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Abstract

A high-resolution 3D engineering-geological model of the subsoil can be derived by integrating stratigraphic and geophysical
data in order to represent reliably the geological setting, and therefore support several geological studies such as local seismic
response analyses. In this study, we show how an accurate 3D engineering-geological model suggests the proper seismic
response modeling approach (1D or 2D) in a peculiar and complex geological context, such as the historical city center of
Rieti (Italy), selected as test site, and characterized by important lateral heterogeneities between stiff travertine and alluvial
soft deposits. The proposed methodology involves three steps: (i) conceptual geological modelling, obtained from data and
maps of literature; (ii) engineering-geological modeling, validated through geophysical data; and (iii) a 3D model restitu-
tion achieved by a geodatabase (built basing on the previous steps), that collects, stores, reliably represents, and integrates
properly the geospatial data. The analysis of seismic ambient noise measurements specifically available for the study area
allowed to infer the shear wave velocity value for each lithotecnical unit and to retrieve some additional stratigraphies. These
synthetic log stratigraphies allowed to improve the detail of the geodatabase and therefore a more accurate 3D geological
model. Such a reliable engineering-geological model of the subsoil is required to perform a site-specific seismic response
characterization which is a fundamental tool in the framework of seismic risk management.

Keywords Engineering-geological model - Site effects - 1D and 2D seismic response - 3D solid model - Travertine

Introduction

In recent decades, integrated approaches based
on engineering-geological modeling, geophysical
investigations, and numerical modeling were developed for
the evaluation of the seismic shaking expected in a given
site in the framework of local seismic response and seismic
microzonation studies. The resolution of local seismic

< Antonielli Benedetta
benedetta.antonielli@uniromal .it

Department of Earth Sciences , Sapienza University
of Rome, P.Le Aldo Moro 5, 00185 Rome, Italy

CERI-Research Centre for Geological Risks, Sapienza
University of Rome, P.Le Aldo Moro 5, 00185 Rome, Italy

3 Studio Geologico Marchetti, Via Della Chimica Snc,
02100 Rieti, Italy

4 ANSFISA National Agency for the Safety of Railways
and Road and Motorway Infrastructures, P.le dell’Industria
20, 00144 Rome, Italy

Published online: 30 May 2023

response studies is directly related to the accuracy of the
engineering-geological model, as it allows to evaluate the
expected seismic site effects and consequently leads to the
choice of the proper approach (e.g., 1D or 2D) of the seismic
wave propagation modeling to be used. These numerical
approaches simulate the propagation of seismic waves from
the seismic bedrock to the surface and are strictly related to
the physical and mechanical properties of soils as well as to
the geometrical features of topography and buried geological
bodies. In this regards, previous studies evidenced as a 2D
modeling approach could reliably simulate the seismic wave
propagation and assess the seismic motion amplification
in the case of strongly heterogeneous alluvial valleys
(Gaudiosi et al. 2014; Martino et al. 2015; Macerola
et al. 2019; Pergalani et al. 2020; Varone et al. 2021) or
volcanic filling deposits (Moscatelli et al. 2021) as well as
topographic reliefs (Antonielli et al. 2021). On the other
hand, a 1D modeling approach resulted able to simulate
the seismic motion amplification in sites characterized by a
subsoil that can be assumed as mainly composed of planar,
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homogeneous, and subhorizontal strata (e.g., Sonmezer et al.
2019; Tunar Ozcan et al. 2019; Tannucci et al. 2022), where
the bidimensional seismic effects related to lateral variations
are negligible.

The 3D engineering-geological modeling depicts the
geological structure in detail and the spatial distribution
of available parameters, representing an effective tool for
visualization, analysis, and integration of information (Bao-
jun et al. 2009; Liu et al. 2020). Several applications of the
model are possible at different scales and include hazard
zoning, land use planning, and management activities or the
structural maintenance of buildings (Guo et al. 2021). The
3D engineering-geological modeling includes the interpola-
tion of geological and geotechnical data and is based on a
conceptual geological model, generally consisting of a series
of geological cross sections, elaborated starting from the
maps and data available in the literature, from borehole data
and geophysical measurements, and that is above all from
punctual information (Aghamolaie et al. 2019).

The 3D modeling provides several advantages in under-
standing the geological and structural setting of the subsoil;
in fact, all the geological data are integrated thus obtaining
an overview that helps to visualize the relationships between
the lithologies (He et al. 2020). The solid models also make
it possible to provide a representation of geological setting
both on the surface and in-depth, which would not be inter-
preted through more traditional approaches, generally due
to lack of extensive and pervasive information (Royse et al.
2009). General shortcomings of 3D engineering-geological
models lie in the limitations of modeling procedures and
software, and that is the modeling results may not reflect the
intrinsic property, heterogeneity, and anisotropy of subsur-
face parameters. In particular, modeling softwares are not
well suited for small- to medium-sized sites, while they are
more effective for investigating large study areas and demon-
strating relationships between geological strata and proper-
ties on a macroscopic scale. These sites require more spe-
cific research to fully comprehend the inherent variability of
complex geobodies (Zhu et al. 2013). The level of geological
detail in the model is directly linked to the quantity and qual-
ity of digital data, such as accurately logged boreholes and
downhole geophysics data. Classical modeling techniques
may also struggle with stratal pinch-out phenomena (Royse
et al. 2009). To address these limitations, a sequential, mul-
tisource modeling approach can reconcile geological and
geophysical data, capture high-resolution characterization of
subsurface hydrogeophysical properties, and establish cou-
pling relationships between geological structures and prop-
erty parameters (Ciampi et al. 2022; Zhang and Zhu 2018).

