Dottorato di Ricerca in Architettura, Ingegner
delle costruzioni e Ambiente costruito

Ph.D. Degree inArchitecture, Built environmen
and Construction engineering

Eleonora Bruschi

Seismic retrofit of RC framed buildings with

supplementary energy dissipation: modelling

and application of a novelLead Damper







POLITECNICO

MILANO 1863
DocToORAL PROGRAMME INARCHITECTURE,BUILT

ENVIRONMENT AND CONSTRUCTION ENGINEERING

Seismic retrofit of RC framed buildings with
supplementary energy dissipation: modelling and
application of a novdleadDamper

Doctoral Dissertation of:

Eleonora Bruschi

Supervisors:
Prof. V. Quaglini
Prof. P.M. Calvi
Tutor:

Prof. S.Cattaneo

Head of PhD:
Prof. M. Scaioni

December 2021 Cycle XXXIV






Ringraziamenti

Giunta alla conclusione di questo percorso, vorrei ringraziare dal profondo del mio cuore la persona che
piu di tutte ha reso possibile questo traguardo, il Prof. Virginio Quaglini, che per me € un vero mentore,

oltre che un grande amico.

Ringrazio il Prd . Paol o Cal vi per aver mi dato | a possi
Washington, =~ stata undesperienza importantissin

Grazie alla mia tutor, la Prof. Sara Cattaneo, per tutti i consglisuppoto che mi ha datdurante questi

anni, il suo é stato un aiuto prezioso.

Un grazie sentito alla Ermenegildo Zegna Founde!
| opportunit”™ di svol gere il pr ogWashimgtan. di Vi si ti
Ringrazio |l a mia famiglia per tutto | 6amaeaoggi | 6 a

sono la donna che sono lo devo soprattutto a loro.

Grazie a Gabriele per essere sempre al mio fianco, sostenendomdimcostantee sincero irtutto cio che

faccia.

Infine, grazie a tutti i miei amici che arricchiscono la mia vita e mi fanno sentire davvero speciale e

fortunata.






Abstract

The present work develops tools for the seigmi®fit of reinforced concrete (RC) structures provided with
energy dissipation devices. This aim is pursued by means of different subgoals, namely (i) assessment of
reliable concentrated plasticity models for dynamic -lioear analyses of RC framed kiigs; (ii)
experimental investigation of a novel damper proposed for retrofitting RC structures; (iii) formulation of an
effective and affordable displaceméygised design procedure for proportioning the damping system in RC

buildings; and (iv) assessmanftthe proposed method.

The first part of the thesis presents a critical review of current material modelling for ductile RC frame
structures, in the context of ndinear timehistory analyses, focusing on concentrated plasticity. Four RC
frames with inceasing number of stories (2, 4, 8 and 12) subjected to a set of seven sjpechpatible

input ground motions are examined numerically and the structural response is evaluated in terms of
engineering demand parameters like base reactions (shear forneraedt), interstory drift and peak floor
accelerations. Results of analyses conducted by adopting a distributed plasticity model are used as
benchmark, and the implications of adopting different modelling assumptions to implement concentrated
plasticity models in nodinear timehistory analyses of ductilie RC frame buildings are eventually

highlighted and discussed.

In the second part of the work, a novel Lead Damper (LED) is experimentally investigated. The device
provides a resistive force by théction created between a lead core and a shaft. This damper is expected to
incorporate several desirable characteristics, namely high stiffness and damping capability in a compact
design and low manufacturing cost, which make it suitable for socialfgpusimodelling procedure is
suggested to represent the dimear behavior of the LED in both static and dynamic analyses. In particular,

for dynamic analyses, a finite element object of the LED is formulated in the structural software program
OpenSees.

Then, an effective and computationally affordable displacetm&sed design procedure for seismic retrofit

of RC framed structures equipped with hysteretic dampers, characterized by anrpelfestity plastic
behavior, is proposed. The method aims at gutigning damped braces to attain a target performance level

(for a specific level of seismic intensity), controlling the maximum istery drifts of the structure and, if
needed, regularizing the stiffness and the strength of the building along &saxlein order to demonstrate

its effectiveness, the procedure is applied to the retrofit of two existing reinforced concrete buildings. For
the validation of the design method, the seismic performance of the retrofitted structures is assessed in bott
staic and dynamic notinear analysesin particular, for the dynamic analyses, structural models are
formulated in the OpenSees finite element framework by adopting a concentrated plasticity approach, based

on the results of Chapter 1.

In the last part offte study, the two RC structures are examined and retrofitted with the LED following the
design procedure explained at Chapter 3. Two different design targets are considered: in the first case, the

structure is retrofitted in order to maintain an elastlwavér, with no plastic hinges, during the earthquake,

1



while in the second case, a partial dissipative behavior of the structure is allowed, with formation of plastic
hinges limited to a repairable limit state. Nlamear dynamic analyses are carried aut@penSees,
considering a suite of artificial ground motions whose response spectra match on average the target spectra
according to NTC 2018 for the IHgafety limit state. The results of the numerical study demonstrate both

the effectiveness of the LEfevice and the viability of the design procedure

Keywords

Reinforced concrete frame; energy dissipation; hysteretic damper; experimental characterizatioeanon
analyses; seismietrofit
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Introduction

Italy is acountryprone to earthquakactivity, wherestrong eventfiappenwith afrequency of4-5 years.
Justin the lastenyearsthreestrong earthquakes occurreith invaluable losses in terms of human life and
with dramatic economic consequerncasuila 2009, Emilia 2012 and Centro Italia 20Tthe damages
produced bythese earthquakesre usuallyout of proportion with espect to their intensity, especially if
compared to what usually happemsther seismically active countries, such as California or Japarhis

is due to theseismic vulnerability of the Italian buildirgjock which is characterized bynaassive presence
of historical buildingsa variedurban structure andcomplex geomorphological system that characterize
every Italian urban centg2]. Figure 1 showthat the construction development was concentrated especially
betweathed 5 0 sthe#d 18 dExcept in the case of somencompulsory provisions, released between the
mid-60s and midr0s, the first specific seismic provisions appeaiedtaly in the early 90s and
internationally recognized modern seismic concepts, sschapacity design, were implemented only
approximately 10 years ag8]. Furthermorea standardized classification of thational seismicity dates
back to 2004.

After 2006
| Before 1945

e

2001 - 2005

1991 - 2000
L

1971 - 1990—,_

- 1946 - 1970

Figure 1:Year of construction of the Italian Building Sto@knce elaboration basddati ISTAT datai 2011
National Surveyand Protezione Civi)g4]

Thereforemog of the Italian structures were built in compliancekd seismicstandardsfor this reason,
they may beunableto survive grounanotions, even of medium intensity.

Hence, the development s¢ismic rehabilitation technologiesa key step tpursue the targetf reducing
the failure probabilities and consequently increasing the resilience lbdliba community.

Many techniques aravailable for upgradingxisting structures which can beused alternatively or in
combination to increase the capacity of the structure and/or to reduce the seismic (egmdbi[7]).
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Among them supplementy energy dissipation ian appealing onespecially forreinforced concreteRC)
structureswhich represent one tfie most common structural typologies in Ita[g]( [4]). This technique

can beappliedto both new and retrofitted constructions in order to prevent structural damage, increase life

safety and achieve a desired level of performdffide [10]) appearing an appropriate and economically
affordable solution to reduce the vulnerability of ordinary structures, such as residential, school and
industrial buildingsUnfortunaely,d e s pi t e of remar kabl e i mprovements i
practitioners still have little confiden@e implementingsupplementary energy dissipation strategies to

lack of both design procedures to be easifippted and seismic codestttproperly address specific

provisiors[11].

The present worlaims at presening a design procedure for tleeismic upgrade of RC frame structures
equipped withhysteretic damperd.he primary goal is to define a simple and computationally affordable
method, able to overcome thmits of the existing design procedurasorder tomakemoreattractivethe

use of the supplementary energy dissipasimategyfor the seismic protection dRC buildings

In this light,the second goal of the work is to promote the use of a novel energy dissipation mvied
LED (Lead Damper), which is characterizedMajyuablefeatures, such asconsistentigid-plastic behavior
without strength degradati@uring repeated cycles, aadepeatable and robustismic responseroviding

maintenancdree operation even in presence of repeated ground shakes.
The thesisonsists ofntroductionand fiveChapters

The Introduction declaes the research objectivend the related research questions, illustrating &hso
methodology adopted teach the goal.

Chapter landChapter 2are preparatory to the application of the design procedure for the seismic upgrade
of RC frame structures, describedGhapter 3In Chapter 4 the design procedure is applied to two existing
RC structures and validated through #egifications prescribed by the currdtdlian Building CodeThe
seismic retrofit of the casstudybuildings is grformed consideringvo performance requirements one

case, the structure is retrofitted in order to maintain an elastic behaken,subjected to the desiground
motions in the second case, a partial dissipative behavior of thetwteuis allowed, with formation of
plastic hinges limited to a repairable limit st&mally, Chapter 5presents the main results of the work and

the future developments.

Since the retrofit procedure is developed for RC structarsydamental aspeistthe choice of the proper
Finite Elemenimodelto reproducehe nonlinear response of the caseidy buildingsThe selected model
must combinea fairly accurate and reliableeproductionof the structural behaviowith computational
effectivenessind ease of applicatioAs stated in the State of Art Ghapter 1there are various modelling
approachesgach onegresening advantages and dréacks and users are faced with a traufé between
refined models, at higher computational cpatsd simpler, more practical models, that may imply higher
approximation in the resultor this reasoman insightinto the effects of the modelling decisions of RC

structural members are investigate@imapter 1 with the aim oflefining convenient pctices forstructural
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engineersvho perform nodinear analyses on RC structurB®oreover, this investigation is useful to define

the modelling choiceadopted inChapter 3andChapter 4

Chapter 2presentghe experimental campaign conductetording to the European code antiseismic
devices (EN 15129) oa novel energy dissipation device, naniesd Damper (LEDQ)which provides a
resistive forceand dissipates enerdpy the frictionactivaed between a lead core and a sigitrting from
the results of the testdeconstitutive behavior of the LED device is implemented in the softpraxgram
OpenSees to perform ndineardynamic analyses.

Chapter 3s the core of the thesicontaining the proposal of tHesign procedure for the smiicretrofit of
RC frame structureby means oflupplementary energy dissipatidamped brace systems (DBS). The
method isstepby-stepillustratedthrough the application dhe procedure to two caseudy structures

which are retrofitted by usingstandarchysteretic damper.

Finally, in Chapter 4 the design method &ppliedto the two casstudy structuresf Chapter 3y inserting
braces equipped with the LED devideour designcases are presentechrresponding tdwo target
performance levelsf the frame after the retrofior eachstructure anelastic frame behavior arabartially
dissipative frame behaviomlhe study is validated by performinmpnlinear analyse and checking the
prescriptions of the current Italian Building Code. A direct comparison between the retrofih@fitbD
deviceandwith a traditional steel hysteretic damper is performed as final stdpntmnstrate both the

effectiveness of the LED device and tbhbustnessf the design procedure
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1.Concentrated plasticity moddling of RC frames in

time-history analyses

The study aims at giving an insight into @féects of modelling decisions that are adopted in concentrated
plasticity formulations used in tirAeistory analyses to model the behavior of reinforced concrete frames,

by investigating the sensitivity of the estimated structural response on the as=ugttedf the plastic hinge

regiond and the effective area moment of inef@aof the cracked concrete section. Four frames with 2,

4, 8 and 12 stories, designed in accordance with the Italian Building Code and characterized by a flexural
behavor, are taken as castudies. Structural models are coded in the OpenSees framework adopting various
formulations ofd andO taken both from the literature and the European and the Italian codes. The results
of the analyses are compared to times provided by a distributed plasticity formulation and evaluated
considering engineering demand parameters such as internal forces and deformations, and absolute
accelerations. The main differences between the predictions provided from the distriloutied lamped
inelasticity approaches regard the estimates of the-stiey drift ratio and the maximum base moment,

while predictions of absolute acceleration and maximum base shear are found to be more consistent; a certail
influence of the number ofates is also highlighted. Eventually, the agreement between concentrated and
distributed plasticity formulations can be improved by adopting an effective area moment of inertia of

concrete cracked section dependent on the axial load in the structuratmemb

1.1. Introduction

Static (Pushover) and dynamic (TirRstory) nonlinear analyses are used in design practice to assess the
seismic vulnerability of reinforced concrete (RC) buildings. The analyses are performed using Finite
Element Models (FEMSs), and vatis software programs for structural calculation, like e.g., Operi8ees
Abaqus[2], MidasGer[3] and SAP200(4] are available to the designers. Considering the structural non
linearresponse, there are two major sources oflim@arity, namelymaterial and geometric ndimearity.
Material nonlinearity is considered the primary source of damage for md mediurrrise building
structures, while geometrical ndinearities should baccounted for in highise buildings with small aspect
ratios subjected to large horizontal deflections that introdubelfa effects. For the ndimear material
response, the Finite Element simulation falls into two main categories, namely distplastiezity models

and concentrated (or lumped) plasticity models

Concentrated plasticity formulations are easier to implement, computationally more effective and are able
to provide fairly accurate and reliable predictions in most practical situgbpn®]. There are different

levels of compxity that can be taken into account to address materialimemarities. For instance, the

length of a structural member affected by anelastic behavior can be represented either by means of a single
rotational spring with assigned ndinear momenturvaure relationships, or by an element made of-non

linear fiber section§’]. Two important modelling decisions that have been shown to affect the @cofira

t he model i ndeed concerin),afictioys lengtheclat@dwlithatisetertensioh of n g e
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the part of a structural member over whichtiaear behavior is activated; and (ii) the flexural stiffness of
the cracked concretect®n, which is generally taken into account by introducing an artificially low effective

area moment of inertiad ).

Several plastic hinge length formulations have been proposed in the literatur¢8{d21]) and later

incorporated in seismic codes and guidelines (among the others, e.g., FEMA2B858CI 318 [23],

Eurocode8 Part3 [24] and, with reference to the Italian scenario, the Explanatory Circular to the Italian
BuildingCodg25]) . To t he Aut hor s 0 evaluabtowodf eodcgnerated plastecioymapdals at i v
for nonlinear dynamic analyses of RC structures has not been conducted yet, and the choice is ultimately

left to the structural engineer. However, not negligible differences exist among the various forsulation

which can lead to inconsistent approaches and possibly conflicting results, see e.g., r¢k8EMh2és

In the same way, though cracking is noted to reduce the stiffness of RC members and it should be accounted
for in numerical modelq%8]-[30]), a common approach is missing. Modelling strategies based on the use

of a reducedr@a moment of inertia with respect to the one of the gross-seasi®n have some merj24],

[25], [31], [32]), but the coefficient®f reductionproposed in the codes are mainly empirical rather than

based on rigorous studif33].

The present work aims at giving guidance to structural engineers who perfolmeasrdynamic analyses

on RC frames, by providing some insight into the effects of the modelling decisiahg @lastic hinge
length and the reduction of the area moment of inertia in lumped plasticity formulatiorssudinoes not

intend to provide an overview of all the available modelling choices for plasticity of RC columns and beams,
but it focuses ommodelling of structural elements where the tiaear behavior is activated at the end

regions, while in the middle the behavior remains elastic.

The State of Art describes the significance and the hypotheses at the basis of the plastic hinge length
formulation and provides a critical discussion of the various expressions proposed in research works and in

the European and the Italian norms; some expressions for the effective area moment @ inédracked

concrete section are presented and dislias well.

A numerical investigation conducted on a set of four -casdy RC frames is performed focusing on the
effects of the modelling decisions. The structures, designed in compliance with the current code
recommendations, are characterized byaiflel behavior and are respectful of the principles of the capacity
design. Every structure has been modelled according to both distributed and concentrated plasticity
formulations, and in each of them the inelasticity is defined at the sectional lesighimg a material
uniaxial inelastic behavior to concrete and steel. The distributed plasticity models, where plasticity can
spread across the whole length of each structural members, are expected to be able to capture the overall
flexural behavior of theasestudy frames[B84]-[36]), and theredre are assumed as the benchmark. Several
concentrated plasticity models are formulated accounting for different expressions of the plastic hinge length
0 and the effective area moment of inertia taken from the literature and the European anddtaign
Non-linear time histories are performed according to the provisions of the Italianf&gddand the models

are compared in terms of predictductural drifts and accelerations, and reactions (forces and moments) at

8
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the base, which are the engineering demand parameters usually considered for the verification of RC

structures.
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1.2. Review of thestate ofart

In an RC frame designed according to capacity design principles, during a seismic event, plastic flexural
mechanisms are expected to be activated at the end sections of the beams and at the basis of the columns of
the first floor [14]. These dissipative zones, where +ioear mechanisms such as yielding of the
longitudinal reinforcement, extensive spalling of concrete cover, diagonal cracking amdgafsoncrete

core, and buckling and fracture of longitudinal steel bars are enfgfjexkepresent the scalledreal plastic

hinge regions, atstermed asritical zonesn the Eurocod@4]. The curvature distribution inside the critical

zones is very complex and casdependent, as it is &fted by the concrete compressive strength, the
bottom/top reinforcement ratio, the transverse reinforcement ratio and the shear span to d4f8j,ratio

[39], and the maximum curvature may do not occur in the same section where the moment has its maximum
[19].

In the framework of noflinear analyses, this complex behavior can be represented with fair accuracy by
means of a concentrated plasticity fatation, i.e, assuming that the structure is composed of healamn
members made of an elastic core and #Aplastic hing
behavior can be activated. The concept of the plastic hinge length was imiti@itiuiced by Park and Paulay

[40] who considered a cantilevered RC column subjected to a transversal force, and determined the ultimate

top displacemat according to the expression:

c Q 11
~ . . 0 ¢ @ i

wherez is the shear span of the column, is the ultimate curvature at failure and is the curvature at

yielding. Within this simplification, which is rigorously valid only for members characterized by a purely

flexural behavior, the plastic hinge length () does not correspond to the actual length of the critical zone

over which tle inelastic deformation actually spreads, but is insteadftbetivelength[31] over which a

given plastic curvature is assumed to be constanisaintegrated to calculate the effective chord rotation,
including shear and fixed nd r ot ati on contributions, und4élr t he E
[42]. All the analytical models developed after Park and Paulay are based on this fundamental hypothesis
([14]-[19]). Fardig[16] introduced an additional contribution to Efj1(), representing the fixeeind rotation

due to the slippage of the longitudinal bars from the anchoragedzonrey; —r  ,where® T

when the slippage is not physically possible énd p otherwise, and—; h—y;  are the rotations due

to slippage at failure and at yielding, respectively.

Several studies have been conducted to formulate plastic hinge length expressions suitable for beams and

columns, and a comprehensive list is reportetainlel-1.

10
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Reference Plastic Hinge Length4_) Elementapplicability
Baker, 1958 000 - 0 beams and columns
Mattock, 1964 beams

Sawyer, 1964

Corley, 1966"

Mattok, 19672

Priestley et al., 1987
Paulay et al., 1992
Panagiotakos et al., 20671
Fardis, 2007¢!

Priestley et al., 200!

Bae et al., 2008’

Elmenshawi et al., 20#2!

Mortezaei et al., 201%8!

Ning et al., 2016"

-p PPT- p p —

o |

] @ 78X beams
™Q TRVQ - beams
T™®Q T8 & beams
™™g @Q columns
™™g T8 (QQ beams and columns
™ Q@ T8 pd@ QQ beams and columns
™G TRQ beams and columns
™— pd TI¢RQ beams and columns
™— o— T - m®uQ m & columns
™Y ™McRQ & beams and columns
for far-fault earthquakes: columns

™M — o0— T - T1®'Q ™™
for nearfault earthquakes:

m - o— ™™ - mMuvQ M

G Mt (MBI X€ TR OO @8 T columns

Table1-1: Plastic Hinge formulationgroposed the literature

The expressions ifable1-1 were mainly developed upon experimental investigations conducted on beam

and column members subjected to monotonic and cyclic loading, and only in few cases the estifnation of

was basedn numerical simulations only, e.§20], [43].

11
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In two independent studies, Bae and Bayi#}f and EImenshawi et g1 9] compared experimental plastic

hinge lengths, determinedleer as the measured length of an extensively damaged zone or as a mathematical
expression relating the experimental curvature to the relevant chord displacement, with analytical models
from the literature[B]-[15]). The large scatter of results and the different performances of the models that
were observed were ascribed to the fact that each formulation relies on particular assumptions, including the
position of the actual hinge, i.e. of the center of rotation in the plastic hinge model, the definition of yielding
and ultimate curvatures, thecsien geometry, the constitutive behavior of materials, the transverse
reinforcement, the support conditions and the magnitude and type of I¢2d]ng/hich are not the same

for all the models. Moreover, the assessed models give different weight to the various anelastic mechanisms,

which makes the dependence on a particular parameter predominant over the others.

Because the length of the zone affected by-lim@ar behavior tends to be greater for beams than for
columns, dedicated theoretical expressions were proposed. The greater plastic hinge length observed for
beams is attributed indeed to the low axial forttesy are normally subjected to, which makes them more
prone to sheainduced flexural deformationfd9]. Further to this, beams are usually charémdd by an

asymmetric reinforcement layout. This feature affects the plastic hinge length too.

