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SUMMARY:

This paper focuses on the study of the hysteredttabiour of inelastic SDOF system equipped witlttais
dampers aimed at obtaining a practical tool us&fulthe seismic design of building structures wéitided
dampers, within the framework of the seismic dedigised on ductility. The objective is to evaludte t
appropriate force reduction factor for higher dathfiee. damping ratio greater than 5%) SDOF sysibie to
guarantee a prescribed value of structural safety.
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1. INTRODUCTION

The fundamental objective of the traditional stanat design for seismic actions characterised b hi
intensity (SEAOC Vision 2000 1995, Bertero and Beyt2002, Piesteley 2000) is the human life
protection. This performance objective (Bertero &wmitero 2002) requires that the structure, when
subjected to a strong seismic input, even if hgaldimaged, does not collapse. This approach leads t
the base concept of structural ductility. Howeadter a strong earthquake, the structure can Isse h
entire functionality and its retrofitting may berydifficult or even not possible to apply. The geat
design approach results to be adequate (Eurocdd&€®,2008) in the aim to limit the cost.

Despite these concepts are basic in the seismigrnddébe research of better performance objectives
(Bertero and Bertero 2002) and innovative desigpr@gches has been encouraged within socio-
economic reality of developed countries. Importatructures like hospitals, police stations, fire
department barracks, communication centres, agpouiclear power plants and all buildings strategic
for public safety must be designed to reach higitetection levels under strong earthquakes: they
should undergo limited or even no structural damdgm this objective the traditional design
approach (based on the adoption of a force redud#otor, Newmark and Hall 1982 and Miranda
1977) may be often economically prohibitive. Thi®lgem, which is relevant for new buildings,
becomes particularly evident for the retrofit ofisting buildings. In this case high cost and large
impact on the architectural aspects can be prodesed by little improvements in the structural
behaviour.

The solution to the problem of obtaining higherfpenance objectives (strategic buildings) and

improved safety levels (historical buildings) mag found in the use of innovative technologies

(Christopoulos and Filiatrault 2006, Soong and Dahg1997, Constantinuou et al. 1998), such as
viscous dampers (Silvestri et al. 2010). From thsigh point of view (NTC 2008, Eurocode 8, FEMA

450), a structure coupled with a damping systemsiglly designed to remain in the elastic field.

Although this approach leads to higher level otictiral safety when compared to those typically
required by the traditional design approach, ondatier hand it had strongly limited the use of this
design approach to not-common building typologeeg.(strategic buildings).



It clearly appears that a design approach ableuple the advantages of the traditional approach an
the innovative approach may be very effective, eisflg from the point of view of the costs reductio
and may lead to a wide diffusion of the use ofigetive devices in building structures.

In order to allow the applicability of this coupldésign approach within the actually widespread
seismic design approach (i.e. response spectrulpsanavith force reduction factor) some questions
need to be investigated. From one hand, it isyealfjuired that the ductility capacity of a struetu
(Paulay and Priestley 1992) is not affected bypiesence of added dampers. On the other hand it is
clear that the insertion of dampers into a strecteduces the overall ductility demand. Thus, & th
designer decides to account for both the ductitigpacity of the structural members and the
dissipative properties of the added viscous dampersannot use the actual simple tools suggested b
code; in other words, he cannot reduces the eldssign spectrum simply adding the two effect ef th
ductility (trough the behaviour factgy and the higher damping ratio (trough the reductioefficient

n). As a consequence, only one analysis methodtiglc available: a fully non-linear time-history
analysis. This method, even if technically feasiilevolves various difficulties in the practical
application: (i) the commercial software are netajs able to simply develop non-linear time-history
analysis; (ii) the definition of the non-linear tigaresponse of structural members is often famftbe
knowledge of practical engineers.

With the purpose of extending the use of dissigatievices to a wider range of building structures,
the present paper proposes a simple formulationtHerforce reduction factoR in the case of
buildings equipped with added dampers. The usedi seduction factor in conjunction with viscous
dampers allows to satisfy a criterion of equal gafetween the bare structures and the structure
equipped with added viscous dampers.

