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SUMMARY:

The city of Lorca (Spain) was hit on May 11th 204yl two consecutive earthquakes with 4.6 and 5.2 Mw
respectively, causing casualties and important denia buildings. Lorca is located in the south-eagion of
Spain and settled on the trace of the Murcia-Tetasraa fault. Although the magnitudes of these gibu
motions were not severe, the damage observed wesideoable over a great amount of buildings. Mdwant
300 of them have been demolished and many otherksedng retrofitted. This paper reports a fielddgton the
damage caused by these earthquakes. The obsemedelas related with the structural typology. Rart
prototypes of the damaged buildings are idealizétl monlinear numerical models and their seismibawéor
and proneness to damage concentration is furtkesifigated through dynamic response analyses.
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1. INTRODUCTION

Lorca is a city settled along the Murcia-Totanadaofault. This is a very active seismic zone logate
in the south-east region of Spain, on the edgehefBuropean and African plates. Therefore, it is
included in the Mediterranean basin which is am avith moderate seismicity. Historically, numerous
earthquakes have occurred which have been medsased on the descriptions provided by people of
the damage caused in buildings. Last May' 2011, two new earthquakes hit the city of Lorcae T
second one (mainshock in this case), was the ssbrayer registered with accelerometers in Spain
reaching a peak ground acceleration (PGA) of 0(8613 the acceleration of gravity). This series of
earthquakes prompted a great amount of damageildirtys, injuries and also deaths. The PGA
established by the current Spanish seismic cod&sEN@2 (Ministerio Fomento 2003) for Lorca is
0.11g, that is, less than one third the measuredl. RGs worth emphasizing that particularly severe
damage was observed in historical constructionsitéige of Lorca) and moderns two-five stories
building.

Most of the buildings damaged by Lorca earthquakedustructural systems belonging to two
commonly used typologies in Spain: reinforced ceter(RC) frame structures with wide beams
supporting one-way joists, and RC waffle flat slaopported by RC columns. Both systems have
been widely used to withstand both gravity andrétseismic loads, although it is not recommended
in many international seismic codes, such as A@I(Bommittee 318-08 2008). In Spain, the former
seismis code PDS-74 (Ministerio de Obras Publi€&@Ldid not provide any provision nor limitation
on the use of wide beams or waffle flat slabs athgaake resistant structural system. Later, the
Spanish seismic code NCSE-94 (Ministerio de Obmasli€as 1995), banned the use of RC frames
with wide beams or waffle flat plates in seismieas with design acceleratiagp larger than 0.16g,
and limited their strength reduction factQi,.ge t0 2 in other cases (i.@.<0.16Q). Hereucyeis a
ductility coefficient defined by Eqn. 1.1:



Iucode:g:: (11)
WhereJd, is the ultimate displacement of the top floor lné structure and, the yield displacement.
The current Spanish seismic code NCSE-02 (Minstédmento 2003) has removed the limitation on
the use of RC frames with wide beams or waffle fflates in regions wita:=0.16g but adding new
requirements on the size and distribution of thafoecing bars on the wide beam. The limitation
Uecode=2 has been kept. The permissibility of the Sparmistie and economic reasons (i.e. they are
cheaper that other solutions) explain the wide afsthese structural systems in the city of Lorca,
although past research has emphasized their shurtge as earthquake resistant system (i.e. limited
energy dissipation capacity, large flexibility etc.

