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Abstract

Dual Systems represemtn attractive solution for laterfdrceresisting structures. However,
the analysis such structures using comra@V software may limit the possibility to achieve
optimal combinatios of lateralforce-resisting systems (LFRSecausechanges of the model
setup are normally time consuming Moreover,commonFEM software oftenprovide limited
information concerning the global behaviour of the resisting systems and their interaction.
Therefore in order to overcome such limitations aoftware capable to perform botlthe
analysis andthe design of structuredor seismic and wind loads $abeen implemented
through Matlab and OpenSeesand inally a design applicatio to a 20storey buiding has
been performd comparing two possible Duaystem structuresi) RC Walls with steel
Moment resisting frame§MRFsWALLS); i) Steel concentric braced frames with Moment
resisting frames (CBFBIRFS).

KeywoConceBrtaced DualmeSWMemtmems$s; Resi;OpiemgdSeEisam
RC WaStleels Fr ame

1.l ntroducti on

The design of mediumse structures for mutievel lateralfiorce demandsi.é. wind ad
earthquake actions at ufimate and serviceabilty limit state3 may sometimes result
cumbersom with commonly usedFEM software becausei) the model setp is a time
consuming process ensuing that modificatien of the model uch as changein system
geometry or system type) are limiethereforecommon FB softwarelimit the possibiltyto
evaluate alternative solutions in terms of Lateral Force Resisting Systems (LIBRS)alysis
results, such as stress resutamtre gven at the member level only, therefore some
information is given in excess of the necessary, whereas other such esyshear and
storeymoment carried by each LFRE not given at al, even ifit is useful andsometimes
strictly required (sch as for cantiever cowwalls).

Furthermore,postprocessing of analysis results aften requiredin order to meetthe codes
requirements aboutthe aforementionedlimit states This postprocessing phasemust be
managed though other tools (such as Excel) requiuitber time and giving arise to further
encumberto rapid changes of the structure layoutherefore in order to oweome such
imtations, a software capable to perform both the analysis tlaadiesign of duatsystem
structures has been implemented througMatlab and OpenSeesThis paper is primarily
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Figure 1. Overview of the architecture of the software described in the present paper.

focused on the features on the software develogedpabiites andimplementation details)
whereasa case study application wil be presented only briefly.

2. Software architecture
21 Generamewor k

The whole software architecture is implementedMiatlab, whie OpenSeess used in order
to buid the FBM model and run the ana#s Figure 1 shows the layout of the software
architecture.In particular, Matlab is used in order t):define input dataii) manipulate the
input data thus creating processing dataj) store the data inside @roper structure of
variables iv) Create theTCL files required in order to generate tpenSeesnodelsand run
the analysis;v) read the output fles and storerthén adata structure

22 Pr-erocessing

In the preprocessing phaseput dataare definedn a Matlab scripti a proper input graphical
user interface has not been implemented iydhe software developedly the authorghen
generate TCL fles required tocreate FEM models of all the LFRS systems in the structure
and stores their propertieas matricesand vectorsThe mass matrix of the whole structure is
computed inMatlab using a lumpednass approach and the coordinatesthef centroid of
massof each torey are calculatedThen all the LFRS systems are assembled imposing rigid
diaphragm constragt assuming as master nedée masscentroids TCL scripts defining
vertical and horizontal load patterns are also created in thprpocessing stagéd the present
time the folowing LFRS have been implemented: MomdResisting Frames (MRF),
Concentric Braced Frames (CBF), and RC walls.

23 Anal ysi s

OpenSeess used to analyse the FEM model defined as described in Section 2.2. Whie
vertical and horizontal windodds do not lead to particular complications seismic forces
require a more complex procedure being dependledhe structural naturahodes. These
latter (natural periods and natural modes) are computédpénSeesand postprocessedn
Matlab using the Response Spectrum Modal Analysis. Equivalent static forces for the
different modes considered atgerefore defined according to design spectral accelerations
Accidental eccentricity is considered by means of equivalent storey tordbes.solver
adoptedn the software is th&/mfPacksolver the only one capable to solve large structure
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24 Porocessing

In the postprocessing phaseOpenSeesoutput fies, containing data on the structural
response, are redoy the software developelly the authors So faras vertical and wind

loads analysis results are concerned the software computes different effects combinations (for
serviceabiity and ultimate Imit states) as required by codes and stores them in proper data
structures.

The postprocessing phaseoncening the seismicanalysisinvolves, first, reading of the output
text fles and data storage ina proper structure of variablesThen combinatios of load
effects are performedaccording to Eurocode 1998requirements[1]. The postprocessing
phase issummarized in the steps listed belayjvcombine the modal response according to the
CQC Modal Combination Ruylei) combine the effects of the seismic action componérjgor
eachLFRS computethe derived quantitiesequired for graphical output ancknfications i.e.,
storeyforces, storeyshear, storeynoment, storeylrift, storeystiffiness, second order effects
sensitivity coefficient

25 Ver i f iocfa tsitormuec mbue rad

The software automatically performs different verifications on the structwoasidered and

on their structural members. In particular, as far as the global structural behaviour is
concerned, secororder effects and displacements at serviceabilty limit states (for both wind
and earthquake forces) are verifiggipecific verificatbns are then performdeon the different
LFRS systems as described in the following Sections.

2.5.1 Steel frame membersand concentric braced frames

The software automatically performs variousrificatiors on steel membersin particular at
the SLSnormal and sharing stresses are analyséd the ULS the software performs strength
and buckling verifications according to Eurocode 1923 and Eurocode 19981] rules.
Furthermore the software containsapacity desigrrules Seismic and gravity load effects are
combined in order to compute the dissipative members fiexural overstreamgiithese latter
are then used to computee nordissipative members desidorces accordingto Eurocode
1998J1] rules

25.2 RC walls

The following verificatios have been implementedn RC walls i) stress limitations at SLS

ii) cracking onset evaluation;iii) flexural strength verificaton at ULSiv) shear strength
verification. The software developed by the authors automatically computes the required
reinforcement based on the @mentioned verifications. Thergccording to the capacity
design principles the resistingendingmomentin the critical regionof the wallsis computed

first, then the bending moment and shear force envelape created and the safety mamgmn

rest of the wall is evaluated. In particular a modified version of th&lodiied Modal
Superposition[3] rules has been implementeBurther detais are avaiable ][

3. Model Itihgt efoarldRes i sSYy s h¢g m&E RS)
31 Moment Resi s(tMR\Fg) Fr ames

MRF are modeled using theelasticBeamColumrelements available irOpenSees The
capabities of he softwaredeveloped in term®f MRF modelling are listed in the following:
1) any three dimensional assembly of MRE allowed;ii) a library of Europearsteel profies
is implemented;iii) any layout of steel profie is allowed; iv) the effective extent of the
bearmto-column joint can be taken into accolry modeling beamsend as rigid. The extent
of the rigidzone is taken as halff the column dimensions, ina@oematic way. This feature
can be easiy implemented @penSeesmaking use of thggeomTransf Lineacommand;v)
the beams interaction with the concrete slab can be taken into acowkmg use ofan
equivalent beam moment afertia (according to Eurcode 1998 guidelinegl]); vi) vertical
loads on beams can be given as concentrdtedes and/or distributed logdvii) additional
vertical concentrated force on columns canapglied onin order to take into account pinred
end beams of the floor notsidered in the model.
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Figure 2. Concentric Braced Frame (CBF) FEM model as implemented in Opensees (left) and improvec
Wide-Column Model used for RC walls (right).

32 Concentric Br@BRFE) Frames

Only V-type Concentric Baced Frames (V-CBF) are implemented in the softwarat the
present time Features oMRFs modelingdescribed in Section 3.1 at pointsiii andvii stil
appy to V-CBF. Additonal feature are:i) concentrated forces of secondary beam and main
beams aredirectly appled asconcentrated force on columng) three dimensional asselils

of MRF and VVCBF are alowedjii) three dimensional assembly ofGBFs (V-CBF cores)
are currently not allowedThe detad of the FEM model implemented i©penSeesire sfown

in the Figure 2. The hingesat the bearends have beeare simulated usingZero-Length
Element (ZLE) with small rotational stiffiness together with raasterslave link which fixes
the fictitious node to move as the framed ofkis approachwas necessgrsince OpenSees
elements library lacks obeam elementswith hinge atone end only. Moreoverhé master
slave commarxl related to the rigid diaphragm constrsirtre assigned to the beam central
node, since it isot possibleto applymore than onemasterdave constrainto a node (in that
casenumerical errorsvil lead to thefailure of the OpenSees solyer

33 RC cantilever wall s

C-shaped and 4dshaped wals he& been implemented in the software using improved
Wide-Column Model (WCM) proposedin [5]. The methodtreats threadimensional coravall

as anassemly of discrete column elements with the finte width of the walls allowed for by
horizontal rigid arms. Theigid arms mustallow relative rotation between thevals edges, in
order to allow warping of the core crossection. The planatwal-unit implemented in
OpenSees shown in tha=igure 2.

The number of link per storey defined through thdink spacinghsp, parameter is a freeinput
of the model.In function of hsp a fictitious shear modulusnay be defined according to the
criteria defined in [1] The expression is reportdoelow as afunction of the actual shear
modulus G, the P 0 i s gatiompasdthe wall-unit length I,
, G
1+ —F—
2(1+ N2

Lumping the torsional stifiness of the linksplidwing the recommendationgiven in [6], the
torsional stiffnessGK has beemssumed as:

Ot
3
Finally the sheastifiness of the Zertength Element is computed as:

G 0.2
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MRFs

L-WALL MRF L-WALL CBF CBF
Figure 3. Plan view of the two different LFRS layouts considered in thease study.

Mode | Mode 4 Mode 7
Period 3.11 [s] Period 0.613 [s] Period 0.237 [s]
EMM-Y 66.3 % EMM-Y 18.3 % EMM-Y 6.75 %

Figure 4. Mode shape andeffective modal mass for excitation in theY direction.

U, =kG'I,f.h 0.3

where k, =5/6 is the shear corrector factor for a rectangular sectiahl, andt, are the
length and thickness of the planaall unit respectively

The postprocessing of theanalysis results consis in: i) compuing the storeyshear carried
by the corewall as the sum of each planar unit contribytibh compute the storefprces; iii)
compute the storegnomens. In the softwaredeveloped this procedureis fully automated In
the software it is also possible to set arbitrariy rigidity reduction of the crosection to
accountfor cracking of concretelt is worth noticing that FEM shell models have a more
expensive posprocessing because forces are obtainedintggration of stressedHowever
shel model are sttly required in order to model theoikwall interactionor in case obtocky
wals (hw/lw O3).

4, Case study

The softwaredevelopedhas been tested through the design of ast@éey steel building with
two different DualSystem structuresi) MRFs and walls ii) CBFs and MRFs. The final
LFRS layout of the two structuras shown in Figure3. The foors of the two structureare
made of secondary beams aadnetal deck witha concrete slabln the next sections, the
software graphical output wil bshown and commented.

41 Case study buil di ngVAldless i @Quaeld 3Svw s he WRFs

The mode shapein the Y direction are shown in Figurd together with Effective modal
Mass (EMM) values in percentagéigure 5 showsthe storeysheardistribution betweenthe
different LFRS and the storeghift diagram. These diagran®re automatically calculated by
the software and providaseful information of the structural behaviour.
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Figure 6. Capacity Design results: Exterior MRF storeyw 12-20 (left) and C-Wall bending moment
envelopes(right).

The results of the fulfliment ottapacity desigrrules of MRFs are provided by the software
through diagrams similar to the one reported in Figur@his latter concerns the storeys tb2
20 of a MRF in theY direction Inside the white rectangldocated at the end of each member
the flexuratstrength safety margin(Mrd/Meq) is depicted (columns effects ampliied based on
the beams minimum fiexural overstrength) whie inside  the grey . rectangle located at the
beamto-column nodethe joint momentecuiibrium factor (@ Mgy ./ @M grq.) is reported
Moreover, the softwarallows to considerither a bearsway mechanism (as in thégure)

or a colummsway mechanism with ful or partial capacity design rulés Figure 6 also
shows the application of the Capacity Design for the fliexstedngth verification of the -C
Wall loaded in theY direction. In particularthe Modified Modal Superpositior{3, 4 has
been used for the bending moment diagram evaluation.
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42 Case study buil €BHFERFKs sDuwanle dS yws tt e ms

The CBFsMRFs structure fundamental mode response is shown in the Fig@encerning
the capacity design, the same criterion presented for M&#es Figure 6)s appliedto create
the graphical outputreported in Figure .8 The axid-strength safety margn(plastic or
bucking) are depicted on each membke. software allows to design CBFs considering
either elastic or inelasitc behaviour for the braces.

