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Abstract. Recent observations have shown that slope re-a promising technique for identifying seismic response di-
sponse to seismic shaking can be characterised by directionagctivity. Furthermore, in a comparative test conducted on a
variations of a factor of 2-3 or larger, with maxima ori- slope mantled in part by a deep-seated landslide we detected
ented along local topography features (e.g. maximum slopepectral peaks with orientations close to the maximum slope
direction). This phenomenon appears influenced by slopelirection, whereas no evidence of directivity was found out-
material properties and has occasionally been detected oside the slide boundaries. This indicates the influence of the
landslide-prone slopes, where a down-slope directed amplitandslide body on seismic response directivity.

fication could enhance susceptibility to seismically-induced
landsliding. The exact conditions for the occurrence of direc-
tional amplification remain still unclear and the implementa- 1
tion of investigation techniques capable to reveal the pres-

ence of such phenomena is desirable. To this purpose Wg, the |ast two decades some workers (Bonamassa and Vi-
tested the applicability of a method commonly used to eval-451e 1991 Vidale et al.. 1991 Spudich et al., 1996; Xu et
uate site resonance properties (Horizontal to Vertical Nois&y|  1996; Martino et al., 2006) have reported cases of notable
Ratio — HVNR or Nakamura's method) as reconnaissancgyirectional variations of seismic site response under different
technique for the |dent|f|gat|on of S|t¢ response directivity. geological and topographical conditions. Our recent studies
Measurements of the azimuthal variation of H/V spectral y4yided new evidence of this phenomenon (Del Gaudio and
ratios (i.e. between horizontal and vertical component) ofyyasowski, 2007). In particular, we analysed the directional
ambient microtremors were conducted in a Iandsllde?prong,ariation of shaking energy in several earthquakes of low to
study area of central Italy where a local accelerometric netnqgerate magnitude recorded by accelerometric stations lo-
work had previously provided evidence of directivity phe- cated in eight hillslope sites of central Italy. For four of these
nomena on some slopes. The test results were compared Witlyes shaking maxima were found in an almost constant di-
average H/V spectral ratios obtained for low-to-moderatereciion, regardless the back-azimuth of the epicentres of the
earthquakes recorded by the accelerometric stations. In g€facorded events. The maxima of shaking energy were on
eral, noise and seismic recordings provided different ampli-pyerage 2-3 times as high as orthogonally directed minima
tudes of spectral ratios at similar frequencies, likely because,nq turned out oriented in directions close to that of locally
of differences in signal and instrument characteristics. NevVyominent topographic features (i.e. maximum slope or steep
ertheless, both kinds of recordings showed that at sites afgcarp rim). Furthermore, preliminary accelerometer moni-
fected by site response directivity major H/V peaks have ori-yoring results from three different landslide-prone slopes in
entations consistent (within 2630°) with the direction of  gqythern Italy indicated the presence of directional effects
maximum shaking energy. Therefore, HVNR appears t0 b&yjth maxima oriented along the general direction of slope
movements (Gallipoli and Mucciarelli, 2007).

The analysis presented by Del Gaudio and Wa-

Correspondence tov. Del Gaudio sowski (2007) suggests that these phenomena are not caused
BY (delga@geo.uniba.it) by a purely topographic effect. Indeed, a fundamental role
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seems to be played by anisotropies in slope material propetrHVNR measurements carried out with portable instruments,

ties, which, in different settings, can be either induced bywith simultaneous recordings of permanent accelerographs

factors controlling also the topographic relief (e.g. tecton-and with the available database of seismic event recordings.

ics) or _direc_tly controlled by the topography (e.g. as effect |n particular, in this work the newly acquired results are

of gravity-driven mass movements). compared with H/V spectral ratios obtained by Del Gaudio
The recognition of a pronounced directivity in site re- and Wasowski (2007) from seismic event recordings, inte-

sponse is an important factor to be considered in local hazgrated with additional more recent accelerometric data. Fur-

ard evaluations and in building code applications. Further-thermore, we present HYNR measurements made in other

more, site response directivity can be relevant in enhancingocations on the 1989 landslide that confirm the influence of

susceptibility of slopes to earthquake induced failures conthe landslide body on the directivity effects.

sidering that in most of the observed cases the direction of

maximum shaking resulted close to that of the maximum

slope. Hence thg |dent|f|cat|qn of d|rect|ona! amp!lflcr_mons 2 Description of the study sites

should be taken into account in comprehensive seismic land-

slide hazard assessments. However, until now, the IImItedI'he study sites are on the peri-urban slopes of Caramanico

amount of observational data has not allowed a thorough uny,

. . o 2 erme, a town located in Central Italy (Fig. 1). This area is
derstanding of factors controlling directional amplification located in a seismically active part of the Apennine chain
and the definition of practical recognition criteria. There- :

f ied out i tigati ¢ luate if seismic sit which in the past generated earthquakes of magnitude up to
ore, we carried out investgations 1o evaluate It SeISmiC Sit€ 4 - gaismic shocks are recurrently felt at Caramanico and
response directivity can be revealed through quick and low-

cost tests like the Nakamura’s method (also called Horizont:’;\[ecr_}nt hazard estimates (*Gruppo di lavoro”, 2004) indicate
; . . ) hat a PGA value of 0.2 g has an exceedance probability of
to Vertical Noise Ratio — HVNR — technique), based on the g P Y

