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ABSTRACT

Structural monitoring of strategic buildings is iamportant tool for the identification of dynamicaracteristic:
changes caused by an earthquake, of primary inter@sevent potential damage due to future seismic ever
even to assess the capability of a seismic retimfite damaged structure. Recent studies havershow thest
variations can be assessed with special focus emp¢hmanent and transient decreas the main frequency
during ground shaking. In this work, we arzed three data set acquired on duodding of the University o
Ferrara (Emilia Romagna RegioNprthern Italy). Ambient noise surveys were perfodrat each floor of the
building: the first data set was acquired few meriikfore the earthquake that struck the Emiliaoregin May
20, 2012; the second was acquired right after #vthquake, when the building showslight damage; finally,
the third data set was adeed in 2016, afterthe repair of seismic damageccurred tonon-structural
componentsThe analysis of those data sets highligithe permanent drop of the building mifrequency after
the earthquake due to damageith its partial recovery after theepair of seismic dama. This study
demonstrates that buildingonitoring, even with low-cost instrumentsllows understanding if and how t
building mainfrequency changes e toan earthquake, providing a preliminary assessmigpbgsible damage
Low-cost monitoring systems can therefore be considerediluable prevention and monitoring tool
structures.
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1. INTRODUCTION

The structural monitoring of a building is an img@mt tool for the identification of its dynarn
characteristics and the estimation of their possithanges over time as a result of struc
degradation due to earthquakes, aging and/or-term, inteise, operational demands. In seis
engineering, the assessment of the damage causead bgrthquake and the subsequent struc
monitoring is of primary interest to prevent potahtlamage due to future seismic events or eve
assess the capabilitf a seismic retrofit to the damaged structureualty, particular attention is pa
to safety of public/strategic building for Civil &ection authorities to gain useful information
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deciding if a building is safe for use, requirespections or has to be abandoned, according to the
three thresholds usually adopted after earthquatkisis cfor building inventory. Permanent
instrumentation can then provide relevant deteabbohanges based on frequency drop observation.
This requires a continuous recording, also becdligefrequency recovery may be long, and can
therefore provide false alarm situation if the iptetation of the frequency drop is not complete.
The physical meaning of instantaneous frequenciati@n is a crucial point that must be explored in
depth since the monitoring of the building frequergcertainly the easiest way for the assessmfent o
the building behavior and its structural health rraing. Recent studies (e.g., Mucciarelli et al.,
2004; Clinton et al., 2006; Dunand et al., 2006;d®al., 2008) have shown how these variations can
be monitored for structural health monitoring wipecial focus on the permanent and transient
decrease of the frequency value during ground shaKiherefore, the important issue is to know how
the fundamental frequency drop observed duringotteeirrence of weak to strong earthquakes could
be considered as a proxy of the damage. Obsergatioout the fundamental frequency variation due
to damage can be traced back both to Clinton €2@06), for the Millikan Library buildings which
has experienced several earthquakes, and to Dwtaald (2006) who studied some buildings during
the 2003 Boumerdés earthquake. From weak to stmatgon, Hans et al. (2005) and Michel et al.
(2008, 2010) have reported the variation of thed&umental frequency of buildings related to the
opening of cracks in the elastic domain. Such mealiities may produce a recoverable frequency
decrease of about 35% during excitation. On theradtiand, it seems that a 60% permanent drop in
frequency is a limit before the collapse accordmglata compiled by Calvi et al. (2006). During the
most recent Italian earthquakes particular attentias paid to study and assess the permanent and/or
transient frequency drop in more detail in R.Cldings. For example, the earthquakes recordedein th
Navelli town hall during the 2009 Abruzzo earthgaiakvealed multiple temporary period elongations
which did not correspond to an increase of damage for example Mucciarelli et al., 2011);
similarly, during Pollino seismic swarm sequenceSeptember 2011- October 2012, the temporary
variation of the fundamental period of the Rotosdaool was observed for different levels of motion
of earthquakes,but any damage has been reportdlipBaet al., 2016). A permanent period shift
accompanied by damage was observed during Moliskegeeke, 2002 (Mucciarelli et al., 2002), and
Emilia earthquake, 2012 (Masi et al., 2014); inhbtite above-mentioned cases the buildings had
already suffered damage before the installatiahh@imonitoring system.
In this work, we analyzed three data set acquiredree building of the University of Ferrara (Emilia
Romagna Region, Northern Italy). The first datavga$ acquired by seismic ambient noise recordings
in different points of the building few months befdhe earthquake that struck the Emilia region on
May 20, 2012. The second was acquired also by sziambient noise recordings, right after the
earthquake when the building showed slight damiiglly, the third data set was acquired two years
after the repair of seismic damage occurred tomieisiral components.
The building of the University of Ferrara represesut important case study for two aspects:

« The main frequency has been estimated before amagka so the frequency drop has been

monitored before and after the strong motion dudédvay 20, 2012, Emilia earthquake
« The monitoring had permitted to estimate how thgaire of damage has impacted to the
building main frequency.

2THE BUILDING OF THE UNIVERSITY OF FERRARA DAMAGED BY THE MAY 20,
2012, EMILIA EARTHQUAKE

The investigated building belongs to the scientiiale of the University of Ferrara. From the
geological and seismo-tectonic point of view, titg of Ferrara is located in a tectonically actarea
characterized by low to medium hazard, with an etgge maximum acceleration for an exceedance
probability of 10% in 50 years within 0.125 anddD1g. In 2012, the area was affected by the Emilia
seismic sequence (Galli et al., 2012; Tertulliarale 2012; Govoni et al., 2014) characterizedvioy
main events occurring on May 20 and May 29 withkalanagnitude (MI) respectively equal to 5.9 and
5.8, and with each event followed by several dfiecks (Fig. 1). The seismic sequence is related to
the buried active front of the Romagna and Ferfi@ichand thrust belt, which represents the advanced



northern rim of the Apennines mountains (Priolaet2012). It is overlain by a thick succession of
Pliocene and Quaternary sediments forming a weitgeshape of sediments underlying the Po Plain.
The two major events caused 27 fatalities as wgetha most of the damage to residential buildings,
industrial facilities and public buildings. Durinthe seismic sequence the epicentres migrated
westward for about 15 km. For example, the urbartreeof Ferrara was 27 km epicentral distance
from the May 20 shock and 42 km epicentral distdrmm the May 29 shock. The earthquakes caused
heavy damage in several villages mainly locate&nmlia region, where MCS (Mercalli—-Cancani—
Sieberg) intensity values ranging from V to VII-Vdegree were observed (Galli et al. 2012). In the
city of Ferrara, the final MSC intensity was V degi(Galli et al. 2012).
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Figure 1 — The Emilia seismic sequence of May 2@in Govoni et al., 2014) and the location of Bear The
focal mechanisms of the two main events occurreiflay 20 and May 29 are also displayed.

The investigated structure is a reinforced condret@e, L-shaped, 5 floors building with a basement
built in 2002. The two sides of the L, called frarow on CFR (ConsorzioFuturo in Ricerca, 50m x
14.5 m) and SDT (Scienze Della Terra, 36 m x 14)5are separated by a seismic joint (Figure 2).
The building soil foundation is composed mainlyatdy and silty clay sediments with some thin
layers of organic clay that extends to 18 m deptie average shear wave velocity in the first 30 m
below the foundations placed the site in Class €=@00+4 m/s) according to the Italian Building
Code (NTCO08).

After the May 20 earthquake, the SDT side incudathage effects presenting few diagonal cracks on
the curtain walls of the ground floor and slightlythe first and second floors (Figure 3). On Mdy 2
2012, the day after the seismic event, a diagnassigection was performed according to the Civil
Protection procedures (Baggio et al., 2014). Initftpection form, a slight damage (D1) on infill
walls, extended to the 2/3 of the structure, amdedlium to severe damage (D2-D3) on infill walls,
extended to 1/3 of the structure, were reportediithahally, other typology of non-structural damage
was also collected particularly concerning plasedr off and internal or external objects falling.
Considering the inspection results, the buildings veeclared temporarily not usable, until safety
intervention took place, and parking outside thiding was temporarily forbidden. Obviously, being
a public building, with a high number of users (ard a hundred), this resulted in a high level of
inconvenience. The proposed intervention incluagzhiring the infill walls and restoring the plaster
as measures extended to a large part of the bgildloreover, as a high priority action, on thetfirs
and ground floors of the east side of the buildingas prescribed to tie service ducts. An inspecti
on laboratories instruments (and to tie them onwlad) was also demanded. As prescribed, the
damage to the walls was repaired through traditiooastruction works. Moreover, the doors of the



