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Abstract

Industrialized construction system used in soménLAinerican countries are build based on elememiishware of special
interest because the geometry of their cross sediund layout of longitudinal reinforcement mayilitate the triggering of
flexural-compression failures. This is so becausthe excessive compressive demand on a thin-patatigiled web that
arises due to seismic action. Given the large ymsied length of the web close to the critical mecat the base, the extreme
portions of these elements are also prone to laf@usof-plane) instability when subjected to dggl loading. This paper
presents and analyzes a database of reinforcedatertbin-wall buildings representative of buildiagchetypes in some
countries in the southern hemisphere of the Amerivariables of interest such as wall area indardémental period,
flanged-wall cross section geometry, wall aspetb raeinforcing steel detailing, axial load rattayilding period, neutral
axis depth, shear span ratio, among others, atgzaitkin detail. A drift coupling factor is introded to evaluate the impact
of coupling of the surrounding system on individuallls. An archetype wall representative of thddings in the database
is selected by means of a multivariate statisacallysis. This prototype will serve as subjectdidratory testing. The paper
also presents and discusses the results of a eelveyslic-loading experiments on a rectangular &rshaped reinforced
concrete thin-wall with aspect ratio of 3 and 3egpectively. The specimens are representativieeofdnstruction practice
in intermediate seismic hazard areas in ColombésuRs suggest that this type of elements haveddrductility capacity,
inferior to the expected behavior promoted by thiéding codes. Global and local deformation pararsirom experimental
data are discussed.

Keywords: building database; reinforced concreteéntflanged wall; reversed-cyclic loading.

1. Introduction

Industrialized construction of multistory reinfocteoncrete (RC) wall buildings has become a comprantice
in Latin-American countries such a Colombia, P&rtyador and Mexico. An important feature of thisictural
system is that architectural spaces are also boumgthe structural walls, which reduces the tirheamstruction
and the related cost. Therefore, structural enginegve pushed the usable limits of the structuadls by further
reducing their thickness over the years. This tiegiresulted in large unbraced length, increabimglenderness
ratio of the wall at the critical section. When fiams of these thin wall sections are subjectedampressive
strains, the risk of lateral instability arises.[Ekamples of unexpected damage of thin walls theemn observed
in column and wall tests [2-5] and in damaged s$tmes during the 2010 Chile [6, 7] and 2011 NewlZiee [8]
earthquakes. This paper shows and discusses av#fiifuilding database of Armenia, a city of Coldehin
Northern South America, located in a highly acteésmic zone. The database comprises 65 flangdd-afe28
multistory RC thin-wall building and is representatof building archetypes in the southern hemispla# the
Americas. Variables of interest are the wall areex, fundamental period, cross section geometayl, aspect
ratio, reinforcing steel detailing, axial load gatbuilding period, neutral axis depth, shear sp#in, among others.
The paper also presents and discusses the re$udtsreversed-cyclic-loading experiment on a rectidary
reinforced concrete thin-wall with aspect ratid@afarried out in Colombia. Additional data is obéal from test
carried out at EPFL and reported by Rosso et al B4sults suggest that this type of elements raag limited
ductility capacity, inferior to the expected belmypromoted by the building codes
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2. Thin wall building batabase

Armenia is a well-known seismic region in Colomhbiad is influenced by an active crustal faultingtegss, as
well as intermediate-to-deep subduction seismiafthzArmenia was the closest (17 km) major citytite
epicenter of the January 25th, 1999 “Eje CafetentHfuake”. The Mw 6.2 event was located at 19 kaepth,
with an estimated rupture area of 124%lqausing a significant number of death and damggje$he severity of
these consequences motivated a rapid implementatitive latest building codes in Colombia at timeetji NSR-
98 [10], later superseded by NSR-10 [11] which @&ty adapted with minor changes from the ACI-3B3(2].
Twenty-eight multistory thin-wall RC buildings blpents were obtained for actual buildings in Armee(frig. 1).
A database of this structures was built, focusingh® flange U-, L-, and T-shaped walls that sastadst of the
seismic base shear. These elements are of spaeidst because the geometry of their cross seetrahlayout
of longitudinal reinforcement may facilitate theggrering of flexural-compression failures. Thistsbecause of
the excessive compressive demand on a thin-poetiildd web that arises due to seismic action. iGikie large
unsupported length of the web close to the criseaition at the base, the extreme portions of tekeseents are
also prone to lateral (out-of-plane) instabilityevhsubjected to cycling loading.

hin-wall buildings in the daase.

