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SUMMARY:

A large number of reinforced concrete (RC) framecttires built in earthquake-prone areas such s &ta
vulnerable to strong ground motions. Structuredeweloping countries need low-cost seismic retisititions

to reduce their vulnerability. This paper investagathe feasibility of using masonry infill walls reduce
deformations and damage caused by strong groungbmsoin brittle and weak RC frames designed only fo
gravity loads. A numerical experiment was condudtedvhich several idealized prototypes represenfRy
frame structures of school buildings damaged duthg Port-au-Prince earthquake (Haiti, 2010) were
strengthened by adding elements representing masefilt walls arranged in different configuration§ach
configuration was characterized by the ra@igof the area of walls in the direction of the groundtion (in
plan) installed in each story to the total flooear The numerical representations of these idebi#@ frame
structures with different values &, were (hypothetically) subjected to three major leguakes with peak
ground accelerations of approximately @.9he results of the non-linear dynamic responsalyaas were
summarized in tentative relationships betwégnand four parameters commonly used to charactdhiee
seismic response of structures: interstory drifttkPand Ang indexes of damage, and total amourgnefgy
dissipated by the main frame. It was found tRgt4% is a reasonable minimum design value for seismi
retrofitting purposes in cases in which availabdsources are not sufficient to afford conventioreitofit
measures.
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1. INTRODUCTION

Masonry infill panels are used worldwide as nomdtrral elements in buildings. Although there are
many studies on how do they may prevent damagéructsres under strong ground motions [1,9]
there is a research gap on simple methods andaswub use the infill walls as a low-cost retrofit
solution. Previous studies highlight that the hatar of masonry infill panels under cyclic loads i
less favourable than other more advanced solutisunsh as reinforced concrete walls or hysteretic
dampers. The hysteretic curve of the infill wallder cyclic lateral loading exhibits severe pinchin
and its plastic deformation capacity is very lirdiie comparison, for example, to hysteretic dampers
Failures in the infill can also compromise the featmecause the may lead to “captive columns.”
However, one of the main advantages of using masiniill panels to retrofit existing low-rise
reinforced concrete (RC) structures is that thay p@vide a significant increase of lateral stréngt
and stiffness with low cost. This last reason, tbgewith their low technological requirements for
installation, makes masonry infill panels an atik&csolution for rapid seismic upgrading RC frames
in developing countries. Addition of reinforcementich does not increase the cost and requiret skil
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dramatically has a large impact on performancelearcexample of where this idea may be useful is
found in Haiti, where in February 2010 an earthguak Port-au-Prince damaged thousands of RC
frame structures that need to be repaired in at-sfon period and with very limited economic
resources.

In this context, this paper presents an ongoingstigation on the feasibility of using masonry linfi
panels in low-rise RC frames structures for seismateofitting purposes. This study is focused on
school buildings that were severely damaged bystheng ground motion in Port-au-Prince (Haiti,
2010). The purpose of this study is to propose tpagine recommendations of the required area of
masonry infill walls that may help prevent the aplie of the structure under a moderate earthquake.

2. DEFINITION OF THE PROTOTYPE BUILDINGS WITHOUT IN FILL WALLS

In November 2010, a group of researchers visiat-auPrince Haiti) with the purpose of
conducting a preliminary evaluation on the statebwidings that did not collapse after the major
earthquake that took place in February 2010 (Wtiges.org/resources/1797). Detailed information
was collected for each building: dimensions antritigtion of structural elements, number of staries
plan layout, and use of the building. This studyaocused on schools buildings the structure of twhic
consisted of reinforced concrete (RC) frames.

The variety of school buildings investigated wasitbgsised in several prototypes with different
dimension and distribution of structural elememismber of stories and plan layout. The number of
stories ranged from 2 to 3. Other variables defjnihe prototypes are shown in Table 1. Four
prototypes identified in Table 1 as HO1, HO2, HO®I 4104 with two stories, and four counterpart
prototypes with three stories were studied. Inpatitotypes the assumed story height was 3m. The
size of the columns was assumed to be 30x30cmrdkleR. of total area of column’s cross section
to total area of the first floor ranged from 0.41801.08 and is indicated in Table 1. The average
dimension of the beams was 30x50cm. The slab v&asresi to be constructed with one-way joists.

