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SUMMARY:

Starting from the Direct Displacement Based Des{@DBD) procedure, a new assessment method is
investigated in order to evaluate precast con@ttetures. The proposed assessment procedurdg@aspent
Based Assessment — DBA) takes into account the mbmgvature and force-displacement relationship of
typical precast connections, beam to column andneolto foundation, to estimate the system equivalesaous
damping as a function of rotational and translatiaguctility of the structural elements and conite. The
input data used in the assessment procedure, shacdeément profile of the first inelastic mode dfration and

the system yield displacement, are obtained by me&a pushover analysis. The DBA procedure isiagpb a
three story precast concrete frame and validateddgns of nonlinear incremental dynamic analysis.
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1. INTRODUCTION

Most of the ltalian precast concrete existing bodd were designed according to previous building
codes, not taking into account seismic actions. therefore necessary to develop a quick andolelia
method to assess existing buildings in order tduewa the seismic vulnerability. In recent years
seismic design has been developed considerablgciedly after the introduction of innovative design
approaches according to the Performance Based mesgociating limit states to seismic events with
a defined probability of occurrence. The assessimertedure proposed in this paper is based on the
Direct Displacement Based Design (DDBD) procedigeétley et al. 2007) which focuses on the
overall structural and non-structural performanta building subjected to a seismic event.

The aim of the present study is to determine howotwectly account for typical structural detaifs o
Italian precast concrete structures, like columrfandation and column to beam connections in
carrying out a structural assessment. The behavitire structural connections influences the global
seismic performance of precast RC constructionsaagdod assessment procedure needs to take into
account their resistance and deformability whenjesuibd to horizontal forces. The Displacement
Based Assessment (DBA) procedure is applied taeethtory precast concrete frame structure and
validated by means of nonlinear incremental dynaanilysis.

2. DISPLACEMENT BASED ASSESSMENT PROCEDURE

The Displacement Based Assessment (DBA) proceaurexisting precast structures comes directly
from the Direct Displacement Based Design (DDBD)gedure (Priestley et al. 2007). The first step
of DBA is the definition of an appropriate inelastieflected shape, which allows obtaining the
parameters of the substitute structure, similaslyhe DDBD procedure. In the proposed method, the
inelastic deflected shape is derived by a pushawmalysis, in order to take into account the nowline

behavior of the structural elements and their insdatonnections. The curve obtained from the



pushover analysis is bilinearized and the struttlefiected shape corresponding to the curve yigldi
(4y,) is used to evaluate the substitute structuredymibplacement/s) according to DDBD
procedure:

yoo = —sz rr[fgi ) 2.1)

Where mis the I floor mass. The ratio between the selected tatigetacement, corresponding to a
chosen limit state, and the yield displacementh baéntified in the pushover curve, corresponds to
the displacement ductility,, which is used to calculate the substitute stmectarget displacement:

A
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The effective mass & the effective stiffness k (secant stiffness corresponding to the target
displacement) and the effective periogk ©f the single degree of freedom substitute strectre
evaluated as follows:
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The point corresponding to the obtained effectieeiqu and the target displacement lies on the
damped displacement spectrum ¢ In order to evaluate the return period assodiatethe target
displacement it is necessary to obtain the eladiiplacement spectrum {§). This can be done
inverting Egn. 2.6 once the equivalent viscous dagff.,) of the structure is determined according
to DDBD procedure (an example is given in Chapjer 4
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The return period (d) is obtained from Eqn.2.7 by interpolation betwé&a known &k — PGA (Peak
Ground Acceleration) couples {FFPGA; and Tr-PGAy) knowing the PGA associated to the elastic
displacement spectrum.
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3. PRECAST CONNECTIONS

The analysis of precast connections is fundamdotathe correct evaluation of the behavior of a
precast structure subjected to seismic horizowi@did: in the connection zone there is a stress and
deformation concentration, influencing the glokedpgonse of the building.