two partition walls of the first floor of the SDTde (in the NW-SE direction) were reinforced with a
metallic support.The ducts (130 cm wide) were aksaoforced through metallic bars along all the
floors, both in the CFR than in the SDT sides. Tagnage repair intervention was concluded in
October 2012.
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Figure 2 — (a) View on the scientific pole, recct@rshows the investigated building; (b) floor layand (c) side
view of the investigated building.
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Figure 3 — Damage occurred on the SDT side ofrthestigated building. (a) curtain wall of the chetmyi
laboratory at the ground floor; (b) SDT side enteat the second floor; (c) detail of one of theemal wall.

3. INSTRUMENTSAND METHODS

Horizontal-to-Vertical Noise Spectral Ratio (HVNSRMJucciarelli, 1998; Chavez-Garcia and

Cardenas-Soto, 2002; Gallipoli et al., 2004; Muegiaet al., 2011) and Standard Spectral Ratio
(SSR) analyses with different kind of instrumenerevperformed during time (since April 13, 2012)
to evaluate the state of health of the monitoreittimg of the University of Ferrara, as reported in
Table 1.

Table 1 — Sensors used for the monitoring withrtheriod of acquisition, kind of data acquired anethods
used for the analysis.

Sensor Acquisition Date Kind of data Type of analysis

In house built seismogra|] 13/04/2012 Ambient HVNSR

(NI electronics) and28/05/2012 noise

Tromino (Moho) 09/02/2016 Ambient HVNSR and SSR
and11/10/2016 noise

In particular, the instruments used for ambientatibon tests were of two kinds (see Table 1):

- In house built (Department of Physics and EartleiSm®s, University of Ferrara) single station
seismograph based on National Instruments©-DAQ-®210 40 dB gain, 18 bit A/D
converter connected to a PC, used for the acaunsdf the first two seismic ambient noise
data-sets (before and after the May 20, 2012, MI éarthquake). The data logger was
connected to a 3C L22 Mark Products seismometér avitatural frequency of 2 Hz.The GUI
was coded in Labview®©. Microtremors were acquired40 minutes at 1000 Hz acquisition
frequency, then decimated to 125 Hz before proogssi

- 3 tromographs (Tromino, Moho) equipped with threslogimetric channels for seismic
ambient microtremor recordings (up to = 1.5 mmés)d working in the frequency range of
0.1-1024 Hz on all channels with analog/digital vasion of > 24 bit equivalent at 128



Hz.These instruments were used for the acquisitfdhe third seismic ambient noise data-set
(after the damage repair), with acquisition length20 minutes at 128 Hz acquisition
frequency.

(b)

Figure 4 — View on the building, SDT and CFR sidegsmic joint position, position and direction of
measurements for ambient vibration tests at each Before and after the May 20 earthquake (a) adied the
damage repair(b).

Figure 4 shows the position and the orientatiorthef instruments used for the ambient vibration
tests.The HVYNSRs have been estimated by dividiegsihnal into 5% overlapping windows of 20 s;
each window was de-trended, tapered, padded, FastieF Transformed and smoothed with
triangular windows with a width equal to 5% of tbentral frequency. The Euclidean average was
used to combine E-W and N-S components in the esihgtizontal (H) spectrum. Average vertical
component spectra were obtained from the same gwoeeFor each HVNSR curve the relative 2
confidence interval is given. Some authors sugtiesttransient can affect estimatesof fundamental
frequency of soils, but in our previous experieacgimple variation of amplitude never caused this
problem, according to Parolai and Galiana-Merin60@), Mucciarelli (2007) and Parolai et al.
(2008).

