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ABSTRACT :

In moderate-seismicity southern European t@it is very common to use reinforced concreddfle
flat-plate structures for sustaining both vertigat lateral earthquake loads. In the casepafr§ many of the:
structures were designed during the seventiestiegghand nineties according to earlier seismic saalbict
required relatively small lateral strength and diot contain any provision for attaining ductilitifas
earthquakes have raised serious concerns abosafibiy of these structures in the case of a sesethquake.
In this paper, a numerical investigation is carmed to evaluate the seismic demands on old RClevplihte
systems located in southern Spain, in a moderaégtoseismicity region. A prototype building, desig
according to Spanish codes from the 1970°s to 5980d current construction practices, waslysed wit
SAP2000 by using a non-linear static method. Then& model was equipped with user defihetes base
on testing. The low gravity shear ratio and thesatgration of punching reinforcement (a usual Sg
practice even when it was not deemed necessary @@loulation)leads to a strong column/weak ¢
behaviour.

Keywords walffle flat-plate system; seismic resistancésting building, hinge modelling

1. INTRODUCTION

Waffle flat-slab systems have been widely usedesidential and office buildings in southern Eurog@egnin
moderate seismicity regions. Before the 1990 setlsgstens were designed mainly to deal with gravity lo
Their performance in the event of an earthquake agz®ssed by means toke simplified equivalent for
method, with no specific reinforcing detailing taagantee ductility. The behaviour of flat-slab Hirbs
exposed to lateral forces has been reported widagerving special attention is the possibilitycoflapst
when neither punching reinforcement nor bottomfoegement continuity exist, which is indeadpossibilit
in older flat-slab buildings (Luo et al. 1994, Raisen and Johnson 2006). A clear correlabetween gravit
shear ratio, interstorgrift and punching, based on experimental resednels been reported for intel
connections when no punching reinforcement is pleyi(Hweste and Wight 1999). If the gravity shear |
does not exceed 0.2, no limitation on drift exisisg when it doesot exceed 0.4, punching is produced {
1.5% of drift. When considering lateral loadingarflat-slab frame, the interior slab-colurnannections a
more likely to fail in punching than the exterimmmections (Durrani et al. 1995).

A recent survey of construction practices in south®pain from 1970 to the 19%0{Benavent et al. 20C
reported that the punching reinforcement was uguiaifoduced in waffle flat-plate buildings even evhnot
necessary. Taking into account the former usuaitipes and codes, a prototype building was desigmed
scaled models of interior and exterior slab-coluoumnections were tested. A strong coluweak sla
mechanism with no punching failure resulted frora thsts of both specimens. Despite favourabhults
highly pinched hysteretic load vs. displacementvdw energy dissipation ratios were obtain€alfis et a
2007). This paper describes further evaluationrefipusly obtained experimental data, aimedetermine th
strength vs. rotation curves on hinges of the @ttand interior connections in waffle flat-platgstems. khge
models are defined and calibrated from the experiateesults, and they are introduced into an &ffecslab-
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width model of one interior frame of the prototypeNoniinear static analysis is performed using SAP :
(CSI 2005), and the performance points at sendiesign and maximum earthquake are obtaibgdhe
Capacity Spectrum Method.

2. EXPERIMENTAL BEHAVIOR OF THE COLUMN-SLAB CONNECT IONS

Experimental tests on 3/5 scaled models of onegiimtand one exterior slab-colunmonnection (IC and E
respectably from now) were performed by cyclic fattdoading until failure was reached. Figureshows th
test set-up corresponding the exterior connection. Gravity loading waswdated by the combination of pl.
self-weight, sand bags, and an axial load appleth¢ columns by means of two post-iensd rods. Bot
specimens were provided with punching reinforcemasnthis was habitual from the seventies to theti@sin
southern Spanish constructions (Benavent et al)26@irther information about the specimealsaracteristic
set-up and prahinary test results are described elsewhere (Bartast al 2007, Cahis et al 2007). From t
experimental tests, moment-rotation models of héngdl be established, with emphasis on measuresnent
from the inclinometers (Fig. 1) and the strain gmudbcated at the longitudinal upper and bot
reinforcements (Fig. 2). The yielding point, ulti|mgooint (of maximum strength) and failure pointlvaie
fixed, and later analysed to determine the mometattion hinge model. The yielding displacement pdgn
defined by the secant stiffness &@uW3 (Pan and Moehle, 1989), and failureassumed to occur when
lateral capacity dropped below 0.8 @ark, 1986). Figure 3 shows the load-deformatarves forbotr
connections with these significant points.
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Figure 1: Loading and instrumentation set-up ofdkirior slab — column connection model
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Figure 2: Location of strain gauges: a) upper lardinal reinforcement, b) bottom longitudinal reirdement
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yielding: 26.4 mm; 58.3kN
ultimate: 59.8 mm; 73.8 kN
failure 130.0 mm; 58.7 kN
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Figure 3: Lateral force—displacement curve: a) gxte&onnection, b) interior connection
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Figure 4:Strain distribution of the upper reinforcemen&e in negative curvature (shared) compared witl
strain distribution in the previous maximum postisurvature

