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Abstract Previous works based mainly on strong-motion recordings of large Jap-
anese earthquakes showed that site amplification and soil fundamental frequency
could vary over long and short time scales. These phenomena were attributed to
non-linear soil behaviour due to inelastic, softening non-linearity: the starting fun-
damental frequency and amplification were both decreasing and not recovering for
a time varying from few hours to several months. The recent April 6" 2009 earth-
quake (My 6.3), occurred in the L'Aquila district (central Italy), gave us the possi-
bility to test hypotheses on time variation of amplification function and soil fun-
damental frequency, thanks to the recordings provided by a pre-existing strong-
motion array and by a large number of temporary stations. We performed spectral
ratio studies for the permanent stations of the Aterno Valley array where a refer-
ence station was available. The temporary stations and permanent ones were stu-
died using time-frequency analyses through the S-Transform approach (Stockwell
et al., 1996). Finally, analyses on noise recordings were performed, in order to
study the soil behaviour in linear conditions. The results provided puzzling evi-
dences. Concerning the long time scale, little variation was observed at the perma-
nent stations of the Aterno Valley array. As for the short time-scale variation, the
evidence was often contrasting, with some station showing a time-varying beha-
vior, while others did not change their frequency with respect to the one evaluated
from noise HVSR. Even when a time-varying fundamental frequency was ob-
served, it was difficult to attribute it to a classical, softening non-linear behaviour.
Even for the strongest recorded shocks, with PGA reaching 0.7 g, variations in
frequency and amplitude seems not relevant from building design standpoint. The
only exception seems to be the site named AQV, where the analyses evidence a
fundamental frequency of the soil shifting from 3 Hz to about 1.5 Hz during the
mainshock.
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1. Introduction

The variability of soil response has been observed on Japanese strong motion data
by different authors on different data sets: Rubinstein ez al. (2007) for the 2003
Tokachi-Oki earthquake, Sawazaki et al. (2009) for the 2000 Western-Tottori
Earthquake, and Wu et al. (2009) for the 2004 Mid-Niigata earthquake. In all cas-
es the main shock caused a reduction of fundamental soil frequency (up to 50%)
and a subsequent recovery. All the authors agree on pointing out soil non-linear
behavior as the cause for the observed variation, and observe different time inter-
vals required for restoring the original soil frequency (from less than a hour to
more than 4 years) and on the thickness of soil affected by shear modulus degrada-
tion.

The latter issue was investigated in detail by De Martin ez al. (2010) using data
collected from a borehole station during the 2005 Fukuoka prefecture Western
offshore earthquake. They showed qualitative evidence of nonlinearity during the
mainshock, but, when inverting along the stratigraphic column, they observed that
out of the eleven layers considered, six did not show any degradation of shear
modulus and two had a level of degradation lower than the one expected from la-
boratory data. For two layers there was agreement between theoretical and ob-
served degradation and only one layer showed more degradation than expected.
Non-linearity appears to be a more subtle phenomenon than usually modeled by
the practitioner, and literature also reports cases of hardening non linearity in non-
cohesive, partially saturated soils (Bonilla ez al., 2005).

The recent April 6™ 2009 earthquake (My, 6.3), occurred in the L'Aquila territory
(central Italy), gave us the possibility to test several hypotheses on the long- and
short-timescale variation of amplification function and soil fundamental frequen-
cy. The 2009 L’Aquila seismic sequence was recorded by a pre-existing strong-
motion array and by a large number of temporary stations. The Aterno Valley Ar-
ray, operated by the Italian civil protection, provided recordings of background
seismicity since 2000, as well as the recordings of the foreshocks, the mainshock
and the aftershocks of the 2009 seismic sequence. A description of the array and
of the characteristics of the recordings can be found in Zambonelli ez al. (2010),
while a detailed description of the temporary network deployed by several Euro-
pean research institutions is provided by Bergamaschi ez al. (this volume).

In this study we analyze the ground motion recorded at strong-motion stations of
the Aterno array as well as at temporary stations (Working Group ITACA, 2010).
In particular, the analyzed stations are: AQA, AQG, AQK, AQM, AQYV, of the
RAN network, and MI01, MI02, MI03 and MIO5 of the temporary array. In order
to study the intra- and inter-event soil frequency variations, different kinds of ana-
lyses were performed including time-frequency analyses through the S-Transform
approach (Stockwell ez al., 1996), which allows investigating non-stationary sig-
nals, by the evaluation of the local spectrum in the time-frequency domain. Final-
ly, analyses on noise recordings were also performed, in order to study the soil be-
havior in linear conditions.
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2. Instrumental and geotechnical characteristics of the recording
sites

The Aterno river valley array has been installed by the Italian civil protection, as
part of the Italian strong motion network (RAN, Gorini ef al., 2010) in the time
span 2000-2005. It is composed of seven digital stations aligned along a direction
transversal to the major axis of the Aterno valley and one station installed inside
L’Aquila town. We examined 4 stations of the array (Figure 1): AQV (centre of
the valley) AQA (left side of the valley), AQM (right side) and AQK (located on
L’Aquila downtown), whose main characteristics are listed in Table 1.