5. Concl usi ons

The present paper descsibe general framework of a Matlab bageé and posiprocessor

for OpenSeesaimed at the design and analysis of diyastem structures. The software
developed, starting from input data provided by the user, automatically buids the structural
FEM model performing serviceabiity and ultimateniti state design and verifications for
vertical and horizontal loads (wind and seismic forces). The structure of the software is aimed
at making modifications in the layout of the LFRS extremely easy and therefore allows an
engineer to comparenany different design solutionwithout effort. The software alows to
consider different LFRS such as, moment resisting frames, concentric braced frames, and RC
walls as well as to design them according to different criteria, e.g.-&&ayn of column

sway mechanismsorff moment resisting frames.

The development of the software described in the present paper has not been completed yet
and additional featureare planned. In particulaan input graphical user interface, ntmear

analysis capabilties, basic LFRS layouptimization features, and displacemdrased

design
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Abstract

Recent develeopmeént sanatfysis techniques show [
on the =evaluation of structur al seismic vul
gain increasing importance in struct wrdasl ansé
are available in the literature, the high m
structur al analysis becomes only a step of
OpenSees framework provides a setiabflictlyasame;
of structures; in this sense, it permits a
possibility t o empl oy either direct or i nv
comput ations. Aim of t hireviweow k ofi st hteo QopreensSes
resources and a strateglyintar shesnuacmpiut agi
equivalent l i nearization. It can be applied
stationar-gyt aamanamroyns Hovard s .a p pfthiecat i eonbj empl o gs
formulation i n order t o properly define t he
example is provided in order to summarize tF
and its further research direction

KeywoFdsagility curaixgu, VRéEingabilliinteyar i Zaitli on.

1.l ntroducti on

In performancebased earthquake engineering, it is important to properly consider non
inearities since failure usualy occurs in the diiogar range of structurabehavior.
Equivalent linearizaton is one of the most powerful technigues in Random Vibrations
because of its versatiity in application to MDOF Finite Element Models. Several criteria have
been proposed in years, in particular, one efficient-pamametd algorithm is the Talil
Equivalent Linearizaton Method (TELM]1]. It is able to predict neaussian response
distributions; also, noestationary analysis can hgerformed[2], and it can even account for
asymmetries providing nesymmetric response PDFE]. The method lays on reliability
algorthms already implemented in OpenSé¢ék which are summarized in Section 2. These
objects introdue a different phiosophy for structural analysis: any structural parameter can
be defined in a probabiistc way by a probabiity density function in order to account for
model and load uncertainties; thus, the reliability analysis procedure wil provotebabilty
function of gaining a limit state treshold. In this sense, OpenSees represents one of the most
advanced frameworks in structural analysis since usual softwares only provides deterministic
algorithms. Thestructural RV analysis can be considkras the investigation of the global
reliabiity of a stochastic system which may be defined by a set of mutualy related
components both in series (such as in the-stimey drift case) and parallel subsets.
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A procedure for multobjective random vibration analysis @mployedin this work [5]. Its
purpose is to define a discretzed form of a -@aussian responses jelPDF. This
formulation is very fruitful because, eventualy, the computed -lBDF can be employed
either for stationary or nestationary analysis applying classical stochastic methods
regardless of dimensions and parameters of the structural system. The underlying phiosoph
consists in defining the statistics of fault-objectived linearized system, whose equivalence
condition is defined in therms of joitdil probabiity of the system components.

Briefly, the jointtall probabiity of a structural system is written as throduct of conditioned
probabilties of each response. Then, an equivalent linear system (TELS) is computed by
TELM for each response. Once the input excitation process statistics have been defined, tt is
possible to evaluate all the marginal distrimgioof the nofconditioned responses and also
their power spectral densites which wil be employed in order to get the statistics of the
conditioned responses.

2. OpenSees reliability resources

As usual for the OpenSees phiosophy, the implemented objestbecacatalogued in two

sets: the domain and the analysis. Whie the first set includes all the objects which completely
describe the structure and its state, the latter comprises the classes which make the domain to
change its state. The framework religbicapabiites require both domain and analysis
classes whose main ones are briefy summarized in the following subsections. A wider
description of the implemented classes can be fourid].in

21 Reliability domain <cl asses

The common reliabiity analysis is based on the defintiomaoflom variables Conceptually,

they do not have a single, fixed value but it can take on a set of possible different values, each
with an associated probabiity. The discrete or continuous mathematical function which
describes the wvariablesd probability is kno
theoretical model and a set of parameters; mutually related random variableecpise a
correlation coefficient OpenSees provides a lbrary of the most common probability
distributions and a class for defining their correlation. In structural models, the randomness of
a physical parameter can be also related to a geometricadrpasi even be variable in time.

This cases are addressed in common practice respectivegndem fieldsand random
processesand OpenSees makes possible their employment by a set of spectrum, modulating
function and fiter classes. An important featuge the PerformanceFunctionclass, which
defines a limit state function as combination of structural responses such as internal forces,
stresses, strains as well as node displacements, accelerations or velocities.

22 Reliability analysis classes

Reliability analysis in engineering is based on the concept of the probabilty that a device wil
perform its intended function during a specified period of time under stated conditions. In this
sense, reliabiity is something that relates the statistc knowledge dbnaain with the
probabilistic prediction of a limit state violation. The target of the analysis can either be a
failure probabiity of a defined device or the structural design for a required probabilty level.
Thus, the available methods can be catalogieddirect algorithms andinverse ones.
Furthermore, the limit state can be defined in many different ways since the structural
behaviour could be continued in time (outcrossing issue), related to several components
(system analysis) or parameterised. CHems provides several algorithms which orchestrate
each analysis type. This work is focused on a specific direct method: theOfeiest
Reliabiity Method (FORM). Its aim is to define the probabiity of reaching a specific limit
state (the faiure probdty), given the probabilistic defintion of input random variables. The
FORM definttion is:
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&{x) =arg minju] | G(x,u) = 0] 1)
where u is a vector of random variable§s(x,u)=0] is the limit state function andgb{i{x) is

the probabiity of failure. The FORM employs optimization algorthm and makes a
linearization of the limit state function, also provided by the OpenSees class. The FORM can
be considered as the kernel of the strategy described in this work whible \wresented in

the following subsection. A further algorithm has to be cited. Since FORM and several others
reliability algorthms require the computaton of the structural response derivatives with
respect the random variables, an important proceduravailable in OpenSees: the Direct
Differentiaton Method (DDM) [6] which is able to provide the frst derivative of any
response with respect of any structysatameter. It must be emphasized that this capabilty is
quite  uncommon in structural analysis software and represents one of the strengths of
OpenSees regarding the reliability analysis.

23 The Tail Equi val ent Linearization Met hod

Let F(t) be a random process defined as the response of a linear fiter excited by a
white noiseW(z):

t
F(t)= g (t- £ Wl )ait @)
where h; (z‘) is the Impulse Response Function (IRF) of the linear fiter. réimelom process
F(t) can be expressed in discretized form as a randore pels [7] as:
F(t)=&as(th =s"(t 3
i=1
where u is a vector of standard normal random variables syl is a deterministic vector

depending on the basxcitaton's covariance.A muli-degreesof-freedom (MDOF)
nonlinear system can be defined by tgiaion of motion:

MU +cU+R(U0)=PF(t) 4)
where U denotes the displacements vecttt,, C and P, respectively, the mass, damping
and loads matrixes andk is the nonlinear restoring force. A generic response of interest

X(t) can be defned as noninear function of nodal displacements, velociies and
accelerations. Our interest is in determining the tai probatmit{'x¢ X(tn)] for a specified
threshold x at time t,. Defining a limit state function such as:

G(xt,,u)=x- X(t) (5)
TELM [1] performs &ORM, obtaining:

u?(x,t,) =arg minfu| | G(x.t,,u) = 0] (6)

Note thatt he f d e su® gsrthe plasdsmpoidt of the mit state surfa&d to the origin
in the standarchormal space and corresponds to its maximum likelihood. Now, the generic
response of a linear system can be expressed in terms of its IRF:

X.()= - ) (huar =alth @

where the deterministic vectca(t) is obtained by geometricadonsiderationsas
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_ox o ud(xt)
alt,)= ut (xt ) Jud(x.t,)| ©

The TELM equivalent condition requires t hal
linearized system must be the same, t hen, b
Once the nonlti niesarc odnepsuitgend pboyi NnFORMa iltRFi sbypo
Eq(79n@d8) Theqglavhl ent Linearized System (TEL
col |l edt il &Rifrs, each one depexnding on a differe

3. Multiobjective random vibration anal

While for some structures safety can be expressed in terms of a single response (such as for
tanks, bridges and electrical substations), in many cases the global safety depends on a set of
responses of interegfor example, a set of intestorey drifts) In that case, the global limit

state function and the tail probabilty can be written as:

G(x,t,) =minDx - X,(t, )%, - X,(t,)> 2%, = X, (t,)] 9)
Pr[G(x,t,) ¢ 0] =Pr[x ¢ X,Cx, ¢ X,C> Cx_ ¢ X_]=1- prga 2 X, §(10)
€i=1 u

The TELM features does not permit to straightly get the joint probabilty, then, it is necessary
to decompos the joint probability into the product of lowasrder conditioned probabilties:

PrlG(x,t,)2 0]=Pr[x 2 X,JPr[x, 2 X, |X.J> Pr[x,2 X, |X> X,..] (1)

The stategy proposed in[5] consists in computing the conditoned probabilityEof. (11) by
TELM and then to get the joithl probabiity in order to perform nomgar random
vibration analysis.

31 Theonditioned probabilities

Each term of the right side of the 16 can be computed separately. The first one is a
marginal probabiity which can be computed by the usual formulation of TELM. In particular,

let's consider a set of threshold of interest [x1x2> xm]T, for each one of them, TELM
evaluates the correponding IRF in discretized foimft:, where the indexed, k and |
designate respectively the response, the step and the threshold. The Fourier transform of

the IRF is the Frequency Response Function (FFH:l)I(W), corresponding to thd th
threshold, which leads to the variance of the response:

& 2
st =2f|H" (W) F & (w)dw (12)
where F . is the power spectral density of the base excitafifren, the tail probabilty is:
ex o
PrlX 2 x,]=F &2y (13)
eSu i
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where F|[¢ denotes the Standard Normal Cumulative Distribution Function. Also, the power
spedral density of the displacements and of the acceleration is:

2
Fleo (W)= |HY (W) F = (W) (14)
note that the tail probabiity and the power spectral density are referred only to the threshold
X' . The power spectral density of the derivativesXgf can be easily obtained from Eq. (14)

as shown in LutesSarkani. Performing a simiar procedure, also the conditioned tail
probabilities can be computed:

= |

Pr{x, 2 X, [x = X,]= Fe 2§ (15)
35 21k U
where:
Sk = 26”"‘ i (W)”ZF l>§'<'1>"<'1('/'/)d'/" (16)

The frequency response functidﬂuzu’(w) it the responseX, for a steadystate action inX; .

Its evaluation wil be described in the followin§ELM can be performed in order to get the
IRF h?'* where the indexl denotes thel th threshold for X, and k denotes thek th
threshold of X,. For each threshold value of,, then, TELM defines a set of IRFs each
corresponding to a threshold value Xf,. This procedure can be applied recursively to each

response of interest iorder to get all the conditioned tai probabilties; its generalized
formulation is:

ili Tk

The conditoned IRFs and FRAS" and H'™ (1) can be easily computed by TELM, by
using the jth imit state function and an excitation at th#h response. In case of interstorey

drift responses, théth excitaton would be a storey acceleration.
Note that the input excitation of TELM should be wled with respect the power

spectral densityF g 5 (W) first, the autecovariance G, , is computed by taking the Fourier
Transform of the PSD, then, the covariance ma#ixcan be buitt as discretized form of the
autocovariance (where each remolumn corresponds to a specific tisiep) which leads to

the matrix S:
sS=G; s=[st)st.)> st (18)

which defines the exctian process by the Eq. (3).
4. Numerail application

In order to test the proposed procedure, a numerical application has been developed.
The chosen structural models are two degofdeedom nonlnear buidings, whose
geometric scheme is shown kiigure 9. Note that the firsfioor displacement has been set as

the first response of interesl(l(t) and the drit between the first and the second floot has
been set as the secon@sponse Xz(t). Nonlnearities are modeled by BoucWen
constitutive model witha =0.05, A)=n=1 and b=g=35. A sample hysteretic loop of the

Page23of 241



BoucWen model is shown ifrigure 9. The materials stiffneskm therms oftangent at zero
displacementare respectivelyk, =4.0Q0'N/m and k, =2.0Q0'N/m and the mass is
m, =3.0Q0°Kg .

Hystarasis loop
Mo
ook
15
k2 10
Mo | sr
Z o
= Xz(t) sk
Ki -0t
-15
-2

I X1(t)
/\/\W(t) = s -1 o5 o 05 1 s 2
u [m] x10°

Figure 9 Structural model (left) and BoucWen hysteresis loop (right).

The first performance of TELM computes the IRFsXjfit.) for a set of 20 thresholds with
step Dx =1cm; some of the computetiRFs are shown ifrigure 10.

