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SUMMARY
This paper presents an analysis of the effectiwméshysteretic and viscous damping control stiatedn
improving the seismic response of built structurethe case of near-source earthquake of L'Aqui ‘With
this aim in mind we have examined this seismic ewerorder to evaluate the expected damage incumsed
existing structures which had been designed aaugrth the Italian Seismic Code DM ‘96, both withdan
without extra-structural damping devices. In paiic, a broad parametrical non-linear analysis @asied out
by taking into consideration a non-linear equivaleBOF system and varying the dynamical parametedsthe
damping control devices. The damage assessed, bpsma the Park&Ang index have led the authors to
investigate and compare the effectiveness of bathping control strategies under examination.

Keywords: Damping Control Strategies, Polar Spectrum, Damage Index, Near-Source Event

1. INTRODUCTION

Passive energy dissipation systems for seismicicgbiins have been under development for a
number of years with a rapid increase in implent@mastarting in the mid-1990 (17).

A large number of passive control systems with ipasgnergy dissipation devices have been
developed and installed in structures for perforrea@nhancement under earthquake loads. In the US
passive energy dissipation devices have beenledtal many buildings and many bridges, either for
retrofit or new construction (fig. 1).
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Figure 1.Passive dissipation system implementation in thg15$

A wide-ranging discussion of the principles of @yedissipation seismic control strategy can be
found in (2) and (19). As is well-known, the objeetof the strategy is to improve seismic response
by increasing the energy damping in ad-hoc extctiral devices (8).

At this time, the damping devices most commonlydusge viscous fluid dampers, viscoelastic solid
dampers, friction dampers and hysteretic dampe83. (b this context, the devices that could be
classified as passive energy dissipation devicegnax more general sense, passive control devices,



are also tuned-mass and tuned-liquid dampers Retently, numerical and experimental studies have
been carried out to examine the effectiveness obD$ M reducing the seismic response of structures
(17, 10, 11). Moreover, there is a class of damparewn as semi-active dampers, which may be
regarded as controllable passive devices. Exangflegsich dampers are variable-orifice dampers,
magneto-rheological dampers and electro-rheologiaaipers (4).

As previously stated, the objective of passive gyatissipation is to reduce/control damage in
structural and non-structural elements by dampingugh the use of ad-hoc, specialized devices. The
capacity of such a device to accomplish this gaglethids on the inherent properties of the main
structure, the properties of the device and itsneoting elements, the characteristics of the ground
motion as well as the target seismic performaneel leeing investigated. Given the wide variatiams i
each of these parameters, it is usually necessgrgrform an extensive set of analyses, linearcand/
non-linear, to evaluate which particular passivergy dissipation system is best suited for a given
case.

This study aims to investigate the effectivenddsysteretic and viscous devices in the case of-nea
source ground motion. In particular, the study stigates the seismic performance by means of the
Park&Ang index estimated by analyzing the non-lmbahavior of an equivalent single- degree of
freedom system subjected to the L’Aquila ‘09 evéiite obtained results, in terms of the Park&Ang
index, are clearly shown through polar spectrateggntation (12).

2. L’AQUILA 2009 EARTHQUAKE CASE

On Monday April 6, 2009 at 1:32 UTC (3.32 local éman Mw 6.3 earthquake with shallow focal
depth (10 km) struck central Italy in L’Aquila, &ycof about 73,000 inhabitants and the capitahef
Abruzzo Region. An analysis of the recordings frihv@ seismic stations situated within 6 kilometers
(fig. 2) of the epicenter and those recording witBD kilometers, showed that the seismic recordings
from the closer stations are clearly affected tgrrsurce phenomena.
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Figure 2. Fault geometry plotted against the main events.
Triangles show the RAN seismic stations installethe area of the epicenter (13)



Table 1.PGA of the main stations

Pga (9)
ID station / direction X - direction Y - direction Z - direction
analysis
AQG 0.42 0.43 0.22
AQA 0.39 0.45 0.38
AQV 0.63 0.60 0.42
AQK 0.34 0.34 0.35

The L'Aquila 2009 event clearly shows directionffeets due to the main propagation directions of
the rupture and the displacement distribution altmg fault plane near the epicenter area. These
effects decrease further away from the epicentegravtihe impulsive phenomena led to greater
seismic demand along the normal plane of directidth respect to the fault plane. The spectral
demand, near the source, is characterized by digreshiape in the range around the period desgibin
the impulse.

