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NUMERICAL STUDY OF URM INFILLED REINFORCED CONCRETE
FRAME RETROFITTED WITH EMBEDDED REINFORCING STEEL

RajendraSOTI, Andre R. BARBOSA andAndreas STAVRIDIS

ABSTRACT

Unreinforced masonry (URM) infill walls are widetysed in regiors with high seisnicity around the
world. When subjected to seismic loading, the failof¢hese wallgs often catastrophic as these walls
typically exhibit brittle failures. These catastrophic failures have been obssineekarthquakes in
the 1930s and alda the afermath of recent earthquakes suchhaes2010 Haiti (Mw 7.Q)the 2010
Maule Chile (Mw 8.8) and the 2010 and 20Tarfield and Christchurch New Zealand earthquakes
(Mw 7.1 and Mw 6.3, respectivelyAll the failures observed should be reason enoughefoofitting

of URM and URM infill RC frames, butthe cost is typically the main hindrande seismially
upgradng these URM wallsThus,therestill is a pressing need for developing ceffective retrofit
strategies.

A simple and cosgffectiveretrofit solution forURM infill walls is proposedherein, inwhich
embeddedeinforcing steebars are placenh precut grooves made on the surface of the infill walls.
Theproposed retrofitting technigugs assessed through the use of nonlifieée elementanalyses. In
these analyses, a modelling scheme consisting of smeared and discrete crack approaches are combined
to capture the different failure modes of infilled frame, including mixedle fracture of mortar joints
and columnshear failure of reinforaeconcrete (RC) members. The modelling approach is validated
through correlation of experimental results witlimericalresuls obtained herein for a oibay, one
story specimen. Numerical results of retrofitted one andisyoretrofitted masonry infilillustrate
that horizontal reinforcements are more effective than vertical reinforcements wiudittirgtrURM
walls. Results are promising, buincertaintiessuggest that experimental testing needs to be done
before conclusions on the efficiency of tle¢rofitting method can be drawn.

INTRODUCTION

All over the world, unreinforced masommalls are used extensively as infill wall panels in reinforced
concreteframe structure. In the design process, the capacity of the walls are not considered in the
desgn of the lateral resisting system since these infill walls are considsraathstructural elements

and are usually overlooked However, past earthquakes have repeatedly indicated the catastrophic
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brittle failure of infill masonry panels and that theffext the mechanisms of failure of the reinforced
concrete frame structurémproving the seismic performance of these infill walby, increasing the
ductility using the coseffective retrofitting technique is a promigi way to address this problem.
This paper proposes a new ceffective solution for seismic retrofit of URM infill walls by providing
embedded horizontal and/or vertical reinforcing steel bars intecyiregrooves. The proposed
retrofitting method can be applied efficiently and causesnmmim disruption to occupants as well as
little architectural impactThe techniques discussed here have minimum impact on the aesthetics of
the retrofitted URM walls since the strengthening system is hidden inside thénwhik preliminary
assessmepadvanced nonlinear finite element analyses are used to assess the proposed solution.

Significant advancement has been made on nonlinear-&l@teentmodellingof concrete and
masonry structuge Modelling techniques can be classified inthemomenologial models (Burton
andDeierlein 2013 or advanced continuum modelsch as the ones developed in Stavridis and Shing
(2010) Burton andDeierlein (2013) have proposed an inelastic dis#dut model that captures the
postpeakbehaviourof the masonry infiland its interaction with the surrounding frame. This follows
many works that include straindties to capture the brittleehaviourof theinfill. Phenomenological
models are effective, but onfgr capturing global behaviouFurthermorethese have tbe calibrated
to experimental results. In the absence of these experimental results, advanced continuum models
should be used since these are more reliable, yet computationally expensive. An exasogle of
continuummodesk is the one by Stavridis and 8hi (2010). In this model the autharsea nonlinear
modelling scheme that combines smeapedck continuum elements with interface elements to
simulate the fractureehaviourof unreinforced masonsinfilled RC frames. The smeared crack and
interface mods have been implemented in the Finite E@mnAnalysis Program (FEAP, Taylor
2007). Smeared crack elements (Lotfi and Shing 1991) were used to model the concrete in the RC
frame and masonry units in the infill panel. Interface models (Lotfi and Shing 1894 used to
capture the mixedhode fracture of mortar joint and shear failure of RC members.