TELM IRF of )(1 [1"J

X,{1, }=1.00000-002
Xt }=5.00000-002
- .= X,{t,_}=1.000002-001
= = = X,{1_}=1.50000e-001
—+— X,{t, =2.000002-001

h (1)

05 i 15
1

TELM IRF of X, {1 11X, 0 )
0.2 -

Xt }=1.00000e-002

= -0.04
= i1, 1=5.00000e-002
— = %t }=1.00000e-001
Q.08 — = = ¥t }=1.50000e-001
—— X, }=2.00000s-001
-0.08

05 1 15
1

Figure 10 TELS Impulse Response Functions ofX,(t) (left) and X,(t) (right).

Then, a random vibration analysis is performed in order to get the statistics and the power
spectral density of the displacemeXt{. The base excitation has been defined as an unfitered
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white noise. The analysis has been qreméd for the white noise cutoff standard deviation
Sy =0.50g. The displacement power spectral denstties are showigure 11.

Thereafter TELM has been performed again; the input excitation is the first displacexpent

and the Limt State Function has been defined in termX af Note that each IREhown in

Figure 10 is the evolution in time of the interstorey drift given by an impulsive action of the
first floor displacement, as explained in the previous section.

The computed IRFs lead to the evaluation of tbedtioned tail probabiities ofX, gven

X,. The conditioned response statistics are easiy computed by evaluating the FRFs as the
Fourier transform of the IRFs, and then to combine them with the power spectitiésieis

the displacementX,. The conditoned PDFs ok, given X, are shown inFigure 11.

Finally, it is possible to employ the 16 in
Fi gaetehe compjl @bt tsehroywn feh e  pirtoyb atbh d t at | e ast
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Figure 11 Power spectral density of X, (t) (left) and Conditional PDFs of X,(t) given X,(t) (right) with
Swn =0.50g9 -
In order to check the approximation of the proposed strategy, a Monte Carlo simulation has

been performed. The response statisticaiodd with 10,000 samplings have been compared
with the results of TELM. In particularFigure 12 also shows the difference of the

complementarjoint-PDFs with respect the thresholds and x,, specifically, in both cases,
the computed error is noeglgible for small thresholds.

Displacements Joint-Complementary—CDF, a\w=0.5g

2
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Errar: (Marte Carlo - TELM) Jcllni-CUmplsn'Erﬂary-CDF.GWNzo.Sg
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X, 02 oz XL,
Figure 12 Complementary-Joint PDF of Xz(t) and Xl(t) with s, =0.50g (left) and Monte Carlo Vs.
TELM error (right).

This expected behavior is due a drawback of TELM: the linearized system depends on the
dimensions of the hysteresis loops. For this reason, th@eawnrelationship between forces

and displacements is close to be linear at small thresholds, then, the response statistics are
quite close to be Gaussian. However, it has been shown in Fujimurathesis that this drawback
is overcomed by the evaluation tfe extremeaesponse statistics: the error of the response
statistics att, does not affects the firgiassage probability. Also, in common practice, the

structural safety is usually computed for higher values of the threshold, wiererror
between TELM and the Monte Carlo simulation is negligible.

5. Concl usi ons

The application of arail Equivalent Linearization is presented. Its goal is to compute the joint
tail probabilty of structural systems whose reliabiity depends on two e mesponses of
interest. Theshown procedure can be performed regardless of the system dimensions, the
only requirements are the existence and uniqueness of TELS. In this paper, just the series
system case has been investigated, however, the algorithnibecagasily extended to the
general casef paralel and hybrid systems.

The proposed algorithm leads to reasonably accurate results which can be employed in order
to get the levetrossing rate and the Joint Fiassage Probabilty of interconnected esyst

so thatit appears particularly convenient for buildings.

This capabiity makes OpenSees to be one of the most complete and useful frameworks for
structural reliabiity purposes.However, further work can be developeslich as the
implementation of mt#tsupport excitationsin order to employ the procedure for coupled
responsesin this case,TELM should take into account of the multple dependence by using
multi-support excitations.
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Abstract

The optimization of speci al Il i nks bet ween t|
gravity l oad resisting tshyisst ema p(eGL.RSYT hiiss satdrd
i ntended to partially uncouple the response
by me ans of i nk devices (floor connector s’
and/ or suppl emendg.al The mp Hegni tedchegnd mte &t & g anch
system optimum design is -bDojmeltatved opsimi zad
which is sol vadt alsliingge na& e s Wwarsm d algorithm. |
cont rtnyuppeli sab b e s only (Iink mechani ca-bacpkr opel
mechanism accotunpes V@lipasksliggdcsreedegemer i ¢ al resul

seismic behavi ogt oorfe ya bsuhidari ngaldr el2di scussed.

Keywordkartiadl gysneautpdSeilfg anchorage systen

1.l ntroducti on

The concept of an innovative floor anchorag
I nertial forces whi | e maintaining cemi er ed

response wusing specific connector devices al
parameters wi | | g ubaer aadpepereorgne ingetdect oper Diofr fmame ret
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om a floor i solation system,stihmg csoynsnteecr i |
tially stiff and still able to transfer
tive movement of the floor system. Ho we
sfer mechani smgygtdrhtrouglo tdhesrphtei veenemc
floor system and gravity columns) and
nt frames) . Thi s relative dmowletnematt edfy t |
uehasatmig fesceriwhich acts in parallel w
the inherent resistance of the GLRS.

I
a

= e BN O I (o Yl I V)

by building
tmi e s i Wif | itthye

the demand:
pplication t
t

he seismic forces carried o
|l oor system. Ther ef oatei,ona
LRS has the potential to re
nd safer seismic design, Wi
systems, Il $ hpsesentdgd iTh e benef S of such
forces, reduced LFRS demand, reducsdr daimagae |
damage. Taking i nto account a set -roefsisit@mitf
symt € i . e. link strengt h, link stiffness and
presented wor k wi || i nvestigate t he possibi
behavior by Jlocking <certain dilfofoerrsenar svareiy
end, a specific MATLAB code has been impl el
nonlinear structur al analysesresThéeanegffegsts
distributing the links cerx ammu diefdy. i ng t heir pr

2. Prototype building

The prototype strusttourrey irsesd deheaal whadil dli2ng
| 30 m (see Figure 1). Column sections are s

[

e
a
[

d

represented by two exterior shear walls al ol
walls along the transvers-atornglytehies oaqyaleet &
for the first floor and 3.20 m for the seco
0.20 m.
;076
54.70 T T 7
— h — E = — u — . .
v ~—13.40—~ N T E
w L] .
| s 1
" . . . . " | 12932 _
Figure 2. Column section
SR 12 from 15'to 6" floor [m].
(o] o o
=) ) < 056~
* J [ | | | | u * T =
[fs} © I‘I‘.
| | 5 0 e
-— o |
- — 5 — = = —n8— 4 l l -
~—7.60 7.60 8.10 8.10 8.10 7.60 7.60— \ 826
Figure 1. Plan view of the prototype building [m]. Figure 3. Column section

from 6™ to 12" floor [m].
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Figure 4. Shear wall section [m].

21 Model ing

An equival ewas 20r erotdeed f or the transversal

shown in Figure 5. Al l the -ebkememt € | @eamentmo d
equivalent gr oss section of 6 col umn secti
( GLRS) phbagdmastrip sections for the beams (!
shear wal | (LFRS) . Crack sections are consi
been reduced by 30% fcod=QtyAEs,s g7 a%i tfyo r c otl huemi
(lcrackQalg2 ss and 65% for IlctalFeQaul8 BesarRawadleli g dam
assumed for t he nonlinear t i me history anal)
|l oad is applied (dead |l oads +nt25tddeifectoeads

LFRS GLRS GLRS GLRS GLRS Foree Moment
2shear 6exterior 6interior 6interior 6 exterior
walls columns columns columns columns / / ’/;J’
i -
l l l l l -1
Sliding - /  Rotation
W\ 12 fevel — —
£ b
A__ A A A__ A for™
Mo M T T Vv [
4™ jevel
-§ < :“;g';'gf Figure 6. Hysteretic rules for floor connectors (left)
S | lo=035l,| § ! . and rotational base hinge spring (right).
@ elastic "
_M 3devel
2 1
E H Om
@
—W\’ 2" jevel —M—
5 diaphragm £
strips m o
| ~
_\/V\ 1%t level -
\ s
£ [4
® -
Q\ :

»

A A A

Figure 5. Equivalent 2D model (transversal Figure 7. Rotational base hinge spring model (shear
direction). wall).

Hysteretic rules for floor connectors and r
The nonlinear behavior of t he s tornuch aitr vad e ns yts
LFRS and the floor system (GLRS) and at t he
(connectors) ar e model ed as zeper Hipdcagdtiyn c e |
hysteretic r-yli el dviindh Dt% f flbreisasx i vad s Hag $lieqn endy

For t he rotational base hinge (Figure 7) re
pinching hysteretiRi nmhd elg)4d. MaFleesieallrepcute d p a(r a me
pinching material whear cawhilbr atyed i ¢ ot mattchh eas

Page30o0f 241



Moment (k-ft

Rotation (rad

Figure 8. Wall base hinge response comparison.

22 Modal analysis
The results of t he mo d a | analysis ar e obt a
LFRS and floor diaphragmespbasasewst hi wietsyp eafl
val ues of strength and stiffness i S not I nv
eigenmodes are shown in Figure 9, Figure 10
Figure 9. First mode shape Figure 10. Second mode shape Figure 11. Third mode shape
(T=1.374 sec) (T=0.229 sec). (T=0.105 sec).
23 Nonlinear time history analyses
Preliminary nonlinear analyses ar e perfor mec
strength and stiffness for t he Il i nks in ord
system for differen#é#| ceaomf icpunmatcitonrs . ofA kRS e
i nk configurations are invesatcihgad agde Whe ¢\
during the design phase of the tested struc
diaphradp) .foRecseult s are Iisted in Table 1.
Table 1.Mechanical properties of the links.
CASE LINK STRENGHT [kN] LINK STIFFNESS [kN/m]

02 | 0.3F« 529.34 456739.04

03 | 0.67F 1054.23 913653.21

04 | 1.00Fp 1583.57 1370392.25

05 | 1.34F 2112.91 1827131.29

06 | 1.67F 2637.80 2284045.46

07 | 2.34F 3696.47 3197523.54

08 | 3.34Fpx 5280.04 4568090.92

09 Elastic Elastic 4568090.92
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A suite odc obspastpiebclter umt hr ough the use of sca
Il nto account for each case: Manj il l ran 199
San Fernando 1971 (magnitude 6. 6a PPrGAt@. 1189
(magnitude 6. 9, PGA O0.564g, scafissémcegr dii #
shear, floor acceleration and sliding betwee
of the seismic response of froen Fyguem. 1Ri n al
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Figure 16. Floor Accelerations comparison [g]. Figure 17. Sliding between LFRS and GLRS

comparison [m].
3. Particle swarm optimization algorit!

numertie@y isstrmaeeded , i nboadthdaenphe t & &ponpetp énTi tziee s
the I|link devices. The selected methodolo
orithm (PSO6And RNRedorRedetlanil swarm intelli
i m zers, multiple candi dsaitnreul sahebuehy. cha
a particle that has a position and a vel
i t he problem search space by wupdat|
|l obali zaagtiiomump roofbltemg . o ABI M i me pa
d position according to its own
neighboring). A particleds experi
eerned . The key &element of thefswarm
| ocal sexpeaerhi eftb) ouggimd se@lldbal sear
experiences). Swarm intelligence based al go
nome ar amanvrexn design spaces without explici
exhibit good convergence <characteristics I n

>

h
g
n

(

TCoT<T —"—0>O

O ® O

es
It
ocC
t
it
we

O
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—

3.1 Problem formul ati on

Thepti mum desi glni mpficraghtes efirdagg ea nscyhsot e m i s for
constr atonkejdecgiingel eoptimi zation probl em:

min{f(x)‘x' ¢x &',g(x) @} (1)

whexies the desi-ounveadody Pppmerey twhichn colle
design vapgX) dbdleensot asd a set of constraints (
funcffxXi oman account for manufacturing costs (
as strwuctur al performance indices. Different
properly bruidod wWreirqueo objective fxuinrcdliwhes Tthh
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f t he l i nks as we l |
il e t he seedimditlar e (
8) .

mechanical properties o]
continuous variabl es w h
mechanism (see Figure 1

Figure 18. Modified fly-back mechanism in twedimensional search space.

32 Constraint handling strategy

Al t hough t he PSOA has been recently applie
applicationeds omaiumicyonsocasned optimization.
constraints i nclude: met hod based on penal't
feasibility of the solutions, met hods that S
forsuatable constraint handling strategy, it o
some drawbacks. For instance, preserving fe:
doesnot take into account t hMorckceogyreage af sweiaa
the feasible region is wuswually |l ess efficien
the |l atter makes it possible to approach th
based approach 1g t@tooleftecdiewawd suxihlicaoonstr al
has been a popular approach because of i ts

effectiveness depends on t he formulation of
fr-ear ameotnesrt r ai nt handI3jinlgl med hiodp lienmeRd fe.d .