: o . . 10% in 50 years. Furthermore, several cases of slope failures
calculation (.)f the H/V ratio (i.e. the ratio betwc_aen honzon-_ induced by historical earthquakes have been documented and
tal anq Vef“ca' component spectra) of recprdlngs of amb','conditions for seismic slope failures have likely occurred also
ent noise induced by natural and anthropic sources of M4 other occasions (Wasowski and Del Gaudio, 2000).

crotremors (Nakamura, 1989). . . .
. L The local geological setting, characterised by the presence
The HVNR technique, despite its somewhat unclear theo-of thick, often coarse colluvia of Quaternary age, overly-
retical bases (see Bonnefoy-Claudet et al., 2006a), has been ' y age, Y

diffusely applied in microzonation studies, mainly because9 the relatively impermeable Pliocene mudstones, together

. X . “with the persistance of high relief, make the Caramanico
peaks in the H/V spectral ratios have proved to be an effective : ) - - )
indicator of the resonance frequency of low-impedance sur-.SIOpes highly susceptible to landsliding. S.urf|C|aI deposits
face layers. The technique remains popular even though thgwluc_]e loose to weakly cemented coarse I|mest0r_1e gravels
reliability of the associated estimate of the amplification fac- and limestone blocks, as well as re-moulded clay-rich mate-

tor is deemed questionable (Bonnefoy-Claudet et al., 2006b)t'ZLf;ézﬁ;bgggtgat?ggl agg_\;i:;'i(r’:ég:zng dei:rzf ltlitgr?fsacllaicsaé”t]o
At present the employment of this method can benefit fromP y P y P

the recent introduction of a new portable instrument namedong. history of mass movements) confer cpn5|derable com-
“Tromino”, with velocimeter characteristics, specifically de- plexity o the local slope settings (Wasowski and Del Gaudio,

signed for HVNR measurements. 2000).

Considering that Tromino allows 3-component recordings B€cause of thr? recurrefnct::e of slope :]alluges andl frquent
of microtremors also in difficult logistic conditions, we em- SE€ISMIC activity the area of Caramanico has been selected as a

ployed it to measure azimuthal variation of H/V spectral ra- test site for recent research projects on Iandslu_je ph(_anomena
tios of microtremors on landslide-prone slopes at Caramanf’md alocal network of permanent accelerometric stations was

ico Terme (central Italy). In this area, a long term monitoring St UP 1O study slope response to seismic shaking in different

has been undertaken since 2002 to study seismic respondi10stratigraphic and topographic conditions. The network

of slopes by means of a network of 5 accelerometric stancludes 5 stations (see Fig. 1) equipped with accelerographs

tions. The monitoring provided clear evidence of directivity Kinemetrics model Etna:

in seismic response for two of these stations, one located on

a landslide re-activated in 1989 and presently quiescent, and 1. CAR1, on a slope in Pliocene mudstones, locally dip-
the other on the rim of a steep scarp in carbonate breccias  ping 18 to WSW;

overlying stratified limestones (Del Gaudio and Wasowski,

2007). This area represents a useful test site to experiment2. CAR2, 600 m to SSE of CARL1, within the same hill-
techniques for the identification of site response directivity, slope locally dipping 11to WSW, but on the head of
even though the exact causes of these phenomena are still a landslide that in 1989 mobilised a 30—40 m thick col-
being investigated. Indeed, the Caramanico area offers the luvium deposit overlying the same mudstones outcrop-
possibility of comparing the results obtained from tests like ping at CAR1,
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Fig. 1. (a)Orthophoto of the study area showing lithological units and positions of measurement sites; geographical location marked on
inset. Major landslides are indicated in green, geological contacts in brown and inferred fault in red (after Wasowski and Del Gaudio, 2000).
Explanation: Lm = Miocene limestones; Me = Messinian sandy-silty deposits with carbonate breccia; Mp = Pliocene mudstones; Bq =
Quaternary limestone megabreccias; Sgh = Quaternary and Holocene soils (colluvium and artificial ground); numbers 1-5 mark the location
of the accelerometric stations CAR1-CARB) Enlargement of the 1989 landslide area, showing the locations (T1, T2 and T3) of the HVNR
measurements carried out on the slide bgdy(seologic profiles of CAR1-5 sites constructed along the maximum slope directions (marked

by purple lines in part (a). Note that horizontal and vertical scales are equal and thatm a.s.l. stands for meters above sea level.

3. CAR3, on the rim of a gorge about 50 m deep, locally analysis of directional variation of shaking energy, expressed
oriented WNW-ESE, on 10 m thick Messinian carbon- in terms of Arias intensity (Arias, 1970), showed pronounced
ate breccia deposit overlying Miocene limestones; maxima systematically oriented along an almost constant di-

rection in all the recorded events, regardless their source lo-

4. CAR4, 2.5km SE of Caramanico, on the same lime- cation.

stones constituting the substratum at CAR3, which lo-
cally form a gentle slope dipping’8o NW; This suggested the presence of a directional resonance in

5. CARS5, about 200m east of CAR2 on the same collu- the dynamic response of these sites to seismic shaking. The
vium as in CAR2, but upslope the 1989 landslide Crown’d.irectivitylwgs further investigatgd by analyzin_g the direc-
in a gently inclined & 7°) area. tlopal variations of average horizontal to vert_lcal_ spectral

ratios (HVSR) calculated for the recorded seismic events.

