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ABSTRACT

The Vallerano district in Rome is built on an alkhivwalley with a very complex geological
setting (highly heterogeneous soil deposits) dught depositional activity of Tiber River
tributaries ongoing since the Pleistocene age.gh-nésolution engineering-geological model of
the valley was reconstructed through field invesimns, boreholes log-stratigraphies and
geophysical investigations. 2D FEM numerical madgliof the alluvial valley allowed to assess
the local response in terms of seismic wave prdpagan surface, amplification function and
cumulative kinetic energy. Soil layering and basffects combine to induce a complex local
seismic response. Different typologies of seismaves are present in the seismograms and
surface waves have been also detected. Retrogiageidgh surface waves have been identified
and extracted through a procedure based on theftegeency normalized inner product. The
spatial analysis of the extracted Rayleigh waveslights that the local seismic response of the
valley is strongly influenced by edge-generatedfam@ waves. The results suggest that
amplification is strongly related to the thicknesfsthe soil deposits, whereas the elongated
duration is more related to a layered basin strectlihe soil layering and the basin effects on the
generation of surface waves have been assessepiantfied.

Keywords:basin effects, site characterization, surface waves.
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1. Introduction

Seismograms observed at sedimentary basins arélyusharacterized by late-arrivals of long-
period phases. Precise knowledge of the charatsrisf such long-period ground motions
generated in basins is now considered a cruciahezié in the modern design of large scale
structures. Recent events around the world hawstilited the unordinary damage to large-scale
structures caused by long-period ground motiongngbelistinctive examples the 1985
Michoacan earthquake in Mexico (e.g,. [1]), and 2042 Emilia earthquake in Northern Italy
[2]. It is well recognized that the long-period noois are mainly composed of surface waves,
generated by conversion of body wave energy asopaggates through sedimentary basins.
Several researchers have observed that surfacesveaeeinduced at basin edges due to the
incidence of S-waves of shallow and regional eardkes (e.g., [3—-5])Many observational
studies have investigated the characteristicse&thcalled “basin-induced surface waves” (such
as duration and central frequency) and found angtatependence on the basin heterogeneity
(eg., [6,7]). A wave propagation analysis based on terbgeneous basin model is thus
necessary to characterize strong ground motioedimgentary basins.

With the advances in numerical techniques and coatipnal power, it is now possible to
estimate the amplitude of the seismic phases petjpagin a realistic model of a heterogeneous
basin. Accurate simulations have been performetldsrAngeles basin in the United States with
the Finite Difference Method [8], the Kanto bagsinJapan with Gaussian Beam Method [9], and
the Mygdonian basin in Greece with the Spectrahielet Method [10]. Furthermore, several
techniques to characterize ground motion have lpegposed in the past in the context of site
effects estimation, such as the Standard Spectab RL1], the Horizontal-to-Vertical (H/V)
Fourier Spectral Ratio [12], and the Group-Delag@&pmum [13]. Whereas most classical signal
processing studies are aimed at quantifying frequelependent characteristics of the ground
motion at a site, it is now well recognized thatnyasignal processing problems can be
advantageously phrased in a time—frequency languagparticular in the case of non-stationary
signals for which the frequency content varies wiitiie. Recently [14] developed a technique to
identify and extract surface waves from one-stattbree-component seismograms. This time-
frequency technique allows one to identify the Rt waves that are present in the signal, as
well as to differentiate between prograde and getrde particle motion. The technique is
equally effective in identifying and extracting Lewaves [15]. The procedure, referred to as the
‘Normalized Inner Product’ (NIP), is based on th®cBwell Transform [16] and has been
applied to successfully identify surface waves fregismograms recorded on sedimentary basins
in Japan, the United States, Taiwan and New Zedlhd5].

