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Abstract

The Bovec basin, which is filled with glacial and fluvial sediments, has recently been struck by two strong earthquakes (1998 and
2004) which caused extensive damage (VII–VIII EMS-98). Strong site effects resulted in large variations in damage to buildings in
the area, which could not be explained by the surface variations in Quaternary sediments. The microtremor horizontal-to-vertical-
spectral ratio (HVRS) method was therefore applied to a 200 m dense grid of free-field measurements to assess the fundamental
frequency of the sediments. Large variations in the sediment frequency (3–22 Hz) were obtained, with most of the observed values in
the range 6–12 Hz. The observed frequencies cannot be related to the total thickness of Quaternary sediments (sand, gravel), but can
be explained by the presence of conglomerate or lithified moraine at shallow depths. The results were compared also with the
velocity structure derived from seismic refraction data. Microtremor measurements performed in several two and some three- and
four-storey houses (masonry with RC floors), which prevail in the Bovec basin, have shown that the main building frequencies in the
area are in the range 7–11 Hz. This indicates that damage to houses in both earthquakes in some parts of the basin was enhanced by
site amplification and soil-structure resonance. Areas of possible soil-structure resonance were identified in the settlements Bovec–
Brdo, Bovec–Mala vas, Čezsoča and Kal-Koritnica. Considerable changes in fundamental frequencies within short distances were
established in the town of Bovec. Their values are as high as 22 Hz in the central part of the town, but diminish to 6–11 Hz in the
adjacent Brdo and Mala vas districts. This is in agreement with the distribution of damage in both earthquakes, which was
considerably higher in Brdo and Mala vas, although the houses in the central part of the town are older.

Microtremor investigations have proved an effective tool for assessment of site effects in cases of complex geological structure
commonly encountered in young Alpine basins filled with glaciofluvial sediments which are partly cemented. Lithified layers can
considerably change the fundamental frequency and, consequently, the site effects. By taking additional measurements in buildings
possible soil-structure resonance can be identified.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Bovec basin is located in the Upper Soča valley
in NW Slovenia (Fig. 1), a region undergoing a recent
increase in seismic activity. Two strong earthquakes
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struck the area in 1998 and 2004. Both earthquakes
occurred on the NW–SE trending near-vertical Ravne
fault in the Krn mountains at 7–9 km depth and caused
extensive damage to buildings in the area. The focal
mechanisms of both earthquakes show almost pure
dextral strike–slip. The epicentral distance to the town
of Bovec was 6–7 km. The 12 April 1998 earthquake
(Mw=5.6) had a maximum intensity of VII–VIII EMS-
98 (Zupančič et al., 2001) and the 12 July 2004
(Mw=5.2) earthquake VI–VII EMS-98 (Živčić et al.,
2006). Strong variations in damage to buildings were
observed within short distances in the whole Bovec
basin. They cannot be explained by changes in the
Fig.1. Shaded relief map of the Upper Soča valley with the Bovec basin and ep
solution for 12/04/1998 event is from Zupančič et al. (2001) and for 12/07/
shown in Fig. 2.
epicentral distance or by changes in the radiation of
seismic energy from the source, although the latter can
have some influence and needs further attention. The
variations in damage can only be attributed in part to
differences in building vulnerability, since the building
typology is similar throughout the area. Local geologi-
cal conditions (site effects) therefore played the most
important role.

NW Slovenia marks a kinematic transition between
E–W striking thrust faults of the Alpine system and
NW–SE striking faults of the Dinarides system. Before
1998, relatively weak rates of seismicity were char-
acteristic of this area. Nevertheless, in the seismic
icentres of two recent strong earthquakes in Krn mountains. Fault plane
2004 event from Kastelic et al. (2006). Boxed area indicates the map



180 A. Gosar / Engineering Geology 91 (2007) 178–193
hazard map for a return period of 475 years, the Bovec
basin is located in a region with increased seismic
hazard, with 0.225–0.250 g design ground acceleration
(Lapajne et al., 2001). This is mainly due to the
proximity of high level of seismic activity in the Friuli
area (30–40 km to the W) where the Mw=6.4 Friuli
earthquake occurred in 1976 (Perniola et al., 2004). The
strongest earthquake ever recorded in the Alps–
Dinarides junction was the 1511 western Slovenia
earthquake (M=6.8); the exact location and mechanism
of this event are still debated (Fitzko et al., 2005).