This study aims at restituting a 3D geological model
of the subsoil of Rieti to describe accurately where local
amplification effects may occur in the case of seismic
shaking and to suggest zones where a 2D seismic response
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modeling approach should be preferred with respect to
the 1D one. The Rieti area is indeed considered to be of
medium-high seismicity, and it was affected by destruc-
tive seismic events such as the 1898 earthquakes (Comerci
et al. 2003; Colombi et al. 2011).

The ancient Roman city of Rieti (formerly known as
Reate) was developed on the southeastern edge of the
intermontane basin of the Central Apennines (Central
Italy), at the confluence of two rivers, Turano and Velino.
It was built on a small cliff of continental carbonate depos-
its produced by cold mineralized waters (calcareous tufa),
commonly called “travertines” which were then deeply
engraved by the hydrographic network and karstified. Over
the centuries, the growth of the city led to the stratifi-
cation of the Roman, then medieval and subsequent eras
ruins, up to the present day, covering and hiding the slopes
of the travertine cliff. Therefore, under the current city,
there is now a layer of variable thickness (with a maximum
of 15 m) of backfill deposits due to the long and intense
urbanization of this area.

The lithoid travertine platform is a highly competent rigid
lithological body, with an elongated shape in the EW direc-
tion (which extends about 1.2 km in the EW direction and
240 m in the NS direction), surrounded by the soft allu-
vial sediments of the Velino valley (Guerrieri et al. 2006;
Archer et al. 2019). This peculiar geological setting can have
implications regarding the seismic risk of the Rieti city due
to possible local seismic motion amplification effects and
earthquake-induced deformation phenomena.

This study has been developed in the framework of the
H2020-RISE “STABLE” (Structural stABLity risk assEsment)
project (www.stable-project.eu; Serpetti et al. 2020), which
concerns the cultural heritage protection in the peri-Mediter-
ranean area and in particular the evaluation of the action seis-
mic on some buildings of historical and cultural interest in the
Mediterranean basin, through the construction of geological
models of the subsoil, evaluation of expected seismic shaking,
and vulnerability analysis of the historic buildings.

An estimation of the expected ground motion based
on site-specific local seismic response studies is crucial
to mitigate the seismic risk. In this regard, following the
2016-2017 seismic sequence and the subsequent Italian
National Government Decree OPCM 24/2017, seismic
microzonation (SM) studies were carried out in 138 munici-
palities of Central Italy (Moscatelli et al. 2020) according
to the Italian National Guidelines (ICMS Working Group
2008). The level 3 seismic microzonation (SM) study pro-
duced for the municipality of Rieti (https://sisma2016data.
it/microzonazione/) identified several zones with expected
homogeneous effects in the case of earthquakes and fixed
a base seismic hazard with a probability of exceedance of
10% in 50 years (i.e., a return period of 475 years), pro-
vided acceleration time histories and elastic response spectra
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representative of the expected ground motion at the surface
for each zone based on 1D simulations.

Historical background of the Rieti city

The foundation of the city of Rieti, the ancient Reate, the
capital of Sabina, can be placed at the beginning of the Iron
Age, and antiquarian historiography recognized the epony-
mous divinity Rhea as its founder. In 290 BC, the city was
definitively assimilated into the Roman Empire thanks to
the conquest of the consul Manio Curio Dentato, who pro-
moted the drainage of the Rieti plain, until then occupied by
the waters of Lake Velinus (Alvino and Lezzi 2013; 2016).
This important hydraulic engineering work was carried out
through channeling and cutting of the barrier (as natural
dam of travertine incrustations) which caused the formation
of the lake itself and gave rise to the cascade now known
as the Falls of Marmore (Madonna et al. 2020). This work
was appreciated for its landscape effects, and it increased
the agricultural production in the Rieti valley, but it caused
also conflicts between Reate and Interamna, the current
Terni city, due to the consequences of water regulation of
the Velino river.

The primitive nucleus of the city stood on the travertine
hill to the right of the Velino river, and was located in a
sparsely populated but rather rich region, and the city main-
tained the rank of prefecture until the Augustan age, when it
became a municipium. Under the Flavian dynasty, that was
originally from Sabina, Rieti went through a period of pros-
perity, which lasted until the late imperial age (Alvino and
Lezzi 2013; 2016). The Roman city, whose plan and perim-
eter are nowadays still easily recognizable, was organized
according to typical Roman urbanistic standards, in square
allotments and two main orthogonal roads, the decumanus,
which represented the ancient main road in east—west direc-
tion (today Via Cintia—Via Garibaldi), and the cardo (today
Via Roma), that make up the settlement’s backbone and was
fortified with strong walls (Alvino and Lezzi 2013; 2016).

A stone bridge was laid across the Velino river, and a
large viaduct was built to bring goods from the via Sala-
ria—the ancient road, first used by the Sabines to transport
salt from the salt marshes at the mouth of the Tiber directly
to Rieti’s southern door (Madonna et al. 2020). During the
early Middle Ages and Middle Ages, the bridge, the walls
with its towers, and the road network of the ancient city were
preserved (Alvino and Lezzi 2013; 2016).

