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Abstract

During the recent earthquakes in Italy, the contemporary presence of about 40 permanent GPS and 40 accelerometric stations of the national
seismic network made it possible to estimate the value of the damping ratio of the buildings hosting the GPS stations. This value was calculated as the
minimum of a function (parabola) constructed step by step from the relations between the ordinates of the pseudo-acceleration spectra extracted from
the GPS and accelerometric measurements. For both construction material and building geometry, the results indicate values that differ by at least two

percentage points from the values imposed by the technical regulations.
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Introduction

On the indication of the European standards [1], the Italian
technical regulations on buildings [2] set the damping ratio (or
damping factor) ¢ at 0.05 (5%). However, this value appears to
be restrictive as it is influenced by many factors such as the mass,
stiffness, oscillation amplitude, geometry, construction material,
ground geology, etc.; a minimum percentage deviation produces
significant variations in the ordinates of the seismic response
spectraand in the structural factors. Therefore, it seemed interesting
to make an experimental evaluation of whether this damping
value is acceptable for Italy, since it became possible to carry out
such an assessment during the Italian earthquakes from 2012 to
2017. In the epicentral areas of the earthquakes of Emilia 2012,
central Italy 2016 and Ischia 2017, there were ca. 40 permanent
GPS stations [3,4] and the same number of accelerometer stations
of the National Accelerometric Network (RAN) [5]. During the
events of greatest magnitude, these stations recorded both
the movements of the buildings (GPS stations) and the ground
accelerations (RAN stations). From the instantaneous horizontal
displacements measured by the buildings’” GPS antennas (rigidly
fixed to one of the two walls either with steel brackets or directly
to the roof with a purposely built reinforced concrete structure)
and the instantaneous horizontal ground accelerations recorded
directly by the accelerometer stations, two pseudo-acceleration
spectra were obtained: that of the building and that of the ground
(here called the spectra of the oscillator and of the external
force, respectively). From each of these two spectra, the spectral

ordinates corresponding to the value of the building’s elastic
period of vibration T were extracted: this extraction was carried
out for different values of ¢ between zero and one. The relation
between these spectral ordinates allowed us to draw parabolas for
varying ¢ values (an example of a parabola is reported in section
3); these parabolas present two extreme values of the relations in
correspondence of ¢ = 0 (free oscillation) and ¢ = 1 (over damped
oscillation), as well as values between 0 <{<1 one of which being
the minimum of the parabola. The latter value is the “experimental”
damping ratio of the building hosting the permanent GPS station.

The buildings hosting the permanent GPS stations represent
an experimental sample sufficiently significant for building type,
geometry, height, material and use class (the latter for strategic
importance, such as schools, universities, public offices, etc.), almost
always built before the application of the most important national
anti-seismic regulations. At the time of the study, improvements
and seismic retrofit interventions had not yet been carried out;
moreover, during the earthquakes the buildings did not suffer any
deformations or failures sufficient to compromise their elastic
functionality. These buildings were rapidly surveyed by teams of
surveyors to acquire the following information:

1. Year of construction;
2. Building use class;

3. Ifthe building was isolated or attached;
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4.  Prevalent vertical and horizontal structural type;
5. Direction of the floor joists;

6. Number of floors;

7.  Height;

8.  Planimetric dimensions;

9.  Geographical orientation;

10. Planimetric regularity;

11. Height regularity;

12. Presence of stairwells/elevator shafts;

13. Distribution of loads and masses;

14. Damage and deformations caused by the tremors;
15. Presence or not of repair or seismic retrofit interventions.

The choice of the RAN accelerometric stations used in the study
was based on closest proximity to the GPS station in order to assure
geological similarity with the ground underlying the building.
Finally, the magnitude of the earthquakes, the distances from the
epicenters and the values of the inferred and recorded horizontal
accelerations were more than adequate to guarantee the reliability
of the results.

The work is divided as follows:

a.  Definition of damping ratio ¢ and discussion of the
methods for its calculation reported in the literature;

b.  Description of the manner of processing the GPS and
accelerometric measurements and calculation of the spectra;

c.  Estimation of the damping ratio values (;

d. Summary of the rapid structural geometrical survey of
each building and a tabular summary of their characteristics;

e.  Analysis of the results according to the geographical area,
the year of construction, construction material and geometry
of the building.

Background

In this article we refer to the damping ratio ¢ in the dynamics
equation of a simple oscillator (SDOF), also called damping factor,
without making any distinction between its elastic component and
hysteretic component. The reader is referred to specific texts [6,7]
for a broader discussion.

The damping ratio is defined by the relation between the
viscosity coefficient c (linked, by the oscillator velocity, to the
viscous force) and the critical viscosity c:

PR €}

m is the mass and k the stiffness of the simple oscillator.

Different methods can be used to calculate its elastic component,
the main one being estimation of the logarithmic decrease A
between two successive peaks of the amplitude u of oscillation over
time [3]
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approximable to ¢ - % for ¢ values < 0.3.