Stations AQA and AQV have been installed on the recent alluvial deposits of the
Aterno river (Holocene, HOL in Figure 1) made of gravels alternated to thin layers
of finer deposits, that reach a depth of about 50m in correspondence of station
AQYV, and about 30 m at the station AQA. The station AQM is also installed on
Holocene alluvial fan deposits, very close to the calcareous outcrops (Figure 1).
To the south, in correspondence of L’Aquila downtown, station AQK has been
deployed on cemented breccias, which have a thickness of about 40m, superim-
posed on marls. The calcareous bedrock is not reached by the borehole, which
stops at 50 m.

The shear wave velocity of the subsoil, showed in Figure 2, has been measured
through down-hole and cross-hole tests at AQA, AQV and AQK (Working Group
ITACA, 2010). The first site is characterized by a shallow soil layer (about 10 m)
with low velocity (about 250 m/s), a first velocity increase at 10 m, up to 800 m/s,
and a second increase at 20 m where velocities become larger than 900 m/s.

The second station, AQV, is characterized by a gravelly layer of about 50 m, with
an almost constant shear wave velocity of about 500 m/s, then velocity increases
up to 1250 m/s, in correspondence of the calcareous bedrock. Finally, station
AQK has a profile characterized by a velocity inversion: the cemented breccias,
with shear wave velocities of about 700 m/s at 40 m, overlay a marly layer, with
velocities of 640 m/s.

After the mainshock occurrence, a temporary network was installed by INGV con-
sisting in 4 accelerometers, namely MI01, MI02, MI03 and MIOS5 (cf. Table 1 and
Figure 1, and Bergamaschi et al., this issue). These stations recorded the strongest
aftershocks of the sequence and worked in continuous mode for about one month.
Station MIOI has been deployed on a calcareous outcrop, in the NE edge of the
valley, nearby the village of Pescomaggiore. MI02 has been deployed at Paganica
on Holocene deposits of alluvial fan origin, whose depths are larger than 30m.
Station MIO3 has been installed in the vicinity of the Onna village, in the middle
of the Aterno river valley, in correspondence of Holocene alluvial deposits. Final-
ly, station MIO5, inside the village of Sant’Eusanio Forconese, is installed on a ter-
raced level (CS) made of gravels, which is probably directly superimposed on the
calcareous bedrock.

Two in-situ tests are available in the middle Aterno valley (Figure 2): a DH test
close to the MI02 station (Paga3) and a microtremor array in the vicinity of MI103
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(Onna). The first test indicates few meters characterized by low velocity and an
almost constant velocity of 400-500 m/s down to 30 m, although the detail indi-
cates very frequent velocity changes, probably related to the alluvial fan deposits,
characterized by a high heterogeneity. At MI03 an average shear wave velocity of
about 400 m/s is observed down to 40 m, probably relevant to the superficial al-
luvial layer.

Table 1. Accelerometric stations analyzed in this study and related information. The star on the
ECS8 class indicates that the soil class is assigned on the base of geological and geophysiscal data
(GEO). Direct estimation methods are: CH = Cross-Hole; DH = Down-Hole; DISP = inversion
of dispersion curve obtained from array microtremor measurements. Instrumental characteristics
are: full scale (FS) and sampling frequency (Freq).

Station EC8 Class Sensor Digitizer FS Freq Installation Installation
Code Class Source & (g) (Hz) starttime end time

Episensor Kinemetrics

AQV B cH FBA-3 Etna

1 50 1997/01/01
Episensor Kinemetrics
FBA-3 Makalu

Episensor Kinemetrics
FBA-3 Etna

AQM A* GEO 1 200 1997/07/01  2009/09/11

AQA B DH 1 200 2001/04/17

Episensor Kinemetrics
BA-3 Makalu

Episensor
FBA-3

AQK B DH 1 200 2005/12/02

MIOl A*  GEO Reftek-130 2 200 2009/04/07  2009/04/27

Episensor

MIO2 B DH FBAS3

Reftek-130 2 200 2009/04/07  2009/04/29

Episensor

MIO3 B DISP FBA3

Reftek-130 2 200 2009/04/07 2009/07/31

Episensor

*
MIOS B GEO FBA3

Reftek-130 2 200 2009/04/07  2009/04/28
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Fig. 1. Geological map and location of the analyzed stations. The insets in the upper right panel
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Fig. 2. Shear wave velocity profiles at 5 of the examined sites (for station AQV the simplified
profile used in the 1D model is also reported).



3. Spectral analysis

In this part of the work, the variation of the site fundamental frequency is investi-
gated using strong-motion data recorded in the epicentral area. We focused our at-
tention on the stations AQM, AQK, AQV and AQA (Figure 1), since good quality
data are available before and during the sequence. In particular we selected wave-
forms recorded in 2009 from the 30™ of March to the end of April, by the Aterno
Valley array in the magnitude range 3.0-6.3. Unfortunately, during the L'Aquila
mainshock, AQM station, set to 1g full-scale, saturated, due to a partial detach-
ment of the instrument from the pillar; the recorded aftershocks have to be used
carefully, although it can be reasonably supposed that no lifting of the box had oc-
curred for seismic events of lower energy (Zambonelli ez al., 2010).