Table 1: Type of structural elements in plan

In the direction of the ground motiorn Perpendidyléw the direction of ground motion
Prototypg Number Span length (m) Number of spans Span length (m) | Ry
spans %
HO1 1 7 8 7 0.41
HO02 1 4 5 5 1.08
HO3 2 5 4 5 0.68
HO04 4 3 4 7 0.54

Because most of the structures damaged by thegeakh of 2010 in Haiti were not designed to
withstand strong ground motions, the idealized stshprototypes were designed according to the
Spanish code CTE considering only gravity loadse Tbmpressive concrete strength Wa25MPa
and the yield strength of the stégl400Mpa. The dead load included self weight andpesmposed
dead load of 2 kN/fon all floors. The total dead load per unit ofzaveas approximately 8 kN/m
The value of the live load assumed was 1 KNitmthe uppermost floor and 2 kNirin the other
floors. Wind and seismic load were not consideceprbportion the hypothetical frames.

3. DEFINITION OF PROTOTYPES WITH DIFFERENT INFILL W  ALL CONFIGURATIONS

Each prototype (bare) frame shown in Table 1 wagothetically strengthened by adding four
different configurations of masonry infill walls (A8, C and D) as shown in Table 2. The walls were
supposed to fill entire frame bays. The infill vgalere distributed in plan so that the structurepke
the symmetry in the direction of the ground motigach infill wall configuration is associated wih
ratio of the area of infill walls in the directiaf the ground motion in each story to the flooraao#
the story Ry, that is:

area of infill walls in the story in the direction of ground motion
R (%) = 1)

floor area of the story



Table 2 shows the value Bf,for each prototype and infill wall configurationviestigated. When the
structure yields and enters in the non-linear ratigere is a lengthening of the fundamental elastic
period that affects the amount of energy inputh®yeéarthquake in the structure. To take into adcoun
this lengthening effect, an effective period ofraition T, has been calculated from the initial elastic
fundamental period by using the formulation propldsg Akiyama [10] and it is shown in Table 2.

Table 2: Infill panel configurations

Infill panel configuration
Number| Amount of walls
Prototype stories | Effective period A B c D
R, first floor 0 1.5% 1.5% 1.2%
2 Ry, upper floor 0 1.5% 1.2% 1.2%
Te(S) 0.53 0.28 0.29 0.30
HO1 R, first floor 0 1.15% 1.48%
3 R., middle floor 0 1.15% 1.48%
Ry, upper floor 0 1.15% 1.48%
Te(S) 0.80 0.46 0.39
R, first floor 0 1.84% 2.76%
2 Ry, upper floor 0 1.84% 2.76%
Te(S) 0.35 0.23 0.19
HO02 R, first floor 0 2.58% 3.86% 3.86%
3 R., middle floor 0 2.58% 3.86% 3.86%
Ry, upper floor 0 2.58% 3.86% 2.58%
Te(S) 0.51 0.42 0.29 0.32
R, first floor 0 1.29% 3.22%
2 Ry, upper floor 0 1.29% 3.22%
Te(S) 0.39 0.28 0.19
HO3 R, first floor 0 1.29% 1.96% 2.58%
3 R, middle floor 0 1.29% 1.93% 2.58%
R, upper floor 0 1.29% 1.93% 2.58%
Te(S) 0.57 0.42 0.35 0.32
R, first floor 0 1.15% 1.92%
2 R, upper floor 0 1.15% 1.92%
Te(S) 0.36 0.28 0.24
HO4 R, first floor 0 1.92% 1.92%
3 R., middle floor 0 1.15% 1.92%
R, upper floor 0 1.15% 1.92%
Te(S) 0.52 0.28 0.26

4. NUMERICAL MODELS. NONLINEAR DYNAMIC RESPONSE AN ALYSES

4.1. Numerical models

Numerical models were developed for each idealfpedotype RC frame with the program IDARC
version 6.1. All the beams and columns were modedke perfectly elastic beam elements with two
nonlinear springs at the ends. From the dimensamd reinforcement of each RC section, the
corresponding moment-curvature relationship waainbt by using the software Response-2000. The
beam moment-curvature envelope was idealized wit-lanear curve, and the hysteretic rule was
calibrated to exhibit moderate stiffness degradatmoderate strength degradation and moderate slip
or crack-closing behaviour. The parameters thaindethe stiffness degradation, the strength



