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Abstrhalits paper proposes an effective design approac
amount of components of a flexible rockfoand la preltieat
numerical modelling validated by several sxpéri menpta
tests. The interceptionrisngucéuries madeuupt oelfy ai vt e®!

pl ande eadptl anesiatist tests carried out on net speci me

failure criterion. The accuracy of the numeri cal st
of 15081 kdai edchysaatiuhutlelst i ncluding service energy
(MEL) i mpacts, according to the European guidelines.
of the impact is simultaywepusherdi sbepamneedrinal diehte
significant role. The distribution of the absorbed

defined by means of the developed fheiitet el manle nft 0 mo e
are derived with an adequate safety margin. The pro
nomi nal energy | evel osfc al5e 0i mpla cti st eassts,e spsreadvdlinigeat i a
and efficient.

Keyworodgskfall protection barrier:r iemgermngey ;alelneaagtyi @n ;s
1. I NTRODUCTI ON

Protection barrier systems have been evolving
embryonic form of metallic ring nets connecting
torpedoes in militaryd fWaerl.d Tduer ifnigr stth ea pSd d ccrad i Wonr
prevention dates back to 1951, when the original
wire nets for avalanche interception,i awbdncé, ssbdstehk

rockfall protection barriers were raised and deve
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So far, many different protection measures agai:r
l' i ke rigid fences char ad tgerrdwrd dngb amk neeanstes ienfsfteacl!t
coll apse events [ 3]. FIl exible rockfaldl barriers h
wide range of energy absorption capacitiesnr &mngin

1[5]. FIl exi bl e barriers are characterized by a high

astwesréeng net to which a secondary hexagonal meshy
principéadleanmest tthlratbhl ock i mpact, whil e the seconda!
meshes or a cable nets are also employed as inter

support (potyrtiscdamumecti ng compenggpt di 6sopas) ng devi ce

Fig T%.pi cal flexible barrier structure and i

Compared with other engineering structures, t he
protection barriers. Therefore, in the past sever

products in thits éxtént redtmedhetoxpengirem@aaanf oeng
met hod by means of-13a.nyHoeweveri,metnt ss ¢ 6t est s, car

researcher s, were devel oped usd ngh abtiufl ft lse eametr e mentoht



comparabl e. For uni fying the qualification and i
Organi zation for( H@EA)NI ltaad RAmp e muwiegcdhtsneidc ad Buprpa mevarl
(ETAG 027) since 200s8cal e twhstcihng prtacneddude fwdd de
countorieemsure a satisfying performacaé eofi mpacockes
t heasdard procedure is compulsory [15, 16] or str
of daudlle tests as for any other compl ex engineer
developed for sysié@n]. d®al ysis and design

For the study of rockfal-Ad7]baand edisg OEJ-Th§ P @ metheink

were both employed, and the validity of these app
In [32], a fl exi blregybarervieedr owi t3h0 On0o nkiJn awa se ncept i mi
removing al/l the energy dissipating devices from

outermost portion of (B8]l ongviot it miadmrenipgprard( e ewse
i mpact with a velocity greater than 25 m/s and th
puncturing area) were consideredpfastidestgnfr Ameh
const i tawtiiowe olfFeisntge enletwsi rveas devel oped i wall 34Jat eldn
means of data generated with a finite el ement mo
barriers to withstandrtiimpuwlcar f riotm all locwed tam di, n Vv es
a program capable of analyzing flexible barriers

of the structure were conistiagreateidyvweaagnrdodammteafd ifcoire ntt

equilibrium within the barrier system. Besi des,
numer i cal approaches. I n particular, the influenc:i
as Bmageé induced by ageing of the material, were
be noted that in the planning phases of rockfall
design bl ock and oibtasniréatsuric pmerpirod.c hA tphat all ows
in [39] based on statistical analyses of historic
Al t hough numeri cal simulations coul @rgi, gmoiwfiingarn
complexity of the systems, some aspects still nee
contact among the components and failure criteria
practicaly dhdsiogmemrestricted by the unfeasibility
Most of the available studies involving design I
conditions or input par ametocaks, stulcen iarsc itchen ad e ag reqglt
[ 444 , rather than on the mechanical properties ar

-

esearches have considered effective ander amihd cthe

can, t o some e xstceanlte dryenpa naicce ttehset sf udnd t he numeri c

Within this context, a simplified and quick desi
structures is hereiabpeopomsmedi cdb mbdel ai ;m, davekbij
of tests sumdarc duwasgiings was conducted to calibr



components s#udémgasnethandi tdhe energy deéesgypdtsngp

devices were tested following the recommendati ons
of gsutaastii ¢ t est s. However, for an accurate anal y:c
conditions,cet lod pernfaoriman ests is advisable as hig

