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Abstract

Earthquakes induced by the gas extraction is algmolof serious concern in the northern part of Net¢herlands. The
earthquakes recorded to date can be classifiedras tmased on their maximum local magnitude €8.6). However, (i)
their shallow focus, (ii) the special-situ soft soil conditions and (iii) the fact the buiidi stock in the region consists
primarily of unreinforced masonry, requires somecs attention. For this reason, several studies iaitiated to
investigate the vulnerability of the masonry stames to withstand earthquakes of minor to modensgnitudes. This
paper discusses a detailed study of a masonry kahdlee region. A coupled finite element-boundatgment (FE-BE)
model is developed to study the linear dynamicarsp of the structure to induced seismicity. Thecstral part, i.e. the
masonry building, is modelled using finite elementsereas the soil is described by boundary elem@iies modelling of
the layered soil medium using boundary elementaaesl the computational demands and avoids the toeiedorporate
non-reflecting boundaries since the radiation cioaliat infinity is satisfied in an exact mannehid is particularly
important for the relatively long wavelengths asatsd with the low seismic frequencies. The couf€dBE model is
validated with a full scala-situ experiment in which the structure is set into motby a vibratory deviceshake} which is
placed close to the building. To serve this purpasspeciashakerwas chosen able to extract significant amplituddabe
frequency range between 2-10Hz, which is considaydak relevant for the shallow-focus earthquakethé region. The
dynamic behaviour of the structure, i.e. naturafifrencies and modal shapes, is first identifieédas ambient vibration
measurements. Subsequently, model predictions basedonochromatic ground excitation were comparét im-situ
measurements for validation purposes. It is shdvat the coupled FE-BE model is capable of predictime dynamic
response of the actual system for a wide rangeegfuencies. Finally, the effects of soft soil-stawe interaction and the
vibrational characteristics of the structure anestigated for a wide range of frequencies.

Keywords: masonry building; finite element methioolindary element method; seismic motion; soil-$tmgcinteraction
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1. Introduction

An acceleration record provided by a seismograph irecord station does not account for the presefce
buildings, i.e. it corresponds to the situatiominich the ground’s surface is free of tractiongéffield ground
motion). When a similar wave field reaches a buoid{incident field), the latter will interact witboil through
the foundation blocks, thus resulting in a motiéthe foundations which can be significantly diéfat from the
free-field motion of the ground [1]. The incorpdeet of the recorded motions directly at the fourmtatevel of
the building may lead to conservative seismic hzasessmeritsTo account for the alterations in the incident
displacement field, soil-structure interaction redéd be properly considered in the numerical madethe
structure.

It is well-known that the seismic response of xifi-supported structure will differ in several y&a
from the one in which the structure is founded onigid ground and subjected to an identical frexdfi
excitation. In earthquake engineering, it is customrto replace soil by equivalent linear springden soil-
structure interaction needs to be considered. Eoapiequations are used to define the constantthede
springs, and then seismic motion is usually prescriat the free ends of the springs in order talsita the
incoming seismic motion. Since no dissipation medra is introduced in this procedure (apart forititernal
damping in the building), there is no energy radiafrom the building to the soil, and thus thedicdons may
be very conservative. Moreover, the springs reaet iocal manner and therefore the stress disiibbliteneath
the foundation blocks is not predicted accuratElpally, the inclusion of springs can contain néormation
about the cut-off frequencies of the soil, and spldication of energy at these particular frequends often
overlooked.

The following simple example is used here to ilasd the differences between the responses oftansys
with and without consideration of soil-structurgeiraction (SSI). The example consists of a rigidssna
supported by a spring and a dashpot, which is stdgjeo an input motion (incident wave field). hretcase in
which the soil is absent, the motion is prescrifethe free ends of spring and dashpot. In the sipgscenario,
the same motion reaches a massless and rigid foondavith predefined dimensions of 1x19nwhich is
connected to the spring-damper-mass system. Thed&bion rests on a homogenous half-space with mass
density 1900 kg/fh shear wave speed 100 m/s, and Poison’s ratio Bi5results are compared as function of
the natural period of the single degree of freed8MOF) oscillator, percentage of the critical damgpiand
mass of the oscillatory system (this last valueeigvant only for the SSI scenario). The input miotis chosen
arbitrarily and is depicted in Fig.1la, while théalcaccelerations of the mass are compared in lirignt Fig.1c
for critical damping ratios of 1% and 5%, respedtijv It is evident that soil influences significgnthe response
spectrum of the SDOF system in the following man(igthe differences are more pronounced at sheriods
(high frequencies); (ii) the differences are larder heavier structures and low-damped systems; tfie
comparison in Fig.1 also suggests that the applicaif the seismic motion directly on the baselwf spring
(thus disregarding the SSI contribution) may leadterestimation of the structural response, narbebause
the great majority of natural frequencies of stuues are above 2Hz, a range in which the differeace more
pronounced for relatively heavy and low-dampedcstmes.

