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Abstract:

SiSeRHMap is a computerized methodology capabtiafing up prediction maps of seismic responseak realized
on the basis of a hybrid model which combines diffé approaches and models in a new and non-cdomahtvay.
These approaches and models are organized in aacodiéecture composed of five interdependent mesluh GIS
(Geographic Information System) Cubic Model (GCMich is a layered computational structure basedhan
concept of lithodynamic units and zones, aims ptagucing a parameterized layered subsoil modehefamodeling
process confers a hybrid nature to the methodolbgyhis process, the one-dimensional linear edeitaanalysis
produces acceleration response spectra of sheae welocity-thickness profiles, defined as trainemdich are
randomly selected in each zone. Subsequently, @ncah adaptive simulation model (Emul-spectradpgimized on
the above trainer acceleration response spectranégns of a dedicated Evolutionary Algorithm (EA)dathe
Levenberg-Marquardt Algorithm (LMA) as the final topizer. In the final step, the GCM Maps Executoodule
produces a serial map-set of a stratigraphic seisgsponse at different periods, grid-solving thébcated Emul-
spectra model. In addition, the spectra topographiplification is also computed by means of a nicaéprediction
model. This latter is built to match the results tbé numerical simulations related to isolate feliasing GIS
topographic attributes. In this way, different sefsseismic response maps are developed, on whisb, maps of
seismic design response spectra are defined byswedéa@am enveloping technique.

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 gtaivie data 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 simglifidastic acceleration spectra deriving from |lagassroots hazard
and site amplification effects.

In addition to a need to have a sufficient amodrihformation suitable for seismic microzonatiomngputerized data
management and spatial distribution in terms ofuin@nd output/outcomes, is also a requirement. efber, the
Geographic Information Systems (GIS) contribute mhast 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 phestoon, such
as seismic site response, on the basis of a nerdhylethodology in which a metamodeling procedbéscore feature.
In recent years, the use of the metamodels in reagineering and environmental science fieldmfpasi 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. The same nature of hybrid systems basednetamodel, as such as SiSeRHMap, admits thensidri
uncertainty in the prediction; this one is duetie tise of nonphysical adaptive models trained mpldied physical
models. Conversely, these systems permit an effiéiealysis in term of expected performance. Egdgntmetamodel
permits a quick replication of the solutions inraited context of randomness. In this way the psgabmodel is very
suitable for a continue easy modular update thatedese the epistemic uncertainty over time in agsg®f the effects
of natural complex phenomena, such as the seisesigonse, on a real natural system. Therefore, &iBER is
formulated on the concept of "performance”, regagdi) prediction, ii) easy and low computationahe, iii) upgrade,
iv) output accessibility (GIS-georeferenced data)h respect to the real effect; for these reas®iSERHMap aims to
give a substantial contribution in the common pcactContextualized to the "applied" seismic reggon limits of
usual practice may be currently summarized in:djtipl contribute of the microzonation study in aed) to give
appropriate quantitative parameters for seismidrerging practice; ii) the inadequate use of femypdified amplified
design spectra defined by means few large rang¥s oéfer to 30 m or to the bedrock deep; iii) utehle use of the
point-data spatial interpolation for the mappedsé response values.
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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 thdtresan advantageous compromise between the &itriand
epistemic uncertainties and the accuracy and robsstindeed required.

1.1. Code design and aims

SiSeRHMap is a computer program methodology aimédeamapped Simulation of the site Seismic Respaising a
Hybrid Model. The Hybrid Model consists of a compleomputational system composed of a GIS frame inode
analytical models (physically-based) and metamadetirocedures. SiSeRHMap is capable of developiag-sets of
seismic response taking into account the combiffedts of plane-parallel stratigraphy and real aphic features.
SiSeRHMap is composed of five progressive interetiejng Python compute modules, each of which #e#ss an
external input data. The input data and dataseiraserted or linked into a Textual User Interf@€&JI) which writes
the file "Instruction.txt" that the Python modules read in running.

The modules and their computational functions arfoows:

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 usialytical methods for assessing or estimatingtigtaphic

seismic site responses, the GIS provides the smhsi@ibution of parameters which characterize $késmic motion
(Jimenez et al., 2000; Sokolov and Chernov, 200ithNeD04; Kienzle et al. 2006 Based on a multivariate regression
analysis of common recurrent regional data-settiegarding simple sequences, procedures for cdileglaeismic soil
response have also been introdudeddriguez-Marek et al., 200Papadimitriou et al., 2008

Among the above-mentioned GIS based modets]le et al., 2014ave recently introduced a hybrid model, based on
the "GIS Cubic Model (GCM)" frame which is, in tutmased on the concept of lithodynamic units anmiegoHere, a
lithodynamic unit is defined as a lithological umihich is characterized by a shear wave velocitythigependent
curve and subsequently by non-linear stress-stoaimaviour. The zone is defined by a specific comodm, in
sequence, of lithodynamic units . The hybrid maaehputes the mapping of seismic response usinglaptige model
which is trained on 1D seismic response targetscaaéculated from some shear wave velocity-thickreejuences;
these latter are uniformly randomly selected inezehce with general lithodynamic layered modelsimgsl for the
study area. In this way, the trained adaptive mook@iceptually defined as a metamodel (replacemexiel), is used
in the spatial predictive analysis which aims atadeping seismic response maps by means of itamuwlel solving
in the GCM.