Microtremor HVNSR technique has been demonstratede effective in the assessment of the

fundamental frequency response of the ground, é@ckihg soil-structure interaction effects and to
detect building fundamental modes (Gallipoli ef 2004). In this approach, the vertical compondnt o
ambient vibrations is assumed as reference unddnytpothesis that it is weekly affected by building
dynamical properties. Under this assumption, if skreictural frequency of the building is distinct
enough from the soil's natural frequency, intergtien can be safely performed. This indeed was the
case of our data-sets, where the natural frequerafighe soil were clearly identified at 0.75 Hz
(Figure 5), while the structural frequency of theélding was found to be higher (2-3 Hz).

4. RESULTS

In this paragraph, the results of the analysis béllpresented. The first part deals with the measur
taken in the free field for foundation soil chamation. Afterwards, results of ambient vibration
tests on the building before and after the eartkejuand after the damage repairare exposed.



4,1 HVNSR on free-fidd

A test was performed on the free-field close to thdding with the aim of estimating the soil
resonance frequency. The results of free-field eyuvighlighted two peaks at low frequencies (0.75
Hz and 0.3 Hz) (Figure 5a), whose stratigraphiaimeats confirmed by the geology of the area. The
HVNSR applied to the records acquired in the bas¢miethe building shows an identical curve.
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Figure 5 — a) HVYNSR curve, acquired on free-fieddditions; b) three components Fourier spectra; c)
Spectral stability (Time Frequency Analysis).

4.2 HVNSR analysis on the building

The HVNSR average functions acquired inside thddimg (Figure 6) show a significant and
permanent drop of the SDT main frequency due toddmmage. The frequency before the Mw 5.8
earthquake of October 20, 2016 is 2.9 Hz, afterehghquake it decreases at 2.2 Hz, and nearly
recovering its position (approximately 2.7 Hz) afige damage repair intervention. In a similar way,
the peak amplitude, which increased after the gagke, shows a significant reduction after the
damage repairintervention. Changes in frequencyaanglitude are both related to the variation of
structural stiffness, since the mass had, insteadchanged. Considering the HVYNSR functions for
each component (longitudinal and transversal doeytit is noted that the decrease is evident only
for the transversal HVYNSR function (Figure 6 andufe 7), in fact the cracks are mainly on the
shorter site of the building. The drop is abouR4%, according to the value estimated by Vidallet a
(2013). On the contrary, the CFR block has the nie@quency at about 3 Hz and it remains
unchanged after the earthquake and after the darapggintervention (Figure 6).
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Figure 6 — HVNSR spectra acquired on STD side)(lftl CFR side (right): a) before the earthquakexfter
the earthquake; c) after the damage repair.
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Figure 7 — HVYNSRs acquired on STD side for thedvansal component (left) and for the longitudinal
component (right), before the earthquake (grees) lamd after the earthquake (red line).

5. CONCLUSIONS AND DISCUSSIONS

In this work, the main frequency of a L-shapediodrs building of the University of Ferrara (Emilia
Romagna Region, northern ltaly) was estimated bedod after the strong motion due to the May 20,
2012, Emilia earthquake, and after the damage repi@rvention concluded in October 2012. The
HVNSR analysis were applied to seismic ambienteaisquired by several sensors installed at each
floor of the SDT and CFR sides during time to momnits state of health.

First of all, the HYNSRsestimated before the MayMl(5.9 earthquake both on the free-field close to
the building and on the building, ensured that sheictural frequency of the building is distinct
enough from the soil's natural frequency. Subsetiyeihe HVNSRs estimated on the building before
and after the May 20 MI 5.9 earthquake presentgérmanent frequency drop from 2.9 Hz to 2.2 Hz
only on the building side (SDT) and only in theneersal direction which suffered slight damages



due to earthquake. The damage repair interventes able to restore the natural frequency (2.7 Hz)

nearly up to its original value.The obtained resaliggest as:

» seismic ambient noiseHVSRanalyses are sensitidarteages that could not be simply spotted by
sight, thus such an approach can be consideredvasyeefficient and cost-effective diagnostic
method;

< the building monitoring, even with low-cost instrents, allows understanding if and how the
frequency of a building changes due to an eartheudlk the frequency does not change
permanentlyit is possible to excluding damage. lamst permanent monitoring systems can
therefore be considered a valuable prevention amitoring tool for judging the state of health of
the building, provided that a pre-damage builditagtic behavior is known.