The modellingtechniqueby Stavridis and Shing2010)were validated witlexperimental data
for nonretrofitted, onebay, onestory, reinforced concrete frameavith masonry infils. Herein the
samemodelling approach is applied to the assessment of a retrofitting stratgyypne minor
extension.Thereinforcing steel bargsed in the retrofiare embedded in URM infill wallto upgrade
its structural perfanance.Retrofitting cases considered include use of horizontal and/or vertical
reinforcement in onday frame and use of horizontal bars in #vay infill frame. The embedded
reinforcements arenodelledwith elasteplastic truss elements and are placedlperto the mortar
joints. Effects of dowel action are neglect&grformance of neretrofitted URM infill RC frame and
the retrofitted URM infill RC frame are compared based on static pushover analysis Rasiliiss
suggest this solution can be eiiiat.

PROPOSED RETROFIT SCHEME

The retrofit approach proposed herein involves the installation of reinforcing steel bars intedtie pre
groves in the surface of the masonry wall. Fig. 1 aard ¢ show possible retrofit strategies.
Horizontalbars are laced into precut grooves, as shown in Figa In this preliminary evaluation of

the retrofitting approach, and to bound the design values, the depth of the groove has been limited to
1.0 inch and width of the groove has been made equal to the widith ofdrtar joints. Typically a #3

(10 mm) reinforcingsteel bar fits into this groovand the bar can be bonded to the bricks and
protected by filling the groove with an epoxy.

Two case studies aemalysedThe first is onébay frames shown in Fig. 1. this first case, three
retrofit strategies are analysed. The second case study consists diaytR€ frame with URM infill
walls, as shown in Fig. 2b. In this case study, only horizontal reinforcements are provided to the
masonryinfill wall. For constuction ease, the horizontal bars terminate at column faces.



R. Soti, A.R. Barbosa and A. Stavridis 3

Figure 1  Retrofitting strategies for one bay frame: (a) retrofitted specimen with horizontal bars; (b)
retrofitted specimen with vertical bars, (c) retrofitted specimen withzéntial and
vertical bas

Mortar
joint (0.5 inch)

Reinforcing bar
(#3 60 ksi)

(@) (b)

Figure 2. Retrofitting strategy for twlmay frame: (a) embeddédubrizontalreinforcement into groove,
(b) retrofitted specimen (twbay) with horizordl bars

NUMERICAL MODELLING AND FINITE ELEMENT FORMULATION

In this section, the finite elemembodelling approach for URM infill RC framesised herein is
summarized The approach is based on the discretization scheme and constitudidelling
implementedn FEAP (Taylor 2007) Particular attention is given to tmeodellingof RC members

and URM infill including tle mortar and brick interfaces as well as the steel reinforcement used for
retrofitting the masonry walls.

A smeareetcrack finite element formuteon (Lotfi and Shing 1991) issed to model concrete in
RC frames as well as the masonry units in the infill pamkeke concrete or brick elements are
modelled withan elastieplasticrelationshipgoverned by a von Misds/o-dimensionafailure surface,
as shown in Fig. 3a. When the von Mises failure criterion is reached, an associatedémwsed to
compute the plastic strainat larger plastic strains, i.e. whe&nacks occur, the material model adopts
an orthotropic material law to simulate thentieearbehaviourin tension and compressi@sshown
in Fig. 3b andrig. 3c. It is worthnotingthatthe crack forms orthogonal to the directions of principal
stresses, and once these form, the crack orientation is fixed through the analysis.

Interface é&ements are provided between the concrete smeaaet elements anthetweerthe
masonry brick elements. These elements correspofutenodded, zerdhickness, cohesive crack
interface elemest The constitutiverelationship used to model the interfadements is shown iRig.
3d. This figureshows the hyperbolic yield function and its evolutishich are based on the cohesive
crack formulation As described in Lofti and Shing (1994), the cohesnaekformulationis used to
simulate Modd, Mode-ll, and mixedmode fracturg In this model,shear dilatioris also observable
as this effect can dilate and contract the yield surfateeach point along the interface, the model
follows an elastiglastic formulationgiven by the following flow rule:
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Figure 3.  (a) Plasticity model, (b) compressive behavior of orthotropic mo@#l tensile behavior of
orthotropic model, and (d) interface yield surface

s= Dg‘éi -d° 1)

where s ={s }T, S andt are the normal and shear stresg]las{dn q}T, and dn and dt are the

normal and shear displacement, respectjvélyis a diagonal matrix with elastic constarily and
D, associated with normal and tangential directidme hyperbolic yield surface is given by:

F(s.q)=t* - /¢ s9)* 2K s)-0 (2)

where m is the slope of the asymptotes of the hypertmisa,the interface tensile strength, and a

radius of the yield surface at the vertex of the hyperbatad whereq ={ms, r} groups the

parameters thacharacterize the yield surfacEhe evolution of yield surface is based on the following
softening rules:

s=%?§ S & go? ron=@ we*.m m(m Here (3)
¢

In Eq. 3, the subscript O amdepresent the initial and residual value of the respective variables,
respectivey; G'f and G}' represent the Modeand Modell fracture energiesa and b control the

rate of reduction ofrm and r respectively;k , k,, andk, correspond to the plastic work quantities
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that govern the strength degradation from the initial to the residual parameters. The pladiil,poten
with a nonassociated rulés given by:

Qs.q)=hF 4r £)( ss) @

where /1 is a scaling parameteputrolling sheadilatation The direction of plastic displacements is

governed by the flow rulenl'p =/ w , Where/ isthe plastic multiplier.

DISCRETIZATION OF REINFORCED CONCRETE MEMBERS

The RC members of the frame are discretized in modules of four triangular sroeare@lements
connected with four, diagonally placed, interface elements as shdvig. #a. The inerface elements

model horizontal, vertical, and diagonal shear cracks, in a discrete manner, thus allowing for discrete
modellingof the cracks. The reinforcing steel bars in the concrete membearsdsdiedwith elastic

plastic truss elements. Verticaimforcing steel have been divided into eight truss elements at each
interior location and four truss elements alongdRiernal edgesShear reinforcement bars have been
divided into two bars placed in a zigzag pattern, as shown in Fig. 4a.

Reinforcing steel

bars
Smeared crack Smeared crack brick element
concrete element Interface element for mortar
joint .
J Brick interface element
Shear reinforcing
_ Mortar
Interface concrete = )
Brick
element <«

(b)

Figure 4. Finite element discretization of (a) RC memkensl(b) masonry infill

DISCRETIZATION OF URM INFILL

Thediscretization scheme for the unreinforeedsonrypanel is shown in lgi 4b. Here, each masonry
unit (i.e. a single brick) isnodelledwith two rectangular continuum elements interconnected with a
vertical interface element. The vertical interface elenet capturethe tensile splitting of the
masonry unit and the relativdiding of a fractured unit. Mortar joints areodelledwith a zere
thickness cohesive interface elensealsoshown in Fig. 4b.

DISCRETIZATION OF EMBEDDED REINFORCING STEEL BARS

The reinforcing bars used in the retrofitting anedelledwith elastepladic truss elements. Each
reinforcing bar is split into four truss elements connecting the nodes of continuum brick elements
shown in Fig. 5. For the embedded bar, the contribution of dowel action may be important, but it has
not been taken into accountthis study.
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CALIBRATION OF MATERIAL MODELS

Stavridis and Shin@2010)performed a systematic calibration of the material model asehsitivity
analysis of different material parameters. Some paragetgecalibrated with available material test
datg other parameterare chosen carefully to capture the ovebalhaviourof a masonry assembly.
Herein, the same calibration approastadopted. Theesults ofcalibration of the smeared crack and
interface elements for the concrete and brick are shown in Fig. &g balibratednterface model for
mortar joints is shown in Fig. 7a andThe latter two figuredlustrate that the model represents well
the experimental testing Mehrabi at el. (1994at the level of the masonry unit.
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CASE STUDIES

Herein, two cases studies shownFig. 1 andFig. 2 areanalysedThe firstcase studys aonebay
masonry infill RC frameThis corresponds to Specimenexperimentally tested by Mehrabi (1996)
and numericallyanalysed by Stavridis and Shing (2010The original model did not include any
retrofits and associated reinforcement. It was designedifat loads as per ACI 3189. The frame
was loaded laterally by an actuator moving in displacement control. The size ofctheirtit was
92mm x 92mm x 194mmThe second case study corresponds tawo-bay masonry infill frame
model. The design and detailingtbe twebay frame model is shown Fig. 8. This case study is an
extension of théviehrabi(1996) design. Pthrough R are locations where loads are applied. The test
and analysis is done by controlling the displacement at and in the directignTdfePvalues of the
vertical loads are identical to the onedMahrabi(1996).
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Figure8. Design and detailing of twieayinfill frame