Topographic amplification is a more relevant frengie dependent effect in zones characterized byahill mountain
features Celebi 1987 Kawase and Aki, 1990Assimaki et al., 2005Del Gaudio and Wasowski 200HAough et al.,
2010 Massa et al. 202@ischiutta et al., 20202D and 3D simulation analytical approaches dfedint relief shapes,
as well as different incident seismic wave motidmaye 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 factar;, & the vertical incident of horizontal shear wg®&1) on 2D isolated
reliefs constituted by uniform material and differdayering structures. Their results highlight&dttthe frequency-
depending amplification factors change consideraling the topographic surface, showing a greatlification at
the ridge, reaching values over 2.00 in some cageshford et al. (1997)uantified the theoretical effect of the
horizontal and vertical seismic response at a rigigaonoclinal slopes, which is half-space extemstwy taking into
consideration vertical incident SH waves. The at@y model assumes the slopes are constituted rifprm
viscoelastic material (damping=1%). The topogragnplifications factor in relation to the dimend&ss frequency
H/A, where H is the relief height andis wavelength, confirms that greater amplificatimecurs at H{=0.2. This
corresponds to the topographic fundamental perigd5H/Vsof the relief. Similar values of resonance werenfbiby
Paolucci (2002) however slightly lower values were also shown liaggh frequencies. In addition, in relation to the
slope angle i, the /AH/A-depending curves decrease showing greater valugs9@® (Ar ~ 1.5), while they are lower
for i<30° (Ar<1.10) and negligible for i=15°. Similar values wabtained for the same relief modelNguyen et al.
(2013)

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 sourfceetsmic 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 topographicléiocgiion seems to
be the combined result of lithological and geoneetaictors in which the pure topographic effect iifialt to fully
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qguantify in numerous caseS&dllipoli et al., 201R In addition, in some cases, recorded ground ianstshow a
directionality in the resonanceBguchon et al., 19965pudich 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 aftetsimoations, and thus do not take into account oy alightly take
into account the non-linear effect of system ridifelogy (Gutierrez et al., 1992 On the other hand, the aforesaid
studies have increased awareness in relation @ néicessity to assess or predict topographic effea frequency
depending variable and in an adequate way, in ashtrith the simplistic models of the building ced&hese models,
in fact, provide the use of constant amplitudethaentire spectrum, showing conditions of undethaation in several
spectral range<3allipoli et al., 2013Barani et al., 2014

1.3 Application scenarios

The SiSeRHMap was applied to a Synthetic Recueghario (SRS), a non-real area of 5°K#5 x 2.0 Km) which
is a synthetic reproduction of a common hilly segneharacterized by rigid/quasi rigid reliefs andalley with soft
lithologic units covering the bedrockig.1). The choice for using a SRS is based on theatig reasons: i) the
possibility to simulate a vast number of sequeneith different layer combinations in order to derstyvate the
complete computational ability of the SiSeRHMap;thie possibility to introduce different compariseoenarios,
including also real scenerios, in the analysisstamsvn in the topography amplification section (gaaph 4.2). The
recognizing, consultation and interpretation of -exésting data is a fundamental process in thend&fn of
lithodynamic units and their spatial distributiolithodynamic model). However, this preliminary pess does not
affect the performance of the code (therefore tlhodology) but it affects the coherence of thailteswith the
analysed area.

The input motion assumed in the simulation analigssthe same used IGrelle et al. (2014 the real study area. It is
a time-acceleration record that was spectrally-hedcwith the elastic spectrum design (with dampialgie of 0.05),
which referred to the rigid site. However, manyunpnotions can be inserted and processed in auinvay. The
stratigraphic feature of the SRfg(1a) identified three cover lithodynamic units and tiwedrocks, respectively rigid
and non-rigid. The combination of these units daires the constitution of eight zones. The numbwt spatial
distribution of the survey points are assumed aafitein the parametric characterization, and ingdemetric features
of the lithodynamic units, in reference to the dienpubsoil setting of the SRS. However, in realkecasalyses and
ignoring the ability of the modeller, the numbetypology and spatial distribution of data must laéen into
consideration in relation to the size and geoldgicanplexity of the areaGardarelli et al., 2008 and also of the
desired /required reliability degree.

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 cturey at the ridge, of approximately 0.5. The hatson of the
stratigraphic grid-data files and topographic giada is different, in order to respect the resotutexpected by
SiSeRHMap (see par. 4.2). The georeferenced caadirof the input/output grid-data files locate 8fS in Southern
Italy in an unreal way.

2. GisCubic Model : mod1 and mod2

The Gis Cubic Model (GCMYfig.2) is a discretized and parametrized representati@m underground half-space that
is capable of performing an overlay computationgeb-referenced grid data generated by common Gegloigra
Information Systems platforms. This model intengimethe SiSerHMap at two different and non-subsatphases. In
the first phase, the model parameterizes the lithwdnic units. In the second phase, the model peslgeismic
response maps. The GCM structuterdlle et al., 2014is based on a binary template matitix which the rows
(records) and columns (fields) represent respdytitlee zones and layers. In the matrix, the presen absence of the
lithodynamic unit is defined in a binary way. Theegence/absence of lithodynamic units is an exaupropriety
attributed to the covered layers. In contrast hiberock layer is always present at the base oddlygence. In this way,
for a n-layer sequence, the maximum number of ptesgiones is "2". The bedrock is the lithodynamic unit which is
always present at the bottom of the sequence at-thdayers and it can be defined as rigid or rigitt, depending on

whether the shear wave velocity is equal or greadea prefixed threshold valué[srig . Therefore, the condition that

the non-rigid bedrock must reach tMSrig value with a depth passing thus to the rigid coodiis imposed; in this

way a new lithodynamic unit up to the rigid bedraglgenerated by the model; the term "rigid bedtaskot referred
to the formal physic dynamic behaviour. In SiSeRKM& is possible to consider the existence of uhfferent
bedrock typologies, thereby doubling the numbasasisible zones @) when this occurs.