The objective of this paper is to discuss, fronidfipost-earthquake observations and the results of
numerical analyses, the seismic behaviour of R@dratructures with wide beams seriously affected
by the Lorca earthquake of May 2011. The distritoutf the damage among the stories and the extra-
supply of input energy in these structures areudised in relation with the provisions of current
Spanish seismic code and past research. The stadgdes on buildings built in the last two decades,
that were expected to behave reasonably well dimeg have been designed according to modern
codes. To this end, two 4-story prototypes haven lmsigned, following different codes in force in
the last two decades in Spain. Two chronologicaldews have been set. The first window is from
year 1994 to 2002, when the RC and seismic codfiesda were EH-91 (Ministerio de Obras Publicas
y Transportes 1991) and NCSE-94 (Ministerio de ®WpPablicas 1995) respectively. The second
window is from 2003 to 2008 and the RC and seiscddes in force at that time were EH-98
(Ministerio Fomento 1998) and NCSE-02 (Ministerionfiento 2003). The role of claddings and
masonry infill panels (commonly built with soliditks) in shafts lift-stairs have being taken into
account. Also, the presence of wide openings iadas (shop windows) and clear zones of the ground
floor have been considered. Prototypes with antiawit infill panels have been modelled to run non-
linear dynamic time history analysis. In these wsed, the two main events of the series of
earthquakes occurred in Lorca in May, 11 2011 Hmeen consecutively merged and considered as a
single ground motion. The results of the numeraalyses have been compared with the damage
observed in the buildings most severely damaged [aer demolished) in a field post-earthquake
investigation.

2. MURCIA-TOTANA-LORCA FAULT AND EARTHQUAKES OF MAY 20 11

The series of earthquakes occurred in Lorce in Mhy2011 are attributed to the Murcia-Totana-
Lorca fault (IGME 2011;Vissers & Meijninger 20118 major 80 km long fault that runs close to the
city centre, which was previously recognized asdeictive and having oblique reverse kinematics in
this sector. From a seismological point of viewe 2011 earthquake was not an outstanding event in
its regional context. In Murcia, three recent egutikes with Mw=4.8, Mw=5.0 and Mw=4.8 occurred
in 1999, 2002 and 2005, respectively (Mancillale@02).The 2011 Lorca earthquake, however, was
very shallow and affected a highly populated urlisea of nearly 92.000 inhabitants.

The series of two earthquakes with Mw=4.6 and M@z=%espectively, had hypocenters less than
km depth at the edge NW of the city of Lorca. Ttaien located on rock at a distance of 4 km from
the epicentres registered peask ground accelesatbiPGA=0.27g and PGA=0.36g, respectively.
Both shocks reached VI and VIl intensities (EMS3spectively, in Lorca, although some soll
movement parameters such as Arias and Spectraisityte suggest a maximum intensity of VIII.
Moreover, directivity effects and soft soil influmnshow different levels of intensity accordinghe
damage distribution throughout the city.

It is worth emphasizing that meaningful durationtieé mainshock (time between 5% and 95% of
Arias Intensity) was 0.935 seconds. This is aneexély small value which indicates that the energy
input to the structures was supplied in a verytsheriod of time, typical of the near fault sour¢ais
feature explains, at least partially, the severaatge observed in many structures.



3. DESCRIPTION OF THE DAMAGES IN BUILDINGS OF LORCA

Despite of low magnitude of the mainshock, damageaviildings has been widespread: nearly 80% of
the buildings of Lorca have been affected with etéht levels of damage. According to the data
provided by the Lorca council, 6416 of the 7852dings of the city were checked, and the observed
damage measured with the EMS-98 scale was distdbas follows: 4035 (level 2), 1328 (level 3),
689 (level 4) and 329 (level 5) which collapsedvere demolished after the earthquake.

Two-story buildings were the mostly affected (53éldings, i.e. 68%), as well as old buildings
belonging to architectural heritage. Moreover, 2228%) buildings having from 3 to 5 stories were
affected with different degrees of damage. Theaotdamaged buildings (264, i.e. 4%) had more than
5 stories and experienced minor damage.
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Figure 3.1.Number of damaged buildings with level greater thar{a) 1994-2002; (b) 2003-2008

In the two periods of interest in this paper, 12802 and 2003-2008, the number of damage
buildings was 755 and 373, respectively. FigufesBows the number of buildings with damage level
greater than 3 in these two periods of time. It barobserved that there is an important number of
buildings with severe structural and non-structdi@hages that have been designed following recent
seismic codes. Two prototype RC frame structureh wiasonry infill walls with 4 stories were
selected to analyse through non-linear dynamicomsp analyses the damage on both the main
structure and the masonry infill walls. It is woamphasizing that a large number of buildings Bith

5 stories and wide openings in the ground floorensaverely damaged exhibit a “soft-story” pattern,
as shown later in Figure 7.2.