This method is based on the hypothesis that the decrease
in amplitudes can be modulated by exponential functions, this
hypothesis being strongly limiting if one wishes to identify A by
means of in situ tests. Another method is based on the hypothesis
that for oscillation frequencies close to those of resonance and
for values of {<<1 the damping ratio depends on the dynamic
amplification factor D through:

)

Practical difficulties in estimating D suggest use of the
bandwidth method [6], in which the damping ratio is calculated by

the following expression:
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Which is also approximableto 2.,
of the oscillator while the pulsations @, and @ are calculated for
amplitude values of * \/;

the external force.

where @, isthe pulsation

u__ being the peak displacement of

max ’ " m

It should be underlined that the numerical foundation of these
methods is based on analytical equations expressed in the time
domain.

Blandon & Priestley [45] give a broad discussion of calculation
of the hysteretic component based on hysteretic models, levels
of ductility of the materials and oscillation periods: the reader is
referred to that paper for any clarifications.

Civil buildings are under damped dynamic systems: { is always
less than 1 and the motion of the oscillator (building) is periodic
oscillation with decreasing amplitude (under damped motion). For
completeness it is necessary to point out the case of {=1, critical
damping, while for {>1 (a condition that never occurs for buildings)
the motion of the oscillator reaches the equilibrium position
without oscillating (over damped motion).

Structural damping values are reported in ESDU [8] and Satake
et al. [9] for various types of constructions and materials. Others
are reported on the basis of the height of the buildings by Jeary
[10], Fang et al. [11] and Lin et al. [12]. These values show strong
variability, e.g. for towers between 0.1% and 2.5% and for buildings
from 0.5% to 5%. Higher values have been associated with various
sources of energy dissipation, including hyper stativity of the
structure or the interaction between structural and non-structural
components.
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The Studied Buildings

The 40 buildings involved in the study are located in the epi-
central areas of the earthquakes of Emilia 2012, central Italy 2016
and Ischia 2017. Figure 1 shows their geographical position and
the position of the epicenters of the earthquakes. They host 40

permanent GPS stations that recorded the GPS signal during the
earthquakes and were situated from 3 to 90km from the epicenters.
The GPS measurements from these stations were memorized in
double-frequency GPS receivers (Figure 2a) with a sampling rate
between 5 and 20Hz [13-15] connected to choke ring antennas
(Figure 2b) rigidly fixed to the buildings.

43°30)

Adriatic
Sea

43°00)

42°30)

Figure 1: GPS permanent stations and epicenters of the earthquakes of 20 and 29 May 2012, M_ 5.9 and M_ 5.8. GPS
permanent stations and epicenters of the earthquakes of 24 August, 26 October and 30 October 2016, M_ 6.0, M_ 5.9 and M,
6.5. GPS permanent station and RAN accelerometric station for the earthquake of 21 August 2017, M_ 3.9.

Figure 2: GPS station: (a) receiver; (b) antenna.

Experimental Estimation of the Damping Ratio

The data from the permanent GPS stations and RAN
accelerometric stations used in this study refer to the hourly
recordings corresponding to the events of greatest magnitude,
namely:

1. 20 May 2012 02:03:53 UTCM_ 5.9;

2. 29 May 2012 07:00:03 UTCM 5.8, earthquakes in Emilia;
3. 24 August 2016 01:36:32 UTCM_ 6.0;

4. 26 October 2016 19:18:06 UTCM_ 5.9;

Volume 1 - Issue - 3

How to cite this article: Marco G. Experimental Calculation of the Damping Ratio In Buildings Hosting Permanent GPS Stations During the Recent Italian
Earthquakes . Adv Civil Eng Tech .1(3). ACET.000513.2018. DOI: 10.31031/ACET.2018.01.000513


http://dx.doi.org/10.31031/ACET.2018.01.000513


Adv Civil Eng Tech

Copyright © Marco Gatti

5. 30 October 2016 06:40:17 UTC M 6.5, earthquakes in
central Italy;

6. 21 August 2017 18:57:51 UTC M 3.9, earthquake in
Ischia.

Processing of the GPS measurements

The permanent GPS stations were set up to record data that
could be used in scientific research fields related to global geodetic
reference systems, geodynamic studies of the earth’s crust [16] or
the more traditional sector of surveying and mapping with master/
virtual reference stations in RTKS (Real Time Kinematics Survey).
In recent years, this has particularly regarded the precise point
positioning (PPP) technique due to its ability to generate accurate
instantaneous positioning to detect the dynamic characteristics of
structures, especially suspension bridges, dams or buildings during
particularly strong earthquakes [17-30].

From the data of the permanent stations we isolated the hourly
files recorded during the aforesaid seismic events (identification
of the hourly file including the time of the seismic event was
carried out with simple editing codes from the files containing
the GPS measurements). The GPS measurements consist of phase
measurements and code measurements: they represent the input
of the PPP calculation model [30-34]. To solve the PPP model we
used GIPSY OASIS II developed by the Jet Propulsion Laboratory
(JPL) as single-receiver ambiguity resolution in kinematic

positioning (function of time) or PPP, RINEX 2.11 input file format,
measurement types: dual frequency P code and phase; JPL's precise
orbit and clock products in the ITRF08 reference system, cut off
5°, average PDOP less than 2, IGS standards satellite antenna
phase center offset, antenna type in RINEX input file, Tropospheric
gradients, Second order ionospheric delay [35-37].