In the early models[8]-[12]), expressions fob accounted for bending deformations only. In a first
improvement, Priestley and P4dk3] proposed a twaomponent formulation, where the first term accounts
for column bending, while the second term accounts for theiferati rotation due to bar slip and yield
penetrabn of longitudinal bars into the column base. Paulay and Prigé#dé¢yostulated the dependency
of 0 on the yield strengti of the longitidinal reinforcement, to more accurately account for different
grades of flexural reinforcement, and later Priestley dtL@]. emphasized the imp@nce of the ratio of

ultimate tensile strength to yield strength of st@#'Q; for low "QF'Q ratios plasticity is indeed activated
close to the end section of the RC member, resulting in a short plastic hinge length, whef@i<igtios

increase the length of spread of plasticity across the RC member.

Panagiotakos and Fardis5] reviewed a large number of tests embracing both cantilevered columns and
supported beams. The geometry of the tested specimens, the amount and layout of the reinforcement, the
concrete strength, the type of steel, and the axial load covered a venalaggef options. On such basis,

the Authors proposed an expression where still depends on the shear spanthe diameter of the
reinforcemeniQ and the yield strength of sté€, but increased the weight of the flexural contribution and

redued the weight of the reinforcement.
Bae and Bayrakl8] formulated a new expression for that included the dependence on the amount of
longitudinal reinforcement through the ratie (where0 is the gross area of concrete section@nis the

area of tension reinforcement), because they observed)thdtas a consistent tendency to increase
proportionally to this quantity, indepegtly of the axial load. This behavior was confirmed in later studies
([20], [43]). Furthermore, by testing column specimens subjected to a wide range of axi@deaahd

Bayrak[18] concluded thab is nearly constant at low load levels but, beyond a certain threshold, namely

12
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0 T 0, whereD is the applied axial force, anal is the nominal axial load capacity, it increases

significantly with increasing of the compression.

Elmenshawieta[l9]i nt r oduced t he cont r i buxtwhhisnwofe significant i s h e
in beams than in columns becauseasteffects are normally more critical in flexural elements subjected to
low axial force, where the contribution of the concrete in resisting shear stresses can be disregarded.

Ameli and Pantelidefgl4] proposed an iterative procedure to deterrbindor either castn-place or precast

columns, capable of simulating both the local and the global experimental response. The proposed

expressions ob accounted for both lowycle fatigue and bonslip and were in good agreement with

empirical expressions available in literature, like e.g., in referd8¢and[15].

Recently, Pereira and RomE8] highlighted the need to consider all the local mechanisms that take place
in the critical zone, in order to properly quantify the damage localization length; in fact, before the yielding
of the reinforcement, the interface effects, along with flexure and shear deformations, mainly contribute to
the deformation capacity, while, after yielding, the behavior is predominantly governed by flexure. For this
reason, the authors suggested to decoungdrterface effects from the material strain level in order to
formulate these mechanisms in terms of the-deggendent behavior of the constitutive materials at their
ultimate state, namely the strength and the stiffness deterioration of the concdretEnforcing steel

compressive and tensile responses.

It is worth mentioning that factors affecting the plastic hinge length in RC elements subjected to monotonic
loadings could be different than those under reversed loading (either static or dyjd8@hd therefore
some expressions (e.g., referendéd and[16]) reported inTable1-1 are valid under cyclic loading only.

Based on a wide experimental and numerical background, recommendations for concentrated plasticity
modelling of flexural RC members in ndinear analysesvere introduced in the Eurocode 8 (for brevity

ECS8) for design of seismic resistant structures. Part 2 of &8} §jives provisions for modelling &C piles

of bridges, while Part 324] addresses general modelling issues of RC members of framed buildings.

Specifically, the Codf24] provides two formulas for the plastic hinge length

. , § QR (1.2)
Uho TRQ TP JQ T T o
. a o %R (1.3)
Uha 5o T]Q T p —?3)

Both formulations are valid under the assumptions of the curvature profile across the member length given
by Eg. (L.1), and the yield and ultimate rotations determined in accordance with Park and[@@ul@iie

Code recommends to use formul2 in combination with a confinement model for concrete in accordance
with Eurocode 246], with the stresstrain relationship defined by a parabea#ctangular curve according

to the stress block theory; on the contrary, the formu8 {s valid when a more refined stregtgsain model

representing the impvement of  with confinement under cyclic loading is assumed:

13
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e @ ¢ (1.4)
Qe BP oK Q
Qs (1.5)
Hhd &g PV P
* Q
L& . (1.6)

where™Q is the confined concrete strength andis the associated strain, is the ultimate strain of the
extreme fiber of the compression zohe, is the ratio of transverse steel parallel to the direction of loading
and is the confinement efctiveness factor, which depends on the dimension of the confined core and the

stirrup spacing.

Both expressions of EqL.2) and Eq. 1.3) include the contributions of the shear spatie overall deptiQ

of beam or column crossection, the diamet& and the yield strengt of the longitudinal reinforcement,

and the concrete compressive strerigthit is noteworthy that only few equations, namely those defined in
referenceg8], [18], [20] and[21], among those reported Trable 1-1 account for'Q) since experimental
findings reported in literature seem to suggest that RC members made of high strength concrete (up to 175
MPa) have comparable extension of the plastic region with their normal strength concrete coufit@rparts
However, the concrete strength may have an indirect influenbe pas shown, e.g., in referen@s], as

it affects the curvature distribution and the flexural strength and, in turn, the shear demand on the element,
which is considered (alongside the crgsstion effective depth) the main factor influencing tlast hinge

length.

By referring to the Italian scenari o, the |l talian
brevity NTC)[37], in its Explanatory Circulai25] provides the same expressiorbof as in Eq. 1.2), but

differently from EC8[24], it suggests to adopt the detailed ststsain model for confined concrete

according to Mandg#7], instead of the paraboliectangular relationship defined in Eurocodd@]. The

effect of this combination will be investigated later.

In the concentrated plasticity formulation, the inelastic behavior is activated only within assigned regions of
the structural member, while the remaining part is assumed to behave elastically. lo acgeunt for the

reduced flexural stiffness, an effective area moment of in€rtiaf the elastic region intended to mimic (in

a simplified manner) crackingduced softening phenomena is frequently adopgs]-{30]). The simplest
approach consists in taking the effective area moment of inertia as an assigned fraction of the area moment
of inertia"O of the gross crossection, where 50% dDis a common figure[28], [29]). In contrast, other

authors suggest to adjust the effective stiffness on a mieaharodel. Brason and Mef48] proposed an

expression fofO that accounts for the gradual change in stiffness with the progression of cracking

14
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3 ) ) ) 1.7
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o® 0 h dmEO O (1.7

wherel is the bending moment acting on the concrete sedtionis the bending moment at first cracking

and'O is the area moment of inertia of the cracked section evaluated at the critical point of the-moment
curvature relationship. Fardis6] proposed both theoretical effective stiffnessalculated directly from the

yield moment) and the chord rotation at yieldifig, and arempirical effedve stiffnessfitted directly to

test results. This latter expression depends on the structural member under consideration, the possible

slippage of the longitudinal bars from their anchorage beyond the member end section, the shear span tc

depth ratio€) and the axial load ratié —— (here0 is the axial load under gravity actions alone):
00 N o0 e 1.8
|n§ﬂJII(;—Qp nsrrllpEIa—h)uuwp ™ & 00

where the value ¢of depends on the member type (i.e., beams, columns, or wallg) arwlints either 1 or

0 depending on whether slippage of longitudinal steel is possible or not.

Another approach was proposed by Priesi#8], who recommended to calculate the effective flexural
stiffness from the bilinear approximation to the moménturvature relationship, according to the

expression

0 1.9

whereO is the concrete modulus of elasticity, is the crossection nominal flexural strength and is

the yield curvature, which for rectangular columns can be evaluated@s ¢® ¢ +10%, being the

yield strain of the longitudinal reinforcement amthe crosssection depttd9]. This formula has the merit

to take into account the axial force, which increases the nominal flexural strength of the columns at the lower
stories of a multistory building, and allows to differentiate betwedanums and beams. For ease of
implementation, in design cod&3 is generally assigned as a fixed fractioff@fwith only few exceptions,

like e.g. the North American code ACI 3[8] where values 6O accounting for axial load, eccentricity,
reinforcement ratio, and concrete compressive strength, similarly to the rdepamident expression
proposed by Branson and i¢48], e.g., Equation (7), are adopted. Part 1 of [EDBassigns the flexural

and shear stiffnesses of the cracked concrete section-aslboé the stiffnesses of the uncracked section,

thus defining the effective area moment of inertia as
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Qy ™ (1.10

and the same provision is given in the Italian Building Ci@d¢. A similar approach is followed also in
e.g., the Greek and the New Zealand codi@s],([32]), but the two norms prescribefférent reduction

factors, ranging fromm@& "O for beams ta@/Ofor the interior columns of a frame, depending on the expected

axial load ratio of the RC member under consideration
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1.3. Numerical investigation

1.3.1. RC casestudy frames

The casestudy structtes examined in the study consist of four RC building frames from two to twelve
stories in height. Each floor has three bays of 5 m in both horizontal diredfignsg(1-1) and a constant
inter-story height of 3.5 m. The geometry of the four frames and the material properties are taken from
referencg52].

X

Figurel-1: Typical plan of the casstudy structures, with highlights of the peripheral seismic resistant flaitles

The structures can be assumed as paradigmatic efisew(2 and 4 stories) and mediiise (8 and 12

stories) buildings, designed in compliance with the Italian Building ¢&defor medium ductility class

(CDB) with a behavioral factor q = 3.5, respecting the stamigmn/weakbeam concept. The municipality

of L6Aquila (ltaly, | at i tityinahigis8ismi prdané dea (FGA n 4062 u d €
m/<) belonging to seismic zone 1 (highest seismic hazard) of the Italian seismic classif&&tiaith soil

Type C (mediundense sand, gravel or stiff clay formation) and topographic categais/assumed for the

design. The buildings are designed as ordinary structures subjected to overcrowding, with functional class
cu = Il, and an anticipated dgs life V, = 50 years. Dead and live load contributions are givdiabiel-2,

where the assumed live load Q = 4 kRAapplies to use category D (sipipg areas) of the Coda7]. The

seismic combination, calculated according to the recommendations of3¥T&nd taking a combination

factor of 0.6 for the live load Q as prescribed for use category D, controlled the design of the buildings.
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Gy G Q
Level
[kN/m? [kN/m?Z  [KN/m?]
ltonl od ® T
n (roof)  o® o Py

Table1-2: Dead and live loads (n: number of stories; g&rmanent structural loadsz:@ermanent nostructural loads, Q: live
loads)[51]

The peripheral frames are designed to provide horizontal resistance to seismic loads, while the internal
columns are designed to carry only gravity lodigyrel-1). Two-way rigid floor slabs are assumed at each

floor.

The frames are designed as ductile RC structures made from slender members, faitiugenFlar this
reason, brittle mechanisms, such as shear failure of beams or columns -@obgamjoints, are not taken

into account in the numerical model. Also, other failure mechanisms like bond slip angdieWatigue are

not addressed in the studn each building, the cross sections of beams and columns are kept constant for
all floors (Table1-3), in order to precisely control the locationses plastic hinges are triggered (namely,

at the bases of the columns of the first floor and at the ends of the beams of each floor).

2 stories 4 stories 8 stories 12 stories

Columns 1T 1@t T X TOX TT X TOX T WTOW T

Beams oWt m ut@eTm v T T U TPWT

Table1-3: Crosssection dimensions for columns and beams, in [&d]

In accordance with NT@37], the total longitudinal reinforcement ratio of the sésmic resistant columns

ranges from 1% to 4%, while in beams the ratio of the longitudinal reinforcement in ténsamd the ratio

of the longitudinal reinforcement in compressibriulfill the condition-2 (- (Table1-4).
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Floors 2 stories 4 stories 8 stories 12 stories
PP PG ™ X T8 X
w p T ™ W T W
X v ™C ™ TP TP
L@ T X T& X ¢ T g
o T PBIPp T @ P8I0 PBIC TEOT TAT
P q PH P8 ¢ P& @ PH pPBIC P8O PP Y PP Y

Tablel1-4: Longitudinal reinforcement ratios tension and in compression in the critical zones of beams, ifb[Ef]

The spacing of transverse reinforcemeirt the critical zones of the structural membersatednined as
O | El—p @O AWQ for seismic resistant pillars, andas | E -Ig cowanpX g ©  for
beams, wheré is the section width of the pillars,is the lever arm of the beam cresection and? O 6
mm is the diameter of the stirrupgable1-5 andTable 1-6 provide the shear reinforcement ratio in the
critical zones of beams and columns respectivaddyermined as the ratie-, whered is the area of the

transverse reimffcement parallel to the direction of horizontal loading ‘ans the crossection width of

the structural element

Floors 2 stories 4 stories 8 stories 12 stories

PP PC @ v
W pT ™ ¢
X v ™o T8
v @ ¢ ™ ¢
o T My ™™g ™ @

P q Y WY T G TR T

Tablel1-5: Shear reinforcement ratio in the critical zones of beams, iIf%)]
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Floors 2 stories 4 stories 8 stories 12 stories

All ™ ™ow 142 P8 @

Table1-6: Shear reinforcement ratio in the critical zonesalfimns, in [%]51]

1.3.2. Numerical model of the RC castudy frames

Given the regularity in plan of the examined caraly frames and their symmetry along two horizontal
axes, for each building a simplified 2D analysis is conducted on a single external peripheral seismic resistant
frame in the Xdirection and considerinpe tributary loads and masses pertaining to this frame, in line with
accepted practicR9], [53]. This simplification allows to ease the interpretation of the results and to focus

on the differences observed by using different modelling approf8ie§29].

Seismic masses were evaluated by taking intowaddhe combination of full permanent loads and live loads
as recommended in the Coff¥]. The periods of the first and second vibration modes ®ffithmes,
associated to more than 85% of the modal mass, are listatli@l-7. The apparently anomalous decrease
of the fundamental period observed $witching from the twestory to the fowstory frame is however
justified by the huge increase of the crgsstions of beams and columi®lle 1-3), which results in an
overall increase in stiffness for the taller building.

Period[s] 2 stories 4 stories 8 stories 12 stories

4 ™ wn 1@ oo 0.815 TP @

4 ™LX T o1 0.262 T WOo

Table1-7: Elastic periods of the cas¢udy frame$51]

Finite element models of the structures are formulated within the OpenSees fraifi§wodording to two
approaches: distributed plasticity and concentrated plasticity. In the first approach, beams and column
members are modeled using fleeceBeamColumelement object, which is based on the iterative force
based formulatiofi7]. This element object accounts for three distinctelements, which represent the two
external regions and the internal (middle) region of the member, respectime permits to assign a
different material section model to every selement. A twepoint GaussRadau integration scheme applied

to each sulelement is used in the element state determination, for a total of six integration points across the
whole elenent objecf7], while geometrical consistency and equilibrium of internal forces between the sub
elements is provided by the object formulation. Aiety of combinations of material models, either linear

or nontlinear, can be used for the external and the internal regions, encompassing both distributed plasticity
and plastic hinge integration. The external regions correspond to the critical zones@rierear behavior

is supposed to be activati8¥] and are characterized by closer stirrup spacing, as described in Section 3.1.

In these regionghe confined concrete core presents higher compressive strength and ultimate strain than
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the confined core of sections located in the middle region of the member. A matefliak@oriber section

model is formulated in both the external and the middleelements, allowing the spread of the plasticity
also beyond the critical zones. Each steel bar is modeled as a single fiber using uniaxiaMénsgetto

Pinto constitutive law54], corresponding t&teel0Zmaterial model with isotropic strain hardeniadp).

The yield strengtfQ, the malulus of elasticityO and the straithardening rati@oare assumed equal to 390
MPa, 200,000 MPa and 0.01, respectively; the parameters that control the transition from the elastic to the
plastic branch are assigned¥s p (o o ¢ andd = 0.15, as recommended in referef®. The
concrete part of the crosection is discretized into 5 fibers in the cover patches and 20 fibers in the core
patch. The Mander concrete mof#€f] is implemented with initial elastic modul@ = 29,584 MPa, using

the library uniaxial materiaConcreteO4which is based on the model proposed by Pop¢sifis Concrete

class is C35/45; the compressive strength of the concrete cO®er i35 MPa and strains and- are

0.002 and 0.004 mm/mmespectively. Strength and strains of the confined concrete of the core patch are
adjusted depending on the reinforcement details of the specifies@ogsn. The concrete tensile strength

and corresponding strain dte= 3.67 MPa and = 0.00012 mm/mm.

In the concentrated plasticity approach, beams and column members are modelled again using the
forceBeamColumelement[7]; a linear elastic material behavior is assigned to the internatlsoient,
whereas the naelinear behavior can be activated only in the two externaleternents. In these plastic
regions, whose length is assigned by the user, the concretm@anbdravior is modelled through a fiber
section model with same material parameters used in the distributed inelasticity formulation, while an
effective moment of inerti® of the elastic element interior is considered to account for concrete cracking.

In this version with elastic interior, the element object is also knoweanWithHingeslement objedi7],

[56]. The same twoint GaussRadau integration scheme and the same number of integration points (six
across each element object) is therefore used in the element state determination dstriimited and

concentrated plasticity representations.

The six expressions af considered in the formulation of the concentrated plasticity models and the
supporting hypotheses are lisiad’able1-8. Each expression far cannot be implemented independently

of the paradigms introduced for the curvature profile, method to compute the yield and ultimate curvatures
and moments, as well as for the adopted concrete confinement model and type of 1@ diBg]. For this
reason, only expressions respectful of the Hypses of Eq. (1) [40] and valid for both beam and column
members have been considered. All the expressgiorable1-8 were evaluated considering a wed#tailed
confinement moddU7], and arevalid for cycling loading, in line with the scope of the present work. The
expressions P [14] and NTC (Eq.1.2)) [25] can be implemented along with the classical Mander model
for confined concrete, while CEN (E#.8)) [24], P-F [15] and FAR[16] expressions require the modified
Mander formulation described by Eds4) i (1.6). However, since the concrete strengths evaluated by the
two formulations differ by less than 5% and the ultimate strains arly megiivalent, the classical Mander
concrete model has been adopted irstadywhichever the plastic hinge model to be implemented. It must

be mentioned that only the ELM express|@8] is not associated to any specific confinement model, but
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the material and reinforcement properties of the -sas#dy frames are within the range assessed in the
experimental tests used for the development of the njp8k&nd therefore it is assumed that Mander
model can be adopted also for this formulation.

22



1 Concentrated plasticity modelling of RC frames in timehistory analyses
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Table1-8: Plastic hinge length formulations investigated in the sfady
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Table 18 continued: Plastic hinge length formulations investigated in the EBdgly
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The flexural area moment of inertia of the interior elasticedement was initially reduced by 50% with
respect to that of the gross cregstion, , as recomended in both NT@37] and EC8[50]. In order to

assess the effect of the axial load, which increases theswossn flexural strength of the columns at the
lower stories, additional analyses were performed by considering the expression of the effective area
moment of inertia proposed by Priest[49] as per EqX.9). The two expressions f&@ will be labelled

hereinafter as®; (Eq.(1.10)) andO (Eq.(1.9)), respectively. For each caseidy frame a total of 12

analyses was therefore carried out considering the combinations of thessand the twéO s.

In all models, the masses of the structural members (beams, columns, and slabs) are tednaettiea

nodes, dead and live loads are uniformly distributed on each beam and have been calculated according tc
the tributary area concept:[Belta effects are considered in the analysis, while bond slip andylo

fatigue effects have been disregaddThe columns at the ground floor have fixed base supports, simulating
rigid foundations. The damping of the frame is defined according to the Rayleigh method. However,
according to other studiegl{], [59]-[62]), the damping matrix is computed as a function of the tangent
stiffness matrix only, assuming 5% damping r§éi8), [64]. In spite today it is well accepted that the values

of damping of RC structures should range between 0.5% and 2% for NLTH ari@Bjs@6], a 5% value

has been chosen imder to take into account the energy dissipation coming from possible infill panels or

other nommodelled norstructural components.

The floor slabs are modeled as rigid diaphragms, by constraining the nodes belonging to the same floor to
have the same glplacement. As highlighted e.g., in referenf@&d, [53], the interaction between beam
elements modeled with fiber sections and the rigid diaphragm may distort the response of the structure,
overestimating the moment resistance of the beams. Under the effect of the seismic action, concrete element:
tend to crack and because of that, the neutral axis of the RCsetimn undergoes a shift. The rigid
diaphragm prevents the movement of the neutral axis, causing fictitious compressive axial forces in the
beams, thus overestimating the actual bendimgnent resistance and modifying the overall collapse
mechanism. To avoid this numerical issue, following Barbagallo §623l. an fAaxi abkenbuf f
introduced in the FE model. This element, which is assigned through a zeroLength elemeri6object
characterized by a virtually zero axial stiffness and very high stiffnesses in shear and bending, is placed
between one end of each beam and the adjacent node belonging to the rigid diaphragm, and it works as at

axial release to eliminate the fictitiousia force.