In five years these stations provided 98 recordings of 60 seisTheoretical considerations support the use of HVSR in site

mic events of magnitude up to 5.4 and distance from few toeffect evaluations for the case of 1-D layering dynamic re-

160km. For two of these stations, CAR2 and CAR3, thesponse (e.g. Lermo and @Vez-Gar@, 1993), however this
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MmQ exceeds 1.5, the associated shaking energy in direction
of maximum exceeds that in direction of minimum by more
than a factor of 2. Thus MmQ=1.5 was assumed as a thresh-
old to identify a significant directivity of site response at the
corresponding frequency.
Both at CAR2 and CARS3, spectral ratios at several fre-
guencies reach their maximum values at very close azimuths,
HVSR CARI BT HvsR caR2 dropping to a significantly lower value along perpendicular
0123456 0123456 orientations (Table 1). At CAR2 the main peak (HVS®)
at 10.1Hz and all the major secondary peaks (H¥8R
have N 80-9C E direction, which is very close to the di-
rection of maximum slope and the mean direction of shak-
ing energy maxima (N 100/). At CAR3 the largest max-
ima (HVSR > 7) are distributed between 9 and 16 Hz, with
the main peak (HVSRx16 at 12.4Hz) in N80W direc-
tion and secondary peaks with azimuths betweer’M8and
N 60° W. Thus the peaks are orientated approximately paral-
HVSR CAR4 lel to the gorge rim and diverge at most by’ ¥tbm the mean
direction of shaking energy maxima (N°7/).
The other sites do not show a clear preferential direction
in the azimuthal distribution of spectral energy (Table 2): at
CARL1 major relative maxima are oriented along different di-
rections distributed in an azimuth interval of abouf 8at
CAR4 the HVSR values have no sharp peak (maximum spec-
tral ratio is less than 3) and differences between maximum
and minimum of spectral ratios at the same frequency are
small; at CAR5 frequency bands showing maximum spectral
HVSR CARS ratios (at frequency 8-9Hz and 11-12 Hz) seem to have a
nearly isotropic distribution of their values (Fig. 2). Itis note-
worthy that CAR1, CAR2 and CARS5 are all closely located
Fig. 2. Polar diagrams of mean HVSR (Horizontal-to-Vertical gn the same hillslope, characterised by the same Pliocene
Spectral Ratios) values for stations CARL, CAR2, CAR3, CAR4, 1y 4stone substratum, but only CAR2 is sited on the 1989
CARS calculated at 1‘Qa2|muth mtervals for aI_I the seismic events landslide body, whereas CARS is located just 200 m upslope
recorded at each station (see Fig. 1 for locations). Note that value . . . g
of spectral ratios at CAR3 are much higher than at other stations e 1989 landslide, on_ colluylal deposits very similar to thos_e
and hence HVSR diagram scale is different. affectgq by the Ia.ndshde (Fig. 1). Thus the presence of ;lte
directivity at the site located on the landslide (CAR2) and its
absence at the two sites located with a few hundred meters

technique has also been found suitable to identify resonancgom the landslide suggest that the landslide body plays an
frequency in more complex situations, e.g. in presence of tojmportant role in site response.

pographic amplification (Chvez-Gar@ et al., 1996). The

results obtained at Caramanico revealed that, at the sites

CAR2 and CAR3, HVSR values were characterised by di-3 Measurements

rectional spectral peaks at site-specific frequencies with ori-

entations close to the mean direction of maximum shakingIn order to verify if the site response directivity and its prop-

i.e. N100O W-N8C E and N 70 W-N 110 E, respectively erties can also be derived from HYNR measurements, recon-

(Del Gaudio and Wasowski, 2007). naissance investigations based on microtremor recordings
Additional most recent recordings confirmed the earlier re-were conducted at the 5 accelerometric sites of Caramanico.

sults from Caramanico. In Fig. 2 the mean HVSR valuesThe measurements were done using the new portable seismo-

obtained from the total data set are represented by polar digraph Tromino. This instrument is a compact 3-component

agrams. Tables 1 and 2 list the absolute and main relativerelocimeter (seéhttp://www.tromino.it for instrument de-

maxima of spectral ratios along with their relevant charac-scription) with a good instrumental response in a wide fre-

teristics, i.e. frequency and azimuth of each maximum, theguency interval. Thanks to its small size @D4x7.7 cm)

minimum spectral ratio found at the same frequency of max-and weight (1.1 kg) Tromino is particularly suitable for mea-

imum, the azimuth of the minimum and the quotient betweensurements in rough terrain conditions like those of landslide-

HVSR maximum and minimum (MmQ). When the quotient prone slopes.

1A

]
o]

0 4 8 12 16 0123456

0123456
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Table 1. Main relative maxima of horizontal to spectral ratios in seismic (HVSR) and noise (HVNR) recordings at sites characterised by
directivity in site response (CAR2 and CAR¥req= frequency; AzM = azimuth of maximum at the specified frequency; HYM = maximum
spectral ratio at the same frequency; Azm = azimuth of minimum at the specified frequency; HVm = minimum spectral ratio at the same
frequency; MmQ = Quotient HYM/HVm.