degradation and the slip or crack-closing behavioulDARC 6.1 are HC, HBD and HS, and the
corresponding values adopted were HC=10, HBD=0.80 BIS=0.25, respectively. A detailed
description of their meaning can be found elsewh#&E. For the columns, a tri-linear moment-
curvature envelope was also used, which took intmant the interaction between axial forces and
bending moments. The hysteretic rules for the cokimere calibrated in the same way as the beam
elements. Infill panels were idealized as compogsenly members. The hysteretic rule followed a
modified Bouc-Wen [11] model which takes into aatbthe effect of stiffness degradation, lateral
resistance degradation and pinching effect. Tharpeters that control the hysteretic model were
calibrated with the experimental data obtained doyes of the authors in laboratory tests conducted at
Purdue University in 2008 [12]. Figure 2 shows tlhenparison between experimental results and the
envelope predicted with the numerical model of R structure referred in [12], without and with
masonry infill walls. The following hypotheses were adopted: (i) the Zwrial diaphragms are
infinitely rigid in their own plane; (ii) the inflence of infill panels located in a plane perpendicto

the direction of the ground motion are negligil{i@) the bases of the columns of the first storg a
fixed; (iv) no torsion effects are considered (tlee centre of mass is assumed to coincide with the
shear centre in each story).
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Figure 2: Experimental results and numerical sitmfaof RC structures without (a) and with (b) infralls

4.2. Earthquake selection

Non-linear dynamic analyses were conducted usiregtivell-known earthquake acceleration records
recommended by the Japanese code [16] to evalaamis response of buildings: Hachinohe, El

Centro and Taft. The peak ground acceleration (PGAhe original records (without scaling) are

summarized in Table 3.

Table 3: PGA of earthquakes used (without scaling)

Earthquake PGA (cm/9)
El Centro 342
Hachinohe 225

Taft 153

The records were scaled as follows. First, the P&fablished by the Global Seismic Hazard
Assessment Program in rock for a return periodQff $ears was determined, that gives for Haiti a
PGA range of 1.6-2.4 nflsFor this study the safe-side upper-bound valug.4i/$ was adopted.
Next, the PGA was modified to account the soil d¢tioils and the importance of the building by
using the formulae proposed by the Spanish seisade NCSE-02. Considering a school building as
a construction of special importance and soil typehe PGA finally used for scaling the recordsswa



0.5g (hereg is the acceleration of gravity). Elastic resposgectra for a damping factor of 5% were
obtained for the selected earthquakes after sgatirtgrms of absolute acceleration, and relatiyeii

energyE expressed as an equivalent velodigy=,/2E/M (M is the total mass of the structure). They
are shown in Fig. 3.
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Fig. 3: Elastic response spectra

4.3. Response parameters

To evaluate the response of the structure undéhceaake loading and the level of damage after a
seismic event, four parameters have been chogdantdistory drift of each floor (id); (i) Park&Am
damage index at the local story leM@lqn, (iii) global Park&Ang damage indeRl gyerar; and (iv) the
hysteretic energy dissipated during the earthqudke. Park&Ang damage index for a structural
element is defined by equation (2):

Sm

Su

Dlpgs = +%deh (2)

where,§,, is the maximum deformation experiencéd,is the ultimate deformation capacity of the
elementp is a constant control parameter usually taken 5P is yielding force of the element and

[ dE,, denotes the total (cumulative) hysteretic eneiggipated by the element (cumulative damage).

The Park&Ang damage index for a stoBlr, and for the overall structurB]oyeran, are estimated as
shown in equations (3) and (4).

E;
DIstory = Z(/‘li)component (chomponent); (Ai)component = (Z_E) . (3)
Y componen
E;
Dloverall = Z(Ai)story(DIstory); (Ai)story = (ZE') ‘ (4)
” story

Above Park & Ang indexes of damage have been eddldrso that 1 means collapse. The hysteretic
energy dissipated by each story is calculated estim of the hysteretic energy dissipated by all th
columns of the story, plus 50% of the hysteretiergy dissipated by the upper and lower beams. In
order to investigate the feasibility of using masomfill walls to reduce deformations and damage
caused by strong ground motions in RC frame strastuhe control parametg, defined by equation

(1) was used. The infill panels were assumed tapseé when their lateral strength reduced below
50% of the maximum value. It is worth noting thiaé tfailure of the infill walls did not determine
necessarily the global collapse of the structuresdme cases, the building continued sustaining the
ground motion after the collapse of all the infitinels of the story.



