the constitutive parameters which ensured such response, essentially

equivalenfor the twosamples, were: E= E,s== 150 GPa, =1 GPa, and; = 0.001
ande, = 0.0015.
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Figure 3.100ut-of-plane test onto a) ring and b) equivalent truss samples.
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Figure 3.11In-plane test onto a) ring and b) equivalent truss samples.

With the abovanentioned parameters, the ring and truss samples were fully restrained
at one side, while, at the opposite side, an incrementalame, tensile load was
applied, as depicted in gB.11a and b respectively.

Results of the numerical analyses previded in Fig 3.12in terms of displacement

and force mobilized throughout the test. As displayed the equivalent truss net is able
to reproduce the uplane response of the ring net rather accurately. After these tests,
the identified parameters wereuthimplemented for the net in the whole barrier

model.
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Figure 3.12In-plane test results: total reaction forces versus displacements for the ring (solid line)
and equivalent truss (dotted line) samples
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Modelling details: connecting components

The barrier cables were modelled with truss elements with no flexural rigidity and no
ability to sustain compressive stresses. With reference to the notation introduced in
Section3.13 and in Figure 5b, the following mechanical parameters have been used:
E.1 = 150 GPa, k= 150MPa an&,= 0.006. The diameter of all cables was 20 mm.

The energy dissipating devices of barrier 30B.(3.13) are made of two hollow

pipes of length = 70 cm, made of structural alluminium connected at the ends by
perforate plugs. As illustrated ifrig. 3.13, the cables are assembled in the pipes in
the inverse and symmetrical direction. As a result, when the cable undergoes a tensile

force, the device shrinks and the entire cable elongates.

The energy dissipating devievere modelled using axial connectors (Sec8di)
having the forcalisplacement relationship of Fi§.8c. A procedure to identify the
model parameters {Q Dqgy, Dg3, S and ) is illustrated in thisSection.

A onedimensional and a thretmensional model were used in the procedure. In fact,
a threedimensional model of a different type of energy dissipating device has been
developed and tested in dynamic condition recefithad et al. 2011)encouraging

theuse of numerical models to explore the complex behaviour of these elements.

hinge

rigid block

free end

rigid block

appliedforce

A 7‘—%
/ sl
e perforatedplug
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steel rope alluminum pip

Figure 3.13Energy dissipating device of barrier 3000: a) mounted on an uphill cable; b) simplified
scheme; c) thredimensional FE model.
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The onedimensional model of energyisdipating device was made of two truss
elements with no flexural rigidity and no ability to sustain compressive stresses,
connected through an axial connector of lengthabhd parametersd Dy, Dys, S, S

One model side was restrained using a sphkhinge.

The threedimensional model was made of two hollow pipes connected by rigid,
perforated, blocks at the ends, as shown in&it. Each pipe was assembled about

a cylindrical element which models the internal rope. Continuous homogenedss shel
were used. The blocks and the internal ropes were assumed perfectly rigid, whereas a
bi-linear, elasteplastic law with hardening was assigned to the pipes with a Young
modulus of 70 GPa, a yielding stress of 300 MPa and an ultimate stress of 550 MPa
achieved at the 0.1 of strain. A frictional type of contact was assigned to the interface
between the pipes and the internal ropes, between the ropes and the rigid blocks and
between the two pipes.

As displayed in Fig3.13%, the model was restrained usiagspherical hinge at one

end.

The onedimensional and thredimensional FE models were subjected to alnoear
analysis in which a force equal to 500 kN was applied incrementally along the model
axis. The results of the analyses are illustrated is.Big4 and 3.15 In particular,

Fig. 3.14a shows the deformed shape of the ttdieeensional model correspand to

a force equal to 200 kN.

In Fig. 3.1, two pictures of a deformed energy dissipatileyice are also shown.

The photographs were taken at the end of asftdle impact test on a prototype of
falling rock protection barrier. The deformed shape of the ttiiensional model is
similar to that of the real energy dissipating device, exhipita significant
localization of strains toward the ends of the element, where the ropes slide through

the perforated plugs.
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(a)

Figure 3.14Deformation the energy dissipating device of barrier 3000: a) frame extracted from a
numerical nodinear analysignd b) picture after a full scale test onto a barrier prototype.

Figure3.15displays the results of the analyses in terms of the reaction forces and the
energy dissipated. As depicted in F&gyl5, the threaimensional model exhibits a
steep and lingaresponse prior to activation of the element, then the diagram flattens
and large deformations take place under comparatively lower stress increments until
the element is eventually smashed at about the 70% of deformation and a stiffer
response is resumgatior to the achievement of the figtroke (about 0.6 m). Such
response is typical of this type of energy dissipating device in tensile stati(Peitis

et al. 2006).

In Fig. 3.1%, the total energy dissipated during the test is also illustratedthEor
threedimensional model, the energy, dissipated by plastic deformation and friction,
monotonically increases with the element length reduction up to a value of 130 kJ,

recorded at a displacement of about 60 cm.
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The results of the analyses performedoothe onedimensional model are also
inserted in Fig3.15 With reference to the notation introduced in Sec8d3 (Fig.

3.8c), the constitutive parameters which ensures the observed response, which is
essentially equivalent for the two models, wébg: = 20 MN/m; DOy, = 580 KN/m, 033

= 1 MN/m; § = 0.002 m and,s= 0.5 m. The simple ordimensional model well
describes the response of the energy dissipating device and successfully predicts the

activation, the prdull-stroke behaviour and the amouritdissipated energy during
the test.
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Figure 3.15Non-linear static analysis of the thrd@nensional and ordimensional model of energy
dissipating device: a) force versus displacement and b) dissipated energy versus displacement

A dynamic analysis wathen carried out on the two models, in which the dynamic
force recorded by the load cell 9 of the prototype of barrier 3000 3Fg during the
maximum energy level test (Fi§.17a) was axially applied to the models. The force,
which acted onto the engy dissipating device ucl of Fi8.7, produced a travel of

the element equal to 28 cm at the end of the test.

In Figure3.16 the results of the analysis are shown in terms of the reaction forces and
the energy dissipated
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Figure 3.16Nortlinear dynamic analysis of the thrdemensional and ordimensional model of

energy dissipating device: a) force versus displacement and b) dissipated energy versus displacement
With reference to Fig3.16, the threalimensional model, following #hactivation,
reached at about 50 kN, continuously shrinks the force increases until a value of 200
KN is reached. Following this value, the element is completely unloaded. The final
shrinkage (travel) is about 32 cm, in good agreement with the experimeasure.

In Figure 3.1, the dissipated energy by the thodmensional model is shown,
increasing monotonically as the element displaces up to a maximum value of about 45
kJ.

The response of the omigmensional model, also insertedkig. 3.16 descibes the
response of the energy dissipating device satisfactorily and successfully predicts the
element travel (30 cm) and the dissipated energy in dynamic conditions. After these
tests, the ondimensional model of the energy dissipating device withidkatified

parameters was thus implented in the whole barrier model.

315 MODEL ASSESSMENT

The model of barrier 3000 developed as described in Se@tid®h with the model
parameters calibrated in SectiBri4, was subjected to retrospective simulations of

the tests described in Secti@ril2. Impact tests on a barrier model were simulated
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using a threelimensional deformable body as test block, with mechanical properties
equal to those of high resistance amte or in a simplified fashio(Gentilini et al.
20128). With reference td-ig. 3.6a, the direction of the block was vertical in all the
tests. In dirst test, the block was conducted to impact the centre of the barrier model
at the maximum energy levg000 kJ). In a second test the model of barrier 3000 was
subjected to two successive launches of a block impacting the barrier centre with
energy equal to one third of the maximum (1000 kJ). In the following subsections,
comparison with the experimentasults is pursued to enable a thorough assessment

of the model effectiveness.

Model response at the maximum energy level

The model of barrier 3000 was first subjected to the impact of a block having the
maximum energy level (3000 kJ). Referring to.RAda for the notation, the results of

the analysis are illustrated kig. 3.17 along with the experimental data measured in
the relevant fullscale test.