In this case, classical spectral response analyaisied out by means of main direction records, ar
unsuitable for describing these directivity effedts (12) the authors, with the aim of charactewzi
horizontal seismic demand in terms of pseudo-acatib®, pseudo-velocity and displacement, used a
new spectral representation called “Polar Spectrumtiich represents a useful tool to analyze the
seismic demand in the plane.

In the following, polar spectrum in terms of psetmeleration (PSA) and displacement (SD) are
reported for the case of AQV recording station (I2je plots represent the seismic spectra demand in
each horizontal direction by means of graduatedramlaps. In particular, in correspondence to each
radius the in-plan projection of the spectrum resgoevaluated along that direction is represented.
Instead, in correspondence to each circumferereesghactral demand for a fixed period is plotted for
each direction being considered. In the represeRtddr Spectra, the periods 0.5, 1.0 and 1.5 are
marked by thin black circumferences, thereforeattigin corresponds to a 0 sec period.

Figure 3. Polar Spectrum in terms of Pseudo-Accelerationsisplacements
(station AQV-registration GX066) (10)

For recording station AQV it is possible to obselarger PSA demand around 0.3-0.5 sec in the NW-
SE direction. The highest demand is generally aligalong the same direction for all the periods. SD
presents high values instead in the NE-SW diredtiotthe period around 1.5 sec.



3. DAMAGE EVALUATION FOR EXISTING STRUCTURES WITHOUT D AMPING
DEVICES

As is known, the seismic performance of a structanme be estimated by means of the Park and Ang
(9) damage indexPR&A index) which allows for a consideration of both the effe€tthe maximum
plastic excursion and the overall hysteretic enefdys index consists of a simple linear combinatio
of normalized deformation and energy absorptiom aise following:

X E
Dpp=—2+0 : (3.1)
Xu,mon I:yxu,mon
where X, IS the maximum seismic displacemens; . is the maximum displacement for a

monotonic load testE | is the hysteretic energy al’r@the strength of the considered structure.

The coefficients can be seen as a decay model parameter related tiissipated plastic energy (6).
In the analyse§ is set equal to 0.15 (1).
In the following table the P&A index is reported feach level of estimated structural damage.

Tab.2. Park&Ang index values

P&A index values Estimated structural damage
PA<0.1 No damage or localized cracking
0.1<PA<0.25 Minor damage
0.25<PA<0.40 Moderate damage
0.4<PA<1 Severe damage
PA>1 Collapse

Within the scope of the present study, existingctires are modeled as equivalent non-linear SDOF
systems characterized by strength designed accpialithe Italian Seismic Code DM 96 (3):

S,/g=C[REZBO (32)

with:
C= % where C is the seismic intensity coefficient and S is $kesmicity degree of the area

which, in the case of L’Aquila, assumes value 9;

R represents the response coefficient linked tduhdamental period of the structure;

€ is the foundation coefficient that takes into acddhe soil characteristics;

B is the structural coefficient that takes into agddhe structural typology;

| is the seismic protection coefficient.
In particular, the research assuraesl 3 =1 and I=1.
Therefore, considering an implicit structural fac{g) equal to 4, representative of the ductility
capacity of the existing structure designed acogrdd DM ‘96,the strength of the equivalent SDOF
system may be considered as follows:

Fy:Sa[q[yE (33)
wherey¢=1,5 and is the partial safety coefficient.

In the following graphs (fig. 4) the polar spectrafthe P&A index for the seismic registration of



station AQV in L’Aquila are shown. The analyses aseried out in the absence of the damping
devices and by varying the ductility of the system.
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Figure 4. Polar Spectrum in terms of P&A index assuming $tmad factor g=4 and ductility factqr equal to 2,
4 and 6 for the base system without damping de\i@¥ station-registration GX066)

The results show that the damage is not uniforesich direction in the plane. In particular, it chga
demonstrates an increase in the available ductifitthe damage decreases. Moreover, for low values
of ductility the damage is high in the NE-SW diient where the spectral demand in terms of
displacement (fig.3) is higher. Instead, for higitues of ductility, the damage is high in the NW&-S
direction where the seismic demand in terms of giseccelerations is higher.

