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ABSTRACT

In the NorthEast of Italy, along the left side of the Tagliamento River, a large area,
named Passo della Morte, is involved in several landslides. The western part is
characterized by subertical limestone layers and a dersystem of discontinuities

and fractures, which create ideal conditions for rapid rockfalls. The eastern part of
this area is interested by several slides which differ in movement direction and
velocity. Their origin is linked to the reactivation of an iant landslide. The most
active blocks move up to 5 cm/year. The main risks are represented by the possible
consequence of landslides interaction with the National Road that crosses this area
and the Tagliamento River. A microseismicity and acoustic eomssionitoring
system was installed in the western part of Passo della Morte, inside a tunnel, to
monitor the signals generated by rock slope deformation and to recognize precursory
phenomena. The system consists of five sensors, two for seismic significaten

and three for acoustic emissions detection. A surface seismometer and a borehole
accelerometer arrange the seismic station. Three waveguide with the relative
piezoelectric arrange the acoustic emission stations. The orientation of the borehole
accelerometer was evaluated indirectly. A program that applied the maximum cross
correlation method and used the surface seismometer as a reference for relative
orientation estimation was developed in Ford@nThe analysis of some earthquake
allowed the econstruction of the accelerometer orientation. The microseisms and the
acoustic emissions detected by the monitoring system were analyzed and correlated
to rainfalls in order evaluate their effects on the rock mass. A direct relation between
different ranfall events and sharp increases in microseisms and acoustic emissions
was found. Site effects were investigated analyzing seismic noise and earthquake
recordings with the Horizontal to Vertical Spectral Ratio method. The seismic noise
recorded at differénsite along the reactivated landslide was analyzed in order to
detect the landslide slip surface and reconstruct its geometry. Data processing not
give the expected results. The analysis of earthquakes recorded by the surface
seismometer showed the abseraf amplification able to bring in resonance the
unstable rock mass. The cooperation of our research group with Civil Protection
Department of Rome allowed to apply at San Giuliano di Puglia seismic stations the
same methods used at Passo della Mortederao estimate relative orientation of

the accelerometers and evaluate site effects. The correct orientation of the borehole
accelerometers was verified using the program developed. The surface accelerometer
was used as reference. Nakamura method wagdmt each station to determine

the relative resonant frequencies. The resonant frequency found for one site was
linked to the bedrock depth. H/V spectral ratio and reference station methods were
applied at each station in order to investigate the fracjas strongly amplified=or

one site, the amplifications found were very high.



RIASSUNTO

N e Itdliadnord occidentale, lungo il versante sinistro del fiume Tagliamen, u
vasta areadenominata Passo della Morte, &€ convolta in diversi fenomeni frésosi.

parte piu occidentale & caratterizzata dalla presenza di un ammasso roccioso
particolarmente suscettibile a crolli a causa delle peculiari caratteristiche

del | ammasso qu aVeiticale ¢ demso sisfeimacda discoatinuita. s u b

parte piuo i ent al e, in seguito alla riattivazi
interessata dalla presenza di alcuni fenomeni franosi differenti per direzione di

movi mento e velocit" . I movi menti in atto
blocchi piv at i v i . I ri schi principald:] di guest o
conseguenze del |l 6i nterazione del | e frane
guest barea e con il fiume Tagliamento che
parte piu occidentae d el Passo della Morte, all 6in
installato un sistema di monitoraggio bastato sulla microsismicita e sulle emissioni

acustiche al fine di monitorare | segnali

roccioso e di riconoscera presenza di eventuali segnali precursori. Il sistema di
monitoraggio si compone di 5 sensori, due per la registrazione di segnali sismici e tre
per le emissioni acustiche. Un sismometro in superficie e un accelerometro in pozzo
compongono la stazioneismica. Le stazioni delle emissioni acustiche sono

compost e il nvece da gui de ddéonda e dai
Léorientazione del | 6accel erometro da poz
sviluppando in Fortra#0 un programma che applicanietodo della massima cress
correlazione ed wutilizza il sismometro di
relativa. Léanal i si di al cuni terremot.i a
ricostruire | 6orientazi ompazodeirbsGaietee!l er o mi
emissioni acustiche registrate dal sistema di monitoraggio sono state analizzate e
correlate con | e precipitazioni dell dar ea

roccioso potenzialmente instabile. E stata riconosaima relazione diretta tra i
diversi eventi piovosi e i bruschi incrementi dei microsismi e delle emissioni
acustiche. Gli effetti di sito sono stati investigati al Passo della Morte analizzando il
rumore sismico e le registrazioni di terremoti con il metddi rapporti spetrali H/V.

1 rumore sismico registrato in diversi ¢
analizzato per individuare la superficie di scivolamento della frana e ricostruire la

sua geometri a. L6el aboor aiziroinseuldteait id astpie rnaotr
terremot.i registrat.i dal Ssismometro i n
amplificazioni tali da poter mandar e i n

collaborazione del nostro gruppo di ricerca con il Dipartimento deldeEHone
Civile di Roma ha permesso di avere accesso ai dati delle tre stazioni
accelerometriche di San Giuliano di Puglia e di applicare i metodi usati al Passo della



Morte per determinare | 6orientazione rel a
effetti di sito. Lacorretta orientazione degli accelerometri da pazgtata verificata
attraverso | 6utilizzo del programma svVvil u
usato come riferimento. Il metodo di Nakamura e stato utilizzato in ciascur@nstazi

per determinare le relative frequenze di risonanza. La frequenza di risonanza ottenuta

per un sito e stata associata alla profondita del bedrock. | metodi dei rapporti spettral

H/V e della stazione di riferimento sono stati applicati a ciascuna s&azier

investigare le frequenze maggiormente amplificate. Per un sito le amplificazioni

trovate sono risultate molto elevate.
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1 INTRODUCTION

The Friuli Venezia Giulia region, in the North Eastern Italypasticularly proneto
landslide risk due to its hblogical, geomorptiogical, meteorological and
seismological features. Heavy rainfalls are one of the main triggering fauftors
landslides since precipitations in this region may be vetgnse In the 2007more
than 5200 landslidesere assessed only in this regiand about 30000f theseare
still active (APAT, 2007).In the upper Tagliamento Valley, a large area, named
Passo della Mog is interested by several landslides of different typologoese
potentialrockfall and four active slideS.he westermpartof this areds characterized
by the presence @& rock mass thas particularlysusceptibldo rockfalls because of
its subvertical layers andlense system of discontinuitiebhe eastern part, as a
consequence of the reactivation of an ancient landslide, is interesteddraklides
which differ inmovemet direction and velocityMovements are up to 5 cm/year on
mostactive block (Marcato, 2007).he main risk is represented by the interference
of landslideswith the National Road (N.R. 52hat crosesthis area Another factor
to be considered is the presence ofThgliamento Riveand its possible damming
with the creation of lake asoccurredin the past foSacrovint (Martinis, 1986and
Borta (Cavallin and Martinis, 1974)andslides Passo della Mortearea was
extensivelystudiedsince 1990, when a new rokd/out was plannedto by-pass the
most dangerous stretch tife N.R. 52.The road running along the instablerock
slope on the wedern part of Passo della Moyrtevas subjected to rockfalls and
avalanchesThe plain had provided for the construction of a tunnel of about two
kilometers, located north of the old roathe building of thenew tunnel (San
Lorenzo tunnel) was completed only in December 2008taltiee interception of an
underground water flow during the tunnel excavatfraining tunnel of about 530
meters, 8 meters below the roadway, was realiedrain and stabilize the slope

The main task of this thesis is the seismigstigationof the Passo della Morsrea
through different methods in order to characterize the landslides.

Under the boost of recestudies which demonstrakéhe potentiality oSeismometer
for monitoring unstable mountain slopes 2008 a seismic statiofMORT) was
installedinside Passo della Morteld tunnel The mainaim wasthe investigationof
the western part of Passo della Morte, interestegotential rockfallswith: the
identification of frequencies strongly amplifiethy the instable rock masghe
monitoring ofseismic signals recordexhdthe recognitiorof precusory signalsof
slope instability. In 2010,the installationof an acoustic emission station inside the



old tunnel allowed theealization of a monitoring system based on seismic signals
and acoustic emissions, able to evaluate the rock mass physical characteristic and
monita its deformations.The station consists ofthree part:an active steel
waveguide, a piezoelectric transducer and a data processor. The slope deformation
strains the waveguide, generating acoustic emission that propagate along it up to the
piezoelectric @mnsducers secured to the top of the wavegUide.active waveguide

is installed in horizontal borehole whichosses limestone, almost perpendicularly to
layer directions, upo reach dolomite bedrocRhe further additioninside the old

tunnel of a boehole accelerometer and other two acoustic emission stations allowed
to increment the monitoring system anditoestigatethe behavior ofthe whole
unstable rock slopelhe acceleronter is installed inside a borehole at a depth of
aboutfifty meters, reaching a more stable part of the limestone formation which
could be considered as bedrock. The borehole went beyopdethemedslip surface

of the rock slide providing a reference siteThe waveguides of théwo acoustic
emission stationsra installed intwo horizontal borehole, which cross limestone
layers located between the tunnel and outer face of the slope, perpendicularly to
slope direction. These configurations were performed to investigate the rock mass
behavior in its external parfThe effects of rainfalls and earthquakes on the rock
massstability were analyzed and compared to microseisms and acoustic emissions
detected by the monitoring systerihe aims were the investigationof possible
correlationdbetween themandtherecognitionof precursorysignals

With regard the borehole accelerometer installed in Passo della Morttatitard
convention is to align the three sensor componerdS,(BW and UpDown) to the
North, East and vertical directiondowever sincethe accelerometeis not providel

with an internal compass, it wast possible to check its orientatiomhe real
orientation needetb be estimated indirecthA method based on maximum cress
correlation was used to developm Fortran90,a program for the réentation
estimation. The surface seismometer of MORT seismic station, whiehtationis
known and verified, wasised as reference in order to determine the relative
orientation of borehole accelerometer

Site effectswvereinvestigatedat Passo delldorte by means omethodsHorizontal
to Vertical SpectraRatio basedon seismic noise, Nakamurand on earthquakes
The Nakamura method waspplied on theeastern part of Passo della Modégcted
by the reactivaion of the ancientandslide in order to identify the resonance
frequences in different sites,from seismic noise recordiegThe aims of this
techniquewerethe identificationof landslide slip surface arttie reconstrudbn of
its geometry.The presence of severbbrehole allowed to correlate theesonance



frequenciedoundwith thelandslideslip surface identified in therilling. Horizontal

to Vertical Spectral Ratios was applied on several earthquakeecorded by the
surfaceseismometerThe underpinned concept is itovestigate the siteesponseat

this site, asrepresentative foPasso della Morte unstable rock mass behavior, and
identify possiblefrequenciesstrongly ampgfied by the unstable rock masshich
might beable to bringheentirerock massnto resonance

Thanks to the cooperation of our research group (SeisRaM) with Civil Protection
Department of Rome, it was possible to access the San Giuliano di Puglia seismic
stations dataand applythe same methodssedat Passo della Morte to estimate
relative orienton of a seismometer and evaluate site eff&@as Giuliano di Puglia

is located inSouthern Italyand is known fora strong earthquake (¥5.7) which
occurred on 3% October 2002when thirtypeopledied, mostly children involved in

the collapse of a rpmary schoal Three of the 528 statignof the National
Accelerometric Network (RAN) are located in San Giuliano di Puglia: one itiséde
Marchesale Palace, one in Parco della Meanand the last one inside tdevine

New SchoolMarchesilestationis provided with a borehole accelerometer. The other
two stationsare both equipped wittiwvo accelerometers, one deep down some tens of
metersandone onthesurface.