In the early Middle Ages, Rieti, that was legally estab-
lished as a Diocese in the fifth century, was annexed to the
Duchy of Spoleto City. Due to its strategic position on the
border with the Kingdom of Naples, Rieti became one of
the seats of the papal curia, hosting some popes for long
periods. The presence of the papal court led to a significant

increase in population during the thirteenth century, leading
the municipality to decree in 1252 the expansion of the walls
and the urbanization of the plain surrounding the travertine
hill. Valuable noble palaces and churches were built in this
period, such as the Romanesque cathedral of Santa Maria
Madre di Dio, rebuilt between 1109 and 1225 on the remains
of the primitive early Christian Basilica, and the monumen-
tal papal palace built between 1283 and 1288. Rieti remained
faithful to the papal state until the beginning of the Risor-
gimento period.

Geological setting

The city of Rieti is located in the southern part of the
homonymous intermountain basin of the Central Apen-
nines, which is a Plio-Pleistocene extensional depression
with a subrectangular geometry due to the action of NS
and EW normal faults (Patacca et al. 1992; Cosentino and
Parotto 1992; Doglioni 1993; D’agostino et al. 2002). The
Rieti basin is surrounded by outcropping pelagic units and
carbonates of the Meso-Cenozoic platform, and flysch sedi-
ments of the Miocene Apennine foredeep (Guerrieri et al.
2006; Archer et al. 2019).

Since the Upper Pliocene up to the Lower Pleistocene, the
basin was filled with a fluvio-lacustrine sequence 0.5-2 km
thick (Cavinato and De Celles 1999), represented by fluvial
deposits, alluvial fans, and lacustrine sediments attributed
by Guerrieri et al. (2004) to two main depositional units
(UPL and LPL), separated by an erosive surface. At the end
of the lower Pleistocene, a regional tectonic uplift affected
a major part of the Central Apennines (Blumetti et al. 1993)
and new direct faults, striking NS and EW, were activated
in the Rieti basin, which it assumed its present form in the
Middle Pleistocene. The ultra-basic volcanism of the small
town of Cupaello and Polino along the eastern edge of the
basin is also connected to this extensional phase (Stoppa
and Villa 1991; Carminati et al. 2012; Lustrino et al. 2022).

The “Rieti fault” trending NW-SE and dipping SW,
which represents the eastern boundary of the basin, was
active until the Holocene: paleoseismic analyses (Michetti
et al. 1995) showed that between 5000 and 6400 BP, the fault
is capable to produce M 6.5 earthquakes and surface faulting
(Madonna et al. 2020).

Moreover, the depocenter of the sedimentary basin moved
to the NW, and this led to the recall and capture of numerous
river axes that affect their own deposits. Consequently, the
Villafranchian River network of the Rieti and Terni basins
was rejuvenated and the Velino River deviated towards
NNW (Michetti et al. 1995; Madonna et al. 2020).

The climatic variations that occurred from the Pliocene
up to the entire Quaternary, and in particular the alternating
glacial and interglacial phases and fluctuations in the level
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of the base aquifer, caused karst phenomena that affected the
Meso-Cenozoic carbonates outcropping at the basin foot-
walls (Calderoni et al. 1994). In addition to the prevailing
action of climate, tectonics and the ascent of deep fluids also
had significant effects on the chemistry of the waters. The
latter then alternated phases in which they were strongly
encrusting, leading the formation of continental carbonate
deposits, and phases in which they were highly erosive, dur-
ing which karst processes were favored.

The Rieti basin hosted a lake with variable extent that
resulted in high stands and triggered the growth of travertine
platforms during the Holocene “warm” fluctuations. In these
interglacial phases, the four lakes occupying the drainage
basin (called Lungo, Ripasottile, Ventina, and Piediluco)
were joined to form a large water basin, the so-called “Lacus
Velinus,” that extended throughout the Rieti basin up to the
Le Marmore threshold located at the northwestern edge of
the basin (Ferreli et al. 1992; Carrara et al. 1995; Calderini
et al. 1998). Le Marmore Falls are a large waterfall whose
top surface is 375 m a.s.l., formed by an active travertine
platform. Such continental carbonates, generically defined
as travertines, were deposited along the Velino valley and
throughout the Rieti basin in fluvial-lacustrine systems
(Brunamonte et al. 1993; Carrara et al. 1992, 1995; Lor-
enzoni et al. 1993; Michetti et al. 1995; Soligo et al. 2002;
Madonna et al. 2020), and consist of porous, bio-induced,
and bio-sustained microcrystalline deposits, precipitated as
encrustations on the aquatic vegetation starting from karst
mineralized waters and can be classified as calcareous tufa
(Pedley et al. 2003; Gandin and Capezzuoli 2008; Capezzuoli
et al. 2008; Arenas-Abad et al. 2010; Madonna et al. 2020)
(Fig. 1).