2. ANALYTICAL PROBLEM FORMULATION
2.1. Seismic demand of elastic and inelastic damped SDOF systems

Two equal inelastic SDOF system (i.e. same massid same initial stiffnedg equipped with two
viscous dampers leading to a damping ratio equaHs# and to an higher damping ratio (generally
indicated a<f) are considered. Clearly, if the systems are stijeto the same base input (i.e. ground
motion) they will exhibit a different dynamic respe (i.e. different seismic demand). Regarding to
Fig. 2.1 the following notation will be adoptedthis paper:
* Fes strength demand of the elastic SDOF system (SRPF
e 45 displacement demand of the elastic SDOF systé&hDEs.s).
* Feg strength demand of the elastic SDOF system (SDPMith the same mass and
stiffness of system SDQK, but different damping coefficieit
* J.¢ displacement demand of the elastic SDOF systé&OFs.;);
* Fys yield strength of the inelastic SDOF system (SBQJFequivalent to the SDQE system
(same masm, same stiffnesk, same damping coefficien}; for a force reduction factdgs,
Fys is equal td-,.5s = Fes/ Rs;
* g yielding displacement of the SD@# system;
e J,5 displacement seismic demand for the SBQBystem;
* Fy.¢ yield strength of the inelastic SDOF system (SRQFequivalent to the SDQF;: system
(same masa, same stiffnesk, same damping coefficien}; for a force reduction factdg;,
Fy.cis equal tdFy.; = Fes/ R5
* 9.z yielding displacement of the SD@F system;
* 9, seismic displacement demand of the SBQBystem;

The ductility demand for the two inelastic systgf8®OFRp.s and SDOEp;) can be expressed by the
following relations:
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Figure2.1. Seismic demand for elastic and inelastic SDOFesgst(with and without added damping).
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2.2. Objective

Actually, the response spectrum analysis with faeguction factorR is the widespread seismic
design procedure used by the practical engineemnexical values of the force reduction fadtare
typically given by codes only for the case of stuwes without added dissipative devices (thus
considering only the inherent damping, conventignaual to 5%). Therefore, in the case of a
structure equipped with added viscous dampers ispogsible to perform a response spectrum
analysis reducing the elastic spectrum according(ijothe effect of the higher viscous dampers
(commonly known in the scientific literature as wetlon coefficients) and (ii) the effect of the
ductility of the structural elements (force redantfactorR or behaviour factog provided by codes).

The objective of the present paper is to studyitiieence of higher damping ratio on the force
reduction factorR. In more details the main purpose is to obtairelationship between the force
reduction factor given by code (referredRgs and the force reduction factor for structuresigoed
with added viscous dampers (referredRaswhich satisfy the following criterion of equarsttural
safety: the ductility demand of the system withheigdamping ratio must be less (or at least equal)
than the ductility demand of the system with oniypdrent damping. In order to accomplish the

proposed objective an extensive parametric studyoban developed (i.¢4;_; < /5 5)-

2.3. Methodology

A number of 126000 non-linear Time-History analy$ese been performed on inelastic damped
SDOF systems. The parametric study has been cawiegarying: natural elastic period of the system
T, target ductility Z, damping ratiof and seismic inputs. In particular 100 ground matibave been
chosen as base input (Hatzigeorgiou and Beskos)20@8le 2.1 gives the range of the parameters
considered in the analysis. The equations of mdtawe been integrated using the “Alpha” Method,
(Hilber et al. 1977; the adopted “alpha” coeffidigras 0.05).



Table 2.1. Range of the parameters adopted for the numexizysis.

Parameter Min Max Step
T 0.1 3 0.1
7, 1.0 6.0 1.0
& 0.05 0.35 0.05

Each numerical analysis consisted in an iteratioegdure, that is composed by the following steps
(referring to a certain SDOF system, i.e. a ceffaiand?):
STEP 1: linear time-history analysis of two elaS8BOF systems (one witfi=0.05 and one with the
genericé) in order to obtain:

Fes: strength demand of the SDE§system;

Fe s strength demand of the SDEFSystem;
STEP 2: calculation, for a given value of the foreduction factoRs, of the yielding point €,.s, 3,5)
of the inelastic SDOF system (SDEk) equivalent to the linear system SDE¥
STEP 3: development of non-linear time-history gsial of the SDOEs.ssystem aimed at obtaining
the ductility demangs = g5/ 9,
STEP 4: development of an iterative procedure ler ¢évaluation of the force reduction faciy
which provides the system SD@F the same ductility demand of the system SBQFThe iterative
procedure is composed of the following sub-stepsdéch required iteration):

1. calculation, adopting a first attempt valueRyf(referred a®R;', where the apex 1 indicates the
1st iteration) equal td&s, of the yielding point Ey_{l, of,_gl) of the inelastic SDOF system
(SDOFgp) equivalent to the elastic SDQFE

2. development of non linear time-history analysighed SDOIEr_3System aimed at obtaining
the ductility demangis = 8, / &5 (1" at the 1st iteration);

3. evaluation of the differenay = ;- s (A at the first iteration);

The sub-steps 1-2-3 are repeated (varying the \ﬂiIRé, where i indicates the i-th iteration) until the
absolute value of the differendg/ satisfies the inequalithy' <A whereA indicates the maximum
allowable error.