4. Concl usi ons

Thi s paper presented a preliminarpmitinummerse
ceenrti ng anchoragespnsics eemi dror A numerical st
design of -rebistasneti smechani sm has been il lus
based i mplementation.-stReseytges$ode mtrigthe tbauti y
following

A GLRS and LFRS exhibit lower drifts by increasing the link strength. In the GLRS, the
effect obtained by increasing the link strength is more apparent for ktwezys In
the LFRS, a constant reduction of the drit values is cleaalfdhe storeys

A For what concerns the floor system, the analyses shown a lower shear demand at the
bottom floors by increasing the link strength. It is not possible to realze unequivocaly
the shear trends depending on the mechanical characteristbe obnnectors. In the
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LFRS, a higher shear demand is required by increasing the link strength. For all cases,
higher shear forces can be appreciated at the first three floors and at the upper floors,
from the 6th floor up to the 11th floor.

A As expected, Idor accelerations with larger magnitude are obtained by increasing the
link strength along the buiding height.

A A reduction of t he r el at iswleservadbyiitreasigg at t
the link strength vertical distribution.

Future development s of t he presented study
described swaasredi naleddi pehme i po Dinctdicaiaisralke o pt i

we | | as their mechani cal properties.
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Abstract

PsewWddmamic computer software has been develc
up at University of Roma Tre to studyritbhe s
bridges testing a ©pier specimen in scale 1:
the bridge This program is based on a prev
previoudymamiucddot ests on theions obfuitlhe bsadfdtgvessi
developed foesrtriumdluuacdci nigntseaialgh¢ bno mosuswesldi sas
This program is based on LabVI EW, while its
and OPENFRESCO. An | mp osrotfamtar ®uticsomehadf itthei s
non linear FEM software used for pur e nume
presented refers to retrofitted pier of a r.
KeywoOPENSEES, OPENFFRESCObrLdbe) EWetrofitt.i

1.l ntroducti on

Hybrid tests on repaired r.c. bridge have been performed using an in house test apparatus at
the laboratory of thdde par t ment at&ini Be r siictt w.rTeete teRte ana abld r e

to evaluate the seismic behawioof a structure with modest costspect to the studyf dull

structure in real scaléd representative pier scaled 1:6 is physicaly tested in the lab while the
rest of the bridge is simulated numericalfhe seismic behaviour of r.c. bridge without
proper construction details for seismic actions was investigated during a previous research
campaign[1] using a spefit pseudedynamic test apparatus. A FORTRAN program (PAB,
pseudedynamic analysis of bridge) was the numerical core for the test and a simple bridge
model was considered without ssttucture interaction applying synchronous inputs.
Damaged test specingrhave been repaired and retrofited to resist the seismic actions and
tested again using a new test apparatus with software implemented in MAJR]JABnd
LabVIEW [3] because of the new hardware required specific software of National
Instruments (NI). Thist e s t apparatus has been set up at
Structure at Unif[védndi tys obasReodnaoidr e he FORTAN
testing t he Tharepairbopdrdtians cbnsist df geenoval of damagedtrete, core
consoldation by resin injection, local substitution of damaged rebars using stainless steel
ones and concrete restoration by-selnpacting concrete (SCC) whereas a discontinucus C

FRP wrapping is appled for the reinforcement to increseoriginal shear strength of the

pier. The proposed intervention guarantekgability reducingtime and cost of intervention

and results more sustainable than reconstruction. In fact the use of stainless steel guarantees
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the durabilty of the piers wibut modifying the concrete cover thickness and the SCC makes

easy and quick the restoration operation in case of congested reinforcement. In this research
practical construction problems, ie. tbhennectionbetweenthe new and existing rebars are

also discussed New hybrid test are in progress aie test apparatus has been upgraded to
consider a detaled fber model of the bridges (for including also -peckinteraction), to

apply non synchronous seismic inputs and to simulate thestsmiure irgraction. The

upgraded system consists Of P ENS HEBE8s numeri c al cor e, LabVIl E
actuator and t he acquisif{oboar sybé emso mamnmi cQ@F
OPENSEES. Finally new materials have been ad
of the tested speci men.

2. Research ai ms

The am of this research is to assess the effectveness of a tecloiquepair and
reinforcementof r.c. bridge piers seriouslydamagedby a seismicevent The repair operations
consist of removal of damaged concrete (stepFifjure 13), core consoldation by resin
injection (step 2,Figure 13), local substitution of damaged rebars gisstainless steel ones
(step 3, Figure 13), and concrete restoration by saifimpacting concrete (SCC) (step 4,
Figure 13) whereas a reinforcement by-ERP wrapping is applied to increase the original
shear strength of the pier (step-iGure 13).

Step 5

Step 2

Damaged Core consolidation Rebar Concrete Seismic upgrade by

concreteremoval | by resininjection substitution restoration C-FRP

Figure 13. Damagedbridge piersrepair and reinforcement operations

The effectiveness of the intervention is evaluated by means of hybrid tests at the laboratory of
the Department of Structures at University of Roma U8ieg an in house test apparatus. This

test permits to assess the seismic behaviour of r.c. bridge using scaled specimen reducing the
cost respect to test on real structure. In particular one repaired piers specimen in scale 16 is
tested in the lab whidhe r.c. bridge is numerically simulate&igure 14). The test program
consists of elastic tests to evaluate the stiffness of tested pier, two hybrid tests using
Tolmezzo accelerogramsPGA=316 c¢cm/® and then the same input scaled to double and
cyclic test until failure.

300 -
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Figure 14. (a) Hybrid test apparatus; (b) seismic input Tolmezzo accelerograms (PGA=31pcm/s

3. Hybri d test apparatus

A hybrid test appar at us dfthesDeparenent of Strecturesuap a't
University of Roma Tre for testing the repaired bridges Fi r st [layotato iadl Natie st s
2017[4] have been perfor med using a program i mg
baesd on a previous FORTRAN version wug»d succ
sortis, Nuti 1994]JL]. A new upgrade of the system consistOd® ENSEESuma s i ¢ a | co

LabVIEW f o r controlling the actuator and the ac
communication between LabVIEW and OPENSEES.
use of a detailed fiber mo d e s osntfr utchteu r ler iidhg ee
using springs and dampers properly calibrat
asynchronous input s can be applied to the
i mportant for large structure as bridges.

31 Hybri cappasatus for as built bri dges

The repaired r.c. specimen in scale 16 was damaged during a previous research Egmpaign
to evaluate the seismic behaviour of r.c. bridges design according to previous Italan code
without specific seismic detaisA FORTRAN program (PAB pseudedynamic analysis of
bridge) was implemented andested successfuljor performing pseudaynamic ésts. This
program was based on the impliditmethod algorithm[Shing et al. 1991)12] for the
numerical resolution of the dynamic equatiofts a bridge submittd to a synchronous
sasmic excitation (accelerograms) and the displacement and the reading of the specimen
reactions were continuous reducing the time of the Téw®. bridgewas modelled as a discrete
system with three masses in which the whole masseofititk is divided and concentrated at

the top of the piers3 DOF (transversal displacements of the top of the piers) with an elastic
deck and nonlinear piersith behaviour simulated by th€akeda modetalbrated properly

by means of a numerical analyseempaign. Hybrid test or ful numerical test (test specimen
simulated numerically) for preliminary analyses can be performed.

32 New hybrid test apparatus for repaired bri

A new test apparatus has been set up &te | a bf dhe ®apartmgnt of Striwes at
University of Roma Tre The horizontal displacements are imposed using a 500kN horizontal
electromechanical actuator whie the vertical load is appled by means of two 1000kN
hydraulic jacksthat activate a steel beam connected to hinge restixats to the floor using

two Dywidag rods(Figure 15). The data acquisition system includes an acquisition board NI
PCIl 6281, 9 Strain Gauges modules by National Instrunidiljsand several potentiomeser
strain gauges and load ce(Sigure 15).
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Figure 15.Test equipment and acquisition system: (a) potentiometers (Pt) andgstuagjes (Str) at the base, (b)
the two strain gauges disposition (4 or 8 Str) on tHeR@ rings (R1, R2, R3, R4, R5), (c) test apparatus.

The new hardwarecan be controlled byabVIEW only. LabVIEW is a graphicallanguage

with different tools and buiin functions also for the communication with other programs

(.e. MATLAB) and can use TCP/IP protocol. A user interfa€gure 17) can be buit simply

as a virtual instrument (VI). A newrhouse main program to execute hybrid test has been
implemented in LabVIEW and MATLAB.In particular a main VI composed by different
modules performs the acquisition aheasuring instruments (load cells, strain gauges
potentiometers), controls theelectremechanical actuator and the communication with
MATLAB wusing the MATLAB Script Node functon whereas MATLAB simulates
numerically the bridge and performs the shspstep numerical analysis solutidly U-method
algorthm The target displacements calculated by MATLAB during the analysis steps, are
sent to LabVIEW that controls the execution of the target displacement of the top of the
specimen by the actuator, reads the corresponding specimen reaction and finalig sends
MATLAB to perform the next analysis stephe MATLAB program can be generalized for a
different dynamic system with more degree of freedom and new models can be implemented
(MATLAB functions) to simulate the behaviour of the pierSlotifier Operations Functions

alow the data transfer between differdoabVIEW code parts that manage ais@ion and

control of actuator The application of the displacements and the reading of the specimen
reactions are continuoufn Figure 16 the results of hybrid tests on the repaired bridges using
the new apparatus are given. In particular, the comparison between the responses of the
repaired specimen and the -lagtt ore during a test on the same bridges simulated
numerically for the same accelerogram applied (Tolmezzo). In the same figure, damage at the
end of the failure test is shown and in particular it is evident the problem of the faiure of the
connection by weldig of the new rebars.
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Figure 16. Hybrid test onthe repaired bridge using the apparatus at Roma Tre; (a) comparison between

responses of the as built tested pier (II7BN2_D1, blawk) and the repaired one (red line), (b) repaired
specimen damage after the hybrid and cyclic test until failure.
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33 Hybrid test using OPENSEES, OPENFRESCO anc

A hybrid system is successfuly used dhiversity of llinois to simulate numerically dybrid

test using OPENSEES as numerical core. OPENSEBPer( System for Earthquake
Engineering Simulatignis a power tool to build a detailed fiber model of a bridges using user
defned material, algorithm and elements. This software performs seismiysisana
considering also asynchronous inputs (accelerograms) and tsrusdiire interaction can be
considered adding at the base of the bridges some spring and damper properly calibrated.
A fully simulated testwithout a physical specimemusing OPENSEESas computational driver
can be run using NEESAM (Network for Earthquake Engineering Silation Static
Analysis Module) a part of the software package-SwhCor (University of llinois
Simulation Coordinator) distributioj6]. OPENSEES communicates with NEESSAing

the OPENFRESCOLabVIEW experimental control. NEESAM is used to siulate one
structural element of the model (local simulationhe expControl object$n OPENFRESCO
[11] are used tanterface the different control and data acquisition systems in the laboratories
and can be utilized to simubte physical specimensLabVIEW experimental controlis
implemented in OPENFRESCO as part of NEES hybrid simulation prdjebVVIEW is a
software used to control the MiniMost and MTS LB@Bad and Boundary Condition Box)

at the Unwersity of llinois & UrbanaChampaign. The LabVIEW NTCP plugin
communication protocols used to communicte over a single persistent TCP connection
[10].

34 Hybrid test usPEQFRESE®OERSd QabVI EW

A new program for hybrid test is implemented in LabVIEW control the actuatqr acqure

the experimental data ancthanage communications betwe@PENSEES, OPENFRESCO
and the test apparatus at the Roma Tre lab. OPENSEES is the nurogectn simulate the

r.c. bridge numericaly and perform the dynamic analysis whereas OPENFRESCO is the
interface between OPENSEES and LabVIEW. particular, the test specimen is connected to
the numerical model of the bridge implemented in OPENSEE&ughra LabVIEW Vi
(Figure 17) for the communication with TCP/IP protocol and OPENFRESCO used as DLL
(dynamic link libraries) distribution. Takeda model is used to simulate the nonlinear
behaviour of the piers during praihary tests for comparing the response of the new system
to the one of the PAB software in case of fuly simulated test. This model is added to
OPENSEES as DLL:x#ernal code can be added to @®ENSEES interpreteas adynamic

link libraries of Windovs, at rurtime to share modules with others without having to provide
the source code.
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The LabVIEW main VI calls different subVIs to manage:

9 the control of the actuator dirig a inverter by voltages inputs for the application of a
displacement history continuously

1 the aquisttion of theexperimental data by NI hardware in real time. A user defined
fiter is applied to reduce the effects of the noise on the reading aédation force
and displacements of the specimen (data for the resolution of the dynamic problem)

1 the communication betweetme main VI and OPENSEES8sing the OPENFRESCO
object LabVIEW experimental control. This subVI uses the builfT@P VI and
functions to interfa@ with devices on a TCP network for local or remote tests

1 the numeric simulation of test specimen for preliminary t&stCal Library Function
Node is usedto call a DLL thatimplements a generic user defined numerical model
(.e Takeda) to siulate the resisting foredisplacement behavior of test specimen.