The output of the least squares solution of this model consists
of the instantaneous coordinates of the phase center of the antenna
in ECEF ITRF08. For convenience, we chose to express them in
the North-East local system whose origin coincides with the
antenna’s phase center and the axes coordinated respectively with
the directions tangent to the meridian and to the parallel passing
through the origin. In this way the instantaneous coordinates
subsequent to time t=0 represent the instantaneous displacements
of the antenna, i.e. the vibrations of the building to which it is rigidly
fixed: based on the literature they can be considered affected by an
error of 0.5cm/sec [38]. For a considerable number of the stations,
it was necessary to rotate the North and East instantaneous
coordinates along the directions parallel to the building’s external
walls: the alignment was achieved with a simple rotation equal to
the directional angle of one wall with respect to true North (values
reported in Table 1). Finally, the second derivative with respect to
time of the previous North and East coordinates-instantaneous
displacements represented the input for calculation of the response
spectra of the building.

Table 1: Summary of the information acquired during the rapid survey carried out for each permanent GPS station.

Hori-
zontal Distri-
Year - . Stair- .
of Use Vertical SGR el Height Principal Orl'e n Planf- Height | wells/ D
Class - Type and | No. of . . tation metric of
Name Con- Structural s . Eaves/top | Dimension o regu- ele-
struc- Attached/ Tvpe Direction | Floors (m) L1xL2 (m) (°) from regu- | o vator loads
. Isolated yp of the North larity ty and
tion shafts
Floor masses
Joists
Concrete
Frame in floor
prestressed assem-
reinforced blies. Flat
concrete concrete
Faenza with hori- roof. Joists
(FAEZ) 1950 | IT attached zontal ele- mainly 2 8.8 12.5x65 24° No No Yes Yes
ments simply | arranged
resting on along the
supports and shorter
brick infill side
walls
Hol-
low-core
concrete
floor as-
. semblies.
Frame in
. Flat hol-
Ravenna I1I at- reinforced low-core
1975 concrete and 2 8.3 9x35 18° No No Yes Yes
(RAVE) tached N concrete
brick infill .
roof. Joists
walls
arranged
parallel
to the
transverse
direction
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Hol-
low-core
concrete
floor as-
semblies.
Flat hol-
Bologna | g3 | MMat | g masonry | 1OW-Core 4 20 20x40 15° No No Yes No
(BOLO) tached concrete
roof. Joists
arranged
parallel
to the
transverse
direction
Light slab
Frame in floor as-
prestressed | semblies.
reinforced | Flatroofin
concrete honey-
Ferrara with hori- comb
(FERA) 1990 | Il attached | zontal ele- slabs. 2 8.7 18x23 60° Yes Yes Yes Yes
ments simply Joists
resting on arranged
supports and | parallel
brick infill to the
walls transverse
direction
Frame in
prestressed
reinforced Reinforced
concrete concrete
with hori- slabs.
Codigoro . zontal.ele- Joists Sin-
(CoDI) 1978 | Illisolated | ments simply | arranged | gle-sto- 3.6 75x137 0° Yes Yes No Yes
resting on parallel to ry
supports and | the lon-
multiwall gitudinal
polycarbon- | direction
ate panel
infill walls
Hol-
low-core
concrete
floor as-
semblies.
. Flat hol-
Frame in
. low-core
Imola III at- reinforced concrete
1970 concrete and - 5 18.54 43x44 0° No No Yes No
(ITIM) tached . roof. Joists
brick infill
arranged
walls
paral-
lel and
perpendic-
ular to the
transverse
direction
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Hol-
low-core
concrete
floor as-
semblies.
Pitched

hol-
Collec- low-core
chio 1930 | Illisolated | Full masonry | concrete 3 15 18x30 48° No No Yes Yes
(COLL) roof. Joists
arranged

paral-

lel and
perpendic-
ular to the
transverse
direction

Frame in Vari-
reinforced able-sec-
concrete tion main
with hori- beams, .
Con- zontal ele- and Sin-
cordia 2008 | Ilisolated . gle-sto- | 7.10/8.56 17x24 25° Yes Yes No Yes
ments simply | secondary

(CONQ) . ry

resting on beams.

supports Pitched

and concrete roof in
infill walls light slabs

Hol-
low-core
concrete
floor as-
Three-di- semblies.
mensional Pitched
Ferrara III at- frame in hol-

1993 reinforced low-core 4 10.2 84x29 37° No Yes Yes Yes
(FERR) tached
concrete and | concrete
brick infill roof. Joists
walls arranged
parallel
to the
transverse
direction