In the present study, we use the NIP to study sarf@ave propagation and basin effects from
numerical simulations on the Fosso di Vallerandeyaln the southern district of Rome, Italy.
The ground motion time-histories were generatedh whie Finite Element Method in the time
domain (CESAR-LCPC code, [17]), for a previous gtumh the influence of the buildings
presence on the spatial variability of ground mmotmn this valley [18]. Because two 2-D
numerical models of the basin were constructecestiibe the heterogeneity of the basin along
two directions (profiles), we focus our attention Rayleigh wave propagation in this study.
First, a brief review of the geological settingtioé Fosso di Vallerano valley is given along with
the procedure to construct the basin model. Seatstdjls of the FEM simulations are provided
and some wave propagation maps are presented damwih profiles. Finally, waveforms and
spectrograms of the identified and extracted Rgkileivaves are presented and used to
investigate the influence of the heterogeneityhefthasins.
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2. TheFossodi Vallerano Valley

2.1 Location

The Fosso di Vallerano is an alluvial valley in teeuthern district of Rome’s urban area,
approximately at 10 km SE from the historical cewtiethe city. It is located within the Xl sub-
municipality of Rome as shown in Figure la. Thedéodi Vallerano valley was selected for this
study because of its complex geological settinghllyi heterogeneous soil deposits) and because
of the important urban expansion recently takingcelin the surrounding arelslost of the
anthropogenic structures in the area are residdmtiédings with reinforced concrete bearing
structure and height varying between 15 and 120he. valley is part of the drainage basin of
the left tributary of the Tiber River, which extenfilom SE to NW and drains surface water from
the Alban Hills and Castel Gandolfo area to theeTiRiver [19]. This basin consists of two sub-
basins that join before the Tiber River’'s confluenthe Vallerano creek in the SE portion and
the Cecchignola creek in the NE portion. The comgeomorphological setting of the area is
due to a series of successive deviations and regnaents of the riverbed during the Wirmian
glacio-eustatic cycle [20]. In this study we fooms a flat portion of the Fosso di Vallerano
valley (shown in Figure 1b), limiting to the nonitith the Montorio hill, to the east with the
Monte delle Pozzonale hill, to the west with therire hill, and partially with the Castellaccio
hill to the south.

Fosso diVallerano

10

20Km

Figure 1. Location of study area. a) Location o fhosso di Vallerano valley within the
municipality of Rome. b) Satellite view of the Fosdi Vallerano area. The blue line borders
the portion of Fosso di Vallerano valley in whidhst study is focused on. The red lines
correspond to two profiles used for analysis ofibbaffects.

2.1 Geological setting and characterization

The geological evolution of Rome can be relatethtee different processes: (i) a combination
of Miocene to Early Pleistocene extensional tectqoiases related to the Apennines’ back-arc
evolution [21], (i) a Middle-Late Pleistocene pbha@ close connection with sea level
oscillations [22], and (iii) the activity of the M@nic district that surrounds the city [23].
Whereas the different sedimentary deposits in tlen®&® area can be associated to marine
sedimentary cycles from many marine transgresg@is the volcanic activity around Rome led
to continuous deposition of pyroclastic depositsgha fluvial valley. Within such geological
setting, it can be argued that the Tiber River asdtributary valleys are composed of
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heterogeneous soft alluvial deposits while reliegeshs are mainly composed by stiff volcanic
deposits.

A high-resolution engineering geological model bé tFosso di Vallerano valley has been
developed through several geotechnical investigatiand geophysical measuremerstsisfnic
noise recordings) [25Available log-stratigraphies from 250 boreholes available [19] as well
as one cross-hole test and expeditious geomechaicssite investigations (Pocket-
Penetrometer and Pocket Vane-test) [19,26]. Fivan niaho-stratigraphic groups were
distinguished based on the collected d2%

1) Plio-Pleistocene marine sediments (PP) which remptethe geological bedrock of the
area,

2) Pleistocene alluvial sediments (PT) that were diggibdy the Paleo-Tiber 4 River [27];

3) Volcanic deposits (VL) that erupted from the Allddiis and the Monti Sabatini volcanic
district [28];

4) Pre—-Wiurmian fluvio-palustrine deposits (FP) [29];

5) Recent alluvial deposits (AL) that filled the vallmcisions since the end of the Wirmian
regression to the present [30];

The cross sections shown in Figure 2 depict a cexngéological and geomorphological setting
of the valley. Their location in the study areandicated by the red lines in Figure 1b. Cross
section AA’ is characterized by the presence ofngls-shape alluvial valley, whereas cross
section BB’ is characterized by a double-shapevall valley (i.e. two different fluvial engraves
are included in the same valley). Such a peculeolagical setting can be related to syn-
sedimentary tectonic activity that dislocated teelggical bedrock (PP units) and the overlying
PT deposits, leading to a horst and graben sti¢2%]. The structural setting and the marked
horizontal and vertical heterogeneities can be roegh as preparatory factors to seismic site
effects in this area of Rome [31].