Sub-steps 1 to 4 are repeated for each ground matd varying all the parameters as indicated in
Table 2.1.

3.RESULTS

This section presents the main results obtained fhe parametric analysis. In detail:
» subsection 3.1 is focused on the relationship batviRe andRs for fixed values ofz, thus

accounting for the influence of the peridd
» subsection 3.2 is focused on the relationship batviz and Rs for fixed values ofT, thus
accounting for the influence of the ductilify;

» subsection 3.3 is focused on the full relationsbhigtween R, and Rs (also practical
observations are provided).

3.1. Forcereduction factors Rg and Rs for fixed valuesof T

The present subsection discusses the influende(far fixed values ofzz) on Rs andR; as obtained
from the numerical analysis.

As an example, Figs. 3.1 shows the mean vall ahdRs, versusT for fixed values ofz =, 2, 3, 4,

5 and the corresponding standard deviation asr@atairom the parametric analysis (same results
appeared for the othér see section 3.2). Inspection of the graphs allenfollowing observations:



» for T <0.25 sec mean valuesRfandR; are less thanz, for all values ofzz;

» for T <0.25 sec mean valuesRfandR; are greater thaw , for all values ofz;

» for T < 2.0 sec mean valueskfare greater than mean valueRgffor all values ofz/;

» for 2.0 < T > 3.0 sec mean valuesRafare less than mean valuesRyf for all values ofzz;

» standard deviation d®sis high for T < 2 sec, while decrease for T > 2.0;
» standard deviation d®s is significantly less than standard deviatiorRgf and approximately
constant for all period.

In the light of the proposed objective it is usdfulntroduce the ratio betwe®&; andRs:
a,=—- (3.1)

which allows to expres’; as a function oRs:
R =a, R (3.2)

As an example, Figs. 3.2 display the mean valuesdnd az, versusT for fixed values off =, 2, 3,
4, 5 and the corresponding standard deviation terea from the parametric analysis. Inspection of
the graph allows the following observations:

* mean values aofr,, andasg are very close to each other;

* mean values ofr,; andasg are included between 0.85 and 1.15;

« for T < 1.5 sec mean values @f, andas, are less than 1;

o for T < 1.5 sec mean values @f, andao are greater than 1,

e standard deviations af,, andaso are similar and almost constant wittior all values ofzz
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Figure 3.1. Rs andRy, versusT for fixed values of target ductility: (g =2; (b) &7 =3; (c) i =4; (d) i =5;
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Figure 3.2. ax andas versusT for fixed values of target ductility: (@ =2; (b)Z =3; (c)l =4; (d)l =5;
3.2. Forcereduction factors Rg and Rs as a function of

The present subsection presents the results obt&ioen the analysis in terms & andR; (for all
values ofé) as a function ofu for selected values daf.

Figs. 3.3 display the mean valueRsfandR; versusg for T = 0.2 sec; 1.0 sec; 1.5 sec and 2.5 sec and
the corresponding standard deviation as obtainenoh fthe parametric analysis. Inspection of the
graphs allows the following observations:
» for all values of period (0.2 < T < 3.0 seclrs is close tofz . This is an expected result
confirming the so-called “equal displacement” r(Neewmark and Hall 1973).
« for very short periods (T < 0.2 sec) mean valueRs@&ndRy, are very close to each other and
slightly less thang ;
» for 0.5 <T < 1.4 sec mean values B and Ry, are slightly higher tharz. Moreover mean
values ofRs are higher than mean valuesRa§;
» for 1.5 <T < 3.0 sec mean values Bf andRy, are slightly higher tharz. Moreover mean
values ofRy are higher than mean valuesRaf

Figs. 3.4 display the mean valuesagf(for all &) versusg for T = 0.2 sec; 1.0 sec; 1.5 sec and 2.5 sec
and the corresponding standard deviation as olatdnoen the parametric analysis. Inspection of the
graphs allows the following observations:
» for T 0.5 mean values af; are between 0.95 and 1.0, decreas€ mereases while are
almost constant withz ;

o for 0.5 <T < 1.4 sec mean values of are between 0.85 and 1.0, decreasé€ e&reases
while are almost constant wita ;

» for 1.5 <T < 3.0 sec mean values gf are between 0.95 and 1.15, increasé iasreases and
also slightly increase gg increase;
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Figure3.4. ayp anda; versusl for fixed values of: (a) T =0.2 sec; (bJ=1.0 sec; (c)=1.5 sec; (dJ=2.5

3.3. Forcereduction factors Rg and Rs asa function of T and g

The present subsection presents a summary of séigen terms oRs andR; as functions ofl and

a.