Hol-
low-core
concrete

floor
Frame in assem-
Guastal- Il at- reinforced blies. Flat
la 1970 tached concrete and | concrete 3 9 48x50 18° No No Yes Yes
(GUAS) brickinfill | roof. Joists
walls arranged

parallel
to the
transverse

direction

Hol-
low-core
concrete

floor
Frame in assem-
Reggio Il at- reinforced blies. Flat
Emilia 1980 tached concrete and | concrete 3 15 31x40 59° No Yes Yes Yes
(REGG) brick infill roof. Joists
walls arranged

parallel
to the
transverse

direction

Volume 1 - Issue - 3

How to cite this article: Marco G. Experimental Calculation of the Damping Ratio In Buildings Hosting Permanent GPS Stations During the Recent Italian 6/20
Earthquakes . Adv Civil Eng Tech .1(3). ACET.000513.2018. DOI: 10.31031/ACET.2018.01.000513



http://dx.doi.org/10.31031/ACET.2018.01.000513


Adv Civil Eng Tech

Copyright © Marco Gatti

San
Giovanni
in Per-
siceto
(PERS)

1996

III at-
tached

Three-di-
mensional
frame in
reinforced
concrete and
brick infill
walls

Hol-
low-core
concrete
floor as-
semblies.

Mixed

(flat/
pitched)

hol-
low-core
concrete

roof. Joists
arranged
parallel
to the
transverse
direction

16.3

13x32

37°

No

Yes

Yes

Yes

Vergato
(VERG)

2000

I1I at-
tached

Three-di-
mensional
frame in
reinforced
concrete and
brick infill
walls

Hol-
low-core
concrete

floor

assem-
blies. Flat
concrete
roof. Joists
arranged
parallel
to the
transverse
direction

18x20

37°

No

Yes

Yes

Yes

Ravenna
(FOZA)

1990

111 isolated

Frame in
reinforced
concrete and
concrete
infill walls

Concrete
floor as-
semblies.
Sloping
concrete
roof. Joists
arranged
parallel
to the
transverse
direction

37x96

59°

No

Yes

Yes

Rebosola
(REBO)

1920

Il isolated

Full masonry

Hol-
low-core
concrete
floor as-
semblies.

Mixed
(flat/
pitched)
hol-
low-core
concrete
roof. Joists
arranged
parallel
to the
East-West
direction

12

6x10

0°

Yes

Yes

Yes
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Sermide
(SERM)

1930

I attached

Full masonry

Hol-
low-core
concrete
floor as-
semblies.
Wooden

pitched
roof. Joists
arranged
parallel
to the
transverse
direction

4x9

63°

No

Yes

Yes

Yes

Verona
(VERO)

1950

Il attached

Full masonry

Hol-
low-core
concrete
floor as-
semblies.
Pitched

hol-
low-core
concrete

roof. Joists
arranged
parallel
to the
transverse
direction

18

38x45

16°

No

Yes

Yes

Yes

Firen-
zuola
(FIRE)

1400

Il isolated

Regular
stonework

Wooden
floor as-
semblies.
Flat roof
in wood
and hol-
low-core
concrete.
Joists
arranged
parallel
to the
transverse
direction

20

12x20

68°

No

Yes

Yes

Yes

Bra-
simone
(BRAS)

1980

Il isolated

Frame in
prestressed
reinforced
concrete
with hori-
zontal ele-
ments simply
resting on
supports and
multiwall
polycarbon-
ate panel
infill walls

Reinforced
concrete
slabs.
Joists
arranged
parallel to
the lon-
gitudinal
direction

7x34

35°

Yes

Yes

Yes

Yes

Modena
(MODE)

1996

Il isolated

Three-di-
mensional
frame in
reinforced
concrete and
brick infill
walls

Hol-
low-core
concrete
floor as-
semblies.
Flat hol-
low-core
concrete

roof. Joists
arranged
parallel
to the
transverse
direction

12

30x67

37°

No

Yes

Yes

Yes

Volume 1 - Issue - 3

How to cite this article: Marco G. Experimental Calculation of the Damping Ratio In Buildings Hosting Permanent GPS Stations During the Recent Italian 8/20
Earthquakes . Adv Civil Eng Tech .1(3). ACET.000513.2018. DOI: 10.31031/ACET.2018.01.000513



http://dx.doi.org/10.31031/ACET.2018.01.000513


Adv Civil Eng Tech Copyright © Marco Gatti

Concrete
floor
assem-
Frame in blies. Flat
reinforced concrete Sin-
1990 | Ilisolated | concrete and | roof.Joists | gle-sto- 6 25x49 36° Yes Yes No Yes
concrete arranged ry
infill walls parallel
to the
transverse
direction

Parma
(PARM)

Hol-
low-core
concrete
floor as-
semblies.
Pitched
hol-
1996 | Ilisolated | Full masonry | low-core 2 2.6-4 13x13 0° No No Yes Yes
concrete
roof. Joists
arranged
parallel
to the
East-West
direction

San
Bened-
etto Po
(SBPO)

Concrete
floor
assem-
Frame in blies. Flat
reinforced concrete
2000 | Ilisolated | concrete and | roof. Joists 3 12.5 10x29 0° Yes Yes Yes Yes
glass infill arranged
walls parallel
to the
East-West
direction

Legnago
(LEGO)