2.1 Initial input data
In the GCM, the number of layers, and consequehtyspatial extension of the lithodynamic unitg mintly defined
by preparatory studies, as is the standard proeadinigh levels of seismic microzonation. Theseles are based on
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a preliminary collection of field surveys and prasting studies and datasets; subsequently, arratecinterpretation
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 it can be performed
taking into account the lithology and their sheamver velocity-depth value distributions. In this wayo each

lithodynamic unit is associated a layer in the G@&Mml it is defined by a linear-log or linear depegdcurve, \4z,

which is identified by the intercept-velocii\/sOi and angular coefficient; . In some cases, this identification can

show how the geophysical and geotechnical propsgetif soils can be decisive in the building of aMG&odel.
Therefore, the equations associated to the Mhodynamic 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 Wherevsy <Vg o [2]

iii) constant value of shear wave velocity for ddiedrock
VSOn = VSRB [3]

The use of the log-linear regression function (Eppermits, in simplified way, to assume also afarm velocity
(depth and spatial independent) of the lithodynaumiits; this one is possible by imposiag= 0. The log-linear law
preserves the same performance of the power laatiequand better robustness in regression analyidig linear law
used for bedrock (Eq. 2) meets the linear natenmedtiof the stiff soil in depth.

The curve fitting, and therefore the calibratidnttoe parameterS/SOi anda;, are obtained by means of the least-

squares regression method. In relation to theseeaf@ntioned, the standard deviation permits etialgiathe
appropriate identification both in number and tyjyl of the lithodynamic unitsdéta and graphics in supplementary
material folder: OUTPUT\modl1 VsZ).

2.2 GCM frame

Input grid data files containing the thickness mpalistribution of the lithodynamic units, are essary 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 @inthe lithodynamic
units, polyline features should define the minimtimeckness as well as the borderline in the Gl&pocessing . In
order to avoid computational bugs, the minimal kh&ss, [, 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,l did not identify the lithodynamic unit's presentkerefore, its spatial
size must be preliminarily attributed to the neatiésodynamic unit (above or below the non-ideietif lithodynamic
unit).

Summarizing, the georeferenced grid input data is:

- Layer_1.txt, Layer 2.txt,.....Layer _n-1.txt; extension of the covered layers in terms of arézero 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, these are identified frorlative 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 compmuralttime, the grid-data resolution may be deteeahias follows:

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

SiSeRHMap generates new _"layer(i)_cor.txt" files in which the thicknesses less thag.hare reported as zero. In
this way, the extension of the lithodynamic ungsdefined in relation to the map extension of tbhees. (8me 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, the binary templateixrhas been inserted and the georeferencedilgrid
have been loaded, the GCM is thus structured amdnperized. In this phase, the GCM could start ritapped
parameterization of the shear wave velocity forhebayer as reported iGrelle et al, 2014. Howevein the

SiSeRHMap, this computational process is perforineal subsequent second phase of the GCM (mod.5Ghidrfirst

phase, the GCM gives data regarding the thicknessege of the lithodynamic units in the zones tdawb the

appropriate VS-h trainer models reproducing thesliBsoil model in a dispersed way in the GCM. Tiees the

nature of the methodology requires that the eqoativhich characterize and parameterize the GCMaual to those
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that will be used in the generation of thesIV trainer models; thus, these equations will béssguently
circumstantiated, at a generic (x,y) geographiafpdn the second phase of the GCM (GCM maps erecut

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 lithodinamic unit in each zone. The numbethef models 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 agwptdia (m x n) binary template mataxd the g number of the
Vs-h trainer models has been established, modtBeo§iSeRHMap generates the Vs-h trainer modelghisnway, 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 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
VSi(iK)por ~ VS0; F i log 1+ Zhi(j,k) 6]
i=1

i) With regards to the rigid bedrocl’(/Srig , it is defined in relation to an established thadd of the shear wave
velocity (.g. Vsrigz 800m/s, EC8 prEN1998). In this way, the rigid bedrock is defined byaique value of the

shear-wave velocit))(/SRB 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 equak;tgRB . This condition is defined by the following eqwati

. = 7
Ven(ik)pot = VSre [7]
thus it results that:

(VSRB ‘VSn(j,k)topj_

hngjk) = a , 8]
where
Vsn(ik)op 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 (eq. 2). In equation 8, when the max vaimJVSn_lBot, it takes into account the possible increment of

rigidity due to the lithostatic load of the uppe@ver layers; this case is manifested when the igpd-bedrock shows
relatively low values of the shear wave velocitytlie spatial statistical uncertainty of the V,z values. In contrast,

when the max value i¥sy,, this indicates that the non rigid bedrock isrneathe rigid condition and therefore it
shows relatively high values of the shear waveaigloin the 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:
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n
4 higik)
Tf . = =1
(k) n n _
D higik /Z(hi(x,y) /VS(i,k))
i=1 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 SiSeRHMagp;pificess 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 seismic response is performedheé SiSeRHMap by mod.3: Stratigraphic Response e Htre
dynamic site response is computed in a similar t@agther computer program/codes: SHAKEnabel et al., 1972;
Idriss and Sun, 1992; Orddnez, 2DOBERA Bardet et al., 2000 STRATA (Kottke and Rathje, 2008, 20L0rhe
module computes the dynamic seismic response whiehs to a one-dimensional soil column using dicarlinear
wave propagation model which takes into considenaséin equivalent shear-strain-dependent dynamponse of the
soil-sequence. This method is commonly referregistthe viscoelastic equivalent linear analysiseims of total stress,
taking into consideration a linear elastic bedrotlorizontal polarized propagation of the sheavegthrough a site
with infinite horizontal layers is assumed (Append).

