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Abstract

The difficulty in identifying factors controlling the dynamic response of landslide-prone

slopes to seismic shaking makes desirable the development of reconnaissance techniques to

reveal site resonance conditions that can favour seismically-induced slope failures. Tests

were performed to derive information on the occurrence of directional resonance by

analysing the azimuthal variations of the horizontal-to-vertical spectral ratios of ambient

noise (HVNR) recorded by portable seismometers. In particular, data were acquired in an

area of central Italy (Caramanico Terme), affected in the past by seismically-induced

landslides, and in two areas of Taiwan (Tsaoling and Jiufengershan), where the 1999

Chi-Chi earthquake triggered giant landslides. The HVNR analysis demonstrated that the

presence of a pronounced directional resonance can be recognised from data acquired under

different ambient conditions and with different sensors. However, measurement repetitions

and uncertainty assessment are fundamental to distinguish persistent features, attributable

to site effects, from transient phenomena due to variable ambient conditions.
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Introduction

Several studies pointed out that site amplifications affecting

marginally unstable slopes can considerably influence

landslide triggering during earthquakes (e.g. Sepúlveda et al.

2005; Meunier et al. 2008; Bozzano et al. 2008). Furthermore,

during a long-term accelerometric monitoring conducted in a

landslide-prone area of central Italy (Caramanico Terme),

evidence emerged that phenomena of directional resonance

can occur on slopes along potential sliding directions, thus

increasing slope susceptibility to seismic failures (Del Gaudio

and Wasowski 2007, 2010).

We hypothesise that similar phenomena may have

contributed to catastrophic failures observed during the

1999 Chi-Chi earthquake (Taiwan), i.e. the Tsaoling and

Jiufengershan landslides (Hu et al. 2009). However, the com-

plexity of factors controlling site effects makes difficult the

assessment of conditions actually determining an increase of

potential seismic landslide hazard. Thus, it is desirable to

develop reconnaissance techniques for characterising relevant

properties of slope dynamic response to seismic shaking.

One promising technique, based on the so-called

“Nakamura method” (Nakamura 1989), consists of recording

microtremors generated by ambient noise sources with port-

able seismometers and analysing the azimuthal variations

of the spectral ratios between noise horizontal and vertical

components (commonly named “HVNR”).We had previously
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tested this technique at some sites of the Caramanico acceler-

ometer network using an ultra-compact sensor (Tromino®)
with velocimetric properties (Del Gaudio et al. 2008). How-

ever, an extension of observations to low frequencies (<1 Hz)

is of interest to enlighten slope response to seismic waves of

longer wavelength, which could be important for the trigger-

ing of large failures. Therefore, we first tested the employment

of a portable broad-band sensor both at the same sites of the

previous Caramanico tests and on the slopes affected by

the giant Tsaoling and Jiufengershan landslides in Taiwan.

Then the data obtained with different sensors and at different

sites were compared and analysed also with reference to the

available accelerometer recordings of seismic events, in order

to evaluate the stability of the measurements. Finally, the

significance of the results in terms of slope dynamic response

to seismic shaking is discussed.

Method

For the new tests of HVNR measurements we used, as a

microtremor recorder, a Nanometrics Trillium Compact: this

is a small (~10 cm size) and light (~1 kg weight) three

component broad-band sensor having a theoretically homo-

geneous response (with an approximation of 99 %) in the

frequency interval 0.02–50 Hz. Field measurements require

recording sessions of at least ½ hour. In order to reduce long

period disturbance induced by temperature variations and air

movements around the seismometer, during the recording

sessions the sensor was insulated with a foam-lined rigid

plastic cover (Fig. 1). Data acquisition was carried out with a

Nanometrics Taurus Portable Seismograph, a compact data

acquisition unit (15 � 26 � 6 cm, 1.8 kg) requiring at most

a power consumption of 3.5 W, supplied by an external 12 V

battery. This unit include a 24-bit digitiser, a data logger

storing data on a Compact Flash card and a GPS receiver for

location of the recording site and for accurate timing.

Following the recommendations derived from the out-

come of the European research project SESAME

(Site EffectS assessment using AMbient Excitations: Bard

and The SESAME TEAM 2004), Fourier Transforms were

calculated for at least 20 time windows of 30 s and spectra

were smoothed using a triangular average on frequency

intervals of � 5 % of the central frequency. The spectral

ratios were then calculated between horizontal components

oriented at 10� azimuth intervals and vertical component

and, finally, for each station, the average spectral ratios

H/V of all the recording intervals in each direction were

obtained.

For a correct evaluation of the HVNR calculation results,

it is fundamental to assess uncertainty in the identification of

frequency, azimuth and amplitude of HVNR values. This is

needed to point out whether observed peaks are persistent

features, attributable to site effects, or transient effects due

to microtremor source characteristics or ambient conditions

(e.g. pressure and temperature) disturbing broad-band

acquisitions.