Concrete
floor
assem-
Frame in blies. Flat
Mantova 1l at- reinforced concrete
2000 concrete and | roof. Joists 3 13.5 153x163 66° No Yes Yes Yes
(LDNS) tached e
glass infill arranged
walls parallel
to the
transverse
direction

Hol-
low-core
concrete

floor

Frame in assem-
reinforced blies. Flat
1970 | Ilisolated | concrete and | concrete 2 7.34 11x112 21°5 No Yes Yes Yes
brick infill roof. Joists
walls arranged
parallel
to the
transverse
direction

Padova
(PADO)
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Rovigo
(ROVI)

2000

Il isolated

Frame in
reinforced
concrete and
brick infill

walls

roof. Stag-
gered joist

Hol-
low-core
concrete
floor as-
semblies.
Flat hol-
low-core
concrete

arrange-
ment

12

32x32

0°

Yes

Yes

Yes

Yes

Verona
(BTAC)

1990

Il isolated

Full masonry

Hol-
low-core
concrete
floor as-
semblies.

Pitched
hol-
low-core
concrete
roof. Joists
arranged
parallel to
the North-

South
direction

11x14

0°

Yes

Yes

Yes

Yes

Modena
(MOPS)

1996

111 isolated

Three-di-
mensional
frame in
reinforced
concrete and
brick infill
walls

Hol-
low-core
concrete
floor as-
semblies.
Flat hol-
low-core
concrete

roof. Joists
arranged
parallel
to the
transverse
direction

12

27x67

36°

No

Yes

Yes

Yes

Rimini
(ITRM)

1974

III at-
tached

Three-di-
mensional
frame in
reinforced
concrete and
brick infill
walls

Hol-
low-core
concrete
floor as-
semblies.
Flat hol-
low-core
concrete

roof. Joists
arranged
parallel
to the
transverse
direction

12.5

42x73

56°

No

Yes

Yes

Yes
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Amatrice
(AMAP)

1970

Il isolated

Full masonry

Hol-
low-core
concrete
floor as-
semblies.
Flat hol-
low-core
concrete

roof. Joists
arranged
parallel
to the
transverse
direction

Sin-
gle-sto-
ry

11x23

61°

No

Yes

Yes

Ascoli
Piceno
(ASCC)

2000

Il isolated

Frame in
reinforced
concrete and
brick infill
walls

Hol-
low-core
concrete
floor as-
semblies.

Pitched
hol-
low-core
concrete
roof. Joists
arranged
parallel
to the
transverse
direction

23

26x54

66°

No

No

Yes

Yes

Ascoli
Piceno
(ASCO)

1970

Il isolated

Full masonry

Hol-
low-core
concrete
floor as-
semblies.

Pitched
hol-
low-core
concrete
roof. Joists
arranged
parallel
to the
transverse
direction

26x29

54°

No

No

Yes

Yes

Cagnano
Amit-
erno

(TERM)

1970

Il isolated

Full masonry

Hol-
low-core
concrete
floor as-
semblies.

Pitched
hol-
low-core
concrete
roof. Joists
arranged
parallel
to the
transverse
direction

6.5

18x25

29°

No

Yes

Yes
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Hol-
low-core
concrete
Three-di- floor as-
mensional semblies.
Cam- fljame in Flat hol-

erino 2000 | IIisolated reinforced low-core 2 6.5 34x53 73° Yes Yes Yes Yes
(CAME) concrete and concrgte
glass and roof. Joists
panel infill arranged
walls parallel
to the
transverse
direction

Hol-
low-core
concrete
floor as-
semblies.
Pitched
Cam- hol- 3
erino 2000 | Ilisolated | Full masonry | low-core 7.5 30x75 72° Yes No Yes Yes
(CAMR) concrete
roof. Joists
arranged
parallel

to the
transverse
direction

Hol-
low-core
concrete
floor as-
semblies.

Prevalent-
Frame in ly flat roof
reinforced in wood 35x38
2004 | Illisolated | concrete and and hol- 4 18 45° No No Yes No
brick infill low-core
walls concrete.

Joists

arranged
parallel
to the
transverse
direction

Foligno
(FOL1)

Hol-
low-core
concrete
floor as-
semblies.
Frame in Pitched
Mon- reinforced hol-
tereale 1990 | Ilisolated | concrete and | low-core 4 16 29x43 60° No No Yes Yes
(MTRA) brick infill concrete
walls roof. Joists
arranged
parallel
to the
transverse
direction

Volume 1 - Issue - 3

How to cite this article: Marco G. Experimental Calculation of the Damping Ratio In Buildings Hosting Permanent GPS Stations During the Recent Italian 12/20
Earthquakes . Adv Civil Eng Tech .1(3). ACET.000513.2018. DOI: 10.31031/ACET.2018.01.000513



http://dx.doi.org/10.31031/ACET.2018.01.000513


Adv Civil Eng Tech

Copyright © Marco Gatti

Hol-
low-core
concrete
floor as-
semblies.
Wooden
pitched 2

roof. Joists
arranged
parallel
to the
transverse
direction

Norcia

(NRC)) | 1980

Il isolated | Full masonry

7.5 18x40 65° Yes Yes Yes Yes

Flat hol-
low-core
concrete
roof. Joists Sin-
arranged | gle-sto-
parallel ry
to the
transverse
direction