About 110 events were considered, with almost 45 earthquakes with magnitude
larger than 3.5. Table 2 lists the number of records analyzed for each station. The
waveforms were processed using the procedure proposed by Paolucci et al.
(2009), which includes the baseline correction and band-pass filtering with a 2nd
order a-causal frequency-domain Butterworth filter aimed to preserve the signal
phase.

Table 2. Number of records from M > 3.0 and, in brackets, from M > 3.5 are reported together
with the minimum and maximum epicentral distance (Ryvin Rmax), peak ground acceleration
(PGA) and velocity (PGV).

#of rec. RMIN PGAM]N PGVM]N

SO M>3.0 Rue PGAwx PGVuiax
(M>3.5) [km] [em/s”]  [emis]
112 08 08 0.15
AV 38y 203 6442 4272
102 16 28 0.06
AQM ) 202 3320 801
25 14 0.02
AQA B8 204 4354 3192
AOK (1) 08 23 0.05

23.0 355.5 35.80

The first step of the analysis consisted in the extraction from the waveform of the
S-wave phase and the signal coda. The former is a time window starting at the S
wave arrival (f;), visually selected, and ending at time fg,, evaluated on the base
of the Arias intensity function (Arias, 1969) computed from the S-wave arrival

(ZSI):
I(t) = % j; a*(r)dr 1)

where a(f) is the acceleration at time ¢ and g is the gravity acceleration. The time
ts, 1s selected when the Arias intensity, normalized with respect to its maximum
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value, is 0.9. When the S-window includes surface waves, s, is manually reduced,
in order to exclude these waves. It is found that generally the interval [fs;, fs,] is
about 3.5s. We enlarged the windows relevant to AQK station to investigate fre-
quencies down to 0.6 Hz, i.e. the fundamental frequency of this site (De Luca et
al.; 2005, Bindi et al.; 2009). The coda window starts from twice after the S-wave
travel time after the earthquake origin time (Herraiz and Espinosa , 1986) and ends
after 10 s.

The S and coda windows were tapered along 5% of the window length using a co-
sine function and azimuthally projected on a ten-degree interval from 0 to 180. A
standard Fast Fourier Transform was then applied to the windows, padded with
zeros to 2048 samples, which corresponds to about 10s of signal. The horizontal
and vertical Fourier spectra were smoothed through the Konno and Ohmachi
(1998) algorithm (with b = 40).

First the rotational Horizontal to Vertical Spectral Ratio (HVSR) and the Standard
Spectral Ratio (SSR) were computed, using either the S wave window or the sig-
nal coda, for the events of magnitudes larger than 3.5. Figure 3 shows the mean
HVSR curve for each azimuth. The curves obtained from the coda waves are gen-
erally similar to those calculated from the S-wave window, but with less scatter,
consistently with the observation by Sawazaki et al. (2006), Mayeda et al. (2007)
and Wu et al. (2009). The maximum discrepancy between the HVSR curves ob-
tained with the two phases occurs at sites AQA and AQV. In particular, a stronger
dependence on the direction is observed in the HVSRs obtained from the S phase,
which leads to a high dispersion of the resonance amplitude and frequency.

Station AQM, installed at the border between the alluvial fan and calcarecous be-
drock (Figure 1), has a flat response in the frequency band 0.3-4 Hz with no prefe-
rential direction of the amplification. At higher frequencies, the HVSR amplitudes
increase and vary with the direction, suggesting possible site amplification due to
the presence of a thin alluvial layer over the bedrock. Therefore, this station can be
used as a reference site in the SSR analysis for frequencies lower than 4 Hz. For
this reason we do not consider station AQA in the SSR analysis since its funda-
mental frequency is very similar to that of AQM.

Figure 4 shows the horizontal rotational SSR curves, computed for stations AQK
and AQV, using AQM as reference. An agreement between HVSR and SSR
curves is observed for AQV at frequencies lower than 4 Hz for the different phas-
es. Spectral ratios calculated from the coda waves are more stable for AQV than
for AQK, as in the latter case, the coda is highly contaminated by the presence of
surface waves and the vertical component of the motion is amplified at about 1 Hz
(Figure 3 and Bindi et al. 2009).
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Fig. 3. Directional HVSR for the stations AQA, AQM, AQK and AQV (left panels show the S-
wave phase, right panels the signal coda). The red line indicates the 1D linear soil response.
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Fig. 4. Directional SSR for the stations AQK and AQV with AQM as reference. The red line in-
dicates the 1D linear soil response.

The 1D response curves of a shear wave vertically propagating through the hori-
zontal layers, with the profiles reported in Figure 2, are superimposed on the em-
pirical curves of stations AQA and AQV. In these analyses, densities and quality
factors (Q) span between 19 to 21 kN and 50 to 100, respectively. Approximated
estimations can be used because of the limited influence on the simulation by both
Q and density. We could not evaluate the 1D response at AQK, as the available
velocity profile has not reached the bedrock.

