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ABSTRACT

This paper presents the preliminary results ofse ciudy examining the feasibility of using rocking
spines to retrofit non-ductile reinforced concrét@me buildings with unreinforced infill masonry
walls. This novel retrofit technique involves irdieing a strong stiff “spine” into the lateral syst of

an existing infill frame building with foundatiorleenents designed to allow for uplift. Earthquake
effects are resisted through rocking action relygmguplift at the spine foundation as the yielding
mechanism. The primary goal of the retrofit teclweids for the rocking spine to impose uniform drift
over the height of the structure reducing the tangdor concentrated drift demands which would
typically occur at lower levels. The building usaedhe case study is a six story non-ductile camcre
frame building with infill at the upper levels aregh open ground floor creating a soft story.
Preliminary results from pushover and nonlineapoase history analyses show that the rocking spine
retrofit provides significant improvement in thésseic performance.
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1. INTRODUCTION

1.1. Background on Infill Frames

Reinforced concrete frames with masonry infill wdlinfilled frames) are among the most commonly
used building systems around the world particulanlyless affluent communities. In many high
seismic regions, these buildings have been corsttueith little or no regard to seismic resistance
usually consisting of non-ductile concrete framed anreinforced infill. With rapid growth of the
urban populations around the world, infill framee also being used for taller residential buildings
that are often constructed with an open ground ftmeating a soft story. These structures areylike|
exhibit complex behavior under seismic loads anel wutheir low strength and ductility, they would
be unable to withstand high levels of drift makitngm highly susceptible to collapse. In the past
decade, there have been thousands of earthquakatezsas a result of poor performance of infilled
frame buildings, including most recently in Haiti2010, China 2008 and Indonesia 2004.

1.2. Rocking Spine Retrofit Technique

Over the past four decades, a number of retrofihrigjues have been developed for non-ductile



concrete frames with infill. The main focus of thggevious retrofit techniques have been to improve
the strength, stiffness and in some cases ductifithe masonry infill. This is typically achievéxy
applying some type of material overlay to the Iniilimprove its seismic performance. Cement ptaste
with wire mesh reinforcement has been shown tosidehgth and stiffness but with little impact on
ductility. The application of advanced compositetenials such as Engineered Cementitous
Composites (ECC) has been shown to add strendgffness and ductility (Kyriakidest al., 2010) to
infilled frames. However the cost of these typesnwdterials often renders them impractical for
implementation in a seismic retrofit particularly lless affluent communities where these types of
buildings are prevalent. Another retrofit approdtiat has been used in the past involves the
incorporation of a reinforced concrete shear watlh ithe lateral system of the building. This usuall
results in good seismic performance provided that groper detailing is employed to achieve the
desired level of ductility.

In this new approach rocking action of a stronf spine is used to resist earthquake effects mglyi
on uplift of the foundation as the yielding mectsani Lateral force demands on the spine are limited
by uplift allowing for elastic behavior. As shown Figure 1, this can be contrasted with previous
retrofit techniques that rely on the strengthendil frame/wall structure as the yielding mechamis
This new approach precludes the added complicaifodetailing for ductility and also results in
additional material cost savings since the spinalevtypically be more slender than a conventional
shear wall.
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Figure 1 — Schematic lllustration of Rocking SpiRetrofit vs Previous Retrofit Techniques

1.3. Overview of Case Study Building

The building used in the case study is a six stexed use building with shops located in the ground
floor and residential apartments in above flootse Duilding is located in Karachi, Pakistan and was
constructed before the 2005 Kashmir Earthquake.dbe of nine buildings that were evaluated at par
of a collaborative project between NED UniversifyEmgineering and Technology and GeoHazards
International (GHI), a California based non-prafiganization. The goal of the project wasbtald
capacity in Pakistan's academic, public, and peive¢ctors to assess and reduce the seismic
vulnerability of existing buildings and to construew buildings better. Figure 2 shows a photoriake
from the front of the building. The building hasenforced concrete moment frame system with 6”
thick unreinforced concrete block walls. The fouiimtzs are reinforced concrete spread footings.



