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SUMMARY:

This paper deals with modeling reinforced concrete (RQn&atructure in seismic motion with inelastic time-
history analyses. Such analyses require the definition ofedastic structural model — that is capable of dissipating
part of the imparted seismic energy — and additional damgirggnerally addeds.g. Rayleigh damping. This
additional damping has to be consistent with the inelastictiral model: it has to account for energy dissipation
mechanisms not otherwise explicitly modeled. A consistrhping model is presented in this paper and the
simulation of a 2D RC frame tested on a shaking table is perdrwith this latter damping model. Results are
then used as a baseline to assess the consistency of anotteecammon Rayleigh damping model.

Keywords: Inelastic time-history analyses; Frame struest Fiber element; Reinforced concrete; Energy dissipa-
tion; Consistent additional damping.

1. INTRODUCTION

Modeling energy dissipation in seismic inelastic timetdvig analyses (ITHAs) has been challenging
practitioners and researchers for the last few decadesingddimping in ITHA is common practice,
e.g. Rayleigh damping — damping coefficients are computed asaricombination of mass and stiff-
ness —, yet it is well known that it can lead to inaccurateltesRegarding the continuous development
of numerical inelastic structural elements, where parthefgeismic energy is dissipated by explicitly
modeling inelastic phenomena, added damping should ophesent energy dissipative mechanisms
not otherwise considered in the structural model (PEERARCL October 2010). In other words, the
additional damping model should be consistent with thesistéd structural one.

Rayleigh damping is commonly used in ITHAs. Neverthelesias been shown that it is difficult to
control the amount of damping it generates throughout ITHIA&ger & Dussault 1992, Hall 2006,
Charney 2008). The ultimate strategy to avoid inaccuratelt® due to additional damping in seismic
ITHAs is to use an inelastic structural model that is capableepresenting all the energy dissipative
phenomena occurring during the seism. More practicableeisievelopment of structural elements that
can accommodate additional damping models, as in (Zareidfedina 2010) where the authors de-
velop a frame element as the combination of an elastic péntstiffness-proportional damping and two
inelastic springs at its two ends with no stiffness proporl damping. It is claimed that this method
eliminates the presence of unrealistic damping forces hhAS.

With most of the existing inelastic structural models, tlomgistency of Rayleigh damping has to be
checked. The purpose of this paper is to propose a cons&ltdiitonal damping model of the Rayleigh
type, adapted to both the capability of the inelastic stmattmodel to dissipate seismic energy and the
seismic demand. Then, this damping model is used as a baselcheck the consistency of a more
commonly used Rayleigh damping model in the seismic ITHA BGaframe structure.

We first briefly present the theoretical formulation of a fiframe element with enhanced kinematics
to incorporate a 1D constitutive law (Jehel et al. 2010) tped in the framework of thermodynamics

with internal variables. The resulting element accountgtfe main energy dissipative phenomena en-
countered in concrete and steel fibers of reinforced com¢RE) frame elements, except those coming



from steel-concrete interactions and rebar buckling. Thresection 3, a consistent additional damping
model is proposed according to the definition of three sigieephases in a typical frame structural

response. Finally, a 2-bay 2-storey RC moment-resistimgér structure tested on the shaking table of
Ecole Polytechnique de Montréal (Filiatrault et al. 1988aimulated with both the proposed consistent
damping model and another common Rayleigh model. The ssbitined are compared to experimen-
tal data.

2. INELASTIC FIBER FRAME ELEMENT WITH ENHANCED KINEMATICS

The inelastic structural model is based on a fiber frame etesgtably implemented in the framework
of a displacement-based formulation so that it can integiad uniaxial concrete behavior law recently
developed by the authors (Jehel et al. 2010). This lattestttative model is capable of representing
the main energy dissipative phenomena likely to occur ircoete: appearance of permanent deforma-
tion, strain hardening and softening, stiffness degradatocal hysteresis loops, appearance of cracks.
Its theoretical development and numerical implementadianbased on thermodynamics with internal
variables (Germain et al. 1983, Maugin 1999) and on the felgenent method with embedded strong
discontinuities (Garikipati & Hughes 1998, Ibrahimbego&iBrancherie 2003, Oliver & Huespe 2004).
FEAP (FEAP 2002) is the finite element program used for thearigal implementation of the devel-
opments presented in this section.

