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Abstract. The aim of the paper is to present the modelling The results proved that the increase of the vertical com-
of the ground effects of seismic waves on a large debris deponent alone has a small influence on the deformational
posit lying on a steep mountain slope, with particular atten-behaviour of the system. Hence, the acceleration vector
tion paid to the potential triggering of slope movements. was deviated at 5and then at 10 from the vertical. A

The study site is a mass of 2.5 million®mock fall de-  small increment of the displacement was observed in the first
posit, named “Monte Salta Landslide”, located on the north-case, whereas very large movements occurred in the second.
ern slope of the Vajont valley, at the border between Venetolherefore, it can be concluded that, besides the magnitude
and Friuli Venezia Giulia regions in north-eastern Italy. of the earthquake, even small seismic waves in horizontal

Several historical landslide events were reported in thedirection could trigger significant movements and therefore
area in the past, first one dating back to the 17th century. Théiazardous conditions. The modelled scenario should be help-
landslide deposit completely mantles the slope with a thickful for planning of the functional countermeasure works and
cover of rock blocks. civil defence evacuation plan.

The Mt. Salta landslide is conditioned by the presence of
Mt. Borga regional thrust, which uplifts Jurassic limestone
on the top of Cretaceous rock units. Above the thrust zone, ]
folded and highly fractured rock mass dips steeply towards! !ntroduction
the slope free face, producing highly unstable setting. ) )

The study area has been classified as high seismic haz-andslides trlggt_ared by earthquakes su_ch as rock falls are
ard and different vulnerable elements can be affected by thé® Most unpredictable events and for this reason one of the
remobilisation of debris, among which a village, a national MoSt dangerous (Harp and Noble, 1993). The difficulty of
road and a big quarry that was opened, with the intent tgdentifying the precursory symp'toms and rate, at Whlch these
exploit the part of the landslide deposit for construction pur- €vents generally evolve make risk hard to the evaluation and
poses. management (Azzoni, 1995; Panizza, 1996). Even low mag-

In this study, numerical analysis was performed, to simy-hitude events in terms of volume might reach high hazard

late the slope behaviour using distinct element method and€Vels and that is why Italian laws (Piani di Assetto Idroge-
applying UDEC code. The 2-D models were built on three ologico) always consider rock falls at the top of the hazard

cross-sections and elasto-plastic behaviour was assumeﬁcale' Generally in rock fall hazard evaluation the face of the

both for rock matrix and discontinuities. The earthquake ef-mountains, from which these events might occur are stud-
fect was modelled in pseudo-dynamic way, i.e. by magnify-'ed both from structural and geomechanical point of view
ing the acceleration and applying also its horizontal compo-C@stelli, 2006; ISRM, 1978). In order to mark the suscepti-

nent. The expected seismic acceleration in the study area w44€ aréas, the probable position of the rocks detachment from

calculated on the basis of previous studies as equal to 0.28 §€ face and their trajectory down the slope can be modelled
y many well known computer codes (Azzoni et al., 1995;

Correspondence to: G. Marcato Guzzetti et al., 2002; Rocscience Inc., 2002; Stevens, 1998).
(marcato@irpi.cnr.it) However, very often, the major risk is not induced from rock
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2 Physical setting

BOLZANO
[ ]

The study area is located on the boundary between Veneto
and Friuli Venezia Giulia regions, in Vajont Valley, in the
municipality of Erto and Casso, and is classified as highly
seismic zone (Fig. 1). The villages are located exactly in
front of the huge “Vajont Landslide” that collapsed the 9th of
October 1963 into the artificial reservoir, killing almost 2000
peoples (Semenza, 2000). For these reasons the local au-
thorities are very sensible to the problems concerning natural
FmD hazard, and especially into the risks induced by landslides.
[ high seismic zone The Geological Risk of the area is essentially controlled by
the Monte Salta landslide and by the stability of the huge
Fig. 1. General location of the studied area showing the high seis-landslide body (Semenza and Ghirotti, 1998). This deposit
mic zone based on ltaly laws. The municipality of Erto and Cassorepresents the main morphologic element of the slope behind
is surrounded by circle. the village of Casso, and since 1674 some portions were re-
activated several times by sliding processes and minor rock

. . falls.
faces but rather from old debris deposits that can be reacti- 1, . Salta-Borg massif represents the last rampart of

vated by changes in hydrologic conditions or by earthquakesthe Vajont Valley before its confluence in the main Piave Val-