Seismic microzonation study of the Bovec basin
based on surface geological data and data from shallow
geotechnical boreholes (Ribičič et al., 2000) has shown
that it is not possible to explain with these data most of
the observed variations in the distribution of damage.
More promising results have been obtained by com-
bined application of microtremors and 1D modelling of
ground motion based on the results of shallow
Fig. 2. Simplified geological map of the Bovec basin after Buser (1986), Ju
Geological Survey of Slovenia. Black polygons are settlements. Boxed area
geophysical investigations (Gosar et al., 2001). Some
locations of probable soil-structure resonance were
identified in this study and large variations in damage
to buildings related to the 1998 earthquake were
explained by significant variations in ground motion
amplification between two different parts of the town of
Bovec.

To study in more detail the effects of surface geology
on seismic ground motion, we performed free-field
microtremor measurements at 124 points in the Bovec
basin. In addition, 20 buildings were surveyed with the
microtremor method to determine the building main
frequencies. Horizontal-to-Vertical Spectral Ratio
(HVSR) analysis was performed to determine the
fundamental frequency of the sediments. The main
building frequencies were identified from microtremor
measurements performed on different floors inside the
buildings. By overlying the frequency map of the
sediments with the frequencies of buildings, an attempt
rkovšek (1986) and Bavec et al. (2004). Transfer to GIS was done by
indicates the map shown in Fig. 4.
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was made to identify the areas of potential soil-structure
resonance, which was in our opinion the main reason for
the relatively high damage to buildings in different parts of
the Bovec basin. Results of microtremor investigations
were compared to the distribution of damage caused by
the 1998 and 2004 earthquakes and to available
geological, geotechnical and geophysical data.

2. Geological setting

The geology of the Bovec basin and its surroundings
is very complex and still not resolved in detail as far as
the structural geology is concerned. The Bovec basin
(6 km long and 2 km wide) developed in the Alpine
valley of the Soča river, which is elsewhere very narrow
(Fig. 1). The basement consists of Mesozoic platform
carbonates of Upper Triassic and Jurassic age (Fig. 2).
They are overlain by a succession of deep-water flysch
or by marly limestone (scaglia) with intercalated
calcarenites, shales, marls and conglomerates of Cretac-
eous age (Buser, 1986; Jurkovšek, 1986). Quaternary
sediments are represented from bottom to top by partly
lithified glaciofluvial sediments, overlain by lacustrine
chalk (Bavec et al., 2004). During the Holocene, the
chalk was partly eroded (in some areas totally) and
covered by glaciofluvial sand and gravel which are
weakly cemented in some parts into conglomerate and
by unconsolidated moraine (till).

The lithologic column can be divided into three
sections, based on physical properties. The basement
consists of carbonates. Upper Triassic dolomite and
limestone are overlain by Liassic limestone (Fig. 2).
Normal erosional contacts with a succession of deep
water clastics (flysch) of Jurassic and Cretaceous age are
found all around the steep flanks of the Bovec basin. In
the eastern part, the succession of deep water sediments
Fig. 3. Cross-section of Quaternary sediments across the Bovec basin interp
derived from the map in Fig. 4 where the position of the cross-section is als
starts with carbonate breccia (“wild” flysch), whereas at
other locations platform carbonates are overlain by
marly limestone (scaglia) and intercolated calcarenites,
shales, marls and conglomerates (Buser, 1986; Jurkov-
šek, 1986).

Quaternary sediments represent the third section. A
thick sequence of lacustrine chalk covers lithified glacial
and fluvial sediments in the central part of the basin (W
of the map in Fig. 2); (Kuščer et al., 1974; Bavec, 2002).
Glacial moraine sediments are in parts cemented (tillite).
During the Holocene, the chalk was partly eroded and
covered by older (Bovec terrace) and younger sand and
gravel, which are in some parts weakly cemented in
conglomerate, by scree and debris under the steep flanks
of the basin and by recent fluvial sediments along the
Soča river (Bavec, 2002).

A 2D cross-section (Fig. 3) was prepared based on
general geological knowledge of the area and sparse
geophysical data, because no deep boreholes have been
drilled in the basin. Electrical sounding was used to
determine the thickness of glaciofluvial sediments, but it
did not distinguish between flysch and lacustrine chalk
(Gosar et al., 2001). In the vicinity of the cross-section,
according to the geological data, the chalk is found
mainly in the Čezsoča area under younger sand and
gravel, while under the Bovec terrace only flysch is
expected. Seismic velocities of different lithological units
were derived from shallow seismic refraction measure-
ments using P and S-waves and from down-hole seismic
velocity measurements in geotechnical boreholes. Both
were performed only in the border part of the basin,
where the main settlements are located, as part of
geotechnical studies for retrofitting damaged houses. The
S-waves velocity for glaciofluvial deposits are 250–
450 m/s, for till 300–600 m/s, for tillite 600–800 m/s and
for flysch 1000–1400 m/s (Gosar et al., 2001).
reted from vertical electrical soundings and microtremor HVRS curve
o shown.
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3. Microtremor measurements and analyses

