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Abstract. Shear wave velocities have a fundamental role inand facilities may in fact even exceed the damage directly
connection with the mitigation of seismic hazards, as theirconnected to the shaking.

low values are the main causes of site amplification phenom- Several investigations have been carried out with the aim
ena and can significantly influence the susceptibility of a ter-of defining procedures for a detailed study of the seismic
ritory to seismic-induced landslides. The shear wave velocityhazard of a specific site of small extension with regard to
(Vs) and modulus@) of each lithological unit are influenced seismic-induced landslides (scale range 1:5000-1:1000) (e.qg.
by factors such as the degree of fracturing and faulting, thd SSMGE-TC4, 1999). These methods need precise measures
porosity, the clay amount and the precipitation, with the latterof several parameters and make use of complex numerical
two influencing the unit water content. In this paper we dis- methodologies. This necessarily leads to high costs for each
cuss how these factors can affect the Vs values and report thavestigated site. On the other hand, land planning studies are
results of different analyses that quantify the reduction in thegenerally carried out at larger scales (scale range 1:25 000—
rock Vs and shear modulus values connected to the presende10 000) and a detailed analysis would therefore be inappro-
of clay and water. We also show that significant results in aspriate for the sought target, as far as cost and time are con-
sessing seismic-induced slope failure susceptibility for landcerned. In fact, land use planning needs information about
planning targets could be achieved through a careful evaluaseismic hazard at a sustainable cost, whereas more complete,
tion, based only on literature studies, of the geo-lithologicaldetailed and expensive studies should be focused only on ar-
and geo-seismic features of the study area. eas where a detailed zoning is necessary.

Rapolla et al. (2010, 2012) proposed a quick strategy for
land planning targets which employs the shear wave ve-
1 Introduction locity values (Vs) as crucial factor for zoning on seismic-

induced landslide susceptibility. The method, whose ap-
A crucial aspect in seismic hazard evaluation for land plan-proach is shared by other procedures (e.g. Miles and Keefer,
ning targets is the estimation of the territory’s susceptibil- 2007), needs a careful evaluation of the unit's geomechanical
ity to earthquake-triggered landslides, which represent onéind geophysical features, which could be possibly based on
of the major natural hazards in landslide-prone seismic arealiterature studies only. Shear wave velocity and modulus are
(e.g. Jibson et al., 2000; Wick et al., 2010). A comprehen-strongly influenced by factors such as porosity, clay content
sive approach to guide land planning in connection with mit-and precipitation, which control the water content. Knowing
igation of seismic hazard (e.g. Nath and Thingbaijam, 2009)how these factors affect the Vs values of each lithological
should not only refer to local soil amplification phenomena unit and, as a consequence, its response to a seismic input
but also involve a careful assessment of the slope stabilityis thus a key issue. In this paper we shall discuss the main
The effect of seismically-induced landslides on human livesfactors influencing shear wave velocities and modulus and
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briefly describe some aspects of the above cited zoning stra” 2000
egy — with emphasis on role for Vs in evaluating seismic-
induced slope failure susceptibility.
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ities should be considered (e.g. Paolucci, 2002; Wald anc s 05
Allen, 2007; Di Fiore, 2010). < z = . fo ——
The Vs values are strongly dependent on the seasonal cl ¢ (mima) S e

matic variations, as the presence of rainwater may signifi- . .
cantly change the mechanical properties of rocks and soils £ig- 1. Plots of(a) Vp versus density of fracturing @b) Vp ver-
particularly in the case of clayey materials. This may resultSus quality factor RQD(c) Vs versus density of fracturing @) Vs

in a decrease of their shear modulus and, in non-flat areas, ¢frsus quality factor RQIe)ratio Vp/Vs versus density of fractur-

slope strength. A careful evaluation of the slope geotechnical"d &: () ratio Vp/Vs versus quality factor RQD. Note that y-axes
. a{e not in scale. Modified after Leucci and De Giorgi (2003).

and geophysical features should thus be done so to accoun

for the main variation factors that may affect the elastic mod-

uli and, as a consequence, the shear wave velocities. In the

following section, we discuss how factors such as the forma-f’de slipping surfaces, a lower slope’s mechanical character-

tion fracturing and porosity and the clay and water contentsIStICS (shear resistance, gohesmn) may be expected. More-
may affect the Vs values of rocks. over, roc!< shear wave varlatllons.depend also on the scale of

observations, with the reduction in clay shear resistance con-
nected to the presence of smear joints and/or to fault planes
3 Factors influencing seismic velocities and being only reflected when observed at a detailed scale.

