EVALUATION OF ISOLATION DETAILS TO ENABLE ROCKING IN

A MASONRY VENEER PANEL

By

LOUIS MARIE GOUHIER DE FONTENAY

A thesis submitted in partial fulfillment of
therequirements for the degreé

MASTER OF SCIENCE IN CIVIL ENGINEERING

WASHINGTON STATE UNIVERSITY
Department of Civil and Environmental Engineering

DECEMBER 2012



To the Faculty of Washington State University:
The members of the Committeppointed to examine the thesis of LOUIS MARIE

GOUHIER DE FONTENAY find it satisfactory and recommend that it be accepted.

David I. McLean, Ph.DP.E, Chair

James D. Dolan, Ph.PPE.

William F. Cofer, Ph.D.P.E.



ACKNOWLEDGEMENTS

| would like to acknowledgehe Nationallnstitute of Science and Technology for their
financial support of this project. | also would like to recogiBsF ConsultingEngineersand
particulaty Steve Dillof KPFF, for providing the impetus and structural details for the rocking
panel

| would like to express my deepest gratitude to Dr. David McLean for serving as my
committee chair and for giving me the charto work on this project. His patience, guidance,
support and knowledge greatly helped me get
thank Dr. Dan Dolan and DBill Cofer for serving asnembers ofmy graduatecommittee Their
availability, kindness and adviaereally appreciated.

| sincerely thank the people at the Composite Materials and Engineering Center, especially
Bob Duncan, Scott Lewis, Kyle Spangenberg, Danny Mjelde and Tim Spry for their assistance in
constructing and testing myegmens. In addition, | want to acknowledge Vicki Ruddick for her
help with the administratve details associated with my graduate prograrmalso extend m
thanks to Derek Ohlgren and Carl Harris for their help.

Finally, I would like to thank my family ahfriends for their support and love during this

18 month progransofar away from home.



EVALUATION OF SPECIAL DETAILS TO ENABLE ROCHINGN

A MASONRY VENEER PANEL

ABSTRACT

By Louis Marie Gouhier de Fontenay, M.S.
Washington State University
December 2012

Commitee Chair: David |. MLean

The objective of thisprojectwas to evaluate theeffectivenesof specialisolation details
designedo enable rocking response in masonry veneer panbjscted to lateral displacements
Rocking isexpected to reduce or eliminate damage tontiasonry panein a seismic event
Criteria considered inevaluatingthe performance of thpanets and isolation detailscluded
strength, energy dissipation, residual displacensént ofdamage and rockingehavior

Two panelspecimes were constructecandtested under quastatic cyclic lateral loading
and constant axial (verticadpading Onepanelhad 20 kips of axial logadand theother had 50
kips, which was later reducedto 40 kips due to testing capacitieSpecial details were
incorporated at the base of the panelsrtablerocking Two steeldowels were placedcrosshe
interface between the panel and footifige dowels included a bond breaker such that only shear
could be resisted by the dowels. addition,the interface included neoprene paith the center
region of the panel anavo strips ofcompressibldoam atthe endsThe neoprenpadservel to
transmit axial loasland shear between the panel dmel footirg, and the foam strips protected
the ends of the panels once rocking occurred

Both panels exhibited rocking behavidfery little damage occurred to the first panel with

the lower axial loading.The second panel with the higher axial loading underwentoee



complex responsemechanismand experiencedubstantial damagd.he larger axial loads for
Panel 2 also resulted in increasettetal capacity and stiffnes¥ielding of the dowels
contributed significantly to energy dissipation in the specimensidfriand sliding of the panel
on the neoprene pad was also a major contributor to energy dissipation.

For the panel with lower axial loading, only minor damage developed in the panel even
when loaded to 3 in. of lateral displacement, corresponding teellalrift of more than 5%.
Even in the panel with higher axial loading, significant damage did not develop until the lateral
displacements exceeded 1nOof lateral displacement, corresponding to a lateral drift of nearly
2%. The special isolation detailproposed for the veneer panels were successful in developing

the intended rocking response.
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CHAPTER 1: INTRODUCTION

1.1 Background

In many countriesa significant portion of residentialand commercialbuildings are
constructed with masonryncluding bothstructural masonrand masonryweneers The use of
masonry often reducescosts andconstruction time Unreinforced msonry structureshave
traditionally perforned poorly in seismiceventsdue tolimited ductility oncetheir strengths are
exceededIn addition, unreinforced masonry may expace brittle shear failure8ecause of
this limited ductility, unreinforcedmasanry is no longer used in areas wiglignificant seismic
activity. Typical failure modes of masonry shear walle depictedn Figure 1.1. It was with
these modesn mind that researchers and engineers developed steel reinforced shear walls to
make them qgaable ofsatisfactorilyresisting an earthquake

All modernstructureswhetherconstructed omasonry, timber or reinforced concresee
typically designed to behave in a ductile manner in order to dissipate energy and provide advance
notice of distressDesigning to produceuttile response is thwidely accepteghilosophy for
modern seismic desigtructures in seismic zones mustorporatespecial detailing t@achieve
the required ductility and therelprevent collapse during an event and ensure the safety of its
occupantsDuctility is achieved andrergy is dissipated through inelastic deformations of the
reinforcement in critial regions of the structures, referred to as plastic hinge zdmese
inelastic deformationkead to permanent damage which will typically require repair after a large
seismic eventHowever, such @mage is acceptable in a major eyaven if it meanshiat the

structurewill need to be partially or even entirely rebuldtjtit must not collapse.



