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SUMMARY  
This paper presents an analysis of the effectiveness of hysteretic and viscous damping control strategies in 
improving the seismic response of built structures in the case of near-source earthquake of L’Aquila ‘09. With 
this aim in mind we have examined this seismic event in order to evaluate the expected damage incurred by 
existing structures which had been designed according to the Italian Seismic Code DM ‘96, both with and 
without extra-structural damping devices. In particular, a broad parametrical non-linear analysis was carried out 
by taking into consideration a non-linear equivalent SDOF system and varying the dynamical parameters and the 
damping control devices. The damage assessed, by means of the Park&Ang index have led the authors to 
investigate and compare the effectiveness of both damping control strategies under examination. 
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1. INTRODUCTION 
 
Passive energy dissipation systems for seismic applications have been under development for a 
number of years with a rapid increase in implementation starting in the mid-1990 (17). 
A large number of passive control systems with passive energy dissipation devices have been 
developed and installed in structures for performance enhancement under earthquake loads. In the US 
passive energy dissipation devices have been installed in many buildings and many bridges, either for 
retrofit or new construction (fig. 1). 
 

 
 

Figure 1. Passive dissipation system implementation in the US (15) 
 

A wide-ranging discussion of the principles of energy dissipation seismic control strategy can be 
found in (2) and (19). As is well-known, the objective of the strategy is to improve seismic response 
by increasing the energy damping in ad-hoc extra-structural devices (8).  
At this time, the damping devices most commonly used, are viscous fluid dampers, viscoelastic solid 
dampers, friction dampers and hysteretic dampers (18). In this context, the devices that could be 
classified as passive energy dissipation devices or, in a more general sense, passive control devices, 



are also tuned-mass and tuned-liquid dampers (17). Recently, numerical and experimental studies have 
been carried out to examine the effectiveness of TMDs in reducing the seismic response of structures 
(17, 10, 11). Moreover, there is a class of dampers, known as semi-active dampers, which may be 
regarded as controllable passive devices. Examples of such dampers are variable-orifice dampers, 
magneto-rheological dampers and electro-rheological dampers (4).  
As previously stated, the objective of passive energy dissipation is to reduce/control damage in 
structural and non-structural elements by damping through the use of ad-hoc, specialized devices. The 
capacity of such a device to accomplish this goal depends on the inherent properties of the main 
structure, the properties of the device and its connecting elements, the characteristics of the ground 
motion as well as the target seismic performance level being investigated. Given the wide variations in 
each of these parameters, it is usually necessary to perform an extensive set of analyses, linear and/or 
non-linear, to evaluate which particular passive energy dissipation system is best suited for a given 
case. 
This study aims to  investigate the effectiveness of hysteretic and viscous devices in the case of near-
source ground motion. In particular, the study investigates the seismic performance by means of the 
Park&Ang index estimated by analyzing the non-linear behavior of an equivalent single- degree of 
freedom system subjected to the L’Aquila ‘09 event. The obtained results, in terms of the Park&Ang 
index, are clearly shown through polar spectral representation (12). 
 
 
2. L’AQUILA 2009 EARTHQUAKE CASE 
 
On Monday April 6, 2009 at 1:32 UTC (3.32 local time), an Mw 6.3 earthquake with shallow focal 
depth (10 km) struck central Italy in L’Aquila, a city of about 73,000 inhabitants and the capital of the 
Abruzzo Region. An analysis of the recordings from the seismic stations situated within 6 kilometers 
(fig. 2) of the epicenter and those recording within 30 kilometers, showed that the seismic recordings 
from the closer stations are clearly affected by near-source phenomena. 
 

 
 

Figure 2. Fault geometry plotted against the main events.  
Triangles show the RAN seismic stations installed in the area of the epicenter (13) 

 
 
 



Table 1. PGA of the main stations 
 Pga (g) 