4. FRAME DIRECTION AND INPUT ENERGY SPECTRA

For seismic assessment purposes, the two protobygvesbeen oriented in the direction corresponding
to the highest spectral values of the input enefgys orientation is considered the worst scenfnio

the building from the point of view of energy dgaiion demand. To determine the aforementioned
direction, both NS and EW horizontal componentthefaccelerogram have been projected over a set
of directions obtaining the accelerogram correspantb each one. Finally, their energy input sgectr
for =0.05, wheréef is the fraction of critical damping, have been gkdted and expressed in form of
equivalent velocityg defined by:

V.= 28 (4.1)

WhereE is the input energy and the total mass of the building. The energy ingeicsra obtained in
this way for different directions are shown in Figu.1. The highest spectral values were obtained
along the N23°W direction and have been plot séglgran Figure 4.1.b, for the first (I) and second
(1) shocks. The energy spectra of Figure 4.1.benesed in this paper to determine the input energy
introduced in the prototypes investigated. In Fegdrl.b a bilinear curve identified by MS is pldtte
which represents the design energy input spectiaoged by Benavent-Climent et. al for Spain in past



studies (Benavent-Climent et. al, 2002).
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Figure 4.1.Input Energy spectra for different directions (Il sho¢k); and spectra with highest values (b).

5.PROTOTYPES AND NUMERICAL MODELS

5.1. Design of prototypes

The two prototypes considered in this paper andriredl to as P1 and P2 hereafter, are four-story
structures designed according to Spanish Standetbisthe software Tricalc (Artec S.A. 2010). As
indicated in section 2, each of them was calcul&ilbdwing the codes in force in each period ofdim
that is, for the period 1994-2002 the EH-91 and H®8& codes were considered; and for the period
2003-2008 the EH-98 and NCSE-02 codes were usgdrd-b.1 shows three of the five frames that
constitute the prototypes. The other two framesdeetical to those shown in Figure 5.1.a and Fagur
5.1.b (i.e. the structure is symmetric). Also shamwthe figure is the configuration of the infillas.
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Figure 5.1.Different frames of the prototypes. (a) exteridw), iterior and (c) central frames

The main difference between the prototypes P1 @id Ehe yield strength of the concrete. In thstfir
prototype (P1) a nominal strength of 17.5MPa waslwshereas in the second one (P2), the minimum
value of 25MPa allowed by EH-98 code was used.olhh fprototypes the yield strength of the steel
used as reinforcement was 400MPa, as was the mwshan practice at that time. The same gravity
loads were considered in both prototypes: (a)welgh of the floor plus dead loads: 4.28/m?; (b)
self-weigh of the roof plus dead load: 3 kN/and (c) live loads 3.2 kNfmFew differences can be
found in sections. Column’s size ranged from 25&2b up to 40x40cm. Beam’s size ranged from
bxh=40x30 cm to 70x30cm, wheteis the width of the wide beam aidis the depth. As for the
seismic loads, a modal spectral analysis was choug¢ and a ductility factQi..qe =2 was adopted in



both prototypes. Similar PGA (0,11g) and soil céinds (type I, medium-stiff to stiff soil) were ed
for designing both prototypes.

5.2.Numerical models. Frames and infill panels

Non-linear numerical models were defined using &astements with lumped plastic hinges at the
ends of the columns and beams, following the gegnaetd reinforcement obtained in design (section
5.1). The program IDARC version 6.1 was used fothbpushover and non-linear time history
analysis. Plastic hinges were modelled using noeali spring elements. In the case of beams, the
moment-curvature envelope curve was idealized \ithilinear model and calibrated with the
experimental results of past research (BenavemteZlt 2007;Benavent-Climent, Cahis, & Zahran R.
2009).For columns, the moment-curvature envelope curve idealized using a trilinear model that
took into account the moment-axial force interactio the column. To characterize the hysteretic
behavior of the masonry infill panels the Bouc-Weadified model was adopted. The lateral yield
strength and the initial lateral stiffness of thélli walls were taken from the previous laboratdegt
(Pujol et al. 2008). The results of these were wdsd to calibrate the Bouc-Wen modified model so
that it captures relevant aspects of the cyclicabihm such as the degradation of lateral strength a
stiffness and the pinching effect. Since a mairectje of this work was to study the influence loé t
infill panels on the seismic behavior of the RCnfes, two analyses were conducted for each
prototype. In the first analysis, referred to asWPithe frame included infill walls. In the second
analysis, referred to as Pi infill panels were inoctuded (bare frame). Here the indexdicates the
period of time to which the structure belongs.He Pi-W cases, claddings were continuous among the
stories except in the ground story where infill lwalere absent (open ground story as shown in
Figure 5.1). In all cases (Pi-W and Pi analyshse)ibfill panels that form the shatft lift-stairs rge
included in all stories (including ground floor).