In particular,Fig. 3.17a shows the numerical and experimental tmstory of the
barrier maximum elogation. The model reproduces the downward displacement of
the prototype throughout the test with good accuracy, mainly due to the ability of the
equivalent truss net to model the behaviour of the actual ring net, in presenee of in
plane and oudbf plane bading conditions, as thoroughly assessed in Se8tioh

In Figs 3.17b tof, the numerical and experimental tirhestories of the constraint
forces at some representative load cells are found. In partiEidar3.17b to d show

the values of the forces mobilised at the uphill anchorages 9, 10 and 11, respectively,
Fig. 3.17 the force acting at the side anchorageid Fig.3.17 the reaction force
recorded at the post foundation 2, throughout the test. The numericdl captiees

the general trend of the forces with time, including the-pesk behaviour at all the
anchoring points and post foundation with good precision, also providing a
satisfactory estimation of the peak force values. A minor scatter is observesl at t
anchorages 11 and 1Bi¢s.3.17d and e).
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Figure 3.17Numerical (FEM- solid line) and experimental (EXRlotted line) results of the

maximum energy impact test onto barrier 3000: a) maximum displacement versus time; forces versus
time for b), c), d uphill anchorages; e) lateral anchorage and f) post foundation

As for the energy dissipating devices, referring ta Bigfor the notation, the uc2 and

uc7 did not activate during the numerical analysis and no energy dissipating device
reached the fulstroke, in agreement with the data collecteesiba at the end of the
Impact test. The maximum numerical travel was 31 cm, recorded at the uc4 at the end

of the analysis. The value is in agreement with the experimental measure (32 cm).

Model response at the service energy level

The model of barrier 3000 was also subjected to the impact of a block of energy level
equal to one third of the maximum to irstigate its response at low values of impact
energy. The numerical results are shown in. Bid8 along with the relevant data
collected in the fullscale test. The numerical and experimental dimséories of the
barrier maximum elongation are illustratedFig. 3.18&. Figures3.1& to d display

the values of the forces at the uphill anchorages 9, 10 and 11, respectively. In Figure
3.18, the forces recorded at the side anchorage 14 are shown, whereas3it&ig

the reaction force recorded at the plesindation 2 is inserted. In general, the model
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results well predict the general trend of the elongations and constraint forces,
assessing the ability of the model to capture the major features of the barrier response
at low energy values. In particulanet model reproduces the maximum experimental
elongation accurately, validating further the effectiveness of the equivalent truss net
toward the evaluation of the barrier displacements.

As for the reaction forces, the greater scatter is observed at thel cephill
anchorage 11, at the side anchorage 14 and post foundation 2. These results are
consistent with those obtained from the analyses carried out at the maximum energy
level, though slightly augmented. These results are partly ascribable to therfungc

of the translator connectors at the posts heads and bases, whose shgsteoena

mentioned in Sectiol.13.

With reference to Fig3.10 for the notation, the energy dissipating devices uc2 and
uc7 did not activate during the numerical analysis. The maximum experimental travel
was measured, at the end of the test, at the scl and sc2 (18 cm). The corresponding

numerical travel was measured equal to 17 cm.
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Figure 3.18Numerical (FEM- solid ling and experimental (EXPdotted line) results of the service
energy impact (first launch) test onto barrier 3000: a) maximum displacement versus time; forces

versus time for b), c), d) uphill anchorages; e) lateral anchorage and f) post foundation

83



Chapter 371 Journal paper 1

@ -—-EXP 400, ® ’ 400 ¢ '
5l —FEM | -=-Load cell 9 - EXP ---Load cell 10 - EXP
_ - —Load cell 9 - FEM —Load cell 10 - FEM
£ 7N ] _. 300 ]
c 4 II \\\ E
g 4 N ‘6‘
S Sl S 200t
5 3 \\s 2 (AN
(] )
7 100t |7} N
] \
2 [}
\‘ — o
0 - .
400. @ | 400+ ©) ] 400 V-—Load cell 2 - EXP |
——-Load cell 11 - EXP ---Load cell 14 - EXP —Load cell 2 - FEM
—Load cell 10 - FEM —Load cell 14 - FEM
. 300 1 ] _.300
= Z
X, X,
S 200} S 200
s . i
100+ ,/ 7 1000 g4
\Y; 1 i ‘\\
~, b A
0 - - 0 : !
0 0.25 0.5 0 0.25 0.5
time [s] time [s] time [s]

Figure 3.19Numerical (FEM- solid line) and experimental (EXRlotted line) results of the service
energy impact (second launch) test onto barrier 3000: a) maximum displacement versus time; forces
versus time for b) uphill anchorage 9, c) uphill anchorage 10,hdlj apchorage 11, e) lateral

anchorage 14 and f) post foundation 2.

After the launch, the block was removed and the deformed model of barrier 3000 was
subjected to the impact of a further block of energy equal to one third of the maximum
(1000 kJ). In tis launch, the numerical forces at the anchorages and post foundations
are expected to be affected by an overestimation, mainly ascribable to the use of the
translator type of connectors which work with comparatively less accuracy during
unloadreload cycts, as described in Secti8rl.3. However, due to the uncertainties
related to the evaluation of the response of a deformed barrier, conservative results are
rather welcome. The numerical results are shown, with the corresponding
experimental data, in Fig.19 The time interval considered was that relevant to the
first bounce of the test block, which occurred within the first 0.5 seconds of test.

The timehistories of the numerical and experimental maximum elongations are
compared in Fig3.1%. The origh of the two curves coincides with the final
downward movement of the barrier prior to the second launch (final elongation). The

good agreement between the numerical and experimental values of final elongation
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confirms the capacity of the model to reproduhe prototype displacement response

in unloading conditions. Such agreement is also observed when the barrier is re
loaded during the second launch, assessing the ability of the model to predict the time
displacement response of the prototype in presehmultiple launches.

In Figs. 3.1% to f the timehistories of the forces mobilised at the uphill anchorage 9,

10 and 11 and side anchorage 14, as well as the post foundation 2, are shown,
respectively. The numerical results of the analysis are simildrose observed in the
previous launch at low energy, since the ststsmn paths tracked by the barrier
elements, rapidly enter the elagtiastic branch (Fig 3.8) where significant
deformations are produced by small stress increments. As yet ethssard expected

the maximum scatter is found at the anchorages 11 and 14 and post foundation 2.
With reference to the travel of the energy dissipating devices measured at the end of
the two subsequent launches, the energy dissipating devices uc2 andl ucat d
activate and none of the others reached the full stroke in agreement with the
experimental data. The maximum numerical travel was recorded at uc7 (29 cm) well
matching the experimental measure (30 cm). Overall, the model can be considered
reliable bward the evaluation of forces and displacements of the prototype also in

presence of subsequent launches

3.16 USE OF THE MODEL AS A DESIGN TOOL

The model of barrier 3000 proved to be able to reproduce satisfactorily the prototype
behaviour in differentonditions. These results assess the reliability of the numerical
approach described in Sectidhl3 and validate the procedure of parameters
calibration illustrated and discussed in Sectob4, so giving confidence to the use

of well calibrated numéral models as predictive tools to support the design of these
structures.

Guided by the numerical results, the suitability of the presented numerical approach to
aid the design of these structures is investigated inSasion. In particular, few
modifications were introduced in the model of barrier 3000. A modified model of

barrier 3000, hereinafter called DESIGN 1, was completed by removing the 12 energy
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dissipating devices from the longitudinal upper and longitudinal lower ropes, keeping
the sole engy dissipating devices at the uphill and side cables, producing a lighter
and more economical structure.

The numerical approach was then used to assess the response of DESIGN 1 which
was subjected to an impact test at the maximum value of energy. The wese then
compared with the data of the corresponding analysis performed onto the barrier 3000,

described and discussed in Sectohb.