The microtremor HVSR method is widely used for
microzonation and site effect studies. Reviews on the
method can be found in Bard (1999) or Mucciarelli and
Gallipoli (2001). However, the theoretical basis of HVSR
method is still debated and different explanations have
been given. Nakamura's (2000) “body waves” explana-
tion is based on S-wave resonance in soft sediment layer
withminor or neglecting influence of surfacewaves.More
widely accepted (Bard, 1999; Bonnefoy-Claudet et al.,
2006) is “surface waves” explanation that HVSR is related
to the ellipticity of Rayleigh waves which is frequency
dependent. HVSR exhibits therefore a sharp peak at
fundamental frequency of the sediments, if there is a high
enough impedance contrast between sediments and
bedrock. Criticism of the method was often related to
the fact that there is no common practice for data
acquisition and processing (Mucciarelli and Gallipoli,
2001). Attempts to provide standards were only recently
been made (SESAME, 2004). It is widely accepted today
that the frequency of the HVSR peak reflects the
fundamental frequency of the sediments. Its amplitude
depends mainly on the impedance contrast with the
bedrock and cannot be used as a site amplification.
However, comparison with results of standard spectral
ratio method has shown that HVSR peak amplitude
underestimates the actual site amplification (Bard, 1999;
SESAME, 2004). HVSR also does not provide any
estimate of the actual bandwidth over which the ground
motion is amplified. The main advantages of HVSR
method are simple and low cost measurements which can
be performed at any time and any place, and direct
estimate of sediments resonance frequency without
knowing geological and S-velocity structure of the
underground. Any knowledge of thickness or/and velocity
of sediments and comparison with other methods and
earthquake damage can significantly improve the relia-
bility of the results (Bard, 1999). Since most noise
modelling simulationswere done for 1D cases (Bonnefoy-
Claudet et al., 2006) the influence of 2D and 3D structures
on HVSR is not yet adequately explored. On the other
hand, by using microtremors much denser grid of
measurements is possible than with any method based
on earthquake recording, on geophysical investigations or
on drilling.

The use of microtremors was later extended to
identifying the main frequencies of the buildings, their
vulnerability and soil-structure resonance (Mucciarelli et
al., 2001; Gallipoli et al., 2004a). Damage enhancement
and soil-structure resonance was recently studied using
microtremors for Umbria–Marche earthquake (Mucciar-
elli and Monachesi, 1998; Natale and Nunziata, 2004),
for Thessaloniki earthquake (Panou et al., 2004) and for
Molise earthquake (Gallipoli et al., 2004b).

In the Bovec basin, measurements of ambient
vibrations were performed by using six portable
seismographs Tromino (Micromed) composed of three
orthogonal electrodynamic velocity sensors, GPS recei-
ver, digitizer and recording unit with flash memory card.
All parts are integrated in a common case to avoid
electronic and mechanical noise that can be introduced
by wiring between equipment parts.

3.1. Free-field

Good ground coupling on soft soils was obtained by
using long spikes mounted at the base of the
seismograph. The recording length was 20 min, which
allows spectral analysis down to 0.5 Hz. In the Bovec
basin, a 7 km2 large area was surveyed in an
approximate 200×200 m grid (Fig. 4). This area covers
almost the whole extent of Quaternary sediments in the
central part of the basin and includes Bovec, Čezsoča
and Kal-Koritnica (Figs. 2 and 4), the three settlements
which suffered extensive damage in the 1998 and 2004
earthquakes. Altogether, 124 free-field measurements
were performed. Their locations were carefully selected
to avoid the influence of trees, sources of monochro-
matic noise, rivers and strong topographic features
(edges of terraces). Measurements were performed only
on no-wind days, because it is known, and confirmed
also with our tests, that the noise introduced by strong
wind severely affects the reliability of HVSR analysis
(SESAME, 2004; Mucciarelli et al., 2005). The noisiest
conditions were in the Čezsoča area, because of
retrofitting construction activities following the 2004
earthquake. Coherent noise in the vicinity of the
industrial area in the easternmost part of Bovec was
found to be less problematic, because the dominant
frequency of this noise was seldom below 20 Hz.

HVSR analysis was performed in the following way.
Recorded time series were visually inspected to identify
possible erroneous measurements and stronger transient
noise. Each record was then split into 30 s long non-
overlapping windows for which amplitude spectra in a
range 0–64 Hz were computed using a triangular
window with 5% smoothing and corrected for sensor
transfer function. HVSR was computed as the average
of both horizontal component spectra divided by the
vertical spectrum for each window. From the colour
coded plot of HVSR functions for all 40 windows, the
windows including strong transient noise were identi-
fied in order to be excluded from further computation.