ID station / direction 
analysis 

X - direction Y - direction Z - direction 

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 directional effects due to the main propagation directions of 
the rupture and the displacement distribution along the fault plane near the epicenter area. These 
effects decrease further away from the epicenter where the impulsive phenomena led to greater 
seismic demand along the normal plane of direction with respect to the fault plane. The spectral 
demand, near the source, is characterized by a peculiar shape in the range around the period describing 
the impulse.  
In this case, classical spectral response analysis, carried out by means of main direction records, are 
unsuitable for describing these directivity effects. In (12) the authors, with the aim of characterizing 
horizontal seismic demand in terms of pseudo-acceleration, pseudo-velocity and displacement, used a 
new spectral representation called “Polar Spectrum”, which represents a useful tool to analyze the 
seismic demand in the plane.  
In the following, polar spectrum in terms of pseudo-acceleration (PSA) and displacement (SD) are 
reported for the case of AQV recording station (12). The plots represent the seismic spectra demand in 
each horizontal direction by means of graduated color maps. In particular, in correspondence to each 
radius the in-plan projection of the spectrum response evaluated along that direction is represented. 
Instead, in correspondence to each circumference the spectral demand for a fixed period is plotted for 
each direction being considered. In the represented Polar Spectra, the periods 0.5, 1.0 and 1.5 are 
marked by thin black circumferences, therefore the origin corresponds to a 0 sec period. 
 
 

 
 

                                         

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

 
 
For recording station AQV it is possible to observe larger PSA demand around 0.3-0.5 sec in the NW-
SE direction. The highest demand is generally aligned along the same direction for all the periods. SD 
presents high values instead in the NE-SW direction for the period around 1.5 sec. 
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3. DAMAGE EVALUATION FOR EXISTING STRUCTURES WITHOUT D AMPING 
DEVICES 
 
As is known, the seismic performance of a structure can be estimated by means of  the Park and Ang 
(9) damage index (P&A index) which allows for a consideration of both the effect of the maximum 
plastic excursion and the overall hysteretic energy. This index consists of a simple linear combination 
of normalized deformation and energy absorption as in the following: 
 

 monuy

H

monu
AP xF

E

x

x
D

,,

max
.. β+=         (3.1) 

 
where maxx  is the maximum seismic displacement; monux .  is the maximum displacement for a 

monotonic load test, 
HE  is the hysteretic energy and yF the strength of the considered structure.  

The coefficient b can be seen as a decay model parameter related to the dissipated plastic energy (6). 
In the analyses b is set equal to 0.15 (1). 
In the following table the P&A index is reported for each 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, existing structures are modeled as equivalent non-linear SDOF 
systems characterized by strength designed according to the Italian Seismic Code DM ’96 (3):  

 
IRCgSa ⋅⋅⋅⋅= βε/          (3.2) 
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where

 
C is the seismic intensity coefficient and S is the seismicity degree of the area 

which, in the case of L’Aquila, assumes value 9; 
R represents the response coefficient linked to the fundamental period of the structure; 
ε is the foundation coefficient that takes into account the soil characteristics; 
β is the structural coefficient that takes into account the structural typology; 
I  is the seismic protection coefficient. 

In particular, the research assumes ε =1 β =1 and I=1. 
Therefore, considering an implicit structural factor (q) equal to 4, representative of the ductility 
capacity of the existing structure designed according to DM ‘96, the strength of the equivalent SDOF 
system may be considered as follows: 
 

Eay qSF γ⋅⋅=          (3.3) 
 

where gE=1,5 and is the partial safety coefficient. 
In the following graphs (fig. 4) the polar spectrum of the  P&A index for the seismic registration of 



station AQV in L’Aquila are shown. The analyses are carried out in the absence of the damping 
devices and by varying the ductility of the system. 
 

                   
 

 
 

Figure 4. Polar Spectrum in terms of P&A index assuming structural factor q=4 and ductility factor µ equal to 2, 
4 and 6 for the base system without damping devices (AQV station-registration GX066) 

 
The results show that the damage is not uniform in each direction in the plane. In particular, it clearly 
demonstrates an increase in the available ductility as the damage decreases. Moreover, for low values 
of ductility the damage is high in the NE-SW direction where the spectral demand in terms of 
displacement (fig.3) is higher. Instead, for high values of ductility, the damage is high in the  NW-SE 
direction where the seismic demand in terms of pseudo accelerations is higher.  
 
 
4. DAMAGE EVALUATION OF EXISTING STRUCTURES IN THE CAS E OF 
HYSTERETIC DEVICES  
 
The hysteretic dampers are based on the inelastic deformation of metal elements (5,11,14) and the 
behavior, when applied to bare frame structures, can be summarized as in the following figure. 
 

