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Abstract:

SiSeRHMap is a computerized methodology capablelaforating prediction maps of seismic responseerims of
acceleration spectra. It was realized on the h#sashybrid model which combines different appraeschnd models in
a new and non-conventional way. These approachisnadels are organized in a code-architecture cespof five
interdependent modules. A GIS (Geographic InforomtiSystem) Cubic Model (GCM), which is a layered
computational structure based on the concept lobdignamic units and zones, aims at reproducingranpeterized
layered subsoil model. A metamodeling process eerdehybrid nature to the methodology. In this pes; the one-
dimensional linear equivalent analysis produce®lacation response spectra for a specified numbsit® profiles
using one or more input motions. The shear wavecitgtthickness profiles, defined as trainers, rmrdomly selected
in each zone. Subsequently, a numerical adaptivelation model (Emul-spectra) is optimized on the\ae trainer
acceleration response spectra by means of a dedi¢atolutionary Algorithm (EA) and the Levenberg#dfaardt
Algorithm (LMA) as the final optimizer. In the fihatep, the GCM Maps Executor module produces ialseap-set of
a stratigraphic seismic response at different perigrid-solving the calibrated Emul-spectra modieladdition, the
spectra topographic amplification is also computganeans of a 3D validated numerical prediction eho@ihis model
is built to match the results of the numerical dations related to isolate reliefs using GIS manpletric data. In this
way, different sets of seismic response maps avelgiged, on which, maps of design acceleratieparse spectra
are also defined by means of an enveloping tecleniqu

1. Introduction

In the scientific community, it is well known thkthologic stratigraphy as well as topographic teat are capable of
considerably amplifying the local destructive actiof an earthquakeDgl Prete et al., 1998thanasopoulos et al.,
1999. Thus, in prone areas, seismic microzonationistudssume an important role in urban planningsammic risk
managementL@chet et al.,199@ianchi Fasani et al., 2008ompagnoni et al., 201 Milana et al., 201;1Grasso and
Maugeri, 2012; Moscatelli et al., 2013s a consequence, methods for high levels aingiei microzonation (mapped
seismic response studies) aim at providing qudivitadata for use in building desigBdrcherdt, 1994Todd and
Harris, 1995Dan, 2005KokoSin and Gosar, 20).3Vany building codes, such &siro Code &ndFEMA 356 (2000)
require seismic design actions defined by simplifidastic acceleration spectra deriving from ldzzde seismic hazard
(as reference natural or virtual stiff rock siteiethare defined in term of horizontal acceleratjprobability of
exceedance igpecified time interval) and site amplificationesfts.

In addition to a need to have a sufficient amodnhfmrmation suitable for seismic microzonatiomngputerized data
management and spatial distribution in terms ofuinpnd output/outcomes, are also required. Thexefthe
Geographic Information Systems (GIS) contribute thast to maximizing the available data, in the sss®nt or
estimation of ground-motion amplificatioKdlat et al., 2006; Ganapathy, 2011; Hashemi aresigikh, 2012; Turk
et al., 2012; Hassanzadeh et al., 208 seismic-induced effeciSrelle et al., 2011; Grelle and Guadagno, 3013

In this aforementioned context, SiSeRHMap provisigghetic multi-map data regarding a complex phesmm, such
as seismic site response, on the basis of a nerdhylethodology in which a metamodeling procedbéscore feature.
In recent years, the use of metamodels in manynerging and environmental science fieldarfipasi et al., 2006;
Yazdi and Neyshabouri, 201Wang et al., 2014; Hong et al., 2Q1tbgether with GIS supported analydieéd et al.,
2012; Fan et al., 2015; Soares et al., 30b4s produced good performances, providing Vassatility and rapid
updating.

By nature hybrid systems based on metamodels iadhttinsic uncertainty in their predictions. Tlésdue to the use
of nonphysical adaptive models trained on simgifighysical models. On the other hand, these sysfmmmit an
efficient analysis in terms of expected performangssentially, a metamodel permits a quick replbcatof the
solutions in a limited context of randomness. Iis thay the proposed model is very suitable for atiooial easy
modular update that decreases the epistemic uimtgrtaver time, in the assessment of the effettsabural complex
phenomena, such as seismic response, on a reahlrststem. Therefore, SiSeRHMap is formulatedhendoncept of
"performance”, regarding: i) prediction, ii) easyddow computational time, iii) upgrading, and a)tput accessibility
(GlS-georeferenced data), with respect to the effatt. For these reasons, SiSeRHMap aims at giaisubstantial
contribution to common practices. Contextualizedaopractical application in site seismic respostselies, limits of
usual practice may be currently summarized as: ppiial contribution of the microzonation studythwregards to
providing appropriate quantitative parameters &smic engineering practice; ii) an inadequateafssome simplified
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amplified design spectra defined by means of s@rgelranges of Vs that refer to 30 m or to the desjyock ; iii) an
unsuitable use of the point-data spatial interjpatefor the mapped seismic response values.

Considering the aforesaid critical issues, in aredth a not very high geological complexity, theoposed
methodology can present a high computational efficy in comparison to expensive rigorous physidadlged models;
this efficiency multiplies when a probability muitiput motion analysis is performed. Therefore, thap-sets of
seismic response provided by SiSeRHMap are theltrefuan advantageous compromise between intriasid
epistemic uncertainties and the accuracy and robsstrequired. This last aspect reflects the ajgtitf the proposed
methodology which is suitable for analysis of urlaaeas or relatively vast areas. In general thel lefzaccuracy of the
SiSeRHMap response increases with the number aalityqof the surveys; however it is suitable toused in areas
with common and non-strategic facilities (e.g. eaclplants); for strategic facilities, a detailedlgsis may be required
due to the fact that the use of a metamodel nrmighensure the level of accuracy required.

1.1. Code design and aims

SiSeRHMap is a computer program methodology ainettieamapped Simulation of site Seismic Respong&yus
Hybrid Model. The Hybrid Model consists of a compleomputational system composed of a GIS frame mode
analytical models (physically-based) and metamadetirocedures. SiSeRHMap is capable of developiag-sets of
seismic response taking into account the combiffedte of plane-parallel stratigraphy and real @agphic features. It
is composed of five progressive inter-dependingh&ytcompute modules, each of which necessitatiesnak input
data. The input data and dataset are inserteéhked into a Textual User Interface (TUI) which teg the file
"Ingtruction.txt” that the Python modules read in running.

The modules and their computational functions arfolows:

mod.1: Lithodynamic Units parameterization;

mod.2: GIS Cubic Model frame;

mod.3: Stratigraphic Response;

mod.4: Training "Spectra";

mod.5: GCM Maps Executor.

1.2 Background
In mapped seismic response studies carried oug usmalytical methods for assessing or estimatimgtigtaphic

seismic site responses, GIS provide the spatidtilolision of parameters which characterize the rsmismotion
(Jimenez et al., 2000; Sokolov and Chernov, 200ith\NeD04; Kienzle et al. 2006 Based on a multivariate regression
analysis of common recurrent regional data-settiegarding simple sequences, procedures for cgloglaeismic soil
response have also been introdudeddfiguez-Marek et al., 200Rapadimitriou et al., 2008

Among the above-mentioned GIS based modgis|le et al., 201have recently introduced a hybrid model, based on
the "GIS Cubic Model (GCM)" frame which is, in tuimased on the concept of lithodynamic units amiegoHere, a
lithodynamic unit is defined as a lithological umihich is characterized by a shear wave velocitptli€lependent
curve (as shown in figure 1) and subsequently bylimear stress-strain behaviour. The zone is édfiby a specific
combination, in sequence, of lithodynamic unithehybrid model computes the mapping of seismisaese using an
adaptive model which is trained on 1D seismic raspotarget-cases calculated from some shear wdweitye
thickness sequences. These latter are uniformlgomaty selected in coherence with general lithodyicalayered
models assumed for the study area. In this way,trieed adaptive model, conceptually defined asedamodel
(replacement model), is used in the spatial prae@icinalysis which aims at developing seismic easp maps by
means of its metamodel solving in the GCM.

Topographic amplification is a more relevant fremgie dependent effect in zones characterized byahitl mountain
features Celebi 1987 Kawase and Aki, 1990Assimaki et al., 2005Del Gaudio and Wasowski 200FAough et al.,
2010 Massa et al. 201@ischiutta et al., 20302D and 3D simulation analytical approaches dfedint relief shapes,
as well as different incident seismic wave motiomaye been introduced@nchez-Sesma, 198Geli et al., 1988
Ashford et al., 1997; Durand et al., 1998aufroy et al., 2012, 20)5 Geli et al. (1988used numerical methods for
assessing the topographic amplification factof, &f the vertical incident of horizontal shear wauJ&H) on 2D
isolated reliefs constituted by uniform materiadagifferent layering structures. Their results Higfted that the
frequency-depending amplification factors changesaerably along the topographic surface, showangreater
amplification at the ridge, reaching values oveéd02in some casesAshford et al. (1997uantified the theoretical
effect of the horizontal and vertical seismic resgat a ridge of monoclinal slopes, which is spHice extensive, by
taking into consideration vertical incident SH wav&he analytical model assumes that the slopesarstituted by
uniform viscoelastic material (damping=1%). Thedgmphic amplifications factor in relation to thanénsionless
frequency HK, where H is the relief height aidis wavelength, confirms that greater amplificat@oturs at H{=0.2.
This corresponds to the topographic fundamentabgef=5H/Vs of the relief. Similar values of resonance were
found byPaolucci (2002)however slightly lower values were also shownHiyh frequencies. In addition, in relation
to the slope angle i, theAd/A-depending curves decrease showing greater valugsd° (Ar = 1.5), while they are
lower for i<30° (Ar<1.10) and negligible for i=15°. Similar values warbtained for the same relief modelguyen
et al. (2013)
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In natural complex topographic zonédaufroy et al. (2012used a three-dimensional numerical simulation dade
order to investigate topographic effects, in sos&gned points, assuming a multi isotropic sourffceetsmic waves
propagating in a complex 3D media with a realisticface topography. Their results showed topogcapimplification
factors up to 3.6 with a typical value range of-2.5 at the crests. However, the 3D topographiclificgtion seems to
be the combined result of lithological and geonaetaictors in which the pure topographic effect iiiallt to fully
quantify in numerous case&dllipoli et al., 2013 In addition, in some cases, recorded ground ianstshow a
directionality in the resonanceBguchon et al., 1996pudich et al., 1996encountering amplification values greater
than the results formulated by the 2D and 3D nuraésimulation models Lévati et al., 201 Furthermore, most
comparison studies refer to noise or weak aftetsimations, and thus do not take into account oy alightly take
into account the non-linear effect of system rififelogy (Gutierrez et al., 1992 On the other hand, the aforesaid
studies have increased awareness in relation & nélcessity to assess or predict topographic effea frequency
depending variable and in an adequate way, in asihtith the simplistic models of the building ced&hese models,
in fact, provide the use of constant amplitudethaentire spectrum, showing conditions of undezhgation in several
spectral range<3allipoli et al., 2013Barani et al., 2014

1.3 Application scenarios

SiSeRHMap was applied to a Synthetic Recurrent @aen(SRS), a fictitious area of 5 Kr2,5 x 2.0 Km), which is a
synthetic reproduction of a common hilly scenenareleterized by rigid/quasi rigid reliefs and a &wliwith soft
lithologic units covering the bedrock: the termidid /quasi rigid " refers to the shear wave vélpwalues of the
material constituting the relief.