Lago di
Cam-
potosto
(CATO)

1980 | Illisolated | Full masonry

4 4x8 55° Yes Yes Yes Yes

Flat hol-

low-core

concrete
roof. Joists Sin-

arranged | gle-sto-

parallel ry

to the

transverse

direction

Ischia

(scry | 1950

Il isolated | Full masonry

3.5 6x10 45° Yes Yes Yes Yes

Processing of the accelerometric measurements

National Accelerometric Network (RAN) stations situated near
each building (Figure 3) recorded the same seismic events indicated
above with a sampling rate of 200Hz and in the North-South and

East-West directions: also for these components it was necessary to
perform an alignment in the direction of the nearby permanent GPS
station. A third- or sixth-order Butterworth band-pass filter with a
variable range of 0.1 to 50Hz was used for their processing [39-41].

46"

Adriatic
Sea

Ligurian
Sea

LEGEND

RAN stations A

Ep. carthquake 20 May 2012 Y
Ep. earthquake 29 May 2012

g 107 12" 14°

44

1400

4330

Adriatic
Sea

43700

LEGEND
RAN stations A

Ep. earthquake24 Angust 2016 K
Ep. carthquake26 October2016
Ep. earthquake 30 October 2016

42'30

12°30°

13°00" 13°30" 14°00"

M, 6.5.

Figure 3: RAN accelerometric stations and epicenters of the earthquakes of 20 and 29 May 2012, M_ 5.9 and M 5.8. RAN
accelerometric stations and epicenters of the earthquakes of 24 August, 26 October and 30 October 2016, M_ 6.0, M 5.9 and

Calculation of the damping ratio

We started with the following hypothesis: if, in the equation
of the dynamics of a simple oscillator expressed in the frequency
domain [6], its elastic period of vibration T, is known, then the
transfer function depends only on the damping ratio {: in this case

the peak of the response spectrum corresponds to the damping
value, which renders the function minimal.

Therefore, calculation of the damping ratio was performed in
the following steps:
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a) The horizontal displacements of each building hosting
the GPS station calculated in section 3.1 and the accelerometric
recordings of the nearby RAN station calculated in section 3.2
are used to construct pairs of pseudo-acceleration response
spectra of the building (oscillator spectrum) and of the ground
(external force spectrum) for damping ratio values ¢ of 0, 0.01,
0.02, 0.03, 0.05, 0.055, 0.6, 0.8, 0.10, 0.15, 0.20, 0.25, 0.3, 0.5

and 1;

b)  For each pair of calculated spectra, the corresponding
spectral ordinates are extracted based on the value of the
building’s elastic period of vibration T ;

c¢) The relations between the pair of spectral ordinates
previously extracted for each of the damping ratio values (
indicated at point a) are reported in a plot whose extremes on

the abscissa are 0 and 1;

d)
of ¢ indicated at point a) is identified on this plot, which has a
parabolic shape;

The minimum interval between two consecutive values

e) The lower end of this interval is increased by a few
decimal points (for example 0.005) up to the upper value of
the interval. The search for the minimum takes place in this
interval, repeating steps a & b.

This last value represents the damping ratio ¢ of the building
hosting the permanent GPS station: it has an indetermination
equal to the value of the increase. The described processing steps
were conducted with a dedicated code developed in the MATLAB
environment.

Figure 4 reports an example of pseudo-acceleration spectra
calculated from the horizontal GPS displacements recorded at the
Concordia station (CONC) and from the accelerometric recordings
at the RAN station of Moglia (MOGO), the latter only a few
kilometers from the former, during the earthquake of 29 May 2012
07:00:03 UTC Mw 5.8. In this case, the Concordia GPS station has
an elastic period of oscillation T of 0.26 seconds [42]. The parabola
constructed from the relation of the spectral ordinates obtained
from the previous spectra as the damping ratio varies, for T = 0.26,
is reported in Figure 5.

1600
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1400

1200
——5sa(0)
1000 ——52(0.03)
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800 sa(0.2)
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As (emisec?)
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accelerometric records of the RAN station of Moglia (MOGO).

Figure 4: Pseudo-acceleration spectra obtained from the GPS measurements of the Concordia station (CONC) and from the

5 —=026

---- 027

0 001 002 003 005 0055 006 008
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ratio varies, for T =0.26 (T =0.25; T =0.27).

Figure 5: Parabola constructed from the relation of the spectral ordinates obtained from the previous spectra as the damping

As can be seen from the figure, the parabola has two extremes in
correspondence to the values { = 0 (free oscillation) and {=1 (over
damped oscillation) and a minimum (approximated) between 0.10
and 0.12.

Figure 6 shows the shape of the parabola in the approximated

minimum interval for increases of 0.005: the minimum point is
seen at 0.110. This value is taken as the “experimental” damping
ratio of the permanent GPS station of Concordia (CONC) during the
earthquake of 29 May 2012 07:00:03 UTC Mw 5.8, calculated from
data of the Moglia accelerometric station (MOGO).
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Figure 6: Parabolic shape in the approximated minimum interval for increases of 0.005. Minimum point at {= 0.110.