(c) Diagonal tension failure mode (d) Toe crushing failure mode

Figurel.1: Failure Modes (from Lee, Li, Oh, YarndYi, 2008)
Performancebaseddesignis a new desigmphilosophythat is increasingly beingused by
structural engineerthat seek to limit the extent of damage under one or more loading scenarios.
Elastic design can be used so that structures always stay in the elastiH@angeer,elastic
designis an wmeconomical as well as an unnecessisign approackxcept for highlycritical
buildings such asnuclear power plantevhere damage may resuft a significant hazardThe
effects of the March 201magnitude9.0 earthquake and subsequent tsunami orfrtikeshima
nuclear power plantepresentan exampleof this hazard. Tde economicalmostbuildings are

designedfor seismic loads using Response Modification Factoreferred to aghe R-factor,



which allowsfor a reduction irthe elastic capacitigy accounting for energy dissipation through
plastic deformatios

An alternative solutiotio produceseismia@lly resistant structures gismicisolation With
this designapproach the energyof an eventis dissipated through mechanical devices. Base
isolaion is one of themore commorways of protecting structureBy decoupling the building
from the ground base isolatiorcan be utilized to protect it from the horizontabvements
caused bynearthquake. For example, by mountmgber bearingbetween the building and its
foundation little or noground movemestaretransmittednto the structure itseliThe system not
only provides protection to the building baisoto its contents and occupantseverthelessit
does not make the building seisapimofas often timeshe buildingwill still be damaged during
critical eventsThis type of isolation system also typically adds to the cost of a building.

Another structuralsolation method utilizes rocking responseof the building Rocking
systens were among the first isolation systeiasd allow for a building torock on its baseto
enablethe buildingto survive major earthquakes with little or no damagevided that th
building does not loseits stability and overturn during the shaking. Surprisinglyth such
promising potential these systems have not been widaljized in practice. With increasing
demand for improved seismic performance, the interest in roskstgmshas increaseth the
last two decades. However, researchnd applications of rocking systems dalfy behind other

alternative forisolationsystens.

1.2 Scope and Objectives

This project wagsnitiated through discussions witKPFF Consulting Engineerbased on

isolation details desigr to enable rocking in masonry veneer panels in -higg structures


http://www.emke.com.tr/em-ke/references/sabiha-gokcen-mro-hangar.htm

Steve DIl of KPFF served as the primary contact for mfation on the proposed systeihe
researchwas conductecat WashingtonState University The objective ofthe projectis to
investigate the effectiveness tife isolation detailsto enable rocking response & masonry
veneer panebubjected to lateral displacemen®ocking is expected toeduce or eliminate
damage to thenasonry panein a seismic evenfTwo panelspecimenswith the samerocking
detailsand geometryere subjected to cyclic, quastatic lateral loadinginderdifferent axial
loadings. Criteria considered irevaluating the performance of the panels and isoladetails
included strength, energy dissipation, residual displacemertent of damage and rocking

behavior



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

There are a limited number of modestnuctures that have been designedrtablerocking
on their foundationsProvisions addressing rocking mechanisms as a seismic isolation system are
not yetincluded in currenS building codes. Neverthelessterest in rocking systenfgs risen
recentlyasanotheroption forseismicisolation of structres.

This chapterincludesa generaldiscussiorof the rocking mechanism, sumresof several
experimental and analyticatudies thahave contributed ta better understandingf rocking in

structuresanda review ofrockingprovisionsin building code from around the world.

2.2 Rocking Mechanism

A rocking wall is a noflinear elastic systerthat exhibits a response ttan generallyoe
classified as bilineaThe wall firstbehaves as a fixelobse wall beforéhe rocking mechanism
starts. The rocking metianismstops when the neutral axis migrates close to the ediks
triggering overturning of the wall. Assurance has to be madtleeinlesigrthat the wall does not
overturn.

One of the biggest issu#sat must beddresseavith rocking systemss thatthe dissipation
of energy is negligible compared systems designed to behasectily (Holden, Restrepo and
Mander 2002) Rocking of the structuralsoleads to significantly higer lateral displacements
with little increase in lateral loadglue torigid body behavior)whereas ductile design is the
opposite(high lateral forces and smalisplacemenis In general standard masonry buildings are

typically too stiff to activate a rocking mechanismrdicking doeshappen, it is considered as a



failure mode.Figure 2.1displays the expectelbaddisplacement curve od lateraly-loaded
rocking wallundera unidirectional push. This figure doest account for a damping system, a

self-centering systenor damageo the edges (toesf the wall.