6. ACKNOWLEDGMENTS

This study was funded by the project CLARA (CLoudtform and smart underground imaging for
natural Risk Assessment), MIUR Program - Smarte€itand Communities and Social Innovation
(identification code SCN_00451).

7. REFERENCES

Baggio C, Bernardini A, Colozza R, Corazza L, D@8klla M, Di Pasquale G, Dolce M, Goretti A, Maslh
A, Orsini G, Papa F, Zuccaro G (2014). Manuale lpetompilazione della scheda di 1 livello di rilevento
danno, pronto intervento e agibilita per edificilioari nel’emergenza post-sismica (AeDES). © PCIRE(in
Italian).

Borcherdt RD (1970). Effects of local geology orownd motion near San Francisco B&ulletin of the
Seismological Society of America, 60:29-61.

Calvi GM, Pinho R, Crowley H (2006). State-of-theekvledge on the period elongation of RC buildingsrmj
strong ground shakingirst European Conference on Earthquake Engineering and Seismology, Geneva, 2006
(CD paper number 1535).

Chavez-Garcia FJ, Cardenas-Soto M (2002).The daniton of the built environment to the ‘free-fielgtound
motion in Mexico City.Soil Dynamics and Earthquake Engineering,22:773-780

Clinton JF, Bradford SC, Heaton TH, Favela J (200%)e observed wander of the natural frequenciea in
structureBulletin of the Seismological Society of America, 96:237-257.

Ditommaso R, Mucciarelli M, Parolai S, Picozzi MO(2).Monitoring the structural dynamic responseaof
masonry tower: comparting classical and time-fregyeanalyse8ulletin of Earthquake Engineering, 10(4):
1221-1235. doi:10.1007/s10518-012-9347-x

Dunand F, Guéguen P, Bard PY, Rodgers J, Celeli0@g). Comparison of the dynamic parameters exdact
from weak, moderate and strong building mofRnceedings of the 1¥European Conference of Earthquake
Engineering and Seismology, Number1021, Geneva, Switzerland, 6—8 Septembes.200

Galli P, Castenetto S, Peronace E (2012).The MC&anaismic survey of the Emilia 2012 earthquakesals
ofGeophysics, 55(4):663-672. doi:10.4401/ag-6163

Gallipoli MR, Mucciarelli M, Castro RR, Monachedi& Contrie P (2004).Structure, soil-structure respoand
effects of damage based on observations of hoakbooivertical spectral ratios of microtremo8sil Dynamics
and Earthquake Engineering, 24:487—-495.

Gallipoli MR, Mucciarelli M, Vona M (2008).Empiri¢astimate of fundamental frequencies and dampamg f
Italian buildingsEarthquake Engineering & Structural Dynamics, 38(8): 973—-988. doi:10.1002/eqe.878.

Gallipoli MR, Stabile TA, Guéguen P, Mucciarelli MGomelli P, Bertoni M (2016). Fundamental period
elongation of a RC building during thePollino seisrswarm sequendgase Sudies in Sructural Engineering,
6:45-52. doi:10.1016/j.csse.2016.05.005



Govoni A, Marchetti A, De Gori P, Di Bona M, LucenEP, Improta L, Chiarabba C, Nardi A, Margheriti L
Agostinetti NP, Di Giovambattista R, Latorre D, &hsi M, Ciaccio MG, Moretti M, Castellano C, PictinD
(2014).The 2012 Emilia seismic sequence (Northaafy)t Imaging the thrust fault system by accurate
aftershock locationTectonophysics, 622:44-55.

Gueguen P, Gallipoli MR, Navarro M, Masi A, Mich@| Guillier B, Karakostas C, Lekidis V, MucciareM,
Ponzo F, Spina D (2014).Testing Buildings Using Aenb Vibrations for Earthquake Engineering: a Ewamp
Review.Second European Conference on Earthquake Engineering, Istanbul, Aug. 25-29, 2014.