It should be underlined that the calculation was verified also for ~ recordings from several seismic events and recordings from several
T, values near to that of the structure, with the same results (Figure  nearby accelerometric stations, the damping ratio calculation was
5, parabolas constructed for T = 0.25 and 0.27). The elastic period  repeated several times. The exception is Ischia where there was only
of vibration T_ of each GPS station was calculated by means of a  one seismic event and only a single accelerometric station (ISCH).
procedure described by Gatti [42]. Table 2 reports the estimated mean values for each site with their

d MSE) and elasti iod of vibrati 43,44].
Moreover, since for each GPS station it was possible to have mean squared error ) and elastic period of vibration [43,44]

Table 2: Elastic period of vibration and damping ratio zwith MSE for each permanent GPS station.

Site name T, (sec) 4 MSE
Bologna (BOLO) 0.57 0.100 0.001
Brasimone (BRAS) 0.28 0.114 0.020
Codigoro (CODI) 0.17 0.055 0.011
Collecchio (COLL) 0.54 0.092 0.048
Concordia (CONC) 0.26 0.115 0.002
Faenza (FAEZ) 0.38 0.038 0.004
Ferrara (FERA) 0.34 0.169 0.006
Ferrara (FERR) 0.37 0.129 0.001
Firenzuola (FIRE) 0.37 0.067 0.006
Guastalla (GUAS) 0.24 0.023 0.003
Imola (ITIM) 0.51 0.085 0.002
Legnago (LEGO) 0.35 0.064 0.004
Mantova (LDNS) 0.32 0.100 0.004
Modena (MODE) 0.31 0.048 0.006
Modena (MOPS) 0.33 0.033 0.003
Padova (PADO) 0.39 0.043 0.004
Parma (PARM) 0.29 0.060 0.013
Ravenna (FOZA) 0.16 0.044 0.003
Ravenna (RAVE) 0.28 0.018 0.003
Rebosola (REBO) 0.45 0.051 0.002
Reggio Emilia (REGG) 0.28 0.012 0.001
Rimini (ITRN) 0.50 0.160 0.006
Rovigo (ROVI) 0.38 0.033 0.002
San Benedetto Po (SBPO) 0.33 0.021 0.003
San Giovanni in Persiceto (PERS) 0.37 0.060 0.006
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Sermide (SERM) 0.31 0.030 0.007
Vergato (VERG) 0.22 0.015 0.001
Verona (BTAC) 0.35 0.070 0.004
Verona (VERO) 0.55 0.068 0.006
Amatrice (AMAP) 0.18 0.048 0.008
Ascoli Piceno (ASCC) 0.41 0.145 0.002
Ascoli Piceno (ASCO) 0.20 0.087 0.004
Cagnano Amiterno (TERM) 0.16 0.125 0.022
Camerino (CAME) 0.21 0.094 0.009
Camerino (CAMR) 0.21 0.116 0.009
Campotosto (CATO) 0.15 0.036 0.010
Foligno (FOL1) 0.37 0.053 0.010
Montereale (MTRA) 0.33 0.075 0.011
Norcia (NRCI) 0.17 0.036 0.005
Ischia (ISCH) 0.13 0.160 0.023

Rapid Structural Geometric Survey

The minimal geometric and structural characteristics of
the investigated buildings necessary to verify the test results
were collected with a rapid survey consisting of an inspection
and compilation of a technical-numerical and informational
questionnaire. No particularly complex or detailed geometrical
surveys were carried out, except for measurement of the height
of the building and the linear planimetric dimensions of the
external perimeter; on-site inspections or tests of materials were
not performed, nor were complex structural modeling. During the
survey, a visual examination was conducted to check for structural
or plant failures, repair or seismic retrofit interventions, as well as
deformations, failures or relative movements between structural
elements at the foundation level induced by the earthquake.

In particular, the following information was acquired during
the survey:

1. Year of construction;

2. Building use class;

3. If the building was isolated or attached;

4.  Prevalent vertical and horizontal structural type;
5. Direction of the floor joists;

6.  Number of floors;

7.  Height (prevalent min - max);

8.  Planimetric dimensions (prevalent min - max);
9.  Geographical orientation;

10. Planimetric regularity;

11. Height regularity;

12. Presence of stairwells/elevator shafts;

13. Distribution of loads and masses.

A summary of the survey is given in Table 1. Two geographical
areas are distinguished:

a) Emilia: The prevalent structural type is reinforced
concrete frame with either concrete or brick vertical infill walls.
The joists of the floor assemblies (in hollow-core concrete for
the floors or in concrete for the roof) are always arranged
parallel to the direction of the shorter planimetric length of the
building, almost never staggered; the prevailing roof cover is
flat. There are some masonry buildings with floors in hollow-
core concrete and pitched roofs. The heights vary from a
minimum of 4 to a maximum of 20 meters, with a maximum
of five floors (inter-floor heights ranging from 3 to 5 meters).
The prevailing planimetric geometry is rectangular with an
equal incidence on both the planimetric and height regularity.
In all buildings, except single-story ones, there are stairwells
and elevator shafts, almost never in a central position, and
the distribution of permanent-incidental loads and masses is
generally uniform. Finally, up to the date of the earthquakes,
there had been no repair or seismic retrofit interventions
but only quantitative vulnerability analyses, and most of the
buildings had not suffered damage such to render them wholly
or partly unusable. There was the same number of so-called
strategic buildings (Class III) and residential buildings (Class
11);