No lateral loading Overturn. moment = Resist. moment

Base Shear

1
Lateral Displacement

Vert. reaction Laterai Displacement

Overturn. moment < Resist. moment

Base Shear
Base Shear

Lateral Displacement Lateral Displacement

Base Shear
Base Shear

Lateral Displacement Lateral Displacement

Figure2.1: LateralStatic Loading of a Rocking ¥ (from Toranzo, 2002)

2.3 Selfcentering Issue

Self-centering is the ability of a structure to come back to its initial position by itself. In the
case of a wall, tilsiwould mean that the wall comes back to vertical and that no residual 8iding

presentt the base.



The selfcentering ofa wall after the rocking event is an importassue(Christopoulos,
Filiatrault and Folz 2002) Excessive residual deformations can lead todéstructionof the
structure even days after a seismic event

Figure 2.2 showsan idealized forcedisplacement response of a linear elastic system and
the response of a yielding structure.( usingductile design). As a large fraction of the energy is
dissipatedthrough hystergic responsgsignificant residual displacementsay be presentThe
sysemcan dissipate significant energy (asraclosed byhe curves)but no selcentering can be
expected because of plastic deformation

In contrast selfcentering system shows a characteritdig-shapechysteresicurve(see
Figure2.3). The amount of dissipated energy maysigmificantlyreducedbut the system returns

to its original position(no residual drift).
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Figure2.3: Idealized Seismic Response of Rocking Structure (fienmstopoulos et al. 2002)

The concept of selfenteringsystems wagproposed by Stantoet al. (1997 and was
extended by Restrepo (2002) to reinforced concrete cantilever walls by using a hybrid jointed
wall, by Shen(2000) to concrete coupled wallBndby Kuruma (2004) to cantilever walls with
vertical joints.The proposed systemall incorporatedposttensionedaxial tendonswithin the
structures. The results were promising with no residual displacsoiesgrved.

Prestressedendonsprovide axial load (depending on the prestressing force) and self
centering propertiesThe tendonswere used in recent researcl{Filiatrault, Restrepo and
Christopoulos 2004) as part of a largerstudy investigatingprecast concrete momergsisting

frames and intercomected shear walls under the US PRESSS program (PREcast Seismic



Structural Systemilirectedby Priestleyuntil 1999 Results from thRESSSrogramproved to
be effective and are nowincorporatedin a number of buildingcodes for specifidypes of

structues.

2.4 Code Provisions

Neither the USbuilding codes nor the Europeamuilding codes include any provisions
accountingfor rocking mechanism as the basis of the design. Only the New Zdalgidthg
code specifies some details accounting for rocking in deBigef. discussion igjiven for eaclof

thesecodesin the following sections.

2.4.1 USCodes

As notedearlier, the USuilding codes do noprovideany guidelines to base the design of
structures ora rocking mechanism. FEMA 30@.998)doesprovide an equation (Eetion1-4)
for evaluating the amount of strength for sliding or rocking in the dedighit does not
recommendocking as a desiredystem In addition,FEMA 356 (2000)provides a procedur®
account for rocking behavior by calculation of the amplitude of rocking. The procedure involves

the following steps

Calculation of the mass, weight, and center of gravity for the rocking system (or
subsystem);

- Calculation of the soil contact area, t&rof contact, and rocking system dimension, R;

- Determination of whether rocking will initiate;

- Calculation of the effective viscous damping of the rocking system (and the

corresponding design displacement spectramdl,

10



- Calculation (graphically or iteraely) of the period and amplitude of rocking (the
solution will not converge if overturning will occur).

Although rocking provisions have not yet been implemented in US buildings,ceoime
particular innovative types of ductile connections like jthiated ductile connectionsr hybrid
systers have beenestedand arecurrently being approved by US committe@siidelines for the
design of suclstructuresshould be available for design soon. See ACI 32003 for more
information aboutsuch systems However, according to the U3uilding codes, new design
methods carbe used if a special study is performefee for exampleéhe Building Code

Requirements and Specification for Masonry Struct(ve3JC 2011),article 1.3

2.4.2 European Code

In Europe,Eurococe 8 - Design of Structures for Earthquake Resista(iEN 8, 2008
accounts for rocking or sliding certain structural components suchage lightly-reinforced
walls (Sectionl.4). These options ar@ken into account witithe use ol gfactor, referred to as
the behavior factor. The code recognizes the stable nonktestic behaviothat can result from
rocking, butit judges that it iglifficult to addresshis type of behavioin design Section5.1.2).
Consequently, no procedsrare given except for, like the US code, some specific, deeply

studied solutionsuch agor jointed ductile connections

2.4.3 New ZealandCode

In contrast to US and European cadix® New Zealanduilding code(NZS 4203: 1976)

has incorporatetbcking mechanisms is designprovisionsfor quite a long time

11



In 1981, New Zealand constructed a stHtéhe-practicebridge incorporating rockinghe
South Rangitikei Railway BridgeEach column footingf this 315m (1033ft) long bridgewas
equipped with torsional beam ethanical energy dissipating deviceBhese devices were
designed to allow slight rockingn the foundations.