The choice for using a SRS was based on the follpweasons: i) the possibility to simulate a vasmber of
sequences with different layer combinations in otdelemonstrate the complete computational alolitgiSeRHMap;
i) the possibility to introduce different compasisscenarios, including also real scenarios, imatieysis, as shown in
the topography amplification section (paragraph.4The recognizing, consultation and interpretatdrpre-existing
data is a fundamental process in the definitiohtieddynamic units and their spatial distributidithodynamic model).
However, this preliminary process does not affeetgerformance of the code (therefore the methggdlout it affects
the coherence of the results with the analysed area

The input motion assumed in the simulation analissthe same as that used @yelle et al. (2014)n the real study
area. It is a time-acceleration record that wasctspiy-matched with a general elastic spectrumigiesvith a
probabilistic target defined by the building coadich refers to a rigid site with a damping vabfe).05. The hybrid
nature of the code shows a high performance in madaling when it uses an input motion with a regi(taodal)
acceleration response spectrum: a better performarabtained when an input motion, matched (tedjtin frequency
with a design spectra shape (as is required irEtb® and FEMA building codes), is given. In additiomany input
motions can be inserted and processed using aalpartiifferent procedure (multi-input mode) as eipéd in
paragraphs 3.1 and 3.2. The stratigraphic featfitbe SRS (fig.1a) identified three cover lithodymc units and two
bedrocks, respectively rigid and non-rigid conditio(hard rock and soft rock); with regards to theppsed
methodology, the meaning of these wordings willble¢ter explained in paragraph 2. The combinatiothe$e units
determines the constitution of eight zones. The bemand spatial distribution of the survey pointe assumed
coherent in the parametric characterization, anthéngeometric features of the lithodynamic uniisieference to the
simple subsoil setting of the SRS. For example,inithe first analysis a lithodynamic unit is defthtaking into
consideration only one lithological feature, and thgression analysis does not fit well thez\points distribution, it
is possible to re-associate two or more lithodymauariits to the same lithology with the follow eria: i) clustered
spatial distributions of stiffness {yare recognized (horizontal accuracy), ii) différeegression curves result as being
more appropriate for characterized different ddptlel steps (vertical accuracy). However, in remde analyses and
ignoring the ability of the modeller in the subswibdel prediction which is based on using anditarpreting direct or
indirect survey data, the number, typology aratigpdistribution of data must be taken into actdn relation to the
geological complexity of the real area and the iregureliability accuracy degree desinghardarelli et al., 2008

The topographic featurdiq. 1b) is characterized by a flat valley zone and a matgehigh isolate relief with a slope
angle of approximately 15°- 20° and values of cture at the ridge, of approximately 0.5. The hetson of the
stratigraphic grid-data files and topographic giata is different, in order to respect the resotutexpected by
SiSeRHMap (see par. 4.2). The georeferenced caisdirof the input/output grid-data files locate 8RS in Southern
Italy in an unreal way.

2. GisCubic Mode : mod1 and mod?2

The Gis Cubic Model (GCMYfif.2) is a discretized and parametrized representafi@m underground half-space that
is capable of performing an overlay computationgeb-referenced grid data generated by common Ggloigra
Information Systems platforms. This model inteng&iethe SiSerHMap in two different and non-subseqhases.
In the first phase, the model parameterizes thediynamic units. In the second phase, the modalyses seismic
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response maps. The GCM structuterdlle et al., 2014is based on a binary template matitixwhich the rows
(records) and columns (fields) represent respdgtitlee zones and layers.

In each zone, the presence or absence of theljitzanic unit is defined in a binary way with attries respectively
valuel and 0. Hence, the layer, the computatiométyealways present in the matrix, assumes a ghysintity inside it
where the lithodynamic unit formalizes its preseassuming value 1. The presence/absence of littaadic units is
an exclusive propriety attributed to the covergabta. In contrast, the bedrock layer is alwaysemeat the base of the
sequence. In this way, for a n-layer sequencenhgimum number of possible zones i$™.2The bedrock is the
lithodynamic unit which is always present at thétdom of the sequence at the n-th layers and iteadefined as rigid
or non-rigid bedrock, depending on whether the shesve velocity is equal or greater to a prefitedkshold value,

VSrig ; in general terms, the aforesaid bedrocks typolcayy represent lithodynamic units composed respgtof

massive rock or weak rock. Accordingly, the terngitt" qualifies a relative and not absolute s#ffs (e.g. infinite
stiffness) of the bedrocK.herefore, the condition that the non-rigid bedroakst reach thé‘/srig value, with depth

passing thus to the rigid condition, is imposedhiis way a new lithodynamic unit up to the rigieldoock is generated
by the model; In SiSeRHMap, it is possible to cdasithe existence of two different bedrock typodsgi thereby
doubling the number of possible zone&(2) when this occurs.

2.1 Initial input data

In the GCM, the number of layers, and consequeh#yspatial extension of the lithodynamic unitg gintly defined
by preparatory studies, as is the standard preeddihigh levels of seismic microzonation. Theselies are based on
a preliminary collection of field surveys and présting studies and datasets. Subsequently, arratecimterpretation
of geological, geotechnical and geophysical datanjie the definition of both the typology and cheterization
(parametrization), as well as the spatial distidnytof the lithodynamic units.

The main focus in the parameterization of lithodyiaunits is their spatial identification; this tiet can be performed
taking into account the lithology and their sheaave velocity-depth value distributions. In this waw layer is
associated to each lithodynamic unit in the GCM iamgldefined by a linear-log or linear dependmgve, Vs-z, which

is identified by the intercept—velocitysOi and angular coefficierd; . In some cases, this identification can show how

the geophysical and geotechnical proprieties dés@n be decisive in the building of a GCM modéierefore, the
equations associated to the-¥lithodynamic unit distributions are:

i) linear-log function for i-th covered layer,
Vs; (2) = Vs, +0log(l+2) (1]

ii) linear function for non-rigid bedrock, n-th lay
Vs (2) =Vsg +anz i Wherevs, <Vg o [2]

iii) constant value of shear wave velocity for ddiedrock
Vs, (2)= Vson ; Where\/Son > VSRB [3].

The use of the log-linear regression function (Egpermits, in a simplified way, to also assumendaum velocity
(depth and spatial independent) for the lithodymamiits; this is possible by imposing = 0. The log-linear law
preserves the same performance of the power laatiegquand better robustness in the regression sisalyl he linear
law used for non-rigid bedrock (Eg. 2) meets tinedr nature trend of the stiff soil in depth. Tissuanption that the
uniform layers that have a progressive increastrangth and stiffness with depth is due to theeciase of the effective
stress and to the weakening of the material nedahdosurface when it is in outcropping. This asstionmpis well
noticeable in the progressive increase of SPT NHhce , taking into consideration the SPT N60-V&atation
equations for all soils, including stiff soil©ta and Goto, 1978mai and Tonouchi, 1982.um and Yam, 1994
Rollins et al., 1998 it can be seen that the non linearity corretatbccurs only with regards to low N60 values;
conversely, a good linear correlation is obsernvadHhigh N60 values. It is worth noting that thedation of Vs
increasing with N60-SPT values is independent fthe depth. Therefore, for the material constitutihg non-rigid
bedrock, the Vs-depth linear increasing relatiom lza considered valid both in the buried and ogfeiray condition.

The curve fitting, and therefore the calibratidnttoe parameterS/SOi anda;, are obtained by means of the least-
squares regression methat#té and graphicsin supplementary material folder: OUTPUT\mod1 VsZ).

2.2 GCM frame

Input grid data files containing the thickness madistribution of the lithodynamic units are nesary to instruct

mod.2. These files are obtained via the commonyaizathat led to the definition of the lithodynanuinits and zones.
In fact, taking into consideration that the limfta zone is also the extension line of at least @nghe lithodynamic
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units, polyline features should define the minimtimeckness as well as the borderline in the Gl&pgocessing . In
order to avoid computational bugs, the minimal khiss, [, of the lithodynamic units must not be zero. More
specifically, this must correspond to the depthhefoutput of the desired seismic responsg.,. Figure 3shows how
the lithology with a thickness of less thag,lj did not identify the lithodynamic unit's presentkerefore, its spatial
size must be preliminarily attributed to the netliélsodynamic unit (above or below the non-ideketif lithodynamic
unit); in 1D seismic response analysis (mod.3 pafty 3.1), the iy is returned in the corresponding outcropping
lithodynamic unit for the computation.

Summarizing, the georeferenced input raster de&C(l grid file format) is:

- Layer_1.txt, Layer 2.txt,.....Layer_n-1.txt; extension of the covered layers in terms of areézero values

- Bedrock_1.txt, Bedrock 2.txt (if this latter is present); extension of onewotbedrock typologies in terms of one and
zero values

-Zones.txt, extension of zones that are identified from atre¢ integer number.