Fig. 4. Contour map of the fundamental frequency peak derived from HVSR analysis of microtremor data. Frequency range of possible soil-structure
resonance (6–12 Hz) is shaded. Triangles indicate points of free-filed measurements; labelled triangles are examples of HVSR analyses shown in
Figs. 6 and 7. H1 to H6 indicate measurements in houses shown in Figs. 9–14. A–A′ indicates cross-section shown in Fig. 3.

183A. Gosar / Engineering Geology 91 (2007) 178–193
The effect of transient seismic noise on HVSR analysis
is still debated. Parolai and Galiana-Merino (2006) have
shown that transients have no or very little effect on the
HVSR. In our measurements transient noise occurs
mostly in a frequency range lower than is the value of
the peak. At the end, the average HVSR function with a
95% confidence interval was computed. In addition, a
directional HVSR analysis was performed in 10°
angular steps to identify possible preferential directions
of noise sources.

3.2. Measurements inside buildings

For measurements inside buildings, shorter spikes
mounted at the bottom of the seismograph were used to
enable precise levelling, but to avoid vibrations of the
unit. The recording length was 10 min, because
frequencies below 1 Hz were not of interest. Two-storey
residential houses prevail in the area, with some multi-
flat 3- or 4-storey buildings. Older houses are mainly of
simple and massive stone, while newer houses are
mainly masonry with RC floors. Measurements were
performed on all floors of the building. Two horizontal
components were oriented in the longitudinal (“N–S”
component of the seismograph) and transverse (“E–W”
component) directions of the building. The instrument
was placed as close as possible to the mass centre of the
building and close to the wall. Close to each building,
but far enough to avoid its influence, a free-field
measurement was also performed.

Each record was split into 10 s long non-overlapping
windows for which amplitude spectra were computed
using a triangular window with 3% smoothing. Windows
including strong transient noise were excluded from
further computation, although some investigations indi-
cate that influence of transients is small (Yuen et al.,
2002). Average amplitude spectra for each component
were computed from selected windows. For each floor, a
separate HVSR of each horizontal component to the
vertical component was also computed, as proposed by
Gallipoli et al. (2004a). Directional analysis was
performed in 10° angular steps for easier recognition of



Fig. 5. Amplitude vs. frequency graph of HVSR peaks.
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the two main frequencies in longitudinal and transverse
directions. In addition, ratios of amplitude spectra for
records taken on higher floors to the spectra of a reference
record taken at ground floor were computed.

4. Results and interpretation

4.1. Free-field results and the map of fundamental
frequency of sediments

HVSR analyses of 124 free-field microtremor
measurements in the Bovec basin showed that most of
them (80%) fulfill the criteria defined by SESAME
project (Table 1) for reliable measurements (SESAME,
2004). Three criteria for a reliable HVSR curve are based
on the relation of a peak frequency to the window length,
number of significant cycles and standard deviation of a
peak amplitude. Six criteria for a clear peak are based on
the relation of the peak amplitude to the level of the
HVSR curve elsewhere, and standard deviations of the
peak frequency and of its amplitude (the amplitude
should decrease rapidly on each side). If all three criteria
for reliable curve and at least five criteria for a clear peak
are fulfilled, the frequency of the peak is considered to be
the fundamental frequency of sediments down to the first
stronger contrast in shear-wave velocity. The main
reasons for the other 20% of measurements were: a)
artificial noise, b) two or more peaks in a spectrum or c)
Table 1
Criteria for reliable HVSR curve and clear HVSR peak defined by SESAME
too small amplitude of the peak. In cases in which the
small amplitude of the HVSR peak caused failure to the
criteria for a clear peak, we compared the results with
adjacent measurements. If the frequencies of question-
able peaks were comparable with the frequencies
obtained at adjacent points, we kept them in the
database. Finally, the frequencies of peaks determined
at 104 points were used for contouring a map of the
fundamental frequency of sediments in the Bovec basin
(Fig. 4).

The frequencies of the observed HVSR peaks are
distributed in the wide range of 3–22 Hz (Fig. 5), but
project (SESAME, 2004)



185A. Gosar / Engineering Geology 91 (2007) 178–193
most of them (46%) are in the range 7–11 Hz, 14% are
below 5 Hz and 6% above 20 Hz. Since two-storey
residential houses prevail in the area, their vulnerability
can be expected in the frequency range 6–12 Hz as is
described in the next section. The area with fundamental
frequency of sediments in this range is shaded on the
map (Fig. 4). The danger of soil-structure resonance in
the Bovec basin therefore seems to be considerable. This
is discussed further in the section describing the results
of measurements in buildings.