elastic moduli

3.1 Degree of fracturing
As known, slope stability is influenced by the balance be-
tween the resistance of materials to the motion and the acSeveral authors (e.g. Gaviglio, 1989; Watanabe and Sassa,
tion of external forces (gravity and earthquakes). The sped1995; Kahraman, 2002) dealt with the study of propagation
cific behaviour of a particular lithotype, i.e. its response to velocity of longitudinal waves in fractured rocks, as they
stress, depends on the stress/strain relations that charact@re more easily detectable than transversal waves. Boadu
ize the examined lithotype, which in turns depends on itsand Long (1996) proposed a model of fracture called MDD
elastic moduli and density. The most important factors of in- (Modified Displacement Discontinujtyo study the propa-
fluence on the elastic moduli, and consequently on the vegation of both types of seismic wave® @nd S) in frac-
locity of seismic waves of a material, are its compactnesstured media. Laboratory studies based on this model (Leucci
porosity, degree of fracturing and weathering, mineralogicaland De Giorgi, 2003) established empirical relationships be-
composition (which influences its clay content), water con-tween parameters related to the degree of fracturing of a
tent, and its depth and age. All these characteristics contralock formation and the propagation velocity of bathand S
the litho-seismic and geomechanical behaviour of the mawaves. The experiments were conducted on samples of lime-
terials and consequently affect both seismic site amplificastone containing artificial fractures, by gradually increasing
tions and resistance of slopes to the shaking connected tthe fracturing density and filling them with mud, wet mud
earthquakes. As the literature studies described below refer tand clay. The outcome shows that the increased density of
rock samples, we note that in presence of joints, fault planedracturingC leads to a decrease in both tReand S waves

Nat. Hazards Earth Syst. Sci., 12, 21472158 2012 www.nat-hazards-earth-syst-sci.net/12/2147/2012/



V. Paoletti: Remarks on factors influencing shear wave velocities 2149

Table 1. Hard rock classification based on the quality factor RQD pressure and the temperature (Han et al., 1986). Therefore,

(modified after Leucci and De Giorgi, 2003). the validity conditions of the equation of Wyllie are not likely
to occur very often.

RQD (%)  Rock quality An integration with the empirical equation of Wyllie has
0-25 Very Poor been suggested by Raymer et al. (1980) and made it possible
2550 Poor to correlate the compressional wave velocity with porosity
50-75 Fairly Good for values of porosity higher than 25%. The authors iden-
75-90 Good tified two separate porosity domains: the “suspension do-
90-100 Excellent main”, for high-porosity rocks, describes a medium where

solid particles are suspended in the fluid; the “consoli-
dated rock domain”, for rocks with low porosity, describes
velocity (Fig. 1a and c), and to a simultaneous increase ira medium with a continuous frame-supported matrix. Nur et
the ratio Vp/Vs between compressional and shear wave veal. (1998) defined the transition from one domain to the oth-
locities (Fig. 1e). This last piece of evidence shows that theers as the “critical porosity”. For porosities greater than the
velocity of P waves is affected to a lesser extent by the in- critical porosity, seismic velocities do not depend strongly
crease in fracturing compared to thevave velocity. on porosity. For porosities below the critical point, seismic
The increase in the density of fracturing causes a decreaseelocities depend instead strongly on porosity and increase
in the quality factor of the rock RQDRock Quality Desig-  significantly for slight reductions in porosity.
nation) (Boadu, 1997) (Table 1), which is a good indicator ~ Conversely to what is assumed by the equation of Wyl-
of rock quality for hard rocks. It is defined as the ratio of lie et al. (1956), which is valid only for homogeneous for-
the sum of the distances between each fracture along a pranations not containing clay minerals and with low porosity,
file and the length of the profile itself. By plotting the rock several subsequent studies have shown the essential influence
guality factor RQD versus the velocity of seismic waves, the of the presence of clay on the elastic moduli and velocities of
authors show how an increase in this factor is connected to areismic waves. The clay fraction appears in the form of par-
increase ofP wave (Fig. 1b) and wave (Fig. 1d) velocities ticles precipitated on the walls of the matrix pores. Those
and to a simultaneous reduction in the ratio Vp/Vs (Fig. 1f). clay particles create a micro-porosity made of pores smaller
than 1 pm, which increases the porosity of the medium and
3.2 Porosity and clay content greatly influences the velocity of seismic waves, decreasing
it (e.g. Kowallis et al., 1984; Tosaya and Nur, 1982; Han et