2.2 Finite Element model

The analysis of dynamic properties of the soil tayef the Fosso di Vallerano valley was
performed at a single location and then the obthsteatigraphy was extrapolated to the area
taking into account the reconstructed high-resofugeological model. Velocity profiles were
derived using numerical simulations of wave amgdifion in 1-D soil columns and comparing
them with spectral ratios (SR) of recorded evelatgeh numerical simulation was performed by
applying separately the horizontal components (N& WE) of each recorded earthquake. An
average function with its standard deviation wantbomputed to be compared to the average
SR, which represents the experimental amplificafiorction. A “trial and error” convergence
was adopted to best fit the experimental amplifccatunction with the numerical function. The
resulting shear velocity values obtained in thisine for the soil layers shown in Figure 2 and
which were retained for the numerical model areetisn Table 1. A more detailed description
on how the shear velocity for the layers was egs@haan be found in [25].

2D Numerical models along the cross sections AAd &B’ were constructed based on the
engineering-geological properties of the subsdile Geometry of the cross sections is shown in
Figure 3 and all mechanical properties adoptedHerdifferent soil layers are listed in Table 1,
wherep is the soil density, Vs and Vp are the S and Pema@ocity respectivelyy is the
Poisson ratio, and G and E are the shear and Ysungdulus respectively. Typical damping
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ratios¢ were adopted for the soil layers to model eneiliggiplation characteristics. The bedrock
below the alluvial deposits is modeled as a haiceptruncated with absorbing boundarigse
input motion was applied along the entire line aaded by the arrows, therefore it was identical
and uniformly distributed within the seismic bedt@s illustrated ifFigure 3
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Figure 2. Geological structure of cross sections’ AAd BB'. Modified from [25] . 1)
Anthropic filling material; 2) Sandy-Clays charaied by a marked volcanic component; 3)
Peaty clays, plastic; 4) Clays and silts, plagijcPeat; 6) Sands and silty sands; 7) Polygenic,
loose and heterometric gravels, with volcanic anddimentary components. 8)
Undifferentiated pyroclastic material; 9) Fluviokpstrine deposits composed of loose gravels,
sands and silts; 10) Sandy clays and silts, somastiwith freshwater gastropods; 11) Clays
and silts with peaty layers; 12) Sands and siltydsa 13) Loose gravels with heterometric
sedimentary component; 1) Marine clays and silays] 15) Marine sands and silty sands; 16)
Fault; 17) Borehole.

172 The 2D numerical simulations were carried out wviitb Finite Element Method (with the code
173 CESAR-LCPC, a coddedicated to civil, tunnel and geotechnical engiimge[17]). The two cross
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sections AA’ and BB’ were discretized using thremled linear elements with element size
limited by the minimum propagating wavelengttio avoid significant numerical dispersion. A
suitable element siz&h is the defined with the following relationshi2]3

y) (1)

Ah = —
12

Table 1. Mechanical properties attributed to theous materials in the numerical
geological models. Modified from [25].

Lithological p Vs Vp v G E & (%)
units (kg/m) (m/s) (mls) (MPa) (MPa) strain:0.001%
1 17329 118 221.3 0.30 24.3 60.6 1
2 1682.0 225 4209 0.30 851 2129 1
3 1753.3 150 280.6 0.30 394 98.6 3
4 1865.4 235 4396 0.30 103.0 2575 2
5 12946 140 2619 0.30 254 63.4 1
6, 12 1957.2 417 780.1 0.30 340.3 850.8 1
7 2140.7 713 13339 0.30 1088.3 2720.6 1
8 18349 1100 1905.3 0.25 2220.2 5550.5 1
9 2140.7 550 10289 0.30 647.6 1618.9 1
11 1865.4 357 667.9 0.30 237.7 594.4 3
10 1865.4 250 467.7 0.30 116.6 291.48 3
13 2140.7 1100 2057.9 0.30 2590.2 6475.5 1
Bedrock 2140.7 1100 1905.3 0.25 2590.2 6475.5 0.5