5.3. Static response of each story throughout push-ovenalysis

Push-over analyses with displacement control wenelacted using an inverse triangular distribution
on each prototype building, with and without infithnels, in order to obtain the monotonic shearefor
versus inter-story curve of each story. In the Pm&dels, the infill panels work in parallel witheth
main RC frame, and it is possible to evaluate sgphrthe contribution of each part (the bare frame
and the infill walls) to the total lateral shearde of the story. The subscrips and rc denote
hereafter the contribution of the infill panels amate RC frames, respectively. From the monotonic
curves, the yield lateral streng®y,;, the yield displacemer;, and the ultimate displacemeht are
evaluated. To this end, a bilinear equivalent empelwas calculated by applying the Newmark &
Hall's approach (Newmark & Hall 1982). For the bdR& framed, was determined as the
displacement beyond which the lateral shear foreerahses below 20% of the maximum value
attained in the pushover curve. As for the infdingls, thej, corresponding to a ductility factor of 3
(defined by Eqn. 5.1) was adopted (DolseK & Fag@08). The corresponding values obtained are
summarized in Table 5.1 and Table 5.2.
3,-9,

— “ui

Himax =— 5
d,

The ductility factoruimax Was calculated from the envelope cu@gd,; of each story for the bare RC

frame and is shown in Table 5.1 and Table 5.2. Goimg the definitions given by Egn. 1.1 and Eqgn.

5.1 it is obvious thatc.getimaxt1. AS can be seen in Table 5.1 and Table 5.QnmesstorieSgimaxt1

is slightly below the value (2) prescribed by thpafish codes and adopted in section 5.1 for

designing the prototypes.

(5.1)

Table 5.1.Static response of prototypes P1 and P1-W (pushanedyses)

Prototype P1 (RC bare frames) Prototype P1-W @rarith infill walls)
Story rcéyi rcOui rclimax | rdlimaxt chyi wéyi wOui whimax V\Qyi
(mm) (mm) (kN) (mm) (mm) (kN)
1 24.91 39.89 0.60 1.60 1074 5.59 23.02 3 396
2 17.82 37.52 1.11 2.11 996 5.59 23.01 B 275
3 17.72 36.71 1.07 2.07 778 5.72 23.05 B 273
4 19.97 35.81 0.79 1.79 644 5.73 23.07 B 272




Table 5.2.Static response of prototypes P2 and P2-W (pushanedyses)

Prototype P2 (RC bare frames) Prototype P2-W @rarith infill walls)
Story rcéyi rcOui relimax | rdimaxt 1 chyi wéyi wOui wiimax V\Qyi
(mm) (mm) (kN) (mm) (mm) (kN)
1 17.61 33.08 0.88 1.88 886 5.84 22.98 B 380
2 21.96 36.18 0.65 1.65 819 5.72 23.01 B 2663
3 18.65 30.57 0.64 1.64 768 5.72 23.02 B 2663
4 13.19 26.32 1.00 2.00 497 5.71 23.01 B 2663

6. NON-LINEAR TIME HISTORY ANALYSIS

Non-linear time history analyses were carried outhvithe numerical models representing the
prototype structures, with and without infill walls is worth emphasizing that in the design of R@
bare frames explained in sub-section 5.1 infill glanwere not included as structural elements.
However, the contribution of the infill walls todHateral strength, stiffness and in general to the
hysteretic behavior of the buildings has been ohetliin the non-linear dynamic response analyses.
All prototypes (Pi-W and Pi) were subjected to taexelerograms. The first one corresponds to the
first shock occurred in Lorca in May 11, 2011. Heeond accelerogram was built by merging the two
consecutive strongest ground motions recoded ircdan May 11, 2011. The first accelerogram
served to study the damage and the change oniffimess of the structures before being subjected to
the strongest ground motion that occurred abounhihbites later.