3.1 Column-Foundation Connections

Regarding column to foundation connections, a mome is proposed to take into account the
different yield curvature associated to differeypes of precast connections which will be used to
estimate the displacement ductility. Priestley @00alculated the yield curvature of a reinforced
concrete column as ZJIB deriving this expression from moment-curvaturealgses of square



columns with flexural reinforcement evenly distiibd along the perimeter, with a cross section size
(B) of 160 cm and with a concrete cover to thedlak reinforcement of 5 cm. This equation does not
properly describe the yield curvature of differentumn cross sections, especially when the effectiv
depth is not as close to the column size as ircdhenns considered in the equation development. To
overcome this limitation, the cross section sizeaB been substituted with the section effectivatdep
ds and the constant 2.1 with the parameter

4, :algzl (3.1)
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The parametea; has been investigated by applying a least squaegure on the results of moment-
curvature analyses, taking into account the inftaeof different variables such as the axial lodibra

v, the longitudinal reinforcement ratig the cross section dimension, the concrete célrerconcrete
compressive strength, the yield steel strengththadsteel overstrength ratio. Four different typés
longitudinal reinforcement have been evaluated®, 4,2 and 16 bars equally placed along the section
sides. The equation of, considering only the relevant parameteendp, may be expressed as:

¢, d

y

a,= =h@+h,[p+h, (3.2)

The values of h h, and h obtained from a least square procedure are showable 3.1 as a function
of the longitudinal rebars number.

Table 3.1. Coefficient h h, and h for 4, 8, 12 and 16 rebars

Rebar s number 4 8 12 16
h, 1.94 1.11 1.22 1.97
h, 9.18 6.50 6.30 4.30
h; 1.39 1.69 1.69 1.18

3.2 Beam-Column Connections

Many formulations for evaluating the force-displa@nt relationship for different types of precast
connections are available in the literature (CNR2B) Doneux et al. 2006, Ferreira et al. 2000,
Soroushian et al. 1987, Vintzeleou 1987, Tsoukaetagl. 1989). The comparison between the
aforementioned expressions with experimental daép@¢zzi et al. 2011, Fan et al. 2008, Ferreird et a
2000, Kramar et al. 2010) shows a high variabitifythe ultimate shear strength. To the authors
knowledge the moment-rotation relationship hashemn analyzed yet, therefore an attempt is made
in order to describe the moment-rotation behavidypical Italian beam-column connections, which
include an elastomeric pad and dowel bars (Fig. 3.1

Figure 3.1. Beam-Column connection



In this study, the formulation proposed by Ferreiral. (2000) is taken as reference for the etana

of the force-displacement relationship. This chagcgistified by the completeness of the formulatio
which takes into account the post-tension of thes lséad the presence of an elastomeric pad at the
support. Furthermore, experimental data are aJveikabvalidate the analytical results. Three defer
contributions are taken into account to obtain tilebal deformation of the connection: the
deformation of the bar in the concrete embedméetdeformation of the bar in the grout embedment,
the horizontal deformation of the elastomeric gad. 3.2 shows the tri-linear diagram representing
the force-displacement behavior of the connectidsexted to monotonic load (for the explanation of
the symbols refer to Ferreira et al. 2000).
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Figure 3.2. Simplified Tri-Linear Diagram used by Ferreira £t(2000)

The comparison between the aforementioned fornamatnd experimental data (Ferreira et al., 2000)
is shown in Fig. 3.3 for a precast beam to colummection, common in Italy, with a rubber support
and two dowels, embedded in grout-filled ducts,nemted to the top of the beam to avoid slippage.
The comparison shows a conservative approximafidinecactual behavior of the connection.

The moment-rotation diagram is calculated taking account:
*  rotation corresponding to the yielding of the etsy
e rotation corresponding to the ultimate moment;
e rotation corresponding to an eventual contacivbeh the top of the beam and the side of the
column;
e breaking of the dowels;
e rotation corresponding to the falling of the befaom the corbel.