- H_layerl.txt, H_layer_2.txt,.....H_layer_n-1.txt; lithodynamic unit thicknesses obtained using appate GIS spatial
interpolation techniques. For an adequate compunaltitime, the grid-data resolution may be deteewhias follows:

2
top resolutionunit (m) = intege{\/W‘;(m)] [4]
10

SiSeRHMap generates new_"layer(i)_cor.txt" files in which the thicknesses less thagn.hare reported as zero. In
this way, the extension of the lithodynamic ungsdefined in relation to the map extension of thees. ($me grid
input files are reported in the supplementary material folder: INPUT\GIS in).

2.3 GCM for Vs-h trainer models

Once the ¥-z curves have been obtained, and the binary teepiatrix has been inserted and the georeferenigd g
files loaded, the GCM is thus structured and patarmed. In this phase, the GCM could start the pedp
parameterization of the shear wave velocity forelager as reported iGrelle et al, 2014However in SiSeRHMap,
this computational process is performed in a suleseigsecond phase of the GCM (mod.5). In this firgtse, the GCM
gives data regarding the thicknesses range ofttiediynamic units in the zones to obtain the appatg VS-h trainer
models reproducing the 1D subsoil models as selénta randomly uniform way in the GCM. Therefottee nature
of the methodology requires that the equationslvicharacterize and parameterize the GCM are dquhbse that
will be used in the generation of the-W trainer models; thus, these equations will deseguently circumstantiated at
a generic (x,y) geographic point, in the secondsplat the GCM (GCM maps executor).

The Vs-h trainer modelsfig. 4) are defined by the subsequent equations (5 taidiflg the thickness values extracted,
from the uniformly random distribution (Montecatkechnique), within the maximum and minimum intesvédund for
each lithodynamic unit in each zone. The numbethefmodels generated is freely chosen but it shbaldssumed
taking into account thickness variability and thember of the lithodynamic units present in the zoftke default value
is 10).

Therefore, once the GCM has been structured agwptdi a (m x n) binary template mataxd the g number of the
Vs-h trainer models has been established, mod 2i®RHMap generates the Vs-h trainer models. & whay, the
parameterization of an i-th layer (i in [1,n]) a@nj-th zone (j in [1,m]) for a k-th ¥h trainer model (k in [1,q]) are
defined by the following points.

i) The shear-wave velocity at the top and bottoneaxth n-1 cover layer is obtained using the parenized log-linear
functions; in relation to the combining of the legy@osition, the inversion of shear rigidity is@afsossible.

n-1
Vs(jvk)top =V50i +Q; |Og 1+ Zhi_](j,k) [5]
i=1
n-1
i=1

i) With regards to the rigid bedrocl’(/Srig , it is defined in relation to an established thadd of the shear wave
velocity (e.g.VSrigz 800m/s, EC8 prEN1998). In this way, the rigid lmdkris defined by a unique value of the shear-

wave velocityvSRB with the condition thaﬁ/SRB > VSrig :

In contrast, when the bedrock is non-rigid (geatagbedrock), the GCM automatically generates a lagwer with a
thickness of f«,) and it assumes the n-th position while the rigidriock layer shifts to the (n+1)-th position. Thtdr
layer has a lithodynamic nature similar to nonditjedrock but its depth confers to it the chardsties of rigid
bedrock with a shear wave velocity equaMgRB . This condition is defined by the following equeti
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. = 7
Ven(ik)pot = VSre [7]
thus it results that:

(VSRB ‘VSn(j,k)topj_

hn(jk) = a , 8]
where
Vsn(ikop ma){VSn—l( ) bop’ VSOnj [9]

a, is the gradient and th¥sy,, is the intercept value relating to the-¥epth regression linear curve of the non rigid

bedrock (eg. 2). In equation 8, when the max vamvsn , the possible increment of rigidity due to the

1ot
lithostatic load of the upper cover layers is takdn account; this case is manifested when therigid bedrock shows

relatively low values of the shear wave velocityhe spatial statistical uncertainty of thg 2/values. In contrast, when
the max value i8/syy,, this indicates that the non rigid bedrock isrmeathe rigid condition and therefore it shows

relatively high values of the shear wave veloditythe Vs-z dispersion curve.

iii) The average shear-wave velocity of each lighmaimic unit is:

— 1
_1 10
Vsi(ik) = Z(VS(i,k)top +Vs(j'k)botj o

iv) The fundamental vibration period computed cdasing the average shear wave velocity obtaineagusie average
travel-time:

[11]

n
42 hi(i.)
TG40 = 2 Iy _
D NGk /Z(hiu,k) Vsij10)
= i=1

When the training model is composed only of thédrigedrock (outcropping rock) , the value of i§ assumed to be
0.01s.

3. Metamodeling: mod3 and mod4

The metamodel process is the core of SiSeRHMays piticess is composed of a semi-automated computatithe
stratigraphic seismic responses of thghVtrainer models selected. Subsequently, a ndwstoand performing
prediction model Emul-spectra” is trained on the spectral shape of these regsoinsorder to emulate the stratigraphic
seismic response in the succeeding GCM Maps Exe(uind.5)

3.1 Stratigraphic seismic response

The stratigraphic acceleration response spectperiformed in SiSeRHMap by mod.3: Stratigraphic Resp. Here,
the dynamic site response is computed in a simiy to other computer program/codes: SHAKEI{nabel et al.,
1972; Idriss and Sun, 1992; Ordonez, 20EERA Bardet et al., 2000and STRATA Kottke and Rathje, 2008, 2010
The module computes the dynamic acceleration respaich refers to a one-dimensional soil coluningia planar
vertical wave propagation model which takes intnsideration an equivalent shear-strain-dependeamdrdic response
of the soil-sequence. This method is commonly reteto as the viscoelastic equivalent linear amglys terms of total
stress, taking into consideration a linear eldstidrock A horizontal polarized propagation of the sheavegathrough
a site with infinite horizontal layers is assum@ggendix A).
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Despite the same computational performance of ainsibftware f{g. 5), mod.3 is dedicated to processing uploaded
data from previous modules and subsequently retdates which is used in the next computational medutod.4).
Specifically, the Stratigraphic Seismic Responsaul® performs an automatic computation of all telected Vs-h
trainer models. The natural unit weigpt,associated to each layering profile is empiricaltimated in relation to the
shear wave velocity. In this way, taking into aatbtine low influence of this variable on the sheerdulus due to its
limited variation, the natural unit weight candefined Keceli, 2012) as :

p=44Vg02° [12]

wherep is expressed in kN/m
The input motion is considered on the outcroppimdhie rigid rock. Therefore it is always deconvetutwithin the
sequence on the rigid bedrock (layer n or n+1),mthe covered layers are present in the zone. Ttgubresponse
(fig. 6) is provided at the outcropping of the surfaceedigtd by the assignegd,zdepth; this surface is within the upper
layer.
For each covered lithodynamic unit, as well as tbe-rigid bedrock, the initial damping ratio, suah the strain-
dependent values of the normalized shear modulérendamping ratio, must be inserted. From thetserlaalues, the
damping ratio and shear modulus degradation claresbtained using the regression analysis in (f#& and D§)
ratio curves fitting, which was introduced lpkota et al. (1981jAppendix A). Therefore, the computational itepati
permits a convergence of both the equivalent tatied strain,yeq (Mymay and the trial strain, wherg. is the
maximum strain encountered in the dynamic timeohystwhile r is the strain equivalent ratio; thiancbe freely
assigned (the default value is 0.65) or it can ftarated in relation to an assigned earthquake matm M, by the
equation:
(=M1 [13]

10
A number of iterations of 5 to 10 largely assutes tonvergence of a dynamic solution (the defaallier is: 10); in
contrast the use of a number of iterations equaéto entails a pure viscoelastic linear analydmetheless, a constant
value of the damping ratio is assumed for rigidrbel. This value is attributed both to the fixedidi bedrock and to
the rigid bedrock resulting from non-rigid bedrofthe default value is: 0.01)or the zones characterized by
outcropping rigid rock, the seismic response ipanattically referred to the input motion.
The aforesaid process can be iterated using maigresl input motions; in this case the code ise ablgenerate the
average seismic responses constituting the traimodels used in the following metamodeling procékswyever, the
smoothed responses, generated by the trained methnsuggest a better performance for input motiaith the
acceleration response spectra nearest, or mattthéte simplified code design spectra. On this ecthjthe multi-input
motion mode performs the stratigraphic seismic sasp analysis for each input motion on all the VSetected
profiles in a separate way. Therefore, average la@®n response spectra are obtained from a Seaiutput
acceleration response spectra computed for each; Zzbese average spectra are the trainer model$ ins¢he
subsequent metamodel procedure. However, it ishmooting, as previously stated, that better peréoroes of the
metamodel are given using input motions that prevad average response spectra matched (or fatethe design
code spectra shape (a complete example is illestiat figure 8).
In the Stratigraphic Response module, an additioradule "View Signal” fig. 6) is associated in order to plot the
time history signal (acceleration and strain) apdctra (transfer function, Fourier spectra, resposgectra). (@ne
input and output files are reported in the supplementary material folders: INPUT\Dynamic_properties,
OUTPUT\mod3_Seismic_Response).

3.2 "Emul-spectra": adaptive simulation model

Emul-spectra¥, is a numerical adaptive model capable of emudatiie theoretical stratigraphic seismic response. |
this way, this model assumes a key role promotileghlybrid evolution of the procedures in SiSeRHMap.