In accordance with NT€37] and with established practice, rlamear dynamic analyses were performed
considering a set of seven natigedund motions selected from the European Ground Motion Datfd&se

using the computer program REXE&9]. The seismic inputs agree, in the interval of periods between 0.15
and 2.0 seconds, with the elastic spectrum at 5% equivalent viscous damping ratio defined by|[®id Code

for the life-safety limit state (SLV) of an ordinary structure (functional class cu=Il) with a nominal.lie V

50 years, |l ocated i n Tek.dhegagnitude (Mwsobthelsevényyerds was choseat e
within the interval [5.3 7.3], with an epicentral distanceRin the range 130 km. Details of the input

ground motions are provided Trable1-9 andFigurel-2.
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Table1-9: Selected natural ground motions; PGA = Peak Ground Acceleration, SF = Scale Factor, t = dutaieartifiquake
[51]

Combination no. 1, SF =4.0818
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Figurel-2: Scaled ground motion spectra and target spectrum according tg3N[51]

Since one of the selected inputs shows an extremely high acceleration peak close to the first periods of the
2-story and the 4tory frames (i.e., 0.490 sec and 0.433 sec, respectively), it was preliminary checked that
this record woulchot induce any irregular behavior of the structuresabialidbias the results. The maximum

scatter from the mean estimates was found on the order of either 258ty(#ame) or 35% (4tory frame)

for the interstory drift, and significantly smalleof the floor accelerations and the internal forces in the

columns at the first floor.
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1.4. Results

Since the structures are designed in compliance with the ltaliarfZddend respectfully of the principles

of the performancéased design, the distributed plasticity formulations (hereinafter referred to as FIBER
models) of the four casgudy frames are usedthe benchmarks. Indeed, in the distributed plasticity model

the nonlinear behavior is not supposed/intended to be activated in assigned regions of the structural
members, but can spread across their whole length, capturing in a more reliable way théeowsed
behavior of the framd34]-[36]. The concentrated plasticity models have been formulated as coherent and
comparable to each other as possible, using expressions of the plastic hingé |enegttectful of the same
fundamental hypotheses, applicable to both beam and column meamderslid under cyclic loading.
Moreover, these models are consistent with their distributed plasticity counterpart since all of them
incorporate the same material properties and constitutive behaviors.

As afirst consistencygheck, plastic deformations veeverified to occur in the frames at the same locations
independently of the adopted plasticity modgure 1-3 highlights the locations where activation of the
plastic hinges has been predicted in tinitory analyses. Only plastic hinges that are predicted both from

the concentrated plasticity formulation of the frame and from the 12 distributed plasticitylditboms
(resulting from thesix 0  and the twdO ) have been reported. Filled spots indicate plastic hinges that are
engaged in each model from all ground motions, and empty spots indicate hinges that are engaged in eacl
model by at least two outf the seven ground motions, but not by all of them. The activation of plastic
mechanisms at the ends of the beams and at the bases of the ground floor columns is in agreement with th
capacity design principles, anticipated in the design of thestadgstructures. It is apparent that in each
frame, plastic hinges were triggered at the same locations, and the results were coherent refgdrelless
modelling choice. It is also worth noting that in thet8ry and the 1-8tory frames plastic hinges always
formed in the external columns of the ground floor but not always in the internal columns, though these latter
are subjected to greater moments, because the effective strength of the external columns can be significantl
reduced with respect to the nominalue due to the variation of axial load during lateral swinging of the
building.

.. .
IR S B A D B B AN

Figurel-3: Locations of the plastic hinges triggered in the edgdy frameg$51]

i
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1 Concentrated plasticity modelling of RC frames in timehistory analyses

At the end of the timéistory analyses, the response of the sdgdy structures has been evaluated
considering engineering demand parameters such asiatgrdrifts, absolute accelerations, and maximum
forces and moments in the ground floor colunihsing the posprocessing of the analysis results relevant
to each casstudy frame, the maxima of each demand parameter have been identified for edukttirge
analysis (i.e. for each ground motiorTiable1-9); then, the mean value of these maxima has been computed
for each plasticity formulation and evaluated. A detailed comparison amongdeehresponse of the
models is out of the scope oktpresent work.

Figurel-4to Figurel-7 show theresults obtained from the analyses performed considering the combination
of the various plastic hinge lengths with a 50% reduction of the area moment of i@grtipf¢r the elastic

interior of beam and column members, compared to the resultsdedoby the distributed plasticity
formulation (FIBER). The comparison is made in terms of maximum-gtéey drift ratio o and
maximum Peak Floor Acceleratian’®  evaluated over the whole structure, and maximum base shear

@ and basenoment) in ground floor columns.

Regardless of the modielg approach, i.e. whether distributed or concentrated plasticity is implemented, and
the adopted plastic hinge formulation, thet@ry and 4story frames present the maximuimer-story drift

ratio at the second floor, thesBory frame at the third floor and the-&fry frame at the sixth floor; the
maximum accelerations always occur at the last floor of each frame, while the most stressed elements across
the frames are thaternal columns at the ground floor, and for this reason, in the study the maximum base

shear and the maximum base moment will always refer to these members.

Figurel-4 shows the results for the maximum ingtory drift ratioy  : the panel on the left compares the
estimates provided by the varidus formulations, while the panel on the right shdiws relative deviation

(in %) of each estimate from the benchmark value provided from the distributed inelasticity model. For the
2-story, 4story and 8story frames the concentrated plasticity models underestimate the benchmark response
(Figurel-4a); more precisely, the deviation is on the ordefl6%6 for CEN, FAR, HP and PF formulations,
whichever the frame, while the ELM and the NTC models proxibetter agreement for thestbry and the

8-story frames, with deviations on the other®#6 (Figurel1-4b). The opposite behavior is noticed the

12-story frame: CEN, FAR, ¥ and PF formulations are in good agreement with the benchmark, while
ELM and NTC overestimate it by about 5%. Only for thet@y building the drift is not significantly

affected by the assumed plastic hinge model.

Also for the maximum base moment  (Figure 1-5) the concentrated plasticity models underestimate
the results of the distributed plasticity represeatatthough providing values comparable to each other.
Relative deviations from the benchmark are on the ordéi%offor the 2story and 4story frames, but rise

to -10% for mediurrrise buildings.

A fair agreement between the concentrated and the distmilplasticity formulations is found when the
maximum base shear force and the maximum Peak Floor Acceleration are examined, with deviations in
general smaller than 5%i@ure 1-6 andFigure 1-7). Regardingd "® , with RP, RF, FAR and CEN
formulations the relative deviatioRigure1-6b) is positive for lowrise frames, and negative for that®ry
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and the 1Xtory frames, but always less than 3%; the ELM and NTC models ahany fair agreement
with the benchmark for all the buildings but for thest@ry frame, for which the deviation is on the order
of 77 8%.
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Figurel-4;: Maximum interstory drift ratiopy ~ (comknation of0  with 'Q; ) [51]
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Figure1-5: Maximum base momeidt  (combination o) with 'Q; ) [51]
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Figurel-6: Maximum Peak Floor Acceleratian™®  (combination o with 'Qy ) [51]
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Figure1-7: Maximum base shear force (combination oy with "Q; ) [51]

Figurel-8to Figurel-11show the results obtained from the analyses performed combining the concentrated

plasticity formulations with the effective area moment of iné@iaccording to Eq1(.9).

In general, thedmped plasticity formulations keep underestimating the maximum-staey drift ratio

w  (Figure 1-8) predicted in the distributed plasticity appch (with only few exceptions, e.g., the 12

story frame with ELM or NTC models), but the agreement is significantly improved in comparksgnre

1-4 for the 4story and the 8tory frames: for the first structure, the deviations from the distributed plasticity
benchmark become negligible, and for the second one, the deviation is on the order of 4% for ELM and CEN
formulations, and of -G% for the otler models. In contrast, there is no apparent benefits when ttery2

frame is considered: for ELM and NTC models the accord does not change, while for the others the deviation
changes from a virtually zero value to abéafo. For the Zstory frame therés no substantial change with

respect td-igure1-4.

The maximum Peak Floor Acceleratibri®  estimatesKigure1-9) do not change significantly for the
2-story and the 4tory frames with respect to the results showrigure 1-6, while the agreement with the
benchmark improves for thestory frame: notably, for these three frames the lumped plasticity formulations
show a fair agreement with the distried plasticity approach. For the-gry frame thé "® s slightly
overestimated by the plastic hinge formulations, with a deviation on the order of 5% for all models but for
ELM and NTC models which have a deviation higher than 7%.

Also for themaximum base shear (Figure1-10), the results of the concentrated plasticity models are
not significantly affected from the adopted expresdmnthe effective area moment of inertia, and are
comparable to those shownHigurel1-7, confirming an acceptable agreement with the distributed plasticity

approach (deviation less than 5%).

A remarkable improvement on the estimat® of is instead evident by comparifigurel-11to Figure

1-5; the deviation between the lumped plasticity models and the benchmark is reduceesb&miw 10%,

and for the 4story frame, in some cases the deviation is even negligible. Anyway, the results confirm that
the agreement is better for lewge than for mediumnise frames, and the influence of the adopted plastic

hinge formulation is genelhg low.
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Nonrstructural components, such as supply lines, plants and architectural elements, as well as technological
content that may be present in the buildings, are sensitive to displacements and/or acc¢iégtionthis

reason, a second comparison is made in terms of pealsiatgrdrift ratiow and peak floor acceleration

0 "Od&t each floor. The results shownRigure1-12(a) toFigure1-19a) pertain to FIBER, 2, CEN and

ELM formulations combined with the effective area moment of iné®ja A A AT QPN p@ 1 and

those shown ifrigure1-12(b) to Figure1-19(b) pertain to AP, CEN and ELM formulations combined with
‘Oaccording to Eq1(9). For sake obrevity, the results associated t&-PFAR and NTC models have been

omitted because very close to the ones relevantir@Pd ELM, respectively.

As apparent ifrigure1-12to Figure1-15, the lumped plasticity models generally provide a stiffer behavior
than the distributed plasticity approach, undémesting the interstory drift at each floor. However it is
noted that for the X&tory frame the ELM model overestimates, in particular at floors 6 and 7 where the
largest drifts occur, the response calculated by the FIBER model, consistently withuttsepresented in
Figurel-4 andFigure1-8.

In contrast, the predicted Peak Floor Acceleration is not substantially affected by the modelling choice
(Figurel-16to Figure1-19), even though for the i&ory frame the concentrated plasticity modetsrezte
slightly higher accelerations at the top floor than the benchmark. These results are consistent with those

shown inFigure1-6 andFigure1-9.

Analyzing more in detail the effects of the modelling choices, the estimates of drift ratio and peak floor
acceleration of the-8tory frame Figure1-12 andFigure1-16) seem to be affected neither by the choice of
0 nor by the effective area moment of inertia. However, while the differences from the distributed plasticity

model in terms 0b "Oédre negligible, the drifts are significantly underestimated.

For the4d-story frame the agreement on drift estimates is significantly improved by combinimagth "O,

and the diagrams of the various models practically oveRauie 1-13b). For the 8story and 1zstory

frames, the differences among the models are more evident, in particularQvietaken asQ; : the

ELM curve is the closest to the benchmark at each floor, while CEN-Brald®s, thogh in good agreement
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with each other, underestimate the FIBER values. The discrepancy between the lumped plasticity models
and the benchmark are reduced wi@ris assigned a®, Figure1-14b andFigurel-15b.

Little influence of the effective area moment of inertia is instead found on the estimate of floor acceleration.

In general, the agreement 6n"Ods already very good among all models wheg is assigned, and

switching toO does not lead torg practical improvement. Actually, only for the-&ry building Figure

1-19) a certain mismatch is observed betweeR 8nd CEN models on one sidasd FIBER and ELM
models on the other side, but the difference, which concerns only the intermediate floors, is within 10%, and
does not affead "®  which is attained at the top floor.

—8—TFIBER —o—P-P —8—CEN —8—ELM —&—FIBER ——P-P —o—CEN ——ELM
2 2
wH **
z £
" @
1 1
0 0
0 0.004 0.008 0.012 0.016 0 0.004 0.008 0.012 0.016
a) A [m/m] b) A [m/m]

Figurel-12: Inter-story drift ratiow across the &tory frame: a) aJ0; ; b)"O[51]
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Figurel-13: Interstory drift ratio across the 4tory frame: ajQ; ; b) 'O[51]
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Figurel-14: Interstory drift ratiow across the 8tory frame: aj0; ; b) 'O[51]
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Figurel1-17: Peak Floor Acceleratioh "O@cross the 4tory frame: ajQ; ; b)"O[51]
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1.5. Discussion

The engineering demand parameters that appear to be mainly affected by the modelling decisions are the
inter-story drift ratiowpand the maximum moment in the ground floor coluins , while the peak floor
acceleratiom "O@nd the maximum base shear are less influenced. When a 50% reduction of the gross

area moment of inerti®; of the cracked concrete section is assigned to every beam and column member,

plastic hinge lengths according to the ELM and NTC formulations provide the &stimare in agreement

with the distributed plasticity approadhigurel-4, Figurel-12 - Figure1-15). This especially occurs when

the mediurrise (8story and 1zstory) frames are analyzed. In contrast, the results of-gter@ frame are
practically unaffected by the modelling choices, dnel interstory drifts of the benchmark model are
considerably underestimated regardless of the assumed plastic hinge length or the effective area moment of
inertia, whereas the agreement on the internal forces in the most stressed columns at thiegréiadriy

fair.

The performances of the various formulations can be explained by considering the extension of the plastic
hinge region associated to each model, as shotigime1-20. P-P and PF formulations provide very close

values ofd , both for column member$ ( from 0.30 to 0.33 m) and for beam membérs {rom 0.35 to

0.38 m), whichever the analyzed frame, and indeed these tdesnoeld similar results, as showrFigure

1-12to Figurel-19. The two models account, in the expressioi offor the contributions of the shear span

zand of the longitudinal reinforcemeritgble1-1): indeed PF assumes a 50% higher contributadrz than

P-P, but this is counterbalanced by a lower influence of the reinforcement contriblfanThe FAR
formulation anticipates shorter plastic hinge lengths than the previous two models, especially-foite 2

and the 4story frames, but the difference disappears in taller structures. It is worth recalling that in the theory
underlying the FARormulation the dependence upon the reinforcement is not explicit in the formulation of

0 butitisincluded in the expressions of the rotations at yielding and fallabde(1-8).

The ELM formulation accounts, as an additional contribution, for the length of the shear spread, which is
more important in beam than in column members. The predicted plastic hinge length is the largest among
all the examined models, @manges from 0.45 to 0.75 m for columns and from 0.50 to about 0.8 m for

beams Figure1-20) depending on the considered frame.

The expressions @f provided by the European and the Italian codes depend on the shear span, the section
depth and the longitudinal reinforcement, but assign different weights to each contributi¢h.ZEgnd

Eq.(1.3)). Therefore, the plastic hinge lengths calculated according to NTC are about two times greater than
their CEN counterparts, and cl ose t ostog/lamdzstory | n t h
frames the plastic hinge lengths calcethiccording to NTC and ELM formulations stretch to about 1/6 of

the total length of each structural member; in contrast, plastic hinge lengths accordirgR& Bnd FAR

formulations are on the order of 10% of the member length for columns, and &#afos; intermediate

values are provided by the CEN formulation. But fé? Bnd PF models, the length of plastic hinge region
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increases with the number of stories, which explains the poor agreement with the distributed plasticity model

in terms of interstory drift observed in the-&tory frame.

Ly [m] Columns Ly [m] . Begms . .
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0.2 0.2

0 0

<
R R R s Q?g- &\A Q)\S\ Q&C ?g RS % Q‘?g- Cf{ﬁ Q)\F‘h \5

Figure1-20: Plastic hinge length for column and beam membéBd |

Disregarding the ELM and NTC models, for which the benefit is indeed negligible, the estimates of demand
parameters provided by the concentrated plasticity formulations show an improved agreement with the
distributed plasticity benchmark when tieeluction of the gross area moment of inertia is assigned according
to Eq. (.9), i.e."O 0. This formula indeed, which accounts for the contribution of the axial load,
differentiates between column and beam members, and among columns at diferenthe ranges of the
coefficients of reduction ofO with respect to the area moment of inertia of the gross -sexgion"O
calculated by Eq.1(9) for the examined castudy frames are reportedTiable1-10. Beams, characterized

by negligible axial force, have coefficients of reduction considerably lower than columns subjected to high
axial load, which has a beneficial effect in increasimgditosssection nominal flexural strength. It is worth
noting that the reduction coefficients showmable1-10 are comparable to the ones prescriineithe New
Zealand nornf31].

Member 2 stories 4 stories 8 stories 12 stories

Beam @ X TR UV T I ™ Y 8 ¢ T 1
Column,internal ™M) X T TW O T T @ ™) Y T ¢ T Y

Column, perimetra T @ ™) X T 0 T T TMM ULV T « T T T «

Table1-10: Reduction coefficients of the gross area moment of inertia of thestizdhe framesccording to Eq(1.9)

[51]
As highlighted inFigure1-8, for the 4story, 8story and 1ztory frames the concentrated plasticity models
combined with the reduced area moment of iné@igeld estimates ofp ~ which deviate less than 10%
from the benchmark; these results are also confirmed from the plots repdfigdriil-13to Figurel-15
which show that the global deformation of the distributed plasticity model is well captured, especially for
the 4story frame. Good agreement is obtained also in teras'Ofh "® andw  (Figurel-9, Figure

1-10, andFigure 1-16 to Figure 1-19) with scatter less than 5%, even if these response parameters are less
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affected by the choice ¢@ . Also ford assigningO  "Oleads to an improved agreement felP PR

F, FAR and CEN modeld-{gurel1-11). Generally speaking, the adoption of the area moment of ifiertia
dependent upon the axial load benefits more those lumped plasticity models which are characterized by a
Ashorto plastic hinge | et g(ed, EtMaadiNCmbdels),evhich mdeedc i pat i
stretches across a significant part of the total length of the structural member and consequently is likely to

envelop the actual cracked region.

The effective area moment of inerffa does not carry any substantial improvemarthe analyses of the
2-story frame. Therefore, regarding the accuracy of the results, the lumped plasticity approach does not seem

a viable alternative to distributed plasticity modelling for very sheet buildings.

The results presented in this sgudghlight that for nodinear analyses of framed RC buildings adopting a
lumped plasticity formulation in accordance with Eurocod243 or with the Italian Building Codg25],

the agreement with the results of a full distributed plasticity formulation can be substantially improved, in
terms of interstory drifts and maximum base moments, when the effective area moment of@etitne

elastic region of each member is assigned according to the formula giverlifagounting for the effect

of the axial load, rather than arding to the formuldO  1T@®°O provided in the Codes themselves. This
suggests that a more realistic approach is to differentiate the valDelmftween either beam or column
members, as well as among columns subjected to different levelsabiiaad, in line with other norms
(reference$31] and[32]).
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1.6. Conclusions

The study investigates the performance of concentrated plasticity models used to represerirntbarnon
response of RC frames with flexural behavior in the context of-hiistery analyses. The models were
formulated in the OpenSees framework usingaheeBeamColumalement objedt7] coded in the software
libraries, onsidering different modelling choices pertaining to the length of the plastic hinge begamd

the effective area moment of inertf@a of the cracked concrete section. Four reinforced concrete frames
with 2, 4, 8 and 12 stories were taken asesiudy structures. The frames were designed in compliance with
the current code recommendations and according with the principles of the capacity design, avoiding brittle
collapse; other failure mechanisms, such as bond slip ecyoie fatigue, were ri@onsidered as well. Nen

linear dynamic analyses were performed, and the response of the frames evaluated under a set of seve
spectrumcompatible earthquakes according to the Italian Building C[@¥. Only plastic hinge
formulations valid for cyclic loading and applicable to both column and beam members were taken into

account.
The main outcomes of the research are summarized in the next points:

(1) depending on the modelling decision, the plastic hinge lengtharied between 10% and 20% of the
member length for columns, and between 8% and 16% of the member length for beams, and, in the examinec
frames, was also affected from the height otahiéding, with greater lengths anticipated for taller structures;
these differences were reflected in the analyses, with closer results provided by the models yielding

comparable values of ;

(2) all the concentrated plasticity models were able ppuca the global mechanical response of the-case
study buildings predicted according to a distributed plasticity formulation, and to identify the locations where
plastic hinges were triggered;

(3) regardless the choice of the plastic hinge ledgthnd the effective area moment of inefta of cracked

concrete sections, estimates of absolute acceleration and maximum base shear provided by the concentrate
plasticity models were in acceptable agreement with the distributed plasticity benchroankrast, lumped
plasticity models tended to underestimate the 4istery drift ratio and the maximum base moment in all
frames, with the only exceptions of the-d4tdry frame , where the drifts were overestimated by the ELM

and NTC models; better agreemen the maximum base moment was consistently achieved indew

than in mediunrise buildings;

(4) regarding the modelling choice used to account for the reduced flexural strength of the cracked concrete
section, a closer agreement with the resultsigedl from the distributed plasticity approach was achieved

by assigning an area moment of inertia dependent upon the axial load9)Hq.(heChapte), rather than

a fixed 50% reduction of gross area moment of inertia as recommended in the E{BOpaad the Italian
[B7]codes. The 1 mprovement was more evident for |

plastic hinge 0 einthpd lditer casea the aasigned regog, wherdipldsformation is
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allowed to occur, indeed extends over a significant part of the total length of the structural member and

consequently is likely to envelop the actual cracked region;

The results of the study therefore suggest that, but for veryis@irames like, e.g., the-&ory frame
examined in the study, a better agreement with the results of distributed plasticity analyses, especially in
terms of maximum intestory drift ratio and maximum base moment, can be achieved by adopting different

values of O for either beams or columns, as well as for columns subjected to different levels of axial load,

in line with the provisions of other norrfil], [32].