(Govi and Sor;gna, 1977,)' The case study of this work (_:On1ey. The outcropping rock units belong to the Secondary age
cemns the stability analysis of a hug.e rock fall accumula’uon,and ranged from lower Jurassic to upper Cretaceous (Win-
dlerlvedf {\;Iom aScolllar?se °°g‘.’”ed |nf1r?74 on th_e S(_)Utherrlerer and Bosellini, 1981). The tectonic setting of the area is
slope of Mount Salta, located in one of the most seismic area@xtremely complex and has been extensively studied after the

in Italy (Slejco etal., 1998), the Friuli Ven_eziaGiuIia Region, Vajont catastrophic landslide. The most exhaustive studies
where in 1976 more than 1000 people died after a 6.4 MagdNtyere carried out on the left side of the Vajont valley (Kiersh,

tude earthquake (Weber and Courtout, 1978). On this Iand1965; Mantovani et al., 1991; Hendron and Patton, 1995), but

slide accumulation, a stability analysis has been carried ouf <o 1 Mt. Salta area was deeply investigated, especially

in order to define the potential volume of the debris cover thatWith regards to the huge rock fall phenomenon (Ghirotti and
might be reactivated by a seismic event with a given magni—,vIarai 1991; Ghirotti, 1994)

tude and according to three different patterns of Earth ac-

celeration. The expected magnitude of the earthquake usegrogenesis that also caused, in a later phase, a set of faults
during the numerical simulation was defined from previousStriking North-South. ' '

paleoseismic studies (Slejco and Rebez, 2002). The results The Vajont valley extends along the axis of an asymmetric
so far achieved can be useful in the design of functional coun—Syncline dipping to the East. The north side is controlled
termeasure works and/or to setup a civil defence evacuatioBy the M’t. Borga regional thrust, which uplifts Jurassic lime-
plan in case of an earthquake. '

. . stone on top of a Cretaceous formation, causing in the first
The first phase of the research was mainly devoted to theEmit a low angle flat fold, plunging southward (Semenza,

geological, structural and geomorphological surveys, with ;
ticular attention to the landslid jation, which oc- -200) (FI8- 2)
particular attention to the fandslide accumulation, which 0C- o geomorphologic evolution of the slopes is conditioned

Cu:;e;;20106n7d4§ta e, numerical simulation of the slope defor—by the tectonic setting. In particular, the Mt. Bargirust is
. : g€, . ) >0pe 0€ certainly the main conditioning factor that led to the weaken-
mations in dynamic conditions was carried out using distinct

element method, along three significant cross-sections, in oring of the rock masses and the subsequent mass movements.
' 9 9 ' The source area of the Mt. Salta landslide is characterized

der to assess the evolution scenarios in case of seismic event. . L .
. . .~ by the presence of different scarps, distributed along tectonic
The cross-sections were selected, to simulate the behame.y

; . . iscontinuities. The 1674 event scarps and the accumulation
of the debris cover along the trajectories that could affect the . . . .
. : L re still evident. The main scarp has a semicircular shape,
vulnerable elements present in the area. This activity is a pargelimited by steen cliffs. several meters hiah. carved in the
of the research carried out together with University of Udine y P ' gn.

s - . .. Vajont limestone.
?g;;:;’:ded by Civil Defence Dept. of Friuli Venezia Giulia The landslide body that can be referred to the main event

has a volume of approximately 250000 and occupies
an area of 250000 it is composed by blocks of differ-
ent size, which reach a volume up to 808.rithe deposit is
arranged at an inclination up to 90The difference in alti-
tude is relevant, ranging from 1875 m a.s.l. ah Bel Salta,

The main tectonic structures are related with the Alpine

Nat. Hazards Earth Syst. Sci., 7, 695-701, 2007 www.hat-hazards-earth-syst-sci.net/7/695/2007/



G. Marcato et al.: Distinct element method, seismic effects, landslide deposits 697

LEGEND

Villages
A Main peaks

+++ Anticine
Mt. Salta
landslide ®e® ® Syncline

%y Thust

Faults

scarp

[ Lonearone

River
Cross section

/
\,\/ Vajont landsiide
\

o Cross section
I Vgjont limesfor

M. Satfa landsiide body|

N Mt. Toc
A + + + + Scaghia Rossa Fm.
. —\' Amm. Rosso Fm.