Other important factors influencing seismic waves velocity 5| 19gg Goldberg and Gurevich, 1998; Klimentos and Mc-
are, as mentioned, the porosity, the presence of clay and the 5, 19’90)_ ’ '

water content. Wyllie et al. (1956) determined an empiri- 1,5 more recent studies have included the porosity of
cal relationship between the compression wave velocity anghe clay fraction in the empirical relationships to predict
porosity for saturated samples having homogeneous minef,ck seismic velocities. In Table 2 we resume the results of

alogical composition: some of those studies. Table 2a shows different equations
_ _ from Tosaya and Nur (1982), Han et al. (1986) and Klimen-

(3/Vy=A/Va) + 1A= D)/ V)] @ tos (1991) relating seismic velocities in kmswith volume
whereV is the velocity of the rockV, is the velocity of the  fraction of clayC, volume fraction of pores and, in one
fluid that impregnates its pore¥y, is the matrix velocity, case, permeabilitk in saturated silty sandstones with a con-
all expressed in ms', and® is the porosity. Equation (1), fining pressureP, = 40 MPa (equivalent to a depth of about
known as “Equation of Wyllie”, shows a decrease in velocity 1.5 km). The equations show that, even though velocity val-
in connection with an increase of porosity and is valid for ues depend more on porosity than on clay content (with the
non-clayey and normally consolidated formations with inter- effect of porosity being at least twice that of the clay con-
granular porosity, and when the saturation degree does ndent), the latter decreases velocities as well. The equation
weaken the rock. found by Klimentos (1991) includes also the effect of per-

The latter is a very important aspect since, as shown latenneability. Nevertheless, this effect was found to be negligi-
in presence of clay the saturation degree has a high influencele in rocks with identical porosity, lithology and similar clay
on the rock behaviour. A correct application of the Eq. (1) is content. We add that, for poorly consolidated sandstones at
limited to the case of pores and granules arranged in homo10 MPa confining pressure, Kowallis et al. (1984) showed dry
geneous layers perpendicular to the path of seismic beameelocity data with linear trends of decreasing velocity with
and for average porosities (10%® < 25 %) of clean sand- increasing porosity similar to those obtained by Tosaya and
stones. However, it is well known that there are several otheNur (1982) for saturated sandstones at 40 MPa. A correlation
factors influencing the velocity of seismic waves, such as thebetween compressional and shear wave velocities can be ob-
mineral composition, the pore geometry, the degree of cetained from the equations shown in Table 2b proposed by
mentation and consolidation, the confining pressure, the por€astagna et al. (1985) and Han et al. (1986).
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Table 2. Summary of some literature studies on correlations between seismic wave veldgjti&s)(and their main influencing factors.

(A): Correlation Velocities (kms!) — Porosity®— Clay ContenC— Permeability K

Tosaya and Nur (1982)
Vp =5.8-8.60-2.4C

Han et al. (1986)
Vp =5.59-6.93p-2.18C
Vg = 3.52-4.910-1.89C

Klimentos (1991)
Vp =5.66-6.1kp—3.53C +0.0007 K

(B): Correlation between Compressional and Shear Wave Velocities

Castagna et al. (1985)
Vp=1.16Vs+ 1.36

Han et al. (1986)
Vp=1.26Vs+ 1.07

Clay content (%)
Zones

6000 T—pme - ————
58004 'g‘\\\ ‘ |

5600

54004
5200
£ 50004
E 48004
E 4600 4
© 44004

.
~_ + |
\‘\_:“. \

Sopegh N ’
|

\‘\
\\za\!&d

o o '
3 4200 e ™~
o . ]
e N S
¥ 3800 . ) \ \
ae
£ 3600+ . W RO ~
] ~ = ~ 4
o 3400 ~ s
3200 RO B |
aggldt T
3000 W !
28001 |
2600+ ~. !
0 5 10 15 20 25 30 35 40
C) FOROSITY (%)

