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SUMMARY

This article succinctly describes some statistiealilts on the geometry and the earthquake behafvioedium to
high rise Chilean “fish-bone” type shear-wall biilgs damaged during the February 27, Great Mautbaqske
(Mw=8.8). The objective of the research summarizextin was to consolidate in one complete datahlhsé the
information on damaged buildings so as to assessdbmmon characteristics from the point of viefaseismic
design. This paper makes the case that most afaimage took place in newer high rise buildingssedun part
by the use of ever slenderer walls in progressitalgr buildings, and more importantly, was moskig result of
brittle failure in the walls at lower elevationsedto high compressive loads in tall buildings, gayse with more
than ten stories. These findings strongly sugdest mew shear wall design aspects should be incagmb in
Chilean seismic codes.
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1. INTRODUCTION

The February 272010 Maule earthquake was one of the strongest reeasured (Mw=8.8, EERI
2010). Its effects were felt over 500 km of thetcarChile coast, affecting more than 12 millioropke,
which is about 70% of the country’s population. Haethquake also triggered a tsunami that devastate
several coastal towns in south-central Chile. Bb#h motion and the tsunami resulted in about 560
deaths, more than 800,000 injuri@dinisterio de Vivienda y Urbanismo 2010), and sesiclamage to
residential buildings, hospitals, schools, indestrlifelines, and other infrastructure.

A large majority of reinforced concrete (RC) builgs performed well during the earthquake, but
extensive localized damage occurred in some oétbiEactures. Close to 2% of the estimated 2,300 RC
buildings taller than 9 stories suffered substhai@nage during the earthquake. Some examplesof th
typical “unzipping” (bending-compression) failureéserved in the shear walls at lower elevations are
shown in Fig. 1. Considering that other buildingghvgimilar structural concepts performed rathel we
during this earthquake, it behooves to elucidateesof the reasons underlying one type of behavier o
the other.

Figure 1. Examples of typical failure in walls



Additionally, the typical Chilean building behavedry well during the large, previous 1985 Chile
earthquake, and one of the main reasons for tiiavi® may have been their conservative design, as
reflected in the large amount of total shear-walfloor area of, say, 5-6%tlidalgo et al 2002, Wood
1991). Considering that construction practices d@esign precepts have evolved significantly in Chile
since 1985, one of the goals of the research testherein was to discern how the design practae m
have changed and thus influenced the seismic peafuze of tall buildings.

This article presents results of a large initiatilvat collected, classified and analyzed all thielalsle
information provided by the ‘natural experimentvibich the RC shear-wall buildings were subjected t
during the 2010 Chile earthquake. As the damagespeesad throughout different cities of the country
and as the structural information was not alwayaslable to the public, one of the main goals o§ thi
research was to consolidate all the informatiodashaged buildings into one database and presard it
standard format. The focus was on Chilean “fishdidype buildings taller than 9 stories and lodate

the densest cities affected by the earthquakeiaggantvifia del Mar and Concepcion. From a totad of
RC buildings that suffered moderate to severe dardagng the earthquake, complete information was
obtained for 34 cases. Structural drawings as agefioil mechanics and damage inspection reports wer
collected for each case, generating the most caenglatabase of damaged buildings available at
present. Three damage levels where defined baseitheo habitability conditions of the buildings
immediately after the earthquake: damage leveldams a building with restricted use; damage ldvel |
stands for a building declared non-habitable; aardabe level Il is assigned to a collapsed building
one that has collapse risk. The damage level fsircture was defined in most cases after a visual
inspection of the building performed by differertitns throughout the country. Although limited in
scope, nonetheless some definite trends in thesdgtgest that most of the damage occurred in new an
tall buildings, and the issue is why. To answes thiestion, the information was classified andctnal
characteristics were calculated and analyzed. Tai@ tuilding properties that relate to the observed
damage are presented in the next sections.

2. REINFORCED CONCRETE SHEAR WALL BUILDINGS IN CHIL E

The most common residential Chilean building ist tbathe “fish-bone” type. These rely almost
exclusively on a system of RC shear walls to wathdtgravity and lateral loads. They are charaeeériz
by a typical plan with a central longitudinal cdot with shear walls and transverse walls that re¢pa
building apartments and interior rooms. Transvevs#is run from the corridor toward the building
exterior creating a topology like a “fish bone” gFi2). Usually, a couple of basement stories are
included, and no lintels are used to link the wdllsey typically range between 5 to 25 storieseight
and on average they have 13 floors, but buildings &5 floors are now more common, especially since
1996 (Calderon 2007, Gomez 2001, Guzman 1998).