Hans S,Boutin C,Ibraim E, Roussillon P (2005). ita experiments and seismic analysis of existingdngs.
Part I: experimental investigatioriSarthquake Engineering & Structural Dynamics, 34:1513-1529.

MasiA,Santarsiero G, GallipoliMR,MucciarelliM,Mamfdi V, Dusi A, Stabile TA (2014) Performance of the
health facilities during the 2012 Emilia (ltaly) résquake and analysis of the Mirandola hospitalecas
studyBulletin of Earthquake Engineering, 12(5):2419-2443.

Michel C, Guéguen P, Bard PY (2008).Dynamic paransebf structures extracted from ambient vibration
measurements: an aid for the seismic vulneratkalityessment of existing buildings in moderate seisimzard
regionsSoil Dynamics and Earthquake Engineering, 28(8):593-604.

Michel C,Guéguen P, El Arem S,Mazars J,Kotroni2@10). Full-scale dynamic response of an RC buildin
under weak seismic motions using earthquake reagsdiambient vibrations and modelliggrthquake
Engineering & Structural Dynamics, 39(4):419-441.

Mucciarelli M (1998). Reliability and applicabilityof Nakamura's technique using microtremors: An
experimental approacBournalof Earthquake Engineering,2(4):625-638.

Mucciarelli M, Gallipoli MR, Masi A, Vona M, Ponz&, Dolce M (2004).Analysis of RC building dynamic
response and soil-building resonance based on rdataded during a damaging earthquake (Molisey Ital
2002)Bulletin of the Seismological Society of America,94(5):1943-1953.

Mucciarelli M, Bianca M, Ditommaso R, Gallipoli MRMasi A, Parolai S, Picozzi M, Milkereit C, Vona M
(2011).Far field damage on RC buildings: the caseysof the Navelli during the L'Aquila (ltaly) s&nic
sequence 200Bulletin of Earthquake Engineering, 9:263-283.

Mucciarelli M, Stabile TA, Gallipoli MR, Zuliani DMlassolino G (2016).XNSR — a software for a différen
approach to single-station spectral r&8C-2016 35th General Assembly, Session 1, Trieste, Italy, 2016/09, 4-
10, Poster.

Nakamura Y (1989).A method for dynamic charactessestimation of subsurface using microtremor loa t
ground surfac®ailway Technical Research Ingtitute, 30(1):25-33.

Nakamura Y (2000).Clear identification of fundansntidea of Nakamura's technique and its
applicationgProceedings of 12th World Conference on Earthquake Engineering, New Zealand.

Ponzo FC, Auletta G, Ditommaso R (2010).A Fast Mdtlor Structural Health Monitoring of Strategic
Buildings5th World Conference on Sructural Control and Monitoring.

Priolo E, Romanelli M, Barnaba C, Mucciarelli M, w@nzano G, Dall'Olio L, Abu-Zeid N, Caputo R,
Santarato G, Vignola L, Lizza C, Di Bartolomeo ®12).The Ferrara thrust earthquakes of May-Jun€:201
preliminary site response analysis at the siteh@fOGS temporary netwarknnals of Geophysics, 55(4):591-
597.

Sinou JJ (2009).A review of damage detection amdtinenonitoring of mechanical systems from charigghe
measurement of linear and non-linear vibrationdod®bC. Sapri. Mechanical Vibrations: Measuremeiffiects
and Control, Nova Science Publishers, Inc., pp.Bd3-2009, 978-1-60692-037-4.

Stockwell RG, Mansinha L, Lowe RP (1996).Localieatiof the complex spectrum: the S transfoEBE
Transactions on Sgnal Processing, 44:998-1001.

Tertulliani A, Arcoraci L, Berardi M, Bernardini Brizuela B, Castellano C, Del Mese S, ErcolanGEaziani
L, Maramai A, Rossi A, Sbarra M, Vecchi M (2012)eTEmilia 2012 sequence: a macroseismic suriagals
of Geophysics, 55(4):679-687.

Vidal F, Navarro M, Aranda C, Enomoto T (2013). 6fes in dynamic characteristics of Lorca RC bugddin
from pre- and post-earthquake ambient vibratioraBatletin of Earthquake Engineering,12(5): 2095-2110.
doi:10.1007/s10518-013-9489-5.