The Emul-spectra model is hither introduced argtéts from the previous experienceGklle et al. (2014)n which
hypotheses relating to the behaviour assumed by ir@tions of multi-parametric functions were intuogd with the
aim of obtaining good performances in the fittingtloe acceleration response spectra. In Emul-spetite natural
influence on the spectral-trends of some main maygbarameters are largely taken into consideratomfirming
previous studies regarding Principal Component gial (PCA). The physical parameters used as indbpgn
variables in Emul-spectra are: i) the average sheae velocity of the near surface lithodynamictuWisg,; ii) the
elastic fundamental period of the sequengeaiid iii) the period, T. Its analytical form is:

X3Tf log(Vsup))

= Xl +K
Veyp L+ X T2) o
sup @+ % 7
extlixa Ty + x5 T2 (T +36T) 290Vstm)

l0gL+T2) + xg——1—[14]
TV&up)
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in which x1, ..., x8are the eight calibration parameters (coefficieats] K is the modal scaling factor. Emul-spectra
permits a unique solution for each zone; in thisy,whe parameter, T can be considered a fast-chgngariable
(spectral variable), whereas the)§and T change in relation to the Vs-h profile model (lbwariables) and the
aforementioned eight calibration parameters arestemm coefficients (zone variables). For zones withid rock
outcrops, T assumes a value of 0.01s and tkgyis set equal to the corresponding rigid bedrock.

The three component functions, summed to definelBmectra ¢g. 14), have specific and different roles in the fitness
performance of the model. To this regard, and idengg ¥ as being dependant on T, it is worth highlightihgt: i)
the first component has the role of "bed functibetause it is the platform of the other componenttions due to the
fact that it greatly controls the intercept at #eeo-period (PGA) and the tail fitting values;the second component is
the "modal function” that controls the fitting pe@&iues in the modal shape; and iii) the third congnt is the "PGA-
correction function" which corrects the initial uak permitting a more accurate fitting of the PGAghe bed function,
the intercept (PGA) is inversely dependent og,Y although an addition or subtraction that is sigrcoefficient
dependent, is specifically performed by the PGAsttion function. The latter, in relation to thenid shown between
T; and PGA in the seismic response of a specific zpaemits taking into account the possible known lioear effect
to decrement the spectral values at high frequen&ev periods). The modal function is the corehef Emul-spectra
adaptive model. It is a exponential equation capalblreproducing a symmetrical/asymmetrical modadubordinated
bimodal shapes generally shown by acceleratiomseigesponses in a large spectral range (e.figirY), as well as in
the multi-input probabilistic wayfig. 8). The modal function, which combines the paransetég,,and T; in a
different way, permits a chasing of the variougslp&end distributions by zones as well as possgihgle spectral
behaviours or possible non peak-trend conditiorestduhe different influences of the non-lineamp@sses. The modal
scaling factor, K, acts only on the modal functittnis usually assumed to be equal to 1.00 andbsanhanged after
calibration in order to scale the peaks.

In mod.4 of SiSerHMap , Emul-spectra is trainedtmntheoretical spectra response values (mod.R}wvdre sampled
starting from an initial period value of 0.001s @Gand continue with regular sampling within theoshn spectral
interval. The initial period value is fixed, whitee sample rate (the default value is 0.1s) andhtimber of samples
(the default value is 15), and therefore the spédtiterval, can be introduced by the operator. Theice of the
aforementioned values is fundamental since thefieedéhe efficacy and congruence of the metamddedddition, the
window sampling establishes the periods for which $eismic response maps will be returned whichyiin, will
influence the design spectral maps. Taking intaaontthat the sampling interval is equal for a# #tones, this should
include the whole spectral energy part without exiieg in the sampling of the spectral tail. In fabe performance of
fitness on the energy spectral part can be wealhvehkigh number of tail values is involved. Thanirzg of Emul-
spectra aims at finding the optimized solution thee eight calibration parameters (appendix B)s performed by a
nearing solution process by means of a dedicateduBonary Algorithm (EA) and a final optimizer agthm: the
Levenberg-Marquardt Algorithm (LMA). The latter ascurve-fitting algorithm used in many software laggions for
solving generic inverse problems.

The EA is a meta-heuristic method based on an #@wolry elitism of the offspring solutions that raté up to
satisfying or converging into a predefined fithessidition. The fithess of the solutions is defirgdthe fitting error
which is expressed in terms of a mean square €M8E). The EA is constituted by two breeding levéisthe first
level, the offspring solutions are generated adogrtb a corresponding Gaussian distribution inchiithe mean values
representing the initial guesses population (lomgeaparental) and corresponding standard deviatomsupplied. In
an iterative way, in the first level, only the pdgtion of offspring solutions which shows a fitndsstter than the
previously encountered solutions, is allowed tossp# the second level in accordance with theselitprocess. The
number of procreations is four (fixed) and for eatitcessive generation the probable parentalitgffim increased
(appendix B). The elitism process is reset (magmaion) when an assigned number of populatiohut&mns is
reached and the convergence has not been reachethgeconvergence event occurs when an incremeageigned
initial (minimum) error target & is found. This error is increased by a assign#id (the default value is 0.01) at the
end of the second breeding level when the procassns to the first breeding level. The assignddevaf the initial
error target depends on the shape of the trairéigyrsc response curves in reference to the shaifigy atf the Emul-
spectra model. However the fitting, and conseqyeht E,q4 value, can be dependent on the number of theoralyd
selected models, Nm, and on the number of thedithamic units present in the sequence, NI. Takitg account this
aspect, the default values of,fare empirically defined, for each zone, as follows

targ ™ 1 00¢

The choice of an appropriate,& avoids a long computational time or, in contralg occurrence of premature
convergences.

Optionally, in the metamodel module (mod4), it sspible to select the zone where an additional coatipn of
"refinement" can be performed. This re-processiray rhe run when the fit or the shape regressionesuare not
considered satisfactory by the operator. The neecgssing can be performed using the initial guessrpeters
obtained in the previous processing and new standieviation values, as well as a new lowgfFcan be assigned.
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4. GCM maps executor :mod.5

The maps executor is the second phase of the GG@Mhanlast module of SiSeRHMap. In this phase G module
generates the hybrid stratigraphic seismic respomesgs {ig. 9) after having further parameterized the modéhgis
data developed by the previous modules and someinmsasted data. Therefore, a hybrid seismic respdHSR) can
be computed both in reference only to the strapigi@seismic response or also taking into accob@ttbpographic
amplification effect. Data in relation to the latis computed by an ancillary sub-module: "topogiammplification"
that requires new geo-referenced topographic déga. f Finally, an additional ancillary sub-modulde "design
spectra", permits the computation of the dampedhgfit design response spectra that envelopesthmie response
spectra using the composed functions with shapesc@ordance with EC8 and FEMA. qf8e grid output files are
reported in the supplementary material folder: OUTPUT\GIS out)

4.1 Stratigraphic seismic response mapping

For every geographic x,y point, the GCM is abl@as$sociate a corresponding j-zone and consequdsttize relative
parameters, processes, and information deriving fitee previous modules. In this second phase, @&l Groceeds to
configure itself using the common physic basestymbthesis assumed in the construction and paraizegien of the
trainer Vs-h profiles (paragraph 2.3). These are as follows:

i) The average shear wave velociﬂsi (x,y)’ of the lithodynamic units, which is computed iocardance with

equation 10; it assumes a value of zero whereithedlynamic is not present in the layer. In additioif non-rigid
bedrock is present at the bed of the sequenceGtB®l generates the n-cover layer in which tlﬁﬁ(xyy) and

VSn(x,y) are defined in accordance with equation 9.

i) The fundamental periode(X y is computed in accordance with equation 11. Iditaxh, where the rock is

)

outcropped, the fundamental period assumes a vdl0®1s.

iii) In each zone, the GCM recognizes the averageas wave velocity of the nearest surface lithodyicaunit

VSUP(x,y) '

Once the GCM is parameterized, it is able to defive hybrid stratigraphic seismic respongg.§) by solving the
numerical model Emul-spectra (eq. 14) that in tiustext assumes the form:

2(Mxy) = f [(T)'(VSup(x,y)vTO(x,y))v((xl)j---(XB)j)] [16]

where the period T assumes the values in the spedarval for which Emul-spectra has been trairidte GCM maps
executor computes the hybrid seismic response tissngame period used in the metamodel training.

The maps of hybrid stratigraphic respongg. (9) can be affected by a quick change of data neambtrder of the
zones; this effect can be due to the differeninfitiperformed by the metamodel calibration as &elthe geometrical
cutting of the thickness discussed in paragraphl@.Brder to take into account these affects, eBiMap permits the
use of spatial Gaussian smoothing.

4.2 Topographic amplification mapping

A prediction model has been developed based orexisting studies and simulations on the effectsopbgraphic
amplification on seismic motionGeli et al., 1988; Ashford et al., 1997; Maufroy at, 2012, 201p This model,
trained on 2D regular reliefs and balanced on 3wifiarms, aims at predicting the spatial amplifioateffect on the
seismic response of reliefs, considering them tocbestituted by homogeneous material. To this scajigtal
topographic attributes are used to introduce mamgtdc variables into the model. These are: i) faigElevation
Model, DEM OTM_30.txt); ii) Slope angle, i Hope_30.txt), which is the arctangent of the first derivatettod DEM
and iii) Curvature, cQurvature_30.txt), which is the second derivative of the DEM. Tlaiger, is the inverse of the ray
curvature which is expressed in terms of a resmiutinit ratio. Therefore, a positive value of thevature represents
convex features, such as ridges or edges, whilegative value indicates concave features, such aalley. A
geometric trend of the curvature and slope alotgpacal profile relief (the upper part difg. 10) illustrates that the
curvature assumes a greater value on the ridgegwhe slope is minimum or near to zero, and theature assumes a
zero value where the slope angle is greater. Towtrel valley, the slope angle decreases while uheature assumes
negative values down to the minimum. The curvatsiexpressed in terms of the maximum values irtiogldo the 3D
minimum curvature radius, which implicates that tbhpographic amplification model tends to predie¢ tmaximum
amplification associated to the transversal potarimotion of the relief.