In the Rieti city area, a Middle Pleistocene travertine plate
was formed, surrounded, in the southernmost zone of the
basin, by a fluvial-lacustrine succession, and is currently
attributable to depositional processes of the Velino River.
At the Rieti city center, the outcropping travertines are
represented by lenticular subhorizontal banks of limestone
characterized by an irregular alternation of bio-induced
high porosity facies, and by more homogeneous, fine, and
compact facies (Fig. 2). There are also sands and reddish
residual carbonate silts (“red soils”). The organic content in
the more porous facies is represented by accumulations of
plant remains and limestone muds with encrusted remains
of both aquatic and terrestrial invertebrates. These facies
and their associations are characterized by stepped sections,
between tanks delimited by phytohermal dams (fluviatile
barrages) filled with calcareous mud and silts deposited in
small lakes and ponds. North of the city center, a further
travertine complex with different lithological characteristics
crops out widely. This formation is characterized by more
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levels with loose silty sands and clayey, and it has been
defined in the literature as “detrital travertine” (Scarascia
Mugnozza et al. 2013).

Gravimetric investigations (Scarascia Mugnozza et al.
2013; Skrame et al. 2018) allowed to estimate the thickness
of the travertine platform of the Rieti. Through the study of
the gravimetric anomalies, and the trend of the thicknesses
of the lithologies by calculating the density, a thickness of
about 40 m has been evaluated for the travertine plate of the
Rieti city center.

Similarly to other Apennine intermontane basins, the
one of Rieti is typically characterized by a thick succession
of continental clastic sediments, with an overall thickness
of 400-500 m (Guerrieri et al. 2004; Carrara et al. 2004;
Camerieri 2009; Camerieri and Mattioli 2014). The deposits
are essentially made up of fluvial lacustrine sediments, but
at depth, the succession becomes more complex and reflects
different phases in which a marked erosion occurred alter-
nating with depositional phases during the Quaternary.

Calderini et al. (1998) proposed a reconstruction of the
different phases of climatic fluctuation that affected the west-
ernmost part of the Rieti basin, following the last glacial
phase, in a time window that goes from the Middle Pleisto-
cene, when the plain underwent a tectonic subsidence, up to
the Upper Quaternary:

— From the late Pliocene, Early Pleistocene, there is an
alternation of laminated limestone with alluvial fan
conglomerates, gravels, and gravelly sands, with well-
rounded clasts. Above, there are gravel levels, silty arena-
ceous levels, sands with organic matter, and sometimes
peaty vegetables deriving from the depositional phases
in a braided fluvial plain

— In Middle Pleistocene, sandy and sandy-clayey volcano-
clastic layer rich in biotite, muscovite, and pyroxene, due
to the volcanic activity of Cupaello, occurred during the
tectonic collapse of the Rieti basin; deposition of the
travertine platform in the Rieti area

— From the Late Pleistocene to the Lower Holocene, clays
with calcareous fragments with aquatic mollusks and
ostracods that testify to the presence of freshwater from
shallow basins, with a progradation of alluvial fan from
nearby escarpments

— From about 6000 to 2700 years ago, clays with peat
deposited in shallow lake waters or ponds rich in vegeta-
tion following the decrease in the base water level during
a global cooling event

— Fine-grained sediments rich in mollusks and ostracods
during the subsequent new water level rise

— Clays with hydrophilic organisms (land mollusks) depos-
ited during the last progressive drying up of the Rieti
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Fig. 1 Geological setting of the study area: a Rieti basin and active
faults from ITHACA (ITaly HAzards from CApable faults) catalog
(ITHACA Working Group 2019), b location of the study area: red

plain, up to the current alluvial sediments of the Velino
and Turano Rivers.

The depositional sequence of the Velino River is charac-
terized by an alternation of silty sands, mixtures of sand and
silt, and layers and lenses of gravel, peat, and inorganic silts,
of an intermontane basin environment; in these sections,
however, the geological bedrock was not reached (Scarascia
Mugnozza et al. 2013).

Earthquakes which occur in this sector of the Central
Apennines are frequent and generally occur as multiple-
shock sequences with relatively shallow hypocenters

box corresponds to the map area shown in a; and c¢ lithotechnical
units from level 1 MS study

(< 12 km below the land surface; Rovida et al. 2022). The
mainshocks of the seismic sequence of the Central Apen-
nines of 2016-2017 that activated fault segments (Laga
Fault, Vettore and Monte Bove Fault; Chiaraluce et al. 2017;
Galli et al. 2017) caused a maximum intensity of V MCS
(Mercalli-Cancani-Sieberg scale) at Rieti (Galli et al. 2017).

The Rieti area is included in a medium-to-high seismic-
ity zone, with a seismic history characterized by at least
22 earthquakes that occurred in historical times (from the
year 1000 to present day) which affected the city with a
macroseismic intensity >V MCS, and 4 of these latter with
intensity VIII (Locati et al. 2022). The Mw 5.3 earthquake
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Fig.2 Lithoid travertine (calcareous tufa, sensu Madonna et al.,
2021) outcropping in Rieti: a, b) travertine platform outcropping in
the historic center; ¢, d piece of a core drilled in the center of Rieti,
near the town hall; and e travertine outcrop at the base of an ancient
building, in the historic city center

of June 27, 1898, with the epicenter near the city, was the
most destructive of the historical times, together with the
earthquake of 1298, and caused the damage to most of the

Fig.3 Flow chart of the work
addressed in this study

Bibliographic
survey and
data collection

Selection of the seismic
wave amplification
model
1D vs 2D
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buildings in the historic center and the collapse of some
(Comerci et al. 2003; Colombi et al. 2011; 2013; 2015).

Methods

In this study, 31 borehole logs, 3 downhole surveys, 3
MASW tests, and 5 high-quality HVSR curves according to
SESAME (2004), as well as the geotechnical map belonging
to the level 3 SM study conducted for the Rieti Municipality
in 2017, have been used.