Wheredissipationof energy is through rocking dfie foundationsthe New Zealand code
requires thathe structure shall be subjected to a spestialy, exceptthat this need not apply if
the structural ductility factor is equal to or less than Pl&se restrictions led designers to design
many lowrise shear wall buildirggoverned by rocking ethanisrs (Priestley,Evison and Carr
1978)

Subsequently, NZS 1170.5:2004 replaced NZS 4208 required thaa special studype
performedwhenrocking is implemented as a methodsefsmic isolation witlenergy dissipation
during seismic excitationThis special study stuld entail the development of a computer model
and a time history analysis of the structus@wever, mosdesign offices cannot provide this
type of advanced analysis armbnsequentlythe cost ofthis analysis is only justified for the
large structures Following these new requirements, researchams currently developing

guidelines for designemsishingto use rocking elemen(&elly, 2009)

2.5 Historical Review of the Interest in Rocking Systens

Housner (1963) was the first to find that the rocking ma@csm could be a seismic
solution He observed thatlespite some apparent instabilisgveral goHball-on-a-tee types of
elevated water tanks survived the ground shaking motion of the 1960 Chilean earttigquake.
contrast some significantly stiffer atictures werecompletely destroyedFollowing this

observation Housneranalyzed the free oscillations of a rocking block (rocking period, energy
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loss, overturning acceleratipatc) and showed that the stability of a tall slender block subjected
to earthquake motion is much greater than its stability with constant horizontal force.
Additionally, the rocking behavior mode makes the wall act as a rigid @eslgmet al,1980)

It was notuntil 1978 when Meek1978 introducedaspects of structural flexibility coupled
with rocking structures that the interest in the rocking mechanism was subjected to more
research. Aslam et g11980)analyzed the rocking and overturning response adgsive concrete
blocks with a high aspect ratio. Thegonsidered among other thingsthe influence of
prestressingPrestressingrovided additional lateral resistance, anchored the structure to the
footing andgavean improved rocking resistanda.paricular, it prevented excessive rocking.

Priestley and Tao (1993) proposed a new b&apolumn connection. The beams were
designed and constructed so that they could rock at the column interface. They used partially
unbound tendons résdltg land wsed special Amrdl eonfidesrnianthe beam
plastic hinge regionsThe idea was to prevent damage in the connections by limiting the energy
absorbed during large lateral displacemeiitsey observed that damage still occurredhigi-
force ragyions such athe rocking toe The use of tendons wassoinvestigated for bearnolumn
connectiongGarciaPujador, 1998)(Cheng, 2008)(Roh andReinhorn, 201Q)walls: (Pennucci
et al., 2009), (Kuruma, et al., 1999) (Hitadad Sakino, 2008)L. Torarzo, 2002)(Restrepand
Rahman, 2007and frames$tanton et al., 1997) (Christopoulos et al., 2002)

A new philosophyfor rocking was developed by Mander and Cherfg©97) and was
referred to aPamage Avoidance Design (DADAs the name implies, DARttempts to prevent
significant structural damage during an event, enabling the continued use and operaten of th
building following the eventWhile somedamage might be unavoidable, this philosophy would

attempt to limit both the time and monetary castany necessary repairs.
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2.6 PreviousResearch

2.6.1 Rocking Behavior of Rigid Objects(Prieto and Lourenco, 2005)

Equations developed yousnerto describeocking responsgHousner 1963) have been
periodically improved, adjustedind corrected Lipscombe (1990 proved experimentally that
Housner s equations were not accur at eAnf or
optimized formulation was proposed by Prieto and Louref2f®5) to solve two important
drawbacks: the complexity and the intractabiliy @ generalization with a high number of
blocks. Equationsare provided in this reference for definittge rocking mechanism of rigid

blocks.

2.6.2 SeismicPerformance of Precast Reinforced and fstressedConcrete Walls

(Holden, Restrepoand Mander, 2002)

Following their previous projectolden et al (2002 investigatedhe performance of two
precast concrete cantilever wall units. Precast walls are beconarg commorfor their cost
efficiency, and theyalso allow quicker installation and highuality control. The main
disadvantages of precast walls are that regions resisting lateral doedékely to undergo heavy
damage in moderate seismic eveRt®cast panelequirespecialdetailingsuch aghe continuity
of vertical reinforcement passing tlugh areas where plastic deformasareexpected.