9



g b WNE

»

On the aforesaid bases, the prediction model obgogphic amplification is a spatial-frequency degemt model
constituted by a combination of the two sub-modis lower part ofig 10). Taking into account a generic (x,y) point,
A+ is the prediction model for the topographic anigdifion in ridge/edge regions:

- _ 2
Atc =1+cnge 2t +Acn e A2 + A3ﬂteﬁ [17]
and Ay is the prediction model for the topographic amgdifion along the slope surface :
Bic - 2 . 2.
Ats=1+:ry (1+—1e B2Nt” (1+C) +B3Iogntj @L+sin?i) | -1y [18]
2

where =H/Hgr and it is the relief ratio in which H andktre respectively the local slope height and thiefrheight,
both of which are taken into consideration by ttes@ Surface of Relief (BSR) where H=0,, A,, A; and B, B,, B3
are the calibration parameters defined on the tesbitained by the numerical model analysis of2Zbe homogeneous
relief (discussed below in this section); for edpatl7, a subsequent light calibration on real 2Bes (4.2.1) is also
affected. Hence, the dimensionless frequency, défas slope height/wavelength, is:

ne = H
t=————

where theVSReg is the regional shear wave velocity. Finally, topdgraphic amplification Ais the maximum value

[19]

of Ar. and A for each (x,y) point.

SiSeRHMap permits the definition of the BSR in tiela to features of the topographic area (Apper@jxwhile the
regional shear wave velocity must be assigned. fépsesents the average shear wave velocity ofi¢fiee material
constituting the relief/s, that can be differemeffuently greater) to the shear wave velocity & thgid bedrock
assumed in the stratigraphic response analysiss,Thu SiSeRHMap, the topographic sub-module perrtiits
simulation of the 3D surface amplification mainlg the basis of morphometric data and using an masdiginiform
stiffness of the reliefs with the task of shiftitige frequency distribution of the amplificationtaa

In general terms, the behaviour of the. And the As depends on the curvature and on the slope angtegtaphy
attributes which, in turn, depend on the valuehef $patial resolution unit as well as the elevatasolution (sampling
altitude value). In order to take into accountstheonditionings, the prediction models are calédztan grid curvature
data related to the spatial resolution unit of 3&ters, which can be one order of magnitude highem the resolution
unit of the stratigraphic response (eg. 4). In otdemeet this assumption, a specific computatiahgdrithm within the
method excludes the natural ripples of the slop&hvban be confused with ridges; in addition, tferementioned
assumption is sustained by the fact that the dicgtion of low rigid ridges (less than 30m iniget) occurs in
frequencies that usually have very little effecthrildings. The algorithm necessitates a recogmitf the complete
topographic features of the region that is the ettbjof the stratigraphic response analysis; inescases, this aspect
involves taking into consideration an area muclgdarthan one object of the stratigraphic responsalyais.
Subsequently, the algorithm performs an extractingeoreferencing and a resolution adaptation @csthaller target
area that corresponds to the stratigraphic resparese In addition, the output grid-maps are Ganssmoothed using
a calibrated standard deviation value (expressethennumber of the resolution-units) depending lo& ¢levation
resolution previous used for the development efitiput topographic attribute maps. The calibrafisnction derives
from a sensibility analysis based on the invar@rihe output data .

The Ay and A, prediction models (equations 17 and 18) are dehiis@ frequency dependant manner and calibrated in
amplitude taking into account the findings and hssderived from several simulation analyses basedyhysical
models Therefore, from these latter, the following califiva parameters (equations 17 and 18) resulteagb’=90,
A,=30, A:=0.25 and B=3.60, B=3.24, B=0.12. With regards to the modeling and calibratsd A, figure 11shows a
geometrical model, similar to that considereddsli et al. (1988)with a typical shape of the isolate relief of aldte-
high altitude area (hilly area). In this setting,curvature of 0.5 is associated to the ridge)enie maximum of the
slope angle of 30° is reached at the midpoint & talief. As illustrated, the topographic prediotimodels are
nevertheless devised to provide amplified or nompldiad responses; consequently, they do not inelagectral de-
amplification (predominant in the valley), but thesovide the peak values near to the topographiddmental period
of the relief. In addition, the A model provides the peak and it is predominanttendurvature zone (e.g. ridge or
topographic border), while thetAmodel is predominant along the slope, as expediba last model defines the
amplification curve for high periods, in all theses.

For some corresponding positions along the surfafcéhe relief, the comparison with the numericansiation
performed byGeli et al. (1988shows {ig.11) that the topographic prediction modek, As able to perform an adequate
and efficient overlap, such as in comparison tottpographic edge featurdghford et al., 1997 An application in
real areasfig.12) illustrates the performance and the abilityh®f tode to resolve the topographic model, by way of
preliminary definition of the BSR and the reliefica ry;. The mapping restitution process provides for mmatational
optimization, mainly aimed at minimizing the unreaable concentration of high values. These higheshre caused
by natural roughness, in addition to an anomalthenbase-digital map. The computational optimizatiof A in Ag*,
consists in the smoothed numerical bass-cut oflthyge angle < 15°, curvature < 0.1, angkF30m.
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The simplified frequency-dependent topographic lifioption model, reported in equations 17 and k8mainly
focused on the peak/ridge amplification effect (f\os 1 in figure 10) that is the greatest effeatthe relief. The
prediction accuracy on the slopes is the resuthefprogressive spatial smoothing of the topogm@phiplification and
the conservative approach, too. The latter doesadatit deamplification. Diversely, it admits a siite overmatch
(overestimation) in almost the entire spectral wind In this way, it gives the possibility to prese an adequate
prediction trend for irregular reliefs too. Thigpast should be seen in the light of the fact thatvalues of the slope
topographic amplifications are generally lower thiaose that occur in the peak zones

4.1.1 Validation

Differently to the metamodel process at the basthefstratigraphic seismic response, the topogcapitidel may not
be trained on local specified cases of theoretdfdcts. The topographic model is based on surBigelepending
variables (DEM, Slope and Curvature) that define shape of relief/s and in general, of the terinformation.
Therefore, this model was built and calibrateaider to take into account substantial case ssudfiénilly-mountain
sceneries which are prone or susceptible to seigpmgraphic effects.

Bearing in mind that the strong natural spatial ngiiag of topographic attributes influences the cefiy of the
topographic amplification model of SiSeRHMap, sovaéidation tests were performed on real areas deioto verify
the accuracy and robustness of its predictions. Teed hilly-mountian areas were selected due jothiir setting
diversity and 2) the availability of in depth arsil; in terms of experimental characterizations awnerical
simulations, carried out by other authors. The camspn casefig. 13) regard: i) the Albion Plateau area (France)
(Maufroy et al., 2012 and Maufroy et al., 2015a topographically articulate area constitutgdhidly reliefs with
complex shapes and with different directions ofrteretching axis; and ii) the Narni relief (Italya well-defined and
partially isolated asymmetric relief, approximat&300m long and with variable heights and basdthvei

In the first casef(g. 13g), a 3D numerical simulation of the topographic éfigation was performed on the central part
(target area) of the Albion Plateau area where rad@om double-couple point sources (fault plaingetiing) were
considered at approximately 4km depth, in a homegas subsoil halfspace. In this way, waves wittfedint
incidences and intensities were contemplated. Trhelation analysis was performed using a 3D pasthggered finite
difference codeQruz-Atienza 200p6 Moreover, the elastic and isotropic subsoil medwas modelled with shear and
compression wave velocities of 3000m/s and 5000amsd, a density of 2.6 g/émSpecifications on the processing
modality and parameterization are reportedViaufroy et al., 2012.The comparison in the frequency domain was
performed in terms of wave lengths in differentresgentative points regarding different topograpbi features. The
points and the chosen frequency are identicahtuse reported iMaufroy et al., 2015.

The results provided by the topographic model iBe®#HMap demonstrate how its predicted horizontaicspl
amplifications are mainly included between the 5®th percentile of the amplification values resgtfrom a
numerical multi-source simulation for each of theefcasegfig. 133. In addition, it should be noted that the spedctr
peaks match the tendency of the numerical simulafibe matching is more evident in the ridge ef tblief where the
topographic amplification is greater; the deamgiifion effects shown in the slope perched valley laottom valley
are predicted as a non-amplification effect inesliance of the nature and the character of thegsexp model.

The second casédid. 13h) takes into consideration the seismic data reabtule means of temporary seismometric
stations installed in correspondence to the ridge ¢f seven stations) and the base (set of thatierss) of the Narni
hill, in the period of March-September 2009, inggting the L'Aquila seismic sequence. In this parié02 earthquake
events were recorded, of which 12 with, M 4.0. Details regarding the used sensors andeiterding procedure are
reported inMassa et al., 201 he analysis regards the experimental methodsismic response estimation in order to
characterize the topographic spectral amplificatégdfect. The Spectral Amplification Ratio (SSR) atie HVSR
procedure were computed ikMassa et al., 2012he SSRs results, defined in terms of average tdiard deviation
values, are reported Barani et al., 2014vhere data of 2D numerical simulations are als@ntegl in the same terms.
This numerical analysis regards two simplified getnioal models characterized by a uniform reliefimiés =1400m/s,

a double layer relief with ¥-2000m/s for the outcropping top layer, and Vs8Q4n/s for the bed layer, respectively;
the same authors report that the relief rock maltésiconstituted by massive limestone with difflisgacture patterns
at the near surface. Considering these modelsrégmnal shear wave velocitiesgpég of 1500 m/s and 2000 m/s,
were used for the simulation by the topographic ehad SiSeRHMap. The results show a migration ghhfrequency
that occurs when the regional shear velocity ireeeathis effect appears less evident for the geatikprotrudes on the
plain (3D shape). The topographic computing modafe SiSeRHMap was applied on an area that includes
approximately 1500 m of the relief’s length. Howeuwhe comparison was focalized on the first patrapproximately
700m of the protruding area, where experimental raunterical simulation data was available in oraepérform the
validation analysis. The extraction of the 2D spscamplification factor along the edge and riddetlee relief
highlights the 3D nature in the prediction analysithe model. On this subject, the local sadd&uee (in B and B*)
along the ridge, conserves high amplification ealon the edge and a substantial decreasing e¢theal ridge (crest),
reported in figure 13b.