For a given connection, the moment-rotation refesiop can be different for clockwise or counter-
clockwise moments, due to the possible eccentrioftyhe dowel bars and the possible contact
between the top of the beam and the column. An phkamf calculation of the moment-rotation

relationship is presented in the next chapter.
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4. EXAMPLE OF CALCULATION
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Figure 3.3. Details of the connection and force-displacemeaplys
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In this example, the simplified DBA procedure ispbgd to a plane frame. The frame (Fig. 4.1)

represents a three-story building with three colsimnd six beams. The beams are jointed to the
columns via dowel connections. These connectioastaken into account in the model using two

different non-linear hinges for each joint, desicripthe force-displacement and moment-rotation

relationship. The columns are fixed at the growwtl and soil structure interaction is not conseder
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Figure4.1. Selected frame for DBA procedure application



4.1 Beam-Column connections properties

The connection considered is the same shown in3H4g.with the addition of post-tensioning in the
dowel bars up to 0.7Q,f The force-displacement relationship derived adiogr the aforementioned
formulation is presented in Fig. 4.2.
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Figure 4.2. Theoretical force-displacement diagram
The moment-rotation relationship is calculateddiockwise and counter clockwise bending moments.

The first step consists in the evaluation of theld/imoment N}, associated to yielding of the dowel,
and of the corresponding neutral axis position ‘X’

M, =6.25kNm; x=38.37 mm (4.1,4.2)

The deformation of the dowel bars associated tappdied post-tension is:

Eqpra =——2 =———— =0.0875% (4.3)
: E. 200000

The corresponding section rotation is evaluated as:

£
b.=p - = &M, _&pall, _0.001251750 0.000875 750, cor10°rad (4.4)
oo tyee g —-x d,-x  150-38.37 156 38.37

wheree; is the dowel yield deformationfEs). The second step consists in the calculatiorhef t
ultimate moment, the corresponding neutral axistaadlowel strain:

M, =11.08kNm; x=10.94mm; & =2.049 % (4.5, 4.6,4.7)
the associated rotation is:

&, — g, o = 2020470 ¢ 9oy 53 = 104,63 16rad (4.8)

P = d, - X 150~ 10.94

For counter clockwise moment, as previously memihrthe contact between the top of the beam and
the side of the column can be reached. The availabhtionp,, before the contact is:
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= = =39.2110%rad (4.9)
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The available rotation is evaluated in order toarathnd if, and at which stage, the contact ocdnrs.
this specific case the contact occurs between ihleiyg and the ultimate moment, therefore the
moment corresponding to the contact is obtainethteypolation as:

M M, M,-M,

contact  \Vly

= M =7.98kNm (4.10)
¢av - ¢y ¢Mu - ¢y

After contact is reached, there is an increaséfinass. The moment associated to shear failurg)F
of the dowel is:
M =F

v,tot

[0.9[{H +e) = 3508010.9{ 506 p= 15.9dNm (4.11)

contact,u

Once the dowel fails the beam can rotate untikilsffrom the support. The residual moment is
obtained considering the friction between concratel neoprene with the following expression
(Capozzi 2008):

o= T M _ TOLRLROL o0\ ipg (4.12)
A, 45000
4=0.1+ 0.055_ 44 8'2?5: 0.18: (4.13)
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M = u[& A [0.90{H +e) = 0.18210.671 2 201 0 560)5 2.58Im (4.14)

u, friction

3
@, w 016000102 rad (4.15)

In Fig. 4.3 the theoretical moment-rotation relasibip is presented for both clockwise (negative
rotation values) and counter clockwise (positiviation values) moments.
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Figure 4.3. Moment-Rotation diagram



The diagram in Fig. 4.3 shows the loss of postiengooint 1 and 4), the dowels yielding (point 2
and 5), the dowel failure in tension (point 3), tumtact between the top of the beam and the column
(point 6), the dowel failure in shear (point 7) ttoncrete-neoprene friction residual moment (p&jnt
and the fall of the beam from the support (point 9)

4.2 DBA Procedure

The pushover analysis of the frame is performearder to define the inelastic deflected shape ef th
structure as shown in Fig. 4.5 considering thréemint situations: frame with pinned-pinned jojnts
frame with fixed-fixed joints and frame with norgiar hinges to represent the actual nonlinear
behavior of the beam-column connections.