The main steps of this work are represented in the flow
chart in Fig. 3. The stratigraphy of the available surveys
was analyzed (step 1) to produce detailed geological cross
sections of the historic center of Rieti. These cross sections
represented the preliminary geological model of the study
area (step 2).

In order to increase the information needed to recon-
struct a detailed stratigraphy, geophysical investigations
(i.e., downhole, MASW, and HVSR survey results) were
also used to obtain additional stratigraphic columns using
an inversion procedure with an iterative approach (step 3);
these extrapolated stratigraphic columns have been merged
into the geodatabase to obtain the subsequent 3D model.

The geophysical measurements also made it possible
to validate the previously elaborated geological cross sec-
tions, allowing the definition of an engineering-geological
reference model (step 4), needed for the construction of
the geodatabase. Geological data stored in the geodatabase
have been interpolated (step 5) using RockWorks software,
in order to visualize the engineering-geological model in
three dimensions (step 6). Such visualization makes clear

Preparation of |
‘ preliminary Additional data on
\\ geological sections § stratigraph){ from
q > geophysical
Conceptual measurements
geological model
i |
V
Engineering-geological
model
validated with geophysical
measurements.
&
Development of the Geodatabase
y | 3D Engineering- | ¢ construction
) geological model — for modeling
(RockWorks)
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the identification of the zones where there is an impedance
contrast between the substrate or stiff rocks and cover soft
sediments (step 7), where seismic waves amplification phe-
nomena can Occur.

The preliminary geological model has been elaborated
through 5 geological cross sections that resulted from the
analysis and interpolation of the borehole logs, and of the
geophysical data (location in Fig. 4), as well literature survey
and in particular on (i) the study by Calderini et al. (1998)
about the sediments of the Rieti plain and (ii) the gravimet-
ric study by Scarascia Mugnozza et al. (2013) and Skrame
et al. (2018), which determined the thickness of the traver-
tine plate and the thickness of the deposits in the Rieti area.
Some assumptions were necessary for areas not well covered
by the boreholes and at depths greater than 15 m, due to the
shallow depths reached by most of the stratigraphic logs (13
shallow logs). Only 9 boreholes got to 30 m depth, and only
1 borehole, located in the easternmost part of the study area,
reached 40 m of depth.

Following a preliminary reconstruction of the geological
model, an inversion procedure with an iterative approach
was performed using the 5 high-quality HVSR curves to
validate the preliminary cross sections and calibrate its
parameters as follows: (i) the range of values of the main
physical and mechanical parameters were defined for each

Fig.4 Location of boreholes
and geophysical surveys used in
this study; the location (traces)
of geological cross section is
also reported

Table 1 Litotechnical units identified for the Rieti historical center
area and relative Vs values calibrated by the HVSR inversion

Litotechnical unit Vs (m/s)
Backfill deposits 140
Backfill deposits with travertine clasts 350
Clayey silts 175
Silty sands with calcareuos clasts 160
Gravels 220
Silty sands with peat 210
Sandy silts and clays 280-300
Sands with organic matrix 400
Gravelly sands in silty matrix 730
Gravels and gravelly sands 820
Reddish and brownish clays 150-310
Sandy and silty clays 250-280
Sandy travertine 400-570
Travertine 700-830

lithological unit identified in the preliminary model using
the reports of field surveys and laboratory tests, with a
particular focus on shear-wave velocity (Vs) values con-
tained in downhole and MASW reports; (ii) considering
the preliminary model, the 5 sites of seismic ambient noise

Stratigraphy

Boreholes | 31
Validation Boreholes | 6
Geophysical Surveys | N°

HVSR | 5 (hq)
Down-Hole | 4
MASW | 3

Legend

@ Boreholes

@ \Validation Boreholes
@ Down Hole
A

——— Geological Cross Sections
== Escarpment (> 20 m)
»——— Narrow buried valley axis

HVSR | _1 Potentially active uncertain normal fault

S
[ Backiill lands.

[ Alluvial sediments. Upper Pleist.- Holoc.

‘: Conglomeratic and detrital
sequences. Late Plioc.- Early Pleist.

[ JLithoid travertine. Middle Pleistocene
- Detrital travertine. Middle Pleistocene
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measurements (location on Fig. 4) outputted high-quality
HVSR curves were projected on the cross sections and a
stratigraphic log was extracted for each site; (iii) the empiri-
cal relationship of the site resonance frequency was used to
validate the stratigraphic log obtained for each site and the
Vs values of the composing layers.

The horizontal-to-vertical spectral ratio (HVSR) method
by Nakamura (1989) consists in estimating the ratio between
the horizontal (H) and vertical (V) Fourier amplitude spectra
components computed for a set of natural frequency values
on recordings of single-station seismic ambient noise. This
method allows the evaluation of the site resonance frequency
(fy) identified by a clear peak in the HVSR function, espe-
cially where a soft soil topmost-layer generates a marked
shear-wave velocity contrast with the underlying seismic
bedrock (Bour et al. 1998; Haghshenas et al. 2008), with
a resonance frequency value strictly related to the thick-
ness and the shear-wave value of the soft soil layers (Tallini
et al. 2020). Considering the capability of seismic measure-
ments in studying the subsoil indirectly, the inversion of
their results allows assessing the main parameters needed for
seismic applications (Kanli et al. 2006, 2008; Kanli 2010).