The amplitudes of the HVRS peaks are distributed in
a range of 2–12, but most of them (80%) are in the range
3–6, 10% in the range 6–8, 5% below 3 and 5% above
10. No correlation between the frequency of the peak
and its amplitude was established (Fig. 5).

Comparison of the HVSR frequency map (Fig. 4)
with the geological map (Fig. 2) and geological cross-
section (Fig. 3) showed that large variations in
fundamental frequencies cannot be explained by
known variations in surface geology or related to the
total thickness of the Quaternary sediments. Seismic
refraction measurements with P and S-waves per-
formed in the frame of geotechnical investigations for
retrofitting at three locations in urban areas of the
Bovec basin (Table 2) allowed us to compare the
fundamental frequency obtained from microtremors
with the calculated values for sediments for assumed
single layer. At all three points is the S-velocity in the
bedrock above 800 m/s and the impedance contrast
with average velocity in sediments (300–390 m/s) is
between 2 and 3. There is a good correspondence
between microtremors HVSR peak frequency and
calculated values.

This allowed us to make some interpretations of
fundamental frequencies obtained from microtremors in
terms of shallow geological structures for expected
lithological units. It is clear that the microtremor
fundamental frequencies do not reflect in the central
part of the basin the depth to flysch or deep sea clastics
which is up to 100 m. If a mid S-wave velocity for
glaciofluvial sediments of 350 m/s is taken for
sediments, the rough estimate of the corresponding
Table 2
Seismic refraction data on thickness and S-velocity of sediments and comparis
single layer

Location Microtremor HVSR f0

Thic

B37a (Mala vas) 8.0 Hz 9.0±
H2 (Brdo) 9.4 Hz 9.9±
B99 (Čezsoča) 13.3 Hz 6.9±
thickness of assumed single layer for observed frequen-
cies (3–22 Hz) would give a range of 4–30 m.

Selected results of HVRS analyses measured close
to the cross-section A–A′ (Fig. 3) are shown from N to
S in Fig. 6. For the E part of Bovec–Mala vas
(measurements B33, B37a, B44) frequencies around
8 Hz are characteristic, with relatively strong ampli-
tude. For instance, at point B33, a very clear peak with
an amplitude of 12 was obtained. Towards the W
(centre of Bovec), there is a steep increase of
frequency. For instance, at B41 a peak at 20.8 Hz
with amplitude of 4.5 was obtained. In the central part
of the basin (B47 and B92), frequencies around
10.5 Hz were obtained, with wider peaks and
amplitudes between 4 and 5. Monochromatic noise
(22 Hz) is clearly seen at B47. B105 is an example of a
measurement with a low amplitude and a wide peak.
Points B186 and B99 have some common character-
istics, although the first was measured at 80 m higher
elevation on the Bovec terrace than the second one
(close to the Soča river). In both HVSRs, several
smaller peaks are present inside the wide range of
amplification. This range is between 4 and 6 Hz at
B186 and between 12 and 20 Hz at B99. In Čezsoča
(B159a), noise due to construction activities severely
affected the measurements. Spectral ratios were there-
fore in general of lower quality in this area.

The curve of fundamental frequencies derived from
the map (Fig. 4) is shown at the top of the cross-section
A–A′ (Fig. 3). Its main characteristics are:

• Frequencies of 8 to 10 Hz in the southern part
(Čezsoča) correspond to a 15–25 m thick layer of
younger sand and gravel overlaying lacustrine chalk
and flysch.

• The 12.5 Hz peak close to the Soča river is most
probably related to shallow lacustrine chalk.

• Frequencies of 10 to 14 Hz observed in the northern
part of the profile are probably related to the layer of
conglomerate inside the Bovec terrace. The extent of
this weakly cemented layer was not known before,
because it was not detected by electrical sounding
on of microtremor HVSR peak frequency with calculated frequency for

Seismic refraction

kness (h) S-velocity (Vs) f0=Vs/4h

1.0 m 300 m/s 8.3±0.8 Hz
1.4 m 390 m/s 9.8±1.4 Hz
0.4 m 350 m/s 12.7±0.7 Hz



Fig. 6. Selected microtremor HVSR analyses in the vicinity of the cross-section shown in Fig. 3. Thin lines representing 95% confidence interval are
shown.
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due to the small resistivity contrast. The only known
exposures of conglomerate are in the cliff of the
Bovec terrace on the N bank of Soča river (Fig. 8).