Figure 2. Typical floor plan and core elevation of a “fisbr®” Chilean residential building in Santiago



Furthermore, the ratio of wall area to floor plaraai.e. the wall density is relatively large conguh
with buildings of similar height in seismic region$ the U.S. Wall densities in Chile range most
commonly between 1.5% to 3.5% in each directioith wimean value of 2.8%, a characteristic that has
remained almost constant in time (Calderén 200&x52001). Walls are rather uniformly distributed
in the two principal directions and the large antoof wall area results in very stiff buildings
(Guendelman et al1997, Moroni 2011).

3. CHARACTERISTICS OF DAMAGED BUILDINGS

Focusing on the inventory of damaged buildings, &spects arise immediately: i) damaged buildings
are mainly new structures; and ii) average wallsities of damaged buildings are similar to those of
standard Chilean buildings.

On the one hand, analysis of data indicates that mfodamaged buildings are mainly new structures.
Fig. 3a) shows that although most damaged buildiDgsnage Level Ill) are well distributed by year of
construction, most of the inventory was construetiéer the year 2000. In fact, 81% of the inventoiry
damaged buildings (considering all damage levets) eonstructed from year 2000 compared to 68% in
the case of the inventory of total buildifgBig. 3b)). This leads us to conclude that ahefdate when

the earthquake struck, there was a huge numberedfum to high-rise structures constructed before
year 2000 which did not suffer as much damageeséiver ones. Thus, the earthquake affected mainly
relatively new structures.
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Figure 3. Distribution by year of construction. a) Distrilmrt of damaged buildings by damage level. b)
Comparison of total buildings versus damaged ngjsli

On the other hand, analysis of data indicatesttieaaverage wall density has not changed oveirtiee t
Moreover, it has also remained fairly constanttfar buildings constructed in the past decade and is
similar to those observed during 1985 earthquakehé case of damaged buildings, wall densities in
both directions have mean values which are vergecl@.76 and 2.87% for the longitudinal and
transverse directions respectively (Fig. Bhese values are similar to those provided in pesirts by
other authors who have studied Chilean RC shedrbuétlings (Calderén 2007, Gémez 2001, Wood
1991).

! Estimated using available statistics from INE
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Figure 4. Wall density distribution in damaged buildingsLangitudinal direction. b) Transverse direction.

As most of damaged buildings were built mainly affear 2000 and thus were not struck by the
previous 1985 earthquake, it behooves to find thmsiructural characteristics that have changdiden
intervening years. Analysis of damaged buildingsiolase suggests that what has actually changgd is:
buildings tend to be taller on average; ii) waltkimesses have decreased; iii) buildings are menreler;
and iv) buildings tend to have large vertical itfegities, and especially so at the ground level.aA
result, the initial state of stress of walls caubgdyravity forces is higher now than it has beethie
past.

Indeed, construction practice in Chile has evolaed current RC buildings tend to be taller. In féog
percentage of dwelling units in buildings of 9 &sror more over the total number of dwelling uhis
increased from 7% in 2001 to 20% in 2009 (INE 2@009), according to available national data.
However, looking at the distribution by number airies of the inventory of damaged buildings (Fig.
5a), most buildings had between 10 and 14 floard, with one exception, none was taller than 24
stories. Fig. 5b) compares the distribution by neirmdd stories of total inventory of buildings vessihe
inventory of damaged buildings constructed in teiegal 2002-2009 since in that period available data
found. As can be observed, there is a larger ptiopoof buildings in the damaged inventory in the
range 10-14 floors and 20-24 floors than ther@igdnges 15-19 or > 24 floors when compared to the
total inventory of buildings. Particularly interest to observe is the low percentage of damaged
buildings of more than 24 floors, which begs thesgion as to why. Most probably, because of their
status as iconic structures as well as their expesch buildings may have received a more careful,
conservative design, may have relied on moderrcds\ior motion control and energy dissipation, and
may have employed better materials. For examptenilim Tower was the highest building in Chile at
the time of the earthquake (52 over ground flodws pnother 7 underground floors), and its disgipat
devices were responsible in part of the outstanoi@gavior.
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Figure 5. Distribution by number of stories. a) Distributiop damage level. b) Comparison of total buildings
versus damaged buildings in the period 2002-2009