PFig. 1 —Pictures

2.1 Global geometry parameters

Table 1 shows attributes of buildings in the dasab&lobal geometric variables akk; = the building height3:

= the plan transverse (shorter) direction, 8né the plan longitudinal (longer) direction. Dimesss B; andB
correspond to the sides of a rectangle were tHdibgican be inscribed. VariablRecorresponds to the response
modification factor that accounts for the expedteslastic behavior during design and the over-gfiterof the
structure. Fig. 2 shows histograms of the numbetarfes and building aspect ratids/B; andH./B. The typical
aspect ratio in the shorter direction of the buidd{e.g.H./B) is approximately 2, which is close to the aspect
ratio for damaged wall buildings after the Chilel@Garthquake [13]. The distribution of the numbkstories
shows that approximately 30% of the buildings drerter than 5 stories, and that approximately 45%em
have between 10 and 15 stories. It is worth ndtwag the typical story height is 2.4 m.

Table 1 — Global geometry parameters of the buglslin the Armenia database

ID  # Story Year Hw[m] R NEHRP Soil  Bx By Bt=Bmin HwbB: HwBi
Profile [m] [m] [m]
1 12 2015 30.0 - - 25.917.7 17.7 1.7 1.2
2 15 2015 40.3 5 D 35.615.5 15.5 2.6 1.1
3 14 2015 33.1 - D 13.4354 134 2.5 0.9
4 12 2015 314 4 E 30.512.8 12.8 2.5 1.0
5 5 2015 12.5 5 D 16.714.3 143 0.9 0.7
6 14 2015 38.4 5 D 38.20.3 20.3 1.9 1.0
7 18 2015 43.2 5 D 14.235.1 14.2 3.0 1.2
8 15 2013 37.7 5 D 29.97.7 7.7 4.9 1.3
9 15 2015 38.8 5 E 34816 11.6 3.4 1.1
10 16 2013 38.9 - D 16.243.6 16.2 2.4 0.9
11 4 2014 10.0 3.2 D 17.66.0 6.0 1.7 0.6
12 5 2013 125 4 D 21.910.3 10.3 1.2 0.6
13 5 2013 12.5 5 D 17.43.0 13.0 1.0 0.7




16" World Conference on Earthquake Engineering, 16 WQEE

<4 ,J . .
a& Santiago Chile, January 9th to 13th 2017

ID  # Story Year Hw[m] R NEHRP Soil  Bx By Bt=Bmin HwBt HwB

&

Profile [m] [m] [m]
14 8 2014 20.0 4 D 43.3175 175 1.1 0.5
15 5 2011 125 - - 23.515.3 153 0.8 0.5
17 3 2011 7.5 5 D 60.620.8 20.8 0.4 0.1
18 14 2012 30.7 2.64 D 32414 114 2.7 0.9
19 9 2012 224 4 D 41.3184 18.4 1.2 0.5
20 13 2012 375 - D 30.3L17.6 17.6 2.1 1.2
21 11 2012 24.7 - D 45.117.0 17.0 1.5 0.5
22 10 2012 27.7 - - 29.813.6 13.6 2.0 0.9
23 5 2013 12.5 5 D 18.813.1 13.1 1.0 0.7
24 9 2013 224 4 D 33.814.3 143 1.6 0.7
25 7 2013 17.5 5 D 23.7136.7 23.7 0.7 0.5
26 5 2013 12.5 4 E 53.7117.6 17.6 0.7 0.2
27 10 2014 31.6 5 D 40.21.7 21.7 1.5 0.8
28 9 2015 22.5 5 D 49.212.7 12.7 1.8 0.5
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Fig. 2 — Global geometric variables: number ofis®and building aspect ratio.