7.RESULTS

7.1.Influence of the infill panels on the stiffness athe RC frames

The main elastic period of the prototypes P1 and P1-W was 1.43 and OJ/&3gpectively. Infill
panels reduced the period of the bare RC frametates by 49%. On prototypes P2 and P2-W, the
results were similar, with main periods equal t48land 0.70s. Table 7.1 summarizes the elastic
period and lateral stiffness of each story.

Table 7.1.Stiffness and elastic fundamental periods of pypies

P1 P1-W P2 P2-W

T=142s T=0.73s T=1.48s T=0.70 s

Story k (kN/cm) k (kN/cm) k (kN/cm) k (kN/cm)
1 431 956 504 1012
2 559 5493 373 5093
3 439 5486 412 5200
4 322 5245 377 5297

7.2.Damage level after the first earthquake

The energy input spectrum of the first earthquakiwer than that of the second one, although the
shapes are similar as shown in Figure 4.1.b. Thidiés that the energy input in all prototypes,hwit

and without infill panels, are lower for the fitkian for the second shock. The results of the iraat

dynamic response analyses show minor damage hédirst earthquake: cracking on the structural
members at the ground floor level, inter-storytdriielow the yield limit, and no damage on thellinfi

panels.

7.3.Damage after the second earthquake

The second earthquake was responsible for the damgmerienced by the structures. Input energy in
all prototypes was extremely higher in after theosel earthquake in comparison to the values after
the first ground motion. Thus, hereafter only tlaadobtained from the prototypes subjected to the
second earthquake will be discussed.

7.4.Energy dissipation
Dissipated energy on each stoBy, was calculated for all prototyp€es, was obtained by integrating



the story shear forc€), versus inter-story displacemer-d;, of each story. Furtherz, was
normalized by the product €} andg; at yielding,Q,; anddy;, by means of a cumulative plastic strain
ration; defined by:
Eh
Qyilayi

The ration; is a good indicator of the damage cumulated onstbey i through the plastic strain
reversals. A preferable seismic design should imediat attaining a uniform distribution gfamong
the stories. When the value gfis the same in all stories, the plastic strainrgyés considered to
have been dissipated in an optimal way (AkiyamalB85) and damage concentration has not
occurred. Another relevant parametecan be obtained from the hysteretic cu@Qye,; of each story.
u represents in a non-dimensional form the maximurpaegmt (i.e. non-cumulative) plastic
deformation of the story and it is defined as fato
=979 7.2
b= (7.2)

yi

n = (7.1)

Hered; is the maximum inter-story displacement (in pesitbr negative domain) of tleh story. The
nilw; ratio is an important response parameter of thuetsire because it measures the efficiency of the
systems in dissipating energy through plastic de&tions. The larger the ratip/y; is the better,
because it means that the structure can dissipate lamounts of energy with small lateral
displacements. Typically;/u; is larger for far-fault earthquakes than for nieault ones (Manfredi,
Polese, & Cosenza 2003). Fig. 7.1.a shows thdlision of; for the prototypes P1 and P2 (without
infill panels) and it can be seen thats nearly constant. Table 7.2 summarizes the gabfig, »; and
the ratio #/u;. Prototype P1 developed a strong column-weak bégilare mechanism, while
prototype P2 showed a collapse mechanism of th& welmmns-strong beam type. Moreover, Fig.
7.1.b. shows that both prototypes P1 and P2 exhibgarly even distribution @f, which is a direct
consequence of the even distributionyof
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Fig. 7.1.Distribution of: (a)y; in bare frames (P1, P2), in the frames of RC frawiésinfill panels (P1-
W:RC and P2-W:RC), and in the infill walls of R@ines with infills (P1-W:W and P2-W:W); (b) inteiesy
drifts