[ — i
0 500 1000 2000 m Wrjont fimeston

Fig. 2. Geological, tectonic and geomorphologic sketch of the study area.

down to 730 m on the national road. The distribution of the §
blocks, according to their dimensions, suggests that the kine
matics of major Mt. Salta landslide event can be assumed as ¢
rock avalanche (Evans and Hungr, 1993).The landslide bod
is partially covered by scree deposits; in fact, from the main
and secondary scarps frequent rock fall and debris flow phe
nomena occur that feed thick talus that partially covers the
older landslide deposit.

From the litological point of view, these deposits are ho-
mogeneous, and are composed of Vajont limestone debris
The texture is openwork, clast supported and there are no
internal sedimentary structures.

3 Stability analysis of the debris cover

In order to carry out realistic model of the slope, it is nec- *
essary to represent f”‘ccuratew the thSi‘?a' anditiqns (,)f th%ig. 3. The three numerically modelled cross sections of Monte
study area. For this reason, specific field investigationsggjia 1andslide slope.
photogrammetric analysis and detailed size distribution tests
were carried out. Thanks to these procedures it was possi-
ble to divide the debris mass into 5 different granulometric
classes, as presented in Table 1, and to achieve the requestedThe numerical simulation was carried out using distinct el-
accuracy, allowing for appropriate dimensioning of the nu- ement method, which is coded in UDEC computer program
merical model mesh. (Itasca, 2004). UDEC is suited to study deformation and fail-
For the purpose of the study mentioned before, i.e. forure processes, directly related to the presence of discontinu-
evaluation of the risk scenario of the area in the earthquakéties (Zabuski et al., 1999). The rock mass is modelled as a
condition, three cross-sections of the slope debris were chasystem of rigid or deformable blocks, interacting along so
sen and numerically analysed: the first (Q-@ the west, di-  called “interfaces”, which imitate discontinuities (Marcato
rectly plunging over the village of Casso, the second (A-A et al., 2006). The behaviour of rock matrix and interfaces
on the east, that involves the road to Casso and the last (Bs described by laws of the continuous medium mechanics.
B’), most dangerous, threatening directly the village (Fig. 3).Deformable blocks are divided into zones, which can change
The models of these sections were divided into continuougheir shape, causing the change of block shape. Asitis shown
blocks, built of rock matrix and interacting along the discon- in Fig. 4, the final system can be totally different in compar-
tinuities. ison with the initial one.

www.nat-hazards-earth-syst-sci.net/7/695/2007/ Nat. Hazards Earth Syst. Sci., 7, 695-701, 2007
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Table 1. The modified Wentworth (1922) grain size classification.

Granulometric Large Medium Small Coarse Coarse  Coarse
classes boulders (%) boulders (%) boulders (%) gravel (%) sand (%) silt (%)
I 30 20 30 15 5 -
I 10 35 25 25 5 -
1] 5 25 40 25 5 -
\Y - 25 40 30 5 -
Y - - 20 65 10 5

(a) Block translation  Block translation + rotation
>
o
2 2

1200

—1100

v
Detail

1000

1 - rock block
2 - discontinuity

Y [meters a.s.l]

900

(b)

Initial shape :
Final shape
of the blocks of the blocks
- 800
5‘0 ‘ 1‘50 ‘ 2‘50 ‘ 3‘50 ‘ 4‘50 ‘ 5‘50 ‘ 6‘50 ‘ 7‘50
X [m]
© Fig. 5. Cross section A-A splitting the slope into rock blocks (lo-

cation — see Fig. 3). Roman numbers indicate the granulometric

3 - fully deformable zone classes defined during field investigations and summarized in Ta-

Fig. 4. Possible deformations and displacements of the bl¢aks
rigid model,(b) fully deformable model.

zones and therefore can internally deform, according to the
rules of elasto-plasticity theory. Such assumption agrees with