The program developed for relative orientation estimati@s used tocheck the
orientaton of the boreholeccelerometerSince the borehole seismic sensors are
equipped with an internal compass, their orientatiwasecorrected manually during
the installation phas@nly the two statiors equipped with a surface accelerometer,
which can beused as referenceiereanalyzed.

The Nakamura method was appliedthie threestations in order taleterminetheir
resonant frguencies and interpret them fanction of the stratigraphy oéach
borehole Horizontal to Vertical Spectral Ratend referene station(SSR)methods

were appliedon earthquakes recorded by eatationsin order to investigate those
frequencies strongly amplified by earthquak€kse availability of a surface and a
borehole accelerometer for SGSC and SGPA permitted to use the SSR technique,
using the borehole site as reference.



2 PASSO DELLAMORTE

Passo dlla Morte is located betweeroffi di Sotto and Ampezzo town, in Notth
Eastof Italy, in Friuli Venezia Giulia regionKigure 1). It takesits name form an
event appended the ®May 1848, when the inhabitant of Forni di Sopra and of
Cadorestopped the Austrian advance overturniagks and trunkslown tothe rock
slope, on the main rdaThe retainingvalls of the ancient road way avesible on
the right ofFigure 1. The tunnel was built in 1901 amadmarble plaquevasfixed at

its entrance remembag to the passeby this historical eventHigurel).
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Figure 1. Detail of Passo della Morte tunnel. On the left a detail of the west entrancét the
bottom the marble plaguemadein on the occasion of the fiftieth anniversary of the event of 24
May 1848 On the right picture is possible to seghe vaults of the tunnel and, in the extreme
right, the retaining walls of the ancient road way
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Passo della Mortan the language of this region (Friulawas alsoknown aslLas
Scluseor the sluicegTouring Club Italiano, 1982)as a consequence of an ancient
landslide (postglacial) that danmed the Tagliamento River in its correspondence
Actually the areas affected by several landslidess will be shown in the following
paragraph.

As a consequence @épeatedrockfalls that involved theentrance ofPasso della
Morte tunnel a new road layout was designedoiepassthe most dangerousretch

of road The project hadprovided for the construction of a tunnel of about two
kilometers, located north of the old roéelgure 2). The building of the tunnel (San
Lorenzo tunnel), starteith 1990, was completed only in December 2008, duédo
interception of an underground water flow during the tunnel excavatedrain and
stabilize the slop@f a draining tunnel of about 530 meters, 30 meters below the
roadway, was realize®an Lorero tunnel is equipped by an important monitoring
and alarm systems in order to guaranteesétietyof the tunnel.
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Figure 2. Detail of the alternative road (San Lorenzo tunnel) built to bypass the old layout of
National Road 52.Passo della Morte old tunnel is highlighted in grey
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2.1 LANDSLIDE SINTRODUCTION
The term landslide includes a wide randegmund movement, such as réalks,

deep failure of slopes, and shallow debris flows. All the factors that break up the
natural equilibrium of a slope, causing the displacement of rock mass and/or soil
under the action of gravityare possibldandslide cause Some of these possible
factors are: high inclination of the slope; weathering of rock and soil slope; presence
of discontinuity; water saturation armbre water pressure; temperatwariations
earthquakgoccurrence; volcanic eruptisand vegetation removal.

Landslide can belassified, according to Varnes (1978), on the basis of two terms:
material type and movement tyda@dure3). Materialscan be distinguished in:

- Rock: hard or firmmass that was intact and in its natural place before the
initiation of movement;

- Soil: aggregate of solid particles, generally of minerals and rocks, that either
was transported or was formed by the weathering of rock in place. Gases or
liquids filling the pores of the soil form part of the soil;

- Earth: material in which 80% or more of the particles are smaller than 2mm,
the upper limit of sand sized particles;

- Mud: material in which 80% or more of the particles are smaller than
0.06mm, the upper limit dofilt sized particles;

- Debris: contains a significant proportion of coarse material, 20% to 80% of
the particles are larger than 2mm, and the remainders are less than 2mm.

On the basis of movemeritcan be distinguished:

- Fall: abrupt movements of masselsgeologic materials, such as rocks and
boulders that become detached from steep slopes or cliffs. Separation occurs
along discontinuities such as fractures, joints, and bedding plsloegment
occurs by fredall, bouncing, and rolling. Falls are strongly influenced by
gravity, mechanical weathering, and firesence of interstitial water;

- Topple: toppling failures are distinguished by the forward rotation of a unit
or units about someiywotal point, below or low in the unit, under the actions
of gravity and forces exerted by adjatenits or by fluids in cracks;

- Slide: downslope movement of a soil or rock mass occurring dominantly on
the surface of rupture or relatively thin zones @émse shear straiCan be
distinguished in rotational and translational slide. Iro@tional slide, the
surface of rupture is curved concavely upward and the slide movement is
roughly rotational about an axis that is parallel to the ground sudiade
transverse across the slide. Itranslational slide, the landslide mass moves
along a roughly planar surface with |&ttrotation or backward tiltingBlock

13



slide is a translational slide in which the moving mass consists of a single
unit or a few closelyrelated units that move dowslope as a relatively
coherent mass;

Lateral Spread: occus on very gentle slopes or flat terrain. The dominant
mode of movement is lateral extension accompanied by shear or tensile
fractures. The failure is caused by liqueiawe, the process whereby
saturated, loose, cohesionless sediments (usually sands and silts) are
transformed from a solid into a liquefied state. Failure is usually triggered by
rapid ground motion, such as that experienced during an earthquake, but can
also be artificially induced. When coherent material, either bedrock or saill,
rests on materials that liquefy, the upper units may undergo fracturing and
extension and then may subside, translate, rotate, disintegrate, or liquefy and
flow. Lateral spreadingn fine-grained materials on shallow slopes is usually
progressive. The failure starts suddenly in a small area and spreads rapidly.
Often the initial failure is a slump, but in some materials movement occurs
for no apparent reason. Combination of two asrenof the above types

known as a complex landslide;

Flow: a spatially continuous movement in which shear surfaces are short
lived, closely spaced and usually not preserved after the event. The
distribution of velocities in the displacing mass resemthas in a viscous

fluid. Debris flows are a form of rapid mass movement in which a
combination of loose soil, rock, organic matter, air, and water mobilize as
slurry flow downslope. Debris flows include less than 50% firldsey are
commonly caused by iahse surfacevater flow, due to heavy precipitation

or rapid snowmelt that erodes and mobilizes loose soil or rock on steep
slopes. Debridlow source areas are often associated with steep gullies, and
debrisflow deposits are usually indicated by the prese of debris fans at

the mouths of gulliesDebris avalanchesare a variety of very rapido
extremely rapid debris flowEarthflow has a characteristic "hourglass"
shape. The slope material liquefies and runs out, forming a bowl or
depression at the hgaThe flow itself is elongate and usually occurs in-fine
grained materials or clayearing rocks on moderate slopes and under
saturated conditions. However, dry flows of granular material are also
possible.Mudflow is an earthflow consisting of materi&lat is wet enough

to flow rapidly and that contains at least 50 percent sand/silsttayl
particles. In some instances, for example in many newspaper reports,
mudfl ows and debris flows are commonly
Creep: imperceptibly slowsteady, downward movement of slefjeeming

soil or rock. Movement is caused by shear stress sufficient to produce

14



permanent deformation, but too small to produce shear failure. There are
generally three types of creep: (1) seasonal, where movement ia Wi
depth of soil affected by seasonal changes in soil moisture and soll
temperature; (2) continuous, where shear stress continuously exceeds the
strength of the material; and (3) progressive, where slopes are reaching the
point of failure as other typesf mass movements. Creep is indicated by
curved tree trunks, bent fences or retaining walls, tilted poles or femaks, a
small soil ripples or ridges;

Complex combination in space and time of different types.
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2.2 LANDSLIDES DESCRIPTION AND ORIGIN
In Passo della Mortealong the left side of Tagliamento River, a large area is

interested by several landslides of different tggees: one potential rockfall/topple
and four active slides Figure 4). The slides are distinguished on the basis of
movement direction and velocityThe total volume of unstable materials was
quantified in about 24 millions oh® and the surface in about 413008 ¢Warcato,
2007).Movements are up to 5 cm/year on most active block (Marcato, 2007). The
landslidedgnterfere witha National Road (N.R22) and two road tunnels (Passo della
Morte and San L@nzo tunnels). However, the roajrisk is represented by the
possibleeffectof the landslideon the Tagliamento River, which flows at its foas

the possible valley damming with the creation of kelaSeveral landslides have
occurred in the past, even causing Tagliamento River damsuiclg as Sacrovint
and Borta landslidesThe first happened after the last glaciations and involved a
volume of 50 millions of cubic meters (Martinis, 1985) while Bolaadslide
happened in 1692 anohvolved avolume of 80100 millions of cubic meters
(Cavallinand Martinis 1974)

/ f
i f o
s 23 /
I‘ LN / (- /
) 17 »
b T _’_—'—';::\:, 4 e L
K S TR o
AR
3 1 s ¥
\\ ‘\ ,'; LN J ' 1
b\ 13 Tk / -G {
\ / / MARC { T8 b Al
\\ // j 0Py i )

\ / AN,
X Joc e
PFCank

SEZ o7
S

Figure 4. Different landslides of Passodella Morte and relative monitoring system (TDR cables,
Inclinometers, Extensiometers, Piezometers and datum point for GPS). The arrows show the
movement direction(CNR-IRPS Padova, 20138
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The origin of the slides in the Eash part of Passo della Morte is relatedthe
reactivation of an ancient landslidecuredas a result of glaciemelting in upper
Tagliamento Valley. The three phase in thigure 5 indicate the evolution the
phenomenorover time; the initial movement direction (phase 1), the modification
due to progressive glacier melting (phase 2) and finally the actual average movement
direction (phase 3)The reactivation is related to the progressive rimigion of
mechanical propriety of rock and to water infiltration in discontinuity and fractures
of rock mass (Marcato et al., 2005).

Figure 5. Passo della Morte landslide evolutionPhase 1:landslide triggering, the original
movement direction is represented by the black arrow Phase 2:direction modification due to
progressive glacier melting. Phase 3: actual directio(Marcato et al., 2005).

The potential instability that interests the western rock mass (elememigune4),
crossed by the PdM tunnel, has to be ascribed to the peculiar characteristics of this
rock slope.This slope iscomposedoy very weatheredimestone with sulvertical
stratification, dippig along the slope direction towards Tagliamento River, and by
the presence of a dense system of discontinuities,agufriactures and faultgigure

6). These circuntances create ideal conditions foriggering rockalls and
consequentlgoncerns due to the possible rapid evolution of the phenomenon.

18



Figure 6. Subvertical stratification of Limestone. On the left a detail of weathered limestone
layer. System of discontinuities, such as fractures and faultsre also visible.

A rockfall eventoccurredin March 2013 is reported iRigure 7. The detachment
surface and the accumulation zoaee clearly visible. The detached massare
probably thosenore weathered and fractured.