Table 7.2.Dynamic response of prototypes without infill pan@ynamic response analyses)

Prototype P1 Prototype P2
Story i i il K i il
1 0.35 0.93 2.68 0.65 2.01 3.10
2 0.37 0.68 1.84 0.15 0.62 4.22
3 0.51 0.89 1.75 0.61 0.90 1.48
4 0.01 0.60 - 0.32 0.75 2.31




The dynamic response changes drastically when p#iels are included. In prototype P1-W and P2-
W, the damage concentrated in ground floor anddtpse triggered off the collapse of the overall
structure. They; distribution is shown Fig. 7.1.a and it is cleaslen the damage concentration of
damage on the ground story. Infill panels that esedl the shaft of the elevator and stairs of the
ground floor collapsed and the plastic hinges &l lemds of the columns of the ground level reached
their ultimate capacity. A weak column-strong beanfiapse mechanism developed at the ground
level that jeopardized the stability of the ovetalilding. Fig. 7.1.b shows the distributiondafwhere

it can be seen that all plastic deformations comagmon the ground floor while the upper parthe t
structure remains elastic with lateral inter-stdrifts below 0.1%. This type of failure is commonly
known as “soft story” failure, and it was obserwednany buildings with open ground story and weak
claddings after the Lorca earthquake as showngnorEi7.2.This figure shows different views of the
ground floor of a 4-story building built at the lging of the current century.

Table 7.3.Dynamic response of prototypes with infill panelgr{amic response analyses)

Prototype P1-W Prototype P2-W
RC w RC w
Story| v | oot | cothet | owt | owr [l | ot | e | et | o | w | il
1 0.60 | 1.32 2.20 312 658 211 088 2.08 2.60 2193.14 | 2.43
2 0.00 | 0.00 - 0.00] 0.0Q - 0.00 0.00 0.00 0.p0 -
3 0.00 | 0.00 - 0.00] 0.0Q - 0.00 0.00 - 0.00 0.p0 -
4 0.00 | 0.00 - 0.00] 0.0Q - 0.00 0.00 - 0.00 0.p0 -

0

Figure 7.2.Damage concentration on ground floor of a 4-starijding after Lorca earthquake 2011).

Another relevant aspect of the dynamic responsbeoprototypes P1-W and P2-W is the distribution
of the plastic strain energy (hysteretic energygach story between RC frame and the infill panels.
Table 7.4 shows the plastic strain energy dissibate each story by the infill wallg,, by the RC
frames,Erc, and the total hysteretic enerfy= ErctEw. In the ground story, which triggered off the
collapse of the whole building, the plastic straimergy is dissipated mainly by RC structure. This i
due mainly to the small amount of infill panelsqgad in this story (only those enclosing the shéft o
the elevator and stairs). In the rest of the ssattie amount of infill panels is larger and thusytiare
able to dissipate more energy. As the interstoify idr upper stories was very low, only infill paee
could dissipate energy't2and 3 story).

Table 7.4.Distribution of plastic straienergy in each story between infill panels and RGcture

P1-wW pP2-w

Story Ew Ew/En Erc ErdEn Erot Ew EWEn Erc ErdEn En
kNmm (%) KNmm % KNmm | kKNmm % KNmm % KNmm

1 14579 29 35314 71 49893 158517 31 356[16 69 51473
2 508 45 619 55 1127 1143 62 713 38 1856
3 40 100 0 0 40 21 100 0 0 21

4 8 100 0 0 8 5 100 0 0 5

TOTAL| 15135 30 35933 70 51068 1702p 32 36329 68 53355




7.5 Input Energy on prototypes

The energy that contributes to damage on a steidyy is the sum of the elastic vibration energy and
the hysteretic energlf, summarized in Table 7.£p can be expressed in terms of an equivalent
velocity Vp defined with Eqn. 4.1 by replacifgwith Ep. At the end of the ground motion the elastic
vibration energy is very small in comparisonHpand it can be neglected for the sake of simplicity
The plastic energy obtained from the dynamic noedr analysis will be referred to ¥gc. The
spectral values fovp, referred to a¥psp hereafter, can be obtained from Wespectrum of the main
shock (N23°WIl) shown in Figure 4.1.b, by applyitig following Eqgn. 7.3 proposed by Akiyama
(Akiyama H. 1985) wheré s the fraction of damping.