Despite the same computational performance of ainsibftware f{g. 5), mod.3 is dedicated to processing uploaded
data from previous modules and subsequently retdats which is used in the next computational meduatod.4).
Specifically, the Stratigraphic Seismic Responsaut® 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 = 44Vg0%® [12]

wherep is expressed in kN/m
The input motion is considered on the outcroppmdhie 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 assigneg,zdepth; this surface is within the upper
layer.
For each covered lithodynamic unit, as well as rtbe-rigid bedrock, the initial damping ratio, suah the strain-
dependent values of normalized shear module andlahging ratio, must be inserted. From these laitduwes, the
damping ratio and shear modulus degradation clareesbtained using the regression analysis in (f#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 tatled strain,yeq (fYma) and thetrial strain, whereym., 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 &témated in relation to a assigned earthquake radmi M, by the
equation:
(=M1 [13]

10
A number of iterations of 5 to 10 largely assufes tonvergence of a dynamic solution (the defaaltier is: 10); in
contrast the use of a number of iterations equakto 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.
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The aforesaid process can be iterated using maigresl input motions; in this case the code ise ablgenerate the
average seismic responses constituting the traimiadels used in the following metamodeling procéssany cases,
the smoothed responses, generated by trained me¢hnsoggest a better performance for input motigitls response
spectra nearest, or matched, to the simplifiedgtespectra.

In the Stratigraphic Response module, an additiordule "View Signal” fig. 6) is associated in order to plot the
time history signal (acceleration and strain) apdctra (transfer function, Fourier spectra, resposigectra). (@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, W, is a numerical adaptive model capable of emulattie 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 r@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 ygial (PCA). The physical parameters used as indbpgn
variables in Emul-spectra are: i) the average sheae velocity of the near surface lithodynamictulisg,; ii) the
elastic fundamental period of the sequenggaid iii) the period, T. Its analytical form is:

Ts log(V
= X1 - +K xg 't 1°90Vsup) .
VS(up) (1+ X2T ) f

X og (v
exp[(xﬂf +x5T)2](Tf +xgT) 09Vsep)

W

l0gL+T2) + xg——1—[14]
TV&up)

in which x1, ..., x8are the eight calibration parameters (coefficiears) 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 definelSpectra ¢q. 14), have specific and different roles in the fithess
performance of the model. To this regard, and idenmg ¥ 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;tie second component is
the "modal function" that controls the fitting pea&lues in the modal shape; iii) the third compdnsrthe "PGA-
correction function" which corrects the initial uak permitting a more accurate fitting of the PGAghe bed function,
the intercept (PGA) is inversely dependent ay,yythough an addition or subtraction, sigacoefficient dependent, is
specifically performed by the PGA-correction fuicti The latter, in relation to the trend shown ket T and PGA
in the seismic response of a specific zone, peralilisig into account the possible known non lireféect to decrement
the spectral values at high frequencies (low pediofihe modal function is the core of the Emul-$@eadaptive model.
It is a exponential equation capable of reproducargymmetrical/asymmetrical modal or subordinatedollal shapes
generally shown by acceleration seismic responseslarge spectral range (e.g.fig. 7) as well as in the multi-input
probabilistic way {{g. 8). The modal function, which combines the paransetey,,and T; in a different way, permits a
chasing of the various peak-trend distributionszbges as well as possible single spectral behes/ior possible non
peak-trend conditions due to the different influemof the non-linear responses. The modal scadiomf, K, acts only
on the modal function. It is usually assumed te@feal to 1.00 and can be changed after calibrationder 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) anchtlmber 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 thefeedthe efficacy and congruence of the metamddehddition 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 exideg in the sampling of the spectral tail. In fabe performance of
fithess on the energy spectral part can be weakiwehkigh number of tail values is involved. Thertirzg of Emul-
spectra aims at finding the optimized solution thee eight calibration parameters (appendix B)s Iperformed by a
nearing solution process by means of a dedicateduBonary Algorithm (EA) and a final optimizer agthm: the
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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 gwokry elitism of the offspring solutions that rate¢ up to
satisfying or converging into a predefined fithessidition. The fitness of the solutions is defirmdthe 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 permitted bgging to the second level in accordance with titisme process.
The number of procreations is four (fixed) anddach successive generation the probable pardfitdtyais increased
(appendix B). The elitism process is reset (maggaion) 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 &4 is found. This error is increased by a assignéid (the default value is 0.01) at the
end of the second breeding level when the proaassns to the first breeding level. The assignddevaf the initial
error target depends on the shape of the trairérggrsc response curves in reference to the shaipty aif the Emul-
spectra model. However the fitting and consequelhidyE,, value can be dependent on the number of the ralydo
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

_ (NmINI) [15]
targ = 1 00¢

The choice of an appropriate,g& 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 he run when the fit or the shape regressionesuare not
considered satisfactory by the operator. The newecqssing can be performed using the initial guesmsirpeters
obtained in the previous processing and new standieviation values, as well as a new lowgfFcan be assigned.