It should be noted that these conclusions might only apply to buildings exhibiting acbtang/weak

beam behavior in line with theapacity design. The results were obtained examining four frames, from two
to twelve stories in height, characterized by a regular distribution in plan and elevation, and considering only
a set of seven ground motions. Though the number of ground adoeldiatories is in accordance with the
prescriptions of the Italian Building Cofi&7], biasrelated issues due to the low number of ground motions
may be a concern. In a future development the investigation will be extended to buildings with irregular plan
and will consider a larger number of ground motions, representing different site characteristics and
comprising both nediault and faffield evens, in order to confirm the validity of the present conclusions
over a large variety of practical conditions. Nevertheless, despite these current limitations, the Authors
believe that the study has some merit in providing, for the first time, a compreheasiparison between

the effects of the modelling decisions in the formulation of concentrated plasticity models {fareaon
dynamic analyses of ductile RC frames.
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1.7. Symbols

@ zeroone coefficient related to the cracking phenomena due to shiéexwre
0 gross area of concrete section

0 area of tension reinforcement

0 area of transverse reinforcement
wstrainhardening ratio

0 section width of the structural element

0 section width of the pillars

0'Y curvature degradation parameter

0'Y curvature degradation parameter
‘Qsection depth of tension reinforcement
‘Cesection depth of compression reinforcement
'Q diameter of longitudinal reinforcement

‘Q diameter of transverse reinforcement

‘O modulus of elasticity of concrete

'O modulus of elasticity of steel
"Qcompressive strength of concrete

"Q compressive strength of confined concrete
"Q  compressive strength of the concrete cover
"Q tensile strength of the concrete tec

"Q effective lateral confining stress on concrete
"Qyielding stress of longitudinal reinforcement
"Q yielding stress of transverse reinforcement
"Qultimate tensile strength of reinforcement

O permanent structural loads

“O non-permanent structural loads

"Qoverall depth of beam or column

"Q section height of the confined core

‘0; effective area moment of inertia evaluated according tdlH@X
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O area moment of inertia of the cradksection

‘O effective area moment of inertia
‘Ogross area moment of inertia

“‘Oeffective area moment of inertia evaluated according tdB)@ = 0.7 for mild steel, 0.9 for cold worked

steel in[8]

Q p ™OI usedin8]

Q M = Q p@ "QQb D dins

Cc:

plastic hinge length

a length of shear spread

0 bending moment acting on the section

C:

bending moment at the first cracking
0 maximum base moment (in the most stressed column at the ground floor)

0 nominal flexural moment

C:

yield flexural moment

C:

magniude

0 axial load under gravity actions alone

C

applied axial force if18],[20],[21]

Qo o "Q0 nominal axial load capacity as per ACI 328] in [18],[20],[21]

C

Ca

"Opeak floor acceleration

Ca

"®  maximum peak floor acceleration across the frame

Ca

"Opeak ground acceleration
] tension reinforcement index — 3— in [9]
0 live loads

aeompressive reinforcement index — 3— in [9]

1 balanced tension reinforcement index — 3— in [9]

'Y epicentral distance
'Y initial value of the curvature parameter

i spacing of the transverse reinforcement
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"Y"®cale factor

t duration of the earthquake

“Y period of the first vibration mode of the frames

“Y period of the second vibration mode of the frames

® maximum base shear (in the most stressed columns at the ground floor)

¢ distance from critical section of maximum curvature and the element point of contraflexure

| coefficient depending on the type of structural elemagt ¢t fpr columns,® o for beams @ v for

rectangular walls)

| confinement effectiveness factor

[ = 1.5 for primary seismic elements, = 1 for secondary seismic elements
winter-story drift ratio

w  maximum interstory drift ratio across the frame

1 ultimate top diplacement of an RC cantilever column

floating point value defining concrete strain at maximum strength

strain at whichQ is attained in accordance with the model of Eurocofi&pR

strain at whichQ is attained in accordance with the model of Eurocof&B

floating point value defining concrete strain at crushing strength

steel strain at maximum tensile stress

ultimate elongation of steel

tensile strain of the concrete section

yield strain of the longitudinal reinforcement

—level arm equal t® 'Ceén rectangular sections

— chord rotation at yielding

—i, yielding rotation due to slippage of longitudinal bars from the anchorage zone

—  ultimate rotation due to slippage of longitudinal bars fromatihehorage zone

" axial load ratic—

» vyield curvature

ultimate curvature at failure

" ratio of longitudinal reinforcement in compression
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" ratio of diagonal reinforcement (if present)

" total longitudinal reinforcement ratio

" volumetric ratio of confining steel

" ratio of transverse steel parallel to the direction x of loading
" ratio of longitudinal reinforcement in tension

1 mechanical ratio of the tension longitudinal reinforcement

1 aenechanical ratio of the compression longitudinal reinforcement
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2.Characterization and numerical assesment of Lead

Damper

This Chapter includes first paragraph presentitige evolution of energy dissipation devicesth a focus

on devices ohysteretic typ. Due to the increasingly large numlmdravailable devices, theork does not
attempt to present a statéthe art on the subject, but to focus on discussing the main original research
effortsas well as thenost relevantirawbacks

Then, thestudy presents an experimental assessment of an emerging energy dissipagomaiee\l ead

Damper (LED), which providesresistive force by the friction created between a lead core and & ss#dt.

are performed according to the European standard EN 15129. The damper showplastigithehavior
without strength degradatioregardless of the imposed deflection; the shape of the hysteresis loops is
essentially rectangular, resulting in an effective damping of 0.55; the device is able to sustain multiple cycles
of motion at the basic design earthquake displacement, providaigtanancdree operation even in

presence of repeated ground shakes.

The Chapter includes alsa avestigation about theodelling alternativeto describe the constitutive law
of the LEDin OpenSees.

2.1. State of arbf energydissipationdevices

2.1.1. Generalintroduction: principles of energy dissipation

In accordance with the Principle of Energy Conservation, a structure hit by an earthquake is defined by the

relationship
Oy Oy O (2.1)

whereO represents the input energy from the grourakstyg,O andO are the energies respectively stored

and dissipated by the structure.

In order to protect a structure from the damaging effects of an earthquake, it is necessary to modify one of

these terms.

A possibility may be the reduction of tirgut energy by isolating the structure, which consists of dividing
the movement of the structure itself from the movement of the gréuggré2-1 7 right). In this way, also

the righthand side of the equation is reduced for equilibrium, and integrity of the structure is preserved.
Base isolation has proved as a viable approach togprbtilges, buildings and industrial plants from
earthquake$l] but in general it is not suitable for structures resting on soft @S] and for highrise
buildings [6]-[8]. The use of base isolation systems is widely adopted in new structures built in high
seismicity regions to reduce the geometry and oetgiment of the structural membg$, [10] and also in

such buildings where the critical parameter is the protection of the contents or the operation of the structure
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during the seismic event and in the aftermath of an earthquakeasuwobspitals or other structures of
strategic importancfl1]-[13]. Howe\er, the high initial costs of installation of this retrofit solution could
limit the widespread of this technique in the seismic retrofit of existing builfids
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Figure2-1: Left: comparison between a simple 2 floors building and the same building retrofitted with energy dissipation devices;
right: comparison between the 2 floors building and the dariléing retrofitted with base isolation devices

Another option consists in increasing the dissipated energy, by inserting a special device system inside the
structure Figure2-11 left); this approach is aimed at achieving two effects, namely increase the structural
stiffness, with consequent reduction of displacements, and dissipate much of the seismic energy, leading to
a reduction of the accelerat®fi5] (Figure2-2).

.
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Figure2-2: Comparison between a simple frame and a frame equipped with energy dissipation devices

Supplementey energy dissipation is employed both in new and retrofitted constructions in order to prevent
structural damage, increasteisafety and achieve a desired level of performah6g [17] appearingan
appropriate and economically affordable solution to reduce the vulnerability of ordinary structures, such as
residential, school and industrial buildinNds]-[21].

The hardware used to implement such strategies must fsiifict performance requirements and its
assessment is regulated by standards, liketeegEuropean standard EN 15129] which forms the basis

for CE Marking of antiseismic devices, compulsory within the European market.
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2.1.2. Energydissipationhardwae: critical review of past studies

The concept of using separate elements to increase the damping in a structure was first postulated in the lat
sixties in Japafi23] and specific research on passive energy dissipation systems started less than 50 years
ago in New Zealanf23], [24]. Its philosophy consists in eliminating or limiting damage to the structure by
concentrating the dissipation of much of the seismic energy in elements out of the gravity framing system.
Nowadayssupplementy energy dissipation or damping systems are worldwide employed both in new and
retrofitted constructions in order to prevent structural damage, increasaftity and achieve a desired level

of performancgl16], [17].

Current energy dissipation devices can be classified in two main catg@siliethe first one includes the
so-called fluid viscous dampers, where the dissipation is achieved through the lamination of a viscous fluid
forced by a piston to pass through an orificorgvalving system. The behavior of these devices strictly
depends on the fluid velocity. Viscous fluid dampers are very versatile and can be designed to allow
unconstrained slow motions (like e.thermal motions) as well as provide controlled dampiraysifucture

to protect from wind load or earthquakes. The second category is represented by hysteretic dampers, whict
are further classified in hysteretic steel dampers, friction dampers and metal extrusion dampers, depending
on the mechanism actually uséo dissipate the seismic enerdghe output force of these devicies
essentially dependent on the deflection and independent (or only slightly dependent on velocity), and they
are named as Displacement Dependent Devices (Dddyt of the dampers used liesidential, school and

i ndustrial buil dings bel ong]l[lA, §9],t24]e[26lhand[27h. Tket i c
theoretical forcedisplacement curves of hysteretic dampers are showigime2-3, where N is the axial

f or c episatmedxiatmlisplaceent of the damper, and, ik the yield strength of the device; the area
included in the curves corresponds to the energy dissipated by the device during a cycle.

N N
N D,

> N, N, |

"Bs [
[

Figure2-3: Typical constitutive law of hysteretic dampers: left, friction dampers; right, metal daf@ggrs

The metallic dampers dissipate energy througlyiglding of a metal, the friction dampers instead through
the friction between two solid bodies sliding relative to one another, while the metal extrusion dampers

through the extrusion of a metallic material.

A pioneering work on friction devicesas devadpedin Canada in the early 1980s by Pall e{28], [29].
The pioneeringdea of Pall consisted in protecting the main members of a structure introducing-an anti
seismic system made of materials (for example steel) easily reachable and assembled in a simple geometr

(Figure 2-4). Experimental results showed that the hysteretic behavior of the slipping friction joint was
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2 Characterization and numerical assessment of Lead Damper

reliable and repeatable; for this reason, Pall carried out further research and introducetibhisl&vice in

the intersection of steel bracing, solving the drawbacks related to the performance of steel bracings. In fact,
the braced frames are stiffer in order to control the lateral deflections due to wind and moderate earthquakes,
but this stiffnes attracts higher lateral inertial forces, and the energy dissipation capacity of the brace is very
limited. Moreover, a brace in tension stretches during severe shock and buckles in compression during
reversal of load. The introduction of a friction deiin the intersection of the two braces guarantees that
during a severe earthquake, the friction device slips, dissipating the seismic energy and preventing the
buckling in compression of the bracing systems. The Pall friction bracing system has img éalizie

several applications for both steel and concrete buildings in new construction and retrofit of existing
buildings [30]-[32], examples are th€oncordia University Library in Montreal and the Canadigrace

Agency Headquarters in Longueuil, Quebec

l'ﬁ. — |

AN A |

1 1 1 T
L’T__\( / ?4, e o3l
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e ey || aneel plate with
[islotied hales

o e
slip joint with
/;( ,I friction pad
} RC wall REC wall ¢ high-strength balt

CAR N PO ;
——] ' riction pad e

slip joint with

= = : e Device for tensien-only ¢ross bracing Device effeetive in tension 2nd reverse
slip at zero compression

brake lining pads
Sectien (=1 Section 1-1

a) Pall et al. 1980 b) Pall et al. 1981

Figure2-4: a) first friction devices introduced by Pall in 1928]; b) first dissipative friction bracing system presentedhl in
1981[29]

Few years later, Anagnostides et &3{-[35]) introduced a modification in the Pall dissipative bracing
system, making a simpler design and adopting rotational friction as opposed to translatimralied by

Pall. Anagnostides et al. had the merit to design a device able to guarantee a more consistent hysteretic
friction behavior and easier to construct, which made the device cheaper.

The search for a simple and ce$ftective device was followed by Grigorian et [@6] who developed an
improved and simpler type of friction device referred tolagesl bolted connection (SBC), which consists

of a bolted connection where the elongated holes in the main connecting plate are parallel to the line of
loading Figure2-5).

ee o= brasg shims o ;
= _— ,. e — © hardened flat washer_ 1 / Belleville washer
w?ld\'\; f,,'?'splice platasl <> o / brass shims
. g T e N " long slot
— Gusset plate S \5 lice olates
I : DTI washer piice p

Figure2-5: SBC, Slotted Bolted Connecti¢d6]
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2 Characterization and numerical assessment of Lead Damper

This latter device pinpoints the significance of adapting and exploring the use of simpler materials and
manufacture techniques for the fabrication of energy dissipation device, with thef goaducing dampers
more attractive in seismic design and retrofit applications.

However, no one of these techniques has overcome the use of the brace systems, which are structurally
invasive and give rise t o umchaustofcoasiructivps wokeesutihg e c t
in significant disturbance to the occupants, large increments in buildings weight and base shear and critical
alterations to building layoUlB7]. For this reason, these devices have been used mainly in new constructions,
where their introduction was already planned during the design stage, and rarely for the retrofit especially of
the residential buildings, because of their agoge dimensions that ruin the aesthetic and architecture of the
buildings[37].

In 1995, MartineZ38] highlighted the necessity of new upgrading schemes which reduce as much as
possible the problems created by the structural intervention needed for retrofitting. He introduced a simple
and small friction device to incorporate in the structure as a-4oeumn link or as a link between the base
column and the groundrigure 2-6).

L —

(a}
column
teal jacket
friction device
aateal link
(b}

Figure2-6: Introduction of the innovative friction dampers in the soft story building as a-belmmn link and base column
ground link[39]
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2 Characterization and numerical assessment oféad Damper
This system was inspired by the device proposed earlier by Filig#@liio incorporate in the corners of

timbersheathed wall structures. This technique showed great improvement in the hysteretic behavior of

timber wall structures, without interfering with arcletigral or construction requirement&dure2-7).

<] Y friction device ...
-.\ /_{\H o
..... - ...

//',
“~~~3;/ link . N
Fframing /. N\

Figure2-7: Friction device for wooden pandi0]

Martinez had the merit to extend this concept to all kind of frame structure (reinforced concrete and steel
structures). He also proposed an innovative bracing system, adopting a geomptititiigt solve the loss
of space associated with the installation of traditional braces and favors the activation of rotational hysteretic

devices at discrete locations of the bra¢égure2-8).

(A
frampsbrace
u ronnnolion L Eansacliog
global incorporation—polygonal arch global incorporation—bracing arch

Figure2-8: Alternative dissipative bracing systef33]

Recently in 2010, Martinelli and Mul§é1] presented an exhaustive study of the application of this passive
control technique as beaoolumn link and base colurground link to reinforced concrete precast industrial
buildings, followed later, in 2017, by Belleri et &igure2-9) [42]. However, these studies have not found
practical application and are intended exclusiVetyprecast industrial structures, which are just a portion
of the Italian building stock, without consiiley a possible application also to the residential or school

structures.
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2 TE

Figure2-9: Dissipative andle-centering devic§42]

Even if these more recent friction devices are low invasivesaigimic solutions, they do not solve the
problems already highlighted in their ancestor Pall friction device. Specificallyy elewice dissipates

energy after its activation, but in case of friction devices, the activation starts when the dynamic force
becomes greater than the static force acting in the contact area between the two bodies. In other words, th
friction devices a designed not to move if the structure is invested by a windstorm or by weak vibrations
from the ground and to dissipate a great amount of energy during strong eartigdakiésa relatively

weak earthquake occurs and the static force is greater than the seismic one, the dissipative system does n
work, and this has detrimental consequences to the structure, especially to accalensitore non
structural compnentg20], [43]. In fact, after the insertion of the asgismic systems, the structure is stiffer

than the original one, so it is invested by higher lateral fopossibly causing damages to the nsdinctural
elements. Moreover, even in the case of activationdiepation is due to the slippage or the rotation of

two bodies, causing wear phenomena. The wear may change the characteristics of friction of the sliding
interface modifying alsothe constitutive law of the device. After a strong shock, the deviceripromised

and needs repair or replacement, which are invasive actions especially in the cases of dissipative devices
inserted in a bracing system. In addition, the metal surfaces are influenced by corrosion and contaminants
that cause an increase in sadaoughness; as a consequence, the static force increases and may cause a late
activation of the devices under a strong earthquake. Finally, anotiheegligible problem is the relaxation

of the bolt load thaprovidesthe adequate pressure contact agire two sliding bodies. Kulak et §4]
intensively studied the behavior of preload bolts, showing an exponential decrease in time of the rate of

change in boltdad.

The portfoliosof the main European productors (such as FIP, Maurer, Magehajehysteretic dampers
based on yielding of mild steel cores, while friction dampers are disreg&teetdampers arendeedthe
mostpopular system adopted for reitbhg residential, school and industrial buildings all around the world

[18]-[21], andespecially in Italy.

The development of hysteretic yielding devices started in New Zealand in the earlytd9@0educe

additional damping to the base isolation systems (an exampl€igure2-10).
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column load
/ basement floor slab
|

%,
bent mild
< /steel bars

foundatlon
=
‘ﬂ' ‘J-l' rubber bearing

/l/wc]dcd end caps

Figure2-10: Bent mild steel bars as energy dissipation device in base isdifion

In Japan, Wakabayashi et 5], [46] conducted the firspioneering researels on the BRB, Buckling
Restrained Braceonsisting ofa steel core ensad in a steel tube filled with concrekgure2-11).

steel core concrete  STEEL CORE

5
£ihe

slip |
interface
outer

tube

Figure2-11: Buckling Restrained BraceBRB

The valuable improvement of BRB over conventional braces is in their ability to carry ldddaryiethus
dissipate a great amount of energy when loaded in both tension and comprésgioa2(12), whereas
conventional braces achieve their flikplacementapacityaccompaniedtby yielding when they are loaded

in tensionbut buckle without dissipating substantial amount of energy when loaded in compression.
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Force

p—
conventional / T TENSION

brace

Deformation

buckling
restrained

1 COMPRESSION
brace

Figure2-12: Behavior of Conventional ce versus BucklinfRestrained Bracender tension/compression loads

The stable energy dissipation capacity of BRBs makes them very attractive for seismic protection

applicationsfigure2-13 shows some examples @immercial BRB currently available and implemented.

a) BRAD - FIP Industriale b) MCSD - Maurer c) E-PAD - FPC lItalia

Figure2-13: Commercial BRB[47]-[49]

The advantage of BRBs over friction dampers is in their independence on the environmentabfattor
ageing components; in fact, the steel core is protected and does not need specific treatments or periodica
maintenance. Moreover, differently from the friction dampers, BRBs guarantee a good energy dissipation

capacity even fomoderateseismic evets.

Unfortunately, they are characterized by invasive structural dimensions and even if several solutions with
reduced geometry have been studjg@] and commercially implementedriure 2-13), no one has
eliminated the necessity of insertion in a bracing system, so also BRBs dramatically altdritbetaire of

a structureFigure2-14.

In addition, because of loweycle fatigue and residual stresses of steel dampers, or large permanent
deformations of friction and extrusion dampexfser severe earthquake, both hysteretic dampeed to be
replacedor restatedwith consequent cos{slue also to the eventual interruptiohthe building function,
painful for industrial and school buitths) but also with a potential threat to the safety of the structure, which

is left exposed to aftershocks which may occur in the aftermath of the main event.
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a)

Figure2-14: Examples of retrofiof school buildings with BRBsa) Giacomo Leopardichoo) Ancona; b) Liceo Capialbi, Vibo
Valencia

It is worth mentioning that neither friction dampers nor yielding dampers hasentering capacitythey
do not guarante¢hat the structure will returto its original configuration after a shocking event and

excessive residual deformations can even result in the total loss of a structure.