Figure 7. Consequence foa rockfall happened in March 2013: before and after. V
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2.3 TECTONIC, GEOMORFOLOGICAL AND GEOLOGICAL

SETTING
The studied area belongs to the Carnic Alps andAlgre and is located in the Alto

Tagliamento Valley. It is characterized by tectonic fragments with genevdl E
trend, South verging, as a consequence of Neogenic deformation (Podda and Ponton,
1997). Thestructural setting is complicated by the presence of many tectonic
deformations, form regional to local importance. The main tectonic dislocation are:
Alto Tagliamento Ling overlapping structure in -B&/ direction that bring the
PermianTriassic sequenceaicontact with more recent sequence; &adiris Line

low angle thrust which overlap formation from Upper Ladinian ( Dolomia della
Schlern) and Carnian (calcari scstratificati) to Upper Carnian formation (Argille
siltose var colori and chalk).As in dl alpine regions the main geomorfological
arrangement is related to the action of gravitational and erosive phenomena, among
which stand out those ofagliations and fluvial erosiofrigure8 reports the result of

a laser scanner survey, Lidar Sistem, highlighting the terrain slope. The landslide
body is well recognizable in the middle of the figure. The western limit,
characterized by high inclination and highlightbg black coloring, probability
represents the detachment zone.
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Figure 8. Result of a laser scanner survey, LidarSystem the terrain slope is highlighted.
(Massari et al., 2003 modified).

The main lithological sequenad the formation outcropping in the area, from the
oldest to the most recenms, (Pisa, 1972)Figure9 andFigure10):

- Dolomia dello Schlern(Ladinian upp): dolomite, calcareous dolomite and
dolomitic limestone, whitish or gray, mostly crysita, often massive;

- Calcari Scuri Stratificati (Carnan): dark or black limestone with micigt
matrix, sometimes slightly marly and ofteery fossiliferous;

- Calcari e dolomite stratificati (Carnian): sucession of limestones,
calcarenite and dolomite with thin marly grey intercalation;

- Dolomie cristalline massiccigCarnian): light grey compadbloarenite;
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- Argille siltose vari colori (Carnian): silty clay and red siltite intecalated by

arenaceous layers with variable thickness up to one meters, massive dolomite

white-grey in layers of 8.0 cm;

- Gessi(Carnian sup.): chalk with clay impurity;

- Dolomie cariate (Carnian sup.): grey marly dolomite, light dolomite in
thicker layers and dolomitic marfl,

- Dolomia di Forni (Norinian): dolomite, dark marly dolomite idecimeter
layers, cherty, alternated to marl level richediganic substance;

- Quaternary Deposits chaotic accumulation of landslides, polygenic
conglomerates and debris caver

ETA' UNITA' LITOSTRATIGRAFICHE

SPESSORE
(in m)

A) Dolornia di Forni
NORICO B) Facies di scarpata della Dolomia Principale
2400— ——
Dolomie e brecce cariate
2200+

[e]e]o]e]olo|e]o]loe]o]le]e]olo]

CARNICOSUP. [~ i ~ = A

e
2000+ = ol ey

b~ N A= A

e P NG ST e

r1800+— —— — Argille siltose varicolori

——Dolomie cristalline massicce

——Calcari e dolomie stralificati
CARNICO [ =—=T—=I—I—|—I—[—| Ao —Ccalcari e mame
16004 INF. - MED.

Arenarie violette

I Calcari scun stratificati

T

--------------

1400+

1
1 Dolomia dello Schiem
1
1

LADINICO SUP,

Figure 9. Stratigraphic schemeof Passo della Morte aregMarcato, 2007)
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2.4 SEISMICITY OF THE ARE A

Passo della Morte is located in a seismic area, as shown iRighee 11 where
tectonic setting and historical and recent earthqueleze reported Main historical

earthquakesccurredat a maximum distance of 100 Km from the study area are the

following:

- Carnial348: 6.4 M

- Idrija 1511: 6.9 M
- Friuli 1976: 6.5 M
- Bovec 1998: 5.7 M
- Carnia2002: 49 M
- Bovec 2004: 4.9 M
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Figure 11. Main tectonic feature (red lines) (Slejko et al.,

1989), main historical earthquakes

(green circles) Camassiand Stucchi, 1996 and main recent earthquakes with M greater than

3.0 (yellow stars) OGS, 19771981, 19821990, 19911999 (Carulli et al.,

2000).

Examining the theoretical acceleration observed in Passo della Morte as a
consequence of great earthquakes occurred in the last thirty years in South Eastern

Alps with a magnitudgreater than 4.5, it is possible to note that the values are quite

low, not enough strong to destabilize the rock massadm, fo relevant slide or
rockfall was observed and reported after these earthquakes.
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All analyzedearthquakes are reportedTiablel1, where are specified: time, latitude,
longitude, depth, local magnitude, distance from station MORT and peak ground
acceleration (PGA). PGA values are obtaifresin attenuation relations determined
using Friuli Venezia Giulia Accelerometric Network data (Moratto et al., 2009).

_ . | 06-05-1978,

Friuli 20:00 46.29 13.25 7.0 6.3 43.6 44

Frioi | 1E0%1976, 46.29 13.16 3.0 5.4 37 16
16:31

Frioi | 1¥0%1976, 46.28 13.18 12.0 5.7 39 23
16:35

Frioi | 159%1976 | 4659 13.15 5.0 6.2 36.5 48
03:15

. | 15091976,

Friuli 0921 46.32 13.12 8.0 6.1 32.6 49

Bovec | 12041998 | 03 13.68 15.2 5.7 75.8 8
10:55

Carnia | 14022002, | 000 13.16 10.0 4.9 35.4 7
03:17
12-07-2004,

Bovec 13:04 46.30 13.69 6.0 5.4 76.8 5

Table 1. Theoretical acceleration observed in Passo della Morte as @nsequence of great
earthquakes occurred in the last thirty years in South Eastern Alps with a magnitude greater
than 4.5
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3 ROCK MASS MONITORING SYSEM

Under the boost of recent studies which demonstrate the potentiality of seismic and
acoustic instrumaations foridentifying and monitoring unstable mountain slepe
(Dixon et al., 2003; Senfaute et al., 2003; Amitrano et al., 2005; Shiotani, 2006;
Amitrano et al., 2007; Dixon et al, 2007; Spillmann et al., 2007; Senfaute et al.,
2009; Helmstetter et al2010), a new monitoring system based on microseismicity
and acoustic emission was installed inside Passo della Morte area. The goal of this
monitoring system is to provide much more information about microscopic
deformations and movements of the rock mss any other systems based for
example on displacement measurements (Laser scanning, GPS, TDR cable,.. ). This
system is based on the detection of elastic waves generated by the sudden release of
stored energy as a consequence of formation and propagdtcracks (Brtckl and
Parotidis, 2005; Shiotani, 2006; Amitrano et al., 2007). These waves can be detected
by seismometasrand piezoelectric transduseas of low magnitude seismic signal
(microseismyand sound wave signg@coustic emissions

3.1 MONITORING SYSTEM COMPOSITI ON
The monitoring system, installed in Passo della Morte inside the tunnel in order to

monitor the potential unstable rock slopensists offive sensors, two foseismic
signal and three for acoustic emissionetection (Figure 12). Microseisms are
monitored by a seismic station (MORT) compbs¥ two different sensors: one
seismometer in surface and one accelerometer inside a bor&bolestic emissions
are monitored by three stations equipped with a piezoelectric transducer.
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Figure 12. Passo della Morte unstable rock slope monitoring systenMORT seismic station,
Acousti Emission Wave Guide (AEWG), Time-Domain Reflectometer cables (TDR),
Inclinometer (1), Piezometer (P) and Extensiometes (EXT(Dixon et al., 2012 modified)

As shown byFigure 12, other instruments for displacement measueeinstalled in
this area, asextensometersinclinometers, Time-Domain Reflectometercables,
piezometersAlso, a pluviometer was installed ingHower part of the studied area,
not far from Tagliamento River, in order to have informatiamout possible
correlationgo rainfall, since thist is one of the most important triggering factors for
landslideqFigure13).

Figure 13. Pluviometer and extensiometerinstalled in Passo della Morte on the left and on the
right respectively.



3.1.1 SEIsmIC STATION (MORT)
Seismic station MORT wamistalled in 2008 by the Mathematic and Geoscience

Department DMG) of the University of TriesteHigure 14). At the beginning the
station was equipped only with a gémne but, in May 2013, it was improved with

the installation of an accelerometer inside a borehole at about 50 inekensthe
groundlevel. Acquisition isguaranteedy a high resolution and low consumption
acquisition system: Quanterra Q330 (Kinemstridnc.) (Table 2). Time
synchronization isensuredby a GPS directly connected to the Q330. Data is
recorded on an external memory (Baler) and transmitteBM& using a router
equipped by a GPRS. Power psovided by two solar panels and lgne backup
battery. These instrumentations are placed along the national road 52, inside a niche
of Passo della Morte road tunnel, aaréprotected by a fiberglass box. i$hocation
providedan adequate space for installation, a rock outcropping and a good GPS and
GPRS signal level.

Figure 14. Details of MORT seismicstation installed inside a niche of Passo della Morte tunnel
In the top there is the GPS antenna while on the bottom a detail of the instrumentation (bailer,
seismometer, Q330,.. ). On the rightt is visible the shielding structure built to protect the
station and operators form rockfalls.

A shielding structure was built to protettte station and operatorfsom possible
rockfalls. Several rockalls of different sizeoccurred in some cas&PS and GPRS
got buriedsince they are installed in the more external part of the niche. In these
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pictures Figure 15) are reognizable the effect of a collapg®t interest the part just
above the seismic station. Fortunatehly GPS and GPRS antenngst damaged,
while thestationitself did not

GPS and GP

Figure 15. Consequence of aackfall happened in March 2013. GPS and GPRS antenna are
under the rock blocs.
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Kinemetrics Q330

Channels

3-6 channel

Dynamic Range

132-135 dB wideband RMS typical

24-bit integer, Level Zompressed-1

Format second packets
Input Range 40V P-P at gain=1
Gain Selectable per channel: 1,30
Filtering Linear or Minimum Phase FIR
Sample Rate 200, 100, 50, 40, 20, 10, 1
Time Base Precision TCXO, locked to GPS
DSP/CPU ADSP-2189M
Full Duplex, efficient positive
acknowledge with error control.
Telemetry UDP/IP over serial and Ethernet.
Burst or continuous. Operates with
major application software
Fully specified-20 to +50° C
Temperature

Operative-40 to +70° C

Sensor Control

Calibrate step, sine, or random.
Recenter, oitommand

Operational Data

Temperature, DC voltage, GPS
status, Sensor
boom position (6 channels)

Memory 8 MB RAM standard
IEEE 802 10Basd Ethernet
Network UDP/IP Protocol Stack
Serial Ports 2 serial telemiey and 1 console port
up to 115kbaud
<0.6 W avg. 12VDC Zhannel
Power
<0.8 W avg. 12vDC &hannel
Sealed, Aluminum, 14 X 4 X 6 in.,
Physical Ibs., Rubber end caps, visible staty

and fault indicators

Table 2. Q330specification (Kinemetrics).
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3.1.1.1 SURFACE SEISMOMETER
Surface seismometer is installed inside the fiberglass box of station MORT, on a

cement base. It is a Mark-4 short period omponent geophone with a natural
frequency of 1.0 Hz, connected with a Quaraep330. Sampling frequency is 200

Hz. The specifications of the products are reportethinie3.