2.1. Enhanced kinematics

The firstingredient of this model is the definition of an enteohkinematics where strong discontinuities
—displacement jumps — are introduced. This is done, as@eldit Figuré L by writing the displacement
field u(x, t) as the sum of a continuous displacem#(, ¢) — the in the absence of strong discontinuity
—and of displacement jumps(t) in sectiond’; of the solid domairn :

Ndis

u(x,t) = a(x,t) + Y _ ;(t)Hr,(x) 1)

i=1

where?ir, (x) is the Heaviside’s function which, for a left-to-right onted domain, is null on the left
side of the discontinuity’; and unity on its right side.
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Figure 1: Construction of an enhanced displacementfietd¢) as the sum of a continuous displacema(, )
and of a displacement jump (¢)Hr, (x) pertaining to discontinuity’;.

The hypothesis of small transformation leads to the folimpéxpression for the normal strain field:
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wheredr, (x) is the Dirac’s function.



2.2. Stored energy function

To derive the governing equations of the system, one carahppéhe principle of minimum potential
energy at equilibrium. We write the internal potential eyyaly** as:

Um™(u,a,t) = /w(u,a,t)dQ
Q
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wheren{; is the total number of concrete or steel fibét$; is the volume of the fiber)* is the stored

energy function for concrete or steel which depends on théraeous displacement field x, ¢) and on
the set of internal variables®*. Normal stresses are computed from these functions as

_ 9
Ogx = 863333. (4)

2.3. Set of internal variables

The set of internal variablas is defined to characterize the evolution of the main energyipiative —
inelastic — mechanisms which develop in the system. Thesen@l variables are the memory of the
system. The displacement jumpsare treated as internal variables. Note that the constldiv used
here can handle different behavior in compression anddanand can also reproduce a visco-elastic
response (see (Jehel et al. 2010) for a full description¥ca4ity is not considered in this work. The
local admissible state of the system is expressed accotalizrgeria functions in the stress-like domain
of the set of variables dual t@. When irreversible mechanisms are activated in the strecinternal
variables have to be updated and their evolution is govelogetie principle of maximum dissipation.
From the computational point of view, because we only cardidear hardening and softening laws,
there is no need for local iteration when internal variatales updated, except for transitions between
hardening and softening regimes, which leads to an efficesutlution procedure. Figuié 2 illustrates
the capabilities of such an uniaxial constitutive law witirelr hardenings / softenings for representing
the cyclic compressive behavior of concrete.
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Figure 2: [left] Experimental response of concrete in @ycbmpressive loading (Ramtani 1990); [right] Numerical
constitutive law used in this paper.



3. CONSISTENT ADDITIONAL DAMPING MODEL
3.1. Problems encountered with Rayleigh damping

Controlling the amount of additional viscous damping egatigsipated in inelastic time history anal-
yses is a very challenging task (Léger & Dussault 1992, Pall6, Charney 2008). This is especially
the case for commonly used Rayleigh proportional dampindets that is when the damping matrix is
computed, in its most general form, as

C(t) = a(t)M + S(H)K(1), (5)

whereK(t) is the tangent stiffness matrix. Several researchers hepxéded insight in the compre-
hension of Rayleigh damping regarding the inelastic stmattmodel it is coupled to, have highlighted
limitations, and have eventually provided recommendattorcope with them (Léger & Dussault 1992,
Hall 2006, Charney 2008). Nevertheless, adding dampingcanttolling its consistency with the in-
elastic structural model still remains an issue to be adeiks

3.2. Three common phases in seismic response

We now discuss in a qualitative way the notioncoihsistencyor additional viscous damping. To that
purpose, we start by stating that seismic structural respds composed by three main consecutive
phases, as illustrated in Figurk 3. Both inelastic strattnodel and additional damping model must
then be capable of representing the salient phenomenapomnding to each of these three phases. Fore-
most has to be properly modeled what we call here the “key aviridnamely the time interval within
which the major inelastic modifications for structural peniance assessment develop. For instance,
key mechanisms that control near-collapse structuralh\behare listed in (Krawinkler 2006): degra-
dation of strength and stiffness, and structure P-delectsf From experimental results, we know that
strain rate is another major issue.