One variable that has been correlated in the péstdamage during earthquake events is the lockhianea
index (LWAI) of a building. For a given directiothe LWAI of a building is defined as the total acdavall webs
supporting the shear demand in that directiondéidiby the total area of the first floor. The gllolvall area index
(GWAI) is defined as LWAI/(Number stories). Thidex is the ratio between the first story wall aaea the
total area being supported by it (i.e. above ifjcérding to the scattergram in Fig. 3, the indicesither direction
are similar. The LWAI typically ranges between 1.8%d 6% with an average value of 3.6%, while theABW
ranges between 0.15% and 1.3% with an average vali®%. Sozen [14] studied the dynamic charastiera
small-scale RC wall model subjected to seismic sigalkand contrasted the results with the buildingracteristics
in a data base constructed by [15] after the 198 \del Mar earthquake in Chile. According to tkisdy, a
plausible explanation for the good behavior ofwlad-buildings observed after the 7.8 magnitudenéveas them
having a LWAI larger than 3%. Jinemann et al. [EgJort mean wall area index (averaged over aliestpof
2.8% and 2.9% for the longitudinal and transvelisection of the damaged wall buildings after the@@hile
earthquake.
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Fig. 3 — LWAI and GWAI in the two principal direotn.
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2.2 Selection of flanged-walls of interest

>

Selection of the flanged-wall of interest was basedhe analysis of 17 three-dimensional elastidetsof the
buildings in Table 1. These models were construictélde computer program ETABS® [16]. The structungere
modeled with nominal material characteristics dr@geometry found in the geometric and reinforcdragmouts.
Walls were modeled with thin-shell elements to actdor the complete stiffness of U-, L-, and T+séd wall
segments. With this strategy, the modeling of adgéad wall loaded along its web axis is able to antdor the
out-of-plane bending action of the flange. Crackirag modeled by modifying the membrane stiffnesdfments
of the sections. The buildings were analyzed uraele-based equivalent lateral loading in two ortmad
directions to simulate uncoupled seismic actiore plarpose of this analysis was to obtain the radatdntribution
provided by each wall segment to the base shetredbuilding in each direction. For each builditige walls
contribution to the total base shear were organizetbscending order. A first set of walls of ig&rcomprised
those in the upper portion of the list contributtnd0% of the total base shear in each direcEoom this subset,
only the flanged walls with large contribution hretdirection compressing the web were seledtegl @). A total
of 65 individual flanged-walls of interest are ayzad in this paper.

— Tﬁ 1
|
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Fig. 4 — Isolation of flange-walls of interest ieveral direction for building 22 (left); verticaksss field on two
flanged walls under lateral loading compressingwhb (building 28).

2.3 Fundamental period of the buildings

Dynamic modal analyses were also performed to aherthe fundamental period in the two main ditdi of
the buildings. Fig. 5 shows plots of fundamentaiqukeversus geometric variabié(H.%)/B: ), whereB; is the
length of the building parallel to the directionasfalysis. The plots show a good correlation fdivildual direction
analysis. For the longitudinal direction (i.e. pkeleto B)), the period of the building is adequately appmeaded

3 3
by 1 = 0.02‘{% , While for the short (transverse) direction it ¢enapproximated by, = 0.011{% :
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Fig. 5 — Fundamental period versus global geomeéni@bles.
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2.4 Cross section geometry and reinforcement layout

>

For an individual flanged wall, its aspect ratioR)Ais defined as the ratio of the wall height and its length
(lw). Variablely, varies between 2 m and 8 m, and the typical agpéictis close to 5. The wall thicknegs) (
variable takes six discrete values in the datab&Be:100, 120, 150, 180, and 200 mm, with an appare
concentration at 120 and 150 mFkid. 6a). Fig. 6b summarizes the relative frequency eéldayers in the web.
The data is organized by wall thickness. Approxahes0% of all walls have 2 layers of welded wiresh in the
web. For walls with,, > 150mm, this number increases to 65%, approximately
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Fig. 6 — Web thickness and reinforcing layers:t(@kness versus length of the wall; (b) numbeweb steel
layers per wall thickness.