4. GCM maps executor :mod.5

The maps executor is the second phase of the G@Mtenlast module of the SiSeRHMap. In this phése, GCM
module generates the hybrid stratigraphic seisespanse mapsiq. 9) after having further parameterized the model
using data developed by the previous modules anma sew inserted data. Therefore, a hybrid seisegpaonse (HSR)
can be computed both in reference only to theigtegihic seismic response or also taking into astthe topographic
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 envelopesthmic 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 consequdstitize 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 velociysi (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 sequenceGtBBl 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 vald®bs.

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

VSUP(x,y) '
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Once the GCM is parameterized, it is able to defiree hybrid stratigraphic seismic respongg.§) by solving the
numerical model Emul-spectra (eq. 14) that in thistext assumes the form:

Z(T)(X,Y) - f [(T)’ (Vsup(x,y)’TO(x,y))’ ((Xl)J(XS)J)] [16]
where the period T assumes the values in the speatarval for which Emul-spectra has been traiffidte GCM maps
executor computes the hybrid seismic response tikangame period used in the metamodel training.

The maps of hybrid stratigraphic respongg. (9) can be affected by a quick change of data neabtrder of the
zones; this effect can be due to the differeninfitperformed 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

Based on pre-existing studies and simulations ereffects of topographic amplification on seismiation Geli et al.,
1988; Ashford et al., 1997; Maufroy et al., 201213), a prediction model has been developed. This irtogi@ed,on
2D regular reliefs, aims at predicting the spadiaiplification effect on the seismic response akfelconsidering them
to be constituted by homogeneous material. To #uspe, digital topographic attributes are used niwoduce
morphometric variables into the model. These gr®igital Elevation Model, DEM PTM_30.txt); ii) Slope angle, i
(Sope_30.txt), which is the arctangent of the first derivateted DEM and iii) Curvature, cQurvatuere 30.txt), which
is the second derivative of the DEM. The latterthie inverse of the ray curvature which is expéda terms of a
resolution unit ratio. Therefore, a positive vahfethe curvature represents convex features saatidges or edges,
while a negative value indicates concave featsve$ as a valley. A geometric trend of the cunetund slope along a
typical profile relief (the upper part &fy. 10) illustrates that the curvature assumes a gre@alee on the ridge, where
the slope is minimum or near to zero, and the dureasassumes a zero value where the slope angteaser. Towards
the valley, the slope angle decreases while theatwire assumes negative values down to the minimum.

On the aforesaid bases, the prediction model obgogphic amplification is a spatial-frequency degemt model
constituted by a combination of the two sub-modiis 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=l+cnge M +Acne 21 + Agcn, 17]
and Ay is the prediction model for the topographic anigdifion along the slope surface :
Bic -B,n:2 vy
Ats=1+1ry|| 1+ =L g B2 M) L Bojogn, | @+sin?i) |-y [18]
2Vm

where p=H/Hg and it is the relief ratio in which H andzHre respectively the local slope height and thiefreeight,
both of which are taken into consideration by ttees@ Surface of Relief (BSR) where H=0,, A,, Az and B, B,, B;
are the calibration parameters defined on the tesbitained by the numerical model analysis of2ZBe homogeneous
relief (discussed below in this section.) Hence,dimensionless frequency, defined as slope heighi&length, is:

H
Nt

= = [19]

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

of At. and Ay 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. fidpsesents the average shear wave velocity ofigie material
constituting the relief/s, that can be differente(fuently greater) to the shear wave velocity & tlgid bedrock
assumed in the stratigraphic response analysis.

In general terms, the behaviour of the.And the As depend on the curvature and on the slope anglegtaphy
attributes which, in turn, depend on the valuehefdpatial resolution unit. In order to take iatwount this feature, the
prediction models are calibrated on grid curvatlea related to the spatial resolution unit of 3&ers, which can be
one order of magnitude higher than the resolutioih @f the stratigraphic response (eq. 4). Thisuagption gives the
possibility to exclude the natural ripples of thepg which can be confused with ridges by the cammnal algorithm;
in addition it is promoted by the fact that thepdification of low rigid ridges (height less th&0m) occurs in
frequencies that usually result of low interest fbe buildings. The algorithm necessitates a reitiogp of the
complete topographic features of the region comsidlén the stratigraphic response analysis; in soases, 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 écsthaller target
area corresponding to the stratigraphic resporese .ar

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 caliima parameters result (equations 17 and 18)eagyby=70,

9
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A,=40, 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 areas). In this setting,curvature of 0.5 is associated to the ridgelenthe maximum of the
slope angle of 30° is reached at midpoint of thikefre As illustrated, the topographic predictionodels are
nevertheless devised to provide amplified or nopldied responses; consequently, they do not inelagectral de-
amplification (predominant in the valley), but thpsovide the peak values near to the topograpmddmental 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 expedibi last model defines the
amplification curve for high periods, in all theses.