Typical beam sizes are 8” x 24" with 6-#6 bars ol bottom. Story heights were typically 10'-0”
with 12” x 24” columns with 8-#8 bars in ground afidt floor columns and 8-#6 bars in columns
from 2" floor to roof. Concrete compressive strength veen as 3000 psi, yield strength of steel was
taken as 60,000 psi and compressive strengthitfimdsonry was taken as 300 psi.
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Figure 2 — Front view of the building during constion

A preliminary assessment of the feasibility of theking spine retrofit technique was performed
through pushover and nonlinear response historlysemof the six-story, six bay frame longitudinal
perimeter frame of the case study building. Anaysere performed on both the as-built and
retrofitted frames. Figure 3a shows the infill dgofation in the as-built frame. Five of the sixyba
contain infill at all levels except the ground ftaweating a soft story configuration and one bay
consists of a bare frame at all levels. The reteaficondition was developed by incorporating sjron
stiff uplifting spines in the first and fifth bays the existing frame as shown in Figure 3b. ThHaep
can be constructed using the existing infill augtedwith concrete and mesh reinforcement or any
other overlay that provides the appropriate stiteagid stiffness allowing for elastic behavior.
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(b) Rocking Spine Retrofit

Figure 3 — Elevation showing layout of as-built aattofitted frames

2. OVERVIEW OF BUILDING MODELS

The Open System for Earthquake Engineering SinanlafOpenSees 2006) was used to develop
nonlinear analaysis models for the case study imgild’'wo-dimensional models were created for both
the as-built and retrofitted cases incorporatingemia nonlinearity in beams and columns, infillllsa

as well as nonlinearity due to uplift of the reiitefd spine. As shown in Figure 4, a leaning column
was used to account additionalReffects from loads on the gravity system thatrateincluded in the
analysis model.
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Figure 4 — Schematic of OpenSees Model



Beams and columns were modeled as elastic elemsimg Ibarra-Krawinkler plastic hinge model to
capture non-linear behavior. The model has dreiar backbone curve and was calibrated to data
from 255 reinforced concrete column tests by Hase#ind Deierlein (2007), the outcome of which
was a set of equations that could be used to frésligarameters.

Infill walls were modeled as diagonal compressioihyatruts. Recall that in the case of the rettedit
frame, the infill walls that are incorporated astmd the spine will be strengthened to allow ftastic
behavior at uplift. As a result, these struts Wil modeled as elastic elements. For the infill pane
struts in the as-built structure as well as thosthe retrofitted structure that are not part @ $pine,
material nonlinearity was incorporated by implenragnta peak-oriented hysteretic model in OpenSees.
The force-displacement backbone curve of the stedel is described by five parameters, (&, K

A: and K) as shown in Figure 5. The parameters were cordpuised on modeling guidelines for
infilled frames provided in ASCE/SEI 41-06.

In the case of the spine retrofitted frame modwt, ¢tontact points at the base of all columns were
modeled with vertical elastic compression only rsgsi with infinitely high stiffness in compression
and zero strength in tension to allow for uplift
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Figure 5 — Backbone Curve for Infill Strut Model

3. PUSHOVER ANALYSIS

Monotonic static pushover analyses were perfornrmedath the as-built and retrofitted structures with
lateral loads applied according to the equivalatdrhl force distribution specified in ASCE 7-0heT
results from the static pushover analysis for liimes are shown in Figures 6a and 6b.

Figure 6a shows a plot of base shear vs roof thiftboth frames. It shows that the spine retrofit
increases both the strength and drift capacityhefexisting frame. The as-built frame has a lateral
strength of 470 kips which occurs at a roof drift4%6. At this point the second story infills begm
degrade with the infills in floors above being umdmed. At a roof drift of .8% a soft story
mechanism forms due to hinging in the ground flo@umns and the structure becomes unstable. The
retrofitted frame has a lateral strength of 63Iskifhich occurs at a roof drift of .8%. At this pbihe
non-spine infills at all levels begin to degradéfammly. At 1.8% roof drift the beams in the baythvi

no infill begin to degrade rapidly due to the defation demands from the uplifting spine.

Figure 6b shows a plot of the “drift concentratif@etor” vs roof drift for both frames. The drift
concentration factor is defined as the ratio of tieximum story drift to the roof drift and is usted
indicate the extent of drift concentration at atipatar level. In both models the maximum drift acs



at the ground floor level. Both frames start wittréit concentration factor of about 2, after whitle
as-built frame experiences an increase in driftceatration up to 6. For the spine retrofit, theftdri
concentration factor reduces to one.
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Figure 6a — Base Shear vs Roof Drift from Pushéwelysis
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Figure 6b — Drift Concentration Factor vs NormatiZoof Drift

3. NONLINEAR TIME HISTORY ANALYSIS

The seismic performance of the as-built and rdteafiframes was also assessed using nonlinear
response history analysis. Incremental Dynamic y¥sial(IDA) was performed using twenty far-field
ground motions taken from the FEMA 695 GuidelineQuantification of Building Seismic
Performance. In IDA, the structural model is sutgddo each of the ground motions and analyzed to
predict structural response. This analysis is rigge@ach time increasing the intensity on thetinpu
ground motion. The first mode spectral acceleratiin) was used as the ground motion intensity
measure and this was incrementally increased taxannum value corresponding to the Maximum
Considered Earthquake (MCE) ground motion for thié&ding site.