The values of the “pinned-pinned” and “nonlineargds” case are quite close: the force associated to

the former is about 14% less than the latter ardytblding and ultimate displacements are about the
same.
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Figure 4.5. Pushover curves of the frame considered in the pleam

The red line in Fig. 4.5 (nonlinear hinges — Pasaking) shows the branch of the curve after the
breaking of the first connection (blu circle), takas the limit state whose return period needseto b
evaluated. Therefore the main points of the pushoueve adopted in the DBA procedure are the
yield (yellow circle) and the target (blu circle)isplacements corresponding #y= 0.146 m
V,= 132 kN and\,= 0.369 m \(= 132 kN.

The displacement ductilityA(/A,) is 2.53 and the yield and target displacementthefsubstitute
structure are calculated as:

>m(a,)

== Vi -0.103m; A, =4, o4, =0.261m (4.16, 4.17)

A se
8 z rnAW

The effective stiffness, the effective mass ancdefiiective period are respectively:

V, kN A, My
Ky =—" =503 i my, :%:113000@; T, =27 /T = 297s(4.18, 4.19, 4.20)
u,se u,se eff



Regarding the equivalent viscous damping evaluatiomhis example the contribution of the beam-
column connection has not been considered dus teiligible value compared to the one associated
to plastic hinge at the column base. Thereforeeiipgivalent viscous damping due to the columns
contribution is:

1 1
= 005+a 1-— |1+ =1276% (4.21)
Eeq a[ 'uAb J( (Teﬁ + C)d ] 0

With a, b, c, d according to Takeda “thin” hysterehodel (Grant et al. 2004) equal to 0.183, 0.588,
0.848 and 3.607 respectively.

The considered building is supposed located in Lifeg(Italy) and the response spectrum (Italian
building code) is associated to the following pagters: peak ground acceleration 0.261 g, soil type
C, nominal building life 50 years, coefficient adeul, topography category T1, S = 1.337R2.364,

Tg Tc Tp equal to 0.172s, 0.516s and 2.643s respectively.

The peak ground acceleration (PGA) associated ¢otéinget displacement (failure of the first
connection) is:

A, BT &+
PGA=_—— L
SIF, 0,0, | 10

5
=0.327¢g (4.22)

According to Egn. 2.7, the return period is caltada

T
Iog[&J
Tra

log PG
T, =T, [& [PG”J =917 years (4.23)

[llog(PGA)~log(PGA )]

Finally a nonlinear incremental dynamic analysi®A) has been carried out with an atrtificial
spectrum-compatible accelerogram in order to chieelefficiency of the DBA procedure. The results
of the IDA show that the considered limit stateluf@ of the beam-column connection, is associated
to a PGA of 0.383 g. This value is consistent wviftt PGA obtained with the DBA procedure and
shows that the proposed procedure leads to conserestimations.

5. CONCLUSIONS

The paper proposes the application to a reinfoooedtrete precast frame of an assessment procedure
(DBA) based on the Direct Displacement Based Deg¢igfdBD). This method adopts a pushover
analysis to obtain the appropriate inelastic defleécshape, which allows the definition of the
parameters of the substitute structure accorditglyDBD procedure. The DBA method is applied to
a plane frame which represents a three-story précalsling. The beams are jointed to the columns
via dowel connections and their contribution to ¢fh@al response is taken into account by means of
lumped inelastic hinges describing the force-disgaent and moment-rotation relationships. The
equivalent viscous damping, used in the definitibthe elastic displacement spectrum, is evaluated
considering only the column to foundation connewidue to the negligible contribution provided by
the column-beam connections in the selected cadg.sthe yield curvature equation (Priestley 2003)
is reformulated and recalibrated to obtain a martable estimation.

The effectiveness and the accuracy of the resblizireed by means of the assessment method have
been preliminary validated by means of a nonlinaaremental dynamic analysis with a spectrum
compatible accelerogram. The comparison shows that proposed DBA procedure leads to
conservative results.
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