HVSR HVNR
Fre@q AzM HVM Azm HVMm MmQ Feq AzM HVM Azm HVm MmQ

18 80 28 -10 21 13
25 90 2.5 0 1.9 13 2 90 53 0 3.1 1.7
3.5 50 2.7 -40 2.0 1.4 # 80 2.7 —40 1.8 1.6
4.0 80 22 -20 1.6 1.4
6.8 90 4.0 0 1.7 24 8 90 2.0 0 11 1.8
7.7 80 47 -10 1.7 2.8 v 90 2.1 0 14 15
CAR2 87 80 48 -10 1.9 2.6 & 80 24 -10 1.7 1.4
101 80 58 -10 3.2 1.8 16 80 3.0 0 15 2.0
119 80 3.9 0 2.4 1.7
12.6 40 3.6 -50 2.6 1.4
135 40 29 -50 2.2 13 13 80 3.0 -10 1.8 1.6
14.7 80 3.1 -10 18 1.7

4.2 50 22 -40 1.6 13 P 40 3.0 50 2.1 14
55 80 27 -10 1.9 1.4 58 -10 2.8 80 2.0 1.4
6.2 60 3.0 -20 2.3 13 @0 -10 2.9 80 2.3 1.2
6.9 80 3.5 0 2.8 13 @& 0 32 -80 2.6 1.2
7.7 90 3.4 10 3.2 117 8 -10 4.7 80 2.8 1.7
86 —80 4.2 10 3.1 14

96 80 7.2 10 4.1 18 9 40 6.2 50 4.5 1.4

CAR3 115 _70 134 20 75 1.8

124 80 15.7 20 7.3 22 18 -50 13.9 40 7.9 1.8
135 -80 13.0 10 5.6 2.3
143 -60 10.1 20 5.6 18
149 70 7.9 20 4.3 1.8
157 70 7.0 20 3.6 2.0

Ambient noise was recorded at each accelerometric site fothe average spectral ratios H/V of all the recording intervals
15 min with a sampling rate of 128 sps (sample per second)in each direction were obtained. As for the HVSR values, the
Tromino was positioned beside the accelerograph Etna antblegree of directivity” of a spectral peak at a given frequency
during the measurement session, for comparison purposegjas evaluated through the parameter MmQ and a threshold
noise recordings were also carried out with Etna, which op-of 1.5 was assumed to identify the presence of a significant
erates at a sampling rate of 200 sps. The recordings obtainedirectivity.
from Etna were corrected for the instrumental response using The evidence of directivity at the CAR2 site, located on
the procedure described by Shakal and Ragsdale (1984) witthe head of the 1989 landslide, prompted us to examine in
pass-band filtering in the interval 1-50 Hz, and data weremore detail the role of the landslide in determining such phe-
decimated to halve the sampling rate to 100 sps. nomenon. For this reason additional noise measurements

. ] o ) ) were carried out at three sites on the landslide (see Fig. 1
The noise recordings were subdivided into intervals of for |ocation): two of them (T1 and T2) are in the middle

305, selecting the most stationary part of the recorded sigpart of the slide, mid-way between its central axis and the
nals and excluding transient parts possibly associated to vengi.|ateral boundary, where the landslide body is about 20 m

close sources, according to the guidelines suggested by thgjck and includes 10 m of carbonate breccia debris overly-
project SESAME (Site EffectS assessment using AMbienting reworked clays; the third site (T3) is near the center of

Excitations: seéhttp:/sesame-fp5.0bs.ujf-grenoble.fr/SES ine slide toe, where the landslide material (with estimated

Reports.ht Fourier spectra were calculated and smoothedinickness of 10-15 m) consists mainly of reworked clays in-
using a triangular average on frequency intervalst05% cluding isolated limestones blocks.

of the central frequency. The spectral ratios were then calcu-
lated between horizontal components oriented agkimuth
intervals and vertical component and, finally, for each station,

www.nat-hazards-earth-syst-sci.net/8/751/2008/ Nat. Hazards Earth Syst. Sci., B5Z2D08
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low H/V ratios or a fusion of two or more peaks that cannot
be distinctly resolved.

With regard to the two sites showing directivity in seismic
response (Table 1), a quite good agreement was found be-
tween the main peaks of HVNR and HVSR at CAR3 (Figs. 2
and 3). There HVNR is characterised by a maximum spec-
tral ratio equal to 13.9 at frequency of 12.6 Hz in N 50U
direction, having a significant directivity (MmQ=1.8); it cor-
responds to the HVSR peak equal to 15.7 at frequency of
o1234s 01234s 12.4Hz in N80 W direction for which MmQ is equal to 2.2.
More in general, both HYNR and HVSR diagrams show a
similar strong concentration of spectral energy between 9 and
16 Hz with spectral ratios above 6, despite a general diver-
gence of 30—40between the directions of HYNR and HVSR
maxima. It should be stressed, however, that, for each kind
of recording (seismic or noise), major spectral ratio peaks
do not diverge by more than 2@rom each other and by no
more than 30from the mean direction of the shaking energy
JEE_ T HVNR CARS MR HVNR CARd maxima observed during the earthquakes. These divergences
0246810124 012345 could be due to the influence of possible different polariza-
tions in signal sources.