4. DAMAGE EVALUATION OF EXISTING STRUCTURES IN THE CAS E OF
HYSTERETIC DEVICES

The hysteretic dampers are based on the inelastarrdation of metal elements (5,11,14) and the
behavior, when applied to bare frame structures peasummarized as in the following figure.
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Figure 5. Bare frame and damper Force—Displacement relatipnsh

The figure clearly shows that the introduction ofsteretic dampers in a bare frame lead to a
substantial increase in the strength and stiffoapacity of the original system.

In this study, both the main structure and the dagdevices are considered to have elastic peyfectl
plastic behavior and the viscous damping of thenretriucture is assumed equal to 5%.

The following pictures show the results obtainedtémms of the P&A damage index having
considered the following parameters:

— available ductilityu= 2, 4, 6;

— ratio between the stiffness of the damper devioéstlaat of the bare system,R1,2, 4;

- ratio between the strength of the damper devicdglaat of the bare systemg®.5,1, 2.
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Figure 6.Polar Spectrum in terms of P&A damage index — Hgsie devices
(AQV dtation-registration GX066)

An analysis of the results shows that hysteretmodgs generally reduce the P&A damage index in
comparison to that expected for the existing stmast. Moreover, having fixed the stiffness ratio R
and the ductility factop, the P&A damage index increases or decreases tyjngadirections and
periods. Generally the available ductility playsiamportant role on seismic behavior and, as is well
known, greater stiffness of the damping systemdeadbetter performance.

The optimal stiffness ratio \Rand strength ratio Rare plotted in fig. 7 for the cases under
consideration. Results show that in the NW-SE timac where the seismic demand in terms of
pseudo-accelerations (fig. 3) is at its maximure, tiinimum values of the P&A damage index have
been obtained for the maximum ratios of bothaRd Rin the case of lower periods and for the
minimum ratios of both Rand Rin the case of higher periods. Instead, in the N¥-@rection,
where the spectral displacement demand (fig. 8} iss maximum, the minimum values of the P&A
damage index have been generally obtained for themam ratios of Rand the maximum ratios of
Ry in the case of lower periods and for the maximutiosaof both R and Rin the case of higher
periods. Therefore, the results show that the hgstedamping control strategy is heavily affectsd
in-plane seismic demand characteristics.
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Figure 7. Rk and Rs ratios for minimum P&A damage index —tesetic devices
(AQV station-registration GX066)

5. DAMAGE EVALUATION OF EXISTING STRUCTURES IN THE CAS E OF
VISCOUS DEVICES

In the case of viscous devices, the effects onativeystem behavior could be taken into account by
considering explicitly the extra damping devicee@b (gx) as shown in the following:

mX +CX +Cy X + Fg = —mX, (5.1)

The following figures show the results obtainedténms of the P&A damage index after having

considered the following parameters:

— available ductilityu= 2, 4, 6;

— viscous dampingg=10%,20% and 30% having considered the viscous ugmpf the main
structure equal to 5% and that added due to visgeuses (5%, 15%, 25%).
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Figure 8. Polar spectrum of Park&Ang index — Viscous devices
(AQV station-registration GX066)

An analysis of the results shows clearly that tkteret of the damage decreases overall with inangasi
extra-structural damping. Moreover, such decrensthé damage is substantially uniform for each
direction and for each period. In particular, valwé extra-structural damping equal to 25% lead to
reduction of estimated damage of about 30-40%.0kgHe case of hysteretic devices, the available
ductility of the system plays an important roldhie expected damage.

6. CONCLUDING REMARKS

This paper has presented an analysis of the eféswtss of hysteretic and viscous damping control
strategies to improve the behavior of structurethencase of near-source earthquake L’Aquila ‘09.
This event has been considered to evaluate thecexpeamage of existing structures, designed in
accordance with the Italian Seismic Code DM ‘96thwand withoutextra-structural damping
devices. In particular, the study has investigaeidmic performance by means of the Park and Ang
index plotted in the polar spectral representation.

The obtained results clearly show the effectivergsthe damping control strategy to reduce the
expected damage to the existing structure in tlse o a near-source event. In particular, although
both the investigated control strategies, hysteratid viscous damping, lead to a reduction of the
seismic response, the viscous control strategy seerbe more efficient and robust. In particular, i
this case, values of extra-structural damping etpu2b% lead to a reduction of estimated damage of
about 30-40%.

The results show, instead, that the hysteretic d@gngontrol strategy is heavily affected by in-man
seismic demand characteristics.

Finally, in all the cases taken into consideratiom available ductility plays an important roletive
seismic behavior of the structures.
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