As can be seen, even for this very simple struofBEBOF system) significant differences may occur in
the response with and without consideration of @&nomena. In the coming sections, we elaborathediuon
this issue and we present results for a real caasmiaed in the Groningen province (The Netherlan@ike
structure of the paper is as follows. In sectioth®2, FE-BE model is described together with a katefcription
of the solution method. In section 3, the experit@esetup is discussed and the comparison of model

! There are also cases in which the consideratioBaidifStructure interaction (SSI) can yield adveesects due to soil

amplification phenomena in soft soil deposits oyied a very stiff soil layer or a bedrock. In sutdses the incorporation
of SSI for the predictions of the structural resgmis mandatory according to Eurocode (EN1998-5).

2 The representation of the soil reaction by medrisear springs (the Winkler foundation model, ®oample) often gives
good results in such engineering fields as railaag wind engineering, in which the load does nahe&drom the soil. In

the earthquake applications, especially in thesaoéaoft soil, somewhat more sophisticated apgramadvisable.
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predictions and measurements is presented. Firsabtion 4, discusses the main outcome of thisrpeamt the
need for further work on the subject.
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Fig. 1 -a) Input accelerations, lacceleration responses (1% of critical dampinggackeleratior
responses (5% of critical damping). RSA correspaadke case in which the ground motion is applied
directly at the base of the SDOF system (no sailettire interaction).

2. Model description

As discussed previously, one of the simplest wayim¢orporate SSI in an analysis is to includedmsprings
below the foundation and then to prescribe the onotit the free ends of those springs. Nonethetegs)
simplified procedure has several disadvantages exe&n one is able to predict the spring constarite w
sufficient accuracy. In general, the reaction dffisonon-local and the stress distribution bendhthfoundation
blocks depends on the incident, refracted andateftewave fields which cannot be accounted for diptpwvise
reacting springs (local springs). More accuratesaafythe soil modelling consider the unboundedoéssil (at
least up to a certain extent) and treat it as eethiimensional layered continuum. To this end,ftflewing
methods are very often used in practise:

» Solid finite elements (FE) are placed beneath thetsire and form an integral part of the FE modiélese
are usually avoided in practice due to computatioestrictions. In addition, they require the tration of
the infinite soil domain; a task which is computatilly demanding (and in fact inaccurate) for feeld
consisting of multiple frequencies and relativebnd wavelengths (in this case a large FE domain is
required);
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» Boundary Elements (BE) [2] are used for the modelbf the unbounded soil domain. which require ahéy
discretization of the surfaces in contact with stieicture, thus saving computational resourcestiamel In
addition, they satisfy the radiation condition rainity in an exact sense and remove the needrfimcation
of the physical domain altogether.

In the calculations presented herein the soil iglefied with boundary elements and the structuré Wiitite

elements. This yields a so-called coupled FE-BEeahad described below.

2.1 Boundary element method

In a nutshell, using BEM, the soil flexibility isotained by applying unit forces at each discretinede and
calculating the inflicted displacements at the r@mg nodes (Green’s functions). This flexibilityatnix is
frequency dependent, which implies repeating tloeguture as many times as the number of frequeneeded
for the analysis. The soil stiffness matrix is tedter calculated by inverting the flexibility maws. For the
calculation of the Green'’s functions (and soil ftatity matrix), some model of the soil has to besamed. In
this work the Thin Layer Method (TLM) is used [3]ery briefly, the TLM resembles closely the FEM,tbu
requires discretization only in the vertical difent The horizontal directions are treated anadyc which
provides more accurate results and avoids theatiomcof domain [4,5].

In order to create a TLM model, it suffices to defithe soil stratification and the material projgsrof
each layer, namely the density, the Poisson’s,rétt® shear wave speed, and the internal (matelet)ping.
Damping is accounted for by considering complexevspeeds, according to the expression

Cps =Cpafl+2i€ ¢

The subscripts P and S refer to the compressiamalshear waves, respectively, ; refers to the internal
material damping, an@, ¢ refer to the corresponding real wavespeeds.