The 1D response curve of sites AQA and AQV is consistent with the empirical re-
sponse in terms of fundamental frequency, f;, both for S- and coda-waves analys-
es. At AQV station, the theoretical amplification underestimates the amplitudes
detected by SSR analysis. This discrepancy is due to the low impedance contrast
between bedrock and soil, set in the 1D model, as a probable consequence of the
low S-wave velocity sampled in the fractured limestone at depth of 50m (Working
Group ITACA, 2010).

4. Results at AQV station

We selected station AQV to investigate the presence of non-linear effects in the
strong motion data. We increased the dataset used for the spectral analysis adding
about 60 events with local magnitude between 3.0 and 3.5 (INGV-DPC S5
project, 2005-2007, http://dpc-s5.rm.ingv.it/). Table 3 reports only the strong-
motion parameters estimated at AQM and AQV for the strongest events used in
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the analyses. The SSR computed on the S-phase and the coda waves (Figure 5) in-
dicates that the amplification at AQV is maximized along a direction between 20
and 40 degrees (from the North), which corresponds to the direction perpendicular
to the major axis of the valley. All the subsequent spectral analyses are therefore
carried out on the horizontal components projected along 30° direction.

S-waves AQV/AQM SSR (87 records)

C-waves AQV/AQM SSR (87 records)
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Fig. 5. Directional SSR (left: S-wave phase; right: coda waves)

Table 3. Ground motion parameters of the strongest events occurred in the epicentral area rec-
orded by AQV and AQM. Data used in the SSR analysis are indicated in italic. The mainshock,
recorded only by AQV station, is reported in bold. Peak Ground Acceleration (PGA), Significant
Duration (Ds), Housner Intensity (I) and Arias Intensity (1) are referred to the maximum be-
tween the NS and the EW components. Dg is the time interval between 5% and 95% of the nor-
malized Arias Intensity (Trifunac and Brady, 1975), while Iy is evaluated in the range 0.1 - 2.5
seconds (Housner, 1965).

AQV AQM
Event time My M, PGA Ds Iu Ia Repr PGA Ds Iy Ia Repr
[yyyy-mm-dd hh:mm:ss] [cm/s’] [s] [cm] [cm/s] [Km] | [cm/s] [s] [em] [ecm/s] [Km]
2009-03-30 13:38:39 4.1 | 141 26 29 2.6 6.8 44 44 1.7 0.6 6.8
2009-04-06 01:32:39 63 5.8 |644 7.7 131.6  282.5 4.9
2009-04-06 02:37:04 51 46 332 32 128 184 1.6
2009-04-06 16:38:09 44 40 |74 35 32 2.4 1.9 80 25 32 3.3 2.3
2009-04-06 23:15:37 51 48 | 148 45 103 5.8 8.4
2009-04-07 09:26:28 50 4.7 | 184 3.7 59 9.8 3.9 55 39 34 2.3 4.2
2009-04-07 17:47:37 56 53 | 144 54 148 13.0 15.1 124 50 83 52 14.9
2009-04-07 21:34:29 46 4.2 | 339 1.2 138 22.3 2.7 232 22 9.0 10.8 2.2
2009-04-09 00:52:59 54 51 |152 55 173 9.8 11.9 86 59 94 3.1 11.7
2009-04-09 19:38:16 53 49 100 55 57 3.6 13.8
2009-04-13 21:14:24 51 49 |59 55 4.8 1.8 14.2 50 42 3.1 1.3 14.0
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4.1 Temporal variation of SSRs

In order to detect long time variation of the fundamental frequency f; for the AQV
site, we estimate the fundamental frequency from the SRRs of recordings span-
ning from 15 hours to 21 days after the mainshock occurrence and average them
on log-spaced intervals (Figure 6). No clear trend in the f; variation is observed. It
can just be noted that f; slightly increases with time, from 2.4 Hz within the first
week after the mainshock to 2.8 Hz in the following days. The coda analysis gives
larger f, values with respect to the S-phase (Figure 6a), that are constant over time.
On the other hand, the f; estimated from AQV waveforms with PGA larger than
80 cm/s” (except of the event of April 9) have lower f; values, in the range 1.7-2.1
Hz (blue points in Figure 6b). This result suggests that non linear effects at AQV
can be associated to the amplitude and duration of the S-wave propagation through
the soil underlying the station. The error bars shown in Figure 6 provide a measure
of the dispersion around the fundamental frequency estimated over the considered
time window. These error bars were calculated as follows: the average curve SSR
for each time window was normalized to its maximum and a reference amplitude
equal to 80% was fixed. The error is equal to the frequency interval corresponding
to intersection between the normalized SSR and the 80% amplitude threshold.
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Fig. 6. a) Average fundamental frequency (fo) from S wave window versus average fundamental
frequency from coda window. The vertical and horizontal bars indicate the error. b) Average
fundamental frequencies from S wave window (red) versus time. Numbers indicate the number
of records for each time interval. Blue points are the f, estimated from AQV records having PGA
larger than 80 cm/s”.