No significant changes are observed in the response of the modified model in terms of
maximum elongations as shown Fig. 3.20a, where the timelongation curve is
illustrated for the two numerical models. As for the forces mobilised at the anchorages
and post foundations, minor differences are observed at the lateral anchorages 14, as
illustrated in Fig. 3.2, whee the timehistory of the force mobilised at the
anchorage 14 is shown for the two numerical models. In the modified model the force
Is consistently higher than in the original model, owing to the comparatively stiffer

response of the longitudinal loweopes now provided with no energy dissipating

devices.
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Figure 3.20Results of the analysis carried out at the maximum energy level on the original model of
barrier 3000, on the DESIGN 1 and on the DESIGN 2: a) elongation versus time and b) forces versus

time for lateral anchorage 14.
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With reference to Fig3.6 for the ndation, the force at the side anchorages can be
reduced, just adding two further energy dissipating devices at the longitudinal lower
ropes, between node 14 and 1 and between node 4 and 15. The numerical approach
was then used also to explore the respaofséhis new version of barrier 3000,
hereinafter called DESIGN 2. Subjected to an impact test at the maximum energy
level, the model produced the results illustrated in 8igQ Specifically, no changes

in the timeelongation response are observ&dy(3.201). The timehistory of the

force mobilised at the anchorage 14 is given in Big(. The two additional energy
dissipating devices enable to lower the constraint force to the original values, while no
significant changes are produced in the othedehguantities. Minor increments in

the stresses mobilized within the model elements are also observed as shown in Fig
3.21, where the stress mobilised within the model elemants found. The data
illustrated referto the element subjected to the highsisess valudlocated in the

same position on the longitudinal lower ropes either for the original barrier and for
DESIGN 2 version). As illustrated, the maximum stress remains within the admissible

limits for the concerned ropes (1.8 GPa).
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Figure 3.21Results of the analysis carried out at the maximum energy level on the original model of
barrier 3000 and on the DESIGN 2 : maximum stresses mobilised with time within the longitudinal
ropes
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3.1.7 CONCLUDING REMARKS

The paper has presented a generalerigal procedure for the modielg of falling

rock protection barriers. Exploiting a rich set of experimental data, the procedure was
applied to devise and calibrate a model of a high capacity falling rock protection
barrier, called barrier 3000. The modisvelopment was described in the paper with
special emphasis to the madldeg of the barrier interception structure atheé energy
dissipating devices. The model ability in reproducing the prototype behaviour was
then assessed by retrospectively simugpttfifferent fullscale tests. The model
revealed to be able to perform successfully in terms of elongations and forces
mobilized at the anchoring points and post foundations. The model suitability to
support the design of these structures was then inaéstigGuided by the numerical
results, the suitability of the presented numerical approach to aid the design of these
structures is investigated. In particular, few modifications were introduced in the
model of barrier 3000 to improve its cadtectivenes and performance esite. The

results have shown that the performance of barrier 3000 can be successfully improved
by removing all the energy dissipating devices from the longitudinal ropes and adding
just two of them at the outermost portion of the |tundjnal upper ropes, next to the

side anchoring points. The modification which ease the barrier installation process and
cost effectiveness, produces no significant changes in the barrier response both in
terms of maximum elongation, forces and stressebillmed within the barrier
elements. Results provide a useful guidance for the development and enhancement of

falling rock protection barriers.
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(ONFERENCE PAPER

3.2 MODELLING FOR THE D ESIGN OF PASSIVE PROTECTION
MEASURESAGAINST ROCK FALL

Abstract

An increasing need of protecting the civil installations against natural hazikds

very rapid soil and rock movemeritss due to the extensive mountain territories

usage for infrastructures and residential areas. In this study,-ttedleo flexible

falling rock protection barriersyhich can be numbered among gi@e solutions

against rock fall, are analysed in detail. These structures have been historically
designed on the basis of kdtale impact tests on barrier prototypes. Based on a
reliableexperimental database, a numerical approach has been recently proposed for
the modelling of these structures, which has proved to reproduce all the relevant
guantities for the description of the barrier response with time. The very good fit of
the experimatal and numerical results can provide further confidence on the use of
such models as predictive tools to support the design of flexible falling rock protection

barriers under different scenarios.
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3.21 INTRODUCTION

Typically found in areas subjected very rapid slope movements, falling rock
protection barriers are metallic structures made of identical functional modules
installed in sequence for the required length. They consist of a metallic cable net, kept
up-right by structural steel posts, withe function of intercepting falling blocks.
Loads are transferred through special connecting elements to the foundations.

Easy to be installed and maintained, with relatively low environmental impact, the
barriers are dsigned to intercept and stop theodks moving along a potentially
unstable slope. These structures dissipate high impact kinetic energies through the
development of permanent deformations of the system. To this scope energy
dissipating devices are often mounted on the connecting cables.

Traditionally, these structures have been designed and commercially distributed based
on the results of fulkcale tests on prototypes, now regulated, within the EU, by the
European Guideline for Technical Approval of falling rock protection kit (EOTA
2008) The tests are intended mainly to verify if a fstlale barrier prototype,
designed to absorb a given kinetic energy, is effectively able to arrest blocks having
energy up to such value. These tests can provide the parameters (forces and
deformations) revant to the choice and installation of high capacity barriers within a
more comprehensive planning of risk mitigation interventions along a potentially
unstable slope. The availability of reliable experimental data on the higher capacity
barriers has remtly led to the development of analytical (Peila et al. 1998) and
numerical models of these structures, simplified-tiraensional (de Miranda et al.
2010, Govoni et al. 2011) or more accurate Hueeensional ones (Cazzani et al.
2002, Volkwein et al. @09).

In such context, the paper is aimed at presenting a numerical strategy for the
optimization of the design of such structures, recently developed (Gentilini et al.
2012a, b, 2013) and based on a consistent experimental databasecdléutests on
several barrier prototypes featuring a variety of energy absorption capacity. Due to the
complexity of the dynamic and highly ndinear phenomenon, the trustworthiness of

numerical models as design tools relies upon a preliminary accurate procedure of
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calibration. The numerical strategy is then applied to investigate the structure response

under other impact conditions and scenarios.

3.22 EXPERIMENTAL TESTING

In this Section, details of the experimental tests carried out on the interception
structure ad on fullscale barrier prototypes are described and discussed. These tests
(Gottardiand Govoni 2010) enabled the development, calibration and assessment of

the numericamodellingprocedure described in the followisgctions.

Experiments on the intergation structure

Different impact tests were carried out onto samples of a type of ring net usually
employed for various falling rock protection barriers of high energy absorption
capacity (greater than 2000 kJ). The scope was to evaluate the dynamiceesipan
single interception structure to the impact of a block of known mass, velocity and
direction.

The tested net panel was made of 350 mm diameter rings, completed twisting 6 times
the same 4 mm wire and arranged so that each ring is enclosed aryl ildesaced

to other six. The panel had dimensions of 3040 mm x 2590 mm, made up of 56 rings.
It was connected to the top of a rigid frame of structural steel beams, built on a
concrete foundation as illustrated in R 2a.

The test was carried out tifting a concrete block of mass 1610 kg to the established
position, then releasing it to impact the centre of the net panel. By varying the falling
height of the block, three launches were performed at three distinct values of kinetic
energy: 98, 129 ah136 kJ, named launch N1, N2 and N3, respelsti At the end of

each launch(Fig. 3.221b) the test block was removed and the final maximum
elongation measured. Recorded values were 0.60 m, 0.67 m and 0.77 m after launch
N1, N2 and N3, respectively.

A ring failure occurred in the net after launch N3, so it will not be considered for the

numerical identification described in Secti®2.3.
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Figure 3.22The experimental setup for impact tests on ring nets: a) before and b) after launch N1.

Experimentson barrier prototypes

The test site, located in Fonzaso (Belluno, Italy), was designed and developed by the
Consorzio Triveneto Rocciatori together with the DICAM Department of the
University of Bologna.

The Fonzaso test site is a vertidabp type in with a concrete block in the shape of

a polyhedron is lifted by a crane and then released to impact, with a velocity greater
than 25 m/s, the kit middle functional module in its cenfie test site is provided

with instrumentation for the measurementlod tjuantities relevant to the assessment
of the barrier respons@ll anchorages and the two central posts are provided with
load cells measuring the forces acting on the foundations.

This paper reports the results of impact tests carried out on a faltikgprotection
barrier of kinetic absorption capacity 3000 kJ, hereinafter named barrier 3000. A
threedimensional sketch of barrier 3000 in the typical-s#& configuration is

provided in Fig3.23, where the principal elements are indicated.
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Figure 3.23Barrier 3000 in the verticalrop test site configuration: a) schematic drawing and b)
picture taken after the maximum energy level impact test.
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The interception structure is made of a steel ring mesh and the supporting structure of
steel tshapedosts. Two longitudinal upper and two longitudinal lower ropes connect
the heads and the bases of the posts. The lateral cables connect the heads of the
external posts to the side anchorages. All cables are 20 mm diameter and are provided
with energy disipating devices. Two fulscale impact tests are considered in this
study on a prototype of barrier 3000. In the first test the prototype was subjected to the
impact of a block having energy higher than the design level {mari energy level,
hereinaftercalled MEL test), while in the second test the impact energy was equal to
one third of the maximum (service energy level, hereinafter called SEL test).

In Figure 3.23 a general view of barrier 3000 after the MEL test is given. larEig

3.24, the relevanexperimental maximum barrier elongations and forces acting on the

anchorage 10 versus time are provided (dashed line).