Mark L -4

Moving dual coil, humbuch

Type
P wound
+ 0.05 Hz measured on 20
Frequency pound weight at 0.09

inches/second

Frequency change
with tilt

Less than 0.05 Hz at 5°
from vertical

Frequency change
with excitation

Less than 0.05 Hz from O t
0.09 inches/second

Suspended mass

1000 grams

Standard coil
resistances

500, 2000, 5500

Leakage to case

100 megohm minimum at

500 V
T :
ransduction 09471 Rc
power
Open circuit -
P ; (bo) = 0.28 critical
damping
Current damping (bc) = 1.1 Rc /(Rs + Rc)
- Lc =0.0011 Rc
Coil inductance . :
Lc in henries
Case to col PP 0.250 inches
motion
Electric analog of CC = 73,500/Rc
capacity (microfarads)
Electric anal f
ef:t c analog o Lm = 0.345Rc (henries)
inductance
Case height 5%8inches- 13 cm
Case diameter 3inches 7.6 cm
Total density 3.7 grams/cm3
Total weight 4%4pounds- 2.15 kilograms
Operating Range - 20° to 140°F oF
temperature 29° to 60°C

MODEL L-4C  SEISMOMETER

20 10Hz 5500 OHM COIL

/ = | CURVE SHUNT DAMPING

/ A oPEN oze [
22000 ONMS 0.50
13408 OHMS  0.60

v

OUTPUT-VOLTS/IN/SEC
~

8904 OHMS  0.T0

amo A

8134 OHMS 0.80
4258 OKMS  0.00

FREQUENCY-HERTZ
1

T T 1 I
2 4 6 8 1 2 4 6 o 20 40

Table 3. Mark L -4 specification. On the right the damming curve anda detail of the sensor.
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3.1.1.2BOREHOLE ACCELEROMETE R
Borehole accelerometer t@mposed by a Kinemetrics Shallow Borehole EpiSensor

(SBEPI). Inside the stainless stdelusing of the SBEPI there are three orthogonally
mounted lownoise EpiSensor force balance accelerometer modkigaré 16). It

was installed inside Passo della Morte road tummel borehole at a depth of about

50 meters Figure 17). The boehole reaches a more stable part of limestone that
could be considered as bedrpalent beyondhe hypnotized slip surface of theck

slide The borehole accelerometisr not far from surface seismometemcetheir
distance isabout 56 meters. In ordéo simplify the future operation of borehole
accelerometer recover, an ad hoc structure was built and fixed at the top of the sensor
(Figure 17). In order tofix the ®nsor position at the bottom of the borehaie
appropriate quantitative ofisd was poured insidée boreholéFigurel?).

Borehole accelerometer is connected toafterra Q330 acquisition system, as
SURF. The sampling frequency is 200 Hz. Product specifications are reported on
Table4.

ALIGMENT ARROW .
sSTUDS

—GROOVE

O—RING X AXIS MOOULE

Q)

/—Y AXIS MODULE

EXTERNAL
HUSING

9.616

-7 AXIS MODULE

|

MOUNTING TUBE

:“ o
OSCILLATOR BOARD—""| W

Figure 16. Section d Shallow borehole Episensor (SBEPI)

32



Shallow Borehole EpiSensor
Dynamic Range 155 dB+
Bandwidth DC to 200 Hz
Calibration coil Standard
Factoryselectable at +
Full-scale range | 0.25g, = 0.5¢g, + 19, £ 29 or
49
+ 2.5V singleended 2
Outputs (user + 10V singleended ] S
selectable at) + 5V differential R T )
+ 20V differential g, ‘
Linearity < 1000 o/ .
Hysteresis < 0.1% of full scale
Cross-axis < 1% (including ’
sensitivity misalignment) o E ol E 20
Zero point . . Frequeney Resporse: Phase
thermal drift < 500 p gi"C(1g sensor) i
12mA from +£ 12V “ NG
(Standard Amp) o .
Power H .
. 35mA from +f 12V(Low & 100 e~y
consumption . 20 =
Noise Amp) .
Single supply option
available 10y % o = 200
Operating -20° to 70°C
Temperature "
Watertight to 140 psi, 67 mn "
Housing diameter x 250 mm (2.625" ‘ 7 B
10" stainless steel ) Provide -
with attached 40 m cable o
2.3 kg (5 Ibs)(85 Ibs. With 4 N
Weight m cable in shipping N /,f
container) " oz o Cowm o oom oo
Sl FL_JII-scaIe range, outputs,
Information noise (stand_ard or low) ang
options

Table 4. Shallow borehole EpiSensor gecification. On the right the frequency response in
amplitude and in phase and the step response (Kinemetrics).
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Figure 17. Borehole accelerometer installation phasélhe picture at the top, on the right, shows
the ad hoc strudure built to simplify the operation accelerometer recover.
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3.1.2 ACOUSTIC EMISSION STATIONS
Three acoustic emission stats were installed, startingom 2010, by School of

Civil and Building Engineering, Loughborough University (United Kindom) inside
Passodella Morte tunnel(Figure 12). Each station consists of three fundamental
parts(Dixon et al., 2003)an active waveguide, a piezoelectric type transducer and a
data processof(gure18).

Active waveguide with
Transducer a3 coustic sensor attached

ALARMS acoustic sensor

Deforming slope generates
acoustic emission from gravel

Figure 18. Schemeof the AE monitoring system: waveguide, transducers and data processor
(Dixon et al., 2012 a)

The active waveguide is represented dbgteel tube installed inside a pidlled
borehole. It improves the transferring of signals from the source to the receiving
transducer, since soil and rock attenuate a lot acoustic emissions. Slope deformation
strains the waveguide, generating AE thatpaigates along a steel waveguigdo a
piezoelectric sensor secured to the top of the waveguide.

The acoustic emission transducer i's R6U
(Figure 19). Its active element is a thin disk of piezoelectric material that can
converts mechanical deformation, coming from waveguide, into electrical pulses
(volt). Specifications of piezoelectric transducer are reporteTabite5.

Signals converted by the sensor are passed through-ampidier, filtered to
improve the signal to noise ratio and then converted to a digital signalBor A
qguantification. The quantification of acoustic emissidjpsilse count)occurred
through a threshold method: every time that an acoustic emission signal exceed a
predefined threshold an event is counfeidure 20). The final output is represented
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by the number of acoustic emission events over a pre determined time (petiad
rate) this information is stored on a data storage device.

4 Ve i
i 3 5 (aa
3
’ - :
e ; :

Figure 19. Details of an acoustic emission station:AEWG2. On the left it is visible the active
waveguide tube and the piezoelectric type transducers. On the right the data processor.

RSseTIme\ ,}mpli!ude
AE Signal < >

Pulse Count

“"““°"}\Vﬂ MN\M/\M“ > -

V VA SR T Time
< Posttrigger :
- Length »
Z Energy

Figure 20. Acoustic emissia signal parameters Peak amplitude maximum of AE signal,
Energy. integral of the rectified voltage signal over the duration of the AE hit;Duration: time
from the first threshold crossing to the end of the last threshold crossing?ulse counts number
of AE signal exceeds threshold;Rise time time from the first threshold crossing to the
maximum amplitude; Count rate Number of counts per time unit(Girard et al. 2012).
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R6U Sensor
Peak Sensitivity
V/(m/s); 75 [-64] dB
[VIebar]
Operating 35- 100 kHz ((s/w)/AL J23) gp
Frequency Rangg 6 e o o o
Resonant Freq. AR A S
VI(m/s); 55 [90] kHz
[VIebar] w
Directionality +1.5 dB =
Temperature 65 10 175°C _
Range g B
Shock Limit 500 g "%
Completely < g‘_
enclosed crystal s £
for RFI/EMI
immunity o
Dimensions 0. 750 dia. x 0.38 =
Weight 38¢g K
Case Material Stainless Steel L e
Face Material Ceramic L
(JegriL/AL JoJ) @pP
Connector SMA
Connector .
. Side
Locations
Seal Epoxy
Sensor to
Preamp Cablél 1232X-SMA
or 2 meters)

Table 5. Specification of piezoelectric tansducer. On the right the frequency response
calibration based on ASTM E 1106(blue), on ASTM E976 (red).

Power for acoustic emission statioris provided bysolar panels Monitoring is
continuous, counts rateover 15 minutes time units are recordedime
synchrotizationis manual

Active waveguide of station AEWG1 was ing&d in horizontal boreholethat
crosses limestone, almost perpendicularly to layer directions, up to reach dolomite
bedrock Figurel?). Total length of borehole is about 50 meters.

Active waveguide foAEWG2 and AEWG3statiors wereinstalledin the horizontal
borehols, that crosslimestone layers located between the tlrama outer face of
the slope, perpendicularly to slope directidgiig(re 12). Theseperforationwere

performed to investigate the rock mass behavior in its exltpant.
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3.2 MICROSEISMS STUDY
Since MORT seismic station installation, millions of events associatedhtural

phenomenawere recordedrdém local and regional earthquakes to rdaks and
microseisms.

With regard to rocfalls, although thewrenot part of this research, the presence of a
relation between earthquakes and rockfalls was investigated but it was not
recognized. Probably the acceleration induced by seismic ewast$oo low to
generate destabilization phenomena (Bakle 1). These rockfalls were probably to

be associated to the high level of weathering of the rock.

With respect to the microseisms, thasgnak are characterizeldy a duration lower

than one second and by an amplitudikghtly greaterthan seismic noise. Their
presence is associated with precipitations, especially during important rainfall events
(asit will be shown latérwhere their frequency is greater tharntydor minute.

The microseisms were analyzbg use ofGeopsy software. In particular, will be
shown the results obtained for the analysis in the freguelomain (Frequency
Spectrumiandin frequency domaim function of azimuth (Rotate Spectrum).

In Figure 21 are reported less than two minutes of seismic station recording where
many microseisms, with different amplitude, are well visible. The waveform were
filtered by a band pass filter of 8D Hz in order to make microseisms more clear, in
particular on the vertical component where are less evident due to the low amplitude.

MNI_MORT E:

MI_MORT IN:

T e e e e e T e e s e e

“emaos s " U omaes 0T D ahiohaee T 0T hdm
Time

Figure 21. Microseismsrecorded in less than two minutes byVIORT seismic station the " May
2013.
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3.2.1 FREQUENCY SPECTRUM
The frequency spectrum of each component (vertical, North Easd) obtained

analyzing about one hundred of microseisms recordertthéay 2013 is reported in
Figure22. Windows length is proportional to the duration of each microseisms and it
is the same for each component. In the graph, for each component, are reported all
the frequency spectrum curves ohtal for each microseisms, reported in different
colors. The thick blackine represents the average curve while the dotted lines its
standard deviation. The figure highlights the frequency content of microseisms on
each component: atif three show an amification in the frequency range I Hz

and, with a different amplitudearound 75 Hz. For the last pick, the vertical
component has an average amplitude of about 40 while for the horizontals it is
greater than 200. For this reason the microseisms apgesarevident on the-Z
component, if not filtered by an appropriate band pass filter as was mé&aguie

21. Probably, this component is lesmnsibleo this kind d seismic signal.

Microseisms were also analyzed in a period when the sampling frequency was
greater (1000 Hz) allowing to analyzing frequency up to 500 Hz. In this way was

possible to identify the real frequency peak, not affected by the frequenaif,cait

about 80 Hz. Since the difference is very small and negligible, the results of the
following analysis were performed using the data with a sampling frequency of 200
Hz.
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Figure 22. Frequency spectrumof Vertical, North and East component forseveralmicroseisns
recorder the 7" May 2013 The amplitude scale of the vertical component is different from those

horizontals.