The first specimen was designed according to the New Zealand(8bdt# 1995 as a
reinforced specimen reacting in a ductile manmdrereas the second incorporated a partially

prestressed system and wakedb rock on its foundation3able 2.1summarizes the differences.
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Note that the two walls were built with the same geometry and the same concrete riajarel.
2.4 shows the lateral foregisplacement response obtairiean testing of the two specims.

The codecompliant specimen was heavily damagetereas the second specimen had no
visible damage. Even for a small dritateral displacement/height), the damage foe thrst
specimen was extensive. Thest system dissipated more energy but sbdwsignificant residual
deformation whereas the rocking specimen maintained-setitering characteristicsThey
concluded that the hybrid specimen had significant positive qualities and required deeper

investigation.
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Table2.1: Comparison between Ductile and Hybrid Walls (adapted from Holden et al., 2002)

System Property

Monolithic Hybrid

Energy Dissipation Capacity

Special Reinforcing Detailing

Dimensional Limitation

Minimum Reinforcement Requirements

Expected Postearthquake Repair Work concrete replacement. Bars

Initial Cost

Life-cycle Cost

Excellent Good

Only required at wall ends and
In potential plastic hinge zones foundation beam where rocking
takes place

Minimum - based on elastic theor
To prevent plastic hinge instabiltyas wall panels remain essentialy
crack-free
Can significantly increase the Temperature and shrinkgage cat
moment capacity at the critical substituted with fiber reinforced
region concrete
In plastic hinge zones, repair wor

can vary from epoxy injection to .
y poxy I} None expected, self-centering, ni

. . . permanent deflections
instability could also requires

demolition. Permanent deformatic
Competitive- widely used system3Competitive? Requires cost anah

Competitive relative to other

conventional systems. Expected to be very competitive,
Postearthquake repair may be postearthquake repair needed
required
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2.6.3 ShakeTable Tests of ConfinedMasonry Rocking Walls with Supplementary

Hysteretic Damping (Toranzo, et al, 2009)

Toranzo et al(2009)conductedeststo validate the concemtf rocking walls as a major
seismic system. Thegpecificallytested confined masonry wallsut their findingscan alsobe
used with other kinslof rocking wall systerms

Confined masonry is a widely used method that consists of unreinforced brick panels
surrounded by reinforced concrete elements (Iseandcolumrs). A typical confinedmasonry
specimenis shown in Figure 2.5The concept of controllecbcking is an economic option for
commonlow-rise building built with confinedmasonry.

Toranzo et alused a0.4-scale model frame walhcorporatingsteel hysteretic energy
dissipating damperseferred to asEDDs. These devices were designed to meet the energy
dissipation requirementsghile beingeasy to replace or fix. They recommended thaEih®sbe
placed at the toes of the rocking walllsorder todissipate energy through flexur® addition,
the EDDs need to be designdd transfer shear loads into the foundativvhile these device
were deemed effectiy@oranzo et alrecommenddthat supplemenl dampingbeintroduced to

increase the damping.
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Figure2.5: Geometry of the Wallfrom Toranzo et al., 2009)

The setup of the test conductled Toranzo et alis shown inFigure 2.6. It was built to
represent a typical threstory building commonlyound in South America. It can be related to
the research reported in thpaper because the frame provides lateral bracing and the masonry is
not fixed to the footingThey measured their displacement with an adaptation of the design
methodology of Priestley (2000%iven the expected large stresses at the toes of the walls, th
provide a 1émm (3/8in.) thick steel plate to avoid damagethe foundation as well a steel case

to protectthe corners of thavall from crushing.They concluded that, with careful and logical
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detailing, damagean beeliminated and the wall returns fts original position providing no

residual displacement.
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Figure2.6: General Dimensions of the Test Struct(frem Toranzo et al., 2009)

2.6.4 In-plane Experimental Behavior of Stone Masonry Walls under Cycic

L oading (Vasconcelos and Lourenca2009)

Vasconcelos and Loureng(®2009) studied the behavior of stone masonry walls, a
traditional building material throughout history. Afew experimental investigationsf stone
masonry are available in the literaturenpst are for concrete, steel or masonry building

materials) they tested 23 walls in quastatic loading They simulatd distinct types of walls
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existing in ancient buildirgof Europe under different loading mod@&seytested differenbond
arrangementsind many of these walls failed duto the rocking mechanism aanbe se@ in
Figure 2.7 They stressedhat, when only rocking of the wall occurs, global collapse does not

occur. However,residual inelastic horizontal gplacemergtwere observed due to sliding along

thebed joints of the units.
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Figure2.7: Rocking HysteresisCurves for 2 [fferent Arrangements (from Vasconcelos

andLourenco, 2009)
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In addition theynoted that, in a real earthquadeent different effects can be amplifietlie
to in-plane and oubf planeforces actingogether. They concluded that, like masonry structures,
the failure modeclearly depends on the level of axial load as well as thghito-length ratio.
They also found thahe prediction of the lateral resistance through simplified methods agreed
reasonably with the results from the experimeftiinal conclusion from their studig that very
little energywasdissipated unless s@rdamageavasdone to the specimend/ith the exception
of the material used and tisolationdetails, these testgere very similar to thos@vestigated in

themasonry panels of thjgroject.