B
E s
4 Ly -
— L™ -
g 4 H"-\-_-. _______ ‘-'_,-"
53
& 2 |
& ——— FEM
S ———ExXP ]
0 . , 3
0 05 1 15 5
300 .
load cell 10-FEM
=200t -~ load cell 10-EXP |
=,
k]
bt
o 1ot
0
=8
=4
23
32
[y
o
[y}
=2
200 .
Z load cell 10-FEM
=, I o !
o 100} . load cell 10-EXF i
b
=2
] a5 i N LT T
0 05 1 14 7

time [s]

Figure 3.24 Numerical and experimental results vs. time ofpact test onto barrier 3000: a)
maximum displacement (MEL); b) uphill @émorage 10 (MEL); ¢) maximum displacement (SEL); d)
uphill anchorage 10 (SEL).
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The experimental setp could be then modified to include more varied testing
conditions, however such task is a costly and time consuming procedure. New testing
scenarios couldbe equally well investigated by means of suitably developed

numerical models as presented in the 1Sexttion.

3.23 NUMERICAL APPROACH

In this Sction, the numerical strategy adopted for simulating the response of barrier
3000 to a rock impact is brigfillustrated. A complete description of the numerical
approach can be found in Gentilini et al. (2013).

The steps of the approach have concerned first an identification procedure of the
barrier components, based on the outcome of the experimentallligstisted in
Section 3.22, in order to match their real behaviour. According to the present
procedure, a FEM model of barrier 3000 was then developed. For the purpose, the
commercially available computer pgram ABAQUS/Explicit v.6.9 has been
employed.

The Explicit package is well suited to perform and solve 4sjgged dynamic events,
keeping the computational cost relatively low, even when a small time step is required
in a simulation.

The barrier posts, made of | beams of structural steel S275 mweeledledemploying

beam elements with a lineaftastic, perfectly plastic constitutive law represented in
Fig.322 with Ep = 210 GPa and yield strai/
hinges were used at connection between the posts and the founddi®pssis have
special eyelets at their heads and bases that guide the longitudinal upper and lower
ropes. To model these connections a translator connector type was used. This
connector type can be implemented relatively simply, while ensuring an accurate
description of the postabk relative motion with low computational costs (for details
see Gentilini et al. 2012a, b).

The uphill, lateral and longitudinal cables were modelled by means of truss elements
with no flexural rigidity and a tensile coff to compressive stresses. All cables were

assumed to behave following the elaptastic, bilinear behaviour depicted in Fig
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25b. The three parameters that characterise the constitutive law are those typical of
strands subjected to tensile loads (Cabieso 2008), the following values have
beenused: E=150GPa,BE= 150 MP®.06nd U

Modelling of the interception structures

Modeling the entire barrier net by means of circular elements seems unnecessary
sophisticated, especially if it can be shown that a simpler mesh of truss elements is
able to reproduce the ring net behaviour. An identification procedure has been carried
out, seefor details Gentilini et al. (2012b). Identification has been performed
considering tests onto the net panel described in Se&@dh

The interception structure of barrier 3000 is made by ring elements, therefore the
numerical model of the net was made triangular meshwork of truss elements,
assembled so that the ends of each truss connecettieesof two adjacent rings
(Nicot et al. 2001). Two numerical samples of the net were thus considered: one
actually made of rings (Fig3.26a), the other mam by the equivalent trusses (Fig.
3.2@0). Rings were modelled by om@mensional, twenode beam elements, obeying a
bilinear elasteplastic hardening law (Fig8.2%). The constitutive parameters.(E
150GPa,BE= 1 GP.&x O.GOB)dNerdecaIibratetm the base of static tensile tests
recently performed on single rings (Cargnel 2011). The tests were performed by
Impacting the net samples centre with a thdeeensional deformable body with

mechanical properties of high resistance concrete.
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Figure 3.25 Constitutive laws adopted in the numerical approach for: a) steel posts, b) cables, c) net
truss elements and d) energy dissipating devices.
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Figure 3.26 Out-of-plane test on panel samples: a) ring element and b) equivalent truss.

Launches N1 and N2 we simulated, at the end of the simulation the numerical
elongations were 0.56 m and 0.60 m, respectively, in good agreement with

experimental results (0.60 m and 0.67 m, respectively). The response of the two

samples in terms of total reaction force alahgation is reported ifigs. 3.27a andb

for launches N1 and N2, respectively. The identified constitutive parameters, which

ensured such response for the truss panel, are Ez; = 150 GPa, k =
0. 00 1,=48.018, sdfig.3.25.

1

GPa,

With these parameters, two numerical nets were subjected topanim tensile test.

Results of the numerical analysis are similar between the models in terms of

displacement and force mobilised throumit the test, assessing the ability of the

truss net tareproduce both the owf-plane and irplane behaviour of the ring net.

The identified parameters were thus implemented for the net in the whole barrier

model.
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Figure 3.27Out-of-plane test results, total reaction forces vsptheement for the two sates: a)
launch N1 and b) launch N2.
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Modelling of the energy dissipating devices

The cables are provided with energy dissipatingvides to enhance the energy

absorption capacity of the system by developing plastic deformation. They are made

of aluminumtubular hollow elements with perforated caps leading the steel ropes
through as illustrated in Fi§.28

L
b) __ ’ |
T e
steel rope alluminum pipe perforatedplug

Figure 3.28Energy dissipating devices in barrier 3000: a) along the uphill cables and b) simplified
scheme.

A procedure to identify the model paraters is here reported. A cdeanensional and

a threedimensional model of the energy dissipating devices were used in the
procedure. In the or@imensional model, an axial connector type was used, having
the forcedisplacement relationship represented Fig. 3.25d. While the three
dimensional model was made of two hollow pipes connected by a rigid block at the
ends. Continuous homogeneous shell elements with a bilinear-plastic hardening

law were used. A frictional type of contact was assignedet@direlated interfaces.

The two models were subjected to a #fiaear analysis in which a force equal to 500

kN was applied incrementally along the model axis.
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Figure 3.29Deformation of the energy dissipating devices: a) frame from numerical model and b)
picture after fulscale test.

A qualitative result of the analysis is illustrated in .F&29, whichshows as the
deformed shape of the thrdemensional model is similato that of the real energy
dissipating device. FigB.30a displays the results of the analysis in terms of reaction
force and displacement, while Fig§.3( represents the energy dissipated in the 1D
model and in the 3D model. Both the models displaystimae behaviour in terms of
force and dissipated energy. The constitutive parameters which ensure the observed
response adopted for the 1D model arg; 20 MN/m, Dy, = 580 kN/m, Q3 = 1
MN/m, s, = 0.002 m and,s= 0.5 m, see Fig3.259.

After these test the simple ondimensional model of the energy dissipating device

with the identified parameters was thus implemented in the whole barrier model.

150

500 T T
—3D FEM model —3D FEM model
---1D FEM model ---1D FEM model i
/] /
400r 1 /
a) b) ;
/ =5 Y
= 4 o L |
3 e 2,100
—_ d =
o 300F — o
o - z 7
L2 rd o 4
-~ 7
I v kel 7
o - 3 7
B 2001 © 4
(0] // o 4
o @ 50r
e T 7
”
100 prad ] i
4
e #"
Al ,/’
00 0.2 0.4 0.6 00 0.2 0.4 0.6
displacement [m] displacement [m]

Figure 3.30Non-linear static analysis of the thrd@anensional and ordimensional model of energy
disspating device: a) force vs. displacement, b) dissipated energy vs. displacement.
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3.24 MODEL ASSESSMENT

The model of barrier 3000, developed as described in Se&@d) was subjected to
retrospective simulations of the tests described in Se&iR2. Impact tests on a
barrier model were simulated using a thdémensional deformable body as test
block. In the following subsections, comparison with the experimental results of MEL

and SEL tests are illustrated.

Model response at the maximum energy level

The model of barrier 3000 was first subjected to the impact of a block on its centre at
the maximum energy level (3000 kJ). In Fi@s24a and b numerical results (solid

line) are illustrated along with the data obtained in the relevansdalke test (@shed

line). A good agreement is shown between the numerical and experimental time
histories of the barrier maximum elongation and of the resultant forces at anchorage
10, respectively, assessing the ability of the model to reproduce thdispiacement

and the timdorce response of the prototype.

In particular, the model reproduces the displacement of the prototype with good
accuracy, mainly due to the ability of the equivalent truss net to model the behaviour

of the actual ring.