The main VI can perform also cyclc test on the specimen only applying a generic
displacement history. These tests are useful to evaluate the type of collapse and strength of the
specimenatfter the hybrid tests. OPENFRESCO package is caled in the input fle TCL that
defines the numerical bridge model (masses, geometry, materials and elements), the loads, the
analysis parameters and the solution algorithms. In particuar OPENFRESCO obgtttor
local hybrid test in case of one test specimen with one DOF are:
1 the Labview experimental control for the communication between the LabVIEW
program and OPENSEES by TaP protocol
1 the expSetup OneActuatoto construct the expSetup objectsr trarsformation
betweenthe basic experimental element degrees of freedom in OpenFresctheand
actuator degrees of freedom in the laboratory
i the expSite LocalSiteused to construct a LalSite experimental site objeflocal test
where no clensever commurgation is necessary)
1 the expElement twoNodeLinla element thatan have 1 to 6 degreasd connects two
node in the model Afor inserting the test

35 New materi al for numeri cal simul ati on of

New materials ha&e been implemented in OPENSEES to simulate numerically the behaviour
of the repaired specimen. These numerical analyses are useful to understand the experimental
behaviour of the tested specimen and to investigate different repair solutions. The simulatio

is not simple because the repaired specimen has a repaired part at the base with a complex
section with different materials: longitudinal steel rebars and stainless steel ones, SCC

Page41of241



confined by CFRP (external ring for concrete cover) or byFEP and staless steel stirrups

(ring for the external core) and original concrete injected by resin confined by stainless
stirups and €FRP (core) Figure 18a). A fiber model in OPENSEES is a valid tool for
performing the numerical analysis because of a generic fber section can be buit and new
material can be added to the code. A fiber model that includes a base part with a specific
section for simulate theplastic concentraton and the faiure of some welding connection,
strain penetration effects with a proper calbrated spring according to Ef@paniodel, a
repaied part with a repaired fiber section and the original part with the original fiber section
(Figure 18a). In Figure 18a the comparison between the numerical response of the test
specimen and the experimental one shows that the resisting forces and the stifiness of the
specimen can be reproduced aesng the rupture of some welding connections at the base.
New models for concrete confined by CFRP are added in OPENSEES considering the
Kawashima model[7]. In Figure 180 the material model Kawashima implemented in
OPENSEES is represented showing the different behaviour of concrete for two different
values éconfinement (greater for Kawashimal).

R 60 - .
2EH05 1 _ —Kawashimal [,
2.E+05 é asb| 50 |— --Kawashima -3/ o ‘\
LEHS 18 20 2 7  —
= S . S’ P !
5.E+04 Y. 2 o K I’ "
. 30 | 8 ‘ S '
0.E+00 7 V' —-Experimental 2 ! y |
5 E+04 —Numeric 20 '
-LE+05 10 - (b)
Displacement [mm in[-
(a) -2.E+05 x (mm] /2 Strain|-]
-20 -10 0 10 20 0 0.005
Fi guBa@aomparison between experiment al dKE wa s tmeé miac a |

mat eirMRENSEEST s i mwloantfd nE@ P byo€ two different confinem
confined).

4. Concl usi ons

A hybrid test apparatubas beerset up at thdaboratory of the Department of Structure at
University of RomaTre to assess the effectiveness of a retrofittingviet@ion using stainless

steel rebars, self compacting concrete ar&fRP wrapping for r.c. bridges damaged seriously

by a seismic evenfThe main prograntonsiss of OPENSEES as numerical corey ia-house

Virtual Instruments(VIl) of LabVIEW to control thehardware foracquiing the experimental

data and the actuator atlte OPENFRESCO package as Dldistribution, for managing the
communication between OPENSEES and LabVIEWe TCP/IP protocol is used for local

and remote test A detailed fber model ofthe bridge can be buit in OPENSEES for
considering also the dedkp pier interaction and the ssiructure interaction. In addition,
asynchronous seismic inputs, important for structures with great extension as bridges, can be
considered. The main Lab&W VI controls different subVIs to perform the control of the
actuator, the acquisiton of the experimental data, the communication with OPENSEES and
OPENFRESCO by TCH function nodeand the simulaton of the test specimen usng

DLL object for prelimiary ful numeri@l analysis.Numerical tests are in progress comparing

the response of the system in case of ful numerical simulation (test specimen simulated
numerically) with the numerical response of the previous FORTRAN program (PAB) used
for the tesd on the aduit bridges and the results are good. The Takeda model is
implemented as DLL functon in LabVIEW for simulate numerically the test specimen
response (reaction force vs top pier displacement) and as DLL material in OPENSEES for the
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numerical #gnulation of the other piers. New materials are added in OPENSEES to perform
numerical analyses to understand the experimental behaviour of the repaired specimen. In
particular the Kawashima model has been implemented in OPENSEES for concrete confined
by CFRP. Theresponseof a fiber model of the test specimehowsa local plastic demand

near theanchoragesat the welding connection of the new rebargl then new connection
systers have to be designed properly.
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Abstract

A new wuniaxial confined concrete material h a
of per folrimmenagr naomal yses by wusing the <confine
Gigliotti and Laterza (named BGL emadedgnfihhe
arrangements of transverse —reinforcements an
or steel jacket s. The BGL model has no ten
stiffness in accordance to the work of Karsa
Theaper shows some applications of the BGL
l'inear response of confined <concrete element
KeywoCdsncrete columns, c onf ilniemeeanrt , a rfd lbyesress ,
strain relations.

1.l ntroducti on

It is well known that strength and ductiity of compressed concrete elements may be improved
thanks to lateral confinemertontrastingthe internal cracking and lateral expansion before
the concrete failure. Usually confinement is provided by steel transvenfercesinents such

as spirals, hoops in different arrangements and ties. They also reduce buckling length of
longitudinal bars and improve the curvature ductiity within the element critical region when
inelastic deformationsoccur.
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Nowadays, the confinenkereven regards reinforced concrete (RC) existing buidings where

in many cases an additional confining action is applied by external strengthening (FRP wraps
or steel jackets) over elements regions where inelagtiormationsare expected.

In predicting be behavior of a RC columns by using fiber elements one has to assign to
section materials the appropriate uniaxial sts#ssn relationships. Usually, with this
approach the confinement effects on core section are taken into account by assignimg to fibe
of section core the confined stressain law obtained by modifying the unconfined one.

This paper discusses of a new uniaxial material added in OpenSees. The new material may be
applied for modeling the confined concrete of the section core in augowithe model
proposed by Braga, Gigliotti and Laterza (BGL model, [IThe model is capable to evaluate

the confnement effects due to different transverse reinforcements such as multiple hoops,
spirals, ties and eventually external strengtheningsh(@sd-RP wraps and steel jackets).

2. BGL model

BGL model [1] was proposed by using elasticity theory and based on the key assumption that
confinement within the core section arises in plainain condition. Under this assumption,
the confned concrete lawnay be obtained from the unconfined law with the expression

(Figure 1):
s.(¢= s( Jer Df9) (1)

where the strength incremeft s for a square given by [1]:
Ds,( ¢) = BF @

wheren isthe P o i s s 0 nlasshe semiéngtloof the core section; B is a constant of two
Airyds functions introduced by authors for
confined by a simple transver$®op. B is given by the following expression [1]:

186, E,AugSET+105E 1 v+) g ) Py
B= & [FLY
12{255E21*+ 6SE E 8315L(v +) @A 2w B g 189& 1A( ¥ -

3)

axial stress o,

Confined concrete

~~ Unconfined concrete

g, axial strain g,

Figure 1. Increment of axial strength due to confining action.

Under the assumptions made the model provides that the increment of axial €rength
constant over the confined core at a given axial compressive strain level.

Moreover, it is possible to demonstrate that the mean value of radial pregsyré-ibure 2)
acting along an internal circumference is equal to:

f = BI? (4)

Relating Eg. (2) and Eq. (4) we obtain:
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Ds, =24 (5)

m- eq

in which the strength increment is expressed in terms of radial pressure.
Whereas,the mean value of the shear stresses along all internal circumferences to core section
is zero [1].

Radial stresses Shear stresses
SN/ Gl S )
X N
\\\ A /' 7 -J > / t\< &rr

N
=
A 4{17“’7/\'{;

N

Figure 2. Confining pressures and shear stresses within the core of section in polar coordinates.
For circular section confinedythoops or spiral,f-eqis given by:

fnea = g ©)
where S is the spacing hoops and g is the Ai
E.EAUS . ,
RESHEAL o) @9+ ?

The strength incremerD s due to confinement is expressed as:

q=

Ds,(¢) 2 & 2 Ty, ®)

As briefy summarized,in the case of square and circular section it is possible to relate the
strength increment D s due to confrement directly to the meawalue of the confing

pressire fm.eq FOr this reasond.eqi S N &aoialent ftonfining pressure. 't all ows
interpret each internal cylinder of core section as a cylindrical concrete specimen subjected to

a triaxial compressive test.

Starting from the uniformly distrited confining pressure along the column, the confining
action offered by longitudinal bars may be computed by means of the following equation [1]:

f =k fneq 9)

where kis a reduction factor due to the bending stiffness of longitudinal bars given by:
45¢,,

Ky = a5¢ _+ by, (10)

Wherexlong:f Iong/S; b=f hoo;ff longs Xhoop:]c hoopll-

In the case of nedligble bending stiffness of longitudinal bars confining action ndy rae
to the arching effect offered by transverse hoops. In this case in the Eq. (9) may be used the
factor k calculated with the expression proposed by Sheik and Uzumeri [2]:

& ST
&—% . (10)
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with the restriction thakgO k

The BGL model allows to calculate the confinement effects due to multiple transverse
arrangements and external strengthenings such as FRP wraps and/or external steel jackets
(Figure 3). This feature makes the model applicable even in the case of existing buidings
where for improving the confinement level external strengthenings may be designed. How to
calculate the confining pressure due to multiple arrangements may berfolind].

) ew t
) L
fﬁﬁl [ ] \
Il | | L |
=2 Ep e L] O

Figure 3. Different a) transverse arrangements and b) external strengthenings available by using the
uniaxial BGL confined concrete model.

3.l mpl ementation of the BGL model

The BGL model has been implemented in OpenSees withlthexialMaterial interface and
namedConfinedConcreteQ1To date, the model has no tensie strength and usetegnaded
unloading/reloading stiffinesk the case of cyclic loadingsased onthe work of Karsan and

Jirsa [4].

Figure 4 shows the incremental procedure adopted for obtaining the envelope curve of new
confined concrete material with respect to a sqsaction reinforced with a simple transverse
hoop [3]. The BGL model provides the equivalent confining pressurg, fo be used in an

active triaxial model for providing the stressain relationship of confined concrete at a
gven axial strain. Therefe, the sought confined curve wil be obtained by crossing al
different active curves up to the axial strain corresponding to the yielding of transverse hoop
(where the confinement pressure becomes constant). To date, the active triaxial model
published ly Attard and Setunge [5] is used in obtaining the confined concrete relationship at
agven f-eq

At each axial strain value, an iterative procedure is required [3]. This is due to the fact that
the BGL model works by using secant moduli of concrete and steel to be updated when a new
increment of axial strain is appled to the column. As shown in [3] the adopted iterative
procedire is stable and a smal number of tterations at eaclastepquired.

The implementation has been performed in the way that at frst OpenSees buids and stores
for each concrete confined core the related confined concrete relationship. Then, itadssigns
each fiber the confined law and starts in performing the structural analysis.
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Figure 4. Incremental procedure adopted for obtaining the compressive stresstrain envelope curve.

4. Appl i cations

of BGL

mordesd

fi inb eOrpse neSlea

In this section are shown some applications of the BGL model implemented into OpenSees.
The results refer to analyses carried out on concrete fibers, on a square RC section and on a

RC column.
41 Confined

concrete

mo de |

i n

OpenSees

The conmand to construct the uniaxial BGL confined concrete model is the following:

uniaxialMaterial ConfinedConcrete01 $tag $secType $fpc $Eepscu $epscu> OR <
gamma $gamma>) («au $nu> OR <varub> OR <varnoub>) $L1 ($L2) ($L3) $phis $S
$fyh $EsO $haRati8mu $phiLon <internal $phisi $Si $fyhi $EsSOi $haRatioi $mui>wrap

$cover $AM $Sw  $fuil

$ESOw> -gravel> <-silica> <-tol

$maxNumlter> <epscuLimit $epscuLimit> sstRatio $stRatio>

$tol> <-maxNumlter

More details on each required parameter may be foundhatdrial page of OpenSeesWiki

(http//opensees.berkeley.edu/wiki/index.php/Main R.age

As examples in this paragrapdre being shown confined concrete laws by referring to a
square sein with a simple $1 sectioh hoop, a multple hoopS@da sectio)) a rectangular
section with simple hoopR( sectiol, and a square section where external FRP wraps are
appled in additon to a low reinforcing volumetric ratio. The last case repredubat
usualy happens in RC existing buidings in which a local strengthening intervention is

applied.