 
 

Figure 5. Bare frame and damper Force–Displacement relationship 
 
The figure clearly shows that the introduction of hysteretic dampers in a bare frame lead to a 
substantial increase in the strength and stiffness capacity of the original system. 
In this study, both the main structure and the damping devices are considered to have elastic perfectly 
plastic behavior and the viscous damping of the main structure is assumed equal to 5%.  
The following pictures show the results obtained in terms of the P&A damage index having 
considered the following parameters: 
− available ductility µ= 2, 4, 6;  
− ratio between the stiffness of the damper devices and that of the bare system, Rk = 1,2, 4; 
− ratio between the strength of the damper devices and that of the bare system, RS=0.5,1, 2.  



 

              
 

         
 

              
 

               
 

                  



   

                 

            

 
 

             Figure 6. Polar Spectrum in terms of P&A damage index – Hysteretic devices 
(AQV station-registration GX066) 

 

An analysis of the results shows that hysteretic devices generally reduce the P&A damage index in 
comparison to that expected for the existing structures. Moreover, having fixed the stiffness ratio Rk 

and the ductility factor µ, the P&A damage index increases or decreases by varying directions and 
periods. Generally the available ductility plays an important role on seismic behavior and, as is well 
known, greater stiffness of the damping system leads to better performance.  
The optimal stiffness ratio Rk and strength ratio Rs are plotted in fig. 7 for the cases under 
consideration. Results show that in the NW-SE direction, where the seismic demand in terms of 
pseudo-accelerations (fig. 3) is at its maximum, the minimum values of the P&A damage index have 
been obtained for the maximum ratios of both Rk and Rs in the case of lower periods and for the 
minimum ratios of both Rk and Rs in the case of higher periods. Instead, in the NE-SW direction, 
where the spectral displacement demand (fig. 3) is at its maximum, the minimum values of the P&A 
damage index have been generally obtained for the minimum ratios of Rs and the maximum ratios of 
Rk in the case of lower periods and for the maximum ratios of both Rk and Rs in the case of higher 
periods. Therefore, the results show that the hysteretic damping control strategy is heavily affected by 
in-plane seismic demand characteristics.  
 

 



                    

 
 

    Figure 7. Rk and Rs ratios for minimum P&A damage index – Hysteretic 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 on overall system behavior could be taken into account by 
considering explicitly the extra damping devices effects (cd ẋ) as shown  in the following: 
 

gSd xmFxcxcxm &&&&&& −=+++         (5.1) 

 
The following figures show the results obtained in terms of the P&A damage index after having 
considered the following parameters: 
− available ductility µ= 2, 4, 6;  
− viscous damping ξ=10%,20% and 30% having considered the viscous damping of the main 

structure equal to 5% and that added due to viscous devices (5%, 15%, 25%). 
 

 

             
 

 



               
 

               

 
 

Figure 8.  Polar spectrum of Park&Ang index – Viscous devices 
(AQV station-registration GX066) 

 
An analysis of the results shows clearly that the extent of the damage decreases overall with increasing 
extra-structural damping. Moreover, such decrease in the damage is substantially uniform for each 
direction and for each period. In particular, values of extra-structural damping equal to 25% lead to a 
reduction of estimated damage of about 30-40%. As for the case of hysteretic devices, the available 
ductility of the system plays an important role in the expected damage. 

 
 

6. CONCLUDING REMARKS 
 
This paper has presented an analysis of the effectiveness of hysteretic and viscous damping control 
strategies to improve the behavior of structures in the case of near-source earthquake L’Aquila ‘09. 
This event has been considered to evaluate the expected damage of existing structures, designed in 
accordance with the Italian Seismic Code DM ‘96, with and without extra-structural damping 
devices. In particular, the study has investigated seismic performance by means of the Park and Ang 
index plotted in the polar spectral representation.  
The obtained results clearly show the effectiveness of the damping control strategy to reduce the 
expected damage to the existing structure in the case of  a near-source event. In particular, although 
both the investigated control strategies, hysteretic and viscous damping, lead to a reduction of the 
seismic response, the viscous control strategy seems to be more efficient and robust. In particular, in 
this case, values of extra-structural damping equal to 25% lead to a reduction of estimated damage of 
about 30-40%. 
The results show, instead, that the hysteretic damping control strategy is heavily affected by in-plane 
seismic demand characteristics. 
Finally, in all the cases taken into consideration the available ductility plays an important role in the 
seismic behavior of the structures. 



 
 
REFERENCES 
 

(1) COSENZA E., MANFREDI G., RAMASCO R. (1993) “The use of damage functionals in earthquake-
resistant design: a comparison among different procedures”. Structural Dynamics and Earthquake 
Engineering. 22: 855-868. 