Nowadays, the current design approaches aim to resilient coitiesywhere not only the life safety is
guaranteed but also the buildings survive with no disturbance to business operation; it is cle@ththat

friction and steetlampergsuch as BRBs)lo notsatisfythis requirement.

The Shape Memory Alloys (SMA)ra characterized by a flegshaped hystereswurve (Figure2-15). The
amount of energy dissipation is reduced compared to that of thehgtteretic systems, but the system
returns to the zerforce, zeredisplacement point at every cycle, and more importantly, at the end of the

seismic loading.

a) Statically Re-centring Device b) Supplemental Re-centring Device

Figure2-15: Re-centering device$22]

The SMA are particularly sensitive to the temperature and frequency vari&tignse@-16), for this reason,

they need to be used in a controlled environment.
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Stress (MPa)
Stress (MPa)

Strain (34)

Figure2-16: Effect of temperature and loading rate on superelastic behavior offSNIA

Currently, among the Europeamanufacturersonly FIP hasa SMA device n its portfolio, which was
employed, to the knowledge of the Writer, ofy Basilica di San Francesco in Assisi after ft897
earthquakeRigure 2-17); the low spread of SMAbased damperis caused by the high cost the raw
material, which justifies its use only fapplications to high value buildings, such as the rethgfittage
buildings. Few studies[b2], [53]) have been recently developed about the use of SMA aseisitiic
system in civil structures, but they include the SMA within a bracing system, facing the problems already

presented.

Figure 2-17: Retrofit of Basilica di San Francesco di Assisi with SMA devices

Itis important to mentionrether issu¢hatconcerns theurrent hysteretic dampetbe design of dissipative
bracing systems is performed respecting the HAstr
[17], [54]-[57]; indeed, the devices are designed not to be engaged under normal service loads and weak
sdsmic excitationg37], since the dynamic force does not reach the yield fdy¢€igure 2-3), associated

to e.g., yielding of a steel core or static friction between sliding surfaces. Consequently, under small
earthquakes, a structure equipped with dissipative braces is subjegtedtsr accelerations than the bare
configuration[20]. Moreover, tests carried out at the University of Basilicata ([E8yhave shown that the
significant reduction of the frame lateral deformation, brought by the introduction of the hysteretic braces,
is counteracted by a huge increase of Peak Floor Acceleri@ginSimilar results were obtained also from

the numerical analyses performed by Gandelli ef4&8l on a hospital building equipped with dissipative
bracing systems. This phenomenon has detrimental consequences especially to aceasnsiivem non
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structural componen{20], [43]. In recent years, some researchers suggested using new kind of systems to
control multilevels of earthquake enerf@1], to achieve stable deformation, increase structural ductility,
and increase energy dissipation capacity with different stiffngS9&460]. For example, Balendra et al.

[61] suggested a twievel damper to control both severe earthquakes and wind and moderate earthquakes,
Gandelli et al[20] proposed an Adaptive Hysteretic Damper (AHD), capable to modulate its effective
damping and stiffness based on the intensity level of the ongoing earthgalesPalermo et al[62]
presented &rescent Shaped Brace (CSt#hich ischaracterizethy a geometrical configuration defined in

order to provide the structure with prescribed multiple seismic performances, within the performance based

seismic design framework

In conclusion, a more robust form of energy dissipation is needed that satisfizal objectivefs3]: (i)

more compact and architecturally less invasive design in order to be ideally located within themlmam

joint region; (ii) should ot require maintenance after a major earthquake, in order to guarantee a high safety
level and maintain an economical appeal, especially for the retrofitting of conventional buildings; (iii) should
not be at risk of lowcycle fatigue bar fracture; (iv) shlal ensure the reentering of the structure; residual
forces in the energy dissipator should eithezenteror creep back towards zero over time; and (iv) the cost

of devices should be economical compared with conventional design solutions.

A hysteretic dissipation system that deserves a deeper analysikeedidrusiondevice([64]-[66]), whose

basic mechanism is depictedrigure2-18. A lead volume is confined into a tube where an orificxesited

by an annular restriction, which is provided either from a constriction of the tube (a), or a bulged shaft (b).
As the shaft is displaced, the lead is forced to flow through the annular restriction. This plastic flow adsorbs
a large amount of engrgdue to the shearing and plastic deformation of the maiégl providing high

resistive forces. A part of the energy required to produce the plastic deforroftead is immediately
dissipated as heat, while some of the energy is stored in the deformed lead which quickly recrystallizes and
regains its original propertigé8], [69], resulting in consistent force across multiple cycles of response

without any strain hardening or loss of strength or stifff@ss

— -
-p | EJ (a)
— Py
- shaft displacement 4 |ead flow
- Sm—
- ) -

Figure2-18: Longitudinal sections of lead extrusion damper: (a) constricted tube type; (b) bulged shafdgpted fronj70]

Lead extrusiondampers have been reported to present an essentially rectangular hysteretic curve, which

maximizes themount of energy dissipation for a given applied force and displac¢émérFigure2-19.
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Figure2-19: Hysteresis loop dead extrusiordamper{71]
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2.2. Leadextrusiondampers

Lead extrusiondamper wer e first introduced as a passive enet

Zealand[65]. These devices were volumetrically very larg@g(re 2-20) and consequently, relatively

expensive to produce; for this reason, theirwmasmainly limited as part of base isolation systems.

Gt

Figure2-20: Leadextrusiondevices with 100kN and 700kN force capadit@]

After Robinson and Greenbank, the researcher that mostly worked on this topic was Rodgers, starting from
2006 [71]. Rodgers and his research group picked the btdbatt design because of its simplicity of
manufacture and consequent fowost and proposed a damper able to fit into confined spBitpsd2-21)

within and around structural connectiofT®]. This device was called HF2V, leadtrusionbased high

force-to-volume device.

Figure2-21: Damper photograph with 355ml soft drink for sdal2]

To forces of 106850 kN corresponded compact dimensions, considerably smaller than other devices of
similar capacitiesKigure 2-21 andFigure 2-22), that made possible its inclusion withthre bearrcolumn

joints of both steel and concrete structU®-[81]. This solution was proposed as a valid alternative to
other retrofitting strategies used at that time, for example the mild steel rods proposed fet timeefiby
Stantoret al.[82]. Rodgers studied both analytically and experimentally the application of this device within
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2 Characterization and numerical assessment dfead Damper

the structural connection pfecast structure$6@3], [73], [83] and[84]) and steel structuref/@], [85] and

[86]), showing that it could provide a level of energy dissipation comparable to, or in excess of, mild steel

devices designed for the same yield force, without encountering any fatigue problem experienced by the

alternative solutions. Moreover, because of -lpwle fatigue and residual stresses, mild steel energy

dissipation systems needed replacement after an earthquake, while the lead damper did not need an

maintenance and thanks to its ability of creeping out over time, ensureesifing of any struate.

a)

b)
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Figure2-22: Schematic representationlefdextrusion damper placement into (a) reinforced bealamn connection and (b)

steel beantolumn connectiof87]

Referring to the case of steel structukigure2-23 shows the improvements in terms of energy dissipation

between a standard purely bolted connection and the same connection equipped with the lead extrusior

damper; even better performance can be achieved where the connection is equipped with the damper an

made stiffer by welding the angles to the beam and column.

== U1y Bolted Connection
= = Bolted - welded damper mounts

Bolted - welded damper mounts/angle connection
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Figure2-23: Effect of different types of connections on the hysteresis response of thebleanm joint connection with HF2V

device[75]

Similar conclusions were obtained from the studies on precast concrete sy88inig3], [83] and[84]).

Compact devices capable of being fitted directly into a structural connection were mounted across a beam

column joint Figure2-24); the tests shogd that the dampers were able to provide consistent force on every
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(repeated) cycle and far greater energy dissipation thdratkeonnectionfigure2-25 shows that the joint

hysteresis loops are substantially larger when the dampers are present.
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Figure2-25: Comparison of joint hysteresis with and without dampers for corner joipsetth increased damping for loading
at 1, 2, 3 and 4% drif63]

Two issues were reported to affect the performance of the lead extrusion fa#p€ne first is the heat

build-up promoted bynergy dissipation, which induces softening of the working material and reduces its
strength; thus, the reaction force and the energy absorption decrease as the cycles proceed and the damper
warms up. However, the effect is temporary, because when theedgvllowed to cool down, the original

value of resistive force is recovered. A second issue is the formation of voids within the working material
during extrusion, which is attributed to compression of the lead: as the shaft moves, the material is
compessed into a smaller volume leading to the formation of a trailing void. As the bulge passes through
this void, the damper experiences less resistance and dissipates less energy. Lead extrusion dampers used in

the first structural applications were themefgjuite large, in order to provide sufficient reaction force.

In 2007,Rodgerset al.[74] performeda parametric study considering different sizes of bulges orviaale
with a 66mm internal cylinder diameter, in order to determine the best combination of bulge and cylinder
diametersMoreover,a 400 kN forcavas appliedo some devices after the solidification of thecast lead

within the cylinder, in order to put residual compressive stress on the material and examine the effect of
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prestressing on the lead and the corresponding effect on the peak force achieved. The results showed th
prestress made the hysteresis | oaorges higber, =adiogpda i ma |
general increase of the energy dissipakedure2-26).
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Figure2-26: Hysteresis loops for 40 mm diameter bulge device: left, without prestressing of the lead; right, with 400kN
compression force applied to the deVi¢é]

Regarding the degradation of the hysteresis caused by the heating of the working material, cyclic
experiments showed that any notable effects would be produced fodtlerde cycles that are likely to

occur during a earthquaké§74]; moreover, these effects are temporary, since the strength capacity would
be restored once the device cools d¢8a].

2.2.1. Designmodelling ofleadextrusiondampers

A controversial aspect is associated to the equation used to describe the constitutive lladEtkteusion
damper The device has always showed a weak velocity depen{@®icehat has been confirmed also in
more recent studie$88], [90]) and a strong dependence on displacentémivever, the equation usually
presented to characterize the constitutive behaviori®tldviceis the classical forceelocity relationship

defined for fluid viscous devices:

0 6 2.2

where
"Ois the extrusion damper force;
is the velocity of the shaft;
| is the velocity coefficient which is a constant value;
0 is the damper constant determined by physical prototype testing.

Golodrino et al.[90] tested different devices with straight, bulged and constricted shaft configurations
subjected to velocities of 0.450 mm/s and concluded that the velocity dependence was relevant for

velocity 6 s r a n-4.e mno'd; aftér D rhrb/s the behavior was almost insensitive to the variation of the
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velocity (Figure 2-27). For this reason, an expani@l bilinear model was suggested, characterized by a
velocity exponent of 0.12 for velocities less thanrhrf/s and between 0.06®.07 mm/s for velocities in
the range D-5.0 mm/s, depending on the shape of the shaft (straight, bulged or constricted)

® Expermental Data - OUT = ====- Model for velocities <10 ===--- Model for velocities > 1.0
~ 90 1 YT
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> %1 F= 7042 IEEEETES Lt b .-
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Figure2-27: Lead extrusiomlevice with 12nm bulged shaft90]

Another difficult point is the definition of a design model capable to characterize the daredirst
attempt came from Pearsons et[@l] who gave a relationship between the force and associated cylinder

and orifice areas during an extrusion process:

5
0 bub GAGE B6 O 23

where
"Ois the extrusion force;
is the yield strength for the working material;
0 is the annular area around the sh&fg(re2-28)
wis the annular area of orific€igure2-28)
0 & represents the projected face area of the bulge over which direct stress is applied to the shaft;

( is a constant specific to the extrusion process, equattovhere' is the coefficient of friction between

the working material and the steel shaftis the length of the shaft in sliding contact with the working

material and device end capslddis the effective diameter corresponding to annular leadéarea

ﬁ
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Figure2-28: Schematic representation of the first device, showing the annular area of orifice and the annular area arpi#jd shaft
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This model was valid for a classic extrusion process and the model parameters did not translate directly to
the parameters of the | ead extr us.i oationdnd sigied as . R
experimental relationship independent of the device scale, finding a relatively strong linear relationship for
all experimental result$={gure2-29).
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Figure2-29: Normalized Force vs Area Ratio for all devi¢e4]

As an alternative to the extrusion theory, he also proposed a more straightforwarthastesssnodel,

implementing the MohR€oulomb failure criteria for a quabrittle material:
Oo  ToBigas »m0ds & a (2.4

where

‘O is the resistive force of the device;

t is the shear stress due to the load between the shaft and the lead;
» 1S the direct stress imposed on the bulge face area;

0 is the surface area of the shaft;

0 is the annular area of the bulge.

Later, Vishnupriya et aJ92], deeply studied design models based on the sum of friction and extrusion forces
modelled as a function of device dimensions (area ratio AR, surface area SA and bulge area AB), analyzing
14 linear and lineaguadratic models using regression analysis on data from 18 experimental devices with
and without bulges on the central shamljle2-1).
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2.2.2. Applications ofleadextrusiondampers in real structures

TotheWr i t er 6s knowl edge, there is just one publ i sh
Kil more Street Medi cal Center (now named Forte
structure where the suspended composite floors slabsugmeorted by eight sets of coupled steel
posttensioned braced frames around the perimeter to provide lateral load resistame@-30).

Single level plant
room, seismically —_—

isolated

Pairs of seismic /

frames on each
perimeter wall

Central atrium

Lift and stair core

Figure2-31: Left: pair of steel braced frames assembled in the workshop with dampers; right: pair of steel braced frames erected
onsite[93]

The HF2V devicesrae i ncl uded wiFtlhaign Sahna pfieAdd vsaynscteedm, Figure i ¢ h
2-32) that allow controlled rocking of the structure in order to reduce damage to the primary structural
elements themselves. The energy dissipation occurs at the rocking interface thanks to the HF2V dampers.
while unbonded postensioned tendons or bars pides a restoring and setentering force; the braced
frames and pogensioned bars are designed to remain elfglic
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/ Elastic Frame Elements \ Nodes

Lead Extrusion Dampers
Viscous

Hysteretic Dampers $——__ Panallel Compression
Elasto-plastic Only Springs

Post-tensioning
Non-linear elastic

Figure2-32: Idealized analysis model of coupled frame sy<@sh

The use or rocking systems equipped with HF2V damping devicesivestigated also by Wrzesniak et al.
[94], who were the first studying the applicability of these dampers in rocking timber structures, indicating

that the devicemepresent a structurally feasible am$teffectivesolution also for rocking timber structures.

Other authors studied the application of thad extrusiondevice within both steel and RC structures.
Mander et al[86], for example, studied the applicationasfHF2V device within the bearoolumn joints

of new steel structures. Two locations for mounting the dampers were investigated: one damper below the
bottom flange and two concealed dampers mounted above the bottom beam flange. The research showed
that in both cases no damage was experienced by the main structural beam and column elements, since the
dissipation was concentrated on the devices, which achievedre#er dissipative efficiency compared to

conventional steel frame connections.

b e
i T T4 i iD
N %fﬂ K A ID
: W :

é DEVICE LOADCELL :

T

M,‘ = Fde
LOGATING PLATE
(c) HF2V device mounted {d) Concealed mounting of
below beam (j>1) HF2V devices (j<1)

Figure2-33: Two possible configurations of steel beaolumn joint equipped with HF2Y86]

The interest to includeead extrusiordampers within new steel satures in order to achieve damégee
connections and reduced repairs was addressed also by Bacjgstzedd Desombre et §85]. Both works

analyzed steel moment resisting frames designed within the SAC Steel Project, with the goal to present a
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new design approach to minimize damage to steel moment frame buildings in future earthquakes. The SAC
Project was primarily concerned with the impact of connection fractures of steel moment resisting frames in
nine buildings, with three, nine and twentgrés designed for Los Angeles, Seattle and Boston locations
[95].

In Bacht et al[95], the threestory steel frame extracted from the building designed for Los Angeles (also
called SAG3 or LA-3) was analyzed by means of different models representing the structure as designed
and the structure equipped with HF2V devices withenbeancolumn connections. The results confirmed

the conclusions of the previous works of Rodgers €{@8), [72], [77], [79] and[80]) and Mander et al.

[86]: the combination of HF2V dissipators wigihavity frames and wellesigned nosstructural elements

creates a system superior to conventional construction methods, able to experience almost no structura
damage and low residual displacements after a seismic élentvork of Desombre et gB5] aimed to

model the behavior of HF2V devices included in steel connections, using a simple finite element (FE) model
in ABAQUS [96]. The research produced two models: one simpler model that allows computationally
efficient nonlinear analysis of large structures with many degrees of freealotha more complex and

physically accurate axial model, which allows detailed analysis of joint connection architecture.

The improvement in the seismic response of existing structures with lead extrusion dampers was investigated
by Soydan and cworkers([97]-[100]). Their research demonstrated that the retrofittingxi$ting steel

and precast RC structures through the inclusion of the system withindmdamn connections resulted in

a significant increase of the lateral stiffness of the construction, a substantial reduction of the displacement
and a notable increaséthe dissipated energy. Moreover, thanks to the small dimensions of the damper, the
inclusion at the bearoolumn connections allowed to overcome the architectural issues posed by the braces,

like interference with the design of the facade and posititheobpening$37].

Other studies considered the application ofi¢lael extrusiomlampers as a connection between two parallel
structureqg101] or a retrofitting strategy for larggpan reticulated shgll02], exploring the viability othe

damper to control the structural responses to a seismic shock of different strfucta@siventional precast

RC and steel frames and with a method of installation different from the inclusion within a steel brace and a

beamcolumn joint already studied by other authoesd.[72], [85] and[95]).

The interest to théead extrusiordevice brought other research groups to develop this technology and
implementa new kind of energy dissipation devices, whose mechanism was tadbd lead extrusion.
Examples are the dampers presented by Zhang Et0&8]} and by Yan et al[104]. Zhang et al[103]
introduced the CLEMR damper, a new kind of combined lead extrusion magnetorbalottzgmper, that

was applied on a RC frame structure subjected to-histery analysis, showing significant beneficial
effects.Yan et al[104] introduced a new lekextrusion and friction composite damper (LEFCD), which is

an assembly of components that are changeable and can provide specific perforfigace2-84): in
particular, for strong earthquakes the LEFCD uses both the lead extrusion and friction dampers

simultaneously.
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Active plate

Top plate

Back plate
Connecting hole Tapered friction block
Lead

U-shaped groove LED protrusion

Bottom plate

Connecting hole
Left plate

Adjustable bolt Friction plate

Right plate
Front plate Spritig
Push plate

Figure2-34: 3D view of the LEFCD[104]
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2.3. Experimentainvestigation

2.3.1. Description of the_.ED prototype
A prototype of therestressed Lead Damper has begquerimentally investigated in the study. The prototype

has four main components, namely the shaft, the tube, the cap and the working rirederz2-35).

lead shaft

L 475 _ o40 625 3 53 N25 10 53®6@33  J 425 275 515 . 40 415
L37
A
Y/
/
Z o
¢

125
125

s

FILLING WITH LEAD
(SEE SCHEME 1)

Y

® O 0w ©®© @ @ @ ©© 0O®

Figure2-35: Crosssection of the LED prototype

Tube, shaft and cap are made of structural steel, while the working material is 99.99% pure lead. The shaft
is plated with hard chromium (70 um thickness) in order to minimize friction anddudagsliding through

the bushing provided in the cap. The éafixed to the tube wall by means of eight screws.

Theprototypefeatures ahaft diamete© o @ & &, aninner diameter of the tubi® @ T &, anda
length of shaft in contact with the working matetial () T &. The design deflection @ p T 4in
either direction (i.e.¢ T & total stroke) The prototype was designéar a nominalforce of ¢ ¢ R0 In
order to avoid offaxis loads selflubricating spherical hinges with a minimum rotation capacity of £2° are
provided at bothrads of the damper, namely at one end of the shaft and on the bottom of the tube.

During the assembling process, the working material was prestressed by tightening the screws connecting

the cap to the tube wadlh a torque ok p G &. The assembling process is sketcheBigure2-36.
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N IIW @@
| ZHz

Figure2-36: Prestressing of theorking material

(5)

-
i

Three thermocouples were inserted imtod & blind holes drilled in the lateral wall of tlwentaining tubge
about 5 mm away from the chamber filled with the working material, in order to measure the temperature
rise during the extrusion process

2.3.2. Expermental protocol

The experiments were performed at the Materials Testing Laboratory of Politecnico di Milano, using a
v Tt RUservohydraulic testing machine (MTS Systems, Eden Prairie, M)re2-37.

Figure2-37: Prototypeinstalledon the testing machine

The specimen was subjected to the type testing protocol prescribed in the European standard RR]15129
for assessment of Displacement Dependent Devices. Thediticstercedeflection response was evaluated

by imposing harmonic cycles of increasing amplitude at 25%, 50% and 100% of the design d&llection

p T& &, at a loading frequency oi® "Od Five cycles for each intermediate amplitude and ten cyalésdo
maximum amplitude were applied. Eventually, a ramp test at 0.1 mm/s rate was performed to the amplified
design displacement| Q p &da & (wheref p® andr p& are the amplification factor and

the reliability factor given in the stdard, respectively), to assess the failure condition under-spadisi

condition.
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Test Amplitude Frequency  n° of cycles

[mm] [(HZ] [-]

g @ @ v

cyclic ™ 1 T v
P8t @ ™ p T

ramp p® @ T 170 0

Table2-2: Testing protocohccording tq22]

In order to investigate the dependence upon the velocitg #uditionatestswere performedtthe design

deflectionQ p 1@ & with different frequenciesTable2-3.