Model response at theervice energy level

The model of barrier 3000 was also subjected to the impact of a block at the service
energy level (1000 kJ). The numerical results (solid line) are illustratéigsn3c and

d along with the data carried out in the relative-fdile test (dashed line). Also in

this case the comparison of results shows an excellent match. It proves that the model
is capable to investigate the barrier response at low energy values too, validating the
effectiveness of the equivalent truss net. AltHougt all the load cells are reported

here for brevity, good agreement of the numerical and experimental response in terms

of time-force has been found (Gentilini et al. 2013).
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3.25 MODEL PREDICTIONS FOR DESIGN SCENARIOS

The numerical strategy can be extied to the interpretation of the response of falling
rock protection barriers to a variety of boundary and impact conditions, with the aim
of improving their design.

More reliable design parameters to predict thesibm behaviour of the actual barrier

can be obtained in addition to the data of the experimental tests carried out on the
prototypes, typically used with suitable safety factors. However, in-adale test the
response of a barrier to a central impact is solely explored, producing synametric
forces and deformations. Thus in the following the barrier response is explored also
under other impact conditions and scenarios.

In this study, retaining the maximum kinetic energy level and prototype
configurations, analyses were run on the barriedehdy changing the block shape

and the impact location in order to investigate the structural respons8.@g.

smaller block ~ mpacton larger block

L=0.60m Upper rope L=3.00m

/|

2 |
impact on \10/
lower rope

12 MEL test
L=1.60m

Figure 3.31Scheme of the different impact conditions tested on the model of barrier 3000.

Impact of blocks with different shape

In order to investigate the effect of the block shape on the structural response, the
barrier has been subjected to the launch of two blocks, one with a base dimension
equal to 3 m and the other with a base dimension equal to 0.6 m. The total energy of

the system has been kept the same of that of the MEL test. Thedisplacement
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responses of the model to the impact of the block of the MEL test (solid line), of the
bigger block (dotted line) and of the smaller one (dashed line) are illustrated. in Fig
3.Ra. The model predicts an increment of about 12% in the peak value of the
maximum elongation for the block with a smaller base, due to the bullet effect
(Cantarelli et al. 2008, Spadari et al. 2012). A decrement of 12% is registered for the
block with a wder footprint. As expected, the force values at the anchorages and post
foundations do not significantly differ from those observed in the MEL test and for

this reason are not reported.
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Figure 3.32Numerical results of maximum elongation point for design scenarios: a) blocks with
different shape, b) impacts on different areas.

Impact on different areas of the barrier

The timedisplacement responses of the model to the MEL test (solid line), tdralce
impact near the upper longitudinal rope (dashed line) and near the lower one (dotted
line) are illustrated in Fig8.32b, showing the trend of the maximum elongation point.
The model predicts an increment of about 12% in the peak value of the maximum
displacement when the block impacts on the upper part of the net panel, and a
decrement of about 6% when it impacts on the lower part. In terms of force values, in
the case of impact near the upper rope, an increment at the load cells in the lateral
anchaages is registered. While the central post foundations are more unloaded with

respect to the MEL test. The opposite occurs in the case of impact near the lower rope.
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3.26 CONCLUSIONS

The design of falling rock protection barriers is typically basedhe results of full

scale experimental tests carried out on relevant prototypes under standardized impact
conditions. These may not represent the most severe conditions not only for the maxi
mum elongation of the barrier but also for the forces tratsantb post foundations

and ground anchorages.

Simplified or more advanced numerical models, if well calibrated and validated
against the available database, can provide such fundamental information on the
barrier response under more realistic impact seenahus gaining confidence on the

relevant parameters and enabling its design optimization.
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GIAPHER

ANALYSIOEXISTINEEMIRGIDROCKFABARRIERS

ANUMERICARPROACH

Introduction

Rockfall is a natural hazard that usually affects infrastructures located in mountainous
areas. Within this context, existent roads and railways are tdtated close to
unstable slopes prone to these events and they need to be maintained in safety
conditions. Several falling rock protection barrier types have been already installed in
these areas but most of them were designed in situations of emergeapyesents a
problem in order to plan a rockfall risk management of the area, because they were
built without a proper engineering design of the structure, hence their energy
absorbing capacity is not defined. This is the case of rigid andrggdirockfall
barriers having lowenergy absorbing capacity.
In fact, the rockfall barrier performance is assessed with an energy criterion as the
ability of the protection system to arrest a block impacting with a given kinetic
energy. This value is crucial inrackfall risk assessment and mitigation procedure
(Corominas et al. 2005; Mignelli et al. 2014). It is worldwide defined by means of
full-scale testing of a prototype. In Europe a guideline (EOTA 2008) provides the
requirements to assess the barrier cyp#urough these experiments, but only system
having energy level greater than 100 kJ are considered.
Recently the Autonomous Province of Bolzano (PAB) has developed a database of the
existing passive and active protection countermeasures. The inventtuges a
catalogue of the rockfall barriers already installed and about a half of them are low
energy systems (<100 kJ) but they are not provided of an exhaustive behavioural
documentation.
Since there was a lack of experimental evidence, in order mougerstands of the
barrier performance a procedure to supply such becomes necessary. Here the
numerical strategy developed for flexible barriers, described in previous Chapter, can
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be usefully followed to realise numerical FE model of-lemergy barriersThe model
is used as a predictive tool to evaluate the effectiveness of the existing structures
toward rockfall events. The outcomes obtained represent a reliable parameter in order

to enabl e an assessment of rockfall hazar

A preliminary analysis of these systems has been already developed by the author
(Gottardi et al. 2011) and is briefly described hereafter as part of the background of
the research. Particularly, the hazard assessment method proposed by the PAB is
introduced together with a definition of the inventory. The work was then further
developed and has been reported as part of the thesis with two publications produced.
The first is a conference paper where a set of FE models of these barriers were
developed and ocbmes investigated. Then a further study was carried out leading up
to comprehensive remarks about the structural performance ofrigginbarriers; it

has been reported in a journal paper which concludes the Chapter.

Background

Mountainous areas are m® to natural phenomenon like landslides, among these
rockfall represents a high geological risk especially in Alpine space. In these
territories, the extensive urban expansion has increased the interferences between
infrastructures and these events. Henbe development of appropriate tools for
landslide risk analysis and management became a crucial issue for the local

administrations in charge of protecting the territory (Lee and Jones 2004).

A method to assess the rockfall risk has been developdieAutonomous Province

of Bolzano (PAB) within the context of the European project PARAmount (improved
Accessibility, Reliability and safety of Alpine transport infrastructure related to
MOUNTainous hazard in a changing climatk).a rockfall mitigationanalysiseach
existentprotectionstructure offers a specific response that affects the intensity of the
risk on the area and the hazard assessment method proposed by the PAB wanted to

take in due consideration their presence.
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In the procedure, the natlislope hazardH) is modified to account for the presence

of protection systemaH*). The modified hazard is evaluated by means of the charts
reported in Fig. 4.1. Three lewant parameters describing the installed protection
measure are used in the arsady thedesign location and conditionsof the structure.

The combination between the design and location parameters defindgitshef the
protection systemmwhich represent the ability of the barrier to stop the rock falling
along the unstable slop@&he determined value is then combined with ¢badition
parameters, which take into account the actual effectiveness of the structure, to assess
the priority of the protection system maintenantee modified hazardH*) is finally
evaluated by matchinthe latter parameter obtained with the hazard of the natural
slope H). This value can remain unvaried or be reduced depending on the

effectiveness of the rockfall barrier in its working condition.

a) Utility of the protection system chart b) Priority of protection system maintenance C) Modified hazard H* chart
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Figure 4.1 Procedure for the evaluation of the modiflemkzardH*: a) chart for the assessment of the
protection systenatility; b) chart for therotection system maintenance priorégd c) chart for the
evaluation of the modified hazaktt.

Clearly, in the described procedure the three parameters of thentcwockfall
protection barrier must be provided to be successfully applied. The main sources for
the acquisition of these data wereZote direct surveys, documentations provided by
National or Federal Agencies in charge of protecting the relevant road stretches and
Manufacturer Companies. Thus, the PAB developed a thorough inventory of the
existing active and passive protection couneasure. In the database, named VISO,
more than a thousand of several rockfall barrier types were identified and about halves

are lowenergy structures. For each iténe information relevant to the position, the
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geometry, the principal components and cspomding materials, data on barrier
certifications as well as technical or design repartge included.Details wee also
collected on the barrier statef anaintenance with a proper photographic
documentation.In particular, a capacity expressed in terwfis kinetic energy
absorption was associated to each catalogue item. Howkgsedatawere available

only for a small selection of all the inventoried barriers and scarce or sometimes none
information was recoverable feemirigid barriers. Specificallyfor about a tenth of

the inventoried barrierthis data was available and they weaik belonging to the

flexible category.