3.2.2 ROTATE SPECTRUM
The rotate spectrum reporting the analysis of about two hundred of microseisms

recorded he 7" May 2013 in the frequency domaiin function of azimuth,is
reported inFigure 23. Windows length is proportional to the duration of each
microseisms and it ishe same for each componefthe frequency spectrum is
computed rotating the horizontal components f@to 180°with astepof 10°. The

color scale represents the amplitude value. As can be seen in the graph, the pick at
about 80 Hz has an average direction of about 20° from North or-North/East
direction. This orientation is the same for all the microseisms analyzed. This fact
suwggests the existence of something like a waveguide that condition the propagation
direction of this low magnitude seismic signals. Passible influence dimestone
layersoutcropping in this arewas considered the attitude of limestqda&0°/759
(Figure10) does not validate directly this direction.
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Figure 23. Spectrum rotate of hundreds of microseisms recorded thé™May 2013.
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3.3 MONITORING SYSTEM DAT A ANALYSIS AND

INTERPRETATION
In order to evaluate the physical characteristics of rock mass, to monitor rock mass

deformations and movements of the potentially unstable rock slope and finally to
recognize precursory phenomena, theraseisms and acoustic emissions detected
by the monitoringsystem of Passo della Morte wenealyzed. A period of one year,
from 1% February 2011 to 31% January 2012, is examined in this thesis since it is
the more completédData fromonly the surfaceseismic sensor (SURF) and AEWGL1
were usedBorehole accelerometer data was not used in this study since microseisms
were not present on its waveforPrecipitations of the arggiven the presence of a
pluviometer inside the studied areagre consideredn order to evaluate the
existence of a possible relation with microseism and acoustic emission.

3.3.1 MICROSEISM IDENTIFICA TION

The seismometer data, compound by waveforms, have to be processed in order to be
comparable with the acoustic emission and rainfélich are expressed in quantity

over time. This process can be subdivided in two phases. The first consists in
identifying the microseisms on the waveforms through a detector for waveform
amplitude: a ShoiTime Average/Long Time Average detector (STA/LTA)he

second phase consists in quantifying microseisms within a defined time interval
comparable to the other data.

STA/LTA is the most broadly used algorithm in seismology, it continuously
calculates the average values of the absolute amplitude of aicssigmal in two
consecutive movingime windows. The short time window (STA) is sensitive to
seismic events and measures the instantaneous value of a seismic signal, while the
long time window (LTA) provides information about the temporal amplitude of
sesmic noise at the site. When the ratio of both windows exceedssetpvalue
(threshold), an event is detected. The mode of operation of the STA/LTA detector is
illustrated in theFigure 24. The investigated events this study were not
earthquakes but microseisms, low magnitude seismialsignth duration shorter

than onesecond and amplitude slightly greater seismic n@isea consequence, the
detector parameters have to be calibrated for the identification of microseisms on
waveforms. This stewwasfundamental for this study.
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The final parameters, defined after several t@gtsethese:

A Highpass filter: 1.0 Hz
A Short Time Average: 0.1 second
A Long Time Average: 8.0 seconds
A Threshold: 2.4
The short duration of the windowgsproportional to the duration of microseism.

STALTA FILTERED MORT HGN

SIN

Figure 24. Mode of operation of STA/LTA detector. On the first panel theoriginal signal, on the
second the filtered signal, on the third the average signal in the short window (yellow curve) and
in the long window (red curve) and finally, on the last panel, the STA/LTA ratio (yellow) and
the threshold (blue).
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3.3.2 DATA COMPARISON AND INTERPRETATION
On Figure 25 are plotted one yeaof data fom the microseismic and acoustic

monitoring system, froms1February 2011 to 31January 2012. The curve of the
cumulative numbers of microseisms is reported with thd line while the
cumulative numbers of acoustic emissions with ¢neenline. The cumulative
millimeters of rainfall measured by the pluviometer are reported witbdttedblue

line. Hourly rainfall histogramslight blue are plotted to better discriminate
different rainfall events and their duratioWVith respect to the microseismsnee
horizontal components of the seismometer wieeemosisensitive, only micreeisms
identified on the waveforms of theNorth component are reported in the graph.
Plotted data are not always continuous due to problems of sensor malfunction and
low energy power.

Analysis of the data has highlighted the existence of a close link éetwieroseism

and acoustic emissipas showedy their trends in the grapffhe comparison with
precipitationhas shown a direct relationship between different rainfall events and
sharp increase in microseism and acoustic emission amounts. The presence of
interstitial water within the rock mass and the pore water pressures this generates are
probably very important in the generation of microseism and acoustic emission,
despite the different frequencies of these phenomena. The mechanical effect of
interstifal water, through increased pore pressure, is the reduction of effective stress
and frictional forcesand favorgeneration and propagation ofacks andsmall
fractures (Rutter, 1972; Parate, 1973; Vutukuri et al., 1974; Willenberg, 2002;
Gueguen and Boéta, 2004; Ghabezloo et al., 2006). The formation of these cracks
and fracturess responsibleof the generatiorlastic wavess a result othe sudden
release of stored energjyat can baletected by the seismic and piezoelectric sensors
(Dixon et al., D03; Bruckl and Parotidis, 2005; Shiotani, 2006; Dixon and Spriggs,
2007; Senfute, 2009; Amitrano et al., 2010).
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Figure 25. On the graph are reported one year data for the microseismic and acoustic

monitoring system of Passalella Morte. In red cumulative number of microseisms, in green
cumulative number of acoustic emissions, in blue cumulative millimeters of rainfall and in light

blue the histograms of the hourly rainfall.



Looking in more detail the expanded boxes$-igure26 andFigure27 it is possible
to highlight:

- A delay between the beginning of a rainfall event amel ¢orresponding
increases of microseisrand acoustic emissigngenerally of some hours,
probably relatedo the time required for water infiltration and to raise the
groundwater level,

- A delay in the end of the microseism and acoustic emission activity with
respect of the end of rainy event, quantifiable in some hours, probably due to
the time required forrdinage and to the groundwater level equilibration

- An anomalous increment of microseism and acoustic emission, not correlated
with precipitation. In order to investigate the cause if this phenomenon,
piezometer data from a sensor near station MORT wagzathlbut a link
with ground water level variation could not be recognized.

20 T 890 Passo della Morte 400000 I 290000
I Rain
- == == Cumulative Preciptation
Cumulative microseism I —/ ar
L Cumulative AE e
16 840 _ / =
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Figure 26. Detail of the graph from 15t June to 9" June. The effect of rainfall on microseism and
acoustic emission increment is clear.
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Figure 27. Detail of the graph from 17" September to 27" September. From 19" September it
is possible to highlight an anomalous increment of microseism and acoustic emission not
correlated with rainfall.



4 BOREHOLE ACCELEROMETR
ORIENTATION

For the installation of a seismometer, the standard convention is to align the three
sensor components {8, EW and UpDown) to the North, East and vertical
directions. However, in case of a borehole sensor, this procedure may be difficult
Unless the installation is performed with poles that allow to conserve the correct
orientation, vihen the seismometer is not provided with an internal compass, it is not
possible to check its orientation when it reaches the bottom of the borehole. In this
situation, the real orientation ohe three sensor components néede estimated
indirectly. Several methods can be used: the particle motion, the event backazimuth,
the maximum crossorrelation and the complex linear last square.

Aster and Shearer (199 used initial P wave particle motion of regional and near
regional earthquakes to estimate the horizontal seismometers orientation for two
seismometers of a downhole array in the San Jacinto Fault zone, Southern California.
The horizontal seismometer entation was estimated identifying the angular
corrections that minimize the angular error between backazimuth and irtiavé
particle motions.

Yamazaki et al (1992) proposed two methods to estimate the orientation error and the
tilt of a seismometer in a three dimensional space using recorded motions. A
reference station, correctly orientated, was required to determine the orientation error
of an investigated station. Three component pairs of ground motion at the two
stations were used. The maximum cross correlation methofiynction of axis
rotation and delay time, was used on seismic recording at both reference station and
at investigated oneThe second method proposed by Yamazaki applied the
maximum coherency technique, where maximum of the three coherence functions
sum was searched.

Chiu et al. (1994) estimated the tilt and the orientation error of the Dahan downhole
accelerometers using mpiale motion au polarization analyses. The rogj
polarization axis of a significant phase as a reference direction was chosen.

Laske et al. (1994) used surface waves to determine orientation. Spectral eigenvalue
decomposition was utilized in order to @ehine ellipticity and arrival angles for

both Rayleigh and Love waves. The method provides frequégpgndent surface

wave polarization measurements based on multi taper spectral analysis of surface
waves.
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Chiu and Huang (2@®) developed a different abgithm to correct the orientation

error of an accelerometer at the Dahan Downhole Array, Hualien, Taiwan. Main
assumption behind this algorithm is that the synthetic downhole seismograms and the
observed downhole seismograms have maximum -caselationwhen both of

their SH waves are in the same direction. The algorithm rotates the free surface
ground motions to obtain the SH waves based on the backazimuth of the earthquake
and it computes a synthetic seismograms
computed the rotation angle of the two horizontal components that gives the best
cross correlation between the rotated seismograms and the synthetic SH.

Oye and Ellsworth (2005) applied a method based on polarization analysis to find the
geophones orientatioangles for a linear array installed in a borehole located near
the San Andreas Fault, California. Absolute orientations were derived comparing
azimuths from Rvave polarization analysis and theoretical azimuths estimated from
ray tracing.

Ekstrom and Busy (2008) determined orientation of USArray Transportable Array
(TA) and Backbone stations (BB) by examining two years of data. The polarizations
of intermediate and long period Love and Rayleight wave were analyzed. Over a
range of orientations, synthetiwwaveforms were calculated for specified source
parameters and systematically compared with the observed surface waves.

Niu and Li (2010) analyzed particle motion of teleseismic P waves recorded by the
China National Digital Seismic Network in order toiestte the component azimuth

of each station, the angle between the geographic north and direction of BHN axis.
This, enabled them to clearly find out those stations with orientation problems and
solve them.

Michaels (2011) proposed a method based on pa@hccomponent analysis to
determine the orientation relative to source polarization direction using SH wave.
Once rotation angles were found, the horizontal components of the sensors were
rotated to a radial/transversal coordinate system.

Grigoli et al. (2012) evaluated seismometer orientations by solving a linear least
square inverse problem in the complex domain. This method relies on the hypothesis
that for two aligned sensors the misfit between the respective waveforms is an
absolute minimum, while refit increases if the sensors are not aligned. Thus, the
alignment angle can be found solving an inverse problem in the complex domain.

With regard to Passo della Me study site,hte boreholeaccelerometer installed
May 2013 (Paragraph3.1.1.9 is not providedby an internal compassand
consequenthyits real orientation isnot known a prioriand have to be estimated
indirectly. In most of the cases, tlogientationuncertainly is limited to thlorizontal
componerg since the borehole is considered vertitbdwever, in Passo della Morte
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case this assumption is not valid since the drilling iswastical and consequently
also the error on the vertical mponent have to be determinethe geological
context, wherelimestone layersutcroppingin the areandcharacterized by 170° of
dip direction and 73° of djphad influencedthe boreholeinclination The layers
could be able to deviate the drilling diten. As a consequengceperators decide to
drill the borehole with a sufficient dip in order to cross the stratifications without
being deviated by layers itse(fFigure 28). The maximum crossorrelation method
proposed by Yamazaldt al. (1992waschosen The surfaceseismomete(SURB,
whose orientatios knownand verified wasused as reference in order to determine
the relative orientation of borehole accelerometer (DOWN). For this airagddoc
programwas written in Fortran. It rotates waveforms of each componeh the
reference seismic sensor using 3D rotation matrixésaireed on the basis of
different rotations of North, East and Vertical axesclicrotated component is cross
correlated with the correspondent component of the boralsokderometeiRotation
angles that maximize the correlation #resethat make thewo coordinate systems
coincident. hrough these rotation angles & possible to infer thaccelerometer
orientation at the bottom of the borehole andise this information teorrectthe
datafor the analysis

/ DOW

Figure 28 Relative position of surface seismometer (SURF) and borehole accelerometer
(DOWN) in Passo della Morte.The depth of DOWN sensor allows to exceed theypothetical
landslide slip surface, reaching a part considered stable.