2000 a) YIELDING POINT 1826 20000
15035
1189 15000
1000 811
g % 76 u:.l-lOOOO 6848
R - 617
0 275 5000 1472 2320
L1 ! ' 827 39
G16 G17 GL9 OJ
-1000 -5000 G16 G17 G19

Strain Gauge Label

b) ULTIMATE POINT

Strain Gauge Label

c) FAILURE POINT
4463
3583

G17

G19

Strain Gauge Label

Figure 5: Strain distribution of the bottom reirdement of EC in positive curvature (shared) congbari¢h
the strain distribution in previous maximum negaturvature
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Figure 6: Measures of rotation of the inclinometarEC model in hinge positive curvature:
A Column rotation{ edge slab inclinometens,central slab inclinometers
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Figure 7: Measures of rotation of the inclinomeiarEC model in hinge negative curvature:
A Column rotation{ edge inclinometers; central slab inclinometers
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Figure 8: Strain distribution of longitudinal réancement at the failure point

The moment strength of the exterior connectionteobtained fronM; + 2T, whereM; is the moment of tt
effective slab-width and is the torsional strength of the spandrel béano et al. 1994, Durrani et al. 19¢
The yielding point, at 1.1 % of the interstory tffibr bottom bars and 1.6 %6r upper bars (in positive a
negative curvatures, respectively), produced fiistding in the longitudinal bars anchored directty the
column due to flexure (Figs. 4a and 5a). Maximumacéy load (ultimate point) accounts for nearlg93.of
the interstory drift, both in positive and negatisplacementswhen inclinometer 1 obtains the maxin
rotation from spandrel beam torsion (Figs. 6a, &b,and 7h At this point rotation decreases, becaus
degrading of the spandrel beam (Figs. 6¢ and 7#w. dostltimate behaviour is determined by the tor
cracking and the degradation of the anchoring ngitoidinal bars situated in the effective slmigith due t
spandrel beam cracking. At the failure point, th@is gauges of the bars directly anchored todblemr
measured high positive deformation, but also ingurtpositive straindn the previous (different) si
displacement because of a loss of adherence ainttfeorage (Fig. 4c and 5c¢). The strain gaugesddaat the
outer longitudinal bars registered almost 80% af #train measured at the ultimate poinheTinterio
connection reaches the maximum strength at 3.3thteoiihterstory driftThe failure point is determined by
loss of adherence of the bottom reinforcementndgated bythe strain gauge values of Figure 8b. At
point, the upper reinforcement still works, aseeféd in the strain gauge measuents (Fig. 8a) and the Ic
displacement curve (Fig. 3b).

3. HINGE MODELLING

The cross section of the effective beam for thergxt connection has been defined as trajed. For th
upper dimension the ACI 308-05 (ACI 2005) proposat3h, was assumed, which gives similar results as the
strut-and-tie mechanism. But in the case of theéobotreinforcement, the strut-atié- mechanism and ott
experimental results (Luo et al. 1994, Durraniletl@95, Dovich and Wight 2005) suggest thatalis more
realistic The strength of the exterior connection can derdened by the sum of the flexure capacity of
effective beam and the torsion strength of therdéteolumn spandrel beam#)+2T. For the interic
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connection, the ACI 318-05 proposeal ¢3h of effective beam width andf/y; as flexural moment, with=0.€
for square columns) can be assumed to predictitineate capacity (Benavent et al. 2008).
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Fig. 9: Hinge moment — rotation curve. a) EC slahHnn connection, b) IC slab-column connection(x)
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Fig. 10: Lateral load versus displacement of moagl&C, b) IC

The experimental appreciation of the failure of #pandrel beam by torsion in the EC, and the adhe
failure of bottom reinforcement in the IC, were dise construct the M-O hinge curve, seen in Figsa®d 9b
The ultimate and degrading rotations were obtafnat experimental relative rotation between inchreer:
4 and 5 (Fig. 1). The moment-curvature of the ¢iffecslab-width section was obtained usthg reinforce
concrete sectional analysis program Response 2Bedt and Collins 2000), and the curvaturasw
transformed into rotation through tlexperimental adjusted expressions of PanagiotakasFardis (2001
adapted to the experimental results of the walé $ested connections. The hinge monretetion of th
columns was defined as a multilinear function (Fg) with different signiftant points: a) cracking,
yielding, c) ultimate, d) failure, e) loss of laéicapacity. The failure point was defined as manuopping
below 0.8 of the ultimate moment. The Elwood andelle (2005) expression was used to defotel
deformation at point “E”. To obtain the rotation ldhge 8, at the yielding and ultimate point$ie expressic
by Panagiotakos et al. (2001) is adapted:

025¢d, f,

Sl(d—d')\/T;

where @ is the section curvaturég is the shear spaM({V), & is the shear deformation, and coefficiegt
equals 1 if slippage of longitudinal steel fromatschorage zone beyond the end section is posseitleif not;
¢ is the strain of tension reinforcement, andf, are respectively the diameter and the d/istrength of th
longitudinal steel reinforcemernt;d’ is the distance between tension and compressioforeement, and,’ is
the compressive strength of concrete. To obtairstiear deformation, at the yielding and the ultenaints
the models proposed by Sezen (2008) were usedltResth the expression 3.1 and Sezen models e t
compared to the experimental deformations of cokumith light transverse reinforcement (Sezen anek
2006) and sufficient correlation was obtained.