2.6.5 Effects of Interface Material on the Performance of Free Rockg Blocks

(ElGawady et al., 2011)

This research was conducted on the interface of freking blocks. Two types of test
specimens were testetilizing different propertiesuch as thaspect rati@and thematerial at the
interface By doing this the effectsof the varying propertiesn the behavior of thelockscould

be examinedThe lasic setupf these experiments presentedh Figure 2.8
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Figure2.8: PlaneView of the Specimen and Schencadf Rocking Mechanism (from ElGawady

et al, 2011)

The paramaters investigated lBlGawady et al included rocking period, rocking
amplitude and energy dissipation. They alsttemptedo compare the experimental results to the

returns of existing rocking models. Thesachedhe followingconclusions

- fiRocking response is very sensitive to any source of friction within or associated with the
rocking system, either on or in the test@p®en or its interface, as well as any small
imperfections existing either in the specimens or the surface where the experiments were
performed i.e. either the laboratory strong floor or the shaking table platform.

- The results of free rocking tests waepeatable. The test became more uniform with
higher amplitudes and for tests on rigid foundations. For small amplitudes and for tests

on rubber bases, the tests were stilleepea bl e but with higher s

23
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Finally, they were able to predict the freecking amplitude quite accurately when a

coefficient of restitution was used.
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CHAPTER 3: EXPERIMENTAL PROGRAM

3.1 Introduction

Two masonry veneer panspecimens were constructed to evaluhie performance of
isolationdetailsdesigned to enablecking of the panels a seismicevent.The veneer panels
are part of the building envelope and are not intendeesistlateralforces

This chapter providedetailsof the twopanelspecimens, how they were constructaal

theprocedures used to test the panels

3.2 Footing description

The veneerpanes were built on heavilyeinforced concrete footings. These footings
already existedffom Sherman, 2011) and were reusedhis projectfor the purposef saving
time as well as money. Some modifications wesaleto accommodate the details thie panel
specimens. The footings were 24. wide, 18 in. deep and haal length of 86in. Exact
reinforcement in the footings is unknowut these footings were designed for a much higher
load resistancéhan that expecteéor this study(at least 10 times)The footings werethen
anchored in the laboratory floor with threaded rods to ensure the immobility of the footings

during testing.

3.3 Panelspecimen Description

The test specimen was designed and constructed to repheatiniensions, details and
support conditions of a rocking masonry panel developed by KPFSuUllimg Engineers in

Seattle Drawings of the rocking masonry panel were provided by Steve Dill of KPEtails of
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the rocking panedire presented iRigures 3.1 and3.2. The masonry panel incorporates details at

the top and bottom of the panetended toenable rocking behavicand therebyeducethe

damage that might occur from lateral displacements of the building system.
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Figure3.1: Building Drawing with Rocking PandletweerFloors(from KPFF Consulting

Engineer}

26




RETURN AT SOME
LOCATIONS (ADD 3 1/27
WIDE FOAM AS REQ'D)

- 3 1/2" WDE DXPANDED
FOAM STRIP, TYP
(THICKNESS AS REQD)

1/2°%3 1/2°x2 0"
NEOPRENE PAD

~—— DOWELS PER P/SB41 ———

9"+ 9t
l'—ﬁ' 1'_0‘

-0
i —— MIN 1/2° HEAD
! ROOM BTWN SLEAVE
_ AND END OF DOWEL

GROUT TIGHT SLEEVE

TO FACILITATE GROUT

SUP AT DOWEL ———___;

80 Q@ :
i q/-————*— BOND BRE?KE% O
PROVIDE 1/4" GROUT
ROPE AND _ RS _ VOID (2" ABOVE AND
CAULK ——— / i E

2" BELOW JOINT)
EXPANDED FOAM ———/

e 5/878x1'—4" SMOOTH
BOWEL (GALV)

~———— PRECAST CONC AI("
SOME LOCATIONS {NO

S —1 BOND BREAKER IN

PRECAST CONC)

Figure3.2: Panel Rocking Detailsrom KPFF Consulting Engineers)

27



The test specimanwere designed to represent half of the actual height of the masonry
panel and incorporated the rocking detaily at the baseThe specimesnwerefree at the top,
thereby effectively creating a cantilever condition for the mamgdminal vertical and horizaal
reinforcement was provided in the panélhe panels werrst constructed omop of theheavily
reinforced footing, and reinforced loading beawerethenconstructed at the top of the pasel
In accordance with the details provided by KPRk parl-footing interface incorporated
neoprengadand foamstripsas well agwo steel dowelsDetails of the test specimeare given
in Figure 33.