Since there was a lack of testing evidence and it was not possible to develop an
experimental campaign to study the barrier behavin dynamic conditions, a
preliminary numerical analysis was addresses to solve the problem. Two selected
types of barriers were modelled to estimate the parameter for the hazard assessment
method. In the FE analysis developed the barrier was testiedheitypical design of

ETAG test: three functional module and impact in vertical direction of a polyhedric
block. By varying the block velocity, the simulations were carried out observing the
barrier response to increasing values of kinetic energy @anussible stress in the
elements was reached, thus defining the maximum absorbing capacity. The final data
obtained provided thelesignparameter for the hazard assessment procedure. The

designed models were further enhanced and described in the pasersead.

Aims of the research

A comprehensive introduction to gain useful information about the developed work
reported in the following has been given. The available data and the method to be
implemented in a rockfall risk assessment analysis have doggained. The various
problematic and the need for further research concerning the study -@ntgy

rockfall barrier are highlighted.
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In the papers reported, a set of FE models of the relevantrgganand rigid barrier

types installed within the Ak territory were realised in order to predict the response

of the systems. The numerical approach widely defined in Chapter 3 for flexible
barriers was used to develop the models. In absence of a standardisation procedure for
these barrier types, the test approach defined by ETAG has been followed in the

numerical study.

The following aims are investigated in this part of research:

1 Determine the energy absorbing capacity allowed by theelwsvgy barriers
under dynamic events by considering also a deservice energy level to be

repeated twice without going to failure of the elements.

1 Investigate the failure mechanism of the studied prototypes in a vehtogal

testing configuration.

1 Analyse the system performance by varying the construction desidgne

structures through parametric tests.
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41 THE ROLE OF FALLING ROCK PROTECTION BARR IERS IN THE
CONTEXT OF LANDSLIDE RISK ANALY SIS AND MITIGATION

Abstract

In this paper, the authors investigate the behaviour of the falling rock protection
barrier at present installedthin the territory of the Autonomous Province of Bolzano
(PAB). Information relevant to the description of these structures are found in the
complete inventory of all rockfall protection works, recently developed by PAB
(VISO). Based on these data, suitably integrated with the available technical
documentation and isitu surveys, a set of FE models was developed to predict the
response of such structures to the impact of blocks of known kinetic energy. The
models were designed so that the results could be interpreted to evaluate the
effectiveness of existing barriei@wvard any possible rockfall event, in terms of
structure deformation and forces developed at the foundations and anchoring points.
This study forms part of the research activities of the European project PARAmount:
imProved Accessibility, Reliability angafety of Alpine transport infrastructure

related to MOUNTtainous hazard in a changing climate
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41.1 INTRODUCTION

Falling rock protection barriers are metallic structures used as passive measures
againstrockfall, with theaim ofinterceping and stoping the blocks moving alongna

unstableslope.

As illustrated in Fig4.2a, these structures are made of a series of identical functional
modules installed in sequence up to the desired length. Each functional module
generally features an interception structure, kept in position by support structures.
Connecting components joithe barrier elements and transfer the loads to the
foundations. Falling rock protection barriers are able to intercept the blocks moving
along a slope and stop them by developing elpktstic deformations of the system

and its components: the higher steucture compliance, the greater the barrier energy
absorption capacity from few to more than 450[@d8scouedres et a999), as it is
schematically illustrated in Fig.2b. Available in a variety of models, these structures
are widely used since thare light, versatile, easy to be maintained and particularly

effective towards rockfall risk mitigation.

The Autonomous Province of Bolzano has recently catalogued about one thousand
falling rock protection barriers installed on its territory: approxetyamore than a

half areof low capacity lpowerthan 100 kJ).

HIGH CAPACITY

l 4
_ 4 ‘

/

v MEDIUM CAPACITY
l 7 ,/

LOW CAPACITY

Figure 4.2Falling rock protection barrier: a) functional modules and structural components; b)
compliance and capacity.
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In order to evaluate the effectiveness of these structures agakistispthe position

and the behaviour under dynamic condisishould be known and compared with the
data relevant to the description of predicted rockfall esfggitani 1992 Corominas et

al. 2005 Oggeri and Tosco 200%eila and Guardir008). The dyramic behaviour

of a falling rock protection barrier is traditionally evaluated by means o&dalle

tests in which the ability of the system to stop blsckaving energies up to the
nominal value is assessed on prototypes. However, experimental egicdercaot
available for all the existing falling rock protection barriers andlavantprocedure
becomes necessary

Within such context the paper presents a numerical procedure for the investigation of
the behavioupf falling rock protection barriensm dynamic conditions. The procedure

has been developed and assessed on thedfdsgh quality experimental results of
flexible falling rock protectia barriers (Gottardi and GovoaD10)and has showto

be of general validity (Gentilini et al. 2RP4), as it isable of producing a very accurate
description of the response of various types of flexible systenaswiae rangeof

iImpact kinetic energies. The procedure is herein extended to predict the behaviour of
barriers for which experimental data aret available. Numerical analyses enable to
predict the parameters relevant to the evaluation of the effectiveness of existing

barriers against rockfall event

4.1.2 THE FALLING ROCK PROTECTION BARRIERS WITHIN THE
AUTONOMOUS PROVINCE OF BOLZANO

A complete database of the falling rock protection barriers at present installed within
the Autonomous Province of Bolzano has been recently developed. The starting point
was found inVISO, a thorough inventory of the protectismorks now installed within

the Rovince area. With referende the specific hazard evenand threatened items,
passive systems such as ditches, wire nets, earth dams, sheds and falling rock
protection barrierbave beemegistered within the inventorynformationincluded in

VISO havebeen mostly acquired by direct inspections carried out over gtéela
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yearsand essentially concertise position, typology and principal dimensioniseach
protection work along with relevant photographs and remarks on the state of

maintenance.

With reference to the sole falling rock protection barriers, including those of low
(Figs.4.3a and b) and high (Figt.3c) energy absorption capacity, further data were
collected in order to provideach item with a complete structural description. These
data, generally collected from the available technical documentation along with
suitably carried out Hsitu surveys, enable both geometry and mechanical properties

of the barrier functional module to be accurately depicted.

Since thegoal of the database i® tprovide the information necessary to investigate
the response o$uch structures, technical reperbn relevantfull-scale tests were
included in the catalogu&xperimental esults were available fanly about one tenth

of the inventoried workgall high capacity barriejsand no behavioural data were
found for the rest of the structures.

Barriers were then grouped according to their functional module, providing the
identification of a set of falling rock protection barriers types. Each type features a
specific interception structure, support structure and connecting components and has
been, in general, distributed by a single manufacturer.

Although barriers belonging to a given type might feature minor differemceEsng

each other (e.g. dimensions, spéacomponents), they are expected to exhibit a

similar response tblockimpacs.

Figure 4.3Falling rock protection barriers within the Autonomous Province of Bolzano: a) and b)
low capacity systems, c) high capacity systems.
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Figure 4.4The ANASbarrier type: a) general view and b) details of the connecting components.

Therefore behavioural studies were carried out for each barrier type and results were
considered as reference data for all the barriers belonging to the group.

In Figure4.4, pictures of the ANAS barrier type are shown. The functional module of
this barrier type features: equally spaced longitudinal ropes, sbesnh posts, side
cables and special eyelets which let the longitudinal ropes slide horizontally through
the posts whil@o vertical movement are enabled.

Several barrier types are currently under investigatimwever, for brevity the study

is presented and discussed in the followBegrtion with reference to the ANAS

barrier type only.

413 MODELLING OF FALLING ROCK PROTECTION BARRIERS

The dynamic behaviour of a falling rock protection barrier is traditionally evaluated

by means of fullscale tests on prototypes and experiments are generally carried out at
test sites (Fig4.5) suitably instrumented for the measuremenf the quantities
relevant to the description of the structure response to block impacts, such as
displacements and forces mobilised at the anchorages. In a test site as such, a barrier
prototype, made of three functional modules, is subjected to thecinop blocks of

known kinetic energies into the middle functional module. Results of the tests provide
the complete time histories of the fordsplacement response of the barrier and

enable the assessment of its energy absorption capacity (the noapaecity).
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concrete test block
concrete test block

barrier barrier

Figure 4.5Full-scale testing procedures on a three functional modules prototype at a-dedjcedst
site.

According to the recently published Guideline for the European Technical Approval
of falling rock protection kits, ETAG 27 (EOTA, 2008), hgtale testing is now
mandatory for high capacity falling rock protection barriers. The Guideline, which has
recenly come into effect, provides all the requirements which a barrier showdd me
for being classified and distributed with a CE marking, as a proper construction
product kit.