Test Amplitude Frequency  n° of cycles

[mm] [HZ] [-]

p3t T® L v

rate p8t @ T® 0]
Pt T L v

Table2-3: Testing protocol to investigate the dependence upon the velocity

Finally, the dedicatedtest prescribed by the lItalian Building Cofl®5] for Displacement Dependent
Devices and consisting ithe application ob cycles at® "Oato the Collapse Limit State displacement

Q | Q was performed
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2.4. Results

The forcé displacement behavior of thestedprototypeobserved in a preliminary cycle to check the axial
displacement capacity shown inFigure2-38. The prototype shows an initial elastic deformatimtiowed

by a plastic behavior (i.econstant force independent of thecommodatedlisplacement) after the
breakaway friction resistance of the working material has been overcome and sliding oftthesshaen
engagedlt is also worth noting that due to th@gh elastic stiffness of the steel shaft fiysteresis loop &
an almosperfectlyrectangular shapandthe reactiomprovided from the dampeither in extension (N > 0,
shaft mowingoutwards) or in compression (N < 0, shaft moving inwardsembleshe design forceThe
behavior of the device is essentially symmetric in tension and compreBsesmall changes in the output
force close to motion reversauggest that the frictionetween the shaft and the working material has a
shallow dependence on the velocity, though dieisendencgoesnot affect too much the overall response.
Theidle displacemenbbservedafterthe motion reversal and highlighted in the figbyered arrowss due

to the clearance of thepherical hinges.

f=0.01Hz (first run)
300 T

200

—_
o
o

o

axial force (kN)
g

-200

-300

-30 -20 -10, 0 10 20 30
displacement (mm)

Figure2-38: Hysteresis loop of the LED prototype

Figure2-39 shows the hysteresis loops of the aytdst according t&EN 1512922], Table2-2; the results
of the additional tests dfable 2-3 are reported irFigure 2-40, while the testprescribed by the Italian
Building Code[105]is presented ifrigure2-41.

A decrease in theutput force occurg the tests at@®@Q andp8iQ when thedamperswitchesfrom
compression (N < 0, shaft moving inwardsketdension (N > 0, shaft mowing outward$his behavior is
possiblydue to the leadge of theworking materialduring theoutwardsmovement of the shaéiue to an
excessive clearandeetween shaft and bore. Another possible reason iprdgressive looseningf the
screwscaused by themovement of the shaftf hereforgtheasymmetridoehavior observed in the cyclic test
andabsent irthe preliminary loop shown iRigure 2-38 is ascribed tananufacturingaults of the tested

prototype and not inherertb the LED design

Similar comments are valid also for the tests showFigare2-39 andFigure2-40.
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Figure2-39: Hysteress loops of the LED prototype at the cyclic testsording tqd22]
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Figure2-40: Hysteresis loops of the LEprototype at different frequencies
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Figure2-41: Hysteresis loops of the LED prototype at the cyclic test accordifi9

Two quantities are calculated at each cycle and used to characterize the response of the LED, namely the
effective stiffness and the effective dampidgtermined through the expressions Eg. (2.5) and Eq. (2.6):

B O (2.5
QR0
¢ O (2.6)
U —
T X
wherel gis the output force of the prototyf®@ is the maximum cyclic deéction, andd is the area of

the hysteresis loop, i,dhe amount of energy dissipated in the cycle.

79



2 Characterization and numerical assessment of Lead Damper

The European norm prescribést both quantities  andu  remain essentially constant as the cycles
proceegas shown imrable2-4, where'(s the cycle numbgfQ ¢) and0 { and, | are theeffective

stiffness and the effective dampiagthe third cycleespectively

Requirements

Voo Voo

. T T
Uq @o
Un o U e
QB ~Q"mQ
T 1T
Uy giio

Table2-4: Requirements of the European norm EN 15[P29

Figure 2-42 shows thecyclic variation ofthe effective stiffness and the effective dampaisgesseah the

tests ofTable 2-2, highlighting arobust and stable behavid@oth 0 andu  essentially fulfill the
stability requirements ofable 2-4, with a maximum change in the effectidamping ofc& Pin the test
sequencat’Q p 1 &. The average value af over 10 cycles performed at the design deflection is
0.55, i.e, 86% of the effective damping of an ideally rectangular loop, confirming the good dissipation
capacity of the LEDAfter eachsequence dfess, the prototype was left at ambient temperafaresome

time @5 min-+ 90 min andthen subjected to theext sequenc®f cycles the stiffness and damping were
practically unchanged from the previous sequeAfter cooling lead recrystallizes and recovers its original
properties, therebgroviding a reliable and consistent response even in case of multiple loading sequences

occurring within short time

Eventually, in the monotonic ramp test the prototype was able to sustain the amplified design deflection
[ [ 'Q andthe forcé defledion curves present stable behavigdemonstrating the abilitgf the device

to accommodate the prescribed displacement withounaahanicatlamage or deterioration i stiffness.

Figure 2-43 shows thecyclic variation ofthe effective stiffness and the effective dampiisgessed ithe
additional testperformed to check the velocity dependence and the respect of the requirement of the Italian
Building Code[105]: the response of thelevice shows dight dependenceipon the velocity already
observed irFigure 2-38, and both stiffness and danipg confirm their substantial stability over repeated

cycles
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Figure2-42: Plots of (a) effective stiffness , and (b) effective damping of the LED vs. number of cycles at different

deflection amplitude®
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Figure2-43: Plots of (a) effective stiffness , and (b) effective damping of the LED vs. number of cycles at different

frequencies
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2.5. Modelling of LEDin OpenSees

The shape of the hysteresis loagghe LEDis essentially rectangulaand the behavior of the device is

robust and stablendermultiple cycles of motion at the basic design earthquake displacement

In order to leave outomeirregular behavior observed in the tests due to manufactunamguraces the
formulation of constitutive models of the LED is perforntgdeferringto theregularbehavior of the device
shown inFigure2-38.

For this reasorthe simplesmodelling optionto represent the constitutive behavior of LED in OpenSees
[106] is the elasticperfectly plasticuniaxialMaterial ElasticPPobject material[107]. The modelis
described byour parameters, namethe tangeng, the strainor deformatiorthresholdsepsPandepsNat
which the material reachethe plastic state ireithertensionor compression, respectivelgnd the initial
strainepsQ Figure2-44. For theLED, based on the test resufisesented irsection 2.3eps0= 0 andepsP

= - epsN i.e, symmetric behavior in tension and compression is assumed

stress or force

epsN

/\ epsP strain or deformation
eps0

Figure2-44: uniaxialMaterial ElasticPHaw in OpenSeefd 07]

The strength of thislementstands orits simplicity andonthe fact thatt is implemented in eversoftware
program for structural calculatiorlowever this representation does not takmiaccount somadditional
featuresthat were observeih the testseg., a light dependencef the reactionforce on velocity andts
decrease at the reversal of the motleor. this reasomtheruniaxialMaterial element objects in OpenSees

that carbe moe suitable taepresent the constitutive behavior of the L&#® investigated

By referring again té-igure2-38, beyonda very stiffinitial elasic responsgthereaction forc&keepsalmost
constant and independent on the displacenfentepresent this behavijahe model needs to incorporate a

force contribution("O) typical ofan elastieperfectly plastianaterial with a very higiitial stiffness.

A minor contribution of velocity is also disclosexs observed e.g., close to motion rever3disbehavior
which was already highlighted in other studi@8], can be mod&d by a simpleexponentiarelation like

'O 6 |, typical of viscous solidsyhich are usuallyepresented bg Maxwell model.

Themodel proposetiereinaftefreferred a£PPV)anddepictedn Figure2-45, aimsat descriling the two

aforesaid mechanissiby means of a simple rheological modeimprising a parallel of two systepmamely
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(i) anonlinearspring with associated theniaxialMaterial ElasticPRobject materiato represenan elastic
perfectly plastic behaviowith force 'O, and (ii) a Maxwell modelwith associated thaniaxialMaterial
Viscous Dampepbject materiglthat provide thevelocity-dependent respons®. Such model can be
formulated in the OpenSees framework by usitrgss elementith associated Parallel materialmade of
the twouniaxialobjectmaterialsElasticPPandViscousDamper

The EPPV modl is described by parameters, namely: thgeld displacemenf and the plastic force

of the uniaxialMaterial ElasticPP materialobject andthe stiffness0 of theinternallinear spring the
damping coefficiend and thevelocityexponent of theuniaxialMaterialViscousDampeobject material
(Figure2-45).

Vepp

Ky Ca Q4

Figure2-45: Model EPPVformulated in OpenSees

A simple procedure for tuning the EPRYstembased on an experimental forcealisplacement plois

established. The procedure consists of five steps:

(a) theplastic forcewy  of theuniaxialMaterial ElasticPPmaterialis set a a fixed part (typically 80%)
of the total output forcef theparallelEPPVsystem;after sliding of the shaft onto the working material

has been engagetie plastic forcews  coincides with the output forcéO of the EPP system;

(b) the yield displacementQ of the ElasticPP material is identified from theinitial branch of the

experimental forcé displacement curve as tHeflection corresponding to an axial force equabto ;

(c) thestiffnessof theinternalspring of theuniaxialMaterial ViscousDampematerial is set as pmTA

—— ,wherew 7TQ is the initial stiffness of th&lasticPPmaterial;this choice is motivated by the

need to avoidieformation of thénternal spring of th&/iscousDampematerial, ando concentrate the

whole deflection in the dashpportior

(d) thedamping coefficient of the ViscousDampematerial isformulated as a function of theslocity

exponent through the relatiod  "OF 0 , where'O "O O p T O sthe
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output force of theViscousDampematerial, andd is themaximum velocitydeveloped by the

damper through the cygle

(e) eventually thevelocity exponent  of the ViscousDampematerialis determined byninimizing the

deviation between the areas enclosed in the experimental and numericaldzmacement loops.

The tuning strateggims at matchinghe maximum experimental force of the LED (but for the negligible
contribution of theinternal dampespring with stiffness) ) and minimizing the deviation between the

analytical and the experimentalues of the Energy Dissipated per Cycle.

Figure 2-46 shows théfit of the EPPV analytical moel to the experimentaturve of Figure 2-38, after

removingtheidle displacements at zero force due to joint clearances

Cyclic test

50

Force [kN]

-50

— Experimental Model

-150 = = Analytical Model
X - e o —_— — = = = A

-250

-25 -20 -15 -10 -5 0 5 10 15 20 25
Displacement [mm]

Figure2-46: Fit of analytical modefo experimentaturve

The EPPsystemis supposed to providefractioi @ 1 Rf O ¢ ¢ ( correspondingto o

p X @3 andQ = 1.0mmis thecorrespondinglisplacemenin the experimental curv@he ductility of the
device is then —— ¢ pand the stiffness associated@wcounts— p X QU4 a.

The ViscousDampematerial provides the remaining 20% 60 . The stiffness valua) is set to
P X @ WG &, whiletheparametes & andd are estimaterom the fitting proceduras| i@ and
6 o& XQUitaa 8.

The fair performance of the EPPV model is highlightedable 2-5 where the response of the prototype
and the model are compared.
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Parameters Experimental Analytical Deviation

Qeani o QB ¢ caATX CcAIY TmdrmuF

Qi i R4 CCRO  CcEIY T QX

, Q0

v — pBp pB Y e Y P
a &

‘0'06Q0 PTG pPov oPppbh

Table2-5: Comparison between tlexperimental response and the analytical moderins of maximum compression

(Q¢ a1 Qiandgeaximum tension force€y q ¢ i) gffective stiffnessi(y-g@ndEnergyDissipated in th€ycle (OO P

TheEPPVmodel is able toeproducehe essentidbehaviorof the damperincluding the light dependenc
of the axial force on the velocity that is apparent at motewersals, providingaiccurate estimates of
maximum force, effective stiffness and dissipated enefidye maximum discrepancybetween the
experimental and the anglyal curvesoccursin the first quadrantyhere the actual force of the prototype is
about 10% less than in the other quadramisbably due to the inertial force$ thetesting machinat the
beginning of the testhat reduce théest velocity appliedo the devicelt is worth to highlightthatif the
first quadrant were ignorethedifference between ttereas of the experimental and analytical madtie

second, third and fourth quadramtsuld be as lower ak.1%.

Finally, it must bementionedhat when the LED is encased in a brace, an additional spring should be added
in seriesto reproduce the behavior of the lattemponentThe stiffness of thdriver brace is an important
designfeature, because it needs totigher than the #fness of the damper in ord&r allow the device to

be effective in dissipating ener{#08].
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2.6. Conclusions

The Lead Damper (LED), an emerging endiiggipation device, has been experiminiavestigated. The
device provides energy dissipation throughftiotion created betweehelead core and shaftandachieves

high specific output force thugh preloading of the working material during #ssembly.

A prototype of the LED was experimentally assessed according to the provisions of the European standard
EN 15129 forDisplacemenDependenDevices The damper exhibits a consistent rigidstic behavior
with an equivalent damping ratio of 0,53ose to the maximum theoretical value of 0.63.

Cyclic tests were used to evaluate the response of the damper at different displacement amptitudes
showeda strength degradatiavhen the dampeswitchesfrom compression (N < 0, shaft moving inwards)
to extension (N > 0, shaft mowing outwards$pecially folarger amplitudesThe difference among the
two phases is primarily due to the leakage ofvileeking materialwhen the shaft moves outwardisie to

an excessive clearance between shaft and anceto the lengthening of the screws in the caiher than

beingnot an inherenteature of the LED device

The tested specimen is able to sustain multiple sequences of motion at the basic design earthquake
displacement, demonstrating its ability to provide maintenéneeeoperation even in presence of repeated
ground shakes. Though a certain softening of thekkiwg material is observed due to heating, the changes

in damping capacity over 10 cycles at the design deflection lie within the +10% Gduneffect of heating

is only temporary, and when the damper is cooled down to ambient temperature, the atifirgasping

characteristics return to their original value.

Two constitutive models of the LEDBave been formulatedh the OpenSees frameworl perform non
linear dynamic analyses. The firstodel is an elastiperfectly plastic material modéhamed EP) with
symmetric behavior in tension and compresgiomaxialMaterial ElasticPPobject materigl which is a
simple formulation available in every software program for structural calculdtrensecond model is more
refined andconsists in a paralledd of two systemgnamed EPPV)namelyan elastieperfectly plastic
material (niaxialMaterial ElasticPPobject materia) and a Maxwell modelupiaxialMaterial Viscous
Damperobject material)This latter representatias able to reproduce tlessential behavior of the damper,
including the light dependency of the axial force on the velocity that is apparent at motion reversals,
providing accurate estimates of maximum force, effective stiffness and dissipated €herg2PV modl

is described by 5 parameters, namely: the yield displacemént and the plastic forceo  of the
uniaxialMaterial ElasticPPmaterial object, and the stiffness of the internal linear spring, the damping
coefficient® and the velocity exponent of the uniaxialMaterial ViscousDampematerial objectA
simple proceduréhas beenapplied for tuning the EPPV system based on an experimental force

displacementThe model EPPV will be implemented in the dmear analyses performed in Chapter 4.
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2.7. Symbols

wannular area of orifice

0 annular area around the shaft

046 o &nular area of the bulge

04 oarea of the hysteresis loogqual to the amouf energy dissipated in the cycle
0;-g oSurface area of the shaft

0 Obulge area

0 Yarea ratio

0 damping coefficient of theuniaxialMaterial ViscousDamperobject materialin OpenSeeqd107]

associated to the EPPV model

'O effective diameter corresponding to annular lead area
‘Q amplified displacemergrescribed by105] =T a;Q

‘Q maximum cyclic éflectionof the LED prototype

', fesign displacement

‘Q vyield displacemenf theuniaxialMaterial ElasticPRobject materiain OpenSeefL07] associated to the
EPPV model

Oy, o Rulge diameter

Oy, oeylinder diameter

'O resistive force of the device

'O shaft diameter

‘Otangent in thenodeluniaxialMaterial ElasticPPn OpenSeegl07]
‘O energy dissipated by the structure

'O input energy from the ground shacking

"O force contribution to the EPPV model with associdtexliniaxialMaterial ElasticPPobject materiain
OpenSeefl07]

"O force contribution to the EPPV model withsasiated theuniaxialMaterial ViscousDampemobject

materialin OpenSeefl07]
‘Q nriinitial strainin themodeluniaxialMaterial ElasticPRn OpenSeefl07]

‘Qn) i déformation in compressian themodelUniaxialMaterial ElasticPPn OpenSeefl07]
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‘Q R idéformation in tensioim themodeluniaxialMaterial ElasticPRin OpenSeefl07]
‘O energy storetby the structures

"Ofrequency

"Oextrusion damper force

"O  maximum output force of the LED

U elastic stiffness of thenternal spring of theuniaxialMaterial ViscousDampermbject materialin

OpenSeefl07] associated to the EPPV model

0 o oeffective stiffness
0 length of the shaft in sliding contact with the working material and device end caps

0g o@ylinder length

c:

length of shaft in contact with the working mateitathe LEDprototype

Q-

constant specific to the extrusion process—

C:

axial force in he LEDprototype

C:

output forceof theLED prototype

0 axial force in the hysteretic damper

C:

yield strengthin the hysteretic damper
i stiffness hardening ratio of the damper
"Y osurface area

"Y spectral acceleration

"Y spectral displacement

w plastic force ofthe uniaxialMaterial ElasticPPobject materiain OpenSee§107] associated to the
EPPV model

velocity of the shaft
wyield strength for théead
| velocity coefficient(constant value
| wl ool ol o weighting coefficients identified by fitting the models to experimental device data

| velocity exponent of thaniaxialMaterial ViscousDampeobject materiain OpenSeefL07] associated
to the EPPV model
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f fraction of the total output forc®of the LEDassigned to the plastic force of theuniaxialMaterial
ElasticPPobject materiain OpenSeefL07]

w axial displacementf the hysteretic damper
wy maximum displacement of the cycle

[ ¢ amplification factor p® [22]

r(breliabilily factor p& ¢ ¢

» g oeffective damping

coefficient of friction between the wking material and the steel shaft

*  ductility of the device
» p direct stress imposed on the bulge face area

to shear stress due to the load between the shaft and the lead
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3.Design procedure for the seismic retrofit of RC

framed structures

This Chaptermpresents a simple and affordable design procedure for the seismic upgrade of frame structures
equipped with hysteretic dampers. The proposed framework is aimed at leading the designer to proportion
the damper device(s) in order to achieve a desired staligerformance level. According to the method,

the structuratystem composed by frame and dampers is replaced by an equivalent Single Degree of Freedom
(SDOF) system, characterized through its secant stiffness and equivalent viscous damping, bdtim define
relation to a fiperformance pointo which is assi ¢
on the first mode deformation of the main structure. The global stiffness and strength of the equivalent SDOF
system are then distributed alorg theight of the frame according to a stiffapssportionality criterion,

and the properties of the damper units are calculated depending on the chosen layout. -Biualiease
relevant to as many reinforced concrete frames are provided to demonsteffiecthaesness of the suggested
procedure, obtaining a satisfactory agreement between the design target and numerical capacity curves
Structural models are coded in the OpenSees framework adaptiagcentrated plasticity approach, as
studied in Chaptet. Non-linear dynamic analyses are further performed to assess the reliability of the

methodology

3.1. Introduction

Supplementay energy dissipation in structures is typically achieved by incorporating energy dissipation
devices, commonly referred to as dampéarended to absorb much of the earthquake input energy thus
eliminating or limiting the damage to the structural frame. It is noteworthy that, if necessary, energy
dissipation devices can be easily replaced at the end of the seismidldveétrrent dampers can be
classified in two categorid&]: (i) viscous dampers, which provide disgipa through the lamination of a
viscous fluid forced to pass through an orifice or a valving system, and whose behavior mainly depends on
the velocity; and (ii) hysteretic dampers, whose behavior mainly depends on the imposed displacement, and
which are f@irther classified into hysteretic steel dampers, friction dampers and metal extrusion dampers,

depending on the energy dissipation mechanism.

A common practice for the seismic upgrade of existing structures using supplementary energy dissipation
systems consists in determining the size and the suitable location of the dissipation units within the building
starting from a trial configuration base on t he engi neer s expertise ar
through dynamic or static analyg@$. The properties and/or the number of the added dissipatiits are
iteratively changed until the target performance is reached. It is evident that trasdk&@akor approach can

be a laborious task.