The comparison analysis takes into considerati@enttipographic amplification distribution along thidge profile,
obtained assuming agieg 0f 2000 m/s in the proposed topographic modés; vhlue seems to provide the best match
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with the experimental data. It is worth noting thaére is an agreement in frequency (3 to 5-6Hedween the average
spatial distribution horizontal amplification despkd by SiSeRHMap and the non-directional and toweal
(transversal to relief ) horizontal amplificatiohthe average SSRs values in the zone subjeeismi stations at the
top of the relief. The 2D numerical simulation, kvitn amplification from 5 to 8Hz, does not matca 8SR values.
With regards to the amplification results, thepwispectral average values slightly greater byctofaof up to 3 and 4
for non-directional SSRs, respectively, and up for2he topographic prediction model in SiSeRHM#ps last factor
is also shown in the 2D numerical analysis. On $piscific topic and in agreement with scientistskiray on this area
(Lovati et al., 2011; Massa et al., 2012; Baranalet 2014, it is possible to hypothesize a net overlappipgctra
between the stratigraphic and the topographic &ffdo support of the afore-mentioned, the spedmplification
results obtained by the HVSR analysis and the riggetional SSRs intervene showing peaks of fundaatgreriods (3
to 5Hz ) close to the directional SSRs values. érandetailed debate on this topic is reportedhim discussion
paragraph.

4.3 Design spectra mapping

The design spectra are obtained by the envelopmktiie hybrid seismic response (HSR) in observasicéhe

synthetic spectra drawn by the discontinuous famctivhich defines the elastic responsdciro Code &s well as in

FEMA 356 (2000) The envelope technique hither used needs to italeecount the discrete nature of the hybrid

seismic response The techniqtig.(14) consists in the following computational steps:

i) recognition of the period, Tp, showing the maximuatue (peak) of the hybrid seismic response HSR

i) computation of the mean, M, of the HSR values Whice greater than the intercept HSRilue at period
T=0.001 £€PGA);

iii)  computation of the meandand M of HSR values greater than M respectively to thght and left of HSR.«

iv)  in this way the characterized parameters of thegdespectra are:

ag =HSRy; [20]
fo = HSRmax 21
HSRy
(M ON
Tg=Tp|1-| —— L= ||; 22
B p_ (ML N H [22]
(M Ng
Te=Tp|1+|—— R || 23
C p_ (MR N ﬂ [23]

Tp = 16+ (4HSRy);
where the N= (I\+ Ng) is the number of HSR values over the M, andaNd N; are the respective nhumbers of the
values to the left and right, excluding the HgRin counting.

5. Discussion

The SiSeRHMap methodology platform is composedtdrdependent computational modules and sub-motheesn
turn assume a crucial role in the prediction aretdfore in the expected performance. Specific#ifyseismic response
map-sets are the result of a series of convenfiom@lconventional procedures (hybrid) that use daet models that
are simplified in different degrees in order to giate the seismic response of more or less congiiekonments. On
this subject and keeping in mind the theoreticakisaas well as the validation cases, it seems ppate to give here a
complete overview of the strengths as well asafhroximations and limitations of SiSeRHMap.

In general terms, the site seismic response of Bi#B&ap is defined as a 1D-stratigraphic effect, wedi by trained
metamodel, loaded with 3D-topographic effects i of the aggravation factor. An example is shamfigure 15

it regards the integration analysis of the Nartiefecase considering the 1D seismic response dé@th-decreased
fracturing model computed with SiSeRHMap in a miodlistic way assuming a single zone with a nordistribution
(twenty combinations) of the shear wave velocityl @ahickness of layers. This data distribution upmorted by the
average uniform shear wawelocity proposed by ovati et. 2011, and Barani et., 2084 well as by the local
geological featuresStorti and Salvini, 2001 The results shows a substantial matching withakperimental spectral
ratio data referred to a strong motion datasetagraph 4.1.1). However in agreement with other astlfparagraph.
1.2), the model may be limited when the mutualraxtdon of the two afore-mentioned effects appearssiderable.
For example, the possible influence of the topphiaeffect on the possible increasing of the rinadrity behaviour
of the soils covering the reliefs is not contemgidatas well as the possible non linear responseeofeliefs when these
are constituted by soft materials.
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Nevertheless , considering the afore-mentionedcfojni reference to the single aspects of the SiSé&Hmodel, it is
possible to affirm that:

-The GCM, which is the geometrical computation feafar the model, does not preset the geometiiiwéation. It
exploits the advantage of the multilayer GIS-bingdtechniques. In the GCM, the lithodynamic usidefined by
non-linear/linear monotonic VS depth-depending laaBbrated via a regression analysis of the seteand spatial
diffused data. Taking into consideration this teaf the high standard deviations produced bylilexd clustered data
may be diminished, inserting a new lithodynamia fmii this data.

- The multispectral maps regarding the stratigrag@ismic response are the result of metamodelepses on 1D
seismic responses regarding zonal 1D trainer Vprofiles. This computational block is thus chaegizied by different
critical nodes: i) the seismic response is defing@ viscoelestic linear equivalent model with siaene performance of
similar models/codes (fig. 5); the conservativatage degree of these models is the object of iiffecase studies and
suggestions (e.dn Adampira et al., 2014; Kumar et al., 2014;aid2015. ii) the seismic responses obtained by the
metamodel process are affected by checked traimerse(intrinsic errors) ; in contrast the maps eleped by the
metamodel solving are affected by non-checked erfprediction errors), that nevertheless haveesltomparable
with the afore-mentioned checked errors. iii) Theps generated by SiSeRHMap may suffer of substantia
uncertainties when high complex subsoil featurespaesent. The latter are summarized in the higpestiegree of the
interfaces (L/H< 8-10 irHasal and lyisan, 2014and in general by sharp variation of the burgarphology. On this
effects, it is noted as 1D seismic response seers tinderperformed mainly at the edge of theeyalbelagoti et al
2010. Future developments of SiSeRHMap will focuse ds gubject.iv) independence of site response to azimuth
and the wave-incidence angles with subsoil inteac

- The frequency dependant topographic predictiondehds based on the topographic response of simeglif
homogeneous regular reliefs. However, its religpilin the prediction for real cases has been amiced (fig. 13).
Specifically, the prediction performances matchtthied party results deriving from different topaghic frameworks
and input motion sources, which are obtained bdth numerical simulations and experimental analysiShe
comparison, with the 3D numerical simulation in loganeous material, highlightSig. 138 that SiSeRHMap's
Topographic spectral responses fall near the tiittile of normal output distributions for all flifent characterizing
locations. The comparison with the results of3Beexperimental analysi§d. 13b) confirm a relevant aptitude in the
frequency range prediction of the topographic modaladdition, these cases highlight how episteamcertainty can
be reduced assuming a calibratedgrfwhich is obtained taking into consideration th@erkmental spectral ratio in
the trial comparison analysis. For example, inghesence of a not well known rigidity of the rel@fin the presence
of non-homogeneous material constituting the rekefocal frequency calibration, using also seisgignal noise or
weak earthquake measurements (in single or maltiest recording mode), can be performed assumigliarate
regional shear wave velocity that may be differfenin that used for depth rigid material (e.g. @algnt to Vsreg. TO
this regard, we can report that the computatiana4 for the cases of figuré8aandl13bare approximately 24s (cell-
size=2m) and 3s (cell-size=5m), respectively.

However, some simplifications hither assumed ammon, in different degrees, to those used in sitiaiaanalysis
performed by common physically based methods. Antbege simplifications, there is the necessityse simplified
geometrical models, in addition to the necessitgarameterize these models by means of the iet@tpn and spatial
distribution of the local data from field and/obtxatory surveys in order to define the lithodynamiodel. In this
context, SiSeRHMap is more efficacious in some daspecific subjects that, in general, charactetiiee seismic
response. This can be summarized in: i) the usheolocal adequate shear wave velocity of the diyfamic units
deriving from the statistical regression analygjsthe development of georeferenced multispectesmic response
maps via the solving of metamodelled smoothegarses that permit, in this way, a local (hon geliweed)
computation of the design spectra expressed asnettia design spectral maps; iii) the metamodetesses permit the
obtainment of the trainer output data derivingrirone or more input motions; iv) the computatitility of every
real 3D topographic framework which has provetiéomore efficacious in comparison to 2D numernmabels in the
analysis of tri-dimensional relief shapes; v) fhessibility to include corrective practices guidey experimental
analysis. For demonstration purposes, a final coispa between SiSeRHMap and a physically based ricate
analysis code was performed on the Synthetic RentrScenary . The Quake/W (GeoStudio 2007) is a two
dimensional geotechnical finite element (FEM) safitevwhich takes into consideration dynamic sheairstiependent
viscoelastic material using dynamic linear equinakenalysis. This software offers the possibiliiybe parameterized
using some of SiSeRHMap’s input: the shear modiresease with effective vertical stress and consaty with
depth; in addition it gives the possibility to assithe equivalent shear strain ratio in relationmagnitude. The
comparisonf{g. 16) regards six points distributed along cross secfidtrace infig. 1) in order to investigate different
lithologies and topographic features. The inputheprake used in the comparison analysis is the sssud in the
Stratigraphic Response module (mod.3). This inpotion is properly scaled in order to produce ie theck point a
spectrum coherent with the deconvoluted 1D specatuthe same depth. The check point is place@itie covered
layer in the flat zone, while the mesh is assumih different dimensions in relation to the thickseof the layers.

The comparison analysis highlights how the hybesponse is close in amplification as well as catteire frequency
to the response provided by exclusively physichiged models solved by the 2D FEM-code. In this, wae aptitude
of the hybrid model of SiSeRHMap seems to have @gmmpromise both for the definition of theorettianalytical
response and for satisfying the exigency to prothgesynthetic spectra shape required by buildegjgh.

13
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6. Conclusion

SiSeRHMap introduces a new method, defined as ftiyjowhich is capable of creating maps of seisn@sponse
based on concepts of simulation cases, trainind) prediction.