A brief introduction to rotation matrix and correlatitamctiors is provided.
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4.1 ORIENTATION : 3D ROTATION MATRIX
The orientation in space of any object can be described through the relative

orientation of two reference systems: one, oriented as and movinghs object

itself, and the second used as a reference frame. In our specific case, two reference
systems are given by seismometers, one of which is oriented in-&nwelh way,

while for the secondhe orientationis unknown.

The rotation matrix is he most used mathematical representation of the relative
orientation of an object with respect to a reference frame.

Let us suppose to have two frames 0 and 1, with the same origin in O
(wwd AT & a) (Figure29). Let the first frame represent the reference one
while the other is the frame integral with the object. The relative triad of mutually
orthogonal unit vectors of the two frames are respelgtild’QQ A T "@QQ.

Figure 29. Representation offrame 0 and frame 1 both havethe same origin in O.

The orientation of frame 1 relative to frame 0 can be denoted by expressing the unit
vectors ‘0Q°Q in terms of the unit vector&QQ .

QN QQ QQ QQ
’?'Q ’?'Q "Q '?’Q '?‘Q ’?‘Q ’E‘Q
QN Q0 N0 0N

These three relations can be written in a matrix:
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Y 00

ol ol e
ol ol o}
ool e}

Furthermore, projectingQ along the unit vector directionsQQQ the follow
relations are found:

9 00
Q  QQ
IIQ UQ’?’Q

Similar relations can be written for the other unit vectxd T . The resulting
rotation matrix is:
T 00 QQ
Y QQ QQ Q0
rQ'i‘Q ?’Q'?’Q ?‘Q?’Q
The matrixY is a rotation matrix that transforms the system integral to the object
(1) to the reference one (0). The elements of the rotation matrix are daetion

cosinesbecause each one is the result of dot product between one unit vector of the

systemx?, yt, !, and the unit vector of thé@xy®, 2 reference frame. Since the unit

vectors have a unitary modulus, the dot product gives the cosine of the included

angle.
The modulus of the column vectors™éf equals 1.

The general form of the rotation matrsx

Y Y Y
Y Y Y Y
Y Y Y

Figure 30 shows the significance of the general rotation matrix, where each element
of each column represents themponent of each axis of frame b with respect to
frame a.
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Figure 30. Representationand significanceof a general rotation matrix (Bruyninckx, 2010)

The rotation matrix is a unique and unambiguous representation of the relative
orientation of two orthogomaframes in the Euclidean space andidt square,
orthogonal and invertible:

Y Y Y hAARYD »p

4.1.1 EULER ANGLES AND ROLL, PITCH AND YAW ANGLES
A set of three angledJ] b, 9] describes a sequence of rotation attbet axes of a

moving reference frame. Any orientation can be described by three elementary
rotations, two of which, the first and the third, are on the same axis. In this way, axis

location after each successive rotation depends upon the last one. Cotigeque

rotations order is fundamental information for describing uniquely the desired
orientation with the three angles. SymbadlsH, 9] are used to indicate-¥-X Euler

angles. Taking the object frarbeand the reference franaeto be initially coinciden

Uis the rotation about th& axis of frame bp is the rotation about the rotaté&d

axis of frame b, and is the rotation about the twice rotat&l axis of frame b.

Angles are commonly defined according to t

The rotatiols about three orthogonal axes fixed to the moving object are called Roll,
Pitch and Yaw angles: these names still reflect their nautical origireeEmgles
represent orientation of a frame by subsequent rotations about the vertical (Z, yaw),
transverse Y, pitch) and longitudinal (X, roll) axes of the moving rigid body. The
angles are usually denoted gs (i, d]. Taking the framdo and the reference franze

to be initially coincidenty is the yaw rotation about the fixed aX @ is the pitch

53



rotation about the fixed axi€, andd is the roll rotation about the fixed ax3. A

set of XYZ fixed angles rotation is exactly equivalent to the same set of ZYX Euler
angles rotation = y, b = G, 9 = d). This result holds in general such that three
rotations about the three axes of a fixed frame define the same orientation as the
same three rotations taken in the opposite order about the three axes of a moving
frame. These angles represent rotations about three different axes.

Fundamental rotation nrates, given by a simple rotation about an axis, are
determined as follows.

Figure 31. Rotation about the Zaxis of an angle» .

Let 6s consi der an o|baloagthe z axmsitrarespedt toihg a n
referencdrame(Figure31): one can easily note that:

- 9o AN O

- Qo Al 6 | OHET;
- g Al 6 | OF1
- 0 A16

- QQ p

The other elements are zero dadhe vector ortogonality. Consequently the relative
rotation matrix is:

O OEH
i Al
T p

-_)

3 A [ T
Y éh OE L1
T

O

Similarly, the rotation matrix corresponding to a rotatign about the y axis and
one corresponding to rotatiorf about the x axis, arespectively:
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AltO m OEI1
Y ofi Tt Tt
OET m Al1O

©

P T T

Ydr o AITO OEI

m OEIl AITO
The fundamental rotation matrixes can be combined together to create new rotation
matrixes that represent more complex rotation, given by some combined rotations
aboutthree axes. Since matrix product does not benefit of commutative propriety, the
order of axis rotation is fundamental. For example, a sequence of three rotations, first
about the z axis, then about the y axis, and finally about the x axis, can be

represeted as the following matrix product:

YooY Yafi Y afi
AiGI16 ATIGOHIOET OBIGE | AT @ETAITO ORIORT
OEM”OOEDHWY ATIGITOi Q8 Qidéri Géii Qe
e Alro oe AT1GhE i 1

As usual, right hand rule is used. Also, changing rotation directions imply changing
the sign of sine functions.

This matrix can represent any rotation in space and consequently it can describe the
orientation of any object with respect to a reference draimmough a sequence of
three rotations about the axes. Twelve different type of combined rotations can be
found, each of which correspond to a specific matrix structure: six with rotation on
three different axes (xyz, xzy, yxz, yzx, zxy, zyx) and six Wit and third rotation

on the same axis (Xxzx, XyX, yxy, yzy, zxz, zyz).

Rotations can be distinguished in intrinsic and extrinsic rotations, the first occur
about the axes of the rotating coordinate system XYZ, which changes its orientation
after eachelemental rotation, the second about the axes of the fixed coordinate
system (Roll, Pitch and Yawlrigure32).
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Figure 32. Example of rotation obtained with intrinsic and extrinsic rotations. In the first case
rotation is about ZYZ axis while in the second about XYZRoll-Pitch-Yaw angles)(Bruyninckx,
2010).

Any extrinsic rotation is equivalent to an intrinsic rotation by the same abgtes
with inverted order of elemental rotations, and weesa.

4.1.2 ROTATION ALONG AN ARB ITRARY AXIS
Therotationscan also be expressedandifferent way not with respect to a triaxial

frame, but with respect to an arbitrary agsgure 33). Consequentlythe relative
orientation ofthe coordinate frame & y°, 7°) can be denoted with a single angle in
combination with a unit vector kkx ky k2] .

Rotation matrix that represeriteerotation of an angld along axis k is given by:
Yh— Ydh YA Ydah—Yah T Yoh |
In order to eliminate dependence frahandb, it is possible to expredg h— as:
Y Tgﬁ_
Np AT-O0 AT-6 QQp AI-6 QOEFQQp AT-O0 QOEH
NQp AT-O6 QOEF Qp AT-6 AT-6 0Q0Qp AI-©6 QOE+H
NQp AT-©6 QOEFQQp AT-©6 QOB+ Mp Ai-©O AlI-O
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Figure 33. Representation ofrotation through an arbitrary axis.

Where, since k has a unit norm, the flowing relations are valid:
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4.2 DISCRETE CROSSCORRELATION AND PEARSON
CORRELATION COEFFICI ENT

A quantitative estimate of the degree of similarity between two signals can be
expressed in multiple ways: cresgrrelation and Pearson correlation coefficient.

Crosscorrelation estimates the similarity two signalsin function of thetime lag

(1) applied to one of them. In other worlid,measures the correlation of one signal to
another one shifted over time thyWhen dealing with seismograms, Discrete Cross
Correlation is commonly used: it works on two discrete time dependent signals of the
samelength N, x(N) and y(N#. Discrete Cross Correlation for time l&ks given

by:

6 6t GO 200 T

where (N + 1 )UOO {1)NAccording to a common conventiothe lag time is
positive since the second signal is moved to the left withemtdp the first signal.
Discrete cross correlation results in a sequence of length, Zdch element being
the cross correlation between x and y for a speUifforwards and backwards). The
maximum of this sequence gives the strongest correlation d&etweand yin
function of time lag.

On the other hand, Pearson correlation coefficient estimates the dependence between

two signals in a different approach. In particular, it uses covariance and product of

two data series st ansiderrtwio dateeserieax(i) aadys). Let o
where i=1, 2, .., NL; the correlation coefficient is given by:

Bo o o
Bo o Bo®

wheredfis the mean of the andw of w. The value of is normalized in order to
rescale the correlation coefficient to the standard rasigel]. Pearson coefficient
equal to 1 means that there is a complete positive (increasing) linear correlation
between the two signals whilel, that there is a completeegative (inverse) linear
correlation. Values betweeirl and lindicate the degree of positive or negative
linear dependence between variabl@s. it approaches to zero there is weaker
correlation whenPearson coefficiens 0,there is no correlation atl.
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4.3 FOOPROGRAM: RELATIVE _ORIENTATION _ESTIMATION
For the determination of the relative orientation of one seismometer with respect to

anothey a programwaswritten in Fortran90 The existencef a seismometer (REF),
whoseorientationis correctand verified is indispensablén order to have a reference
systemfor the determination othe relative orientation of a seismometer under
investigation (INV)

The input datarerepresented bywaveforms of arearthquake recorded lpth REF

and INV. In order to be suitabl for this analysis, the earthquake bade distant
enough fromthe seismometerso that he distance between the seismic sensors is
smaller than dominant wavelengthtb& earthquake. Theerative orientation ofNV

is evaluatedotatingthe seismograms of each component (Vertical, North and East)
of REF and finding tlose rotations that maximizethe correlation betweerREF
rotated andNV seismograms

Rotatiors areperformedwith a 3D rotation matrixdefined accordingo Roll, Pitch

and Yawangles.The matrixis basedon rotationabout three axes in the following
order ALPHA alongthe Vertical, BETA alongthe North and GAMMA alongthe
East.Each component of the REF seismograms is rotasetythe rotation matrix
Discrete crgscorrelation and Pearson correlation coefficient are used to quantify
similarity betweerthe seismogramsf the same component BEFrotated andNV .

The similarity between REF and INV is maximum when the correlation is maximum
for all the three compomé simultaneouslyDiscrete crossorrelationis determined

for each component, allowing to evaluate ttegree of correlation between
seismogram®f the same component of REF rotated and INVfunction of time

lag. The best solution is represented by time lag that maximize the cross
correlation for all the component simultaneouslfhe ime lag analyzed was
restricted in order to reduce the computation time, form the maximum, proportional
to thelength ofseismogramanalyzedto a period that takento account theffective
distance betweeREF and INV and the propagatiamlocity of waves Pearson
correlation coefficient isevaluatedfor each componendtn RIF rotated and INV
seismogramsThe time delay foundrom best crossorrelation is used tshift the
seismograms before being calculated the correlation coefficient.