After obtaining the stiffness matrix of the s&if*' (calculated with the TLM-BEM procedure) and the
dynamic stiffness matrix of the structuké"“° (frequency dependent combination of the mdssdampingC
and stiffnes¥ matrices provided by FEM softwaké€>™°= -@*M +i o C + K), the two domains are coupled.
The forces acting on the structure from the soisiie in equilibrium with the forces exerted frdme structure
on the soil, i.e F¥''° + F=! = 0, while the displacements on the structure mustdmapatible with the soil
displacements induced by the forces plus the intidisplacement field, i.&%™ = u> F*' + u™. These two

conditions, together with the governing equatiofisth® two domains, result in the following systerh o

equations:
K fltruct K I’S"truct ulstruct B 0
K ISI,ItIruct K IIS,ItlrUCt u ﬁtruct - [ Struct

K SoiIuSOiI = FSoiI

uStruct =u Soil +u inc
FStruct + F Soil - 0
| _— o | @)
which when simplified, result in the final systefeguation$
K fltruct K I%ﬂtruct - ulstruct _ 0 |
Kitlruct K||,S|TUC1+ K Soil uﬁtrum K Smlulnc (2)

Equation (2) is closely related to the equationtioled with the simplified approach in which linear
springs are used. The differences are in the sfrmatrices of the soil, which in the simplifiedqedure are
diagonal, frequency independent and real-valuethdrBE model these matrices are fully populatestjifency-
dependent and complex-valued. The real part ofdtiiestiffness is related to the added stiffnes$ miass of the
soil beneath the foundation (in the case of lirgaings, only the stiffness can be considered). iftaginary

% For convenience, the equations of the structume wivided into two parts, the first denoted byand that represents the
degrees of freedom that are not in contact withsthik and the second denoted byand that represents the DOFs in the
SSl region.
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part of the soil stiffness is related to energysigiation, i.e. energy exchange between the strictnd the soil,
as well as material dissipation. The non-diagomaicture of K=" is associated with the physical connection
between different nodes of the foundations (nomlcoil reaction). The frequency dependency isrgiinisic
property of the soil, which is also observed in thymamic stiffness matrix of the structure. A maoegailed
description of the method is given in [6,7] andisitted here for the sake of brevity.

2.2 Soll properties

The soil is modelled hereafter as a viscoelastierkd half-space. To account for the saturatiotheflayers,

and therefore the change in compressibility, thisdem ratio is assumed constant with depth and clese to

0.5 (the Poisson’s ratio was set equal to 0.4%8lilayers). The layered profile for the soil wasiled based on

the results of CPT tests that are available inlxid¢O locket database [8]. The values of the shearenspeeds

V; of the various layers were based on CPT testemigirical equations. Several equations are availabthe
literature; in this study, the Robertson equatifgjsare chosen because they are more suitablehéogtound
conditions in Groningen. The depth dependent sinares speeds estimated based on the CPT tests are
compiled in Fig.2. Together with the estimated dineame limiting scenarios are presented, namedgfia
scenario (left green line), an average scenarliine) and a stiff scenario (right green line).

0

-10

Depth (m)

"“100 120 140 160 180 200
Vs (m/s)
Fig. 2 — Shear wave velocities of the soil. Blue litcorrespon to the CPT tests and Roberts
equations; outer left green line = softest scenagi line = average scenario; outer right greea #
stiffest scenario

Regarding the remaining properties of the soil @ndgnsity and internal damping), no relevant
information for the definition of these variablessvavailable at the time of the present study. &fbes,
reasonable average values from similar cases waopted. A mass density of 1900 kg/m3 and an interna
damping ofé&, =&, =0.02 were used. The effect of internal damping m@sexamined in depth but it is to be

expected that in this low frequency regime, thé dainping is dominated by radiation of waves rathan by
energy absorption. Three TLM models for the soitevereated, one for each of the profiles depicteHig.2.
The TLM models contain elastic regions up to 12earsetepth divided into thin-layers of 10cm each ahd
guadratic expansion. This gives a total of 240 sddehe TLM models, and about 100 thin-layer if#tees per
wavelength at the highest frequency included inahalyses (20 Hz). Twenty thin-layers per waveleraye
enough to reduce to negligible the errors due tboz discretization. Perfectly matched layers (BMre added
to the 12 m deep elastic region in order to sineulaé lower half-space [10].
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2.3 Structural model (FEM) and SSI surface modé&INB