A consistent additional damping model should be adapteddb of these three phases as follows:

e Phase 1: None or only few incursions in the inelastic domaguo Energy dissipation in phase 1
thus comes from the friction in the cracks that appeared velpgtying dead load and from other
mechanisms always present in mechanical systems. Whenwseaelasticity and constitutive
laws with local hysteresis (Ragueneau et al. 2000, Jeh&l2030) in the structural model could
account for these energy dissipation sources but a smaliainodadditional damping usually has
to be added.

e Phase 2: As the ground motion becomes stronger (at ai®uimd-igure[3), an important amount
of seismic energy is imparted to the structure and some p#ite structure then exhibit inelastic
behavior. Inelastic structural models are designed toi@kplmodel part of the numerous in-
herent nonlinear energy dissipative mechanisms involudtie structural response. The energy
dissipation due to the mechanisms not explicitly accoufiedh the inelastic structural model
has to be introduced with the additional damping model.

e Phase 3: The structure has suffered irreversible degoadatiat modified its dynamic properties.
Thus, even if the seismic demand is again as low as in phake &nergy dissipative mechanisms
are different because of frictions in the cracks that apmbaithin phase 2 or at degraded bound
between steel and concrete. Here again, visco-elastiatybahavior laws with local hysteresis
(Ragueneau et al. 2000, Jehel et al. 2010) in the structwdéhtould account for these damping
sources, but it generally has to be completed by additioaping.

3.3. Proposition of a new family of Rayleigh damping models

In the following, two damping models will be used:

e A commonly used Rayleigh model based on tangent stiffnessx@and with two constant coef-
ficients
Ci(t) = aM + BK(t); (6)
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Figure 3: Three common phases in the seismic response acatbept of “key window”. [top left] Structural rela-
tive displacement time-history. [top right] Total relagiseismic energy time-history in the structure. [bottomaar
intensity of the seismic signal that will be used in the fallog numerical simulationsA/(t) = - fot > (r)dr
(Arias 1970).

e We propose a model that is dependent on both the two key moitiotie definition of the three
phases introduced above: the capacity of the inelastictsial model to absorb energy and the
seismic demand. The model is based on Rayleigh damping avithent stiffness matrix and with
coefficients adapted to each of the three phases:

Ca(t) = a(t)M + B(H)K(?) (7)

The idea of adapting Rayleigh damping to the capabilitiethefinelastic structural model for dissipat-
ing energy is present in the use of the tangent stiffneserrdltlan the initial one: it is expected that the
choice of tangent stiffness dependent damping will haverthim advantage of providing the significant
additional source of damping only in the domains/modesdhanot accounted for by inelastic model.
Such a choice allows to provide the physically based dampirnomena interpretation, which leads
to damping coefficients that are easier to identify. The s@®a has been further exploited in (Tinawi
et al. 2000) where 1% viscous damping is added to an ineldatit model before cracking and 10%
after cracking to represent localized high dissipationrimtibn between crack lips.

In spite of its stronger physical background, implementiaghping modelCs () is not as straightfor-
ward as damping mode€l'; (¢). First, three sets of Rayleigh coefficielts,, 5,),=1,2,3 corresponding
to each of the three phasgdave to be identified to define the critical damping rdtioSecond, the
instants which delimit the three phases have to be detednivi@ch can be automatically accomplished
by the computer program that is capable of detecting theatizin of significant inelastic behavior.
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Figure 4: Finite element mesh (dimensions in [mm]) and ni@teonstitutive laws for the inelastic structural
modeling. The black rectangles represent additional nsasfmttom left] Confined and unconfined concrete
behavior laws. [bottom right] Steel constitutive law.