All specimens have distributed steel in the web thedflange. Excluding outliers, longitudinal stestio
of distributed steel in the welm) varies between 0. 2% o, < 0. 7%, with typical value of 0.25% (minimum
code requirement). All flanged walls are classifiett six categories according to the layout off@icement in
their cross section. Fig. 7 depict a representaitheme of each type. Type A cross sections oM Hestributed
steel in the web and the flange, with not specaidverse reinforcement detailing in the boundafigpe B and
C comprise specimens with additional longitudinaks(As g8 in the boundary region of the web, with not spkci
transverse reinforcement detailing there. These onaypay not have special transverse reinforcemetgilthg
and/or additional longitudinal steel in the flargide. Type D and F specimens have additional ladmial steel
in the boundary region of the web and also inclsgkial transverse reinforcement detailing thehes€ may or
may not have special transverse reinforcementlofgtand/or additional longitudinal steel in tharfbe side.
Type E specimens have special transverse reinfemcenretailing in the boundary region with no adufiail
longitudinal steel there. These may or may not repexial transverse reinforcement detailing anaduatitional
longitudinal steel in the flange side. The avertigekness of the walls with special transversefogagement
detailing in the boundary of the web (e.g. TypeEland F) is 0.14 m, with a typical value (modepdf2 m. The
relative frequency of every type of cross sectgr 34%, B and C 28%, D and F 28% and E 10%. Taregé
longitudinal reinforcementysy, is a variable of interest because it affectsribgtral axis depth when a flanged-
wall is loaded in the direction compressing thens{ee. generating flexural-tensile demand on thede). The
relative distribution of area of steel in the flarfgllows a Gamma distribution with mean equal tcc2?.

2.5 Axial loading

The axial load of each wall was estimated usingniiaghematical models in ETABS. The dead load (Dthef
models included the self-weight of the elementg.(@alls, slabs, and beams) and an additional supesed
load of 1.6 kN/m which accounts for other architectural and meatampermanent weights. The live load (L)
was 1.8kN/m as defined for residential buildings in NSR-10eTbad combination used for the estimation of the
axial load is 1D+0.25L. The axial load ratio (ALBf)each wall is defined aSLR=P/Af’'c, whereAy is the gross
cross section area of the wall, aidis the nominal concrete strength. Fig. 8 showsréative frequency of
variable ALR. The distribution has a negative skatih mode of 7% approximately. It is also showrthia figure

5
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that the ALR is positively correlated with wall bit, and can be approximatedfdsR~ H./500,whereHy is in
meters).

?"gﬁ 16" World Conference on Earthquake Engineering, 16 WQEE

2.6 Approximation of the neutral axis depth

Fig. 9 shows a simple model of the equilibriumrdérnal and external forces associated to axial &al moment
demand on a flanged-wall cross section which resala neutral axis depth defined by Eq. 1.

Tot +Tsw+P-C
c= s, f S,W S (l)
a:lﬁlf'ctw

whereTs; is the tensile force in the flang€; is the compressive force in the boundary ste¢hefweb, and
variablesa:, andf: are rectangular stress block parameters. Figs®@sdlows the distribution of the neutral axis
depth normalized by the wall lengtl). The modes of the fitted probability density ftions are in the range

of 0.20< c/lw < 0.25. Deep neutral axes are associated to |laggarfll compressive strains, and may also enable
out-of-plane instability in a longer portion of theeb. The scattergram in Fig. 9 shows a highly etated
relationship betweed|,, and ALR.
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Fig. 7 —Types of reinforcement layout
2.7 Drift coupling, shear spaM(V) and shear span rativi{Vlw)

Drift coupling of walls undergoing lateral displagent is a phenomena of interest because it imghets
displacement demand, as well as the shear and maisérbution along the height of the walls. Whbe whole
structure sways in one direction, coupling in ayrnwall element is evidenced by the double cumeafarm of
its displaced shape (in contrast with the singlevature displacement of a cantilever). In the monukagram
distribution, coupling is evidenced by the appeeeaof an inflection point upstairs. Fig. 10 depiatsantilever
wall model under lateral seismic demand. The pwmdghis model is to relate global demand pararaetach
as base shea¥f) and base momentg) to geometric variables such as wall aspect ratit, The shear span is
defined as the ratid1/V, while the shear span ratio is a non-dimensionantty of the formM/Vl.. This
expression represents, to some extent, the relatim&gibution of shear and flexural demand on tradl.wt is
worth noting that the intensity of the acting laldoads in Fig. 10 is adjusted in such a manregrttie base shear
in the model i3/,. Demand on the cantilever wall comprises and iegetriangular lateral loading, but an reversed
concentrated load at the roof is added with thedainepresenting coupling with an adjacent system. frames,
or other walls) [17]. The reversed concentrated isaa portion of the base shear with magnitgde wherer is

6
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defined in this database as twupling factor Under this load pattern, the moment distributong the length
of the wall is quadratic with an inflection poirntreeighthwo, which arises from the double curvature displacgme
of the wall due to the pull action upstairs. Theresponding shear reversal occurs at hdightResulting shear
span, and shear span ratios déA)=(2-7)/3Hw and M/VI.)=(2-17)/3AR.