Several procedures have been proposed in recent years for the design of supplementary energy dissipatio
sydems and some of them are based on the Direct Displac&asatl Design (DDBD) methd@]. In the
DDBD approach4], a target displacement demand is defined and related to a givestariedrift that a
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structure should achieve when subjected to the design earthquake. Based on the target displaced
configurat i onDOF moddl & wdfised antd usectd refiace the rdelgree of freedom
(MDOF) structure. The substitute SDOF model consists of an equivalent linear system, characterized by an
effective (secant) stiffness and an effective energy dissipated, representeth gmoequivalent damping

ratio. The design displacement of the equivalent SDOF structure is used in combination with the design
displacement response spectrum, to determine the effective period of the substitute structure and, in turn, its
effective stiffress. The design base shear is then obtained as the product of the design displacement of the
SDOF system and its secant stiffngs Over the years, this approacistbeen implemented to design new
structures and efforts have been made by several authors to adapt the DDBD method to the design and retrofit
of structures equipped with dissipating devif#ls[12], by incorporating an equivalent viscous damping

term proportional to the energy dissipation provided by the danfiplerkt is also worth mentioning the
procedure described by Levy et[al3] who use an equivalent SDOF system to obtain the optimal period of

the braed structure by performing a full ndimear dynamic analysis for a set of recorded ground motions.

Kim and Choi[2] applied the general procedure of the DDBD docute in the SEAOC Blue Bodi 4]

in reverse order for evaluating the seismic performance of an existing structure. In principle the procedure
is similar to the Capdty Spectrum Methodll5], in that the design performance point is determined as the
point where the displacement demand of the earthquake equals the plastic dmfocayaacity of the
structure. However, the displacement response spectrum instead of the accalepithoement response
spectrum (ADRS) is used, and the required damping is calculated as the difference between the total effective
damping needed to migthe target displacement and the equivalent damping provided by the structure at the
target displacement. For viscous dampers the design process ends here, while for dampers with stiffness,
such as viscoelastic or hysteretic dampers, iterations areaddecause the introduction of the devices
increases the stiffness of the system as well. In that case, the capacity curve of the structure needs to be

redrawn considering added dampers, and the process is repeated until convergence.

Mazza and Vulcanfil6]-[18] developed a building retrofit procedure according to the Perforrizased

Design in order to achieve, for a given seismic intensity level, a specified performance objective, for example
an asigned level of damage of either the structural or-stouctural elements. The procedure aims at
controlling the intesstory drifts of the building and, in particular, a proportional stiffness criterion, which
assumes the elastic lateral ststiffness die to the dissipating braces () proportional to that of the
unbraced framey( ), is combined with the DDBD method, in which the design starts from the target
deformation. In this iterative approach, the raiio 70 is assigned depending onetlstrength of the
unbraced frame and on the protection level expected for the building, and is kept constant at each story
throughout the whole procedure. Though initially conceived for essentially regular structures, it has been

extended to irelevation iregular framed structurefd 0], [20]) and unsymmetriplan structureq21], [22]).

Lin et al.[23] adapted their original method, initially formulated for the design of new and regular buildings
equipped with generic energy dissipation systfhdo retrofit existing buildings using ndmear viscous

dampers based on the concept of equivalent linear system. In this method, the location and properties of the
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dampers need to be established at théenbétg of the process. Londono et [@4] provided an additional

tool, complementary to conventional damper design strategies, that can be used to calculffireetize sti
required by the supporting brace to provide the specified effectiveness of the damping action. Raju and lyer
[25] developed a methodology useful for findirng tcapacity and the distribution of viscous fluid dampers
fitted in different mechanisms (specifically in chevron, upper toggle and scissor jack mechanisms) located
in buildings.

Bergami and Nutj26] developed a general procedure, valid for any typology of dissipative brace, intended

to achieve the following performance objectives: (i) protect the structure against structural damage or
collapse; (ii) avoid nofstrucural damage; and (iii) avoid excessive base shear. This DDBD approach is
based on the Capacity Spectrum Metf&¥] and consists of an iterative procedure where the capacity curve

of the braced structure is evaluated at each iteration step considering the different contributions of the as
built structural frame and of the damped brace systems. The desired perforfrthrcgtrocture is selected

as the target displacement corresponding to a selected limit state for a given seismic action, and the additiona
damping introduced from the dissipative brace system is estimated as the difference between the total
damping requed to achieve the performance point, and the hysteretic damping of the structure without

braces.

Di Cesare and PonZ4@8] focused on steel hysteretic brace systamd proposed an iterative procedure
intended to control the maximum intstory drifts, by regularizing the stiffness and strength along the height
of the braced building according to the regularity criteria provided by seismic codg2%9g.¢30]). This
method has found applications in some recent publicatj8f} [32]).

Barbagallo et al[33] focused on the retrofit of existing reinforced concrete (RC) frame buildings using
Buckling Restrained Braces (BRBs). The authors highlighted that all the procedures in the literature do not
allow a direct control of ift demand; for this reason, they proposed an iterative method, consistent with the
prescriptions of Eurocode 8 (ECR9], to determine the size of BRBs at eattry. Differently from the
previous methods, this approach operates on the MDOF system (not on the substitute SDOF) and the non

linear static analysis is performed only to evaluate the internal force of the frame members.

Ferraioli and Laving3] identified some critical aspects common to all the previous methods: (i) the frame
damped brace interaction is neglected, as no method considers the increase of theeexiattfe frame
columns and the consequent reduction of the deformation capacity; (ii) the proportional stiffness criterion
commonly adopted to distribute the damper properties along the height of the frame may produce a non
uniform distribution of peaktery drift under earthquake ground motions, not preventing-ssofy
mechanisms. Moreover, the existing methods generally include only the first mode contribution, neglecting
the influence of higher modes in the response of MDOF elastoplastic systens,casd of asymmetric

plan buildings the behavior of the RC bare frame is dominated by the torsional effects, which disappear when
the damped braced structure is analyzed. For this reason, the authors divided their procedure in two phases
in the first plase, a preliminary design of the dissipative braces is conducted, and relevant properties and

position are determined according to the method of Mazza and Vult8han the second phase, the
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Displacemenbased Adaptive Pushover (DAPY] is carried out and an adaptive version of the Capacity
Spectrum Method is developed (stagtfrom the classical version of Fajf@7]), in order to overcome the
assumptions that the structure vibrates predominantly in a single mode and that the dyopenies of

the structure remain unchanged after the insertion of the braces.

Recently, Nuzzo et aJ35], [36] proposed a procedure, similar to the one of Bergami and[28]tivalid

for design and retrofit of frame structures equipped with hysteretic dampers, taking into account the
flexibility of the supporting brace, usually provided to connect the device textbenal frame. However,
differently from referencf6], the pushover analysis is performed only at the beginning of the procedure in
order to define the capacityiwve of the bare frame, while in the following steps, the capacity curve of the

braced frame is evaluated by means of simple analytical equations.

Some authors proposed simplified procedures to directly determine the characteristics of the supplementary
energy dissipation systems avoiding iterations. Diotallevi §8@].focused on notlinear viscous dampers

and based the retrofit procedure on a new dimensionleameter, called damper index, which has been
introduced in the equations of motion. This method was later extended by Land38} &.include the

case of structes exceeding the elastic limit.

Other authors decided to adopt enebgged methodsilvestri et al[39] and Palermo et gl40] proposed

a 5steps energhased procedure for the dimensioning of viscous dampers, starting from the practical
indications given by Christopoulos and Filiattda]. The method is direct, no iterations are needed, and it
does not require to introduce fictitious springs, since only the additional damping is considerashtlyiffe
from the other procedures, this method requires the application ehttoey analyses instead of pushover

analyses.

Durucan and Dicleli{41] proposed a iterative energypased approach to upgrade the performance of
seismically vulnerable RC buildings. The methodology is based on the equal energy dissipation principle,
whereby the energy dissipated by an elastic system can be assumed to be equalskipdtaiddoy an

identical (norlinear) system that yields at a certain lateral force level. The difference between the areas
under the elastic and inelastic base shear force vs. roof displacement curves is the required additional energy

that needs to be abrbed by the retrofitting system.

Terenzi[42] improved the method originally propos@f3], focusing on the retrofit of RC structures
upgraded with fluid viscous dampers. This approach does not require any preliminary evaluation of the input
energy demand and is intended only for relatively stiff frame structures, thleeseismic performance can

be enhanced by incorporating a supplementary damping system with limited stiffness capacity.

Finally, De Domenico et aj44] presented deep review of different design strategies for the protection of
buildings using fluid viscous dampers, concluding that enbegped design strategies provide the best
method to define the optimal damper distribution in the building, and permits a giolval ©f the seismic

response including displacements, accelerations, forces and -spexgfic quantities.
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As a matter of fact, most of the methods presented above are not straightforward and nowadays many
practitioners still have little confidence iugplementary energy dissipation strategies, especially for
applications to ordinary constructions where simple and affordable methods may foster the adoption of
seismic mitigation strategies based on damper technology. The present study proposesvarasiflestsy

to use procedure for the seismic upgrade of existing frame structures by means of hysteretic damped braces
The procedure is suitable for professional applications and consists of two main parts: (i) a simple method
to define the global propées of the damped brace system, described by means of an equivalent SDOF
system; and (ii) a strategy to determine the distribution of the properties of the equivalent SDOF damped

brace along the height and across each floor of the structure.

The procedurd¢o calculate the global properties of the energy dissipation system is based on the Capacity
Spectrum Methofil5], [27]. Similarly to the methofB5], the capacity curve of the main frame is determined
at the beginning of the process viafimear static analysis (NLSA), while the capacity curve of the braced
frame is defined by simple analytical equations, thus providing an iterative procedure that converges in few

steps and that can be implemented in a spreadsheet.

The second part of éhprocedure is focused on distributing the effective properties of the damped brace
system along the height and across the stories of the building. A method, derived from the literature and
based on the principle of distributing the stiffness and strgmgibortionally to the stiffness of each floor
calculated via dynamic analysis is presented. Finally, the properties of the dissipation braces at each floor
are determined accounting for the actual number and layout of the devices.

The ease and effectiversesf the method is illustrated analyzing two RC buildings. The first structure is an
existing 4story frame building located in a medium/high seismic area and designed according to outdated
standard$28], which needs to be retrofitted to comply with the performance requirements of the most recent
Italian norm[30]. The second structure is a residentigt@y building, designed according to the current
Italian Building Code[30] for a low seismicity zong45], which is upgraded to resist higher seismic
excitations corresponding to a high seismicity area. Both structuresigpesed to fail in flexure and
specific issues, typical of existing buildings (namely, shear failure of beams, columns, ecdieam

joints) are not taken into account in the numerical models.

The procedure is applied to the two catalies and illusaited step by step, discussing the main results. The
effects of the distribution of the damper properties at the various floors are also highlighted by examining,
as an alternative to the method recommended in the procedure, a second procedure aviaddibbedture.

Non-linear static and dynamic analyses (NLSA and NLDA) are eventually performed.

It must be finally mentioned that, though the csie&lies presented in the paper refer to RC structures, the
procedure herein proposed has been formulatezbforentional, flexible framed structures and is applicable

to steel structures as well.
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3.2. Designprocedure of thelamped braceystem

This section presents a design methodology for the upgrade of an existing structure via hysteretic dampers,

to achieve the specified performance level. The design procedure is based on the Capacity Spectrum Method

[46]: the required performance is expressed in terms of a target displacement demand, associated to the

acceptable damage to the main frame, and the structural response is obtained by reducing the demand

regponse spectrum as a function of the additional damping introduced by the supplementary energy

dissipation. Iterations are required since the addition of braces increases the stiffness of the system and the

capacity curve has to be continuously updatethi@sharacteristics of the damped braces are defined.

The procedure is applicable to frame buildings equipped with hysteretic dampers with behavior dependent

solely on the axial deformation, and insensitive to velocity. Thelinear response of the basgucture is
initially estimated by performing a pushover analysis on the rdatiree of freedom (MDOF) frame and
then idealized as the bilinear curve of an equivalent sieggee of freedom (SDOF) system, as prescribed
in Eurocode 8 Part 1[47]. The equivalent SDOF unbraced frame (F) and the damped brace (DB) systems
are considered as-bihear springs working in parallel, providing the equivalent responseeatdmbined
Frame + Damped Brace (F+DB) systdfigure3-1.

—— —— ——
Bare Frame Damped Brace Frame + Damped Brace

Figure3-1: Rheological model of thenbraced frame, the damped brace and the combined braced frame §8tems

The theoretical fordedeflection curve of a hysteretic damper is showhigure3-2, wherel is the output
force,Q is the axial deflection) andQ are the yield force and yield deflection of the device, and

‘Q are the ultimate force and deflection, and Ttis the hardening parameter; the area enclosed in the
hysteresis loop corresponds to the energy dissipated by the damper duradg. & cy 0 TQ s the
initial or elastic stiffness and ; 1 0 is the posyield stiffness. Hysteretic dampers can have either a
hardening behavior with positive pegeld stiffnessi( 1), or an elastigperfectly plastic behavior (

1), which provides an output force independent on the accommodated deflé8fidn the description of

the procedure, hysteretic dampers with elgséidectly plasic behavior are assumed, but the method can be

generalized to dampers with any 71U
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dyp dup dp

Figure3-2: Theoretical forcé deflection diagram of hysteretic damp§t8]

The method is developed in the accelerati@placement response spectrum (ADRS) space and the DB
capacity curve is obtained as the difference between the capacity curve of the F+DB system achieving the
target displacement, and the capacity curve of tre frame F. Then, the mechanical properties of the
identified equivalent SDOF damped brace are distribatedach story according to a proportionality

criterion with respect to the first mode properties of the unbraced frame

The design procedure, whiclnsists of 5 steps, is schematically shown in the flowchdigure 3-3 and
detailed through the following stdections, each one corresponding gingle step of the framework.is
necessary to recall that a gegjuisite for the application of the procedure is that the behavior of the frame
building is governed by the first mode, which legitimates the condensation of the MDOF structure to the
equvalent SDOF system
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Step 1 Main Frame capacity curve v
A
Step2  + Target displacement d,: dy=(Dg 1)/ 6; max v
* Bilinear capacity curve of Main Frame =T
(converted into equivalent SDOF system) d
F F _F d =
Ko — VT /d" _ m* e 637.(vy" a3 ay) r
F ] / v Tp=2m s Ep —Vﬁﬁd}‘, + 5

l

Step 3 . “.‘ 5.&)
P Check the displacement for the \\
relevant & |Sa(Te, &) — dyp| < € ‘,[ \\\\__{l;r.)n:,;-
F - frame_ an
48,
l NO
Step 4 Evaluate the equivalent Damped Krips = Kr + Kpg 4
Brace and the Fraple + Damped Ve +EnsVos
Brace capacity curve F+DB =y 4 Vg <
Kig 553753‘7"(59'(#03*1]
Hpp
- NO
Check: |Sa(Tr+pp Erepp) — dp| <€
|
YES
Step 5 Evaluate the Damped Braces DE _ ;”i (v NDE — i
distribution along the Frame height Liam by Ma €05
DB V}PIB

T g (P — Pr-)dRB cos? oy

n
DB _ DB
Vyi *ZFJU
j=1

l

YES

‘ Procedure completed ‘ <

Figure3-3: Flowchart of the proposed proced{#8]
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3.2.1 Define the capacity curve of the Main Frame

In the first step of the procedure, the capacity curve of tHruidtsstructure is evaluated via a nbmear

static analysis: the structural frame is statically loaded with gravity loads combined with a set of lateral forces
to calculate the relationshipetween the lateral force and the lateral displacement of a suitable point of the
structure, e.g., the center of mass of the roof. According to the prescripti¢ag],ofwo lateral load
distributions are considered: a uniform pattern, proportional to the floor nias¢ath 'Q p &, where

n is the total number of floors) and a modal pattern, obtained multiplying the first mode eigenvector
component$6o by thecorresponding floor massés. The load distributions are applied in both the positive

and negative direction of each axis, considering 5% accidental eccentricity of the center of mass of each
story[47]. For each load distribution the relevant base shear force vs. roof displacemerg () curve is
calculated, and the lowest curve is taken as the capacity curve of the main (unbraced) structure.

Thew Q capacity curve of the MDOF structure is then converted tadthe (@ capacity curve of the
equivalent SDOF system through the modal participation faetgg.3.1) [27], [47]. The displacemer¥ ,

the forcewy’ and the mas§ * of the equivalent SDOF system are determined via equaBa@)s (3.4):

B & % 3.1)
® BT & %
Q
g 2 32)
w
w
5 @ (33)
®
(34)
q* & %o

3.2.2 ldentify the target displacement and define the equivalent bilinear capacity curve of the Main Frame

The target displacemeftt of the structure is identified depending on the required level of performance in

accordance with the assumed design code. By referring to, e.g., the Italian BuildingN\Ta@)i¢30], the
target displacemer@® can be chosen in order to fulfill the limits recommended in Table 7.3 .NIT&f for

the protection of both structural and rstnuctural elements. For example, depending on the considered limit
state, the target displacement limiting damage toestarctural elements corresponds to a maximume-inter

story drift ratiow ranging betwen 0.5% and 0.75%985].

In order to fit the required performance at each story, the lateral displacement at the top of the frame is bound

to match the target displament
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v

Q dnﬂﬂl (35a)

whereY s the target intestory drift ratio,"Q is the height of the'i story, and %o %0 . The
productY JQ represents the target drift of tHestory, whilg] is the difference between the first mode
eigenvector components of the adjacent stoligbe interstory height is uniform, i.e’Q  "Q fori =1,
€ n (n = number of 3mtcantbe serplifiedast hen Equati on (

Yy 3JQ (35bh)

with a W% %o
By setting the ultimate displacement of thebaiit structure equal to the identified target displacerfient

'Q , the ductility of the main frame is defined'as 'Q 7Q whereQ is the yield displacement of the frame.

Obviously, if the target is that the structure remains in the elastic rangel.

Once the target displacemént (and the corresponding base shear force of the main fiarhis assigned,

the bilinearcurve of the equivalent SDOF system is evaluated in accordance with ref@@rexed clause
C.7.3.4.2 of referend®1]. Such equivalent bilinear curve is defined by three conditions, namely: (i) same
initial stiffness as the initial stiffness of the MDOF capacity curve, (i) crossing of the performance point

(Fhy whered  'QToandw @ To, and (iii) equivalence of areas Al and A2 between the two

curves, as shown iRigure3-4.

AN MDOF

Figure3-4: Definition of the equivalent bilinear curve according3d], [48]
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Through the equivalent bilinear curve, the SDOF system is characterized by an equivalent secant stiffness

«z

0  « FG and an equivalent viscous damping ratiqin percent) defined as [60], [51]:

I p&Ow T & ¢ (3.9

where parametdr accounts for the energy dissipation capacity of the bare structure and can be taken as
p8t for structures with high damping capability (providing wide and stable hysteresis |o@psjior
structures with moderate damping capability (with moderate chaindiee hysteresis loops) am&® dfor
structures with low damping capability (with hysteresis loops affected by substantial pinching and decrease
of area)[15]. On the right side of Eq.36) the first term represents the contribution of the inelastic
deformation of the frame to the total equivalent damping, and the second term is the 5% inherent viscous
damping of the structure. Though in the current literatureddmaping ratio to be considered in NLTH
analyses of both RC and steel structures is estimated in the range of 0.5%5@)-§85], a 5% value is

chosen in order to take into account the energy dissipation coming from possible infill panels or other non

modelled norstructural components.

3.2.3 Check the displacement for the relevant

The equivalent bilinear capacity curs® ' is converted into the capacity spectrum in the acceleration
displacement response spectrum (ADRS) space, where the spectral coordinates are Qéfineo aga *

(acceleration it 7i ) andY G (displacementin m).

The seismic action for the considered performance level is defined in terms of acceiedidjmacement
response spectra corresponding to different damping levels. For exan2ptetca5% damped response
spectrum is generally used to represent the demand when the structure responds aslédistariyhile
higher damped response spectra are used to account for the hysteréitieanrosiructural response of the
system. To devep damped demand spectra, Equati@iga) and 8.7b)[47] are used in the procedure
(3.7a)

p T

Y ) YY) ub

Cc

o (3.7b)

Y, Y, v b

C

where T is the period of vibration in seconds. Response spectra are generally plotted iiyor Y vs“Y
coordinates, however in order to have a direct comparison to the capacity spectrum, the response spectra at
plotted in the acceleratiedisplacement plane, with a set of coordinates definé® and"Y. It should be

noted that when the spectral veduare plotted in ADRS format, the period is represented by lines radiating
from the origin[56].
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The spectral displacement of the main frame for the considered seismic action is determined analytically.

The secant stiffness of the capacity spectrum to the target displaagmerd’ 7CQ is used to calculate

z

the effective period of the main stture’Y ¢“ — and hence the corresponding spectral displacement

Y YN, Y YN, v b —— where, is the equivalent viscous damping ratio of the unbraced

structure defined by Eq.36). If Y "¥YN, ' the unbracedstructure meets the performance
requirement and the procedure ends (no retrofit is requifed “Yn, ' the main frame alone is
unable to meet the performance level and the damped brace system must be introduced.

3.2.4 Evaluate the equivaledamped brace and the frame + damped brace capacity curve

An iterative procedure is used to evaluate the damped brace. In the first iteration the undamped structure is
considered with effective stiffness 0° and effective periodY Y, with 0* and”Y defined

above. The line radiating from the origin with slop& identifies, where it crosses the 5% damped
response spectrum, the spectral displacef@eiwf an elastic oscillator wlt period”Y corresponding to

the effective period of the unbraced frame at maximum resf@nsee.Q Y "Y N v b (Figure

3-5).