The simulation (from mod1 to mod3) involves physignerical analysis consisting in a 1D seismic raspgmod.3),
based on a linear-equivalent shear stress-stragdeinthis model performs on Vs-h profiles uniforndgmpled in the
GCM. The latter, in the first phase, is a struatiusgnthetic representation of the subsoil by lagdithodynamic units
(mod.1 and mod.2). The training is the core of tiethod due to the fact that it provides its hyleidlution in the
stratigraphic seismic response. In this way, thepéide prediction model, Emul-spectra, seems tavstodbustness and
efficacy features, while its accuracy is assuredheydedicated Evolutionary Algorithm (mod. 4). T$econd phase of
the GCM (mod.5) provides the mapped-solution of Eraul-spectra model and the validated 3D Topograph
prediction model, in order to produce map sets ydfrid seismic responses and their envelopment geoegth the
design spectra. Therefore, the general model atbdme of SiSeRHMap confers to it the attribute ofirat
computational program that associates consolidatetiniques of stratigraphic seismic response williaaced
techniques regarding numerical emulation modelsthait training. In this way, SiSeRHMap permitg thbtainment
of map-data which can be easily diffused and caedul

Appendix A

Stratigraphic Seismic Response module

Module three computes the dynamic seismic respdmsa site-model with infinitely extended horizohtzovered
layers assuming a vertical propagation of polarigeear waves stemming from a viscoelastic rigidrded fig. 1A).
The non-linear visco-elastic strain that dependshendynamic behaviour of soils constituting tlowvered layers is
computed using the equivalent linear-viscoelastialgsis. Here, the base assumption is the one dimeal linear
viscoelastic propagation of the shear wave in adgeneous soil that is assumed as a Kelvin-Voigt solwhich the
dynamic response is modelled using purely an elagiing and a purely viscous dashpiétagmer, 199%. For this
model, the solution to the harmonic wave with a@frencyw, that provides the displacement u, as a functfaepth z,
and time t Kramer, 1998, is:

u(zt) = X exp[j(wt+k z)] +Y exp[j (ot -k 2)] [1A]

where the first and second terms represent thedentiand reflected wave travelling; therefore Xdan are
respectively the amplitudes of the incident wavéhim negative z-direction (upward) and reflecteavin the positive
z-direction (downward). In addition, in eq. 1A’, ik the complex wave number related to the complear modulus,
G, damping ratio, D, and mass unit weight, of the soil, with:

* «w «w
K =—=7+. [2A]
Vs o
Y
taking into consideration that the critical dampiago, D, is related to the viscosity, by:
on = 2GD [3A]

Here, it is reasonable to assume that the dynaar@npeters G and D are almost constant in the frefjueange where
the analysis is usually performed. Hence, it issfiiie to express the complex shear modulus in teriribe critical
damping ratio instead of the viscosity:

G =G+ jwn =G(1-2D?+ j2DV1-D?) 0G(1+2|D) [4A]
where G can be taken as being independent frondirexy.

Hence, from equation [1A], for the top and bottorterfaces of the i-layer with a thicknessfi.(1A), it is possible to
express the strain [(0,t), u(h;,t)] in relation to the shear stress;(0,t), ti(h;,t)] in this way:
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T (2,t) =(Gj + jon; i.)”z = jkiGj {x explj(wt +k; z)] + Y explj(wt - ki*z)]}exp(jwt) [5A]

Therefore, imposing the continuity condition in theerface, in generic time, t, the following ocsur

uj (hj) = Uj+1(0) andTj (hj) = Tj+1(0) [6A]
obtaining the relations:

X exp(k;hy) +Y; expl-(jk h)] = Xj1 + Vi [7A]
! G} [X; expGK; )+ Y; expE K PT|=K; G,y (Xiaa + Yiar) 82

For this later relation it is possible to express:

[9A]
and therefore to define the following recurrencerfolation:
xiﬂ:% X; (L+ o) exp(k hy) +Y, (l—ai)exp—(jk’;hi)] [10A]
Yiﬂ:%[xi (L-a;) exp(ik hy) +Y; (1+ai)exp—(jk*ihi)] [11A]

At the top of the first layer in the free surfa@ndition, the shear strengthtg0)= 0. Hence, equation [5A] defines that
the amplitude of incident Xand reflect Y waves are equal. Therefore, once the shear m@thaedamping in each
layer is known, it is possible to compute the vadfiggeneric X and Y, within the sequence for an assigned range of
frequency. The computation is performed assumimgitérative recursive calculation starting from finee surface
where X%=Y;=1 until the input (base) layer is reached. In thiy, the transfer function for the incident anéraet
component of motion on the surface of the i-layar be obtained from equations:

Xi = Xi (W)X, [12A]
Yi =yi(W)Y1 =y (X4 [13A]
Using equation [1A], the above transfer functioesmit expressing the ratio of the amplitude of hia@monic motion
in terms of displacement, velocity and/or accelerabetween two layers for each frequency assumbdrefore, the
resultant transfer function, T&) that defines the amplification between the reakface associated to layer (n) and the

upper-surface of a cover layer (i) or within thengric cover layer (i), when a sub-layer divisidntlee column is
performed, is defined as:

Xj (@) +yi(w)
Xn (W) +yn(w)

T,y (@) = [14A]

The above equation takes into consideration thelifiogpion in relation to the input motion asso@dtto an
outcropping rock (n-layer) where, XY . In order to take into account that the input miotis within a sequence at the
base of the cover layer, a deconvolution operatirst be performed. This operation assumes thatiéiseending
transfer function can be computed assuming that¥, at the base of the cover deposit. Hence, thefaafisnction
between the upper surface of the layer or the ayérl(i) and bedrock surface (n) is defined as:

TFn,i) (Winput within = Xn(;z:(z)r)m ) D:rl] Eg; i ));L(((g ) [15A]

15
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In mod.3 of SiSeRHMap, equation [15A] is set fog tomputation of T ;(w) between the outcropping layer at the z-
output surface and bedrock surface. In this wag,résponse at the z-output surface is computed ulgipying the
Fourier amplitude spectrum of the input rock motigrthe transfer function:

OUTPUT(w) = TRy, j) () OINPUT(c) [16A]

The Fourier amplitude spectra of the input motiendéefined using the numpy.fft module in the scifiyrdry that
computes the one-dimensional n-point discrete Eodnansform (DFT) of a real-valued array by meainan efficient
algorithm called the Fast Fourier Transform (FFTpdley and Tukey, 1965 (Press et al., 2007In addition, this
module computes the inverse of the n-point DFTafoeal input matrix.

In relation to the strain dependent dynamic praperf the material, in the non-linear analysiss iessential to know
the strain values assumed during the motion. Irethévalent non-linear analysis, the dynamic moduid damping is
selected in the relative dynamic curve as a fomctf the strain level reaching. This approach gitree possibility to
use the transfer function for computing the sheéairg y, which is calculated in the middle of layer; theear strain
transfer function amplifies the motion and convextseleration into strain. In reference to theirsgtexpressed by
eq.[16A], the shear strain transfer function isiked as:

- ik h ik h

ik, | X ex é -Yjexg - —1—
(TP @)= oD = . [17A]
’ strain Un (@) outcroppiny -w(2Xp)

The strain Fourier amplitude spectrum is obtainpghdng the strain transfer function to the Fourimplitude

spectrum of the input motion. Consequently, froms $pectrum, the time history strain is obtaineshgigshe Fourier

time domain conversion. The level of the shearirstlafined as equivalent to the dynamic effecstrain is assigned
in terms of ratio (equivalent shear ratio) in riglatto the maximum shear strain.

The relationship between the equivalent strainiobthfrom [17A] and the dynamic shear strain degemgarameters
assumed in the computation of equation [15A] esttilt this latter is resolvable by exclusivelyngsin iterative
computation until the obtainment of a convergemtitsan starting from the assigned initial valuetbé damping ratio.
Mod.3 fits the data set regarding the shear mad@(, damping ratio D(%) and their relative straigs,using the

following regression curves proposedYwgkota et al. (1981)

G__1
Go 1+ayP

D(%) = D max ex;{—)\GJ [19A]
Go

[18A]

[18A] and [19A] are the non linear log-ascendingl dng-descending curves, wheme B and after [are constant
coefficients calibrated using the Levenberg-Marguaklgorithm in the computer aided versighevenberg,1944;
Marquardt, 1963).

The seismic response spectra are defined by mdathe avidely used Shock Response Spectra (SRSYitigy in
which the seismic response spectrum is calculas@tylan acceleration time history as a common brgsé excitation
to a serial array of Single-Degree-Of-Freedom (SDPQ@fstems. Each system is a damped harmonic dsecilla
characterized by mass, stiffness and damping. Tdrapthg of each system is commonly assumed. Theralatu
frequency is an independent variable. Thus, theutation is performed for an arbitrary number alépendent SDOF
systems, each with a unique natural frequency.shiséems are considered to have no mass-loadingt effethe base
input excitation(lrvine, 2012 and 2013).

The calculation method is carried out in the tinmndin via a convolution integral taking into coresigtion a base
excitation with a ramp invariant function derivatiof the digital recursive filtering relationshifie seismic response
spectrum is the peak absolute acceleration respainsach SDOF system to the time history base ifpuotallwood,
198J). In the Stratigraphic Response module the acatier response spectra function was developedrsiafttom
srs.py and using the tompy.py library moduteife, 2014.

Appendix B

Evolutionary Algorithm
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In the Metamodel module (mod. 4), the calibratidrtree Emul-spectra numerical model is performeduling the
preprocessing Evolutionary Algorithm (EA) and sulpsent optimization of data by means of the Levegidarquardt
Algorithm (LMA) (Levenberg,1944; Marquardt, 1963)

The LMA is implemented in Scipy Python's library asa "minpack” subroutine
(http://www.math.utah.edu/software/minpack/minpéuolstrl.html). The LMA is a curve-fitting algorithmidely used

to solve non-linear least squares problems. Howeagffor many optimizer algorithms, the LMA findscal minima,
which is not necessarily the global minima or ogtimminima. This problem is due to some known aspeyrthe large
number of parameters; in fact a large number cdupaters increases the search-hyperspace dimemsidrtberefore a
higher number of local minimum values are develgpgdhe parameters differ from each other by sconders of
magnitudes; iii) the slowed convergence when thstlsquared function is very flat and the globalimum is located
in the "narrow canyon". Therefore, the non-uniqusnef an inverse solution and slowness in convegeme very
sensitive to initial guesses.