The two panels were identical except for the material used in the foam Bh@tvofoam
materials hee similar compression resistance but different textared internal structure3he
neoprenegpadis intendedto provide transfer of axial loading and to resist shear slidinglsdt
acts tosmooth out the interface, preventing any concentration of sthessto unevenness
inherent in construction. The foastrips create avoid at the bottom edges of the panel amd
intended toreduce toe crushing.he bond breaker around the dowaedensisting of4-in. long
foam pipe insulationprovidesa 0.25in. void between the grout and the dowelfie neoprene
pad and foam strips wepirchased fronGardico Incorporated?ropertiesof the neoprengad

and foamstripsare shown imable3.1. Note that CCNS stands for Closed Cell Neoprene Sponge.
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Table3.1: Material Roperties

Neoprene Foam
0.5in. 60A Neo 0.5in. Styrofoam

Panell
60 Durometer Expanded polystygne
0.5in. 60A Neo

Panel2 0.5in. CCNS med density
60 Durometer

A bond breaker was incorporated over the top halfhef dowelsto allow vertical slip
between the dowels artde panelto enablerocking The dowelsalsohelp to recenterthe panel
after rocking and at large lateral displacementssist shear angrovide an energy dissipating

mechanisnonce dowel yielding occurs

3.4 Load BeamDescription

Reinforced concrete beams were built on top of the pawelsfor use in applying the
lateral loadio thespecimensEach beam was®in. wide, 7in. high and 6@n. long. Details are
provided inFigure 3.4. Stirrups made fron®.25-in. diametersteel wire werausedand spaced
evenly at 6 in.throughout the length of the beam. The connectibnhe beam tdhe panel
consisted of two different t@s of reinforcement. Fitson the outer edges of the panadrtical
reinforcementextended from the bottomf the panel into the loading beaddditionally, two
hookswere grouted>5 in. into the top row ofbricks cellsand then extendefl in. into the lcad

beam
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3.5 Material Properties

The panel specimens were constructeding structural clay bricks provided by Mutual

Materialsin Seattle Thebricksusedwere®6 in. stretcherstructural bricks. Bond beam bricks with
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same dimensions were used db locations withlongitudinal reinforcementThe nominal

dimensions of the masonry blocks were 6x4iilSeeFigure3.5 for details

51" x3 " x 11 12"
51"x3 14" x11 1" 6" Bond Beam

6" Stretcher

Figure3.5: Clay Brick Dimensiongfrom Mutual Materials Catalog)

During construction, specimensere preparedto determinematerial properties Three
standard blocks were tested according to ASTM CIU0Three mortar test cylinders with an2
diameterand 4in height were made withype S mortar and were testadcording toASTM
C78011. Three grout prisms wereonstructed andestal according to ASTM C10121.The
grout prisms werenominally 3.5-in. square by -in. high. Finally, three twiblock prisms
conforming to ASTM C1314.1 wereconstructed antested All material specimens were tested
for compressive strengthfter completionof the panel tests at approximately 3 mondlfier
constructionThe average compressive strength for each material is givieaible3.2. Note that
the compressive strenglisted for the brick masonry unitds based on an assumed net area of

50%of the gross area
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Table3.2: Average Compressive Strength of Masonry Materials

Masonry Units Mortar Grout Masonry Risms

Average Compressivétrength 11,530 3,270 6,940 4,920
(psi)

Steel reinforcing barsised in the panelwere standard Grade &dith a measuregield
strength of 64 ksi

The two panes were constructed at the Composite Materials and Engineering Center at
Washington State University. The construction took place in thimasesThe firstphasewas to
preparethe existing footing. It consistedf grinding the surfacef the footing; driling holes for
the dowels, anchorg the dowels in the footing with epoxgnd spreaidg a thin layer of gypsum
cement to smooth the surface of the fooimg@reparatiorfor placingthe neoprenpadand foam
strips

For the secongbhase professional masons were hired to build and grout theptastls
The claybricks were placed in running bond with face shell mortar beddsi§ i6. mortar
thickness). During tls secondohase grouting of thepanes took place as well aonstructionof
themasonry and groytrisms.

The second phase is illustrated in Figures 3.6 and 3.7.
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Figure3.7: Construction Phase Brouting
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For the finalconstructionphase the loadingbeams were formed and pouré&ithe forms

were removedwo days after grouting.

3.6 Test Setup

The footing of the specimen was anchored to a reaction floor withirl.2Bameter steel
rods. Steel bracing was placed at each end of the footing to prevent sliding of the footing on the
reaction floor during the test. Three identical hydraulic jagké a 5in. strokeand operated
under a constant pressure appbedl (vertical) load onto the pandlhe jackshad an individual
rated capacity of 1000 psicorrespondingo maximum capacity of 120 kips of applied force per
jack. The firstpanelwas testd with a 20Gkip axial load and the second with guitial axial load
of 50 kips, which waslater changed to 40 kip3he pressur® beapplied was determinddom

Equation3.1.

bom v v bl ™ -

==V  Equation3.1

These jacks were connected in parallel thus maintaining equal pressure to eac¢hgack.
upward forces from the jacks were resisted by a box beam attached to a sliding trolley system.
This arrangement enabled the jacks to move with the panel while maintacongtant pressure
andcreahga fAfr eeo boundar y c aeh Hadrizontad lnadsawere appliedtd o p
the panel by a 2Rip hydraulic actuator through the top loading beam. This actuator was
controlled by a computer.