Over the last few years, signiiot improvements in testing saps and procedures
havebeen made to meet the instructions included in the ETAG 27 and accurate and
reliable experimental data on the behaviour of these structures in dynamic conditions
have now becomeavailable (Gottardi and Govoni 2010). Based on these data, a
comprehensie strategy for the numerical modelling of falling rock protection barriers
have beerrecently developedThe numericalprocedure was designed on a set of
numerical solutions for the modelling of the barrier structural components and impact
conditions, wheh enable simple and effective models toilplemented Govoni et

al. 2011 Gentilini et al. 2029. Finite element, non linear, dynamicodels of
different high capacity barrier types were developed according to such procedure and
analyses were run undearious levels of impact kinetic energging commercially

available FEM codes
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Figure 4.6 Physical and numerical modelling of a falling rock protection barrier prototype in a
verticakldrop test site.

All the models have shown to be able @ocuratelyreproduce the experimentally
observed behaviour, thus assessing the general validity ofutherical procedure.
Such accuracy can be qualitatively appreciated in £1§ where the response of a
model of a high capacity barrier type to a cehimpact is compared to the response
of the corresponding prototypEurther details and ressilbf the procedure are found
in Gentilini et al. (202a8). The findings wouldencourage the use stichnumerical

procedursto predict the response of any barriype to any impact condition

414 NUMERICAL MODELLING OF THE ANAS BARRIER TYPE

According to the data collected in the above described database of the falling rock
protection barriers of the Autonomous Province of Bolzano, tisare experimental
evidenceof the response tblockimpacs of the ANAS batrrier type.

In order to evaluate the effectiveness of this structure agaosstblerockfall events,

a numerical studpas beertarried outwhich can yield information on the behaviour
that this stucture would exhibit in fulscale testing conditions. Resubf such
analyses enable a thorough investigation of the structure-dispacement response
along with an estimate of its namal energy absorption capacity

To this enga prototype of ANASbarrier was deviseds sclematically illustrated in
Fig. 4.7, according to typical fulkcale testing conditions, i.e. a prototype made up of
three functional modulesand @ch module featumg an interception structure, a

support structure and speciahoecting components.
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Figure 4.7FE Model of the ANAS type of seHfliexible falling rock protection barrier: geometry and
impact conditions.

The interception structure is made X mmIlongitudinal ropes, equally spacetie
support structures are nmaadf two internal and two @grnal Fbeamsthe connecting
components are two side cableach 18 mm in diameter. Eyelets let the ropes move
through the posts while vertical moveneare prevented. The dimensions of the
module are described by the barreight, defined as the distance between the top
and the bottom longitudinal ropesy(k 3.2 m) and the post spacing=5 m). Posts

are fully restraiedat ther base.

A FE model of the prototypdas beenthen developed according to the model
proposedy Gentilini et al. (202a) the interception structure was modelled with-one
dimensional truss elemerdadno flexural rigidity. For the side cables, truss element
were used as well. For the poatsedimensional beam elements were adopted with
flexural rigidity. The onedimensional constitutive behaviour assigned to these
elements is schematically shown in Fg8, in terms of stresstrain and moment
curvature. In particular, an elastic perfectly plastic behaviour was introduced fer the |
beams (Fig4.8a). All the ropes were assumed to have a simplinéar, elastic
hardeningplastic behaviour with no ability to sustain compressive stressesi(Bij,

as it is observed on cables in conventional tensile tests (Fontanari et alC2809
Fresno eal. 2008).
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Figure 4.8 FE Model of the ANAS type of serfiexible falling rock protection barrier: material
properties a) posts and b) interception structure.

415 RESULTS OF THE NUMERICAL ANALYSES ON THE ANAS
BARRIER MODEL

Analyses were rumollowing the procedures of verticdrop test site: the impact of

the test block, normal to the centre of the middle functional modale simulated by

a set of lumped masses (311 kg) distributed on the impact Arealocity was
assignedo the masseis the direction normal to the interception structure plane. Such
procedure has been proved effective onto dbhener types (Gentilini et a20123).

Results of the analyses enable the behaviour of a given falling rock protection barrier
type to be degibed. In particular, the simulations allow for the identification of a
collapse mechanism for the investigated prototype, obtained by observing the

development of plastic hinges within the structural components.

As it is illustrated in Fig4.9, with reference to the ANAS barrier type, in response to

a central impact, plastic zomsetart to develop at the external posts and then move to
the base of the internal posts. Such mechanism was previously observed and used in
simplified analytical procedusdor the investigation of the behaviour ofglstructure

type (Paronuzzi and Coccol®98).
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A set of analyses as performed by varying the intensity of the velocity vectors in
order to identify a threshold level after which the model no longer converges. Su
velocity level, combined with the applied mass value, provides the maximum kinetic
energy that the model is able to absorb prior to fail. Such value was taken as the

barrier type nominal capacitin the case of the analysed ANAS barrier t$pekJ.

Results provide also information on the system maximum displacements. The time
history of the barrier elongation, given by the movement of the impactspoitite
direction normal to the interception structusegiven in Fig4.10a. The peak value on
thecurve (1 m for the ANAS barrier type), when compared with th&tin minimum
distance between the barrier and the protected itegnv&s a further crucial

informationon the barrier effectiveness against rockfall.
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Figure 4.9 Results of FE analyses ¢fa ANAS type of falling rock protection barrier: failure
mechanism.

Other relevant results are thosencerningthe reaction forces developett the
foundations. Againthe peak value on the curve can swetably used to verify the
adequay of such foundation design. For the ANAS prototypie tensile force

developed at the sidenchorages is given in Fig.1(, whilethetime histories of the
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force and moment resultantmobilised at the internal poliundations are shown in
Figs.4.1(c and d

These results provide the reference data for all the barriers installed within the

Autonomous Province of Bolzano and catalogued in the ANAS barrier type group.

Since these barriers can be found on the Bolzano territory in several geometrical (post
spacing,nominal height) and mechanical (posts and rope sections) configurations,

parametric analyses were run to investigate their influence. Noting that parameter
values in italic are those of the reference model, results of the simulations are
summarised in Tabl4.1, with relation to the capacity values and maximum forces

and moments acting on the foundations.
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Figure 4.10Results of FE analyses of the ANAS type of falling rock protection barrier: time histories
of a) the barrier elongation, b) the tenddece at one side anchorage, c) the force resultant at one
internal post foundation and d) the resultant moment at one internal post foundation.
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Results were obtained by varying one parameter at time on the reference barrier
model. A preliminary parametristudy was also carried out to investigate the effects
of the impact location and results are also reported in Tableln particular, the
structure response was studied for impacts onto the top longitudinal rope (top) and
side span (lateral). More désacan be found in Gorlato (2011).

As it can be observed, the barrier capacity increases with its dimensions, both in terms
of post spacing and height. Higher posts sections produce higher capacities, whereas
larger rope diameters produce lower capasitiene capacity of this barrier type, as
predicted by numerical analyses, is found between 30 and 90 kJ. It is also worth
noticing that non standard and symmetric impact conditions can significantly reduce

the barrier capacity.

Capacity Max reaction Max reaction

Parameters [kJ] force [kN] Moment [KNm]
. 35m 40 600 50
Post spacing 5m 50 600 50
' 6.5m 70 500 55
. . 2m 40 500 55
Nominal height 32m 50 600 50
iy 4m 70 400 50
IPE 200 50 600 50
internal posts  I"IpE 220 70 600 60
lameter IPE 240 90 700 80
External posts IPE 270 40 550 50
diameter IPE 300 50 600 50
o 12 mm 50 600 50

Longitudinal rope

diameter 16 mm 30 600 50
18 mm 30 700 50
central 50 600 50
Impact conditions| top 30 350 50
lateral 30 600 45

Table 4.1 Parametri@nalyses on the ANAS type of sefigxible falling rock protection barrier.