Element sizes of 1 m for the alluvial filling andl 0 m for seismic bedrock were chosen for
both cross sections in order to make simulatiorth wimaximum frequency of 10 Hz according
to the lowest S-wave velocity of the alluvial dejp®$118 m/s) and the largest S-wave velocity
(1100 m/s) for the seismic bedrock. A set of hajermous absorbing layers based on
Rayleigh/Caughey damping formulation [33] is pla@cdhe lateral and bottom boundaries of
the models tavoid spurious waves that may be reflected at riinecation boundaries of the
numerical model. This system consists of 5 subrayeth a damping valug= 0.10 in the inner
portion of the absorbing layer, increasing gradu#dl 1.00 (at the extreme boundary of the
absorbing layer).

3. Numerical simulations of wave propagation

The cross sections are subjected to seismic excitat the form of vertically incident plane S
waves. Because we are interested in the analysRagfeigh waves, we set a peak unitary
vertical displacement. The time variation of th@uh motion is given by a Oth-order Ricker
wavelet with frequency content from 0.1 to 15 Ha.ifvestigate the effects of the valley on the
wave field, several recording stations (receivarg) selected along the free surface of the cross
sections, as shown in Figure 3

The results of the simulations for the two crosstieas are shown in Figure 4 and Figure 5,
where displacement histories at the receiversigmayed. Visual inspection of the figures show
a later arrival time of the first phases at theteewf the basins, a consequence of the lower
velocity of propagation in the soft layers. We @so observe how low frequency phases are
more distributed in time for the stations at thatee of the basins, signaling dispersion as one



199 Dbasin effect. In station 31 of cross section BBivbwer, the later phases present in the time
200 history appear of higher frequency, which is moetated to the interaction of the waves
201 generated at the two basins than to dispersiveqmhena. A more detailed account of basin
202 effects is presented in the following section, vehartime-frequency processing is applied to the
203 time histories.

BB, 27 28 29 30 31 32 33 34 35 36 37 38
o o

[ = —

100 m

1 2 4 Il 3 I 5 6 v
1 o B 12 10 13 [ 8 [ Bedrock

Figure 3. Numerical models for cross sections Add 8B’. The position of the seismic inputs
is also indicated. The numbered black circles iatgi¢he location of the receivers.
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Figure 4. Displacement histories for receivershat free surface of cross sections AA’. (a) Horiabnt
component, (b) Vertical component.
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Figure 5. Displacement histories for receivershet tree surface of cross sections BB’. (a) Horiabnt
component, (b) Vertical component.

207 4. Extraction of Rayleigh waves from ssimulated ground motions

208 In this section we use the time-frequency methak8dan the Normalized Inner Product (NIP)
209 to identify and extract the surface waves generhtethe complex structure of the basin [14].
210 The basic idea of the method is to separate theesvéy using the representation of their
211 polarization characteristics in a timgequency correlation. Each component of the sejgar
212 isfirst resolved in the time-frequency domain Isyng the Stockwell Transform [16] :

(2)

_ 2
S f) = jh(r) IfI [ (t T)f

l exp(—2mift)dt

213 We denote the Stockwell transforms of the horizloatal vertical components of the signal by
214 Sy(t, f) and Sy (t, f), respectively. Each of these discrete Stockwelhgforms is a matrix

215 defined in the discretizeft, f) space, and each element of the matrix is a complenber.
216 Therefore, each Stockwell Transform may be expteasdollows:

Se(t, f) = Re{Sc(t, )} + i - Im{Sc(t, f)} 3)
= Ac(t, f) exp[i- D (2, )]

217 Wherei = V-1, A.(t, f) is the amplitude of.(t, f), and®d (¢, f) is its phase. Then, the time
218 frequency seismograms are filtered using the “ntém®@ inner product” (NIP) which is a
219 surrogate of the time-domain “correlation”:

Re{Sy(t, f)IRelSy (¢, f)} + Im{Sy (¢, f)}m{Sy (¢, )} (4)
Ap(t, Ay (¢, f)