s “«m
S: BUILDING SANDSTONE .
el . To TIGHT GAS SANDSTONE n 5:’&3'555’@%55
G GULF SANDSTONE 1 * Ge GULF SANDSTONE
. Pr P-SANDSTONE a= Fi P-SANDSTONE
T f X» CLEAN SANDSTONE T ¥ CLEAN SANOSTONE
swf 1 ¢ 3 s «
- T X swf :
& L] & :
s P & X g Ss oy
x 450 6 P g i T ﬁs
[ & %
o oo g o o A f
> " 4 § = 2% LA P:'"
anmof & sssss pSe it
E o H °c ) s
[ £ G“fh !bs g:u;
2w} &g 2w ‘e o
s ¢
& Ld
e I R 2 L R
POROSITY POROSTTY
A) B)
6 4
i
'’
S5 A :\\“
R S -
_ ™ )
w
Faa=
S
g \ n
> 31 ‘\\\ g
'.-\-.,_:?\-_\_\‘-:-\k
2 —
T T T T 1 0 T
0 10 20 30 40 50 0 10
Porosity (%) D)

30

Porosity (%)

Fig. 2. Plots summarizing some literature studies on seismic velocities versus porosity. Modified after Han et al. (1988)-B)|otdi-

mentos (1991) (plo€) and Carcione et al. (2000) (plbX).

Some of the results of the study conducted by Han etis about 1/3.2 as great of the effect of porosity for Vp and
al. (1986) are shown in the plots of Fig. 2a and b. Despitel/2.6 times as great of the effect of porosity for Vs. Finally,
some data scatter due to the different chemical compositionthe effects of porosity and clay content are largeSamaves
of the samples, we note how both Vp and Vs decrease witlthan onP waves. Therefore, a sample with high porosity and
increasing porosity and also how those velocities in non-clay content will tend to have a high Vp/Vs ratio. This ef-
shaly sandstones (“clean sandstone”) are always considefect was also observed by Blangy et al. (1993), who showed
ably higher with respect to what are reported for shaly sand+that dry ratios of Vp/Vs increase with porosity and clay con-
stones with the same porosity. The authors show how everent. In Fig. 2c we show also a plot of the result of the study
a small amount of clay (volume fraction of 1-2 %) can sig- performed by Klimentos (1991). The author confirms that
nificantly reduce velocities: the clay particles are arrangedthe velocity of longitudinal waves decreases with increasing
as lamina in the rocks or as grains between the sand graingorosity and shows how, for a constant porosity, velocity de-
and cause a softening of the sandstone matrix. The authorsreases with increasing clay content, even though with some

note also that seismic wave velocities are linearly related tadata scatter.

porosity in the range 2—30 % and to clay content in the range Carcione et al. (2000) (Fig. 2d) analyzed the character-
1-50 % and that the effect of clay in reducing wave velocitiesistics of sandstones rich in clay through a tri-phase model

Nat. Hazards Earth Syst. Sci., 12, 21472158 2012
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in the plot by dots). The results of their study show again a
decreasing trend of and S wave velocities with increas- Fig. 4. Plots s_ummarizing some Iiteratu_rt_e studies on elastic moduli
ing porosity, for different values of clay content: 0% (black), versus porosity and clay conteqt. Modified after Han et al. (1986)
10% (red), 20 % (green), 30 % (blue), 40% (light blue). (plots A-B), Golberg and Gurevich (1998) (plo&-D) and Pham
. .. et al. (2002) (plo€E).

In Fig. 3 we show the plots of velocities versus clay con-
tent obtained by different authors. Following the analysis by
Klimentos (1991) (Fig. 3a), the decreasefirwave velocity
associated with increasing clay-content is connected to the The plot of velocities vs. clay content obtained by Car-
increase of non-compressible clay micro-porosity or to thecione et al. (2000) (Fig. 3c) shows an abrupt change of rock
influence of the elastic moduli of the clay content itself. matrix properties with the addition of a very small amount