The cross-section A-Apresented in Fig. 5 as an exam- , , : X
ple, shows that according to the field investigation resultstN® common practice, as the behaviour of geologic medium

block size changes along the cross-section. Following Whagrock) usually fulfil the laws of elasto-plasticity; it behaves

expressed in Table 1, and in consequence to the output graﬁ_lasncally, when the stress level is low and plastically — when

ulometric map of the entire debris deposit, the dimensiondn€ Plasticity limit is reached (Cundall, 1990; Starfield and
rCundaII, 1988). Elastic properties of the discontinuities in

assumed in the model represent the size of the major per=-" ¢ , )
centage blocks in the reference class. direction parallel and perpendicular to their course are de-
Block dimensions in the A-Aand B-B cross-sections Scfibed by shear and normal stiffness, respectively. These

are differentiated, as they contain different granulometricparameters determine the displacement ability along discon-
tinuities, so they describe their deformational behaviour in

u(glastic domain (similarly as the elasticity parameters of in-
tact rock). The plasticity limit is described by Coulomb-
Mohr criterion. It was assumed that there is no difference be-
tween strength parameters, i.e. cohesion and angle of friction
of rock and discontinuities. Due to such assumption, plastic
deformations are possible in all directions, so the modelled
discontinuities are not preferred failure directions (Zabuski
The bedrock is modelled as an elastic medium and its internand Marcato, 2005). These condition expresses the reality,
deformations depend on the magnitude Of e|asticity parameas the Orientation Of the diSCOhtinuitieS iS not constant but
ters, i.e. shear and bulk moduli. Rock blocks and disconti-nas chaotic character.

nuities in a sliding part of the slope exhibit elasto-plastic be- Geomechanical parameters of the bedrock and rock
haviour. The intact blocks are divided into fully deformable blocks, set in Table 2 are the same for the three cross-

classes, whereas in the C-€oss-section they are uniform,

lometric class (1V), with grain size ranging between medium
boulder and coarse sand.

4 Modelling strategy

Nat. Hazards Earth Syst. Sci., 7, 695-701, 2007 www.nhat-hazards-earth-syst-sci.net/7/695/2007/
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Table 2. Geomechanical parameters of the rock matrix.

Zone Model Unitweight Bulk modulus Shear modulus Cohesion  Angle of friction  Dilation angle  Tension strength
[kN/m?3] [kPa] [kPa] [kPa] [deg.] [deg.] [kPa]

Bedrock Elastic 22.0 8.33E7 3.85E7 - - - -

Landslide Elasto-plastic 19.0 8.33E6 3.85E6 0 38 19 0

Table 3. Geomechanical parameters of the discontinuities.

Zone Model Normal stiffness  Shear stiffness Cohesion  Angle of friction  Dilation angle  Tension strength
[kN/m] [KN/m] [kPa] [deg.] [deg.] [kPa]
Landslide Elasto-plastic 1.0E7 1.0E7 0 38 19 0
sections. Parameters of the discontinuities are listed in Ta- I I 111
ble 3. 2 2
As the field tests of the strength parameters were not done, ah=1££5 m/s a,=2.18 m/s
‘
T

their values were assumed, with taking into account the prop-
erties of similar interlocked media. The lack of cohesion can

be justified, as the contacts between the blocks are continu-
ous, and “rock bridges” do not exist. The value of the fric- 0

tion angle equal to 38provides the equilibrium of the slope '%.n "= =) @ i
at present, but without significant stability “reserve”. More- NT E lr g ¥
over, the displacements are of order of millimetres, indicat- | £ \n 0'7)

ing the tendency to the interlocking of the rock grains and E % a
discontinuity irregularities (Bray, 1973). Such structure cre- | & 'J;

ates proper conditions for high friction resistance. As itis | &

seen in the tables, the value of the dilatation angle is rel- )

atively high, although the flow rule is non-associated. As-
suming high value of this angle it is expected, that during the
advanced deformational processes the rock mass will “swell”
and this supposition expresses dilatation angle equal to 50°/|£_1
of friction angle. Elasticity parameters are relatively high, as
the intact rock is hard and strong.