In this case with the BGL model is possible to quantify the confinement effect due

only to hoops or FRP wraps, and the combined one (hoops plus FRP \idabs). are
reported details regarding each analyzed case.

1 S1 section(Figure 5a)

. fpc=35 MPa, Ec=33721 MPa, epscu=0.03, L1=300 mm,

phis=8 mm, S= 75 mm, fyh=450 MPa, 206000 MPa, haRatio=0.0; mu=1000;
phiLon=18 mm; stRatio=0.85.

1 S4a section(Figure 5b)

: fpc=35 MPa, Ec=33721 MPa, epscu=0.03, L1=300 mm,

L2=200 mm, L3=100 mm, phis=8 mm, S= 75 mm, fyh=450 MPa, Es=206000 MPa,
haRatio=0.0; mu=1000; phiLon=18 mm; stRatio=0.85.

1 R section (Figure 6a)

: fpc=35 MPa, Ec=33721 MPa, epscu=0.03, L1=500 mm,

L2=300 mm, phis=8 mm, S= 75 mm, fyh=450 MPa, Es=206000 MPa, haRatio=0.0;
mu=1000; phiLon=18 mm; stRati085.
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1 S1 section plus FRP wragEigure 6b) : fpc= 25 MPa, Ec=25491 MPa, epscu=0.02,
L1=300 mm, phis=6 mm, S= 100 mm, fyh=300 MPa, Es=206000 MPa, haRatio=0.0;
mu=1000; phiLon=16 mm; stRatio=0.85. Wraps: cover=20 mm, Am=51 mm2,
Sw=100 mm, fu=3900 MPa, EsOw= 230000 MPa.
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Figure 5. a) Section S1 and b) Section S4a considered.
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Figure 6. a) Section R and b) Section Sllys FRP Wraps considered.
42 Mome-otirvature relationships of a confined

A square section reinforced with simple hoop (S1 section) has been utiized for performing
different monotonic momerturvature analyses by using a fiber sectidfigufe 7). Four

levels of axial load ratio have been considered 0%, 20%, 40 % and 80%. Results are reported
assigning either unconfined or confined concrete for secte. Asit is easy to note the

higher the axial load appliedhe more important the confinement of concrete in modeling the
response of a reinforced concrete section.
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0 | = 51 & $,=10 mm 250 [\‘\ N%
£ 5,75 mm /R\fi_\ilg/_
- ]
= e e 2| f,,=450 MPa TE" 200 . Q
30 . . ] \ N '
5 L=400 mm = i uC-20% CC0%
& T T € 150 )
bl o
= uc-0%
< 20 é
< 100
10
50
0 0
0 0.005 0.01 0.015 0.02 0.025 0.03 0 SE-05 0.0001 0.00015 0.0002
Axial strain curvature (rad/mm)

Figure 7. Moment-curvature relationships referred to the sectiorconsidered.
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near anal

43 No-hi yses of confined concrete

The implemented confined concrete model is applied for performing twdinean analyses

on weltconfined RC columns and comparing the obtained results with the experimental ones.
The columns &ive been modeled into OpenSees by usiBeamWithHingediber element
whose hinge lengthL, is assumed equal to the section deptbf the column.Longitudinal

bars have been modeled with the uniaxial mateBigdel02 and no boneslip has been
consideredwith respect to the surrounding concreBath columns were tested with a vertical
load kept constant during the test and subjected to reversed lateral cyclic displacements. More
details on the analyses here reported may be found in [3].

The first compasion regards th&pec. BG5 tested by Saatcioglu and Grira [Egure 8). The
column was subjected to an axial load ratio of 54 % kept vertical for indueidgefect on

the response. Ifigure 8 are reported the comparisons between the experimental response and
the one obtained by neglectif§igure 8a) and accountingFigure 8b) for the confinement
effects with the BGL model. Both the analytical satiohs have been obtained by using the

P-Delta Coordinate TransformatiorggomTransf PDela for considering the secoratder
effects of the vertical load.

col
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o
o

- 300 - =
= [Saatcioglu and Grira, Spec. BG5| = |Saatcioglu and Grira, Spec. BG5]
= 200 =< 200
o o
2 2
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©° °
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=-100 =-100 | aeeiale—
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5 Experimental response ‘ 5 —Experimental response ‘
T —Unconfined concrete T Confined concrete

-300 . -300 .
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Horizontal displacement at column top (mm) Horizontal displacement at column top (mm)

Figure 8. Comparisons with the experimental response by a) neglecting @) accounting for the
confinement effects with the BGL model (Saatcioglu and Grira, Spec. BG5 [6])

The second comparison, instead, regards a circular RC column (Saadtmanesh et al.; Spec. C
2R [7]) repaired with FRP wraps and subjected to an axial loaa @& 20%. Figure 9
represents comparisons of the experimental response with the numerical simulations without
(Figure 9a) and with Figure 9b) the confinement offered by the external FRP wraps. N P
effects have been considered in the analyses.
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Figure 9. Comparisons with the experimental response by a) neglecting and b) accounting for the
confinement effects with the BGL model (Saadatmanesh et al., Spec2®R [7])

5. Concl usi ons

A new uniaxial material for concrete fibers has been added in OpenSees. The new material
implements the confined concrete model proposed by Braga, Giglotti and Laterza (BGL
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model, [1]) and requires, in obtaining the compressive envelope camvancremental and
terative procedure [3]. To date the model has no tensie stremgth degraded
unloading/reloading stiffness in accordance to the work of Karsan and Jirsa [4].

The model may be appled for némear analyses of RC structures andvedioof taking into
account different arrangements of transverse reinforcements and addtional external
strengthenings. The latter feature makes the model particularly adapt to perfoiimearon
analyses regarding RC existing buidings where such locavamtsons are very common.

6. Acknowl edgement
The implementation of the model was carried out at University of Calfornia in Davis, where

Mi chel e D6 Amat o wa s a Visiting Schol ar dur i

acknowledge the collaboration of Wen Lee for his assistance in implementing the BGL
model into OpenSees.

7. References

[1] Braga, F., GigliottiAnalR.t,i esa&alnd isnLrad & afi on
concrete confined by st @eldJousgsmiarlr up b ghdl

Engirneeg , 26062 pp)4 024 16.

2] Sheikh, amd WBzumer:i, S. M. , AStrength an
Journal of Stru,ctud&q, D1®/—ﬁﬂ56)bn AB.CEL1079

[3] D6Amat oBr ada, F., Kingdt @nd iS\L,a RBfitrAzanumer i
genprualpose confinemelnitneavmw dednalfysi s, ,nomnf
Comput ers ahdu@2tal®lct yracexcepted for publi

[4 Kar san, Uir Pa,AiBhhd®fi.gwroncrete wundeg co
Journal of Strud96GPHR( pMASVATFTI6 dn ASCE

5] Attard, SBt unM.&t rsstsrsai n relationship of
conarveatteer i al Joul @B 4 2AL£H4 .

[6] Saatciogl u, MoncrGet € aooo®d Maends wect h wel ded
grog®Report OICERGRC .

[7] Saadat manessam,i , H.M. Rh Rep@maidr Jo ind aendargtehdgiu R € e
col umns WitQMCFFRBpMBr%XAS{ p2..0-3 1 4 .

Pageblof241



NONI NEAR ANALYSESFORCB®DCRETE ELEMENT :
WITH PRONOUNCEDOKSLLI®NGI TURSNAL BA

Franco BRAGA

Title Professor

University or Affiliaton De pt . Of Structural Engineering, Universit)
Address via Eudossiana 18, 00184 Rome (ltaly)

email address franco.brega@uniromal.it

Rosario GIGLIOTTI

Title Assistant Professor

University or Affiliaton De pt . Of Structural Engineering, Universit)
Address via Eudossiana 18, 00184 Rome (ltaly)

email address rosario.gigliotti@uniromal.it

Michelangelo LATERZA

Title Associate Professor

University or Affiliation Dept. Of Structural Engineering, University of Basilicata
Address C. daMacchia Romana, 851@Dbtenza (Italy)

email address michelangelo.laterza@unibas.it

Mi chel e DOAMATO

Title Research Fellow

University or Affiliation Dept. Of Structural EngineeringJniversity of Basilicata
Address C. daMacchia Romana, 85100 Potenza (ltaly)
emailaddress damato.mic@gmail.com

Sashi KUNNATH

Title Professor

University or Affiliation Dept. Of Civil and Enviromental Engineering, University of California Davis
Address 95616 Davis (Californip

email address skkunnath@ucdavis.edu

Abstract

Theaper shows rdsmetas aefychtiwo amanl yses perfo
slippage phenomenon of | ongili pdi nhaalv eb amosd eil € c
t he simplified model . whricpo seesds i ggps Besdgeaengat v
relationship to longitudinal steel accountin
modedl s@spable to take into account anchorage
and has been developed maiinldy nger waesrsessbeg
presence of rei ntsolricpisngarpel apar thiacowl,arbgndr on
refined model s published i n literatur e, t he
requires a minimumidiompubeaatyi creslt eef fiotretr aa v o n
fiber mo d e | discretization of a section.

eme-hisearexasal ypyge sh

KeywoBawmssd i p, concrete el
ns.

barsg rsetsrsai n relatio
1.l ntroducti on

Slippage phenomenon may playcantral role in the response of a reinforced concrete (RC)
structure wherit is subjected to lateral loads. It has been demonstrated by many experimental
tests that bondlip reduces the stifiness and hysteretic dissipation capacity of a structure and,
therefore, makes inadequate the classical assumption-bbfutl of longitudinal bars.
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In older RC buidings significant slips verify because of plain bars appled and they are
amplfied by poor confining action due to absence of detaiing rules within relereeds, by

poor bond strength of concrete and by an insufficient lap splice of bars.-spndlso
regards seismic response of concrete buidings reinforced with deformed bars because of
micro-crushing of surrounding concrete owing to bar ribs.

This paer is aimed to show two analytical results of Hilear analyses performed on RC
substructures when borslips are pronounced. The simplfied model proposed by Braga et
al. [1,2] has been appled for accounting baeijgs of longitudinal bars. It icapdle of
modeling straight and hooked bars and of defining an equivalent-straiss relationship
including steel elongation and relative slips with respect to the surrounding concrete.

2. Modi fied steel bar moldieps accounting

The simplfied model proposed by Braga et al [1] has been developed on the following
assumptions Rigure 10):

- bondslp feld u(x) is inear along the bar;

- bondstress relationshigs elastiecperfectly plastic;

- any anchorage at bar end (such as bend or hook) is described by a linear function of
the displacement pat end.

u
|_l;|0 R #}o lgL
L
I Fy — - e e - Fb_
<—<—<—<—<—<—<—\ "
L

Figure 10. a) Longitudinal bar anchored in a concrete block and b) reference schemg][

The second assumption made becomes particularly appropriate in the case of smooth bars. For
this kind of longitudinal reinforcements the bond strength peak sharply degrades and reaches
a constant residual value owing to the friction between concretesraodth bar. The constant

value, moreover, is quite stable under cyclc loads [1]. As exarRgare 11 compares the
assumed law with the one proposed by the Mod#dCa0 [3].

3

a

—— Model Code 90
— Approximated law

Bond-stresst

I

u; u Uus axial slip u

Figure 11. Bond stressi axial slip relationship proposed by ModelCode 90 [3].
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It is demonstrated that the model uses a highly efficient approach to modesklipoand
requires a minimum computational effort withoaiy nested iterations loop in the context of
fiber model discretization of a section [2]. Analytical relationships for defining the curve are
summarized in tabular form in [2].
Starting from the assumptions made the proposed model provides -lmeaonmoiotonic
tensie stresslip relationship ¢-u) of a longtudinal bar embedded in a concrete block
(Figure 1). The derivedsfuw ) law accounts for both steel elongation and its relative slips
with respect to concrete. Some examples of thew ] relationstp by varying the bar
diameter are reported ifrigure 12).
1.2 4

[ L/D=40, t,=0.68 MPa, u,;=0.1 mm, f,=355 MPa|

Free end-Pull out

20 24

2.0 2.5

0.0 0.5 1.0

1.5
u, (mm)

Figure 12. Different tensile stressslip relationships obtained by varying the lar diameter
In a nonlinear analysis program requiring the material relationship in the form of-strass
law, the y can be intended as the integrated axial displacement of a steel fiber along the
weighted length L of the elements endswhere L; is the element part in the adopted
integration scheme on which the response is constantmaly be intended as the plastic
hinging region k, of the element. Starting from this assumption [2]:

e= UL tot (1)
Ly
where uiot IS the total relativeaxial displacement of a longitudinal bar calculated with the
proposed model, and,lis the plastic hinge length.
The sederived axial strain alows us to determine, starting frons-aij law, a 6-e) law
useful in a fibersection state determination whiis based on a section strain distribution.
The total displacement, . is given by:

uL,tot = uL,A +uL,B (2)

where ua and yg are the relative axial displacement including the bslipd related to
adjacent concrete blockBigure 13).

Figure 14 reports different(s-u_) relationships obtained by varying the anchorage length in a
concrete block (expressed as ratio L/D).