Figure 3b reports the results of the study conducted byof clay, attributed to softening of cements, clay swelling and
Marion et al. (1992) on unconsolidated brine saturated clearsurface effects, i.e. the wave velocities decrease significantly
sands, pure kaolinite, and their mixtures at various confiningwhen the clay content increases from 0 to a few per cent. The
pressures. The authors used a micro-geometrical model facolours in the plot refer to different values of porosity: 0%
mixtures of sand and clay in which two classes of sedimentgblack), 10% (red), 20% (green), 30% (blue), 40% (light
are considered: (1) sands and shaly sands, with clay volumblue).
fraction C smaller than sand porosi¥s, in which clay is Regarding the effect of porosity and clay content on bulk
dispersed in the pore space of sand and thus reduces porosiiynd shear moduli, the plots of Fig. 4a and b show a decrease
while increasing the elastic moduli of the pore-filling mate- of the moduli with increasing either porosity or clay content.
rial and (2) shales and sandy shales, with clay volume frac-The plots obtained by Han et al. (1986) refer to the same
tion C higher than sand porosit®s, in which sand grains samples and conditions as in Fig. 2a and b. They show that
are dispersed in a clay matrix. In this last case, porosity in-the sample mineralogical composition (presence of clay) has
creases and elastic moduli decrease with increasing clay cora greater influence on the pattern of the shear modulus vs.
tent. By considering the above described model, the authorporosity than on the pattern of the bulk modulus vs. porosity.
found a peak inP velocity versus clay content in unconsol-  Goldberg and Gurevich (1998) proposed a semi-empirical
idated sand-clay mixtures at 40 percent clay by weight. Themodel of velocity-porosity-clay content for shaly sandstones.
peak in velocity is 20—-30 % higher than for either pure clay It employs a two-phase model consisting of fluid and a
or clean sand. solid matrix made of sand and clay particles homogeneously

www.nat-hazards-earth-syst-sci.net/12/2147/2012/ Nat. Hazards Earth Syst. Sci., 12, 2121158 2012
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Table 3.Rock and soil classification based on geo-lithological, geomechanical and geophysical features (modified after Rapolla et al., 2010).

Geo-Lithological Characteristics: Geomechanical Parameters Geophysical Parameter
— Ground Type (OPCM, 2003; Eurocode 8, 2003) NspT Cu(kPa) Vs (kms1) (average
— Internal Disruption Level value)

— Natural Humidity

Ground Type A

(1) Coherent, non-fractured materials >1.5

(2) Coherent, slightly fractured materials 1.5-0.8 (1.15)
Ground Type B

Coherent, strongly fractured materials; deposits of stiff soi#50 >250 0.8-0.36 (0.58)
Ground Type C

Deposits of dense or medium-dense soil 15-50 250-70 0.36-0.18 (0.27)
Ground Type D

Deposits of cohesionless soll <15 <70 <0.18
Pseudo-coherent (clayey) materials

(1) Low natural humidity >50 >0.18

(2) High natural humidity <50 <0.18

mixed to form composite granules. In order to use this modelwater saturation, an increasing amount of clay from 0% to

for clay-rich rocks, the authors assumed that the bulk andabout 30 % may cause a reduction of about 12 % in the Vs

shear moduli of the grain material, and the dependence oand of about 50 % in the shear modulus values, whereas for

the compliance on porosity, are function of the clay con-a constant porosity and clay content, an increasing saturation

tent. In agreement with what shown by Han et al. (1986)degree from 0% to 100 % may lead to a reduction of 5-6 %

and reported by Carcione (2000), the authors observed am the Vs values.

abrupt change in the rock matrix properties with the addition

of small amounts of clay to a clean rock. Both Vp and Vs

drop significantly when the clay content increases from 0 to# Evaluating the geo-lithological properties for

the first few percentages. The authors observed that this phe- S€ismic-induced landslide zonation

nomenon is mainly related to a reduction of the shear modu- i , i

lus, while the bulk modulus has a minor influence on velocitym this Section we shoyv how a careful_ evaluation of

values (Fig. 4c—d). According to Han et al. (1986) and Kli- the apove-reportgd geo-llthologlcal propertlgs may Ieapl to

mentos (1991), such rapid changes of sandstone properties f¢ningful zonation on seismic hazards, with emphasis of

very low clay content are a common feature of sandstones. S€iSmic-induced landslides. Rapolla et al. (2010, 2012) pro-
Figure 4e reports the results of the analysis from Pham eP©Sed a guick procedure to assess the seismic slope stability

al. (2002), who continued the study of Carcione et al. (2000)at different scales/levels that ac.counts for (A) the seismic-