The EA (ig. 1B) is an evolutionary computational meta-heurigtiethod that consists in two breeding levels in Wwhic
the 1st level generates, starting from initial gessparameters (grandparents values) the offspfiregents solutions)
which are naturally selected for breeding (evolu}iin the 2nd level. Consequently, in this letkg next generations
are reproductions in a new generation (fourth iBes®HMap) from better parents; these offsprings rewvdonger
subjected to natural selection but a new form diset is carried out. Using the root mean squaradrein the
definition of fitness, the reaching of convergeteween the fitting minimum error,k, and the increasing error
target E. determines the satisfaction of the algorithm {eetion criterion and an optimized minima errorwuimin
should be reached after having tried to escapernbatisfactory local minima error solutions. Thenauical parameters
obtained in this way are the best initial gueseaté LMA optimize process.

In the 1st breeding level, the parent solutions, (X%, are generated in a normal distribution from give®an values
(X1,..-,%), defined as grandparents, and standard deviédon. dg). The grandparents values differ by up to three/fo
orders of magnitude and are the results of theitbemsinalysis performed on many metamodel caslesse values are
reported as default but they can be changed.

When the i-th parent population is generated, éfgmance in fithess,;EHs compared with the best performance of
the previous parent populations defined by the mim current error &, and with the current error targetf If E; is
equal or less than g, the problem is already solved in the first bregdievel. This occurs when there is a premature
convergence (eg. 15), due to the assuming of avagie of the starting J&, or when indeed a good solution is found
(rarely). However, if Eis greater than f,, the iterating process continues and a new pagmilation is generated; in
contrast, if Eis less than kg, the parent population passes to the 2nd bredeleg and the [, assumes the current E
value. The current F, values are kept until the assigned iteration vabjes reached.

In the 2nd breeding level, the k-th descending faimns can be generated; starting from k=0, jitersolutions are
procreated in normal distribution series assumisgr@an values (Xo.....%,0), that are the elect parent population
(Xais-.. %5,) deriving from the 1st level, and standard dewviai®,,... 8s). The procreation of new j-populations continues
until a new and better error is found or until &signed j-iteration value, C, is reached. In thgt tase, the population
is a new generation and it assumes the role ofgtdhreator having mean values; i...,% and a standard deviation
0/K,...0q¢/k. The k-iteration of the afore-mentioned loop thomes up until an assigned number of generatibngs
reached; if the convergence is not found in thizcpss, in addition to the reaching of C, the pregeturns to the 1st
level and the error target is increased by an WeaWhen the process returns to the 1st levelnth@mum error
assumes the value of the last minimum error founthis level. However, the minimum error and targebr are reset
when B in the i-iteration value is reached.

The optimal solution does not contemplate absofuteimums, being that for one or more elements fisfgce
vectors), the solution tends to be infinite. Fads tteason, a solution that gives values that doemokeed a greatness of
10, is considered optimal.

Appendix C

Topographic amplification

SiSeRHMap permits a definition of the Basal SurfadeRelief (BSR) in relation to the general seitiof the
topographic area. The BSR is a flat or not flafae that tries to isolate local idealized reliehditions, and its greater
efficacy occurs when one ridge is seen as sucher2D relief scanning in at least one of the dioest. Furthermore, ,
the area assumed in the topographic amplificati@aiysis should match the aforesaid requiremeleince, a dedicated
algorithm defines:
a) the BSR as a wary surface. The algorithm perddime numerical scanning in X and Y (East-West Idodth-South)
directions choosing the maximum and minimum elewatialue Exa., Eymaxand EXun, Eymin- Therefore, taking into
consideration the generic map position (6yXX,Y) the height of the relief is defined as:

al) H=min [(Ex,y- E¥in), (EX.y- Enin)]

Hmax= min [(E?ﬁax' Exmin)u (Eymax' Eymin)]
a2) H= max [(EX,y- EXin), (EX,y- Enin)]
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Hmax= min [(EPﬁax' Exmin)u (Eymax' Eymin)]
b) the BRS as a plain surface with elevatiog,, Eesults from an average elevation of the flatemoThese latter are so
defined when they show a slope i< 5° and curvatn@s<c <0.05.
bl) H=EX,y -Bat
Hmax= max [(EXax Etat), (EYmax Efiar)]

Code availability

SiSeRHMap 1.0 is a free access code, it is availablhttp://www.geosmartapp.it where the trial igrsand full
versions have been uploaded. The trial versionvélable and it only permits the running of the bggtion case
reported in the manuscript. The full version isfyeavailable on demand inserting the passwordivedeat your mail
after registration; this is an advanced versiom.(¢el) with some suggestions proposed by refetaedate folder of the
code, the user can also find the user guide anihthe files that were used in the application case
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Captions

Figure 1: Synthetic Recurrent Scenery (SRS). a) On the fleé maps with a resolution of 2.00 meters regeaydhe
covered layers and bedrock layers; for each covéagdr, the iso-thicknesses of the relative lithoginic unit,
resulting from the interpolation of the hypothesifeeld survey is reported (black point in Lithodymic Units map);
the coloured polygon is the correct extension ef @it corresponding to an iso-thickness of 3.0@ense(paragraph
2.2); On the right: the zones characterizing th&&® shown; b) Topographic features in terms & DEM (Digital
Elevation Model), slope and curvature maps witesolution of 30 meters.

Figure 2: Subsaoil half-space modeling by the GIS Cubic Mg@&CM) and binary template matrix (e.g. referred t
four layers, three covered layers and one non-rigidrock) and 1D layereds\h profile deriving from the GCM
computational analysis (figure fro@relle et al., 2014

Figure 3: Example of the thicknesses cutting performed log2nof the SiSeRHMap

Figure 4: VS-h trainer models: there are ten trainer motlesretically encountered in each of the eighiesarhich
are presented in the SRS (fig. 1a)

Figure 5: Comparison between EERA and SiSeRHMap (mod &ti§taphic Response) on a 1D model related to the
3rd trainer VS-h model regarding zone 2.

Figure 6: Example of the Stratigraphic seismic responseoseone 1 with 0.05 damping; for this set, thagirics
plotted of the signal view module related to the Bainer \&-h model are also shown. In the analysis (all spnihe
equivalent stress ratio is obtained by equatiortdidng into consideration a magnitude of 6.4.

Figure 7: Performance of Emul-spectra: a) stratigraphismé response with a damping of 0.05 regarding some
trainer Vs-h profiles of the SRS (all graphics are reportedsupplementary material). The resulting perforneanc
defined by RMSE (g) are: zone 1 = 0.0941; zone(20862; zone 3 = 0.0544; zone 4 = 0.0435; zon®H370; zone 6
(non rigid rock in outcropping) = 0.0032; zone igi@ rock in outcropping) = 0.0045; zone 8 = 0.03Bf example on
stratigraphic seismic responses that show a lapgetsal variability; the trainer spectra are obegirby the notable
increasing of the top-layer thicknesses in the Zoneodels.

Figure 8: Example of metamodel processing for the SRS usé&wgn input motions having average spectrum mdtche
on an unamplified design spectrum. This last cpwading to the average spectrum of the zone Z7 evther rigid rock
outcrops.

Figure 9: Set of seismic response maps for different peridtie. combined effect of the stratigraphic and toppgic
features are shown at the top of the figure; StlResstratigraphic seismic response, TA is the gogphic amplification
and SR is the seismic response.

Figure 10: The behaviour components of the topographic dioation model in relation to the distribution thle GIS-
topographic attributes (DEM, slope and curvatuteh@ an isolated half-relief .

Figure 11: Performance of theopographic prediction model,;Aalong an isolate half-relief; this is similarttwat used
in the numerical simulation b@eli et al. (1988)a) The simulation considers vertical incident Shves; in the same
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way, the Ashford et al. (1997)simulation analysis regards the ridge of the felith a slope angle of 90°; b)
topographic prediction projected on a more pronednelief; c) topographic prediction mode} Mustrated in term of
combined shape of A and A models. The topographic fundamental periods isesponding to B=0.2 Geli et al.,
1988

Figure 12: Example of topographic amplification computedaoreal hill-mountain area of Southern Italy: blue s
the automatic splitting map of the urbanized arfeth® village of Montefusco.

Figure 13: a) Albino Plateau Area (France): SiSeRHMap multi$mze topographic amplification maps shown in terms
of wavelength), assuming a ¥ of 3000m/s and using a resolution in elevatior2@fn. Comparison in characterizing
topographic points between the map-extrapolatedegabnd the results of 3D simulation mo8&HAKE 3D, Cruz-
Atienza 2008; results of GIS-topographic amplification proxyhich is buildt and calibrated in this specific are
(Maufroy et al., 2015). b) Narni prominent hill gly): SiSeRHMap multispectral topographic amplifioa maps
defined assuming of 1500m/s and 2000m/s; performance of the moldeigathe edge and crest profile. Comparison
analysis referring to a sector of the crest peoff\-B) with results of the experimental and 2D muital simulation
model Massa et al., 2010 and Barani et al., 2014

Figure 14: Enveloping model that creates the design spectanound it, the mapping distribution of the chaeaistic
parameters of the design spectra, are shown.

Figure 15: Seismic response by SiSeRHMap (linear analysidenin comparison to the SSR experimental analysis

Figure 16: Comparison in some characterized points betwherse¢ismic response by SiSeRHMap and the Quake/W
finite element method on an across-section showdidiire 1.

Figure Al: Stratigraphic amplification model (mod.3) conisigt of a one-dimensional layered system composed of
nonlinear viscoelastic soils covering the rigidcaslastic bedrock.

Figure B1: The Evolutionary Algorithm (EA) scheme: x alddare the mean and the standard deviation in normal
distribution; | andll indicate the first and the second phase; i,j e generic populations; k is the ranking of the
generation in the second phasg;i€the initial error (100); &, is the current error; &g is the initial error target, it
depends on the number of lithodynamic units inWseh trainer model and the number of trainer mod@l805 to
0.05); A is the increased ratio of the&E(0.02); B is the number of the generated poputa(P000) before the mass
extinction (red flow line); C is the max numberpafpulations permitted in a generation of the sedewdl (100); D is

the number of the generation in the second ph3se (4
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