4.2 SSR and HVSR versus PGA

Figure 7 (top panels) shows the SSRs calculated at AQV. The records have been
grouped according to the PGA value, using a threshold of 80 cm/s*. The SSR
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computed using the S-wave phase indicate a f; centered at about a 2Hz for the
stronger events, while the frequency is about 3 Hz in case of weak events, very
similar to the frequency obtained with the 1D linear model (see Figure 4). When
the SSR is computed on the coda waves, there is no difference in the f; evaluated
either from strong or weak events. This leads us to hypothesize that whether there
is a loss of soil stiffness it should occur during the S-wave phase. The same differ-
ence between the spectral ratios calculated on the S-wave phase and coda waves
could be observed for the HVSRs (bottom panels of Figure 7). The mean curve
obtained with the records with PGA < 80 cm/s” has two peaks, the first at about
1.6 Hz and the second at about 2.5 Hz. Moreover, to compute the HVSR we could
use the mainshock record, which indicates a fundamental frequency lowering ob-
served in the S-wave as well as in the coda.

S-waves AQV/AQM SSR 030° (a) C-waves AQW/AQM SSR 030° (b) (©)
12 2 SSR analysis
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Fig. 7. SSRs and HVSRs for strong (PGA > 80 gal) and weak events (PGA < 80 gal) for station
AQV, projected along 30°N: SSR computed on S-phase (a) and on coda waves (b); HVSR com-
puted on S-phase (d) and on coda waves (e). The HVSR relative to the mainshock is plotted in
red. Maps (c) and (f) show the epicenters of the analyzed events and AQV and AQM location.
Black and green circles indicate strong and weak events, respectively. Mean SSRs and HVSRs
for strong and weak events (black and green thick curves) are plotted along with the relevant
68% confidence interval (thin curves) considering a lognormal distribution of amplification
(SSRs) and of amplitudes (HVSRs).

4.3 Time dependent SSR and HVSR

In order to show the reduction of soil stiffness occurring during the S-wave phase,
we calculated the SSR in function of time during the strongest aftershocks record-
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ed simultanecously at AQV and AQM (see Table 3). We present only the results re-
levant to the Mw 5.0 event occurred on 2009-04-07 at 09:26:28 GMT (Figure 8),
although the PGA recorded at AQV for this event is 184 gal, lower than the 339
gal associated to the Mw 4.6 event occurred on 2009-04-07 21:34:29 GMT. The
latter is, in fact, an impulsive event with large PGA and very short effective dura-
tion (1.2s; see table 3).

We set a local origin at the S wave arrival time, in order to avoid the contamina-
tion of P and S phases, and we calculated the Fourier spectra for moving windows
having length of 1.67s, with no overlap. In the first 3 seconds after the S-wave ar-
rival, corresponding to the release of the most energetic part of the signal, the fun-
damental frequency shows a value lower than 2 Hz. The frequency gradually in-
creases afterwards, reaching a value of 3 Hz at 6 s. The mainshock was only
recorded by station AQV, therefore we can only calculate the variation of HVSR
with time, using the same procedure adopted for the time dependent SSR. The
fundamental frequency of the site is lower than 2Hz for the first 10s after the S-
phase arrival, then the frequency increases and stabilizes at 3Hz, the characteristic
value of this site at low deformation (Figure 9).
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Fig. 8. Time dependent SSR for the 2009-04-07 09:26:28 aftershock.
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Fig. 9. Time dependent HVSR for the mainshock.

4.4 1D linear-equivalent modeling

In order to verify the reduction of the soil fundamental frequency, we modeled the
1D equivalent linear soil response of AQV using the SHAKE-91 software (Idriss
and Sun, 1992). The soil profile used in modeling is reported in Figure 2, and the
variation of the shear modulus and the equivalent damping ratio with shear strain
for gravels is evaluated by adopting two different models, proposed by Rollins et
al. (1998) and Seed et al. (1986). Figure 10 shows the comparison in terms of
normalized stiffness and damping ratio versus shear strain between the adopted
soil curves.



16

= Seed et al. (1986) —Seed et al. (1986)

08 ——Rollins (1998) | —Roliins (1998)

g -
@ £
!“ 06 q
£ H
k =
3o £
H 5
3

202

[ T T T T

0.0001 0.001 0.01 01 1 0.0001 0.001 0.01 01 1

shear strain, 1 (%) shear strain, y (%)

Fig. 10. Variation of normalized shear modulus and damping ratio with shear strain following
Rollins (1998) and Seed et al. (1986).