Figure 7 shows an IDA plot for the as-built modkfist mode spectral acceleration vs maximum
interstory drift. It shows that at the MCE groundtion level (.48g) 11 of the 20 ground motions have



caused collapse of the frame which correspond<stsya probability of collapse at that intensity leve
Collapse is characterized by dynamic instabilityhef structure or a large increase in interstoify dr
resulting from a minute increase in ground motittensity. For the spine retrofitted frame, none of
the 20 ground motions caused collapse up to the M@&. This suggests a significant reduction in
the probability of collapse with the spine retrofit

Figure 8 shows a plot of the median interstoryt ¢ibfile for the as-built and retrofitted modets &
ground motion intensity corresponding to the De®gsis Earthquake (DBE) for the site. The plot
validates the effectiveness of the spine retrofiniposing uniform drifts over the height of the
structure compared to the concentrated driftseagtbund floor in the as-built model.

I
I
I
I
I
|
I
1
|
8 10

T T

| | —e— AsBlLilt Frame
: : =B - Spine Retrofitted Frame
| |

] ~©
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Median Story Drift (%)

Figure 8 — Median Story Drift Profile for Design &g Earthquake



4. CONCLUSION AND FUTURE WORK

This paper presents the preliminary results ofse ciudy examining the feasibility of using rocking
spines to retrofit non-ductile reinforced concrietene buildings with unreinforced infill masonry

walls. Nonlinear static and response history amaygas used to demonstrate the effectiveness of the
spine retrofit in reducing interstory drift demarimysimposing uniform deformations over the height

of the structure thereby reducing the tendencylfit concentrations at lower stories. Incremental
Dynamic Analysis was used to show that the spitrefiehas the potential to significantly reduce th
probability of collapse.

The collapse statistics reported for both structare likely to be unconservative since collapsetdu
loss of vertical load carrying capacity resultingri column shear failure was not considered. Future
work will incorporate column shear failure in treesassment of collapse safety as well as the infeien
of soil effects on the behavior of the rocking spiork is also ongoing to develop the tools and
criteria that are necessary to design and assesfitted structures.

ACKNWLEDGEMENTS

The Blume Center for Earthquake Engineering andrgeging Diversity Program at Stanford
University is acknowledged for the funding providedhe first author. This research is motivated in
part by the EERI Infilled-Frame Network initiatiaed the collaborative project between NED
University of Engineering and Technology and Gedatldg International. The authors also
acknowledge valuable discussions on the reseatthiviMosalam, D. Mar, J. Rogers, and S.
Billington.

REFERENCES

American Society of Civil Engineers (2008). Seismababilitation of existing buildings. ASCE/SEI
Standard 41-06, ASCE, Reston, VA.

Federal Emergency Management Agency (2009). Qimaitdn of Building Seismic Performance
Factors (FEMA P695), Applied Technology CouncildReod City, CA

Gunay, S., Korolyk, M., Mar, D., Mosalam, K. anddgers, J. (2009). Infill Walls as a Spine to
Enhance the Seismic Performance of Non-ductilefReiad Concrete Frameglorkshop on
Advances in Performance Based Earthquake Engineering, July 4-7, Corfu, Greece

Haselton, C and Deierlein, G. (2007). AssessingiBiei Collapse Safety of Modern Reinforced
Concrete Frame Buildings, PhD Dissertation, Depantnof Civil and Environmental Engineering,
Stanford University

Khan, R. and Rodgers, J. (2011), 6-Storey Mixed Blg&ling in Karachi: A Case Study of Seismic
Assessment and Retrofit Design, GeoHazards Inierredtand Department of Civil Engineering,
NED University of Engineering and Technology

Kyriakides, M (2011), Seismic Retrofit of Unreinfed Masonry Infills in Non-Ductile Reinforced
Concrete Frames Using Engineered Cementitous CatapoBhD Dissertation, Department of Civil
and Environmental Engineering, Stanford University

Ma, X. (2010), Seismic Design and Behavior of $&ftering Braced Frame with Controlled
Rocking and Energy Dissipating Fuses, PhD DissertaDepartment of Civil and Environmental
Engineering, Stanford University