The tested specimens (Cahis et al. 2007) werezadaby a non-linear pushover with SAP 20Q@rhputer

H:¢|§+Hs+a (3.1)
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and Structures Inc. 2005). Hinges were introdu¢edeaend of the columns and the beams. A padswidth o
2¢+11/3 (Hwang and Moehle 2000) was considered, andeotisie reductions of 0.7 and 1/3 weagplied t
the gross section stiffness of supports and toceffe slab-width elements (Vanderbilt and Corle983).
Figures 10a and 10b reveal a good approximationdset the skeleton curves of the experimental sesdshe
numerical results.

4. NON-LINEAR STATIC ANALYSIS OF A PROTOTYPE OF BUI LDING

Figure 11 shows an interior frame of the prototypie building that has been numerically analized
Reinforcement of the connections corresponds teftleetive slab-width, and has been calculairdhe bas

of former Spanish code. The same considerationshef previous section about crackimmd effectiv
slab-width of structural elements have been usedhé&r information on the building prototype canfbendin
the literature (Benavent et al. 2007).
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Fig. 11: Interior equivalent frame: a) reinforcerealues (mr), b) effective slab-width

Table 4.1.: Main parameters of the performancetpoin

Performance VIW Max. drift | Max. I.D. | Effective period| Effective damping
Point (base shearratic (%) (%) (s) (%)
S.E. 0.107 0.81 0.98 1.78 6.4
D.E. 0.132 1.42 1.74 2.13 11.4
M.E. 0.136 2.01 2.32 2.52 15.5

The non-linear pushover of the interior frame, begpin mind user defined hinges and P-Delta effewtss
calculated with SAP 2000 v8; the performance pwias determined fothe Service, Design and Maxim
Earthquakes using the Capacity Spectrum Method (C3M inherent damping coefficierft of 5% anda
“Structural Behavior Type C” (the hysteretic logge highly pinched) were inferred (ATC-4@eparting fron
a PGA value of 0.23g (the basic acceleration of @itGranada, Spain) for the Design Earthquake, coeffte
of 0.5 and 1.5 were applied to determine the SEth@dE.The main data regarding perfante points ar
hinge distribution in the frame are shown in Tablé and Figure 12, respectivelijhe Service Earthqua
produced some hinges with moderate yielding, mamlghe exterior connections, owing positive momen
Maximum interstory drift was near 1%, meaning tamnage in structural and also non-structural elésvesx
to be expected. The Design Earthquake producedhiveyes, mainly situated at the end of beams andaue
positive moments, with low-to-moderate yielding.eTMaximum Earthquake, in turn, pushdée structur
close to collapse. Some of the existent slab himgéspositive curvature nearly collapsed, and rséab hinge:
on negative moments underwent significant yieldifge collapse of the structure, accordingptesshove
analysis, would be the result of failure of somdeg®gr connections with negative moment anterior
connections because positive moments and adhef@hoe of the bottom reinforcement.
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Figure 12: Distribution of hinges in the equivalénatme: a) SE, b) DE, ¢) ME

5. CONCLUSIONS

Experimentally based moment-rotation hinge modelsinterior and exterior waffle slatelumn connection
are herein defined for use in effective beam framalysis. The test specimens were provided withching
reinforcement, a usual practice in southern Spaiing the decades of the 1970°s, 80°s and 90 svédile
flat-plate frames. Torsion cracking in tlesterior column spandrel beams and adherence dadtibotton
reinforcement in the interior connections can besatered as thenain degrading factors. The effect
slab-width and strength models proposed by ACI Ga&resent good correlation with experimental tssiu
the interior connections. In the case of the eatezbnnection, meanwhile, a trapezoidal effectirass section
was considered;;+3h andc;+c, being the upper and bottom dimensions, respegtivebtrength model fc
exterior connections accounting for the flexurehaf effective slab-width as well as the torsionazaty of the
edge spandrel beams is calibrated based on expddihtata. The hinge modeatbtained and presented
appear to accurately reproduce the experimental-deformation curves derived from testus provin
useful for RC waffle flat-plate building assessmekxpushover curve taking into account hinge tioearities
and P-Delta effects has been obtained for a wéfiteplate equivalent frame; the performance pdinthe
Service, Design and Maximum Earthquakes using #ygaCity Spectrum Method have been calculatedn&
column-weak slab behaviour was appreciated untchimg collapse, slightly beyonthe Maximun
Earthquake performance point. Before collapse, Wwhoccurred at 2.3% of maximum displacemehg
interstory drift was almost uniformly distributdatdughout the height of the frame.
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