As the mainshock and some of the largest aftershocks of the sequence were not
recorded by the bedrock station AQM, we calculated the rock outcrop waveforms
from the AQV records. The results were compared with the corresponding records
at AQM, both in time and frequency domain (in terms of response spectra), to ve-
rify the degree similarity of the synthetic and observed records. The input motion
is applied at the top of the 1D model using the SHAKE-91 option “outcrop”, while
the output is requested at the base of the model using the option “outcrop” as well.
In such way, we assume a constant shear wave velocity profile at AQM (Vs =
1250 m/s) and no amplification phenomena. This assumption allows us to com-
pare the results with the record at AQM for frequencies lower than 4 Hz, as evi-
denced in the HVSR analyses performed both on S- and C-waves (cf. Figure 3).
Figure 11 shows the input and the results for the 2009-04-07 09:26:28 aftershock
considering the nonlinear gravel behavior proposed by Rollins et al. (1998). Since
the frequencies of interest are in the range 1-4 Hz (where we expect the AQV fun-
damental frequency), we filter the result in this frequency range (Figure 11c). It
should be also noticed the satisfactory comparison in the spectra plot for the above
mentioned frequency range (cf. periods greater than 0.25 s in Figure 11d).
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Fig. 11. 1D simulation of the 2009-04-07 09:26:28 aftershock: (a) seismic input; b) comparison
between synthetic time-series and record at AQM; (c) comparison between band-pass filtered
(range 1-4 Hz) synthetic time-series and accelerations observed at AQM; (d) 5% damped re-
sponse spectra obtained from the acceleration time histories displayed in (a) and (b).

In Figure 12a, the 1D equivalent-linear amplification function (mean + 1 standard
deviation) simulated for the five strongest aftershocks (red curves) are compared
with the average SSRs obtained analyzing the S-phase windows of the same
events (black curve). The used soil curves are from Rollins (1998). The fundamen-
tal frequency obtained from simulations does not decrease during the strongest af-
tershocks. On the other hand, if the curves from Seed ef al. (1986) are used for de-
fining the nonlinear soil behavior there is an evident decrease of the fundamental
frequency (Figure 12¢). However, this decrement is not sufficient to reproduce the
fundamental frequency obtained from the empirical SSR. Performing a back-
analysis (i.e. varying the G/Gy-y curve until the mean amplification curve obtained
from the strongest aftershocks is in agreement with the empirical SSR) the average
strains evaluated at each gravelly layer indicate a Vg decrement of about 25%.
Furthermore, Figures 12a and ¢ show the good agreement between the mean SSRs
calculated using C-phases of weak events (green line) and the resonance frequen-
cy obtained from 1D linear simulation (blue line). We believe that at site AQV the
SSR calculated using C-phases is more representative for the comparison with the
1D resonance frequency at low strains. Moreover, the SSR mean curves calculated
using either the S-phase or the C-phase of weak events are very similar (cf. green
curves in figures 7a and 7c¢).

The modeling of the mainshock produces a lowering of the f;, more pronounced
when the Seed ef al. (1986) curves are assumed (Figure 12b and 12d). The simula-
tions demonstrate that the results are strongly dependent on the variation of the
shear modulus and damping ratio with strain. The curves by Seed et al. (1986) bet-
ter reproduce the frequency shift estimated using HVSR of mainshock records.
The 1D model only allows verifying the reduction of the soil stiffness with strain,
compatible with the decrease in the fundamental frequency.
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Fig. 12. 1D simulations: a) 1D response relative to the strongest aftershocks (red lines represent
the average + lstandard deviation of the simulations assuming the Rollins (1998) soil curves)
compared to the relevant SSR; b) 1D response curve of the mainshock (red line) assuming the
Rollins (1998) soil curves and HVSR obtained from the analysis of the mainshock record at
AQV. ¢) d) same as a) and b) assuming the Seed et al. (1986) soil curves.
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5. Short scale variation using S-Transform analysis

This section will focus on intra-event soil behavior by examining single records.
To this aim different techniques are proposed in the literature, such as the Short
Time Fourier Transform (STFT), the Wavelet Transform (WT) or, as in this study,
the Stockwell Transform (S-Transform). The latter is particularly useful to analyse
the time-frequency behavior of a system that changes its dynamic characteristics
during time. In fact, it provides information about the local spectrum of a generic
signal (Stockwell et al., 1996) overcoming the limitations derived from the as-
sumptions of the stationarity of a signal. This transformation, for a signal /A(?), is
defined as:

T
— _[h(t)- e 2 eIl gy 2)

where ¢ is time, f'is frequency and 7 is a parameter that controls the position of
the Gaussian window along the time axis. Examples of application of S-transform
on nonlinear dynamic behavior of soil and buildings can be found in Ditommaso
et al. (2010, 2011), Mucciarelli ef al. (2011) and Picozzi ez al. (2011).

In this section we show the results obtained from the analyses of the ground mo-
tion recorded by stations AQA, AQG, AQK, AQM, AQV, MI01, MI02, MI03 and
MIO5. Although several aftershocks were recorded by these stations, only one re-
cording is considered in this section in order to synthesize the results. The main
information about the selected events is reported in Table 4. According to the
spectral analyses shown in the previous sections, we rotated the accelerometric
time series in the horizontal plane to obtain the maximum PGA value and the
maximum Housner Intensity (Housner, 1952) Iy value for each trace. It is worth to
note that the maximum PGA and Iy are not found along the same horizontal direc-
tion.

In order to synthesize the results, we report only the parameters recorded along the
direction for which the I; is maximum, being I; a parameter better correlated to
the energy content of an earthquake rather than PGA to analyze the response of
soils and buildings (see e.g., Masi et al., 2010). It is worth noting that while the
maximum PGA value was recorded at AQV during the mainshock, the M=5.6 af-
tershock recorded at MIOS5 has a PGA larger than the mainshock at the remaining
RAN stations.
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Table 4. Characteristics of the selected events.