VALIDATION OF THE MODELING APPROACH

Fig. 9ashows the test resufor nonretrofitted onebay infill frame and thenumericalresults (in

dotted line). Itcan beseen that the numerical model captures very well the capacity of the test
specimen and reasonably wethe initial stiffness However, the numerical model is stiffer than the
experiment and therefore the peak strength is reached for a smaller drift than the corresponding peak
strengthdrift value observed in the te€urrently, in theabsence of experimental results for the-two

bay frame as well for the retrofitted cases, no validation of the numerical results is possible, beyond
checks that the results seem realistic. Nonetheless, it is suggested that further experimental works are
needed.

NUMERICAL RESULTS

One-bay frame

Fig. 9 shows the individual contribution of three different retrofitting strategies shown in Fig. 1. As
indicated inthat figure, all retrofitted model showed a significant increase in figeak system
ductility. All retrofitted moded, except the model retrofitted with four vertichhrs, showed an
increase in shearapacitywhen compared to the neatrofitted modelThe reduction of peak strength

of retrofitted specimens with four vertical reinforcements indictiteshange in failure pattern due to

the presence of grooves cut into the surface of the wall to encapsulate the reinforcing bars (see Fig. 10
and more detailed discussion belowlhe forcedeflection behaviour of differentnodels is
summarizedn Table 1.
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Table 1: Numerical results of neatrofitted and retrofitted specimens (elmgy frame)

. . Residual strength
Specimen Yield point Peak load (90 % of peak load)
Vy:2/3 Vmax E’jy Vmax U\/max Vres ljwes
(kips) (in) (kips) (in) (kips) (in)
Non-retrofitted (NR) 43.2 0.06 64.8 0.27 58.32 0.40
Retrofitted with3 horizontal 45 43 0.09 68.15 0.72 613 0.9
bars (3H)
Retrofitted V\(/Zt\w;)l vertical bars 42 0.08 63 0.47 56.7 0.66
Retrofittedwith 3 horizontal +4
vertical bars (3H+4V) 40.0 0.05 59.91 0.45 53.91 2

The failurepatterrs of retrofitted and nometrofitted modelareshown along withihe deformed
shapsin Fig. 10 In the nonretrofitted onebayframe, asudden diagonal craclcourred at peak load
predominariy through mortar joints in a diagonal step pattern mddébwed by a rapid reduction of
load carrying capacityRapid decrease in load carrying capacity after the peak load indicates the brittle
nature of unreinforced rsanry infill. This can be confirmed by Fig. 98ig. 10aand 1®. The left
most column of Fig. 10 shows the deformed shape and crack pat®ebdalrift ratio, for all models.

All retrofitted models improved the performance without (apparently) beinggand with no
sudden drop in load carrying capacity (see #imand Fig10c,10e,10g).

With increasing drift ratio, nonetrofitted infill wall exhibited a gradually increasing crack width,
followed by severe slip failures along a bed joints initfid (seeFig 108. The right most column of
Fig. 10 shows the deformed shapes and crack patterns at 1.5% driftrrdlits figure,and at this
level of drift ratio,the nonretrofitted model suffered heavy damage with the formation of the wide
diagmal shear cracks and severe slip failures in bed j¢iits 10b) Shear failure also observed at
the top part of the windward colunandthe bottom part of the leeward columRM infilled RC
frame that is retrofitted using three horizontal feining barsexhibited behaviour that is substantially
more ductile in comparison to the noetrofitted model. Cracking through this model typically
initiated at approximatelpeak load which was reached nea%o drift ratio. With further increase in
load, a signficant number of distributed diagonal crackeng with slip failure along a bed joints in
the infill are observedvhich can be confirmed in Fig. 108or aretrofitted modebith four vertical
reinforcing barscracking initiated a0.56 % drift ratioanddistributed vertical crackare observedt
1.5% drift ratio(see Fig. 10f). This model exhibited less shear resistance than thretrajitted
mode] but it exhibitedbetter performance by increasing the gumsak system ductilitylt is worth
noting that the failure pattesof the retrofitted masonry wall depend on the predominant resisting
failure mechanism.Due the opening of cracksnse horizontal bars are more effective resgshear
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Figure 10. Deformed shape afiebay frame