It is necessary to explain that the stable conditions of the
whole slope, inclined in the upper part at ca® 3@hereas the
friction angle is equal 38are assured thanks to the support-
ing effect of the parts lying below. In other words, the blocks
located below the most steeply inclined part have some “re-
serve” of resistance and can also carry the load exerted by thgng Slejco, 2004) as equal to 0.28g (where g=9.8%)m/s
upper blocks. Moreover, the level of stresses is low (elastic-Three cases of acceleration were considered (Fig. 6). The
ity domain) and the limit equilibrium is not reached yet. only acting downwards vertical component, a=1.3 g was ap-

The water table was not considered in the model, since thelied in first (1) case, i.e. vertical acceleration was increased
blocky structure of the landslide body is highly permeable at 30% with respect to the Earth acceleration. In Il and I
and no springs are visible on the slope surface. cases, horizontal component was added, by means of inclina-

Numerical simulations were performed for three cross-tion of the resultant acceleration &t&nd 10 to the vertical,
sections of the slope. The earthquake effects were simulatetbspectively. In all three cases displacements were calculated
in pseudo-dynamic mode, i.e. by increasing the acceleratiornd failure phenomena registered, until equilibrium state was
in comparison to the magnitude of Earth acceleration “g” andreached. In some cases the model failed and it was impossi-
applying also its horizontal component. The expected seisble to reach stable state, so the simulation was stopped arbi-
mic acceleration was calculated in previous studies (Bragatdrary.

ig. 6. Considered cases of seismic acceleration.

www.nat-hazards-earth-syst-sci.net/7/695/2007/ Nat. Hazards Earth Syst. Sci., 7, 695—701, 2007
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Fig. 7. Field of horizontal displacement in C-Cross-section (lo-  Fig. 8. Field of horizontal displacement in C-€ross-section (lo-
cation — see Fig. 3). Acceleration case II. cation — see Fig. 3). Acceleration case |Il.

5 Simulation results 6 Conclusions

Only the results for cross-section C are discussed below aghe presented methodology allows to evaluate the influence
an example, as the results for both A and B cross-sections argf an earthquake on the slope stability and possible failure
similar to these presented here. In case | (vertical acceleramode in a relatively simple way.

tion), only very small portion in the central, mostly inclined  The numerical simulation of the behavior of the debris de-

part of the slope moves more significantly and the model staposits that mantle the southern slope of Mt. Salta proves
bilises in a short time, and further displacement incrementsyigh influence of the horizontal acceleration in case of earth-
do not occur. In case I, larger portions of the slope start toquakes that could trigger instability phenomena. In fact, in

move, but finally the system also reaches equilibrium statehe case of vertical seismic acceleration equal to 1.3g only
and the maximum displacement is equal to about 3m as afew centimetres displacements in very small portions of the
effect of some shear stress increasing. The field of horizontag|ope can occur.

displacement for this case is shown in Fig. 7. On the contrary, if a seismic acceleration with a horizon-

In case lll, an inclination of the acceleration at 10 the tal component is app”ed’ which is more probab|e in case of
vertical produces an extensive movement of the entire slopegarthquake (scenarios Il and Il1), the system loses stability
As it is presented in Fig. 8, field of horizontal displacement and the debris moves extensively. It is thus evident on the
is relatively uniform along the slope and the displacementhase of presented results, that debris deposit can not be con-
magnitude depends first of all on the depth of the block lo-sjdered as stable during the earthquake shaking, but could be
cation; the deeper the block the smaller the displacementaffected by significant remobilisation.

Equilibrium state in iteration process was not reached in this A realistic mitigation of the residual risk posed to the vil-
case and the simulation was thus stopped arbitrarily, whenage of Casso, mainly directed to the protection of the urban
the maximum horizontal displacement was equal to approXi-area, could foresee to continue and enlarge the quarrying ac-
mately 20 m. It means that stability of the deposits is defini- tivity, in order to create a wide area that could contain the
tively lost and the movements proceed continuously. debris eventually remobilised in case of landslide event.

The results clearly prove that even relatively small hor-  On the contrary, the protection of the road connecting the
izontal acceleration triggered by an earthquake can be th@jllage with the main valley seems to be less feasible, as
reason of extensive failure of the slope. The later result, obin the sector modelled in C cross-section, the road passes
tained for inclined acceleration seems to be more realisti¢hrough the steep slope. The simulation results show that in
than the first one (when only vertical acceleration was con-case of a seismic event, the displaced material could not be
sidered), as the presence of the horizontal acceleration contetained by any structural countermeasure work, as its vol-
ponent in the earthquake pattern is always highly probable. yme would be very large. Therefore, this trial clearly shows

to the Civil Defence that there is a high probability that in
case of seismic event the village could be isolated.

Nat. Hazards Earth Syst. Sci., 7, 695-701, 2007 www.nhat-hazards-earth-syst-sci.net/7/695/2007/
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