PGA In
Station Code  Date Time Mw  Azimuth MAX Azimuth MAX

[deg] [g] [deg] [m]
AQA 06/04/2009  01:32:39 6.3 160 0.446 130 0.867
AQG 06/04/2009  01:32:39 6.3 170 0.490 150 1.068
AQK 06/04/2009  01:32:39 6.3 150 0.387 140 1.478
AQM 07/04/2009 17:47:37 5.6 10 0.127 90 0.094
AQV 06/04/2009  01:32:39 6.3 120 0.770 80 1.162
MIO1 07/04/2009  17:47:37 5.6 80 0.235 70 0.163
MI02 07/04/2009 17:47:37 56 20 0.217 170 0.238
MI03 07/04/2009  17:47:37 5.6 100 0.133 80 0.259
MIO5 07/04/2009 17:47:37 5.6 70 0.698 60 0.618

At each station, ambient noise was also recorded by mean of a three-directional
tromometer (Micromed Tromino), and processed according with the HVSR tech-
nique in order to compare the stationary (elastic) and the non stationary response
to detect a possible nonlinear behavior of the soil. If the soil behavior is stationary
and linear, the fundamental frequency should be constant over time. Moreover, in
order to check possible variations of stationarity, we focus on the energy variation
over time in a neighborhood of the fundamental frequency. In order to obtain a
synthetic representation of the results for each station, each figure includes infor-
mation derived from accelerometric and noise recordings, showing the accelero-
metric recording on top-left, the S-Transform on left-bottom and the HVSR on the
right-bottom panel. The same frequency scale is used for both the S-Transform
and the HVSR, to verify whether the fundamental frequency obtained from the
noise recording, remains constant during the S-waves phase until the coda-waves
and to the end of the signal.

5.1 Analysis of the non-stationary site response

In this paragraph we report the observation for the recordings that show a signifi-
cant non-stationary behavior using the S-transform approach. Using the standard
defined above, Figure 13 reports the results of the analyses for the AQK site. Us-
ing ambient vibration measurements the fundamental frequency estimated for the
soil is 0.62+0.01 Hz, where 0.01 Hz is the uncertainty related to the sampling fre-
quency and the time-window length adopted for the analysis. For the AQK site
there is a slight change of the fundamental frequency over time during the main-
shock. In particular, at the beginning of the signal the f; is 0.65+0.01 Hz, while the
minimum frequency value becomes 0.57+0.01 Hz at 12.12s. At the end of the
record the fundamental frequency is equals to the starting value. It is worth to note



21

that the minimum frequency is not occurring when the time series reaches the
maximum acceleration.

For the AQK case two figures are reported: Figure 13a shows the standard S-
Transform, while Figure 13b reports the S-Transform normalized to the maximum
of each time step. The normalized S-Transform allows to better identifying the site
fundamental frequency, while the standard S-Transform is more useful to identify
the instant-by-instant frequency content of the signal, its change over time and the
related energy.
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Fig. 13. L’Aquila mainshock recorded at AQK station: a) bottom left: S-Transform; bottom
right: HVSR curve (estimated using ambient noise); b) bottom left: normalized S-Transform and
same features as in a).

The fundamental frequency estimated for the AQV site using a Lennartz LE-
3D/5s instrument is equal to 3Hz (cf. AQV monography in Working Group
ITACA, 2010). On the contrary, the noise HVSR analysis from tromometer re-
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cordings considered in this study (right bottom panel of Figure 14) does not allow
identifying a clear peak but instead a plateau that ranges 2.5 to 3.5Hz.

The accelerometric recording exhibits a non stationary behavior in the frequency
range of interest (see Figure 14). The fundamental frequency has a starting value
close to 2.00+£0.02 Hz , then the frequency content changes over time within the
range 2-3 Hz. The frequency change over time observed at the AQV station, seem
to produce temporary changes in the dynamic properties of the site, on a short
time scale.
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Fig. 14. L’Aquila mainshock recorded at AQV station. Bottom left: time-frequency; bottom
right: HVSR curve (estimated using ambient noise).

The temporary stations recorded only the main aftershocks. Station MI03 (Figure
15) shows minor differences when comparing the results obtained from the accele-
rometric and noise recordings. The fundamental frequency estimated from am-
bient noise is equal to 3+0.02Hz, during the strong motion phase there are minor
changes and the final value is the same as at the start. It is interesting to note (Fig-
ure 15) that the fundamental frequency is practically constant till 8-9 s (strong mo-
tion phase) and after decreases till 2 Hz at around 20 s, when the energy of the
signal is not the maximum, while it can be seen a slight frequency increase at the
end of the accelerometric recording.

We analized also the data recorded at MIO5 station, but since the analyses pro-
vided results very similar to those of the previous stations, they are not shown here
for sake of brevity.
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Fig. 15. L’ Aquila aftershock (07/04/2009 17:47) recorded at MI03. Bottom left: time-frequency;
bottom right: HVSR curve (estimated using ambient noise).