Second, wall thickness has decreased and the avealge in the inventory of damaged buildings is 19
cm, with the distribution shown in Fig. 6. It isostmn that 25% of the inventory has wall thicknesgdp
than 17 cm and 80% of the building inventory hdseslower than 21 cm. This thickness-dimension is
very low when compared with the thickness of 38@a@m observed in buildings in Vifia del Mar whose
date of construction preceded the 1985 earthquakéduildings that date back to a time when Chilean
codes required at least 20 cm thick walls (Woodl).99
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Figure 6. Wall thickness distribution in damaged buildings

Third, the average slenderness ratio calculatedhestotal height of the building versus average
maximum transverse dimension of the plHiK,) is 2.2 and the value of more damaged buildingdge
to be higher than the ratio for less damaged dfigs 7).
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Figure 7. Slenderness ratio in damaged buildings

As a result of the combination of these three factine initial state of stress of walls in thetffifloor is
on average 0.10, (Fig. 8), which is relatively high considering thatial loads increase considerably

due to seismic overturning forces
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Figure 8. Average axial stress in first floor as a fractidrconcrete strength in damaged buildings

Finally, most of damaged buildings show abruptgutarities in the transition from above to below
ground level and in the first stories. On the oandj the ratio of average floor plan area abovergto
level (A,) versus average floor plan area below ground I\gl defined asA, /A, is on average 0.66
for the inventory of damaged buildings, which meansiuge increase in floor plan area in the
basements. This is generally accompanied by aeaserin the wall area, which traduces in an average
wall density below ground level, that is very similar to the average above groewéllp, (on average
P2/Pp=0.98). However, the similar wall density is a kyicvalue, since the layout of the walls in the
basements is in general very different from the iartke first floor, as perimeter walls appear ance
walls are commonly discontinued to ensure the ifrafigars. In fact, on average only 83% of thelwal
area from the first floor continues directly in tst subterranean level. This implies that averagial
stresses in the first subterranean level are ar@084l higher than the ones in the first floor, thihg,
average axial stresses below ground level is ar@ui®f’ . Therefore, the lower elevations of recent

vintage buildings exhibit higher axial stresseg] #ms happens precisely at locations where some of



these walls exhibit discontinuities to make up éar ramps in basements. Thus, a typical damage
observed has been as of a brittle failure in loslevations.

The Chilean codes for seismic design of RC builsliagthe time of the earthquake (Instituto Nacional
de Normalizacion 1996, 2008) did not impose re#bris on compressive load in walls and did not
establish minimum thickness for shear walls. Additlly, those codes were based on the ACI 318-95
(American Concrete Institute, 1995) seismic praowisi but the confinement requirement for wall
boundaries was specifically exempted. After the(28arthquake, two decrees were promulgated that
changed the previous codes. First, Decree N60 raddifie Chilean code for reinforced concrete design
(Decreto N60 2011, Nch4300f.2008) which limited thaximum compressive stress in walls to 35
and defined new criteria for wall confinement. SetoDecree N61 modified the Chilean code for
seismic design of buildings (Decreto N61 2011, Ned6f.1996) which changed the soil classification
requiring in-situ test, and defined a more condemvadisplacement spectrum to estimate the roof
displacements of RC buildings. Although there hlagen improvements in design codes, based on the
data considered in this study we believe that nedes should establish limits on the initial state o
stress in the walls, on the minimum wall thicknasd also on the allowable vertical irregularitishjch
were all aggravating factors observed in the dachagédings.

4. CONCLUSIONS

This article summarized an analysis of the strattaharacteristics and properties of a group of 34
buildings damaged during the 2010 Chile earthquakéh represent 72% of the RC buildings of more
than 9 stories which suffered moderate to sevar@ada during the earthquake.

The data shows that for the most part, the dambggdings were newer structures built after theryea
2000, and that there exist common factors in thedB@aged structures which suggest the need for
additional revisions to the Chilean seismic desigdes. These are: (i) low wall thickness, (ii) high
number of stories, (iii) high vertical irregulae$ especially in lower levels and (iv) very slender
buildings. All of these characteristics may resulhigh average axial loads in RC walls due toigya
effects, which become critical when seismic stresse added.

The wall density parameter that was mainly resgador the good performance of Chilean buildings
in the previous 1985 earthquake cannot guaranteitasibehavior in future earthquakes if other desig
characteristics, such as very slender walls artd ihigal states of stress with the potential igiebrittle
behavior, are ignored.
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