When in both concrete blocks an adequate anchorage lengthlablavai the two schemes
the steel yielding is reached and:

(S’UL,A):( SUL,B) :( »SUL) 3
Therefore, Eq. (2) becomes:
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(s’uL,tot) =(s2u) 4

Uy tot

Figure 13. a) Total relative slipat the concrete crack and b) two anchoragechemes considered.

1.2
L/D =40 - Hooked end r{ L/D =120 - Hooked and free end |
1.0 !
-f
! L/D =80 - Hooked end

0.8 K ‘
06
6' ! L/D=0- Hooked end (related to k;*) |

0.4 y L/D =40 - Free end H

0.2 5D =

0.0 =

0 0.5 1 1.5 2 2.5

u, (mm)

Figure 14. Tensile stresssliprelationships obtained by varying the ratio L/D.
As far as the modeling of the hooked end is concerned, the simplfied model describes any
anchorage as an elastic relationshafenred to its inttial section. Therefore, the stifiness of the
hook is the only one parter required in defining hooks or bends the bar end. The
authors propose to calculate the end stifnegs ds the stifness at the incipient poilt
condition f].
In Figure 14 are reported some comparisons regarding hooked and straight bars having the
same anchorage length ratio L/D. It is easy to note thieathigher L/D ratio the closer the
curves of a straight and hooked bar with the saiength. Moreover, for ratios L/Digher
t han ( Lbétidelationshigs eare coincident.

[D=12 mm, 1,=0.68 MPa, u,;=0.1 mm, K'.=781 MPa/mm, f,=355 MPa

ot <
08 |Hooked (L/Dy Straight bars region
"~ |bars region

R ot
I EE e N s
6

04 1

02 1

—20 —40 —60 80 —135
00 : ; 7 ;
0,0 0,5 1,0 1.5 20 25
u, (mm)

Figure 15. Comparisons between hooked and straighiars by varying the L/D ratio.
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3. Numeri cal simul ati ons

In performing norlinear analyses with OpenSees the -iear 6-e) relationship has been
applied by considering its equivalent relationship based on the energy principle. In particular,
one can apply abiinear or a triinear equivalent relationship by using, for example, the
uniaxial hysteretic materialufiaxialMaterial Hystereticwithout any pinching factor Higure

16).

w
— -
© |[Non linear law

\ %~

P s
.
,/
Trilinear law
/
V4

0] u_

Figure 16. Example of trilinear law defined on the energy principle and assignedto longitudinal bars.
Hereafter, results regarding two riear analyses perioed with OpenSees and
comparisons with experimental results are shown. More in detaill, simulations regard an
internal RC beangolumn joint reinforced with smooth bars [4] and a RC cantlever with
deformed bars [5]. The confined concrete model proposedrégaBet al. (BGL model, [6])
has been used for the section core. The BGL model has been implemented into OpenSees
with the uniaxialMaterial interface and name@onfinedConcreteO[7, 8].

31 Braga et afl4], Spec. C1l1

An internal beanrtolumn joint (Spec.C11) reinforced with smooth bars was tested under a
vertical load of 270 kN (axial load ratio of 16 %) withoutDPeffect. The specimen was
designed only for vertical loads without any detaiing rule for lateral forces in according to
designing criteria adoptd i n I taly during 660s and 670s.
lateral displacement both in positve and negative direction at the top of the upper column.
More details about the experimental program and results are reported in [4].

For numerical iulations beams and columns have been modeled BadmWithHinges
elements Kigure 17a). Detalled description of the analytical model is reported in [2]. Instead,

in Figure 17b is reported the stresdrain relationship assigned to steel of longiaidibars
including material elongation and slippage phenomenon (red line). Slips reduce the stiffness
and delay the vyielding of longitudinal bars with respect to thebduld design assumption
(dashed line).Figure 17b also plots the equivalent triinear relationship established with the
energy principle assigned to steel flbers by usihg triinear hysteretic material
(uniaxialMaterial Hysteretiy without any pinchig factor. In according to the experimental
measurements, the plastic hinge length for all elements has been assumed equal to h/3, where
h is the depth of the sectig2]. Rigid end offset at each element has been assigned for
modeling the panel region.

In Figure 18 comparisons with experimental results are reported. Analytical simulations have
been carried out by assuming the classical assumption djofd for longtidinal steel
(Figure 18a) and by taking into account besips with the proposed moddtigure 18b).
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Figure 17. a) Analytical model adopted and b) stresstrain relationship assigned to longitudinal bars of
column taking into account bondslips.
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Figure 18. Comparisons with experimental results by considering a) fuHbond for longitudinal bars or b)

the proposed model accounting for bondlips.
32 Saatcioglu and Ozcebe, Speci men U4 [ 5]

A cantilever was subjected to a lateral displacement at the top and to a constant axial load
(axial load ratio of 18%/Jigure 19). The cantiever was reinforced with deformed bars and
failed in flexure [5].

The examined cantiever has been modeled in Openfitesa BeamWithHingeselement
whose hinge length., is assumed equal to the section deptlof the column.Nonlinear
analysestake into account ¥ effect by means of #elta Coordinate Transformation
(geomTransf PDelid7].

In Figure 20a the confined concrete law calculated with the BGL model [6] and assigned to
the section cores reported. Whereas, ifrigure 20b the stresstrain relationship obtained
with the proposed model for accounting the belis is plotted. In the analyses tBeéeel02
material is applied to reproducthe stressstrain for steel obtained.

In Figure 8 comparisons between experimental and analytical responses are ddfigiesl.

8a shows the concrete relationship of the cover and of the section core.-sBiess
relationship for longitudinal bars is shown Ihgure 8b where is also repoed the steel
material constitute law (blue dashed curve). An equivalent sitesis relationship by using

the SteelO2material is applied in this analysis without tBauschingereffect.

-50 0 50
Lateral displacement at top (mm)

Pageb7of 241



P=0.18fc0Ag

l Total long. bars:
A 8¢ 25 mm
£
= £
£ 2
o ik
o -
(=]
i
B ——
M L=350 mm
R/C section

Test configuration

Figure 19. Cantilever model considered.
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Figure 20. a) Confined concrete law obtained with the BGL and b) stresstrain relationship for
longitudinal steel including bondslip.
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Figure 21. Comparisons with experimental tests by considering)dull-bond for longitudinal bars or b) the
proposed model accounting for bonelips.

4. Concl usi ons

The simplfied model proposed by Braga et al. [1, 2] has been applied for simulating
slippages between longitudinal bars and surrounding concrete. The rasdeéén developed
mainly for assessing RC existing structures where smooth bars have been usualy appled and,
unlike many other refined models publshed in lterature, it does not require any nested
terations loops. With a minimum computational efforé tmodel furnishes an equivalent steel
stressstrain  relationship accounting for material elongaton and relative displacement
between the longitudinal bar and concrete.

It is easy to recognize that the -fbnd assumption implies fuller cycles with an
overestimation of stiffness, resistance and, therefore, of energy dissipated under lateral loads.
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The two comparisons carried out show a good agreement with the experimental results
especialy when system deformations become significant and the bars slijgfmgmate the
global response either with plain bars or with deformed bars.

5. References

[1] Br aga, F., Gigliotti, R. , Later za, M. ,
mo d e | incor-ploirpt fog Bemnd mic assedomaht of
of StructurnalASEfkgi(meeripngd for publicat.

[2] D6 Amat o, M. , Braga, F. ., Gigliotti, R. ,
modi fied steel bar -srhoagelf oirenedasip®mitact iodg cloc
strucfdauesal of St rAUSCGHELr & CED ¢ iede efroirngp ub | |
press).

[8] Model Codkxe sligghn0 .Code-l nCemnati &€oabdb du Beton,

[4 Br aga, F. ., GiglioRCi ,exRstinlgatstrrzagt uMes
experi memtralofixeddieaamn | oints Ssubj ectTehde t o
Open Construction & BBehtdhag OepphhdRO@Y, J

[5] Saatciogl u, M. , and Ozcebe, G. , AfResponse
seismic Stoaudradg 0 JATQIr,Nnalo82, 86, pp. 3

[6] Braga, F., GigliottmMnalR.t,i esa&alnd isnLrad £ a & |,
concrete confined by st @deJousmiarlr up s &nh
Engineer,i20 @163AS(Co) 4 0124 1 6 .

[71] D6mAat o, BrM.g,a, F., KiGngdt @nd iSL atRefitAzanumd.r i c
gengmualpose confinemelnitneanm dednalfysi s ,nomf
Computers ahdu2tallkct yraexcepted for public

[B] Br aga, F. ,LaGieglziao,t t M, , RDOATad o QOp KnuSenad hBGIS
for -Ilnamar analyses of cOménBSees c Dag se tCo né
Rome, MagPazn2.

Pageb9of 241



THE I NFLUENCECGOGNWCRHEIEE CYCLIOO OAWS
DYNAMI C BESP OF SLENRERSRC W

Daniele BARALDI

Ph.D. student

Dipartimento di Ingegneria, Universita di Ferrara
Via Saragat 1, 44121 Ferrara

brldnl@unife.it*

Nerio TULLINI

Associate Professor

Dipartimento di Ingegneria, Universita di Ferrara
Via Saragat 144121 Ferrara
nerio.tullini@unife.it

Ferdinando LAUDIERO

Professor

Dipartimento di Ingegneria, Universita di Ferrara
Via Saragat 1, 44121 Ferrara

Idf@unife.it

Abstract

The cyclc laws for dynamic analyses wdinforced concretgRC) structures usually eglect

the concretetraction strength and the -l@ading branch from traction to compressidimese
assumptions may lead to unreal results in cyclic or dynamic analyses. For example, flag
shaped momerturvature diagram®f slender RC walls are presentdeor this reason, the
behaviour of concrete in cyclic tension, determined by Reinhardt et al. [1,2] and modified by
Ferracuti and Savoia [3], is added to an existing cyclic ss&alm law. Making use of the

finte element (FE) software OpenSees, the lmeguconcrete law is firstly valdated by
simulating experimental tests on RC cantilever beams cyclicaly loaded. Then, slender RC
walls in multistorey buildingsare considered and dynamic analyses are done. Moment
curvature curves at base sections afetaioed, together with force and displacement
envelopes. The results obtained with the implemented law are compared against the ones
obtained with a common law. Results show that the concrete reloading behaviour from
tension to compression affects sigaftly the walls designed for a larger response in the
inelastic field.

Keywo Fidltsr e , mod eldiymeaani ¢, RaCn agt aylsli s

1.l ntroducti on

Il n the | ast decade, dynamic anal yses of RC
adopting finbredmodel Py Spacone et al . [ 4, 5]
t o consider t he distributed plasticity al o
behaviour of concrete and reinforcement bar s
forhe analysis of RC shear wal |l s. Neverthele

traction strength and usu-bbbhyi s samd unl obaedi
from tension to compression.

The mechanical behavihnbar onof cgohccetensinomowa
Among t he various cyclic | aws proposed, t hi
Reinhardt et al [ 1] is adopted in this pape

compression, otfheReexphraesdsi oanrsd Yankel evsky [ 2
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wor k of Ferracut. and Savoia [ 3], whi ch of
|l oading tests on cantilever RC columns. The
compressi olhnawconemradrel y adopted in t he fibre
experiments of Kent , Par k and Scott [ 7, 8] .
influence of two different concrete cyclic |
part i crutliaon attot eshear wall s.

2. Case studi es

The RC walls analyzed represent the shear resistant elements of twetameti buidings,
having 8 and 16 storeys respectively [9]. In Figure 1, the 16 storey case is shown.

Figure 19. Axonometry of the 16 storey building
The geometric parameters of the two RC shear walls are presented in Table 1, avicHre
stand for width and depth of each shear wall section. Considering astiey height of 3
m, h is the total height of the elr walls. In Table 1 is also defined a slenderness aatid/|
for the two walls, which is equal respectively to 7.3 and 9.6. The participating mass of each
storey is 60 t (referred to a floor area of 10f),mhereas the service loading is 200 kN. The
ground motion is characterized by a peak acceleratgm = 0.5 referred to a soil having
shear wave velocity averaged on the first 30 mp,\between 180 and 360 nvs.

Table 1.Geometry of the shear walls.

h I b /
Type | Storeys ml | [m m | -]
A 8 24 | 330 020 7.3
B 16 48 | 5.00( 0.25] 9.6

Following EC8 [10], a force based model was used to design steel reinforcements, adopting
both high (DCH) and low ductity class (DCM) and applying a constant reinforcements
distribution along the entire shear whéight. Moreover, a displacement based model (DBD,
[11]) was adopted to design section steel reinforcements, choosing two different
arrangements. In the first one (DBD1), a constant reinforcement distribution is adopted along
the height of the shear waliwhereas the second one (DBD2) adopts three different
reinforcement along the height, following the bending moment distribution. Two concrete
strength classes, C28/36 and C37/45, were adopted to design shear wakectioss with

the force based approas) whereas the concrete C28/36 was adopted for the displacement
based approaches. Steel reinforcement bars in all cases where of type B450C. Each cross
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section was designed by defining two confined nuclei at section ends, havingldetgth to

the shearreinforcements adopted. Table 2 presents the case studies with the corresponding
storey number, design approach, concrete strength class and confined nuclei width. In Figure
2a,b are presented two cresection examples, corresponding respectively to stypé A2

and B1B2 in Table 2.