All these proceduse starting from the definition of the 3D rotation matrix, are
repeated inside three loop that change, one by one, the rotation angles on East, North
and Vertich axes. The rotations are performeaunterclockwiseon thefull 0-360°
rangewith a defined step. The variation of rotation angles modifies the rotation
matrix and, consequently, the rotation of each component of the reference
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seismogram. This strategylaks to evaluate the correlation between the reference
and the investigation seismometers for all their possible orientations in the space.

The maximum Pearson correlation coefficient foumall cyclesrepresents the best
solution, describing the comlation of axes rotatiomnd time delay that maximize
the correlationbetween thevertical, North and East component i&ference and

investigationseismometersThe axesrotationsfound allow to reproduce the relative
orientation of INV with respect to REF.

An outline of the program is representedhaflow chartreported inFigure34: U, b,

2 are the rotation along Vertical, Nord and East ax@3(( is the discrete cross
correlation for time lagd XCmax is the maximum crossorrelation for all U
considered;({XCmay) is the time lag of the maximum cresstrelation; CC is
Pearson correlation coefficient ar@Cnax is the maximum Pearson correlation
coefficient.
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Figure 34. Flow chart representing the steg of Relative_orientation_estimatonprogram.



4.3.1 PROGRAM TESTS
In order to ascertainthe correct functionality and robustness ahe

Relative_orientation_estiomatigmogram,severakestswasexecuted.

First of all,the program reliability inthe detection of correct axes rotations and time
lags was verified with some seismogramsrotated with Seismic Analysis Code
(SAC). Original and shiftedrotated seismogramsones were processedin the
programin order to find those rotation angles and time lags that maximize the
correlation The best solution found witRelative_orientation_estiomatigerogram

has giverexactlythetime lags and theotationsperformedwith SAC.

At a later stage, the progranas beentested with the waveforms of an earthquake
recorded by two different stations owned by and operated by Mathematics and
Geosciences Department of University of TriedlsST2 and DST3DST2 is a
permanent accelerometrgtation belonging to Accelerometric Network of Friuli
Venezia Giulia(RAN). It was used as a reference, since its orientation is corrected
and known.While DST3is a temporary accelerometric statiostalled ad hoc for

this test, near DST2, with randoorientation and inclinationBoth station are
composed by an EpiSensor force balance aomeleter (Kinemetrics Inc.),
minimizing the possible differences between the waveform recorded by the two
seismic sensord.wo earthquakes recorded by both statiang enough distantere
selectedTable6):

(e R B

_ 30032014  04:03:40 43480 12.402
_ 22-04-2014 8:58:26 45.634 14.256 4.6 4.3

Table 6. Information about earthquake used for the test (Civil Protection Department(DPC)
and ISIDe source).

The waveforms analyzed are represented by the complete duration of the earthquake,
from P-waves arrivato coda wavesThe resuk obtained foithetwo earthquakes are
reported orTable7. U, bo represknt the rotatiorenglesalong vertical, North

and East axes respectivehile U a«arapresent theelative dipand azimuth of

each axisThedifference betweewnaluesobtained for each event is very small

The orientation othe DST3 accelerometavasalsomeasured witla compass an
following: 70°+1 of rotation on Z axiglip of N axis ®°+1 and inally dip of E axis
91°+1. The solutions identified by the F90 program areomparablewith the
measurd one, taking into account tewical uncertainties and errors.
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- Z axis N axis E axis
Event U b ) = = -
u « u « U «
089 72 | 2 0 2 18 90 288 92 18
112 74 | 2 | 358 3 331 92 286 92 16
Average | 73 | 2 | 359 2 346 91 287 92 17

Table 7. Results of the Relative_orientation_estimation program for DST2 and DST3
accelerometer The relative orientation of DST3 with respect of DST2 is reported in function of:
U (rotation along Z axis), b (rotation along N axis)and o (rotation along E axis)and U (dip) and
« (azimuth) for Z, N and E axis Angles are counterclockwise

Z axis
A

Z’ axis

a=73°

N’ axis

p=2°
0 » N axis
¢E=1 Y 57

y=359°

E axis
Figure 35. Graphical representation of value obtained with Relative_orientation_estimation
program for DST2 and DSTS3.



In Figure36 are plotted the seismograms of the East component for DST2 and DST3
before and after the application of the rotation found with the F90 prograen.
overlapping between wavefosafter the rotation is very goodyith a correlation
coefficient equivalenta 1.

sismo_DST3
sismo_DST2
sismo_DST2_rot
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Time (s)

sismo_DST3
sismo_DST2
sismo_DST2_rot

0.8

0.4

Normalized amplitude (m/s?)
o

0 D 10 15 20 25
Time (s)

Figure 36. Earthquake 112 (April 22" 2014): East componat of the seismogram forDST2 and
DST3accelerometerbefore and after the rotations

64



4.4 APPLICATION AT PASSO DELLA MORTE
The Relative_orientation_estimatiggnogramwas applied at Passo della Mortén

order to determine theelative orientation of the borehole accelerometer (DOWN),
since its orientation is not knownThe surface seismometer (SURF), whose
orientation is known and verifiedyasused as referenc&hreeearthquakes recorded
by both SURFand DOWNwasfound suitable for program applicati¢fiable8):

R B o = e M R

202 21-07-2013 01:32:24.640 43.501 13.668
112 22-04-2014 08:58:26.490 45.634 14.256 4.6 4.3
138 18-05-2014 02:06:31.910 45.989 14.361 0.9 3.0

Table 8. Informatio n about earthquake used for DOWN relative orientation estimation DPC)
and ISIDe source).

The waveforms analyzed wee represented by the comg@eduration of the
earthquake, rbom P-waves arrival to coda waveS§ince SURF and DOWNare
different sens® one isa geophone and records velocighile the other is an
acceleometer and records acceleration, twaveform need to be prprocessed
before being analyzed by tH&0 program The nain stepsn datapre-processing
were: mean removal, filteringlecimation and, as final step, derivationaw§forms
have to be filtered in order to remove frequencies linkedoise or other disturb

The decimationwasapplied in order to get the desired sampling réke derivative

of the SURF datavasperformedin order to convertelocity to accelerationmaking
SURF and DOWN datacomparable Derivation of velocity was preferred to
accelerationintegration, because it provides more stable and reliable results. A final
filtration wasapplied to data in order to analyze a limited frequency rangel[3]0
removing all possible differences between the two seismograms associated to local
site conditiors.

The esults obtained are reported on following tadlab|e9)

- Z axis N axis E axis
Event U b 2 _ _ _
u < u (] u (]

202 182 | 354 | 354 8 133 96 179 84 268

112 176 | 352 | 352 11 139 98 185 82 274

138 180 | 348 | 352 14 124 98 181 78 270
Average | 179 | 351 | 353 11 132 97 182 81 271
Table 9. Results of the Relative orientation_estimation program for SURF and DOWNThe
relative orientation of DOWN with respect of SURFi s reported in function of:
Z axis), b (rotation along N axi s)«(aaimdh)forZ( r ot ati on

N and E axis. Angles are counterclockwise.
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In Figure 37 are plotted the seismograms of tertical component folSURF and
DOWN before and after the application of the rotation found with the FO0 program.
In the firstgraph whereare plotted the original seismograms, the opposite polarity
between SURF and DOWIs evident.In the secondyraph SURF seismograrns
rotatedwith the angles found with thgrogram. he correlatiorcoefficientimproves
from 0.45 to 0.80.
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DOWN

SURF rotate

0.5 —

: «‘c‘*".'|lww 'ﬂ’h‘!m T,
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! \ |
0 2000 4000 6000
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SUREF rotate

0.5 -

- vt

r l ' ; |

0 2000 4000 6000
Figure 37. Earthquake 138 (May 18" 2014): Vertical component of the seismogram folISURF
and DOWN seismic sensobefore and after the rotations.



According to the solutionsbtainedfor the three earthquakes analyzew effective
orientation of DOWNaccelerometemside the borehole, at about 50 meters depth
was recreated Kigure 38). The reference coordinate system is reportaedbiack
while the coordinate system of borehole seismic sassorred The rotation of the
horizontal componentss evident, their polarities are inverted. It isspible to
identify alsoa deviation from the verticabf about 11°.

Figure 38. Position of SURF and DOWN seismicsensor inside Passo della Morte tunnellhe
orientation of DOWN accelerometer in repated in red while reference coordinate system,
coincident with SURF,in black.
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5 SITE EFFECTS

Seismic motioncan be greatly affected by interaction of seismic wave with peculiar
site condition, as geologic (geomorphologic, stratigraphic) and geotechnical
(mechanical properties of rock or deposits) ones. All possible modification of wave
field propagation, nearusface, in terms of amplitude, frequency content and
duration, as result of local site condition, are indicated as site effects.

5.1 CAUSES
In correspondence to heterogeneity and discontinuity of most superficial layers and

also of topography irregularity, senic waves are subjected to a multiplicity of
physical phenomena as multiple reflection, diffraction, focusing and resonance.
Based on their origin, site effects are distinguishedigufe39):

A Stratigraphic effect (or 1D);
A Basin and edge effect;
A Topographic effect.

Topographic effetc

Deposits
/
/
/ 3
Stratigraphic f/'f CJ

effect / Basin effetc

T

— /

Bedrock
Figure 39. Different site effects: Stratigraphic effect,basin effect and topographic eféct (Lanzo,
2005, modified)
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5.1.1 STRATIGRAPHIC EFFECTS
Stratigraphic effects are all modifications that affect propagation in vertical direction

of a seismic motion which crosses an horizontal bedding plane without lateral
variations, with a free surface e top and a stiff basement at the bottom. In these
conditions, there is no presence of surface wave and mode conversion. Stratigraphic
effects are generally given by entrapment of seismic waves inside basin and by
resonance between reflected and inciaesntes.

Let s consider a simplified case of one h
H, density” and shear wave velocity , laying over a half space (stiff bedrock)
with density” and shear wave velocity . When an incident wave travels vertically
upward through half space and into soft layer, most of the energy that reaches the
interface is transmitted up into the softer material, while smaller portion is reflected
back down into the hapace Amplitude of transmitted wave is given by:

o " . p O

0 0 0 -
” T ” T p O

where 0 and 0 are amplitude of incident and transmitted wave respectively.
Impedance contrast between the two la¥@it,is given by:
O ——
()
The interferencebetween the trapped waves lead to resonance patterns, which are
characterized by various spectfaaks in the frequency domaiithe resonance
frequencies at which strong amplification occurs solely depend on the geometry (in
particular thickness, H) andynamic soil properties (in goticular shear wave
velocity, w) of the sedimentary soil lay@rThe rth resonance frequency of the soil
profile is given by (Haskell, 1960):
W~ WGE P
Q -
10
where n=0, 1,2}b, w the shear wave velocityf the overlying sediments and H is
the total thickness of sediment layers.