According to experimental data (Oubaiche et al. 2012),
the f, value can be obtained roughly by the empirical
relationship

_ Vs

fo—ﬁ

where Vs is the mean shear-wave velocity value of the reso-
nant layer and H its total thickness.

Considering a resonant multilayering deposit composed
of different layers of soft soils characterized by different
shear-wave velocity values, the Vs value can be computed
as equivalent velocity obtained using a thickness-averaged
relationship (Madera 1970):

where Vs, is the shear-wave velocity value of the single ith
layer and 4; its thickness.

As Y h;is equal to H, the f; value in the case of resonant
multilayering deposit can be assessed roughly as

Vs; X h;
fO = Z 4H2

In the light of this, the iterative approach was performed
by varying the Vs, value (according to the ranges defined by
the collected material) and, if necessary, the thickness (fixed
based on the stratigraphic logs extracted from the prelimi-
nary geological model) for each ith layer, until obtaining a
correspondence between the theoretically computed f, value
and the f, value obtained on-site by the HVSR analysis.
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This procedure allowed to validate the thickness of all
the litotechnical units composing the preliminary model,
even modifying thickness values of single strata if neces-
sary, obtaining a validated geological model. In addition, a
Vs value was calibrated and assigned to each litotechnical
unit composing the model (Table 1).

These extrapolated stratigraphic columns were then
merged into the geodatabase to obtain the 3D geological
model by the procedure explained in the following part.

Several “synthetic boreholes” were extrapolated from
the geological model that was validated through geophysi-
cal investigations. Interpretation of these synthetic boreholes
was based on cross sections, geological maps, and informa-
tion from the literature. This interpretative process was con-
structed starting from a regular cell grid with dimensions of
80 m x 60 m that covers the study area. Each node of the grid
is associated with a specific lithology, according to the geo-
logical model, i.e., considering the closest geological cross
section. This operation is repeated every 5 m of depth, build-
ing several overlapping horizontal grids (quoted plans). As a
result, each node of the grid can be considered a discretized
synthetic borehole with a vertical sampling step of 5 m.

Discretization into rectangular meshes resulted in the
generation of 248 artificial boreholes (synthetic stratigra-
phies) that were added to the 31 real boreholes, 4 down-
hole stratigraphies, 3 MASW test logs, and 5 stratigraphies
by HVSR inversion performed in the study domain, cov-
ering an area of 116 ha (Fig. 5a). Information associated
with these stratigraphies was stored within a multiple Excel
spreadsheet.

The latter constitutes a relational geodatabase of geo-refer-
enced data that was employed for processing and editing opera-
tions via RockWorks 17 software (Fig. 5b; Ciampi et al. 2021).

Interpolation of the geologic parameters associated with
the synthetic boreholes allowed the reconstruction of the
surfaces of the stratigraphic contacts. The inverse distance
weighting (IDW) method was employed as the interpolation
algorithm, using 4 neighboring points and a weighting expo-
nent equal to 2 (Liu et al. 2020). Also, a high-fidelity filter to
honor the measured value at the control points and smooth-
ing on the surfaces were used. Stratigraphic contacts isolated
the different geologic bodies in the domain of a block model,
leading to the generation of a three-dimensional solid model
for reconstructing the stratigraphic setting of the subsoil.
The use of a three-dimensional mesh consisting of voxels
allowed the representation of complex geological structures
(Baojun et al. 2009; Ciampi et al. 2021). The domain extends
from 407 to 437 m above sea level, and the voxel resolution
corresponds to 10 m in the x and y directions, and 0.5 m in
the z direction. The 3D solid model results in 130x 91 x 145
voxels in the x, y, and z dimensions, respectively. The model
was used as an interface to extract the stored information
at the portions of interest in the spatial domain, and it has
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Fig.5 a Synthetic and real
boreholes location in the Rieti
city and grid mesh architecture.
b 3D representation of the
synthetic and real boreholes
with overlapping of a quoted
plane (purple) with an elevation
of 370 m above sea level for
sampling and extraction of the
geological data
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the goal to provide a qualitative comparison in reconstruct-
ing the geological model using a traditional and a modeling
approach.

Results

A validated geological model, composed of 3 geological
cross sections with NS orientation and 860 m length, and
2 cross sections with EW orientation and 1200-m length
(Fig. 6), was elaborated using the information from litera-
ture, 31 borehole logs, and 5 HVSR-inverted stratigraphies
used as synthetic boreholes.

The stratigraphic units of the study area were reconstructed
by merging the lithologies crossed by the boreholes, under
an expert judgment approach and following the information
from the literature. The WE cross-section A-A’ (Fig. 6) can
be taken as a reference for the description of stratigraphic
units: at the base, there are gravels and gravelly sands, in a
silty matrix, respectively, of the Upper Pliocene and Lower
Pleistocene ages, which can be considered as seismic bedrock

CROSS-SECTION A-A'

as they present Vs values of 730-820 m/s according to the
geophysical data collected and confirmed by the model cali-
bration and validation operations. Above these gravels (and
below the travertine platform), a level of clays and sands with
Vs values of 250-280 m/s was hypothesized (dashed limits
in the cross-section A-A' of Fig. 6) since the presence of a
clear resonance peak in the HVSR functions obtained by the
seismic ambient noise measurements performed on the top of
the travertine platform. According to this interpretation, the
lithoid travertine platform of the Middle Pleistocene, which
presents Vs values from 400 to 830 m/s based on the preva-
lence of sandy travertine layers, would lie above this soft soil
level, and is bordered by alluvial sediments.