As far as CAR2 is concerned, amplitude and degree of di-
rectivity of spectral ratios obtained from seismic and noise
recording for similar frequencies are quite different. There-
fore directional maxima of HVNR and HVSR are found at
different frequencies (Figs. 2 and 3) and major peaks in
one diagram (e.g. at 2.4Hz for HVYNR and at 10.1 Hz for
HVSR) correspond to rather modest relative maxima of the

AT HVNR CARS other (e.g. the 2.5Hz peak of HVSR and the 10.6 Hz peak

orzeas of HVNR, which are approximately 1/2 of those mentioned

above). However, despite these differences, all the relative

Fig. 3. Polar diagrams of mean HVNR (Horizontal-to-Vertical HVNR and HVSR maxima share a very similar orientation,
Noise Ratios) values at azimuth intervals of ¥bm microtremor  great majority of them falling within the N869C E az-
recordings carried out with the portable seismograph Tromino,imuth range, i.e. very close to the mean direction of shaking
at the sites of the accelerometric stations CAR1, CAR2, CARS3, energy maxima (N 80E).
CARA4, CARS. Note that values of spectral ratios at CAR3 are much g Hyv spectral ratios obtained at the other sites (Table 2)
higher than at other stations and hence HVSR diagram scale is dlfao not seem to show a clear systematic directivity of major

1 5
LIS oog TR
RS % K
R RS
LR 4/ R

S K
R R

ferent. HVNR and HVSR peaks. At CARL1, for instance, the main
HVSR peak at 5.5Hz has a similarly oriented counterpart
among HVNR secondary peaks at 5.8 Hz, even though with

4 Results and discussion a weaker directivity. Instead, the main HVNR peak at 1.9 Hz,
which has a strong directivity (MmQ=4.1), diverges600

4.1 Comparison HVYNR-HVSR from the direction of major secondary peaks and alsd 50

from the direction of HVSR relative maximum of similar
Figure 3 shows polar diagrams of HVNR values obtainedfrequency at 2.1 Hz. It is noteworthy that some of the ma-
at the accelerometric sites by using Tromino seismographjor HVSR peaks (e.g. that at 7.4 Hz ) do not have a marked
These can be compared with the HVSR diagrams derivedlirectional character and the directivity of others do not ap-
from the seismic event recordings (Fig. 2). Tables 1-2 pro-pear to be a site property. A previous analysis conducted
vide a comparison of the characteristics of relevant spectrabn separate groups of seismic event recordings indicated that
ratio peaks for both seismic and noise recordings, showinguch directivity probably reflects wave polarization related
side by side peaks having similar frequency (within 0.5Hz ).to common source characteristics of several events belong-
In some cases no significant, distinct HVNR relative maxi- ing to a single seismic sequence (Del Gaudio and Wasowski,
mum was found to match a HVSR peak or, vice versa, som&007). The strong directivity of the 1.9 Hz peak, which is
of HYNR maxima did not have a corresponding HVSR peakthe only HVNR peak with a significant directional character
(blank fields in Tables 1-2): this can be due to the presence ofould likewise reflect polarization properties of a single noise

Nat. Hazards Earth Syst. Sci., 8, 7562 2008 www.nhat-hazards-earth-syst-sci.net/8/751/2008/
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Table 2. Main relative maxima of horizontal to spectral ratios in seismic (HVSR) and noise (HVNR) recordings at sites CAR1, CAR4 and
CARS: Freq = frequency; AzM = azimuth of maximum at the specified frequency; HVM = maximum spectral ratio at the same frequency;
Azm = azimuth of minimum at the specified frequency; HVm = minimum spectral ratio at the same frequency; MmMQ = Quotient HYM/HVm.

HVSR HVNR
Freq AzM HVM Azm HVmMm MmQ Freq AzM HVM Azm HVMm MmQ

21 -10 2.3 90 2.0 11 » -60 5.6 30 1.4 4.1
3.9 10 3.0 -50 2.8 11

4.7 0 3.2 90 25 1.2

55 10 46 —-80 2.8 1.7 3B 20 27 -60 21 13

CARL1 66 —20 3.2 70 1.9 1.6 D 0 25 -80 2.2 1.2
74 =20 3.2 80 2.2 15

8.0 0 2.9 80 2.2 13 a 50 22 -40 18 1.2

9.8 60 3.2 -30 1.7 1.9

2.4 50 1.5 -—40 1.1 14 2 70 24 -30 1.7 1.4
3.6 70 27 -20 2.2 1.2
45 60 26 -30 2.0 1.3
5.2 70 22 -20 1.8 1.2
CAR4 538 70 1.6 -20 1.1 15 & 70 23 -20 1.4 1.7
8.4 50 25 —40 15 17 & 60 20 -30 1.4 15
9.4 60 25 —40 1.7 15
10.3 50 29 -40 1.7 1.7 1@ 60 21 -30 1.4 15

19 80 23 =20 17 14 19 50 6.2 -50 2.4 2.6

34 -80 2.5 10 1.6 16 ® -20 4.3 70 1.6 2.7
39 70 23 -10 2.0 1.2
4.8 90 2.6 0 14 1.9