b)  Central Italy-Islands: The prevalent structural type is
masonry. The joists (in wood or in concrete, both for the floor
and the roof) are arranged parallel to the direction of the
shorter planimetric length of the building. The prevailing roof
cover is pitched. The heights vary from a minimum of 4 to a
maximum of 23 meters, with a maximum of six floors (inter-
floor heights ranging from 3 to 3.5 meters). The prevailing
planimetric geometry is rectangular with greater incidence on
both the planimetric and height regularity. There are stairwells
and elevator shafts, almost never in a central position, and
the distribution of permanent-incidental loads and masses is
generally uniform. The investigation revealed that there had
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been no repair or seismic retrofit interventions to the buildings  buildings by geographical area: for those (29) in the Emilia area, the
and that three of the ten had suffered damages such to render = mean value is { = 0.066 with MSE = 0.006; for those (11) in central
them temporarily unusable. In these cases, the predominant Italy-Islands, the mean damping ratio has a slightly higher value
use class is I11. (¢ =0.081%0.009), probably due to the presence of buildings with
greater stiffness. We then verified the percentage of the sample’s ¢
values within four significant intervals: 0-0.05, 0.05 to 0.10, 0.10-

First, the sample mean of the estimated { values is 0.072 0.15and 0.15-0.20: more than 70% of the { values are in the range
with MSE = 0.002. We then repeated this calculation dividing the ~0to 0.1, while less than 10% are in the range 0.15 to 0.20 (Figure 7).

Analysis of the Results
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Figure 7: Percentage of the sample’s damping ratio values within four significant ranges.

Finally, the damping ratio { was compared on the basis of: d. Between 1978 and 1996 (earthquakes in Friuli 1976 and

Irpinia 1980);
a. Year of construction. Considering the time periods pint )

present in the sample, we chose time intervals characterized e. Between 1996 and 2002 (earthquake of Umbria and
by particularly serious seismic events that prompted the Marche 1997);
[talian government to pass laws and technical regulations for

o f. Between 2002 and 2004 (earthquake of Molise 2004);
buildings:

g.  After 2004 (earthquakes of LAquila 2009, Emilia-

b.  Between 1900 and 1935 thquakes of Messina 1909
etween an (earthquakes of Messina Romagna 2012 and central Italy 2016) (Figure 8);

and Avezzano 1915);
g. After 2004 (earthquakes of LAquila 2009, Emilia-Romagna 2012

c.  Between 1950 and 1975 (earthquake of Belice 1968); and central Italy 2016) (Figure 8);
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£ 0.05
0.04 1
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0.02 1
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0.00 T T T

1900-1935 1950-1975 1978-1996 1996-2002 2002-2004 after 2004
Year of construction
Figure 8: Comparison based on year of construction.
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h. Construction material (reinforced concrete frames with various
infills, solid masonry, stonework, etc.) (Figure 9);

i. Geometry (height-number of floors - Figure 10, planimetric
regularity - Table 3, height regularity - Table 4);
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i f

d concrete

R d concrete R d concrete Reinforced concrete

frames and concrete  frames and brick
infill walls
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frames and glass
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various infills, etc.

Figure 9: Comparison based on construction material: full masonry, regular stonework, reinforced concrete frames and
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Figure 10: Comparison based on height-number of floors.

Table 3: Comparison based on planimetric regularity.

Planimetric Regu- No. Buildings mean{ MSE
larity
No 25 0.072 0.002
Yes 15 0.073 0.003
Table 4: Comparison based on height regularity.
Height Regularity No. Buildings Meanz MSE
No 14 0.075 0.003
Yes 26 0.071 0.002
Conclusion

A first aspect to be emphasized is the contribution of GPS
measurements to the study of structural dynamics of buildings,
particularly definition of the parameters of the oscillator equations
(period, damping and amplitude).

The estimated damping ratio values are at least two percentage
points higher than those imposed by the technical regulations,
with a more plausible value of 7%. More specifically, the masonry
buildings and those in reinforced concrete with brick or concrete
in fills have values close to 0.065, which increase to 0.08 when the
infill is made of stiffer material such as glass. With regard to year of
construction, the variability is minimal, with a maximum near 0.09
for buildings built after 2004. Concerning the number of floors,
the damping value decreases from 0.08 for single-story buildings
to 0.045 for those with five floors. The mean values are identical
(0.07) for buildings with and without planimetric regularity and
height regularity.

Therefore, the use of conventional damping could lead to
incorrect results. The limitations of the study lie in the impossibility
to choose a priori the geometry and/or structural type of the
building hosting the permanent GPS station.
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