Fundamental vertical frequendy, of a layer over a haBpace is thus given by

- w
0
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Since soil damping, D, affects the amplification in the frequency range of higher
hamonics more than at lower frequencies, the fundamental site frequenaeyill
roughly reveal the greatest amplification factbhe maximum amplificationis in
correspondence of fundamental frequency

Spectral amplification inceses with contrast impedand®increase, whereas is
reduced by a smaller damping factbr, If D is equal to 0, the maximum spectral
amplification is given only by the contrast of impedait2e

5.1.2 EDGE/BASIN EFFECTS
Edge or basin effects arise in sedimentzagins or in alluvium valleys where lateral

variation of mechanical proprieties or sediment thickness variation are not negligible.
A 2D or 3D configurations of valley have to be take into accobnhdamental
phenomena related to these configurations are

- Focusing of seismic waves in proximity of edge due to constructive
interference between reflected and incident w@rearka et al., 1996; Hallier
et al., 2008);

- Resonance (2D) (Tucker aKdng, 1984;Bard and Bouchon, 1985

- Production otorizontallypropagatingsurface wave due to theteraction of
incoming wave field with basin edgéaki and Larner, 1970; Raptakis et al.,
2000.

Surface waves, in presence of strong impedance contrast, are trapped in the valley
and undergo to multipleeflections within valley edges, being their motion only
related to damping factor of deposits. Surface waves interfere both each other and
with body wavesA consequence of this phenomenon is a different punctual local
response along development of thdaal

The fundamental characteristics of the 2D resonance alluvial valley are:

- Maximum amplification frequency is the same for all points in the valley,
regardless to the sediment thickness. Each valley is characterized by a
peculiar fundamental 2D resonanitequency;

- Amplification is maximum at the middle of the valley (fundamental mode)
and decrease near the edges (higher mode);

- Ground motion is in phase on all valley points at the resonance frequency;
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- Motion duration inside the valley is longer than tb&incident signal. The
trapped waves travel inside sediments from one side to another until they
attenuate.

5.1.3 TOPOGRAPHIC EFFECTS
Topography assumes an important role in site effects, seismic waves interact with

topography leading to amplification of reSnt) ground motion. Observations of
damages localized near topographic irregularities and of landslides triggered by
earthquakes suggest a close correlation between surface morphology and
amplification of seismic motion.

Both origin and extent of the togmaphic amplification change depending on the
morphology configuration. According to Stewart et al. (2001) it is possible to
distinguish three morphology types: ridge, slope and canyon.

For a ridge or a slope, considering the results obtained by manystoases
concerning analytical approaches and nucaémodeling of topographyHartzell et
al., 1994; Pedersen et al., 1994; Spudich et al., 1996; Clizarera et al., 1996;
Ashford et al., 1997; Muzzi et al., 2001; Paolucci, 2002;) is possible to sunemari

- At aridge or slope top the ground motion is amplified with respect to the
basis. At the ridge or slope base occurs an attenuation;

- In frequency domain, amplitude spectrum exhibits a maximum for
wavelengths comparable with or slightly shorter tharrithgee width
(resonance frequency of the hill;

- Amplification on mountairor slopetop decreases as average slope decreases
according to shape ratiGxo.

- Ground motion, for motion perpendicular to ridge axis, undergo to larger
amplification than for mabn parallel to same one (case of 2D ridge);

- Amplification is lower for incident P wave than S wave. For S wave, the SV
incident wave is more amplified then SH wave;

- Amplification depends on wave angle of incidence: amplification on ridge
tops decreasestshi s angl e i ncreases. For wvertic
amplification occurs at the top;

- Observations show significantly higher amplification amplitude (up to greater
than 10) than numerical simulations preddtie to stratigraphic
amplification, 3Deffect, directivity in source mechanism.

Significant interest on ground motion variations across canyon geometries was
originated by recordings of unusually large amplitude on a canyon rim near Pacoima

71



Dam during the 1971 San Fernando earthqudkds pcssible to summarize
(Trifunac, 1973; Wong and Trifunac, 1914&e and Cao, 1990)

- Amplification is strongly frequency dependent, being significant when
wavelengths are similar to or smaller than the canyon dimension;

- At a canyon edge the ground motion mpdified with respect to the basis.
But if excitation frequency is high, the motion at the ridge basis is amplified,;

- Amplification depends on canyon inclination (H/A). As greater is inclination,
as greater is amplification at canyon edge. Amplificatiomsregligible for
shallow canyons (H/A < 0.05).

5.2 ESTIMATION METHODS
Local seismic response castimated through different technigubat evaluate, for

example site effects from spectral analysis of seismic signal recording (earthquake,
explosion and seismic noise) in frequency domain. The @iamnis to identify at
what frequencies a generic site shows amplificaffétmee methodsostknown and

used are: Stamdd Spectral RatiandHorizontal to Vertical Spectral Ratmn weak

and strongr on seismic noise

5.2.1 REFERENCE STATION MET HOD: STANDARD SPECTRAL

RATIO (SSR)
Standard Spectral Ratio technique is one of most widely used spectral technique to

estimate site é&cts starting from the seismic signals recorded. This method was first
applied by Borcherdt (1970) in San Francisco B2aljfornia,to measure the ground
motion generated by nuclear explosions in Nevada.

Site response at a generic site is evaluatedtiong or weak motion recordings
calculating the ratio between one component of motion (horizontal or vertical) at the
investigate site and the same component of same earthquake recorded at a near site
on bedrock, called reference site.

The use of SSR tenigue is subordinate to:

- Availability of a good reference site such as nearby bedrock or a rock
outcrop, characterized by no site effects. Critical assumption is that the effect
of local geology at a bedrock site is representative of the input motioa at th
base of the soil layers of the site (Steidl et al., 1996). This assumption is
accepted because bedrock layers do not affect the frequency contbat of
seismogram as extensively doil layers. In fact, a reference is a site that
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shows flat transfer furtion with amplitude equal to one for the whole
frequency range;
- Availability of two simultaneous recording at investigated and reference sites;
- Separation betwegff' and K" stations lower than their hypocentral distances
from the source. It is recommaed an epicentral distanten times greater
the stations separation. This required that both stations have a similar wave
field with similar incidence angles and azimuths

5.2.2HORIZONTAL TO VERTICAL SPECTRAL RATIO (HVSR):

STRONG AND WEAK MOTI ON
Among not refeence technique, the masdmmonone is the Horizontal to Vertical

Spectral Ratio of Lermo and Chav€arcia (1993). It analyzes the strong or weak
motion recordings, to evaluate the site effect at a generic site by dividing the
horizontal component motioby the vertical one. This technique was originally
introduced by Nakamura (1989) to analyze ambient seismic noise recordings and
then was applied by Lermo and Cha@arcia (1993) on earthquake data at various
sediment sites in Mexico. Théyad confirmed he invariance of vertical component

of ground motion for event of various magnitudes, and consequently the vertical
component can be used as a reference to identify, at a site, fundamental resonant
peak frequency and amplitude.

The basic hypothesis is thsite effect amplifications are due to presence of a soft
soil layer overlying an halpace. In these conditions, it is possible to estimate the
site effect at the solil)Y, as function of the frequenty, from theratio between the
horizontal andrertical components of the motion at the surface layer

"y ,
1 o1 ]
where 'O7 andw ] are Fourier amplitude spectrum ledrizontal and vertical
motion components at the surface layer

5.2.3HORIZONTAL TO VERTICAL SPECTRAL RATIO (HVSR):

SEiIsmIC NOISE (NAKAMURA METHOD)
This technique was originally proposed by Nogoshi et Igarashi (1971) to estimate

site characteristics using seismic noise measurements, but became of common use
after the theoretical explanation of Nakamura (1989, 1996). Meithod implies
(Lermo and Chavegarcia, 1994; Dravinski et al.,, 1996) that microtremors are
primarily composed of Rayleigh waves, produced by local source, which propagate
in a surface layer ovex half space wh a strong impedance contrast. Trhetion at

the interface of surface layer and half space is not affected by sourcs affféc¢te
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horizontal and vertical motion at this interface are approximately equal. Site effect
can be computed by the Fourier amplitude spectra of horizontal versus vertical
component of the surface motion at same site.

The lowest frequency maximum of this H/V curve, due to the horizontal polarization
of the fundamental Rayleigh mode, coincides with the fundamental resonance
frequency of a basin.

Various sets of experimentdata (Lermo and Chavezarcia 1993, Gitterman et al.
199%, Seekins et al. 1996, Fah et al. 19Béve shown that H/V procedure can be
successful in identifying the fundamental resonance frequency of sedimentary
deposits. These observations are supportegelgral theoretical 1D investigations
(Field and Jacob 1993, Lacheand Bard 1994, Lermo et Chawvé&zarcia 1994,
Wakamatswand Yasui 1996, Tokeshand Sugimura 1998), and show that synthetics
obtained with randomly distributed, near surface soutead v H/V ratios sharply
peaked around the fundamental S wave frequency, when the surface layer exhibit a
sharp impedance contrast with the underlying stiffer formations. However, some
discussions are still under way about the applicability of microtremoraioiae the
amplification level of sediments (Bard 1998, Bour et al. 1998, Al Yumacith.uzon
2000,Maresca et al. 2003, Rodriguez avigtlorikawa 2003).
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5.3 SITE EFFECTS AT PASSO DELLA MORTE
Site effect haveestimatedat Passo della Mort&ith two methodsNakamura and

HVSR on strong and weak motion.

5.3.1 NAKAMURA METHOD
Nakamura methodvas applied, some years ago, at Passo della Morte in order to

ascertainif this methodology could be useful twdentify the contact between
materials involved in a landslide atite underlyingpart represented bgtablerock
(Méric et al. 2005 and 2007) It was supposed that impedance contrast between
landslide body andedock wasstrong enougito generate an interferencéhe
applcation of the relation that links the resonantréquencyto sediment thickness
(Haskell 1960) allowsto estimate the thicknes$ the landslide (paragraphl.l).
Seismic noise was recorded in threessiteside Passo della Morte tunnel, two on
rock and one on sediment. For the last one, placed at the East entrance of the tunnel,
the resonant frequency, obtained from H/V spectral ratio analysis and interpreted
with Haskell low, had a correspondence with the sahsn depth identified from a
survey executed near the recording site. Taworableresultleaded to perform a
seismic noise acquisition survey awider areainvolved in the landslide in order to
detect the slip surface in different pa@nand try to reconstruct the landslide
geometry.

5.3.1.1INSTRUMENTATION AND A CQUISITION
Seismic noise was recorded twentyeight sites distributed along theeactivated

landslide area between San Lorenzo and Passo della Morte tufigaete40).

e

DR >
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sito 14
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Google earth
B 2003 magery Date: 9/22/2003  46°23'46.19" N 12°42'43.25" € elev: 743m  eye alt 1.64 km

Figure 40. Seismic noise recording sitat Passo della Morte.
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Sites locationand distributionwas influenced by topography or accessibility to the
area; most ofhese sites were located along roads and paths. It was tried to build a
grid as regular as possible in order to reconstruct adequately the landslide slip
surface. Furthermore, some of these sites whosenin correspondence boreholes

in order to have atratigraphic profildor results interpretation. For the segnsor
coupling, the sensor was set down directly on the ground or aspigaltg41).

Figure 41. Some &ample of the acquisition phase for same site

At each site, seismic noise was recorded for at last thirty minutes, according to
SESAME EuropeaResearch Project (2005) T h a t 6, thisrbcerdireg ugation
allowsto identify a resomnace frequency up to Q.5 Hz.

The sampling frequency was 500 Hastrumentations employefdr seismic noise
measurements we

- Acquisitionsystem: Quanterra Q33{Table2);

- Sensor:Lennartz Electonics LEBD/5s Seismometer. It is characterized by
low-frequency sensitivity (eigenperiod 5 seconds) #adtransfer function
upto 50 Hz Seismometer specifications are reported ablel;

- Time synchronization: GPS antenna;

- Battery for power.
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