4. NUMERICAL SIMULATIONS

Seismic inelastic time history analyses of the RC frame shiowFigurel4 have been carried out with
the inelastic structural model briefly presented in sec@oupled to either additional damping model
C,(t) or Cy(t). The implicit Newmark integration scheme with parameters 0.25 andy = 0.5 is
used with a time step df.005s. The elastic fundamental period of the structur@ijs= 0.28s. The
ground motion record that was selected for the test programesponds to the NO4W component of
the accelerogram recorded in Olympia, Washington (Aprijl 1249), calibrated to a peak ground ac-
celerationPGA = 0.21g. Figure[® shows a comparison between the simulated topadisment and
energies time histories and the respective experimersaltsareproduced from (Filiatrault et al. 1998b).
Good agreement between simulated and experimental dathecahserved. Moreover, there is very
good agreement between the hysterefig;] and damping £p) energy quantities computed with the
models proposed here and an analogous Perform3D (Perfo@880) simulation we carried out for
comparison purpose, namelyy ~ 550N.m andEp ~ 2250N.m, corresponding to approximately
20% and 80% of the total work done by the structure duringsieisnotions.

For damping moddC (¢), the good results shown in Figlie 5 have been obtainedwatid 3 computed

so that damping ratio§ = &, = 3.3%. For damping modeC,(t), curves plotted in Figuld 5 have been
obtained with the following parameters identified so as timimbgood match between experimental and
simulated responses:

e Phase 1: from) < t < t1, & = & = 1.0%. We sett; = 8s because it corresponds to the
time when the seismic demand — evaluated here through tlaes AiensityAI(¢) of the ground
motion, which is plotted in Figurg] 3 [bottom] — starts to sfgrantly increase. Because of the
application of additional masses before the ground motiua structure is initially damaged so,
even if the structural model is capable of reproducing thenreaergy dissipation mechanisms,
we assume a small amount of additional damping has to bedinted.

e Phase 2: front; <t < to, & = & = 4.0%. t, is heuristically defined atg = t; + 10 x T{™,
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Figure 5: Experimental and simulated top-displacementukited hysteretic energyy), simulated additional
damping energyKp), and both experimental and simulated total internal wfidp] With common added damp-
ing modelC; (¢); [bottom] With the proposed Rayleigh damping mo@gi(¢). The structural responses shown
here for damping model8, (t) andCx(t) looks very similar because both models have been calibtatexperi-
mental data; however, mod€k (t) has more capability for representing transient evolutiomdaled damping.



whereT{™ is the fundamental period of the structure after dead loadbe@n applied and just
before the ground motio ™ = 0.36s for the structure considered here)is identified so as to
recover good fit between both experimental and numericall éstergy dissipation curve§, and

& are set tol% because cracks in the beam-to-column joints have beenimergally observed
and the structural model is not capable of representing swazthanisms, so the damping ratio is
increased comparing to phase 1.

e Phase 3: fromt, < t < T, & = & = 2.5%, whereT is the duration of the seismic signal.
The damping ratio is decreased but to a higher level thanas@h because the damage structure
exhibit more energy dissipation mechanisms (cracks,iplastges).

Both additional damping modefs; (¢) andCs(¢) lead to very close results in Figure 5. Besides, damp-
ing modelC»(t) is designed to be consistent with both the capacity of thecttral model to dissipate
energy and the seismic demand. Consequently, one canhiatdydth additional damping models (¢)
andC,(t) are consistent, even if they dissipate much more energytitigeinelastic structural model. Of
course, damage in the beam-to-column joints is not predlictet the inelastic evolution of the beams
and columns should be quite well reproduced, which shouldgdsessed by further comparison with
experimental data.

5. CONCLUSIONS

In this paper, an additional damping model consistent waith lbhe capability of the inelastic structural
model to dissipate seismic energy and the seismic demamndssmted and the simulation of a 2D RC
frame tested on a shaking table is performed with this |atéenping model. These numerical results,
along with experimental data, are then used as a baselisséssthe consistency of another more com-
mon Rayleigh damping model. The consistent damping motiesren the definition of three successive
phases in the typical seismic response of RC frames, camespg to different seismic demand levels
and to the capability of the inelastic structural model siate seismic energy.

The structural model used in this work is a fiber beam/colurodehwith material constitutive laws ca-
pable of representing the main energy dissipation mecimenis concrete and steel. However, it cannot
reproduce structural inelastic phenomena such as inelastim-to-column joints behavior, rebar slip,
steel buckling, or energy radiation. Thus, developingctmal models describing these latter mecha-
nisms is to be continued so as to provide efficient numeramaktcapable of predicting the structural
response in an even more accurate way.
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