416 CONCLUDING REMARKS

The paper has presented a procedure to investigate the behaviour of the falling rock

protection barriesat present installed within the territory of thatonomous Province

of Bolzano. The procedureas beerdevelopedfrom the information collected in a

database of all the barriers catalogued within the inventory of all the protection works
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of the Province territory. The aim of the study is to providedht relevant to the
description of the effectiveness of these special structures tqueasible rockfall
events. Thedata enalihg the description of the behaviour of these structures in
dynamic conditions are generally availabbaly for highcapacity falling rock
protection barriers, as they are typically subjected to suitably developestdig!

tests, while no experimental evidesaen the response tblock impacs of lower
capacity falling rock protection barriers are currerdlailable A FE proedure,
recentlydevelopedand assessed, has been then applied to investigate numerically the
response o$uchlow capacity barriers in conditions similar to those encountered in a
test site. The procedure has been applied to various barriers and presémgguaper

with reference to the widely used ANAS type. Results of the simulations provide
parameters relevant to the evaluation of the effectiveness of this structure type against
rockfall, such as the barrier absorption capacity, deformation and foobdisedat

the foundations. Results of specific parametric analyses were also briefly presented.
This study forms part of the research activities of the European project PARAmMount:
iImProved Accessibility, Reliability and safety of Alpine transport irfragure

related to MOUNTtainous hazard in a changing climate.

120



CHAPTER 47 Journal paper 2

JHOURNAL RAPER

4.2 VIRTUAL TESTING OF EX ISTING SEMI -RIGID ROCKFALL
PROTECTION BARRIERS

Abstract

Semirigid rockfall protection barriers are steel structures constituted by a principal
interception structure made of cables mounted on structural stéelfplbsrestrained

to the ground. Traditionally, they are assigned a low capacity value which ranges from
few to less than 300 kJ. Over the last decades;sgiahirockfall protection barriers

have been installed along areas interested by rockfall ewdtas in conditions of
extreme urgency, without a specific structural design. As a result, they are found in a
variety of subtypes, most of them lacking the essential structural information, such as
the energy absorption capacity, crucial for a reliaplglication of procedures for
guantitative risk assessment. To fill this gap, and considered the lack of experimental
data on semiigid barriers, in the present study a numerical investigation of the most
common barrier subtypes is developed. In the alesehstandards for this kind of
barriers, the barriers are virtually tested in conditions inspired by the essential
prescriptions included in the European Guideline for flexible barriers (ETAG 27).
Results allow to: i) investigate the performance of @éiérs in service condition; ii)

provide an estimate of the barrier capacity and iii) explore the barrier failure mode.
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4.2.1 INTRODUCTION

The development of rockfall mitigation strategies often concerns areas which have
been subjected to former peation actions. These actions commonly involved the
installation of structural rockfall protection systems such as barriers, embankments,
ditches or galleriefvolkwein et al. 2011; Lambert and Nicot 2011; Duncan 2014).

In many cases, the structures stédkst on the area, identifying its actual protection
scenario. Each existent structure offers a specific response to impact that affects the
intensity of a rockfall risk on the aré€orominas et al. 2005; Agliardi et al. 2009;
Lambert et al. 2013; Mignelét al. 2014)

A special type of rockfall mitigation structure, hereinafter named -sigindi rockfall
protection barrier, has been extensively employed as a convenient passive
countermeasure being ceftective, versatile, easy to be installed and maiethi
Semtrigid rockfall protection barriers are steel structures made of the repetition of a
single functional module. Generally, each module is constituted by a principal
interception structure made of cables mounted on structural steel posts fudineskstr

to the ground. The use of connecting components, such as further cables or clamps,
produces a variety of barrier subtypes. Segid rockfall protection barriers are
usually less than four meters high and can be several meters long.

The capacity ofa falling rock protection barrier is identified with a kinetic energy
value, associated to the maximum energy possessed by a block that the barrier is
expected to arrest, and may range from few up to 8000 kJ.-r&gdnirockfall
protection barriers are alsdescribed as lownergy barriers. Although there are no
experimental evidences, they are traditionally assigned capacity values ranging from
few to less than 300 KDDescoeudres et al. 1999).

Semtrigid barriers are typically found just above road stregcand railways, installed
directly to the ground or on gravity retaining walls to arrest the blocks at the very end
of their fall.

Recently, the Autonomous Province of Bolzano (Italy) has counted on its territory
about a thousand working falling rock protection barriers. About a half was
recognized to belong to the sengid type, installed in a variety of subtypes during

the last tvo decadeg$Gottardi et al. 2011)The barriers are typically installed without
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specific design instructions and often used as a fast response in condition of
emergency. As a result, the essential structural information are missing. Further, this
type of barier received only little attention up to nd@azzani et al. 2001; Muraishi

et al. 2005; Bourrier et al. 2014; Kwan et al. 2014).

In response to the lack of data, a numerical study offers a suitable alternative to carry
out a complete description of thesponse to impact of semgid rockfall protection
barriers.

The base of the study is provided by a FE strategy, devised by the authors, which
provides all the elements for the development of simple structural models of falling
rock protection barriergGentilini et al. 2018). The strategy was assessed using
results of full scale tests carried out on various prototypes of flexible falling rock
protection barrierdGottardi and Govoni 2010)Rather than a single model, the
proposed procedure enables dedinition of key numerical choices of general validity
that enable the development of reliable numerical models of any type of falling rock
protection barriers. Twdimensionalde Miranda et al. 2010; Govoni et al. 20ahy
threedimensionahonlinear, dynamic models made of ommensional FE elements

of all the tested prototypes were devised according to that strategy, with special
emphasis on the modelling of the components, such as the net panel and energy
dissipating device@Gentilini et al. 2013)

The strategy was shown to be effective independent of the barrier type and impact
energy, encouraging its use as a predictive Goktardi et al. 2014)In the last two
decades, other studies have confirmed that numerical models based on finitesglement
or discrete elements, certainly are a powerful tool to investigate the dynamic
behaviour of highly flexible barrief®icot et al. 2001; Volkwein 2005; Bourrier et al.
2011; Shi et al. 2013; Van Tran et al. 2013; Moon et al 20&d4dablishing a
consoldated numerical research environment.

Within this context, the main objective of the research is to investigate the response of
semirigid rockfall protection barriers, widely used but narrowly studied. In response
to the lack of experimental evidences 8tudy presents the results of a virtual testing
program conducted on four sengid rockfall protection barrier types developed

according to the above mentioned strategy. In particular, the most commonly installed
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barriers along the Alps are considerdtbdels are kept as simple as possible, with
truss and beam elements to represent the components of the barriers, focusing on the
connection between the elements.

In absence of specific instructions for semgid rockfall protection barriers of energy
lower than 100 kJ, the essential instructions included within the European Guideline,
ETAG 27 (EOTA 2008)for comparatively higher capacity barriers were used as a
guide in developing the virtual testing program. Thus, barrier models are made of
three functional modules and are subjected to the central impact of a concrete block of
known mass and velocity. Wte&cal-drop testing conditions were considered. In order

to investigate the structural behaviour of the barriers in service condition, the models
are subjected to two subsequent launches at the same energy level, verifying that the
barrier was able to asethe block. Based on the service energy threshold, limit state
was associated to a value of kinetic energy of the impacting block equal three times
the service energy, ensuring that the barrier was still able to stop the block. Then, the
barriers are tadn to failure increasing in constant steps the kinetic energy of the
block, detecting the failure energy and failure mode of each barrier type.

The paper is organized as follows. In Secdoh2, the main features of the four types

of barriers under studgre presented. In Secti@gn23, the numerical procedure and

the virtual testing program are shown. Results of the study are discussed in Section
4.24.

422 SEMI-RIGID ROCKFALL PROTECTIONS BARRIERS

Semtrigid rockfall protection barriers are steelusttures made of the repetition of a
single functional module. Each module consists in an interception structure, a
supporting structure and various connecting components. In many cases, the
interception structure is made of evenly spaced longitudinal sablevarious
diameters and a secondary steel hexagonal meshwork. Steel posts shelaras br

flange beams are the supporting structure. Connecting components are all the further
cables (uphill cables, lateral cables, etc.), studs or clamps resulangamety barrier
subtypes. A typical senrigid rockfall protection barrier, located within the territory

of the Autonomous Province of Bolzano (Italy), is depicted in 4idjl.
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Figure 4.11 A typical semirigid rockfall protection barrier installed the Autonomous Province of
Bolzano (ltaly).

Semtrigid and flexible barriers, though quite alike in the essential features, present
crucial differences which influence the deformation mode and the energy absorption
capacity.

The posts of semmgid rockfdl protection barriers are fully restrained to the ground,
so that both the supporting and interception structure bear the impact loadsigRemi
rockfall protection barriers are generally not provided with energy dissipating devices
and are used whereakfall events are expected to be of low intensity, while flexible
barriers are used when boulders would fall with energy comparatively higher (from
few hundreds to more than 5000 kJ).

In a flexible barrier, this function is primarily fulfilled by the @mteption structure
made of highly deformable net panels and connecting components such as energy

dissipating devices and the posts are provided with hinges at the base.
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