S, (§=5%)

Figure3-5: Evaluation of the spectral displacemeéntat first iteration48]

In order to meet the target displacemeéht additional damping must be supplied by the damped brace.
According to Eq. 3.7b), the total damping required for the combined framedadamped brace (F+DB)

system shall fulfill the displacement equality
Y'Y N, (0] (3.8)

from which a first estimate of the effective viscous damping is determined as
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Yy N ub o (3.9)

, p 1O o v pTOE

The properties of the equivalent SDOF damped brace are determined as a function of ‘ductiitiyich

is assigned as a design input depending on the employed damper technology. An optimal design ductility for
hysteretic steel dampers is as®d in the range af p 1§31], whereas for friction and extrusion dampers
there is no technological limitation to the displacement capacity that can be achieved without strength
degradationj49]. The damper yield strength , which coincides witlw  for devices characterized by an

elasticperfectly plastic behavioiF{gure3-2), is instead the unkmen of the procedure.

The equivalent viscous damping of the damped brace systeia calculated according to express[6f]

I p&OF T & T (3.10)
’ w q

and by setting the ultimate displacement of the equivalent SDOF damped brace equal to the target

displacementy 'Y, which yields GT , Eg.B.10) simplifies to Eq.3.11):

o&d O p (3.11)

In Egs. 8.10) and 8.11) the value offi  can be selected based on experience and past applications or

calibrated from experimental evidence.

The yield strength of the damped bracing system at first iterafipn &'y, is hence evaluated through

the energetic equivalence of E§.12) [54]:
oW, W, (312)

where, is defined through Eg3(6). The introduction of the damped brace in parallel with the main frame
yields an increase @b, of the total strength of the combined system F + DB at the target displacement

(o

The bilinear curve of the equivalent SDOF model of the retedfistructure is constructed and plotted in
"Y 7Y coordinates to check if the identified damped brace is appropriate. The ultimate displacement of the

upgraded capacity curve is equal again to the target displac€henhile the correspondent baskear

force isw'y @ W . The new equivalent SDOF Frame + Damped brace (F + DB) system is

characterized by an equivalent viscous damping
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i v and by an effective stiffness and an effective period equal to

i -
0 — and”Y ¢" ——, respectively. The spectral displacement for the considered damping

ratio is determined as’yY Y I and checked anst the target displacemer® . If

Y'Y N G TG - (with - sufficiently small, e.g. 0.05), the process ends and the properties of
the damped bracing systems at each floor are determined in the next step, otherwise timecibextaiues

until the difference betwee@ and™Y “Y I ("= number of iteration) is sufficiently smakigure

3-6.

At the " iteration, the shear force at the target displaceff¥eit updated aeyy «w Wy ,and

the equivalent viscous damping ratio of the equivalent SB@me + Damped brace (F + DB) system is
determined from Eq.3(13):

ooy e A (3.13)
! wz (bzﬁ
e _
The effective stiffness and the effective periodare — and"Y ¢* ——, respectively. The

required effective viscous damping at thiteration is calculated according to E§.8) and is equal to
, p O+ L (%), whereéQ Y Y Il v b. The strength of the equivalent SDOF damped

brace is eventually calculated via E§1¢), where the unknown quantitycs; W

, 2w d)zﬁ . , :li)zﬁ (3.14)
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Figure3-6: Graphical procedure for design of the damped braced strjdg]re

3.2.5 Evaluate the Damped Brace distribution along the Frame heigh

Once the properties of the equivalent SDOF damped brace are determined, their distribution across the

stories of the structure is performed on the basis of a proportionality criter&}{Z2]).

The method uses, as input parameters, the yield properties (steengdmd displacemeri® ) of the

equivalent SDOF damped brace and the compoient$ the eigenvector associated to the first mode of

vibration of the main frame. At each floor the properties of the braces equipped with hysteretic dampers are
determined via Eq.3(15)1 (3.18), seeFigure3-7.

here0 ando

. a % .., (3.15)
O -
B &% O
(3.16)
w O
. w (317)
U T
€ wel
) (3.18)

€ % % Q AT O

represent the strength and stiffness of the single damped brace installed" diothre i

where¢ is the total number of dampers per floor chosen by the designeach floor, the damped braces

are tuned in order to guarantee that the mode shape of the braced frame matches the first mode shape of tt

asbuilt structure[18], [19], [35]. If the frame remains elastic, the deformation remarks itsafuedtal
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mode shape, ensuring the same #stery drift distribution35]. It must be noted that Equatior&1(7) and
(3.18) which are used to calculate the properts the individual damped brace refer to the diagonal
configuration shown irFFigure 3-7, but can be easily modified to adapt to other configuratiort) as
chevron, uppetoggle,etc.

F DB
y4 my

mp

m,

YT_H' . [

X

Figure3-7: Quantities for design of diagonal braces with hysteretic dany@}s

It is worthnoting that the distribution method requires, as input variable, the number of damped braces at
every story. This choice depends ultimately on the designer, who has to takledhiictural demands

related to, e.g., the invasiveness of braces in facades, and economic issues related to local strengthening of
columns and beams subjected to increase in internal forces due to the actions transmitted by {f8]braces
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3 Design procedure for the seismic retrdf of RC framed structures

3.3. Application of the design procedure

The design method presented in Section 2 is applied to twestiabe structuresThe first structure is an
existing 4storyreinforced concrete (RC) building located in Potenza (I1{&8), in a medium/high seismic
areawith PGA of 2.45 m/% and it is assumed to be founded on soil typetB topographic factor T This
structureb a ¢ k st of the lagt cedtBy/sen seismic regulations were not getvelopedand only
gravity loads were consideréat design; for this reason, it @ssumedsparadigmatic o& large part of the
Italian building stockcharacterized bypoor seismic detailsThe main dimensions of the building in plan
and in elevation are sketchedrigure3-8. Columns have a square section of 30x30 cm and are reinforced
with 44 1 I16ngitudinal steel barglus2( 1 gkin bars at the ground floor, and withh 4 I6ngitudinal bars at

the other floors(i 6stirrupswith 15 cmspacingare used at each floor. Beams have a rectangular section of
30x50 cm the longitudinal reinforcement consists df 4 gteel bars on top andi2l dn bottom at end
sections, while the rebariisversé in the middleof the beamThetransverse reinforcement consistgio
stirrupswith spacingof 15 cm at end sections and 20 cm in the middle. The concrete compressive strength
fais 20 MPa and thaesel yield strengthyf is 375 MPa; floor masses are 86 ton at theflagt and 115 ton

at all the othestories Additional informatioris reported in referendg8].
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Figure3-8: Existing RC frame building in Potenza: elevation and plan v[é8k

The second structure is a residentiagdtéry RC building, designed according to thest recenttalian
Building Code[30], which provides a similar approach to the Eurocodi29f Sketches of the building,
with the main dimensions in plan and in elevation, are reportéidjime3-9; structural loads and additional
design informdbn are reported in referenpéb]. According to the assumed code, the structural framaee
designed with seismic detaftsr a low seismicity zone correspondingte municipality of Pordenone, Italy
[45], characterized by a PGA = 1.91 ménd soil type BGeometry and reinforcement of columns and
beams are illustrateid Figure3-10 and floor masses are reportedTiable 3-1; the concrete compressive
strength § is 25 MPa and the steel yield strengghis 450MPa
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3 Design procedure for the seismic retrofit of RC framed structures

In this study, thestructure is upgraded to resist to higher seismic excitations corresponding to a high seismic

area.
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Figure3-9: Existing RC framed builing in Pordenone: elevation and plan vigd8]

Floors p C o T v (0]

Masses [ton] ¢ 0 ¢ 0 CC& CC&® Q& pc&

Table3-1: Floor masses of the existifRC framed building in Pordenone

114



3 Design procedure for the seisnui retrofit of RC framed structures

30cm 30 cm

30cm

7S

30cm

[

é+126 D40 cm %«;28 []40 cm é+126 DAO cm %?5 DAO cm [
=R R RS R RS e L

3 § g |

glgﬂ1182112 5 :rg cm g gle{;182/12,5 s 40 cm g glgg182l12.5 i 40 cm g {
« 30 cm -1 30 cm o cm [

g e Dao cm E= g e [Jaoem ach ﬁao m |

EE ISR RN EE R R EREE iy

40cm Eg 40cm “40cem |

52 [Joom 52 [Jaem & 200w |
R R EREE R AR AR M LT

|

Z,”A?mo 40cm § gtef,z:?z/a i» 40 cm § 21001182/9 40cm § :
30cm o 30 cm =M 30cm |

g g}% DdD cm == g 31% D40 cm - g 42:6 DAO cm [

ST T LT LT T LT T B [T I ERRERRRRTHHREE N

] . |

22 Juen 1 20, Fuen 1 c05t Foen 114 |
Egé 40cm E 40 cm 8 |

s 53 Coen § alew
R R R R R R EERmE:) :

|

éf%‘%e%;m : éf&‘%%:m éf&%:m ; {
30 cm 30 cm " 30cm l

§ g;e [Jeoem é;;e [Jeoem 3 gn:s [Joem |
IR RRRRimm RN R R EEE | [[]I

[

B Joer ; B | A § |
i j |

§ § |

B S s s s s

I

l

Figure3-10: Structuraldetails of the existin®RC framed building in Pordenoij45]

Both structures are intended to fail in flexure, thus other failure mechanisms (such as shear failure of beams,
columns or bearsolumn joints, bond slip and leaycle fatigue, etc.) especially relevant to buildings
designed according to outdated standf@d} are out of the scope of the present work.
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3 Design procedure for the seismic retrofit of RC framed structures

For the seismic upgde of both structures, steel braces equipped with hysteretic dampers characterized by

an elastieperfectly plastic behavior are used.

3.3.1. Numerical model of the & casestudy framed buildings

Full 3-D numerical models of both buildings are formulatgthin the OpenSees framewoj#9]. Beams
and columns are modeled using tferceBeamColumrelement object[60], in the form of the
beamWithHinge®lement[61], assigning a linear elastic material behavior to the internaklsmbent,
whereas nonlinearities can be activated only in the two externalaements. The length of the plastic

hinged is evaluated with Eq3.19) in accordance with the Eurocodé2®], valid when a welletailed

confinement model of concrete is assurfGs]:

0"
0 — 1mgQ S
™ P )

Q

Q (3.19)

o

In these plastic regions, the concrete-tinear behavior is modelled through a fiber section model, where
each steel bar corresponds to a single fiber using uniaxial GM#regottePinto constitutive law63],
equivalent toSteel02material model with isotropic strain hardeniftgl]. The strairhardening ratiadis
assumeakqgual to 0.005 for the building in Pordenone, as specified in refgdicand, in absence of any
indication, equal to 0.01 for the building in Potef28], according to the modelling assumptions introduced
in referencg62]. The parameters that control the transition from the elastic to the plastic branch are assigned
asY p yo T80 ¢ @ndd = 0.15[61]. The concrete model is implemented using the library uniaxial
materialConcrete04 which is based on the model proposed by Popd@kk the properties of the core
region of the sections are evaluated referring to Equation$ &8 of the Eurocode 9] and the tensile
strength of concrete is neglected in both core and cover rdg®indt is worth mentioning that the material
properties of the building are evated disregarding the confidence fact@$], [30]. In order to account

for concrete cracking, the interior elastic selbment is characterized by an effective area moment of inertia
‘O, equal to 50% of the gross area moment of iné&iaccording to the provisions of the Italian and the

European normpt7], [30].

The chosen modelling approach is consistent with the design code af@@tef¥7] and has been
demonstrated to reproduce, with enough accuraeyséiismic response of RC members characterized by

flexural behaviof62].

In all models, the masses of the structural members (beams, columns, and slabs) anatezheénihe

master nodeslead and live loads are uniformly distributed on each beam and have been calculated according
to the tributary area concept:[Relta effects are considered in the analysis, while bond slip ardyloe

fatigue effects are disragded. The columns at the ground floor have fixed base supports, simulating rigid
foundations. The damping of the frame is defined according to the Rayleigh method, as a function of the
tangent stiffness matrix only, assuming 5% viscous damping ratakeartto account the energy dissipation

coming from infill panels and other non modelled +sbructural componen{§2].
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3 Design procedure for the seismic retrofit of RC framed structures

The floor slabs are modelled as rigid diagmna, by constraining the nodes belonging to the same floor to
have the same di spl a[66¢me been intrdduced finatixei F& Imodeél,utrdugh rao
zeroLengtrelement objecf67] characterized by a virtually zero axial stiffness and very high stiffnesses in
shear and bending, placed between one end of each d®hithe adjacent node belonging to the rigid
diaphragm. This element works as an axial release to eliminate the fictitious axial force generated by the
interaction between beam elements modelled with fiber sections and the rigid diaggagm

The braces equipped with the hysteretic damper are modelled as truss e[éd]enith an associated

uniaxialMaterialmodel withelastiecperfectly plastic behavid67].

3.3.2. Casestudy 1: buildingn Pota&za

The upgrade of the RC building in Potenza is carried out considering the seismic loads prowdeei by

[30] for life-safety limit state (SLV), site of Potenza (Long A 486 20. 174466, Lat
functional class cu = II, PGA = 2.45 m/soil type B and topographic factoi. IDiagonal steel braces
equipped with hysteretic dampers are inserted in the perimetral frames of each story, according to the layout

shown inFigure3-11.

YL | ] ‘ ;lY

X Z

Figure3-11: Diagonal layout of steel braces equipped with hysteretic dampers festodgel building; the dissipative braces are

installedin the perimetral frameg8]

NLSAs are performed in both positive and negative directions of the two horizontal (X and Z) axes, applying
horizontal force distributions proportional to either mass (referred hereinafter as UNIFORM) or modal
(MODAL) properties, and considering 5% accitireccentricity of the center of mass of each story, as
prescribed irf30] and[47]. The MODAL capacity curve is the lowest in both directidfigiire3-12) and

is used to evaluate the mgarameters of the equivalent SDOF systems, E#j5i((3.6) .

Since the building, designed in accordance with updated codes, is missing of seismic details, the hysteretic
damper system is designed with the aim of keeping the main frame in the alagéclimiting as much as

possible structural damag€he target intestory drift ratio is set t&/ T3t T 7& , corresponding
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3 Design procedure for the seismic retrofit of RC framed structures

through Eq. 8.5b) to the target displacemeéft 1@t 1t @ of the MDOF structureQ =3.0mj) =
0.3306), andY = 0.036 m of the equivalent SDOF system, respectiviéigu(e 3-12). The equivalent
bilinear capacity curves of the main frame in the two horizontal directions are then calculated according to
Section3.2.2 (Table 3-2). At the selecte performance point the equivalent viscous damping ratio of the

main frame is quite negligibl@able3-2).

UNIFORM- 600 UNIFORM+

—X
—Z

0.1 -0.05 0 dy"0.05 0.1

Direction

n PR X Tip pYcmdrior oYL g OTT

H PE X TBIP ( pY(TBIO( oYL & GO0

Table3-2: Properties of the equivalent SDOF systand bilinear capacity curves casel structure irthe twohorizontal
directiors [48]

The design procedure described in Secdi@ris separatelgpplied toboth X- and Z directions: the bilinear
capacity curve of the equivalent SDOF model is represented in ADRS fdtigiate(3-2) and the effective
viscous damping ratio at firieration, is determined by applying the E§9).

The ductility of the equivalent damped brace system is the design input. As the ductility factor for
hysteretic steel dampers typically ranges betwesmd 1(031], the upper and lower boundaries of the range,
namely T and*’ p Tt are investigated. According to E§11), the two ductility factors

correspond to equivalent viscous dampingps T ® Pand, L ® b respectively.

The bilinear curve of the equivalent SDGFame + Damped bracsystem in either horizontal direction is

plotted in the ADRS plane to check if the identified damper is appropriate for the RGtudgdrane
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3 Design procedue for the seismic retrofit of RC framed structures

(Figure 3-13). Step 4 of the procedure is iterated until the inelastic displacement of the equivalent SDOF
braced structure converges to the target displaceifferwi t h U < 0. 0 Gigure&B}, s h o\

convergence is always achieved within three iterations

6 A

S. (€ =5%)

1S, (B pp)

S, [m/s?]

0.04
Sq [m]

Figure3-13: Equivalent capacity curves indirection of themainFrame (F) and Frae + Damped brace (F + DB) system with

p tand relevant demand response spgdigh

—o-7Z-dir. Upg =4
—--X-dir. tps=10 —e—7 - dir. lipg =10

1 2 3 4 5 6
iteration [-]

Figure3-14: lterative procedure for tuning the equivalent SDOF damped brace: damper yield strength vs. iteratiofd@imber

The damped braceystem is distributed along the height of the frame in accordance with the method
illustrated in Sectior.2.5 (hereinafter called Method Ajlowever, in order to highlight the effects of the
damper distribution on the frame response, a second methodbddsitriliterature [28], [31]and [32]),
named Method B, has been investigated as well.

By referring to the layout shown Figure 3-11, with 4 dampers per story in eadhection the resulting

strength and stiffness of the dissipating braces calculated with either method are refabbel3+3.
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Table3-3: Casestudy 1: properties of the damped braces for two assigned ductility fiddrs

For both* i, the recommended Method A provides the highest valueseasfgstr and stiffness of the
damping braces. By considering, e.g., thdidéction, the ratio between the stiffnesses determined according
to either Method A or B varies from 1.08 at the first floor to about 1.40 at the fourth floor, and the ratio
between th strengths varies from 1.65 at the first floor to 1.35 at the fourth floor. These figures do not
change regardless of the damper ductility. Higher strengths are associated ta than to' p Tin

order to counteract the lower dissipation capacity

Figure3-15compares in the ADRS plane the capacity curves of the upgraded building fort (Figure
3-15(a)) and p 1tFigure3-15(b)); similar results are obtained along thdizection and not reported

for conciseness
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Figure3-15: Comparison of capacity curves indirection for differendamped brace ductilitya) * T;b) p T1i48]

The design target is met by the upgraded fraonesither value of . However, regardless of , the
capacity curve of the structure upgraded according to Method A shows a stiffer response, and the
performance point is characterized by a higher force at a smaller displacement, than its Method B

counterpart.

NLSAs evaluate the response of the retrofitted structure in terms of global quantities only, such as the total
base shear force and the displacement of the reference point, but do not provide any check on local quantities
like, e.g., driftsand forces at each story, and the damping capacity of the dissipating brace system inserted
in the structure. To have a deeper insight, bidirectionatlinear dynamic analyses (BNLDAs) are
performed in compliance with tHdéTC [30] and EC847] considering two sets of seven artificial ground
motions generated using the computede SIMQKE[68]. The artificial accelerograms are characterized

by a pseudatationary part of 10 sec and a total duration of 25 seconds as prescr{Béd mnd are
compatible on average with the elastic spectrum defined by the3@jda the range of periods between

0.15 and 2 sec.

At the end of the BNLDAs, the response of the estsely structure has been evaluated considering
engineering demand parameters such as absolute accelerations astiiyntérifts, which are commonly
considered the main parameters to appraise the penficarof frame structures and the effectiveness of the
retrofitting technique. During the pegtocessing of the analysis, the mean value of the maxima of the
parameters calculated for the seven pairs of bidirectional accelerograms has been evaluatdd for ea
direction.Figure3-16 - Figure3-19 show the numerical results in terms odximum interstory drift ratio

w and maximum Peak Floor AcceleratidmOét each story, comparing the-lasilt configuration to the
retrofitted configurations with dissipating braces distributed according to either Method A or Method B, and
considering either Tor' p TtThe maximum values @b andd "Odénay not @cur at the same

time step of the analysis.

Figure3-16 andFigure3-18 show thainter-story drift ratiogndrastically decrease when the damped braces
are introduced. The damper distribution according to Method A produces at each floor, in either direction
and for both values of , maximumw values smaller than 0.5%, whichtige design target drift ratio. In

contrast, if Method B is adoptes.exceeds the specified limit at the second floor in tar&ction for both
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“ i (w=0.0056 for
[35], 0 "Odncreases in the braced structufey(re3-17 andFigure3-19), and the increase is higher for the

T and w= 0.0052 for

p TtFigure3-16 andFigure 3-18). As expected

stiffer distribution following Method A: e.g., at the fourth flo@r'O@n X-direction grows by either 12.6%
with Method B or 28.4% with Method A, considering = 4, while the increase is either 7.4%9.16%,

respectively, with

capacity of the dissipation system.

Figure3-16: Comparison of maximum intestory drift ratioo obtained by BNLDA with and w/o damped braces with

Floor #

—& As-Built
—8-Method A

—eo-Method B

Floor #

—&As-Built
—e—Method A
—e—Method B

0.015

[48]

PFA, [m/s]

—-As-Built
-o—Method A
-@—Method B

0.01

= 10. The amplification of ground acceleration decreases by increasing the damping

T

Figure3-17: Comparison of maximum Peak Floor AcceleratiofOdbtained by BNLDA with and w/o damped braces with
' T [48]

Figure3-18: Comparison of maximum intestory drift ratiooy obtained by BNLDA with and w/o damped braegth

[48]
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