Addi tionathyhe dyhamlic i mpact test on a barrier
according to the European guideline [15Hingbyyverl
relationship among the nominal energy, the total
and the distribution of the dissipated energy of
steel wi r ealrwgpteedweraendevmagni fied with safety fact

procedure for determining each component specific

with nominal energy | evel o-fc a8 200G elkd. oRi rsallclhy ,b aa
proposed method, and the comparison between desi
approach is reliable.

The paper is organized as follows: tbmpdeéenat §sa
on asdalld barrier are given in Section 2; the nume
are described in Section 3; the composition of th

among eawklpants, tdde prediction of the peak forces

Finally, the design apypacgaolac hbarsr iapmplard a s eanod d ee

2. EXPERI MENTAL PROGRAM

I'n this seciimemi{at héeéeesxp conductred gomehliarsrpiecr meaors
di ssipating devéazles)bamdi em @r dtudtlype are pr-esent
pl ane -afptianvnettests were coamaddcthed @mneisgtepacicm
mechani cal behavior which enables the calibration
2.1. Componemitng emdts:amwd reener gy di ssipating devi ce
A series of component tsetsatsinoyalsmadirti edsoubh baber

on wiimegg net speci mens and on energy dissipating d



FigTeBsile tests

on-ri ingg sperectc mmanat

specimenrsti fg)spbcemen at the begi nnirnigngfs pehcei meers.t
Four typreisngpfsmeaiemenms si idreg @& dtnhgo e dn gf iswpeeci mens as
panel s. For the first two types, si X groups of s
( R5, R7, R9, R12, R16, R19) wend thebsebgd.spAsi mbDa
connected with shackles to the testing machine
equi pment is shown in Fig. 4, consisting of a ste
The | emwgtdh hamd the frame were both 3.15 m, whi |l e
range of the |l oad cell and displacement sensor we
Hydr aul
Steel
T
™
Di spl acem o
Load ya Ancthor
‘Mgf
FigStdel frame | oading equi pment system used

the bdegi nmiimg

of
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during the test.

ce the intercepti-ohngeteach cofmpowbedhobygomwhget s
cimens were selectebeaset hpahghpplcan g btacssatc, utnh &
e

constrained by three screw rods-utpo f tohpel tagnteee e In

sile t-eshgoépebeménsei s repreaesentagad si nweRieg .l o5ad,
etch the speci men.

-odfultane puncturing test on a net panel was car:r
test consi st edofi nqulaodardainnggul ar nesthapahevli o h 31 @ n ¢
pendicularly to its pl asrmeplkeyW rmeoands ngf devstceel |
The influence of the shape of the | oading dev
ply inydstdgated in

the present test, the net specimen was connect e
gs, Fig-ritl. nketR5s pwicriemen was puncdius gldau@mwantd s

t he cdnttrhael ppmiedt was deri ved.

@

10 (b

Fi gOud®fpl ane puncturing test on the net panel: (a) di me



the test.

The energy dissipating devices consideredpliastihec s
def ormatieahamixem tmype, represented in Fig. 7a. T
sleeve (length equal to 80 mm) -seercd i @ nsatl e eli armien g rt
equal to 402 mm, 42 mm an<ddvied rnonp, e rpeasspseicntg vtehl ryo)u gwhi
manufactured as a replaceabl e undiatl |l oy Slagedckeeal
steel wire rope slings, Fig. T7a. I n ordetri 6w Tder ¢
wor king force and braking displacement [ 48]-, t hr
di spl acement curves, following the ETAG027 [15] r
is given in Fig. 7b.