In the easternmost sector of the A-A’ cross section, the
travertine platform was completely eroded by the Velino
River. This erosive gap was filled by post-Middle Pliocene
sediments starting from sands with organic matter, alterna-
tions of clayey silts, silty sands with peaty vegetables, lenses
of gravels or gravelly sands referred to river bars, and lastly
silty sands and clayey silts, from the Upper Pleistocene to
the Holocene.

w
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In the westernmost sector of the A-A’ cross section, the
travertine platform ends steeply in contact with alluvial sedi-
ments. In the northern part of the city of Rieti, the lithoid
travertine passes by heteropic contacts to the detrital traver-
tine formation, as can be seen in the cross sections with N—-S
orientation (Fig. 6).

The 3D geological model describes the spatial rela-
tionships between the different geological bodies and
the latero-vertical variations of the lithologies, and more
specifically, it represents the geometry of the contacts of
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the travertine platform both with the assumed underlying
sandy and clayey levels and with the bordering alluvial
deposits of the Velino River.

The extrapolation of 2D cross sections from the 3D
solid model reveals the qualitative match of a traditional
2D and the 3D modeling approach in the reconstruction
of the subsurface geological architecture. The model and
cross sections depicted in Fig. 7 employ a vertical exag-
geration factor of 10 to highlight the lithologic transitions.
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Discussion

The 3D model of the subsoil allows the representation of
entire volumes of subsurface through a solid restitution,
unlike the traditional 2D approaches (maps and cross sec-
tions), which miss large areas, without providing an over-
all interpretation. For this reason, this model is easier to
understand than traditional mapping products, offering a
more intuitive mode of visualization that is accessible not
only to technical specialists. Moreover, the geodatabase of
the 3D solid model integrates all available geological and
geophysical data into a single overview and can be quickly
updated as new information becomes available and allows
arapid qualitative/quantitative analysis. The different parts
of the model can be visualized separately, and it is possible
to obtain information on the extent of the surfaces and
volumes of the units as well as their spatial distribution.
Finally, the digital output can be queried for interchange-
ability and specific analysis, such as the model validation.

Good adherence to the geological conceptual model is
highlighted by the comparison with the validated cross
section with WE direction (cross-section A-A' in Fig. 6),
with the corresponding cross section extracted from the
3D model represented in Fig. 7b. As regards the cross
sections trending NS (Fig. 7c), the ones extracted from
the solid model provide the subsoil reconstruction up to
greater depths, not reached by the boreholes, and therefore
not included in the initial geological cross sections.

The accuracy of the 3D model has been verified through
the acquisition of new data on the stratigraphy of Rieti
subsoil, which were obtained after the construction of
the 3D model. A set of new boreholes made it possible
to compare the stratigraphic logs with the corresponding
stratigraphic column extracted from the 3D model (Fig. 8),
to perform a posteriori validation of the accuracy of the
model. The new boreholes used are located in two areas:
the first group of 4 surveys (boreholes S1, S2, S3, and S4)
occurs at the Santa Chiara church, at the southwestern
edge of the travertine platform (location in Figs. 4 and 7b),
that represents the most crucial and complex zone of the
geological model. The second group (boreholes S5 and S6)
is in the center of the study area, at the town hall of Rieti,
on the top of the travertine platform (location in Figs. 4
and 7b). In general, we can address that, as expected, the
columns extracted from the 3D model show a more sim-
plified stratigraphy, since the lithological units used in the
construction of the geodatabase derive from a reasoned
subdivision of the existing lithologies.

As regards S5 and S6, on the top of the travertine plat-
form, a pretty good correspondence was verified between
the new boreholes and the model created previously (the
example of S5 is shown in Fig. 8). As regards S1, S2, S3,
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and S4 at Santa Chiara church, the validation procedure
revealed interesting details on 3D modeling of the edge
of the travertine platform: S1 and S2 boreholes shown
in Fig. 8 represent two different results of comparison
between the 3D model, despite that the two boreholes are
located only about 19 m apart. In the case of S1 (Fig. 8),
a very good correlation between the new boreholes and
the stratigraphic columns extracted from the 3D model
was observed. Conversely, in the case of S2, a difference
between the real borehole and the one extracted from the
model stands out, as the latter shows 2.5 m of the allu-
vial sediments of Velino River (sands, gravels, and silts)
between travertine and backfill deposits, that are missing
in the real S2 borehole (Fig. 8). In other words, the column
extracted from the 3D model reveals a small mistake in the
modelling that corresponds to 2.5 m of thickness. As the
sampling vertical step used in the geodatabase (synthetic
boreholes) was 5 m, the error of 2.5 m is below the sampling
step size and therefore cannot be avoided for this vertical
resolution. Lastly, the S3 and S4 columns extracted from
the 3D model demonstrate a better adherence to the valida-
tion boreholes.

To conclude, the validation of the model through the new
boreholes shows that the very steep edges of the travertine
platform and the abrupt contact with the alluvial sediments
represent the most difficult part to be perfectly depicted by
the 3D model, because in a very narrow area (distance from
S1 to S2 of the order of 19 m), the geological structure of
the subsoil changes abruptly, passing from the travertine
platform to the alluvial valley. In this border zone, a small
deviation (below the sampling step size) of the model from
the real setting of the subsoil cannot be avoided with the
adopted vertical resolution.