&
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Fig. 8 — Axial load ratio distribution (ALR, leftand ALR correlation with building height.
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Fig. 9 — Compatibility and equilibrium in the crosection of flanged-walls under axial load and moime
compressing the web end (left); normalized newtrid depth distribution (top right); normalized trali axis
depth versus ALR (bottom right).
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Fig. 10 — Response parameters of cantilever wadleisounder seismic loading.

From the linear elastic analyses, the base sheahamoment at the base of each wall was recoiidesl.
was done for the direction compressing the edgbdeofveb of each flanged-wall in the database. Figshow
values of static shear span ratibgVI,, for the flanged-wall of the database. The typgtadar span ratio is close
to 2, which is a result of the coupling among thdividual walls in a building. To further study quing of the

walls, factors is estimated from the aforementioned values afishpan ratio, using the formulations in Fig. 10.

Given M/Vl,, and the aspect ratio of the wa}l;z—%v'\l/'_. Coupling factorz; is plotted with corresponding

w

values ofly in Fig. 11Fig. 10. It is observed that couplinduees as the wall length increases, which is inééeg
that stiffer walls are less affected by the surding system.
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Fig. 11 — Shear span ratio distribution (left); pling factor,n, versus web length relationship (right).

2.8 Prototype wall

An archetype wall for the city of Armenia was defthbased on the following variables: (1> wall length; (2)
ALR = axial load ratio; (3As= area of steel in the flange; and VI, = shear span ratio. For this, the 65 walls
of interest were binned and the number of reabrstof various combinations of the variables alveas counted.
This ensured that the selected wall was represeatat the wall in the database and not a merepeddent
selection of variables. A simple statistical mudtiate analysis allowed describing the selecti@tspn Fig. 12.
Analysis of this data showed that the variablesad¢ction are in the range 3.0y, < 5.3 m, 3.8%< ALR <
9.2%, 1.7 cmZX Aqs< 15.8 cm, 0.6< M/VI,, < 2.6, including the extreme values of the bins thelpng to. An
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archetype wall representative of the thin-wall By database has the following parametgrs:3.5 m, ALR =
8%, As = 7.74 cm, M/VI,, = 2,M/V = 7. Three models of this wall are due experimeesting by the end of 2016.

Counts ©0-5 ©5-10 ©10-15 Ave. M/VIW m0-1 m1-2 =23 Ave. ALR ®0-5 ®m5-10 =10-15
825 82.5
# 67.5 67.5
‘ 526 526 B
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oL = £ e t . 376
o qnt! ‘ 376 & woficounts, . :1
)\ | D 226 \ 226
y L 76 ; ] 76
24 36 47 59 70 81 24 36 47 59 70 81 24 36 47 59 70 81
Iw [m] Iw [m] Iw [m]

Fig. 12 — Selection space of the wall prototype.

3. Reinforced concrete thin wall experimental response
3.1 Test unit

The test specimen presented in the following seatias selected to characterize the most criticlivvéerms of
slenderness and reinforcement details identifiethduhe analyses of a thin-wall building databakthe city of
Medellin, Colombia (located in an intermediate s@ishazard zone). The specimen characterizes angdar
wall of a seven-story building (18 m in height) lvin increased interstory height to evaluate &atitase for
out of plane instability. The dimensions of the @p®n 1208 3600« 80 mm (length, height, thickness)
corresponding to AR = 3 afM/VIyratio of 3.1. The axial force applied was approxehal6% of the compressive
strength of the gross section (0fLl6Ag). The nominal compressive strength of concrete 2ladiPa. Fig. 13
shows the cross section and reinforcement layothetpecimen. According to the database, this &fndalls
do not have boundary elements and the main weforeement correspond to a welded wire mesh (wiessénig
5.5 mm of diameter with spacing of 150 mm, whickgsiivalent to reinforcement ratio of 0.19%). A¢ #nds of
the wall, two # 5 bars (5/8 in. of diameter) wareluded.