The FEM model used to simulate the building is cosgal mainly of beam and shell elements as shoWwigif
and is built in FE software TNO Diana [11]. It c@sts of masonry walls modelled with shell elememnt&f
beams modelled with beam elements and foundaties shown at the part of the building at the righthe
figure) which are also modelled as beam elements.

i

e
A

X
P v

4

Fig. 3 - Finite element model of the struct

In Fig.3, the mesh of the FEM model of the struetig shown (the number of degrees of freedom is
approximately 100.000). The structural dampingcisoanted for by means of the Rayleigh damping mafite
mass proportional and stiffness proportional cogdfits are chosen such that the equivalent modapidg at
the frequencies 1 Hz and 10 Hz is equal to 5%.

Regarding the BEM model used to describe the sesfa€ the soil interacting with the structure, dsw
defined in such a way that for each beam elemethefoundation or for each node of the piles thisrene
boundary element. In total there are 1593 bound&gent nodes. The BEM mesh is shown in Fig.4.selea
note that the width associated with distinct BEMne¢nts is not necessarily the same. Such is sadedhe
beam elements of the foundation do not all havestimee dimensions.

Fig. 4 —- Boundary element mesh of the .
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3. ‘Experiment and model validation

The present section describes the in situ dynassts that were performed at the school masonrdibgilin the
north of the Netherlands in February 2015. The airthe test campaign was twofold. A first objectivas to
reduce the modelling uncertainty resulting fromcim&ate or uncertain information on the variousap@ters
used to construct the model. These include, buhatdimited to, the material and geometric proigsrof the
structure, the fixity of various structural connens, the stiffness of the supporting soil, and #ssumed
boundary conditions. The second aim was to valitteeeaccuracy of the model by comparing the medsure
vibration levels in the building, caused by arpriori defined force input exerted by the shaker in gbi
medium, to those calculated by the model. To rehehe objectives, two types of tests were performetie
full-scale structure, namely passive (or ambiebration testing), and active source experiment$ witow-
frequency seismic vibrator. In section 3.1, therfer experiment is discussed whereas in sectiorti®&2esults
of the forced vibrations experiment are presented.

3.1 Ambient vibration measurements and modal aisalys

The experimental set up is shown in Fig.5 in whilcl tested masonry building is shown together hth
shaker positioned at a certain distance from thiglihg. Given the limited number of seismometersikable,
tests were performed in eight different set updsghly corresponding to eight different walls o€ techool
building as indicated in Fig.6. A choice was magl@xclude measurements on the part of the builitingded
on piles, due to time restrictions.

e
t,A’ - o 15
5 X [m]

Fig. 6 — Layout of theexperimental configurations related to the eighinmells of the buildin.
Sensor locations in red colour and shaker positidiue colour on the ground surface (section 3.2)

7
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During each set up, velocities were measured usigbt tri-axial seismometers (24 channels) at a
sampling frequency of 200Hz. The recording lengih the ambient testing was about 20 minutes. Three
reference sensors remained stationary during aélugss; five were moved occasionally from wall taahv

(Fig.6). Each seismometer had its own data recgrdirstem, powered by batteries. Fig.7 below shihes
seismometers and seismic recorders used in theieqre.

Fig. 7 — Seismometers (left) and seismic recor(taght)

To facilitate the extraction of the desired dynarmformation using as few sensors as possible, the
measurement locations were chosen based on tHesreka preliminary modal analysis of the buildiagd the
expected modal shapes of the structure. A typitahtion signal measured during the ambient teedpcity
in the x direction for position 202 during set upid presented in Fig.8 in both the time and trediency
domain. As can be seen, the measured natural ioibsadll contained some disturbances due to, &iante, the
inhabitants walking through the building. For theemtional modal analysis described in the thisi@ecthe
signal windows without any local perturbations havée isolated first.

002 ‘ . ‘ ‘ ‘ 0t

0015

Welocity [mis]
Amplituds [misiHz]

-0.01

-0.015

I 1 I I I 3 L 1 L L
0 200 400 600 800 1000 1200 0 20 40 80 &0 100
Tirne [s] Frequency [Hz]

Fig. 8 — Time history (left) and frequency spectriright) of the horizontal component of velocity asered at
point 202 during set up 1.