NIP(SH ,Sv) =



220 The inner product is a simple, well-known, matheoahtrelation used to identify orthogonality
221 properties between two entities. It turns out taibeful to identify Rayleigh waves since there is
222 ax(w?2) phase shift between its horizontal and vertcathponents. Furthermore, if we perform a
223  +(w?2) shift in the vertical compones}, of the Rayleigh wave, then the resulting Transféym
224  will be in phase with the horizontal component ah‘id’(SH ,S],) = 1. Then, using the relation
225 NIP(SH ,SV) we can construct simple filters to retain onlyg@aegions in the time-frequency

226  space in which the value ofIP(Sy,Sy) is close to 1 [sayNIP(Sy,S,)> 0.8] and setting the
227 rest of the time-frequency space equal to zeraallyinthe time-domain horizontal and vertical
228 components of the Rayleigh wave are obtained dyrégtinverting the filtered Transforms.

229 To illustrate the procedure, in Figure 6 we show $tockwell Transforms of the horizontal and
230 vertical components at station 13. We can obsdrae it the vertical component most of the
231 energy is concentrated before 2 seconds, whereaheinhorizontal component dominant

232  frequencies are more distributed in time. In Figlmewe show the relatiadIP(Sy , Sy ), and we

233  clearly observe the red regions that indidét@ (S, , Sy )~1. We then construct a filter, which is
234 a simple time-frequency function that exclude (waero values) the regions that are not dark
235 red, as to isolate the Rayleigh waves. Figure b @nillustrate the filters constructed in this
236 manner for station 13, when applied to the Stockiensforms of the horizontal and vertical
237 components, respectively. The filters exclude tlaekregions shown in Figure 7b and 7c. We
238 can observe that even though low frequencies a®ept in the seismogram at station 13, most
239 of the energy in the form of Rayleigh waves is with and 10 Hz. Finally, after applying the
240 filter to the two components, we use the inversel&tell Transform to obtain the time histories
241 of the extracted Rayleigh waves, which are showRigure 8. The vertical component has a —
242 @/2 shift to show that the extracted waves have pblarization characteristics of Rayleigh
243 waves. We can observe that the Rayleigh wave intllbgethe basin edge at station 13 has
244 horizontal and vertical components with similar ditngdes.

(a) (b)

Frequency (Hz)

) Time (s) . Time (s) .
Figure 6. Stockwell Transforms of displacement congmts at station 13 of cross section AA'. (a)

Horizontal component, (b) Vertical component.
245
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Figure 7. Isolation of Rayleigh waves through filhg of Stockwell Transforms of displacement
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components at station 13. (H)P(SH ,SV), (b) Filter applied to Transform of horizontal cpament, (c)
Filter applied to Transform of vertical component.
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Figure 8. Horizontal and vertical components ofrated Rayleigh waves at station 13. The vertical
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Similar time histories of the two components of #dracted Rayleigh waves are shown in
Figure 9, for all the other stations in cross seiAA’ and BB’. We can observe on both cross
sections that the Rayleigh waves with higher amgét are found in those stations close to the
basin edges. Even at station 32, there is a stRayeigh wave due to the presence of a close
(even internal) edge, so from this point of view eaild consider section BB’ as composed of
two basins. However, the edge-generated Rayleighesvalo not seem to preserve their
amplitude in the more internal stations of the bssprobably due to inelastic attenuation and the
interference of all waves diffracted by the compdex layering. At station 8 of section AA’ we
can observe the presence of a Rayleigh wave with amplitude and long duration, of lower
frequency. The concentration of energy giving tséhis wave might be possible due to the very
thick soil deposits (layers 4 and 11) below théiata A similar structure of the soil deposits is
not present in section BB’ and the Rayleigh wavesidentified are weaker, even at station 33
under which there is a thick soft layer (layer@h the other hand, we could claim that there are
no extracted surface waves at stations 6 and 28Beas are no clear extracted wavetrains, and
that the motion shown in Figure 9 at those statisrssmply numerical noise.
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Figure 9. Horizontal and vertical components ofr@ted Rayleigh waves at stations on cross secdtisand
BB'. (a) Stations on profile AA’, (b) Stations omgfile BB’. The vertical component hasz2 shift.
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The evolution of the frequency content of the ecttd waves can be appreciated from Figure
10, where we present the Stockwell transforms ef wartical component. On the top of the
figures we have plotted (the black circles) thedpminant frequency (the frequency of
maximum amplitude of the Transform) at each statinrihe same plot we show at each station
the energy ratio, that is, the ratio of the totamgy of the extracted waves and the total energy
of the entire seismogram. We define such ratio #n¢hfollowing expression:

fflSV_extracted(t: f)lz dt df (5)
sy (&, ) de df

whereSy extractea(t, f) denotes the Stockwell transform of the extractegl&gh waves. We
observe that the extracted Rayleigh waves are goriant fraction of the total energy in the
seismograms, with the highest values at the edfjgbeobasins, where they are generated.
Furthermore, the Rayleigh waves generated at thterea(right) edge of both cross sections are
of higher frequency (> 5 Hz) when compared to o#ftations, associated to the predominance of
stiffer soil layers (layers 11 and 10) at thoseterasedges. We can also observe that the
predominant frequency of the Rayleigh waves remigmaost cases the same, even though the
later waves arriving at the stations are of lessngth. Station 30 of section BB’ might be the
exception in this observation, where waves witlied@nt frequencies arrive at different times,
probably because this station is in the intersactibtwo regions with deep and shallow soil
deposits. Another interesting observation is thayl®gh waves continue arriving for a longer
time at cross section BB’ at stations located ®dhst of station 31, when compared to the rest
of the stations. We observe the longest time abst86. We explain this difference in duration

Energy ratio =



284 to the propagation of Rayleigh waves on the easpam of section BB’. Even though the
285 thickness of the soft deposits in this region (fay2 and 4) is not sufficiently large (due to the
286 presence of the stiffer layer 7) to induce ammiifien of the Rayleigh waves, its structure is
287 more similar to a horizontally layered medium whReegyleigh waves can propagate.
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Figure 10. Stockwell transforms of vertical compaiseof extracted Rayleigh waves at stations onscsestions
AA’ and BB'. (a) Stations on profile AA’, (b) Stains on profile BB'. The black squares indicate tinees of
maximum energy (maximum amplitude of Stockwell T&fanms), and the black circles the corresponding
frequencies. The red diamonds indicate the tottggnratio at each station.

288
289 5. Conclusions

290 We have applied the Finite Element Method to siteulaave propagation in the Fosso di
291 Vallerano Valley in Rome. We constructed realii2z numerical models for the valley from a
292 complex geological model developed in previous issudrom geotechnical and geophysical
293 investigations. Using the Normalized Inner Prodweg constructed filters for the simulated
294 waveforms at different stations on the surfacehef valley, to identify and extract Rayleigh
295 waves. With the isolation of the Rayleigh phasesquantified the amount of surface wave
296 energy present in the seismograms and the corrdsgpmlominant frequencies. Our results
297 illustrate the significant role of the basin ed@®sl soft sediments to concentrate surface wave
298 energy resulting in high amplitudes or longer doratWe found that the strongest Rayleigh
299 waves are generated at the basin edges and théfieatipn is strongly related to the thickness
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of the soil deposits. On the other hand, the eltethduration seems to be more related to a basin
structure close to an extended horizontally layeredlium where Rayleigh waves are trapped
and can propagatdhese findings imply that the information due t@ thigh-resolution 2D
model was necessary to predict reliable ground anotn the Fosso di Vallerano Valley. In
basins located in urban areas, such as the Fos¥allerano Valley, where the metropolitan
expansion will continue, realistic studies of expdoground motion on a heterogenous structure
are required. Finite Element simulations along witle NIP time frequency technique are
effective tools to study basin effects such asgnfacusing due to a complex basin structure.

A more general perspective to explore in futureaesh may be to quantify the potential of a

given basin (geometry, layering,etc.) to generatdarge amount of surface waves and

consequently to increase the ground motion amm@itad duration. This perspective would be

of interest to anticipate aggravation factors fiyhly heterogeneous basin structures (either 2D
or 3D) [34] and to assess the seismic responsengf period structures particularly sensitive to

surface wave excitation. Furthermore, as proposedeveral authors [35,36], future research

should also take into account the different unoatitss related to the generation of surface

waves, allowing a probabilistic assessment of serfsave phenomena in highly heterogeneous
basins.
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