Table 2. Type shear wall and design approach.

Type | Storeys| Design Approacl Concrete strengt [r::n]
Al 8 DCH 28/36 536
A2 8 DCH 37/45 536
A3 8 DCM 28/36 940
A4 8 DCM 37/45 940
A5 8 DBD1 28/36 1050
A6 8 DBD2 28/36 1050
B1 16 DCH 28/36 1225
B2 16 DCH 37/45 1225
B3 16 DCM 28/36 1250
B4 16 DCM 37/45 1250
B5 16 DBD1 28/36 1385
B6 16 DBD2 28/36 1550

a) g{::lEiJLJLJ=J=jL!=!=!=!=2=E=!=2=!=2=!=!=2=!=!=!=!=!=!=2=!=L=!=:=L=J;j1
k___é&Q___J 3300 L___§§Q___ﬂ
_ 210/150 st.210/100
» & [LITTTTT] [TTIT111]
|- - I-

1225 1225 _i

3000

Figure 2. a) Steel reinforcement of the shear wall type Al and A2. b) Steel reinforcement for the shear
wall type Bland B2.

Table 3. Ground motions records.

N. | Seismic event/sourc{ Record duratiofs] | Time step[s]
1 | Port Island 109.98 0.01
2 | Kocaeli- 2 20.00 0.01
3 | Northridgei Baldwin 60.00 0.01
4 | Kalamata 60.00 0.01
5 | SIMQKE 19.99 0.01
6 | SIMQKE 19.99 0.01
7 | SIMQKE 19.99 0.01

21 I nput for dynamic analyses

Dynamic analyses have been carried out folowing EC8 by adoptihg seven spectrum

compatible ground motion records (Table 3). It was verified that the average values of the

seven corresponding spectra were egs Ithan 90% of the elastic spectrum given by EC8 for

the design parameters assumed. In particular, this conditon is satisfied by the average
spectrum for time periods not less than 2 s (Figure 3). For each case, design displacements
and stresses were abbied as the average values of the corresponding envelope diagrams.
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— :\Teragé spectm}n
Elastic spectrum |
—— 90% of elastic spectrum

Spectral acceleration [g]

Period [s]

Figure 3. Spectrum compatibility of the seven ground motion records adopted.

3. Fi bre model adopted for dynamic anal

Dynamic analyses made use of the fbre model implementedp@enSees [12]. The shear

wals were modelled as cantilever beams with many elements as the storey number (Figure 4).
At each node, representing a single storey, was applied the global mass and the vertical load
corresponding to that level. Each beam elémess represented by a ninear force based

beam element with five intermediate control cross sections. Each section was modeled by a
fibre discretization, which was able to distinguish between steel reinforcement fibres,
unconfined concrete fibres ar@bnfined concrete fibores at section ends (black, light grey and
dark grey, respectively, in Figure 5).

=3m

16 storeys - 1

-1=3m

8 storeys

=000 0000000000000

Figure 4. Discrete models of the shear walls

| 5000 |

Figure 5. Typical discretization of the cross section applied to types B1 and B2 shown in Figure 2b.
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31 Fibre cyclic | aws

Concrete fibores were first modeled with the stsgain law by Kent, Park and Scott [7,8]
(Figure 6a), which is wel!/ known as o6Concr
confinement effect given by the shear reinforcements atoseends. However, this stress

strain law neglects concrete traction strength and assumes the same unloadindpatidgre
branch from compression to tension. Therefore, this cyclic law was integrated with the
experimental results obtained by Reinhartitak [1,2] and modified by Ferracuti and Savoia

[3] to reproduce a reloading branch from tension to compression simpler than the original.
The new cyclic law is shown in Figure 6b a
Reinhardt 6 | a we moiolokic bmarehm@amde thes iunlbading branch from
compression to tension are the same of the original law. The traction monotonic branch can be
engaged either at the first activation or during an unloading path from compression to tension
and it is charactged by a linear behaviour until the traction strength is attained. Then, it
folows a softening parabolic path unti the stresses vanish. The full traction strgngth f
attained only at the first hysteretic cycle, whereas in the following cycledimihetrength is

equal to the maximum traction value reached along the monotonic branch of the previous
cycle. The reoading branch (from traction to compression) is activated if the concrete has
already experimented compression and follows -dingar path which slope increases up to
reaching the monotonic compression branch. The slopes can be determined by considering
three different stress levels, defined by Ferracuti and Savoia [3] to simplify lbadmeg

path proposed by Reinhardt and Yankeleviqy The stress levels are related to the traction
strength by the coefficient&;, K, and K3, assumed equal to 1, 2 and 5, respectively. Steel
fibres were modeled with the Menegetinto cyclic law [13].

s

......... = — === 0.2 fec

Stress
Stress

a Strain Strain b)

Figure 6. a) Concrete pure compressionalw by Kent, Park and Scott b) Constitutive law by Kent, Park
and Scott implemented with the concrete traction behaviour.

32 Cyclic analyses

The sttrread s |l aw by Kent, Park and Scott wa s
experiment al it leesvtesr obne a6 cywoiically | oaded,
the fibre model [ 5] . Thus, the new cyclic |

through similar Ssimul-atur vat urbey dcioangpraarmsniga $nso b
sectipastiduwmlar, n this work are presented

[
and Ma et al. [ 15]. Abrams test refer to a
mand height of 1.60 m with a geomMaried mraaéin
considers a cantilever beam?andhheir @lsts 1s.e&Q i
geometric reinforcemendurvatupe ofli algr aws (VR R
I mpl ement ed cyclic |l aw resuwllttesd (tFo gbee cV7asb)
obtained with the application of the pure

compared against Figure 7a shows that the pt
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t o t he origin, wheraasstFi Jugeaer e’ b7d omplaustdr a
unloading and reloading branches ar e closer
behaviour is considered. Hence, the modifica
does not neonés stahrei llyesrtepdeser i ption of conci
high numerical stability probably doe faot,t hi
mu s t be noted that the implemented cyclic |z
antMander [ 16] and availabl e into OpenSees I
analyses developed with this model pr etsheent e
analyses developed with another cyc lIKiicm I[dw ]9
presented significant numerical drawbacks ev
followed with great accuracy.
DI o, o TE P O P O I U P S P O O A A R 2 00x16
- ] 1 ,
% 0.00x16 | ﬁ / / - 0.00x16
g E E / /% a
= ] 1 § r
] — pemmdia T | epwmedian [
— ——  Kent-Park-Scott-Reinhardt | — ——  Kent-Park-Scott-Reinhardt |
a) 1256 i 1 - -2.00x16p )
1.25x16 — 2.00x10
E ] 3
5 o0.00x16] - 0.00x16
g ] %
s h L
5 Experimental data ——  Experimental data }
— . - Kent-Park-Scott [ — - Kent-Park-Scott —
1,256 Tt T 20046
-1.25x10" 0.00x16 1.25x10' -1.25x10" 0.00x18 1.25x10"
c) Curvature[1/m] Curvature[1/m] d)
Figure 7. a,c) Momentcurvature diagram corresponding to the experimental test by Abrams [14]. b,d)
Moment-curvature diagram corresponding to the experimental testby Ma et al. [15].
4. Results of dynamic anal yses
Dynamic analyses were done adopting the two
evaluate the corresponding shear wal/l respon
responses given by the pure weompresselomnpddadawf
ground motions recocrudrsv,atium et @n mgnm a s omdne dh e
Then, comparisons were ddeevseilgonp edl i sipnl at e memat s
moment s.
Due to quick lossn estrehgtlcoatretethe atCirnset ¢
Par k, Scott and Reinhardt was simplified wit
as t o obtain a faster cdhheeefenece bhe necmwerrc
behavirewdruces-l badimg beanch from tension to c

Dynamic analyses offered results similar to those given by cyclic numerical Hestever, the

response of the 8 storey shear walls did not appear to be significantly infuenced by the
traction behaviour of the concrete. In fact, for the shear wals from Al to A6 (Table 2)
subjected to all accelerograms, the moreemvature diagrams showed negligible differences

Page65of241



with the two models adopted. Figure 8a,b shows moment curvature diagrams oiwalear

Al and A5, respectively, subjected to the accelerogram 1 of Table 3.

Differently, the response of the 16 storey shear walls appeared to be influenced by the traction
behaviour of the concrete and this influence has found to be related to the tdifflesgm
approaches and concrete strengths. Considering the shear wall B1 (DCH, C28/36) subjected
to all accelerograms, the pure compression law gave mauesmtture diagrams quite close

to the origin, whereas the implemented law gave moowntture digrams not close to the

origin, with greater slopes for unloading and-loading branches. Figure 8c shows the
momentcurvature diagrams related to the shear wall B1 subjected to accelerogram 1 of Table
3. The total energy dissipated by the hnitsectionduring the analysis with the Kent, Park,
Scott and Reinhardt law was 10% higher than the energy dissipated with the pure
compression law (Figure 9a).

1 Ode L | L L | L L | L | L L | L | L 1 Ode
’ - - - Kent-Park-Scott ) - - = Kent-Park-Scott ’
7 Kent-Park-Scott-Reinhardt [ 7 Kent-Park-Scott-Reinhardt . [
Z
$ o.oxid 0.0x168
£
[=] B - 4 L
=
-1.0X16 T T T T T T T T T T T T T T T T -1.0X16
a) -4.0x10° 0.0x10 4.0x10° -3.0x10° 0.0x1d 3.0x10° b)
25x14 I O AN O N | TR S — 1.5x10
' - -~ Kent-Park-Scott - 1 === Kent-Pak-scott L
1 Kent-Park-Scott-Reinharct ST _ Kent-Park-Scott-Reinhardt L
— ,/ - ~ |
T | | | L
Z B L
g o.oxid 0.0x1d
E | .
R P -
— ,, — < =
%
2510 T T T T T T I S R L L L -1.5x10
c) -3.5x10° 0.0x1d 3.5x10° -3.0x10° 0.0x10 3.0x10° d)
3 led L | L | L | L L | L | L | L L | L | L | L L | L | L | L 4 Oxld
’ - -~ Kent-Park-Scott - - - Kent-Park-Scott ’
7 Kent-Park-Scott-Reinhardt ) [ 7 Kent-Park-Scott-Reinhardt r
E J L J L
Z
T 0.0x10 — 0.0x10
£
=] m |- m .
b
3.2x10 T {— T T T i T T T T T = T -4.0x10
-3.0x10° 0.0x10 3.0x10° -2.0x10° 0.0x10 2.0x10°
e) Curvature [1/m] Curvature[1/m] f)

Figure 8. Moment-curvature diagrams of the shear walls Al (a), A5 (b), Bic), B2(d), B4 (e) and B5 (f)
subjected to the accelerogram 1 of Table 3.

Then, the shear wal B2 (DCH, C37/45) gave the most remarkable results of the work. With
all accelerograms, the pure compression law gavesiflaged momenturvature diagrams.
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These results can be considered not realistic, because they are characterized by no residual
deformations at the end of each hysteretic cycle. Applying the Kent, Park, Scott and
Reinhardt cyclic law to this shear wall type, the shape of mecwewhture diagims became

more realistic, characterized by residual deformations when the moment values tend to zero,
except for the cycles at the beginning of the analysis (Figure 8d). The different responses of
the shear wall B2 are represented better in Figure 1QGashleye the momerturvature
diagrams given by the two concrete laws are separated and the same span of time is
highlighted by a dashed bold line. Moreover Figure 10c,d, show the hysteretic cycles done by
a concrete fibre in the middle of the left edge & #ection. In particular, Figure 10c shows
clearly the null stresses during the reloading from traction to compression due to the pure
compression model adopted, hence, the energy dissipated by this fbre is significantly
underestimated. In fact, the totahergy dissipated by the bk section during the analysis

with the Kent, Park, Scott and Reinhardt law was 70% higher than the energy dissipated with
the pure compression law (Figure 9b).

2.5x16

Energy [J]

0.0x16

a)

1 L 1 L 1 L L 1 L 1 L 1 L 1

1.0x16

0.0x16

= Kent-Park-Scott - == Kent-Park-Scott
——  Kent-Park-Scott-Reinhardt | ) ——  Kent-Park-Scott-Reinhardt |
‘ T ‘ T ‘ T ‘ T T ‘ T ‘ T ‘ T ‘ T
30 60 90 120 15¢ 0 30 60 90 120 150
Time[s] Time([s]

b)

Figure 9. Energy dissipation of the shear walls B1 Jaand B2 (b) subjected to the first ground motion

record of Table 3.
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Figure 10. Momentcurvature diagram of the shear wall B2 corresponding to concrete pure compression
(a) and including concrete traction behaviour (b). (c,d) Stresstrain diagrams for the concrete fibres in

the left edge of the cross section.
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