Data Analysis

Caramanico Test Area

The first test area is located in the municipality of

Caramanico Terme, in the Abruzzi region (Central Italy),

at the confluence of the Orfento and Orta Rivers (Fig. 2). The

east flank of the Orta River valley is characterised in

its lower part by Pliocene clay-rich formation mantled by

colluvium. Here, in 1989, a few tens of meters thick

colluvial deposit was mobilised by a landslide affecting the

slope for a down-dip length of about 500 m, to the Orta river.

Beginning in 2002 a local accelerometer network was

set up to study differences in slope dynamic response to

seismic shaking under different lithologic and topographic

conditions. At present this network consists of five stations

named CAR1–5. One of them (CAR4), located on a nearly flat

bedrock surface, was set up as reference station. The

acquired accelerometer data revealed the presence of

systematic directional amplifications oriented according to

local topography features in two sites, one on the head of a

quiescent landslide (CAR2) and the other on the rim of

a gorge (CAR3) (Del Gaudio and Wasowski 2007). The

presence of phenomena of systematic directional resonance,

first observed in weak motion recordings, was confirmed by

the recordings of stronger events, during the 2009 L’Aquila

sequence (Del Gaudio and Wasowski 2010).

The amplification observed at CAR2, on the landslide

head, appears related to the impedance contrast between

colluvial deposits and the underlying mudstone substratum;

a similar amplification was observed also at the site CAR5

Fig. 1 Trillium Compact broad band seismometer placed on the

ground (left) and under the insulating cover (right)
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located on the same colluvium, but 200 m upslope from the

landslide crown. However, unlike at CAR5, at CAR2 the

amplification had a clear directional character with a sys-

tematic pronounced maximum oriented along the maximum

slope direction (approximately E-W). This suggested that

site response directivity at CAR2 is due to the presence of

the landslide body.

Subsequent investigations demonstrated that site response

directivity can be recognised from the analysis of directional

variations of HVNR values obtained by recording ambient

microtremors with a portable seismometer (Del Gaudio et al.

2008). For these first tests we used a Tromino, an

ultra-compact velocimeter developed in Italy for noise

measurements (see http://www.tromino.it). However, the reli-

ability of the results obtained at frequencies around and below

1 Hz appeared uncertain. Thus, considering that shaking at

such frequencies could be the most relevant for the mobiliza-

tion of large landslides, we repeated the measurements with a

Trillium Compact seismometer. The results demonstrated that

sites characterised by a clear response directivity have similar

response even when data are acquired under different ambient

conditions and with different sensors.

As an example, HVNR values derived at CAR2 from

Tromino measurements carried out on July 2007 had shown

similarly oriented directional peaks of spectral ratios larger

than three at different frequencies, around a mean azimuth

(N80�E) close to the maximum slope direction (Fig. 3). The

new measurements carried out with Trillium on June 2010

showed a similar pattern, even though with somewhat

different values of the spectral ratio peak and a slight rotation

(by ~20�) of the maxima’s azimuth. Since the differences

between directional maximum (red curves in the bottom

diagrams of Fig. 3) and orthogonal minimum (blue curves)

exceed standard deviation (see in Fig. 3 bottom), they are

considered significant. Trillium data show an additional pro-

nounced maximum at a frequency of 0.6 Hz, not detected

with Tromino, but at this frequency the standard deviation is

larger than difference between the directional maximum and

minimum, thus its attribution to a site effect is uncertain.

Comparatively, at site CAR5, located 200 m upslope from

the 1989 slide (see Fig. 2), no site response directivity was

observed. HVNR values from Trominomeasurements had not

shown iso-orientation of peak values at different frequencies

and measurements with broad-band sensor showed a different

Fig. 2 Caramanico test area geographical location (inset) and

DEM showing lithological units and measurement sites. White

lines mark lithological contacts and the boundary of 1989 land-

slide: Lm/L(m) ¼ Limestones of Miocene/uncertain Miocene age;

Me ¼ Messinian sandy-silty deposits with carbonate breccia; Mp ¼
Pliocene mudstones; Bq ¼ Quaternary limestone megabreccias;

Sqh ¼ Quaternary and Holocene soils (colluvium and artificial

ground); CAR1–5 mark the location of the accelerometer stations

(reference station CAR4, located 2.5 km SE of Caramanico, is

not shown); HVNR measurements were carried out at CAR1–5

and on additional three sites within the 1989 landslide (numbers

1–3)
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pattern, possibly related to temporally different polarisation of

noise source (Fig. 4). Differences between directional max-

ima and minima are generally smaller than one standard

deviation.