Ambient or passive vibration testing relies on tiaural vibrations existing at every site to idBnti
certain properties of a structure and/or the $bthe properties to be identified are the modalapzeters of a
structure (natural frequencies, mode shapes), paaks of operational modal analysis [12,13]. Ideorto
extract modal properties using these so-calledutwdply techniques, certain assumptions are madatahe
dynamic characteristics of the input forces, ehgt these can be modelled as white noise stochastiesses
having broadband spectra.

The modal parameter extraction of the school bugdwas performed using frequency domain
decomposition [14]. This technique belongs to tamify of Principal Component Analysis (PCA) methods
[15,16], which relies on the property of the SirgWalue Decomposition (SVD) to represent a sdtioftions

8
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as a product of weighting factors and independeetl contributions. First, the spectral matriceisdll 144

time series measured at the school are estimatexteTfrequency-dependent matrices collect in tfiagonal

and off-diagonal terms, respectively, the powercspé densities and cross-spectral densities ofmalhsured
time series. In a second step, the spectral matéce decomposed into a number of linearly independ
orthogonal components using the SVD:

Sqa(w) = UZUT 3
where S, (w) signifies the spectral matriyy collects as columns its orthogonal components gihgular
vectorg, andX is a diagonal matrix containing the weighting fastfior each of the orthogonal componenttin
A selection of these weigting factors singular valuess plotted in Fig.9 for the frequency range 0 H&.
These singular values indicate how many orthogoaaiponents are contributing to the measured dadacit
frequency. The orthogonal components themselvesbeaextracted from the singular vector matiat the
frequency of interest. Considering the singulartmespectrum presented in Fig. 9, the following @asions
can be drawn:

» A dynamic amplification occurs around 0.5 Hz. Siadledistinguishable orthogonal components in thead
experience a similar amplification in this frequgmeange, it can be concluded that the amplificatonot
caused by a structural resonance, but by an acgilifin in the exerted excitation. This excitatioausd 0.5
Hz is most likely originating from the soil (beiagsoil mode);

» The next amplification occurs shortly after 2 Hzrél a single orthogonal component is clearly cbatimng
more to the measured data than the others, indicatstructural resonance;

» The same conclusion as above can be drawn frormntipéification around 5 Hz.

Singular values

10 I 1 L 1 1
0 1 2 2 4 5 53

Frequency [Hz]
Fig. 9 — Singular value spectrum of the PSD’s b$ahsor data combined

The singular value spectrum thus provides an imtlineans of not only identifying structural mode
shapes but also distinguishing between dynamic ifiogtion due to external excitation as opposedéhternal
resonances of the structure. As such, the frequdbayain decomposition technique can be considesed a
SVD-based extension of the early peak-picking nethioereby resolving issues related to identifaratin the
presence of harmonics as well as mode multiplipityblems [17]. Applying the FDD to the ambient data
gathered, resulted in the identification of 14 aiiwn modes, 13 of which are identified as struatorodes and
one soil mode. A 3-D view of the singular vectorneode corresponding to the soil amplification & Bz is
shown in Fig.10 (left) together with the first sttural mode (right).

The analysis has concluded that the majority aftified eigenvectors involve local vibrations, witften
only a few walls contributing to the response. Tdas significantly complicate the model updatinggass. As a
final comment, it is mentioned that the mode shégestified by means of the FDD on the basis opationly
data inherently include the effects of soil-struetunteraction. Because soil effects are dependenthe
frequency as well as amplitude of the applied aficih, the identified shapes are subject to chamgéuations
where the order of magnitude or frequency conténh® excitation change significantly. This effdts been

9
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illustrated on thePolymylosbridge in Greece where output-only modal iderdtiien was performed using
ambient as well as earthquake excitation [18].

1.\ N -1 1 .'; _/— ’_: ! \‘\-\ b > \_\ ‘- ‘
O NP > S T —a.,

Fig. 10 — Identified mode 1 at 0.5 Hz (left) andde@ at 2.1 Hz (right)

3.2 Forced vibrations and FE-BE model validation

In the second part of the experiment, the respofsle building is monitored when the latter is ite@ by a
well-controlled source mechanism. In this case, gbleool was excited by a heavy shaker (with coletlol
frequencies and amplitudes), and the velocitieseateral points in the structure were measured 5Fig.
Important to mention is that there was no direaitact between shaker and building, i.e. the exoitavvas
transmitted solely through the soil. Thus, a goodeaspondence between the predicted and measisgohse
would imply that not only the FE model is represdire of the building, but also the BE-FE procedigre
appropriate to model the linear interaction betwiensoil and the structure.