For some corresponding positions along the surfafcéhe relief, the comparison with the numericaigiation
performed byGeli et al. (1988%shows {ig.12) that the topographic prediction model;, As able to perform an adequate
and efficient overlap, such as in comparison tottip@graphic edge featuréghford et al., 199/

Bearing in mind that the strong natural spatialngfiag of the topographic attributes (mainly curvejunfluences the
efficacy of the model, some tests were performedeat areas in order to verify predictions on hiiypuntain real
natural scenariosfi.13). The results of the tests, show a substantiedeagent with the 3D numerical simulations
(Maufroy et al., 2012, Maufroy et al., 201performed on a zone with a similar topographiatdee; therefore the
opportunity to calibrate and verify the sensibility the model, is also provided. Consequently, oaputational
optimization, mainly aimed at minimizing the unreaable concentration of high values, was perfornidgese high
values are caused by natural roughness as wellyaanbanomaly in the base-digital map. The companafi
optimization, of A in Ar*,consists in the smoothed numerical bass-cut ef #fiope angle < 15°, curvature < 0..k<H
30m; and a Gaussian smoothing of the input cureagmid-map using a standard deviation value of Q@eXolution
units.

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 femcthich defines the elastic response inElaeo Code &s well as

in the FEMA 356 (2000) The envelope technique hither used needs toita&ecount 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 Whace greater than the intercept HSRlue 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 desgetra are:

ap = HSRy; [20]

fo= —HI—S|SRE;§X : [21]
(M ON

Tg=Tp|1-| —— L= ||; 22

B p_ (ML N H [22]
(M N

Tc=T 1+(——RH; [23]
PI” (Mg N

Tp = 1.6+ (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 H@Rin counting.

5. Discussion

SiSeRHMap algorithm is composed of interdependentputational modules and, in turn, of sub-modelengheach
module can assume a more or less crucial rolearpthdiction and therefore in the expected perfoceaHowever,
some simplification assumptions hither used aremomto those used in simulation analysis perforimgdlassic pure
physically based methods. Among these assumptibers is the necessity to use a simplified geowedtrnodel of the
subsoil as well as the necessity to parameteriag iheans of the interpretation and spatial distidn of the local data
from field and/or laboratory surveys order to define the lithodynamic model. In tlgisntest, the hybrid model of

10
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SiSeRHMap aims at providing an adequate computatiorethod which combines satisfactory performandt &
high computational discount.

Taking to account the initial assumptions and sifigaltions, the current version of SiSeRHMap istallie for use in
hilly and low-mountain zones which are mainly cltaeaized by a non-complex stratification (in shapé}he cover
lithodynamic units and with not-substantial spatiatiation of the mechanic and dynamic proprietytltd material
constituting the frame of the reliefs.

The simplified frequency depending on the topogma@mplification models reported in the equatiofsahd 18 is
mainly focused on the peak/ridge amplification eff@position 1 in the figure 10) that is the greate the regular or
pseudo-regular relief. The prediction accuracy lom $lops is the result of the progressive spatimathing of the
topographic amplification and the conservative apph, too. The latter does not admit deamplificatiod, diversely,
it admits a suitable overmatch (overestimation)aimost all of the spectral window permitting so greserve an
adequate prediction trend for irregular (few regutaliefs yet. This aspect should be seen atitte bf the values of
the slope topographic amplifications that are galhefower than ones occurred to the peak zones.

The results of the topographic model (fig. 12) sajga substantial agreement with other 3-D singaifnumerical
simulations performed and calibrated in zones withimilar topographic featuresMéufroy et al., 2012, 2035In
addition, conversely from totally physical methodsture of this model permits its general develgpamd local
calibration. For example, in presence of non homegeas material constituting the relief, a locafifrency calibration,
using also seismic noise measures (in single otisstaltion recording mode), can be performed assgmai regional
shear wave velocity with value different from thisked for rigid material (e.g. equivalentgdy.

A comparison between a SiSerRHMap and a physiteed numerical analysis code was performed. Tleké&pw/
(GeoStudio 2007) is a two dimensional geotechriicétle element (FEM) software which considers dymashear-
strain-dependent viscoelastic material using dyondmear equivalent analysis. This software offéhe possibility to
be parameterized using some input of SiSeRHMap:stiear modules increase with effective verticabsstrand
consequently with depth; in addition it gives thesgibility to assume the equivalent shear straiio fia relation to
magnitude. The comparisofig 14) regards six points distributed along cross secfo(trace infig. 1) in order to
investigate different lithologies and topographéatiires. The input earthquake used in the compadsalysis is the
same used in the Stratigraphic Response module.8northis input motion is properly scaled in ordermproduce in
the check point a spectrum coherent with the degloied 1D spectrum at the same depth. The cheirk & placed
under the covered layer in the flat zone, whilerttessh is assumed with different dimensions in ieheto the thickness
of the layers.

The comparison analysis highlights how the hybesgponse is close in amplification as well as catiteire 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 agmmpromise both for the definition of theoretianalytical
response and for satisfying the exigency to prothgesynthetic spectra shape required by buildegigh. SiSeRHMap
bases its uniqueness of analysis and high perfwenan the customized training process of the Espabtra
numerical model on local theoretical cases oftgfraphic seismic response. In this current wersthe topographic
amplification model is taken into account via tipeediction model, too. Consequently, the desigrespkeparameters
derived from the envelopment of the hybrid respamgethus equipped with robust and accurate piedias well as
giving the advantage of mapped consultation.

6. Conclusion

The SiSeRHMap algorithm introduces a new methofine@ as "hybrid", which is capable of creating mab seismic
response based on concepts of simulation casasntraand prediction.