and presented a tri-phase model for silty sandstones for pré_elevant property _Of the rockg/ soils that crop ,OUI,_ expressed

dicting seismic wave velocities with varying conditions of as transversql Seismic V_EIOC'ty (VS)_’ (B)_the mclme_angle of

saturation, content of clay and permeabilities. The authorsOP€S —obtained from high-resolution digital elevation mod-

showed that for 10 MHz and a porosity of about 24 %, an in-€!S Of the topography of the investigated areas, (C) the seis-

crease of the saturation causes an initial Vp decrease and th&fiC intensity that most likely will affect the study area — ex-

a Vp increase (at high saturations), along with a continuouspre_sse_d in terms of European Macrose|sm|g Sgale (EMS-98),

decrease in Vs. Both types of wave velocities decrease as th\@hICh is based on the the Mercglll-Cancanl-Sleberg (MCS)

clay content increases. and Medvedev-Sponheuer-Karnik (MSK-64) scales.

The above-mentioned studies summarized in Figs. 2, 3 and The seismically-induced landslide susceptibility level of

4 converge in showing that the shear modulus and the velpcdn area can be optaineq from the average of factor; AandB,
ity of seismic waves, and in particular of Vs, are strongly f:on5|dered apredisposing factomultiplied by the trigger-

influenced by clay content and degree of saturation of thdnd factor C. Referring to the above cited literature for details
medium, which in turn is influenced by rainfall. These ef- about the procedure, we would like to note here that a cru-

fects can be quantified as follows: for a constant porosity ancFi@! PoINt of the procedure is a correct evaluation of the A
parameter, théthology index
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U (A) and of the Ischia IslandB) The seismic-induced landslides
1/15 1105 1/0.25 1/0.18 considered in the analysis are shown in pB). Modified after

1= “{l'l'lllﬁeﬂ} Rapolla et al. (2012)

Fig. 5.Correlation between Vs values alittiology index Modified

after Rapolla et al. (2012). 1.5kms, i.e. hard, non-fractured rocks and reaches a value
of 1 for deposits having Vs lower than 0.18 km'si.e. co-
hesionless soils or pseudo-coherent (clayey) materials with

As far as the technical characteristics and the responshigh natural-humidity.
to a mechanical action are concerned, rocks and soils can As far as the other parameters (B and C), shape,and
be classified in different ways, according to various qualita-intensity indexesre concerned, the authors assumed a di-
tive/quantitative criteria. Following the same rock and soil rect proportionality between the incline angle values and the
classifications reported by the OPCM (2003) and Eurocodeslope indexand between the MCS values and ifieensity in-

8 (2003), based on three different criteria (geo-lithological, dex For details regarding the computation of these two fac-
geomechanical and geophysical), it is possible to classify theéors, we refer again to the above cited literature. We note
outcropping soils and rocks on the basis of what is reportechowever that, depending on the scale of study, the method
in Table 3. The above cited regulations regard transversatan employ as seismic input either the peak ground acceler-
wave velocity as the most suitable parameter for evaluatingation (PGA) values derived from national scale hazard es-
the response of materials to the seismic action and introducémates, modulated on the basis of the site’s amplification
ground types. Ground types are classified on the basis ofactors, or the intensity values that refer to the area’s most
stratigraphic profiles and parameters, which can be used teepresentative earthquake (taking into account the worst seis-
account for the influence of local ground conditions on themic “scenario”). No matter the type of seismic input that is
seismic action. They includes 3o (km s™1) (average value of  used, théntensity Indexwill, implicitly or explicitly, account
propagation velocity of waves in the upper 30 m of the soil for the geo-lithological characteristics of rocks and soils, as
profile), or as a second choic€gpT (blows/30 cm) (standard these features will affect their response to seismic action in
penetration test blow-count) and Cu (kpa) (undrained sheaterms of amplification phenomena.

strength of soil). Thus, the shear wave velocities of each lithological unit

Besides the ground types reported by the above cited seiswill influence the computation of both the Factors A and
mic regulations, Table 3 accounts for further two types, i.e.C of the procedure (connected to lithology and seismic in-
coherent materials with Vis 1.5kms ! and clayey soils tensity, respectively). A thorough assessment of their values
whose geomechanical and seismic behaviour is strongly infepresents therefore a key issue for a correct zonation of the
fluenced by their natural humidity. territory susceptibility on seismic-induced landslides.