In this sub-paragraph we will examine examples of the stations that showed a sta-
tionary response. In the following figures the represented frequency range is 0-
10Hz, and we adopted again a logarithmic scale for the S-Transform amplitude.
The accelerometric recording of the AQA station (Figure 16) do not show a clear
time-varying dynamic behavior of the soil. In fact, the fundamental frequency es-
timated for the soil (9+0.01Hz) does not change over time, and energy appears
scattered on a wide band rather that concentrated on restricted frequencies.
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Fig. 16. L’Aquila mainshock recorded at AQA station. Bottom left: time-frequency analysis;
bottom right: HVSR curve (estimated using ambient noise).

Figure 17 show the results of the analysis on the accelerometric and noise record-
ings relative to the AQM site. The fundamental frequency estimated from the
noise measurements is about 8 Hz, although a clear peak is not identifiable. On the
contrary, there is a ramp starting at 4Hz, with amplitude equal to 3 that reaches a
maximum value of 4 at 8Hz. However, from the S-Transform it is clear that in the
examined frequency range (7-9Hz) the accelerometric signal does not show a
time-varying behavior. On the contrary, in the frequency range 3-4 Hz from 1 to 5
seconds it is possible to observe a non-stationary phase that could represents a
problem for SSR evaluation when AQM is used as a reference site.

Results of the analysis on the MIO1 station are shown in Figure 18. There is a
clear peak at the fundamental frequency equal to 6+0.02Hz. From the S-
Transform in the frequency range of interest the signal does not evidence a nonli-
near behavior of the soil.

Also the data recorded at MI02 station are analized and the results are very similar
to those obtained for MIO1: the site exhibits a stationary behaviour. For this reason
the results are not showed in this article.
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Fig. 17. L’Aquila mainshock recorded at AQM station. Bottom left: time-frequency analysis;
bottom right: HVSR curve (estimated using ambient noise).
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Fig. 18. L’Aquila aftershock (07/04/2009 17:47) recorded at MIO1 station. Bottom left: time-
frequency analysis; bottom right: HVSR curve (estimated using ambient noise).
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6. Discussion and conclusion

Past literature showed long and short time variation of site amplification and soil
fundamental frequency, attributing these phenomena to non-linear soil behavior. It
was assumed an inelastic, softening non-linearity, since the original frequency and
amplification were both decreasing and not recovering for a time varying from
few hours to several months. During the L’ Aquila, 2009 seismic sequence it was
possible for the first time to test these hypothesis in Italy, because of the strongest
accelerations ever recorded (PGA on a single rotated component exceeding 0.7 g)
and the availability of data in the fore-, main- and after-shock phase recorded by
permanent and temporary networks.

Concerning the long time scale, little variation was observed at the permanent sta-
tions of the Aterno Valley array. The only clear evidence was a slight decrease of
the fundamental frequency in the days immediately following the mainshock at
AQV site, which mainly occurred in correspondence of the S- phase arrivals dur-
ing the strongest aftershocks.

As for the short time-scale variation, the evidence was often contrasting, with
some station showing a time-varying behavior while others did not change their
frequency with respect to the one measured using noise HVSR. Even when a time-
varying fundamental frequency was observed, it was difficult to attribute it to a
classical, softening non-linear behavior due to the following reasons:

1. sometimes the frequency increases instead of decreasing;

2. the minimum of frequency is not correlated to the maximum amplitude of acce-
leration recordings;

3. at the end of the recordings the original frequency is always recovered, i.e.
there is not a long lasting modification of the soil stiffness.

Possible explanations of the observed variations are:

1. Frequency variation with time is not directly related to soil stiffness, but to pe-
culiar phases of the seismic signal whose frequency is more related to source
effect (the sites are located in the near source) such as directivity and flings (as
proposed for this quake by Chioccarelli and Iervolino 2010). However this
phenomena is not observed at all stations, although they are very close each
other with respect to the epicenters.

2. The Aterno Array stations are located on sites where coarse, cohesionless mate-
rials prevail over fine-grained cohesive ones. The river Aterno causes the water
table to be very close to the surface, thus providing the conditions where poroe-
lasticity may play a role causing non-linear behavior that can be quickly re-
versed if the permeability is large enough to dissipate the build up of fluid pres-
sure associated to the strong motion phase. Unfortunately, no real-time
piezometers are available in the area to support this hypothesis and also the ac-
celeration peaks showed by Bonilla et al. (2005) are not evident.
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These results suggest that:

1. caution should be taken in performing site specific hazard estimate that take in-
to account the local seismic response modeled by simple 1D, vertically propa-
gating waves in strongly non-linear material;

2. linear site response should be carefully investigated before going into nonlinear
modeling.

Even for the strongest shocks recorded during L’Aquila sequence, variations in
frequency and amplitude seem not very important from building design stand-
point. The only exception seems to be the site named AQV, where the analyses
evidences a fundamental frequency of the soil which changes during the main-
shock from 3 Hz to about 1.5 Hz.
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