Based on all the results commented in the prevBusections clearly appears thatis slightly
influenced byz and thus, from a practical point of view, the asgtion of a constantr; for all &
appears reasonable. Moreover, also the influencthefperiod can be simplified introducing two
constant range ofr; for periodsT higher or less than 1.5 sec. Tables 3.1 and 2#%ige the mean
values ofag, the coefficient of variation dR; and the ratio between COR; and COVR; over all
values of z and for the two period ranges (ile< 1.5 sec and T > 1.5 sec) above identified.

As expected for perio@l < 1.5 sec mean values @f are slightly less than 1.0 (in mean 0.96) while fo
T > 1.5 sec mean value of are slightly larger than 1.0 (in mean 1.06). CBYdecreases a&
increases. The last columns of Tables 3.1 and.2.2Z30VR:/ COV R, shows that for high damping
ratio (i.e.£=0.30 - 0.35) COV Rreduces to approximately 0.5 COV.R

Table 3.1. Mean values ofr; and COVR; and COVR;/ COV Rsover all valuesf/ and periodd < 1.5 sec.

£ a; COVR: COVR:/COVRs
10 0.9897 0.189 0.82
15 0.9702 0.161 0.70
20 0.9607 0.146 0.63
25 0.9556 0.135 0.58
30 0.9528 0.122 0.52
35 0.9499 0.112 0.48

Table 3.2. Mean values ofr and COVR;and COVR;/ COV Rsover all valuesf/ and periods > 1.5 sec.

K a: COVR: COVR:/COVRs
10 1.0524 0.164 0.85
15 1.0758 0.134 0.69
20 1.0790 0.111 0.58
25 1.0675 0.092 0.48
30 1.0605 0.079 0.41
35 1.0582 0.069 0.38

4. THE GLOBAL REDUCTION FACTOR PROPOSED FOR BUILDING STRUCTURES
EQUIPPED WITH ADDED VISCOUS DAMPERS.

The actual Italian building code (NTC 2008) allotesobtain the design spectrum dividing the elastic
design spectrum by the reduction coefficigrequal to:

» for structures equipped with additional dampers. @roviding a damping ratio greater than
0.05, Boomer et al. 2000):

1
==y (4.1)
V1+$[%]
« for ductile structures without added damping (§.e5%):
1
===« (4.2)
q

All the results obtained from the parametric analgsd presented in the previous section, allows to
introduce a global reduction factay,, for building structures equipped with added darszdle to
couple both the effects do to the ductility of 8teuctural elements and the dissipation of theotisc



dampers. In detaifi,; can be expressed as a function of the behaviatorfq (typically provided by
codes), the reduction coefficiens (typically provided by code) and tleecoefficient (introduced in
the present paper ) with the following relationship

n($)

Mot () = M (§) Bg (Q) = q (&)

(4.3)

Using the above defined global reduction coeffitign for conventional response spectrum analysis
the ordinate of the design spectr@gtan be evaluated with the following relationship:

_ _ n(s)
Sd - Se 5 “Ftot - Se 5 4.4
c=S:50,($) =S, G—a(f)q (4.4)

Fig. 4.1 provides a qualitative comparison betwHenelastic and inelastic design spectrum as per
Italian building code (NTC 2008) and according tnE3.6 (for a behaviour factgrequal to 4 and a
damping ratio equal to 0.30).

For this specific case| = 4 and a damping rati= 0.30) the ordinate of the inelastic design speat
with 0.30 damping ratio (Eqn. 4.4) are reduced exiprately to 0.5 of the ordinate of the inelastic
design spectrum with 5% damping ratio.

Elastic spectrum with 5% of damping

/

Design spectrum with 30% of damping
NTC 2008

Sa(T)

Design spectrum with 5% of damping

NTC 2008

Design spectrum with 30% of damping
Eqn. 4.4

Figure 4.1. Comparison between elastic and inelastic specfasnper NTC 2008 and Eqn. 4.4)

CONCLUSIONS

The present paper aims at investigating how theefoeduction factor is affected by high values of
damping ratio with the purpose of providing a sienplesign tool, within the framework of the
response spectrum seismic analysis, for the sedesign of building structures equipped with added
viscous dampers. A simple formulation for the foreduction factors to be adopted for high damped
system, able to provide the structure equipped wdisisipative devices the same level of structural
safety of the structural system without added pasie devices, is proposed as a function of theefo
reduction factor actually given by codes (i.e. thece reduction factor calibrated for structures
provided only with the inherent damping, convengilbhequal to 5%) and the reduction coefficient



The adoption of the proposed force reduction faBtdm conjunction with the reduction coefficient,
related the presence of added dampers, leadsigmificeint reduction (with respect to those rediilte
following the actual code prescriptions, NTC 20@8 )he design forces on the structural elements.
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