3.2 Test setup

The wall specimen was tested under quasi-statiiccpading. The test was carried out using a lieactrame
and strong floor at the Laboratory of the “Univdexd EIA” (Colombia). At the wall head, one servaitolled
hydraulic actuator was installed for applying tlegirontal displacement history. Steel beams andmoplaced
3.4 m above the foundation guided the horizontgpldicement and restrained out-of-plane displacesrore to
accidental eccentricity. The axial load was apptledugh unbonded post-tensioning strands locatedither
side of the wall and distributed over its entiregth. During the testing, the behavior of the wadls monitored
with strain gauges to measure strain deformatiamsar variable differential transformers (LVDT) tecord in-
plane and out-plane displacements and rotatiomsloaa cells to measure lateral and axial load.

1¢16mm WWF ¢5.5mm@150mm 1¢16mm

&—o—o—o—o—o—oﬂ—o—o—o—o—d Itw =80 mm

1, = 1200 mm >

A

Fig. 13 — Detail of the wall specimen.

The first step of the testing protocol was the mmapbn of the axial load (320 kN), which was kept
approximately constant throughout the testingslight variation of the total exerted axial was etved due to
shortening and lengthening of the tendons. Subsglguéour force-controlled cycles were appliedotwycles
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for 50% and two for 75% of the computed nominald/ferce, respectively. The next cycles were disphaent-
controlled, with target displacement ductility efta +1 and -1(ua= 1.0) corresponding to a top lateral
displacement of 15 mm. The ductility factor keptregasing until the wall faileflia = 1.5, 2.0, 3.0).

3.3 Experimental results

Force-displacement hysteresis curves and the fdigglacement envelopes are shown in Fig. 14. Tmeimad
yield displacement was determined as 4/3 of thea@eepeak displacement reached during the firdeayhich
corresponds to 75% of the yielding force [18]. Hiwding displacement was close to 18 mm in botkealions
(~0.45% of drift) and the corresponding force waskBl (93.3% of maximum load capacity) and 60 kN.{84
of maximum load capacity) for each direction ofdwey. The load and displacement capacity at peatt \eere
71.8 kN and 25 mm (~0.62% of drift) and 73.4 kN &@mm (~0.65% of drift) for each direction of |oagl
Ultimate displacement was 49 mm (~1.1% of drift)l éime corresponding displacement ductility factaswlose
to 2.5. This value of drift capacity is close te tthesign limit of 1% proposed by NSR-10 indicatingmited
displacement capacity and significant level of dgenfor limited displacement demanésilure was preceded by
a significant out of plane deformation and it whsracterized by spalling of concrete at the lowsngressed
wall edge followed by a rapid out of plane shedufa induced by the out of plane deformati6iy(159.
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Fig. 14 — Hysteresis curve and corresponding epeetd response.
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4. Discussion

Tests at the EPFL reported by Rosso et al. [3]leweased on the same building database for thefctkedellin,

and comprised a T-shaped section with a 2.7 m & ;Qveb and a 0.08m x 0.35 m flange. ALR was 5% and
M/VI,, ratio of 3.7. The steel distribution was similarthe test discussed in the previous section, arilly one
layer and #5 rebar concentrated at both ends. Waliswas tested to evaluate the behavior of thgdshwalls
within a building that control the seismic behavi@ignificant out-of-plane displacement was albsesved for
this wall and failure occurred for a lateral daft0.7% while the thin web was in compression. lBiests indicate
that under certain conditions, out-of-plane indigbseem to induce a significant reduction of tleformation
capacity of the walls.

Average strains obtained from LVDT placed along ftikure section for the wall TW1 tested at EPFlowh
significant compression strains close to 0.008 tendile strains close to 0.03&d. 16. These values could be
used to calibrate numerical model and define perémce limits for these type of walls. There is boer a need
to obtain additional experimental data considediftgrent reinforcement, geometry and loading ctods to
have a better level of confidence on the behaviothim walls. Specimens defined based on the stitzi
procedure previously described will be tested tmglement data currently available.

0.01 T

-0.01 -

£
o
» R
-0.02 - -
-0.03 -
-0.04 ' : : : ' ' ' ' '
4 08 06 -04 -02 0 02 04 06 08 1
Drift (%)
Fig. 16 —EPFL wall average strain.
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