5. RESULTS

Each configuration of the prototype frame with linfialls described in section 3 was subjected @ th

three records described in subsection 4.2 througitlinear dynamic response analyses. A given
configuration of a prototype structure with infialls was considered “adequate” when: (i) the dloba
Park & Ang damage indeRl o era WasDl g e <1 for at least two of the three ground motions igip!

or (i) when for two of the three ground motiobs,.4<1.2 and for the remaining earthquake

DIoverall<:|--0-

Weak column-strong beam failure mechanisms wererebd in all building configurations studied.
Even in cases where collapse was not reached,icgatsok place at column ends. This behaviour
was expected given the depth of the beams andatiigHfat these buildings were designed without
paying attention to capacity design criteria. Thlumns exhibited flexural failure modes; in all eas
the shear strength of the columns was larger tiashear demand.

Figure 4 shows the results of the dynamic respanstyses. In the graphs, the infill panel r&ijpis
plotted against relevant parameters of the respathse inter-story drift,Dloyeran, Dlsiory @nd the
hysteretic energyV;, dissipated at beam and column ends (i.e. the gribsgipated by the masonry
infill walls is not included). In these graphsJythe prototypes with infill wall configurationshich
response was considered “adequate” according teeatyderia are represented. In each graph, a curve
that provides an upper bound of the responsesspumneling to a percentile of 85% is proposed. These
curves must be considered as tentative, pendirtheofesults of further numerical calculations and
experimental results (shaking table tests) to melaoted in the future in this on-going researctoni
these curves, the required amount of infill pamelserms ofR, can be easily determined so that the
structure endures the design earthquake considelnedacterized in this study by PGA=)5with a
desired level of seismic performance characterizeéerms of inter-story driftDloveran, Dlstory OF Wh.

Given the brittleness of the buildings in mind aswhsidering the economic constraints, it seems
reasonable to target a maximum lateral inter-sthiff of 1.5% of the story height for PGA<0.5g.
According to Figure 4, the amount of masonry wadlguired to limit the lateral drift to 1.5% is
approximatelyR,=4%. This valueR,=4% yields a damage index at the story lefa¢l;,, and for the
whole structurelDoyeran, Of 1. This value oR,=4% should be taken as a minimum; larger values are
advisable to redudlsiory andID gyeran below 1.

Finally, it is worth noting that after the strongrthquake occurred in Port-au Prince (Haiti, 2G0®)
guidelines [13, 14] have been distributed to thpubation to provide recommendations on how to
retrofit damaged buildings. Figure 5 shows a tatialeen from these guidelines that shows the
recommended area of the walls in plan in relatmthe floor area. For two story buildings locaied
middle soil type the recommended percentage (4¥ickes with the valu®,=4% discussed above.
It must be emphasized that this required amouribfdf walls R,=4% is in one direction. Similar
amount of infill walls should be provided in twotlvwgonal directions of the building. Pending the
accumulation of further results, in the light oiststudy the seismic retrofitting solution congigtion
installing masonry infill walls should be limited buildings up to 3-stories.

6. CONCLUSIONS

This work investigated a potential retrofitting eattiative for RC frame structures that have been
damaged by severe earthquakes. It consists in gddiasonry infill panels (preferably with
reinforcement). The main advantages of using mgsiofitl panels instead of other solutions such as
dampers or RC walls are the ease of constructienoiv cost, and the minimum technology involved.
This solution is especially suitable for developaayintries

Several prototypes of idealized RC frame structuvéh 2-3 stories representing school buildings
damaged during the strong earthquake that occurriédrt-au-Prince (Haiti, 2010) were modelled and
hypothetically strengthened with different configtions of masonry infill walls. Each configuration



was characterized by the ratio of the area of itfi# panels in the direction of the ground motitm
the floor area, and expressed by a rRfjoNon-linear dynamic response analyses were coaduot
study their response under three well-known gromoetions (ElI Centro, Hachinohe and Taft) scaled
to a PGA of 0.8. According the numerical analyses, the amountasonry walls required to limit the
lateral drift to 1.5% iRR,=4% in one direction. A similar amount of infill Washould be provided in
the perpendicular direction. This value is closdhat recommended by the Haitian government in
recent guidelines for a two story building. Pegdihe vetting against experimental evidence, the
seismic retrofitting solution consisting on instadl masonry infill walls should be limited to buihd)s

up to 3-stories.
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Fig. 4: Results of the non-linear response analyses
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Fig. 5: Recent recommendations of Haiti goweent
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