The simulation (from mod1 to mod3) involves physiomerical analysis consisting in a 1D seismic raspamod.3),
based on a linear-equivalent shear stress-stragenthis 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 hylidlution in the
stratigraphic seismic response. In this way, thepéde prediction model Emul-spectra seems to stawstness and
efficacy features, while its accuracy is assuredheydedicated Evolutionary Algorithm (mod. 4). Tdexond phase of
the GCM (mod.5) provides the mapped-solution ofEmeul-spectra model and the Topographic predictimdel, in
order to produce map sets of hybrid seismic resgorend their envelopment process with the despgttra.
Therefore, the general model at the base of SiSe&Hbdbnfers to it the attribute of a first compuwatl program that
associates consolidated techniques of stratigrapgiemic response with advanced techniques regpmimerical
emulation models and their training. In this we§iSeRHMap permits the obtainment of map-data whaihbe easily
diffused and consulted.

Appendix A
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Stratigraphic Seismic Response module

Module three computes the dynamic seismic respdmsa site-model with infinitely extended horizohtzovered
layers assuming a vertical propagation of polargeglar waves coming from a viscoelastic rigid bekli@g. 1A). The
non-linear visco-elastic strain that depends on diigpamic behaviour of soils constituting the cededayers 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 elagtimg and a purely viscous dashpktgmer, 199%. For this model,
the solution to the harmonic wave with frequenay provides displacement, u, as a function of depttand time, t
(Kramer, 1999, 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 reflecteyavin 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 dumphagjo, 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 freqyueange where
the analysis is usually performed. Hence, it issfiile to express the complex shear modulus in teriribe critical
damping ratio instead of the viscosity:

G =G+ jwn =G(-2D?+j2DV1-D?) OG(@1+2jD) [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:

T (1) = (G + jon; )%“Z‘ = jkiGi {x exp[j(wt +ki z)] + Y exp[j (wt - ki*z)]}exp(jwt) [5A]

Therefore, imposing the continuity condition in ih&erface, in generic time, t, the following ocsur

Ui (hi) = Ui+1(0) and Tj (hi) = Ti+1(0) [6A]
obtaining the relations:

Xi exp(ik i) +Y; exp-(jK h)] = Xjs1 + Yisg [7A]
K G [x; exp(k’ hy) + Vi exp-(KC )= K, G (i1 + Vi) 8
For this later relation it is possible to express:

[9A]

and therefore to define the following recurrencerfolation:
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xi+1:§[xi @+ (J(i)exp(Jki h))+Y; (1—0(i)exp—(1ki hi)] [10A]

1 o o
Yi+1:§[xi (l—cxi)exp(Jkihi) +Y; (1+cxi)exp—(jkihi)] [11A]

At the top of the first layer in the free surfa@ndition the shear strengthtig0)= 0. Hence, equation [5A] defines that
the amplitude of incident Xand reflect Y waves are equal. Therefore, once the shear m@tledamping 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 assumimygitdrative recursive calculation starting from finee surface
where X=Y;=1 until the input (base) layer is reached. In th&y, the transfer function for the incident anéraet
component of motion on the surface of the i-layar be obtained from equations:

Xi =Xj(w)Xq [12A]
Yi =Y (wW)Yy =y (W)X, [13A]

Using equation [1A], the above transfer functioesmpit expressing the ratio of the amplitude of ia@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
up-surface of a cover layer (i) or within the genecover layer (i), when a sub-layer division dietcolumn is
performed, is defined as:

TRy (0 = 21D TN [14A]

Xp (W) +yn (w)

The above equation takes into consideration thelifiogpion in relation to the input motion asso@édtto an
outcropping rock (n-layer) where, XY,. In order to take into account that the input motis within a sequence at the
base of the cover layer, a deconvolution operatiarst 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:

() o _Xn(w) +yp(w) —xj(w)+yi(w)
TFRn,i) ((*))mput within 2% () Dxn(w) Y () [15A]

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

OUTPUT(0) = TRy jy (00) INPUT(c) [16A]

The Fourier amplitude spectra of the input motisndefined using the numpy.fft module in the scigydry that
computes the one-dimensional n-point discrete leodransform (DFT) of a real-valued array by meafhan 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 DF Tafoeal input matrix.

In relation to the strain dependent dynamic propermf the material, in the non-linear analysiss iessential to know
the strain values assumed during the motion. Irethévalent non-linear analysis, the dynamic moduld damping is
selected in the relative dynamic curve as a fonctf the strain level reaching. This approach gjitree 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 convextgeleration into strain. In reference to theirsgtexpressed by
eq.[16A], the shear strain transfer function isinked as:

. ik hj ik h;

jk, | X ex é -Yjexp - —1—
(TF(n,i)(w)) = V(w.2) = 5 [17A]
strain U () outcroppiry - (2X,)
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The strain Fourier amplitude spectrum is obtainpghdng the strain transfer function to the Fourgmplitude

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] esttikt 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 proposedYgkota et al. (1981)

G__ 1 -

Gy 1+ayP

D(%) = D max ex;{—)\GJ [19A]
Go

[18A] and [19A] are the non linear log-ascendingl dng-descending curves, wheme B and after [ are constant
coefficients calibrated using the Levenberg-Marquaklgorithm 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 brgseé excitation
to a serial array of Single-Degree-Of-Freedom (SPQ@fstems. Each system is a damped harmonic decilla
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 adeépendent 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 relationshifhie seismic response
spectrum is the peak absolute acceleration respainsach SDOF system to the time history base ifpuotallwood,
1981J). In the Stratigraphic Response module the seisaiponse spectra function was developed stantorg rs.py
and using the tompy.py library modulevfne, 2014.