The average transversal wave velocity value (Vs) of each The attribution of Vs values to the lithological units is a
lithological unit should be evaluated with reference to the costly target, if field and/or laboratory measurements are in-
shallower portions of rocks and soils that are usually in-volved. In the following, we show how a careful evaluation
volved in seismic amplifications and/or in landslide phenom-of the unit's geomechanical and geophysical features based
ena. Through this evaluation, which may be carried out on theonly on literature studies may lead to results that we consider
basis of both experimental data and/or data reported in literreliable for land planning targets. The procedure was applied
ature, it is possible to refer to the units to the ground typesat different scales in two areas of southern Italy: the Cam-
of the Eurocode 8 (2003) classification (Table 3) and to esti-pania region and the Island of Ischia (Fig. 6) (Rapolla et al.,
mate theilithology indexthrough the inverse proportionality 2010, 2012).
shown in Fig. 5. The index — in terms of landslide suscepti- In Fig. 7a and b we show the lithological maps of the Cam-
bility — is assumed to be zero for rocks having Vs higher thanpania region (1st level — large-scale study) and of the Island
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Table 4. Litho-seismic unit classification for the territories of Campania region and Ischia Island. Amplification factors from Eurocode
8 (2003). Modified after Rapolla et al. (2010, 2012).

Campania region litho-seismic units Average Vs Ground
(prevailing lithology (m 371) type/amplification
and/or lithological assemblage) factor

Thin- to thick-bedded sands and clays 250 Type C/1.25
Mainly thin-bedded clays, clastic limestones and locall300 Type C/1.25
slates; massive clays

Mainly thin-bedded arenites, clays and locally marls350 Type C/1.25
massive sands; pyroclastic deposits, ignimbrites and

tuffs

Alternating gravels, sands and clays; thin- to thick400 Type B/1.25

bedded conglomerates, arenites and clays; mainly thin-
bedded clastic limestones, marls and clays; pyroclastic
deposits with minor lavas

Thin- to thick-bedded clastic limestones with minor450 Type B/1.25
marls and clays

Massive gravels 500 Type B/1.25
Bedded marls with limestone 550 Type B/1.25
Massive or thick-bedded arenites, thick-bedded clast@00 Type B/1.25
limestones and marls
Thick-bedded clastic limestones with minor clays 750 Type A/1.00
Lavas; travertines; massive conglomerates 800 Type A/1.00
Limestones and dolomites; evaporites 1000 Type A/1.00
Island of Ischia litho-seismic units Average Vs  Ground

(ms™1 type/amplification

factor

Sands and filling materials 150 Type D/1.35
Reworked pyroclastic deposits 180 Type C/1.25
Pyroclastic deposits 200 Type C/1.25
Debris deposits 250 Type C/1.25
Tuff (un-welded facies) 300 Type C/1.25
Tuff (welded facies, disrupted at the surface) 360 Type B/1.25
Pumice breccias and welded scoriae 400 Type B/1.25
Siltstones 600 Type B/1.25
Lavas 700-800 Type A/1.00

of Ischia (2nd level — intermediate-scale study). In the Cam-This leads to slope instability (deep-seated slides often evolv-
pania region (Fig. 7a), landslides occur mainly in the areasng in soil flows) both in static and dynamic conditions.
characterized by flysch lithologies, represented by the 2nd, On Ischia (Fig. 7b) the main lithological units involved in
the 3rd and the 4th litho-seismic units in Table 4. Their low the seismic-induced instability phenomena of the island are
values of shear wave velocity are due to a high content of(a) a welded tuff formation in correspondence with the main
clay, to the presence of pervasive discontinuities and to theelief of the island and (b) debris deposits covering the tuff
consequent high water content, mainly in the rainy periodsin the Piedmont areas. The mentioned tuff formation is clas-
Moreover, these units are characterized by significant litho-sified as “soft rock” and is affected by exfoliation, weath-
logical heterogeneities, often involving very small volumes ering and thermo-chemical alteration processes. The debris
of material, and consequently by a low degree of cohesiondeposits and soils on the Piedmont areas derive from the
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degradation of the tuff, and their granulometric characteri-high saturation conditions, typical of rainy seasons, for the
zation shows mainly sands with a negligible clay fraction. island’s weathered tuff and re-worked pyroclastic deposits.
The variable amount of clay (high content in some areasAs mentioned, this may lead to a reduction in the Vs val-
of the Campania region and negligible amount on Ischia) andues of about 5 %. Regarding the Campania region, the worst
the different extension of the study areas make the two analypossible “scenario” was accounted for by carefully evaluat-
ses a good test for the validation of the procedure in differenting the clay content of the litho-seismic units in Table 4 and
conditions. estimating the relative Vs reduction with respect to similar
The Vs values of each lithological unit of the study areaslithologies with negligible clay contents, and, again, consid-
were identified on the basis of the data reported in literaturegring high saturation conditions typical of rainy seasons.
e.g. Nunziata et al. (2004) and Di Giulio et al. (2008) for the
Campania Region, and Guadagno and Mele (1995) for the .
Ischia Island. This allowed the lithological units shown in © Concluding remarks