57 80 31 -20 2.0 15 7] 80 3.2 -10 13 2.5

6.1 70 3.7 -20 15 25

7.0 90 40 -10 13 3.0

7.6 60 41 -30 21 1.9

8.2 70 6.3 0 4.4 14

84 —-40 6.2 60 55 11

8.9 30 3.8 -60 2.2 1.7 R 80 3.8 -10 2.5 15

9.5 10 3.5 90 2.2 1.6

103 20 3.8 70 2.1 1.8

108 10 3.2 -80 17 19 1® 60 42 -60 2.8 15

112 30 46 -70 2.3 2.0

119 70 57 =30 4.6 1.2

125 -20 3.7 60 2.2 1.7

133 50 40 -50 1.9 21 128 50 3.4 40 2.5 1.4

153 40 25 -40 1.6 15 12 30 3.6 -60 2.8 13

159 -80 3.5 20 2.8 1.2

CAR5

source rather than site response properties, because it hadiaity (e.g. those at frequencies 8.4 and 10.3 Hz ) match rather
direction different from that of any other HYNR or HVSR secondary HVNR relative maxima. On the whole, spectral
peaks. ratios of seismic events and noise recordings do not provide
At CARA4 the spectral ratios are lower than at the otherindications of important resonance phenomena for this site;
CAR sites (H/V values below 3.0). Some correspondence ifndeed CAR4 had been located on a rock outcrop to act as a
frequency and orientation can be found between HVNR andocal reference station.
HVSR peaks, however the major HYNR peaks do not have The HVNR values for CARS exibit several peaks at dif-
directional character and do not match any significant HVSRferent frequencies. Some of the major peaks with spectral
relative maxima. The only HVNR peak with an apprecia- ratios higher than 3 show a significant directivity (MmQ up
ble directivity, at 6.0 Hz, matches a minor HVSR peak atto 2.7), but are marked by a variable azimuthal distribution
5.8 Hz, whereas major HVSR peaks with a significant direc-(from N 20° W to N8 E; Fig. 3). They have counterparts
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4.2 Influence of instrumental properties on HVNR-HVSR
differences

The influence of the instrumental properties on the differ-
ences found between the measurements of HVYNR (made
with Tromino) and HVSR (from Etna recordings) were in-
vestigated by a comparative analysis of their simultaneous
noise recordings. The polar diagrams of HVNR obtained
from Etna noise recordings (Fig. 4) show that the spectral
ratios do not exceed 3, with most of them being below 2.
These values are significantly lower than HVNR obtained
from Tromino recordings (Fig. 3). This made very difficult
the recognition of spectral peaks, even though a more de-
tailed analysis showed that some weak relative maxima in
Etna noise recording spectra matched peaks pointed out also
by Tromino data (Tables 1 and 2). Among the Etna data,
spectral ratios higher than 2 were found only at CARS3 (i.e.
the most amplified site), for the two major peaks at 13.1 and
[T T HVNR CAR4 14.7Hz , in the same direction and at similar frequencies as
o1 23 those of some of the highest Tromino HVNR peaks; the spec-
tral ratios of the latter, however, were 4-5 times larger.

To investigate the reasons of this large discrepancy, si-
multaneous noise recordings acquired by the two instru-
ments were compared by dividing the spectrum of each Etna
recording component by the corresponding Tromino record-
ing spectrum. In Fig. 5 the mean values of the obtained
ratios are presented graphically as function of frequency.
The graphs show similar trends with an initial steep de-

AT HVNR CARS crease, which reflects Tromino instrumental response at low
0o v 23 frequencies, followed by a gentle increase. In general the
Fig. 4. Polar diagrams of mean HVNR values at azimuth intervals Etna/Tromino spectrum erlos relative to the two horlzontal
of 10°, obtained from microtremor recordings with accelerograph COMpoONents appear consistent, whereas the ratios between
Kinemetrics Etna carried out simultaneously with Tromino mea- the vertical components often show major divergences and
surements at the sites CAR1, CAR2, CAR3, CAR4, CAR5. are almost always higher. A maximum discrepancy is ob-
served at station CAR3 (Fig. 5), where the spectral ratios of
the vertical component at about 13 Hz exceed those of the
with similar frequency among HVSR peaks, but these appeahorizontal components approximately by a factor of 4-5; this
as secondary maxima and their azimuths differ from those okxplains the reduction by a similar factor of the HVNR de-
the corresponding HVNR peaks by up to°6@n the other  rived from Etna in comparison to those obtained with Tro-
hand, the numerous HVSR peaks with spectral ratio largeimino.
than 3 are oriented in very variable directions, but only few  Since in each instrument the sensors measuring different
of them match a relative maximum in HVNR values. components are identical, the ratios of homologous compo-
On the whole, at the stations affected by a clear directiv-nent spectra should simply reflect differences in instrumental
ity in site response (CAR2 and CAR3), both within seismic responses common to all the components. Therefore the ob-
event signals and noise recordings the directions of signifiserved discrepancies, varying through the spectrum and from
cant maxima of horizontal to vertical spectral ratio are con-one site to another, are likely due to a different content of in-
sistent at different frequencies (Tables 1 and 2). Neverthestrumental noise, especially that affecting the vertical com-
less, the comparisons reveal that spectral ratios and “degregonent. In particular, the higher level of noise on the Etna
of directivity” can be quite different for HVSR and HVNR  vertical component reduces significantly the H/V ratio values
peaks at similar frequencies. These differences could be it the low level of signal that characterises the microtremor
part due to the specific characteristics of the instruments emrecordings. However, noise could bias also H/V ratios mea-
ployed (Etna and Tromino) for the two types of measure-surements for seismic events at frequencies where signal
ments. level is low, i.e. at frequencies different from those receiv-
ing a significant amount of shaking energy (which depend
on source magnitude and distance and on local resonance
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\ Fig. 6. Polar diagrams of mean HVNR values at azimuth intervals
. — of 10° obtained from microtremor recordings carried out with the
' L ) portable seismograph Tromino on the 1989 landslide (sites CAR2,
T1, T2, T3) and 600 and 200 m away from the slide (sites CAR1
Fig. 5. Mean values of ratios between spectra of simultaneousyng CARS).
noise recordings carried out with Etna and Tromino at the sites