Appendix B

Evolutionary Algorithm

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/minpéustrl.html). The LMA is a curve-fitting algorithmidely used
to solve non-linear least squares problems. Howeagfor many optimizer algorithms, the LMA findscal minima,
which is not necessarily the global minima or ogtimninima. This problem is due to some known aspeyrthe large
number of parameters; in fact a large number cdupaters increases the search-hyperspace dimemsidriberefore a
higher number of local minimum values are develop@dhe parameters differ from each other by soonéers of
magnitudes; iii) the slowed convergence when thstlequared function is very flat and the globalimum is located
in "narrow canyon". Therefore, the non-uniquenetsarm inverse solution and slowness in convergerreevary
sensitive to initial guesses.

The EA (ig. 1B) is an evolutionary computational meta-heurigtigthod 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 (evelatiin the 2nd level. Consequently, in this levké next generations
are reproductions in a new generation (fourth iBe®HMap) from better parents; these offsprings raxdonger
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 teetion criterion and an optimized minima erroruimin
should be reached after having tried to escapernbatisfactory local minima error solutions. Thenauical parameters
obtained in this way are the best initial guesadbé LMA optimize process.

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

When the i-th parent population is generated, @$gvmance in fitness,;Es compared with the best performance of
the previous parent populations defined by the mim current error &, and with the current error targetk 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 E;, assumes the current E
value. The current k, values are kept until the assigned iteration vajes reached.

In the 2nd breeding level, the k-th descending faifmns can be generated; starting from k=0, jaitersolutions 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 better error is found or until an assid j-iteration value, C, is reached. In the faase, the population is a
new generation and it assumes the role of k-thrgedor having mean values, jX...,%jx 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 of A valllben the process returns to the 1st level, thénmim error assumes
the value of the last minimum error found in thesdl. However, the minimum error and target errerr@set when B
in the i-iteration value is reached.

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

Appendix C

Topographic amplification

The SySeRHMap permits a definition of the Basalf&e of Relief (BSR) in relation to the generdtiag of the
topographic area. The BSR is a flat or not flafase that tries to isolate local idealized reliehditions, its greater
efficacy occurs when one ridge is seen as sucher2D relief scanning in at least one of the dioed. Also, the area
assumed in the topographic amplification analykisutd be matching the aforesaid requiremeihce, a dedicated
algorithm defines:
a) the BSR as a wary surface. The algorithm perddime numerical scanning in X and Y (East-West Idodh-South)
directions choosing the maximum and minimum elewatialue Exa., Eymaxand EXun, Eymin- Therefore, taking into
consideration the generic map position (y)(X,Y) the height of the relief is defined as:
al) H=min [(Ex,y- E¥in), (EX,y- E¥in)]
Hmax= min [(EXax EXmin); (EYmax EYmin)]
a2) H= max [(EX,y- EXin), (EX,Y- E¥nin)]
Hmax= min [(EXax EXmin); (EYmax EYmin)]
b) the BRS as a plain surface with elevatiogy, Eesults from an average elevation of the flatemoT hese latter are so
defined when they show a slope i< 5° and curvatdi@5<c <0.05.
bl) H=EX,y -Eg
Hmax= max [(EXax Etat), (EYmax Efiar)]

Code availability

SiSeRHMap 1.0 is available at http://www.geosmartipwhere the trial version and 15 the full versiof the code
were uploaded. The trial version is quickly avaiaand it only permits the running of the applioaticase reported in
the manuscript. The full version is freely availloih demand after inserting the password obtaiyecdistration. In

the folder of the code, the operator can also fireduser guide and the input files that were usdtié application case.
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Captions

Figure 1: Synthetic Recurrent Scenery (SRS). a) On the fleét maps with a resolution of 2.00 meters regaydhe
covered layers and bedrock layers; for each covéamgdr, the iso-thicknesses of the relative lithogyic unit,
resulting from the interpolation of the hypothesideeld survey is reported (black point in Lithogymic Units map);
the coloured polygon is the correct extension ef @init 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 withsotution of 30 meters.

Figure 2: Subsoil 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 eightesarhich
are presented in the SRS (fig. 1a)

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

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

Figure 7: Performance of Emul-spectra: a) stratigraphicmé 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®®370; zone 6
(non rigid rock in outcropping) = 0.0032; zone igi@ rock in outcropping) = 0.0045; zone 8 = 0.03B) 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 Zbneodels.

Figure 8: Example of metamodel processing for the SRS usavgn 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 teppbic
features are shown at the top of the figure; StiRésstratigraphic seismic response, TA is the gogpehic amplification
and SR is the seismic response.

Figure 10: The behaviour components of the topographic dioation model in relation to the distribution e 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 Skves; in the same
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 Ars models. The topographic fundamental periods isesponding to B=0.2 Geli et al.,
1988
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Figure 12: Topographic amplification computed on a real-hibuntain area of Southern Italy: blue box is the
automatic splitting map of the urbanized area efuiflage of Montefusco.

Figure 13: Enveloping model that creates the design spectanound it, the mapping distribution of the chaeaistic
parameters of the design spectra, are shown.

Figure 14: Comparison between the seismic response by SiSkRHnd the Quake/W finite element method on an
across-section showed in figure 1.

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

Figure B1: The Evolutionary Algorithm (EA) scheme: x al®dare 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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