• The largest variations in frequency (6–14 Hz) on this
profile were observed in the Bovec area. The town is
located at the margin of the Bovec terrace, partly on it
(sand, gravel), partly on glacial till and tillite overlying
flysch rocks. In any case, the thickness of Quaternary
sediments is in general small, but due to fluvial relief
the variations can be considerable. Shallow seismic
refraction investigations have shown that shear-wave
velocity can also vary considerably, depending on
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whether the sediments are cemented (tillite or
conglomerate).
This section describes some examples of HVSR

analyses shown in Fig. 7 and the main features of the
map of HVSR fundamental frequencies of the Bovec
basin (Fig. 4).
Fig. 7. Some examples of microtremor HVSR curves from the Bovec basin. L
95% confidence interval are shown.
• Frequencies in the range 7–11 Hz prevail (B33, B37a,
B44 and B92 in Fig. 6) in the largest part of the map
(Bovec terrace, Čezsoča, Kal-Koritnica). Although
some peaks are quite wide (B118 in Fig. 7) or the
measurements disturbed by monochromatic noise
(B145 in Fig. 7), it was possible to determine the
ocations of measurements are shown in Fig. 4. Thin lines representing



Fig. 8. The cliff of the Bovec terrace (N bank of Soča river) near point B117 which is located 100 m from cliff edge. Weakly cemented conglomerate is
visible near top of cliff.

Fig. 9. Example of possible soil-structure resonance for two-storey
house H1 in the Bovec town–Mala vas area (Fig. 4). a) free-field
HVSR, b) 2nd floor of the house — HVSR of each horizontal
component to the vertical component c) 2nd floor of the house —
amplitude spectra of horizontal components.
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fundamental frequency in the majority of spectral
ratios.

• Lower frequencies (3–6 Hz) were obtained at the
margins of the basin (W of Bovec (B22), E of
Čezsoča (B171), W of Kal-Koritnica (B56)) where
flysch and deep sea clastic rocks outcrop. An isolated
point (B186 in Fig. 6) with low frequency of 4.2 Hz
was obtained also south of the airport, but the HVSR
peak is not very reliable.

• Very high frequencies (18–22 Hz) were obtained in
three areas. 1) In the central part of Bovec they are
related to a very thin layer of till or sand–gravel
overlying flysch bedrock. 2) At the SE margin of the
map (B117, B124), they are related to very shallow
conglomerate visible in a nearby cliff (Fig. 8). 3) At
point B106, the peak is wide and has a low
amplitude, but is most probably also related to a
shallow layer of conglomerate in the Bovec terrace.

Comparison of several adjacent measurements has
shown that the amplitudes of the HVSR peaks are also
highly variable within short distances. For example,
points B29 and B81 (Fig. 7), which were measured only
200 m away, show almost the same fundamental
frequency (6 and 6.2 Hz), but have considerably
different peak amplitudes (4.5 and 11).

4.2. Measurements in buildings and soil-structure
resonance

Measurements performed in buildings confirmed that
microtremors are an effective tool for identification of the
main building frequencies. For all measured houses
(Figs. 9–14), it was possible to identify the longitudinal
and transverse frequencies. In buildings “N–S” com-
ponent corresponds to its longitudinal and “E–W”
component to its transverse direction. We used amplitude



Fig. 10. Example of possible soil-structure resonance for two-storey
house H2 in the Bovec town–Brdo area (Fig. 4). a) free-field HVSR, b)
2nd floor of the house — HVSR of each horizontal component to the
vertical component c) 2nd floor of the house — amplitude spectra of
horizontal components.

Fig. 11. Example of two-storey house H3 in the Bovec town–Brdo
area (Fig. 4) where soil-structure resonance is not likely. a) free-field
HVSR, b) 2nd floor of the house — HVSR of each horizontal
component to the vertical component c) 2nd floor of the house —
amplitude spectra of horizontal components.
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spectra of the horizontal components or HVSRs of each
horizontal component to the vertical component as
proposed by Gallipoli et al. (2004a). In general, by
using the spectral ratio, narrower and more prominent
peaks were obtained than by using simple amplitude
spectra (see Fig. 12 for example), but the peaks are
already clear enough in the amplitude spectra. There was
good correspondence in the frequency of the peaks
between measurements taken on different floors in the
building, showing an increasing response at higher levels.
Since it is not the purpose of this paper to discuss the
dynamic behaviour of buildings, but to identify possible
soil-structure resonance, only the results from the highest
floor of each building are presented below.