Due to the limitation on the number of seismic rdees, the experiments had to be divided into séver
steps. At each step, a given wall was monitoredtdugnvironmental noise/loads (section 3.1). Aftet, the
forced experiment was carried out meaning thasttaker was turned on in order to excite the bugdand the
induced vibrations were recorded at the same poiftie shaker was operated at distinct frequenaies a
amplitudes ranging from 2 Hz to 10 Hz and from 2kiN6 kN, respectively. For each frequency-amplitadg
the induced velocities were recorded twice for qusiof one minute. For the lowest frequency (2 e
minute corresponds to 120 cycles, which are coresitisufficient to reach the steady-state regimetotal,
seven walls of the school were tested during theatjpn of the shaker. The position of the meagypimints are
indicated in Fig.6 with red hollow circles, whileet position of the shaker is indicated with a Hilled circle.
There were two additional measuring points (poiktand B) that were not changed through the measmem
campaign. These two points are represented wilbvadilue circles.

To calculate the frequency response function (FRFbased on the time history of velocities, the time
records are passed through a low-pass filter ahijlapass filter in order to remove the contribngoof the
frequencies belo=fy,-1 and,f=fy+1 with f, being the induced frequency. Thereafter, the lasicij amplitude
of velocitiesVy, ;is obtained by averaging the local maxima obsebatdeen 10 and 50 seconds of the filtered
time history, i.e.:

Vx z
FRFX'yYZ - s Ys

where A is the amplitude of the force induced by the shakedescribed above.

The FRFs of points A are shown in Fig.11. Eachetéfitequency contains 14 data points since eadlpset
(each wall) is tested twice for each frequency. Weasured FRFs are accompanied with the FRFs ¢stima
based on the BE-FE model described in section 2pBimt A, the dispersion is insignificant, i.eorfa given
frequency, the measured FRFs do not change signific Regarding the comparison between measurdd an
predicted FRFs, there is not a perfect match. Negkass, the values are of the same order of matménd for
the frequency 7.5 Hz the correspondence is verylgboall cases, the predicted response is withensdame
magnitude as the measured response.

Another is shown in Fig.12 for the FRFs in sevelisdctions and for one of the walls of the buildisgx
sensors were used to record the response of thiisRga the horizontal in-plane direction (y), thgreement

10
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between predicted and observed amplitudes is goodhe frequencies 4, 5 and 7.5 Hz. For the remgini
directions, only for 7.5 Hz the agreement is gotheére are some exception at some sensors). Irasdisc the
amplitudes are of the same order of magnituds.ititeresting to observe that for the frequenciaa®3 Hz, all
receivers measured approximately the same amplatidesplacements. This suggests that this waplaeds as
a rigid body, i.e., does not suffer any interndodmation. Similar results were obtained for otthwedl elements

as well and are omitted here for the sake of byevit

FRF [m]
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Fig. 11 — FRFs of points A: Red triangles = obsdramplitudes; blue line = predicted amplitudes
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Fig. 12 — Location of sensors and comparison ofsmesl and predicted responses for a single wadl. Th
FRFs of each receiver are represented by the pomdgg colour.

4. Conclusions

In this

paper an experimental campaign is describbd purpose of this study was to investigateiniflaence

of soil-structure interaction for a specific casel 40 validate a coupled FE-BE model that was dmed. Two
measurement set up’s are analysed. The first onedain the identification of the natural frequescéd modal
shapes of the structure. By applying the frequethaymain decomposition to the ambient data colleéted
various walls of the structure, 14 vibration moedese identified, 13 of which were structural modesl one
being a soil mode. In the second one, a forceéraxgnt was carried out in which the building wasited via
the soil with the use of a specially-designed shakde to operate at very low frequencies. The nmreasents
were compared to model predictions. The observddtanpredicted responses for most of the measpoigs
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and frequencies were found to be within the sarderarsf magnitude. Given the uncertainty in a largmber of
parameters in the fully-coupled soil-structure iiatgion model, the predictions can be consideretekeable.
The difference in the displacement field for certiiequencies was limited to £20%. In the higheqgfrencies
though, differences in the order of 100% were olexkbrDespite the apparent differences, the FE-BHenis
still capable of providing a realistic represematdf the response of the actual system to a giveut ground
motion. It is in fact one of the few models to daewhich a direct comparison of predictions anshsurements
is illustrated for the case in which the structisrexcited through the soil for a number of frequies relevant to
seismic excitations.
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