(
FigTest on the energy dissipating devices: (a) main c
speci men after the tensile test.
Al l 't he treisntgs sopne cwinteens and brake rings were condtl
2mm/ s till failure. A summary of the tested barrie

Tabl@ormponent #eantgs nert wvainrde energy di ssipating

Barrier c¢ Speci] Number of Speci men Test type
R5 3
On-ein R7 3

and R9 3 .

theee R12 3 'plane tensi
. . speci |l R16 3
Wi frd ng 1 R109 3
Fiven RS 1

sleci R7 1 Il ane tensi
P RO 1

Net pi R 5 1 Oudfpl ane punct

Enedrgy di Br ake / 3 lpl ane tensi

evi ces

2.2.sc¢calé i mpact tests



The test site | ocated in Guanghan city (Sichuan,

functional modul e barrier prototype iisddcluebjmadwrlde
shown in Fig. 8, the test site consists of a RC 1
(l'engt h, height, and thickness equal to 38 m, 13.
of O0.5rm ttdhei maehorage bolts of the steel wire ro

a maxi mum height up to 40 m from the barrier plan
i mpact the barrier tnrcucetter .0l ythee dirmgd a dtl mrck sa rceo nd
a series of masses with different di mensions. A hi

to record the impact.

g
Impact pool :
g 2 High speed camerz
\//

Fi #.Schematic view of the artificial test site i
A fauddle barrier structure with nominal emargy eab
1500, was tested in the Guanghan test site. Foll o
to be i mpacted three times: the first two i mpacts
|l ast i mpacal aeandmnudy fmomitnhe MEL capacity.
For the first | aunch at SEL, a bl ock with a mass
equal to 500 kJ. Then, for the second | aunch at

i mpaat edhe same spot with the same kinetic par amet
the barrier was r epraiimg dn ebty ared |talcd negc ttihwewatwa d ee n et

energy equal to 1500e&di wgsap40o@2clg blyock from a

A sketch of barrier 1500 is given in Fig. 9a. I n
position of the sensors (load cells padtetrabavegan
of ropes, named differently by their | ocations, a
the upper minor support rope, the | ower major sup

ropes,opéderapss, and the side anchor ropes. Among



supported by the post ends, and both upper and | ov
the net via shackl es,echRiigp.n 9bf. tThhee pdoestta ihle aodf wtihteh
in Fig. 9c. Load cells connected with the wire rc
di ssipating devices to measure the eme cecampmlli édrare:
sides of the web plate of the posts to record the

10m
A8

Lower major
support rope

Sideanchor rope

1 Energy dissipating device
“Upper major supportrope | 4 Load cells
Upper minor support rope ® Strain gauges

€) Side éhchor rope Edgé support rop:

(d)
Fi gBa®rier 1500: (a) general schematic drawing of the
bet ween-rimg wieteand the support ropes; (c) connection

cells A3 and tAHeiwmppeadl | edpport rope and (e) strain



3. NUMERI CAL MODEL: DEVELOPMENT AND CALI BRATI ON

Starting from the experimental -sealét btalbing dwe chti ico
numeri calhenotdedt ddrbdarrier is developed. Particul
t he -rviimrge net and energy dissipating devices, due t

For the sake of breviety,esadltys toHe trhes tc omapurcd antt &t

Al l the simulations were conducted-Dgmm@al 4 4i99g t he
3. 1. Model |l rmgmgofmetthe wire

In |'iterature, in order tra ngi melti fwa st hmo dred rmar iwd & |h
with shel|l el ements [44,50]. However, the avail ab
rings at | arge deformation stage due to @a&ll adkato

empl oyed beam el ements to simulate eacWapmapovs @d a
I n thd heeudyal-satticomals area whsesbtheaei bedamasel ement s
mul tiplied by &avdHeiDalb)-®. Bedlpttasbhnc wadeafiinnead wWiati

nonlinear function. This met hodriimg tn eattse da cacnu ragptperl

Gsolved to some extentmhgshbdepiwinbkil emetrmambevi ref wi n

However, the approach reduced the total mass of th
In this papeg, neheiwi medell ed by beam el elmeat @s svi
section. I n order to guarantee a corr-seettiisomffne
empl oyed, as given by:

o Eoh Q P Q (1)

wh ehAydegdbanmlar e the -aetubbnaloasea of a single wire,

el ement , t he actual di amet er of a single wire and

Fringe Levels ﬂ
A 3.993e-02
3.594e-02 ] O
3.195¢-02 _
2.795¢-02 _
2.396e-02 _
1.997e-02 _
1.597e-02 _
1.198e-02 _
7.987e-03

3.993e-03:l
" v 0.000e+00 | ( |Q o) O

Fi g .EfffCe.cti ve plastiagiantgr sipre c@&imefme nl wamedi@dore(nth emeZdh an

fracture position observed in the tensile
Figure 10 shows the influence of t herinmugmbeArs oefx peel
finer mesh (128 elements) |l eads to a fracture mod

mesh | eads to a hmghcacmompdernitn@ntahe bgrea&t quanti't
whol e barrier strudiwgpéackmeRtgcutVva, obhaifheddgexp