(2) CONSTANTINOU M.C., SYMANS M.D. (1993) “Seismic response of structures with supplemental 
damping”, Struct.Des.Tall Build. 77-92. 

(3)  DM96, Norme tecniche per le costruzioni in zona sismica, D.M. 16 Gennaio (January) 1996 
(4) JUNG H. J., SPENCER Jr. B.F., NI Y. Q. and LEE I.W. (2004) “State of the art of semi-active control 

system using MR fluid dampers in civil engineering applications”, Structural Engineering  and Mechanics 
17 pp. 493-526. 

(5) KELLY J.M., SKINNER R.I., HEINE A.J.(1972) “Mechanisms of energy absorption in special devices for 
use in earthquake resistant structures” Bull. N.Z. Soc. Earthquake Engrg. 5(3) 63-88 . 

(6) KUNNATH S.K., REINHORN A.M., PARK Y.J.(1990) “Analytical modeling of inelastic seismic response 
of R/C structures”. Journal of Structural Engineering.  116(4): 996-1017. 

(7) LEE D.,TAYLOR D.P. (2001)”Viscous damper development and future trends” Struct.Des.Tall.Build. 10(5) 
311-320. 

(8) LOBO R.F., BRACCI J.M., SHEN K.L., REINHORN A.M., SOONG T.T. (1993)”Inelastic response of R/C 
structures with visco-elastic braces” Earthquake spectra 9(3) 419-446 . 

(9) PARK Y.J., ANG A.H.S., WEN Y.K. (1985) “Seismic damage analysis of reinforced concrete buildings” J. 
Struct. Eng., 111(4) 740-757. 

(10) PETTI L., DE IULIIS M. (2009) Robust design of a Single Tuned Mass Damper  for controlling torsional 
response  of asymmetric-plan systems. Journal of Earthquake Engineering, 13, 2009, pags. 53-63 

(11)PETTI L., GIANNATTASIO G., DE IULIIS M., PALAZZO B. (2010) Small scale experimental testing to   
verify the effectiveness of base isolation and tuned mass dampers combined control strategy. Smart 
Structures and Systems, vol. 6, n°1/2010, 

(12) PETTI L., MARINO I. (2009) “Preliminary comparison between response spectra evaluated at close source  
for the L’Aquila earthquake and elastic demand spectra according to the new seismic Italian code” . 

(13) RAN – National Accelerometric Network – DPC Dipartimento di Protezione Civile  
(http://www.protezionecivile.it) 

(14) SKINNER R.I., KELLY J.M., HEINE A.J. (1975) “Hysteretic dampers for earthquake-resistant  structures” 
Earthquake Engineering and Structural Dynamics, 3 287-296. 

(15) SYMANS M.D., CHARNEY F.A., WHITTAKER A.S., CONSTANTINOU M.C., KIRCHER C.A., 
JOHNSON M.W., MCNAMARA R.J. (2008) “Energy dissipation systems for seismic applications: Current 
practice and recent developments”, ASCE 10.1061 3-21. 

(16)  SOONG T.T., DARGUSH G.F. (1997) “Passive energy dissipation systems in structural engineering” 
Wiley ,Chichester, U.K.. 

(17) SOONG T.T., SPENCER B.F. JR (2002) “Supplemental energy dissipation: state of the art and state of the 
practice”, Engineering Structures 24  243-259. 

(18) ZACH LIANG, GEORGE C. LEE, GARY F. DARGUSH, JIANWEI SONG (2011) “Structural Damping: 
Applications in Seismic Response Modification”, Taylor & Francis Group, LLC. 

(19) WHITTAKER A. S., AIKEN I. D., BERGMAN D., CLARK P. W., COHEN J.,KELLY J. M., and 
SCHOLL R. E. (1993) “Code requirements for design and implementation of passive energy dissipation 
systems.” Proc., ATC-17–1 Seminar on Seismic Isolation, Passive Energy Dissipation, and Active Control, 
, ATC, Redwood City, Calif., Vol. 2 497–508. 

(20) WHITTAKER, A. S., M. C. CONSTANTINOU, and C. Z. CHRYSOSTOMOU, (2001) “Seismic Energy 
Dissipation Systems for Buildings,” Proceedings, Passive Energy Dissipation Symposium, Tokyo Institute 
of  Technology, Yokohama, Japan. 