Taiwan Test Areas

HVNR measurements in Taiwan were carried out at the sites

of two large landslides triggered by the Chi-Chi earthquake

of 20 September 1999 (moment magnitude Mw ¼ 7.6), i.e.

Jiufengershan and Tsaoling. The earthquake was associated

with the 85 km long rupture of the Chelungpu fault (Fig. 5).

Jufengershan Data
The Jiufengershan landslide occurred on the hanging-wall of

the Chelungpu fault, about 14 km east of the surface rupture

and 12 km north of the mainshock epicentre. The mass

movement was a rock and soil avalanche that mobilised a

60 m thick sequence of shales and sandstones (Fig. 6), along

bedding surfaces of a monoclinal structure dipping about

22�SE (Chang et al. 2005). The landslide was 1.5 km long,

involved about 40 � 106 m3 of material and caused the

death of 39 persons.

Tests of HVNR measurements were carried out, using

Trillium, at three sites: one on the slip surface in the landslide

detachment area (site J2), and the others near the landslide

crown (J1) and its left boundary (J4). At site J2 measurements

repeated in two successive days (Fig. 7) showed a very strong

directional variation affecting the entire investigated fre-

quency band (0.3–16 Hz). HVNR maxima are oriented

along the bedding/slip surface dip direction (N150�E),
reaching peak values of 10–20 at frequencies of 0.8–1.0 Hz,

with spectral ratio minima less than 1 in orthogonal direction,

which suggests a possible deamplification of ground motion

in this direction.

Standard deviations of HVNR values are quite large

(particularly at frequencies lower than 5 Hz), which implies

a strong variability of H/V spectral ratios during the

recording session from one time window to the other; this

is likely an effect of temporally variable properties of noise

sources. However, the differences between directional

maxima and minima largely exceed one standard deviation;

thus the presence of directivity in ground motion is well

Fig. 3 Azimuthal variation of

the HVNR values at site CAR2,

obtained from noise recordings

carried out, at different times

(indicated as UTC in the headers),

with Tromino (left) and Trillium

(right). Amplitude of spectral

ratios are represented with a

colour bar scale. Azimuth where

HVNR values have directional

maximum and minimum are

marked by red and blue dashed
lines, respectively. The
averages � one standard

deviation (light colour curves) of
spectral ratios at these azimuths

are shown with the same colours

(bottom diagrams)
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supported. In principle, this directivity could be due to noise

polarisation properties, but measurements carried out in the

same day at J1 and J4 sites outside the landslide (Fig. 8), did

not show such directivity. Thus the directivity at J2 appears

to be specific to the detachment area - slip surface site

conditions.

Tsaoling Data
The Tsaoling landslide occurred about 6 km away from

the southern end of the Chelungpu fault rupture (see Fig. 5)

and was responsible for the death of 29 persons. The mass

movement mobilised a volume of 125 � 106 m3 of mate-

rial of the Cholan Formation (Fig. 9), consisting of

interbedded shales and sandstones. Sliding occurred

along a bedding surface dipping 14�SW, covering a dis-

tance of more than 2 km and damming the Chingshui river

(Hung et al. 2002).

The Mount Tsaoling slope opposite to that affected by the

1999 landslide hosts an accelerometer station (CHY080),

which recorded the Chi-Chi earthquake mainshock. This

recording showed that ground motion had a pronounced max-

imum very close to that of the sliding direction (S50
�W).

Shaking energy, represented by Arias intensity (Ia) (Arias

1970), was three times larger in this direction than in the

orthogonal direction (Fig. 10, left). The horizontal to vertical

spectral ratios (HVSR) calculated for themainshock recording

(Fig. 10, right) showed a strong peak (H/V spectral ratio � 10)

at a frequency of 1.2 Hz, parallel to the Ia maximum. This

suggested the possible presence of a site resonance oriented

along the sliding direction.

However, extending the analysis to the recordings of

other seismic events, the presence of a systematic directional

amplification close to a sliding direction was not confirmed.

Normalising the directional variations of Arias intensity

observed in 253 seismic events recorded at CHY080, and

calculating their averages in different directions, the Ia max-

imum turned out much less pronounced (being only 60 %

larger than minimum) and HVSR values showed main

peaks, between 1 and 4 Hz distributed in a relatively wide

range of azimuths (Fig. 11).

Fig. 4 Azimuthal variation of

the HVNR values at site CAR5,

obtained from noise recordings

carried out, at different times

(indicated as UTC in the headers),

with Tromino (left) and Trillium

(right). Azimuth of the HVNR

maximum significant peak

(i.e. having a standard deviation

smaller than the HVNR average)

and of the minimum at the same

frequency are marked by red and

blue dashed lines, respectively.
The averages � one standard

deviation of spectral ratios at

these azimuths are shown with the

same colours (bottom diagrams)
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This suggests that the directionalmaximumobserved for the

Chi-Chi earthquake was not a systematic feature of site

response and, at least in part, may have been due to wave

polarisation controlled by source properties of the 1999 event.