Since two-storey residential houses (masonry with
RC floors) prevail in the area, examples of five two-
storey and one three-storey buildings from different
parts of the Bovec basin are presented in this section.
For each building the following graphs are presented: a)
the results of HVSR analysis for free-field measurement
performed in the vicinity of the building, b) HVSR of
each horizontal component to the vertical component for
the highest floor, c) amplitude spectra of both horizontal
components. The results of free-field measurements
performed in the vicinity of buildings were always
carefully inspected and compared to adjacent measure-
ments to avoid possible erroneous results due to the
influence of nearby structures. For each house, damage
caused by the 1998 and 2004 earthquakes, assessed
according to the classification of damage for masonry
buildings in European Macroseismic Scale (ESM-98), is
also given.

House H1 (Fig. 9) is located in Bovec–Mala vas
district on the Bovec terrace, where a clear peak at
frequency 8 Hz with amplitude of 6.5 was obtained in
free-field measurements. The old house at this location
was very heavily damaged in the 1998 earthquake. It
was therefore demolished and a new house of similar
size was built at the same location. In the 2004
earthquake, the new house suffered slight to moderate
damage. From microtremor measurements in the house,
it was possible to identify the main building longitudinal
(8.7 Hz) and transverse (7.6 Hz) frequencies. Soil-
structure resonance is therefore a probable reason for the
very high damage to the previous house in the 1998



Fig. 12. Example of possible soil-structure resonance for two-storey
house H4 in Čezsoča (Fig. 4). a) free-field HVSR, b) 2nd floor of the
house — HVSR of each horizontal component to the vertical
component c) 2nd floor of the house — amplitude spectra of
horizontal components.

Fig. 13. Example of possible soil-structure resonance for two-storey
house H5 in Kal-Koritnica (Fig. 4). a) free-field HVSR, b) 2nd floor of
the house — HVSR of each horizontal component to the vertical
component c) 2nd floor of the house— amplitude spectra of horizontal
components.
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earthquake, as well as for the relatively high damage in
2004 to the new house constructed according to the
latest building codes. In general, the intensity in the
1998 earthquake was higher in Mala vas (VII EMS-98)
than in other districts of Bovec (VI EMS-98) (Gosar
et al., 2001).

House H2 (Fig. 10) is located in Bovec–Brdo district
on the Bovec terrace, where a wide peak centred around
9.3 Hz with amplitude of 5.0 was obtained in free-field
measurements. The main building longitudinal (8.5 Hz)
and transverse (9.7 Hz) frequencies were identified.
Soil-structure resonance is therefore very likely. The
house was moderately damaged in the 1998 and 2004
earthquakes.

House H3 (Fig. 11) is also located in Bovec–
Brdo on the Bovec terrace, 100 m to the north of
house H2. A wide peak centred around 17.5 Hz with
HVSR amplitude of 5.0 was obtained in free-field
measurements. The main building longitudinal
(10.7 Hz) and transverse (9.6 Hz) frequencies were
identified. Since both frequencies of the building are
considerably lower than the frequency of sediments,
soil-structure resonance would not be expected. In
fact, the house was only slightly damaged in both
earthquakes.

House H4 (Fig. 12) is located in Čezsoča on
younger Quaternary gravel, where a wide peak (6.5–
10 Hz) centred around 8 Hz was obtained in free-field,
which were partly disturbed by monochromatic noise
(4–4.5 Hz). The main building longitudinal (10.2 Hz)
and transverse (8.5 Hz) frequencies were identified.
Soil-structure resonance is therefore very likely. The
house was moderately damaged in the 1998 earth-
quake, later retrofitted, and then substantially damaged
in the 2004 earthquake. In general, the damage in
Čezsoča was slightly higher in the 2004 event than in
1988 event. The reason for this can be sought in
slightly different mechanism of the Ravne fault rupture
from the 2004 event close to the structural barrier of
the Bovec basin (Kastelic et al., 2006), but is not yet
adequately explained.

House H5 (Fig. 13) is located in Kal-Koritnica on the
Bovec terrace, where a wide peak centred around 8.6 Hz
was obtained in free-field. The main longitudinal
(8.3 Hz) and transverse (8.8 Hz) frequencies of the
building were identified. The house was moderately



Fig. 15. Plot of the frequency vs. height (no. of storeys) of 20 examined
buildings (11 two-storey, 6 three-storey, 3 four-storey).

191A. Gosar / Engineering Geology 91 (2007) 178–193
damaged in the 1998 earthquake, later retrofitted, and
again moderately damaged in the 2004 earthquake. Soil-
structure resonance is therefore very likely, especially
because the damage to other buildings in Kal-Koritnica
was considerably smaller during the 2004 event than in
1998.