CAR1, CAR2, CAR3, CAR4, CARS5, calculated for each compo-

nent (North, East, vertical). tral response, including several resonance frequencies, and
from differences in instrument capacities to provide good
frequencies of the recording site). signal/noise ratio in different frequency bands. Further-

A similar problem might also affect Tromino HYNR mea- More, in such situations the resulting H/V spectral ratios
surements at frequencies for which signal/noise ratio is lowcannot be considered as representative of the actual spectral
for this instrument. Therefore, differences in the signal/noiseamplification function, because of the possible presence of
ratio throughout the spectrum can be responsible of discrepamplification-deamplification of the ground motion vertical
ancies between HVSR values derived from Etna and HYNRcomponent (cf. Del Gaudio and Wasowski, 2007).
derived from Tromino, according to the spectral characteris- Nevertheless noise recordings appear usable for the recog-
tics of signals (generated by earthquakes or by microtremopition of site response directivity. In particular, the results of
sources) and of resonance characteristics of sites. This ca@Hr tests suggest that for a reliable identification of directiv-
explain why major peaks of HVNR and HVSR values are ity in the site response the following three main conditions
mostly found at different frequencies. need to be met:

More in general, our observations confirm what is al-
ready known about the inadequacy of accelerometers for
noise measurements: these should be carried out with more
sensitive high-gain seismometers, as proposed in Muccia-
relli (1998) and confirmed by the SESAME project (Guillier

etal., 2007). 2. If only one peak with a significant directivity is found,

43 Provisional criteria for si directivity ident repeated measurements have to be performed at differ-
. rovisional criteria for site response directivity identi- ent hours and week days, to rule out the possibility that

fication from HVNR the single directional maximum is due to a source of
polarised noise and thus may not reflect site properties;

1. Peaks with significant H/V spectral ratio values (not
less than 2) having a significant directivity (maxi-
mum/minimum quotient larger than 1.5) should be iden-
tified in the azimuthal distribution of HVNR values;

It is opportune to stress that the combination of topographic
and geologic factors controlling local seismic response at 3. Major directional peaks should have similar directions
Caramanico is more complex than a simple 1-D layering  (within an azimuth interval of 28-3C°); otherwise dif-
structure for which the HVNR method was originally in- ferently oriented pronounced peaks could reflect the co-
tended. The results of the HVNR-HVSR analysis reported  existence of different sources of polarised noise at dif-
above indicate that, in such settings, the horizontal to ver- ferent azimuths.

tical spectral ratios derived from microtremor and earth-

guake recordings may not be directly comparable and may

provide quite different outcomes in terms of peak frequen-

cies. This derives from both the complexity of the site spec-
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Clearly, considering the limited number of cases exam-on the landslide, none of the other peaks has a marked direc-
ined, at this stage these criteria are to be considered as pr¢ional character (Mm@ 1.5).
visional and will require further tests to be confirmed. How-  On the whole, the HVNR data indicate a different degree
ever it is encouraging to observe that, among the five sitesf site response directivity for the three sites located on the
analysed, both and only the two ones for which a systemiandslide. No convincing evidence of directivity was found
atic directivity was observed in seismic shaking energy showat T1, while its presence appears clear at T3, where almost all
multiple major peaks in H/V spectral ratios that share a pro-the peaks having maximum spectral ratios greater than 2 are
nounced directivity consistent with maximum shaking direc- distributed within an azimuth interval of 3@from N70° E
tion. The fact that this feature was observed for signal ofto N 100 E). Furthermore, most of these peaks have a pro-
different nature and origin like seismic event and ambientnounced directivity (MmQ from 1.5 to 5.8). This is in good
noise, make us confident that it reflects site-specific directiv-agreement with what was observed at CAR2 also sited on
ity properties, which apparently can be revealed even undethe slide. The site T2 has several peaks showing maxima
conditions where H/V spectral ratios are not a reliable indi- consistently orientated in the same azimuth interval as at T3.
cator of amplification factors and resonance frequencies. However, the evidence of directivity is less strong at T2, be-
cause only the 2.4 Hz peak is characterised both by a high
4.4 Results of HYNR measurement on landslide spectral ratio (4.5) and a significant directivity (MmQ=1.6);
other peaks have either high spectral ratios with low direc-
One of the significant findings regarding site response directivity (e.g. at 3.1 Hz , with spectral ratio 4.1, but MmQ=1.3),
tivity at Caramanico was the detection of such phenomenoryr low spectral ratios and high directivity (e.g. the peaks at
at the site CAR2 located on the 1989 landslide (Fig. 1, Delfrequencies higher than 12 Hz , with spectral ratios between
Gaudio and Wasowski, 2007). The comparison between tha 6 and 2.0 and MmQ=1-8.0).
spectra obtained at CAR2 and at CAR1, the latter sited on an |n summary, these observations support the notion that the