Neither the analysis of spectral ratio of ambient noise

recordings, carried out at the accelerometer station site

(CHY080) with Trillium, provided evidence of site response

directivity. HVNRmeasurements showed a maximum of ~6 at

0.9Hz, directed dueN110
�E, but its difference from aminimum

dueNorth was much less than one standard deviation (Fig. 12).

However, HVNR measurements carried out at site S2

located on the landslide slip surface (detachment area)

showed, similarly to the case of the Jiufengershan site J2, a

strong directional variation (Fig. 13). In this case the orien-

tation of the maximum (East-West) differed from the sliding

direction (S50
�W), but the HVNR values along the sliding

direction were still very high (~15 at 0.7 Hz).

At other sites the measurements carried out in the same

days did not revealed a similar pattern (see Fig. 14). Consid-

ering that especially at low frequencies the microtremors

produced by the same noise sources should be observed

over a large area, we conclude that the directional maxima

at site S2 are not due to noise properties. Therefore, at this site

a strong amplification of groundmotion seems to be present in

the sliding direction. We infer that during the Chi-Chi earth-

quake mainshock the directivity at Tsaoling was mainly con-

trolled by source properties, but when combined with the

directional site amplification in the detachment area it resulted

in the considerable enhancement of the ground motion in the

sliding direction.

Fig. 5 Geographical location of the landslide sites in Taiwan

(blue squares) where HVNR measurement tests were carried out. The

red star marks the epicentre of Chi-Chi earthquake mainshock and the

red line represents the trace of the Chelungpu fault surface rupture

Fig. 6 Geology of the Jiufengershan landslide area. Formations

involved in landsliding are underlined. Yellow stars mark the location

of the HVNR measurement sites (Modified after Chang et al. (2005))
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Fig. 7 Azimuthal variation of

the HVNR values at site J2
(on the Jiufengershan landslide

detachment/sliding area - slip

surface), obtained from noise

recordings carried out in two

different days (indicated in the

headers with UTC time).

Azimuths where HVNR values

have directional maximum and

minimum are marked by red and

blue dashed lines, respectively.
The averages � one standard

deviation of spectral ratios at

these azimuths are shown with the

same colours (bottom diagrams)

Fig. 8 Azimuthal variation of

the HVNR values at sites J1 (left)
and J4 (right), located near the

border of the Jiufengershan

landslide (see Fig. 6 for location),

obtained from noise recordings

carried out the same day as the

first measurement at J2
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Conclusions

The analysis of azimuthal variation of HVNR values

obtained from microtremor measurements, conducted

with a broad-band sensor in central Italy on the landslide-

prone slopes known to show directional maxima of seismic

shaking, confirmed that reliable evidence of site response

directivity can also be obtained fromobservations extended

to low frequencies (~1 Hz or even less).

Our microtremor measurements in the detachment areas

(on the slip surfaces) of two catastrophic landslides

triggered by the 1999 Chi-Chi earthquake (Taiwan)

demonstrated that along their sliding directions the spectral

ratios show a pronounced directional maximum or, at least,

a very high value; this suggests the presence of conditions

for strong amplification of ground motion during earth-

quakes. The microtremor recordings conducted elsewhere

on the same slopes did not reveal similar properties. How-

ever, the representativeness and the exact significance of

the HVNR data acquired on the landslide slip surfaces

should be more deeply investigated repeating measure-

ments of noise with different types of instruments at varying

environmental conditions. This is needed to exclude the

Fig. 9 Geology of the Tsaoling landslide area. Yellow stars mark the location of HVNR measurement sites, red dot that of the accelerometer

station CHY080
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Fig. 10 Azimuthal relative

variation of normalised Arias

intensity measured from

accelerometer recording of the

Chi-Chi earthquake mainshock at

station CHY080 (left) and
horizontal-to-vertical spectral

ratio (HVSR) obtained for the

same event as function of ground

motion direction (right).
Black arrow marks the station-

epicentre direction

Fig. 11 Azimuthal relative

variation of normalised Arias

intensity values averaged for

253 events recorded by the station

CHY080 (left) and mean

horizontal-to-vertical spectral

ratio (HVSR) obtained for the

same events as function of ground

motion direction (right)

Fig. 12 (Left) Azimuthal

variation of the HVNR values at

site CHY080. Azimuths of

HVNR maximum and of

minimum at the same frequency

are marked by red and blue
dashed lines, respectively. (Right)
The averages � one standard

deviation of spectral ratios at

these azimuths are shown with the

same colours
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effects of anomalous acquisition conditions and thus

strengthen the reliability of our inferences on the presence

and significance of directivity in seismic site response at

Jiufengershan and Tsaoling.
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