The 3D geological model can represent a useful tool for
local seismic response studies as it allows the observation of
the spatial relationships between different geological bodies
and the latero-vertical variations of the lithologies at depth.
In urban environments with complex and peculiar geologi-
cal settings, such as the Rieti city center where the contacts
between travertine formation and alluvial deposits cannot
be directly observed on-site, the representation provided by
the model can be very helpful in the perspective of local-
scale studies of seismic response. In fact, the presence of
a lateral variation between the travertine stiff rock and the
alluvial soft soils can induce variation of the seismic ground
motion due to the different physical and mechanical features
of these two means, causing possible amplification effects
in the areas located in the lateral parts of the alluvial valley,
i.e., in proximity to the travertine platform buried edge.

Considering such a geological setting, comparable to a
valley filled with recent soft soils bordered by a stiff seismic
bedrock, similar seismic response schemes can be applied
to the Rieti site. Using the approach proposed by Bard
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and Bouchon (1985), the seismic response of a sedimen-
tary valley can be associated with a 1D or 2D resonance
scheme based on the impedance contrast between soft-
soil and seismic bedrock, and on the geometrical shape. A
1D-like resonance is typical of a large valley while a 2D

resonance characterizes narrow ones. In case of a 1D reso-
nance scheme, the resonance frequency value varies along
the valley and depends on the thickness and mean Vs value
of the filling deposits, except for the lateral parts where an
additional contribution of lateral waves exists and where a
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Fig.9 Map (a) and 3D solid
model (b) indicating zones with
1D and 2D seismic response
schemes in the Rieti historical
center (green and red colors,
respectively, in transparency)
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2D approach could be preferable with respect to a simplified
1D approach, especially if marked lateral heterogeneities are
present in the filling deposits (Martino et al. 2015). In the
case of a 2D resonance scheme, the resonance frequency is
the same across the whole valley, associated with a signifi-
cant amplification (up to 4 times the theoretical 1D value)
and with a an increased duration of the seismic motion.

Considering these assumptions and the latero-vertical
variations of the lithologies at depth observed by the 3D
geological model, a map distinguishing 1D and 2D reso-
nance scheme zones was produced for the Rieti historical
center (Fig. 9a), where a 2D modeling approach results pref-
erable for the areas located on the top of the travertine plate
and for the lateral part of the valley, while a simplified 1D
modeling approach can be chosen for the areas located in
the central part of the valley. In addition, the 3D geological
model (Fig. 9b) can be used to extract seismostratigrapic
columns or cross sections.

Conclusion

The 3D representation of the subsoil is increasingly used in
many fields of application in Earth sciences, and it is becoming
integrated into the common practices of representations of geo-
logical features, such as lithological bodies that resemble their
real shape and size. Among the aforementioned applications,
there is certainly the seismic risk management framework, and
specifically the local seismic response analysis and the evalua-
tion of the related seismic amplification. Such studies require
indeed a reliable and high-resolution engineering-geological
model of the subsoil.

This study shows a methodology that starts from scat-
tered and predominantly punctual information on geology
and synthesizes a 3D model of the subsoil. The experienced
methodology involves three steps: (i) a conceptual geological
model was obtained from data and maps of literature; (ii) an
analysis of geophysical data (i.e., inversion of HVSR curves)
allowed to validate this preliminary geological model infers
the shear wave velocity values for the litotechnical units, and
retrieves some additional stratigraphies for the construction
of a larger geodatabase; and (iii) a 3D model was achieved
by the geodatabase built on the basis of the previous steps.
The accuracy of the 3D model can be verified a posteriori
through the acquisition of new borehole stratigraphies in the
study area, which can be compared with the corresponding
stratigraphies obtained by querying the solid model.

The test area has been the historical city center of Rieti,
where the subsoil is characterized by a peculiar local geologi-
cal setting with the occurrence of a travertine platform that
crops out in the historic city center. The a posteriori validation
phase highlighted a good adherence of the 3D model to the
new boreholes stratigraphies and made it possible to point out

some limits of the 3D modeling in the representation of abrupt
lateral discontinuities, such as the edges of the travertine plat-
form. Generally speaking, the limitations of 3D geomodeling
lie in the need for a large amount of data to reconstruct a robust
engineering-geological model and capture the variability of
complex geobodies. Exploiting classical geological informa-
tion and coupling virtual surveys to real data can potentially
bridge the gap in quantitative and qualitative data availability.

The engineering-geological model can support properly the
localization of possible condition where local seismic effects
may occur in case of an earthquake. The model suggests the
zones where a 2D modeling approach better represents the
local site seismic response and the zones where a 1D mod-
eling approach is suitable. The relevant lateral heterogeneities
between the stiff travertine, characterized by relatively high
S-wave velocity values, and the alluvial soft soils in the lateral
parts of the buried fluvial valley of the Velino river, represent
a particular setting regarding the seismic site characterization,
due to possible contributions of lateral waves reflected from
scatters which coincide with the seismic bedrock boundaries.
For future studies, considering the latero-vertical variations of
the lithologies and the different expected amplification effects,
specific cross sections can be extracted from the 3D geologi-
cal model to perform numerical simulations of seismic wave
propagation, based on the proper modeling approach for each
specific areas of interest.
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