OutcrOp of the landslide Substratum, led Del Gaudio and Wa'presence of a landslide body can provide a Significant con-
sowski (2007) to hypothesise that the landslide body is on&ripution to determine conditions of site response directiv-
of the factors causing the observed directivity (even thoughity. This, however, does not necessarily imply the persistence
probably not the only one). of directivity throughout the landslide extension, in that the
To test this hypothesis we conducted noise measuremenigoncomitance of more factors (e.g. significant lateral varia-
at three sites located on the same landslide body (T1, T2, T$ons in thickness and in material properties of the landslide
— see Fig. 1 for location). Figure 6 shows the azimuthal vari-body, local topography) can probably locally enhance or re-
ations of HVNR for the three sites and Table 3 summarisesjuce such phenomenon.
the main relative maxima. A comparison of these diagrams
with each other and also with the HVNR results relative to
CAR?2 (Table 1), reveals several characteristics in common5 Conclusions
e.g. the presence of high spectral ratios at frequencies less
than 5-6Hz , with major peaks between 2 and 4Hz ori-The results of comparisons of horizontal to vertical spec-
ented along similar directions. In particular, all three sitestral ratios derived from the recordings of seismic events and
show at frequencies 2.3-2.5 Hz a significant H/V ratio max-microtremors in Caramanico indicate that this kind of mea-
imum of 4.4-5.0 in N 80E direction, which matches quite surements can be useful for the recognition of site response
well the characteristics of the main CAR2 HVNR peak (fre- directivity phenomena. The data acquired in situ confirm
quency=2.4 Hz, azimuth=E-W, spectral ratio=5.3). A similar that these phenomena, affecting particularly slope areas, have
peak is not present at sites CAR1 and CARS5 located on theather complex origins. Directivity seems to be influenced
same slope, but distant, respectively, 600 m and 200 m fronby concomitant topographic and geological factors contribut-
the slide. Furthermore, apart from T1, all the other sites oning to polarise a large amount of shaking energy along rela-
the landslide show several additional peaks with a similartively narrow azimuth intervals centred on main directions
orientation (Table 3). At T3 this is the case of the two major related to local topography features. A consequence of this
peaks at 3.6 Hz and 16.0 Hz , with orientations NBGand  complexity is that sites affected by directional amplification
E-W, respectively, and also of other significant peaks with aare characterised by multiple resonance frequencies and that,
pronounced directivity (e.g. at 1.9 and 15.2Hz). At T2 the therefore, several directional spectral peaks can be found at
main peak at 2.8 Hz and most of the secondary maxima havdifferent frequencies along similar directions.
directions between E-W and N7B; these maxima some- In such settings the calculation of horizontal to vertical
times exibit a significant directivity (MmQ up to 2.0). spectral ratios derived from seismic events (HVSR) or mi-
A different situation is encountered at the T1 site, wherecrotremor measurements (HVNR) can provide quite vari-
the main peak at 2.8 Hz has a NBDdirection and other sec- able peak frequencies in relation to the signal-to-noise ra-
ondary peaks show a variable azimuthal distribution. Fur-tio characterizing recordings in different frequency bands (in
thermore, apart from the 2.3 Hz peak, common to all the siteghis context “signal” means the part of recording generated
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Table 3. Main relative maxima of HVNR at three sites on 1989 landsligieq = frequency; AzM = azimuth of maximum at the specified
frequency; HVM = maximum spectral ratio at the same frequency; MmQ = Quotient between maximum and minimum spectral ratio.

T1 T2 T3
Freq AzM HVM MmQ Freq AzM HVM MmQ Freq AzM HVM MmQ

11 -30 1.6 11

17 80 3.0 1.3 6 -80 2.8 1.2 16 40 4.4 1.2
19 80 3.8 1.7
2.3 80 4.4 1.6 A 80 4.8 1.6 5 80 5.0 13
2.8 50 4.8 1.3 3 70 54 15 3 90 6.1 14
32 20 4.1 1.4 i 80 41 13 K] 80 7.3 15
41 40 2.3 1.3 L 0 2.6 11 40 40 5.2 1.2
4.9 50 2.1 1.3 6 -80 4.9 1.6

54 70 1.6 14
6.0 60 1.6 12 D 80 25 1.7

9.2 0 1.3 1.2
9.8 80 13 14
129 80 1.6 18 12 70 2.6 2.2
139 50 15 1.3 1¥F 80 1.6 1.8
143 90 1.6 1.9
152 -60 1.7 1.3 12 80 4.2 3.4
158 90 1.9 2.0
16.0 90 2.0 19 1® 90 7.3 5.8

by ground motion and “noise” refers to the part generatedlandslide body can be a relevant factor in causing directiv-
inside the acquisition system). Therefore, under the conity in site response of slope areas. However, it is likely
ditions of site response complexity typical of slopes with that local topographic conditions and significant variations
both topographic and lithostratigraphic amplification, HVNR in slide thickness and in material properties can considerably
and HVSR measurements alone cannot provide a completenhance or decrease the importance of this effect. Clearly
and reliable identification of resonance frequencies and amfurther research on slopes susceptible to seismic failures is
plification factors. Nevertheless the results of our testsneeded to provide some practical guidelines in reference to
prove that techniques based on the analysis of horizontalsettings where the presence of a landslide should be consid-
to-vertical spectral ratios can be usefully employed in in- ered as a potential cause of site response directivity.
vestigations of directivity properties of site response. In-
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Finally, the results of the new analyses offered in this
work confirmed the earlier hypothesis (Del Gaudio and Wa-
sowski, 2007) that the presence of a pre-existing deep-seated
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