(Vo/Ve)=1/(1+F+1.2%°) (7.3)

Table 7.5 shows thafpc is very close td/psp in all prototypes. It has been included in Fig.the
bilinear design energy input spectrum proposedSpain by Benavent-Climent et al. (Benavent-
Climent, Pujades, & LOpez-Almansa 2002). From thpectrum the energy input in terms of
equivalent velocity/g was obtained and it is referred to\asisin Table 7.5. FronVg, the energy that
contributes to damage in terms of the equivalehicity Vp was calculated with Eqn. 7.3 and it is
referred in Table 7.5 a%ys It can be seen in Table 7.5 that the value8mk are higher thawpc
andVpsp for the range of periods of the prototypes analyt¢éowever, in the range of periods 0.25-
0.69 s the opposite situation arises because tnwtimalow of periods the energy input spectrum of
Lorca earthquake is higher than the design spegbroposed by Benavent-Climent et at.

Table 7.5.Input energy by the ground motion on the prototypes

Prototype T, (sec) \oc (cm/s) \bsp(cm/s) Vus(cm/s) \bus(cm/s)
P1 1.43 32 38 59 41
P1-wW 0.73 30 29 59 41
P2 1.48 33 39 59 41
P2-wW 0.70 31 29 59 41

8. CONCLUSIONS

A numerical study on the seismic behavior of R@nieastructures with wide beams, with and without
masonry infill walls, was conducted to clarify tiamage exhibited by this type of structural systems
during the recent earthquake occurred in Lorcai(§paMay 11", 2011. A large number of buildings
of this type suffered severe damage (level 4-5h@ EMS scale) or even collapsed after this
earthquake. To this end, several prototypes reptiege4-story RC frame structures were designed
according to Spanish codes in force in two differegriods of time in Spain: 1994-2000 and 2000-
2008. The objective was to identify differencestba seismic response of the structures designed in
these two periods of time, and to investigate gtaiviely the influence of the uneven distributioh
infill walls along the height of the building; mopeecisely, the effect open zones (lack of infidlis)

at the ground level on damage concentration. Nuwgali time history analyses conducted with
numerical models which restoring force charactiedsand hysteretic laws were calibrated with past
experimental research.

The prototypes without infill panels, P1 and PZpwéd an even distribution of damage among the
stories in terms of a cumulative plastic strainrgpeatio 7. However, the prototype P1 designed with
the Spanish codes in force from 1994 to 2000 etddbia strong column-weak beam collapse
mechanism, while the prototype P2 designed withSpanish codes in force in the period 2001-2008
developed a weak column-strong beam behaviour astightly higher damage concentration in
ground floor than prototype P1. However, neithebath prototypes collapsed.

Infill panels were included in the prototype stures P1 and P2, and two new prototype buildings
referred to as P1-W and P2-W were developed. Theetxterior frames of prototypes P1-W and P2-
W were provided with masonry infill wall in all stes except in the ground floor. Masonry infill lva
enclosing the shaft of the elevator and stairs wersidered in all stories of prototypes P1-W afd P
W (including the ground floor). The results of Horear dynamic response analyses showed a clear



damage concentration in ground floor the triggenéfdthe collapse of the whole building. In both
cases, the lateral stiffness of the ground floos markedly smaller than in the rest of storiesmBge

at the ground floor was intensified by the increafénput energy associated with the shift of the
fundamental period of the structure caused by titian of infill walls. Therefore, the presence of
infill panels with a non-uniform distribution ovéne height of the building makes the building very
prone to damage concentration, and jeopardizesvbiall seismic resistance of the building unless
the story where the plastic strain energy is exqgetd concentrate is specially prepared to dissipat
the energy dissipation demand imposed by the azaitey One effective solution for improving the
energy dissipation capacity of a given story anelppring it for damage concentration consist on
installing hysteretic dampers (positive use of dgenaoncentration effects). Hysteretic dampers can
be used in both new construction or for seismiofiting of existing buildings.
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