Three-storey multi-flat house H6 (Fig. 14) is located
in Bovec–Brdo. A wide peak centred around 11.2 Hz
with amplitude of 4.5 was obtained in the free-field and
the main building longitudinal (5.8 Hz) and transverse
(6.6 Hz) frequency were identified. Since both frequen-
cies of the building are considerably lower than the
frequency of sediments, soil-structure resonance would
not be expected. In fact, the house was only slightly
damaged in both earthquakes.

The graph of main building frequency vs. height
(no. of storeys) for all 20 examined buildings is shown
in Fig. 15. The main building frequency for two-storey
houses is considerably higher (7–13 Hz) than for
three- and four-storey houses (5–9 Hz). The difference
between the later two categories is not significant. The
difference in the building main frequency in long-
Fig. 14. Example of three-storey house H6 in the Bovec town–Brdo
area (Fig. 4) where soil-structure resonance is not likely. a) free-field
HVSR, b) 3rd floor of the house — HVSR of each horizontal
component to the vertical component c) 3rd floor of the house —
amplitude spectra of horizontal components.
itudinal and transverse direction is in the range of 0.5
to 2 Hz.

5. Discussion and conclusions

Microtremor investigations have proved to be an
effective tool for assessment of site effects in the case of
complex geological structures commonly encountered
in young Alpine basins filled with glacial and fluvial
sediments that are partly cemented. Cemented layers
(conglomerate, lithified moraine — tillite) can con-
siderably change the fundamental frequency. For several
reasons: the irregular shape of layers, weak contrast in
electrical resistivity, layers are frequently thin, it is very
difficult to detect these layers by geophysical methods.
For microzonation purposes of larger areas, the cost of
geophysical investigations usually also precludes per-
forming measurements in a grid dense enough to reveal
the detailed stratigraphy. Drilling is also not always
effective in discriminating sand–gravel from weakly
cemented conglomerate, because the latter is easily
disintegrated by drilling bits. In such geological
conditions, the microtremor HVSR method is very
useful for quantitative seismic microzonation and
assessment of possible soil-structure resonance. At the
same time, the costs of measurements and processing
are kept low, because no active source is needed.

Microtremor measurements performed in the Bovec
basin showed large variations in the fundamental
frequency (3–22 Hz) of sediments. Because most
observed frequencies were in the range 7–11 Hz, they



192 A. Gosar / Engineering Geology 91 (2007) 178–193
overlap with the range of building frequencies (5–
13 Hz). This indicated that the danger of soil-structure
resonance is considerable in the area. Observed
frequencies cannot be related to the total thickness of
Quaternary sediments, but can be explained by shallow
layers of lithified sand–gravel (conglomerate) or glacial
moraine (tillite).

The complex geological structure has resulted in
some considerable changes in fundamental frequencies
within short distances. This was especially pronounced
in the town of Bovec, which is located at the margin of
the Bovec terrace, partly on sand and gravel, and partly
on glacial till and tillite overlaying flysch rocks (Fig. 2).
In any case, the thickness of Quaternary sediments is
small, but due to fluvial relief the variations can be
considerable. The frequencies obtained by microtremor
measurements are as high as 22 Hz in the central part of
the town and diminish towards Brdo and Mala vas
districts, where frequencies in the range 6–11 Hz
predominate (Fig. 4). This was reflected in the
distribution of damage in both earthquakes, which was
lower in the central part of the town although the
buildings are older (Gosar et al., 2001).

In this study, the first attempt was made to use
microtremors for identifying the main frequencies of the
buildings in the area and to establish possible soil-
structure resonance. The results are promising and
indicated that the major variations in the distribution of
damage in the Bovec basin can be explained by soil-
structure resonance. Measurements in two-storey houses
which prevail in the area showed that the main building
frequencies in the area are in the range of 7–11 Hz.
Areas of possible soil-structure resonance were there-
fore identified in the settlements of Bovec–Brdo,
Bovec–Mala vas, Čezsoča and in Kal-Koritnica. In the
whole surveyed area of the Bovec basin, the area with
fundamental frequencies of sediments in the range 6–
12 Hz, in which soil-structure resonance is possible,
occupies more than 60% (Fig. 4). Nevertheless, before
more general conclusions can be made, microtremor
measurements in a larger number of houses should be
performed, including analyses of their dynamic beha-
viour and of available information on the construction of
individual buildings.

In addition investigations should be enhanced to
methods dealing with 2D or even 3D shape of the Bovec
basin. Although sparse geophysical data limits the
knowledge about the shape of the bedrock, the first
attempts of 2D modelling (Vanini et al., 2006) of
observed seismic ground motion at single strong motion
seismic station located in the Bovec basin at the time of
2004 earthquake gave promising results.
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