Fig. 7a and b to be unified in 11 different litho-seismic units . .
) . N : : Shear wave velocity values have a fundamental role in con-
for Campania and 9 litho-seismic units for Ischia, on the ba- . . 2 L :
nection with the mitigation of seismic hazard, as their low

sis of their average Vs values and ground types/ampl|f|cat|onva|ues are an indicator for site amplification phenomena, and
factors (Table 4).

In Fig. 7c and d we show the maps of thithology in- thus they may highlight areas susceptible to seismically in-

: L duced landslides. The Vs values and the modulus of litho-
dexesobtained for the two study areas by the application of " " . :
the zoning procedure. Regarding the Campania region Wéoglcal units are strongly influenced by factors such as the
can observe several éreas with medium and high value;s Oqegree of fracturing and faulting, the clay content and the

the Lithology Index(Rapolla et al., 2012) (Fig. 7c) located in saturation of the medium, which in turn is influenced by rain-
" ) fall.

correspondence with the widespread flysch lithologies. On The results of different studies from literature on rock sam-

Ischia the higheslithology indexesare mainly located on o . .
. . - . les reported in this paper confirm the well-known reducing
the northwestern side of the island, which is characterize L .
effect of water and clay (which includes a fair amount of

by loose and in some cases re-worked pyroclastics deF)OSitevc\j/ater) on slope shear resistance. From a quantitative point
on gentle slopes (Rapolla et al., 2010) (Fig. 7d). P ) N b

In Fig. 7e and f, we show the maps of teasceptibil- of view, the studies converge in showing that, for a constant

ity indexesobtained for the two study areas. In both cases porosity and water saturation, an increasing amount of clay

e . o . 'from 0 % to about 30 % may cause a reduction of about 12 %
the distribution of the highest susceptibilities resulted in CON~ “ihe Vs and of about 50% in the shear modulus values,

sistency with the distribution of the documented historical . .
N . . hereas for a constant porosity and clay content, an increas-
seismic-induced landslide data. We note that the obtaine :
ing saturation degree from 0% to 100 % may lead to a re-

maps have a se_rr!l_qu_antltat!ve meaning as they provide a.deducuon of about 5% in the Vs values. We note that this little

gree of susceptibility in relative terms. As the Vs characteris-~_ =" L .

4 . . variation (5 %) is influenced by the mainly homogeneous na-

tics of most of rocks and soils depend on the variation of the . . :
. ) T, ture of the rock samples analyzed in the described literature

rainfall amount, both théthology andsusceptibility indexes

. : tudies. In presence of joints, fault planes and slipping sur-
may be seasonally dependent, assuming different values, : _y
: ) ) o . aces, much lower rock mechanical characteristics (shear re-
referring to rainy or dry periods within the year. While for Is-

chia, the limited area of the island (approximately a hundredS'Stance’.C(.)hes'on) may be expected. We add that rO.Ck s.hear
km?) and the negligible clay fraction in the deposits should wave variations depend also on the scale of observations: the

not significantly change the overall picture of itology reduction in clay shear resistance connected to the presence

andsusceptibility indexnaps of the island, for the Campa- of smear joints and/or to fault planes is in fact only reflected

. . : S when observed at a detailed scale.
nia region these two indexes may undergo significant sea-

sonal variations. This is due to the size of the region (ca.
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based earthquake hazard studies, see, e.g. Babayev et eﬂ.,

2010). In the case of Ischia, this was done by considering
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