The panel was restrained from @iftplane movement by a lateral bracing system.
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The 22-kip capacity lydraulic actuator was attachedasteel frame on one side and to the
loading beam on the other side. Drilled steel plates were placed on the ends of the concrete

loading beam an@erethen tighteed with four 1-in. diameter rods. The test setup is shomwn

Figure3.8 andFigure3.9 (North directionon the left)

Figure3.8: 3D View of TestSetup
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Figure3.9: TestSetup

3.7 Instrumentation

Four string potentiometers, one mechanical displacement gaugel@amd @ell attached to
the horizontal actuator were used to monitor the response of the garief testing.

One potentiorater (pot) (labeled as P4) with a-#Q stroke was connected to the loading
beam at the height of the load application and sexvadbhitor the global lateral displacement of
the panel during testing. The other end dé thot was connded to a rigid frame that was
isolated from the main test frame. Two other pots (labeled as P2 and P3)mitlsttOkes were
placed at the North and South toes of the pamateasurghe vertical displacements of the toes

of the pand during testing. Finally, a fourth piabeledas P1) with a 2n. stroke was placed at
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the base of the parsgio measurenorizontal slidingof the paned. The mechanical displacement
gauge was positioned against the foosng measure any movement of the foosiran the
laboratoryfloor. During testng, no significant sliding of the footisgvas observed (measured
displacements were less than 0.001 ifihe positions of the potentiometers @ahd mechanical

gaugeare shown irFigure3.10.
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Figure3.10: String Potentiometer and Gauge Locations

3.8 System Control and Data Acquisition

Two separate computer system were used for these tests. One caroptri@ted the 22

kip hydraulic actuator by sending information theload, loading rateand loadingdirection
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The secondomputerwas used teollectand record data from the string potentiometarfiow

chart forthe signals from the different compu$ andactuatorss shown inFigure3.11.

Load & Displacement Computer Current End'/alue and Load Rate
(Load Application)
MTS 793 Saftware

Scan Command

¥ l
Feedback ¥
Computer Feedhack L Servocontroller
(Data Scouisition) [ Data 5canners (FlexTest SE)
StrainSmart Sofware F
r
Data at Current Position
Feedback
Specimen
. Hydraulic Y
Instrumentation « Actuator Servo &hlanifold
(Potentiometers)
(22kips)

Figure3.11: System Control Flow Chart (adapted fr&nerman2011)

3.9 Test Procedures

The paned weresubjected to sloly-applied, cyclic lateral loading using a prescribed
pattern of inputlisplacementsixial load was maintained at a constant 20 kips during tegting
Panel 1. For Panel 2, axial load waplied at a constant 50 kips for the first 3 cycles. Thes,
the maximum capacity of the horizontal jack weachedluring the third displacement cyctage
axial load was reduced to 40 kips for the remaining cycles.

The sequence divelve horizontal disfacement cycles presented ifrigure3.12. Testing
was stopped after completion of these twelve cycld® global displacement in the figure

correspnds to displacements of the top of the panel (measured by pot P4). The circle in the
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figure represents an error in the inteddoading patternvherebyPanel 1 was pushed to 2 in.
instead of 1.5 in. As will be evident in tHater discussion ofresults, this error did not

significantly impact the behavior of the specimen.

Cycles amplitudes

—Panell

| —panel2

| MAA/\W
YT

Global displacement (in.)
o

Cycle#

Figure3.12: Loading Cycles

Testing of Panel 1 took place at the WSU Composite Material and Engineering Center on
Septembel 7, 2012 Panel 2 was tested on September 19. Bets Wwerecompleted in about 3.5
hours. Horizontal loads were apal at a rate of 0.5 in. /mifThe tess commenced with pushing
the panel to the SoutliRecording of the potentiometers data was startfdre the axial load
application and stopped after the release of the same Baidsequenceallows for analysis of

the influence of the axial load application and release on thespanel
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CHAPTER 4: RESULTS OF PANEL TESTS

4.1 Introduction

Results for the two masonmyanel specimes tested in this studgre presented in this
chapterResults presented include test observations;dismlacement hysteresis curves, vertical
displacements at the endf the pael, and sliding displacement®hotos are presented that

illustrate theobservedehavior and damage to the panels during testing.

4.2 Panell

4.2.1 Test Observations

During testing,Panel 1 exhibited rocking behavior with little damag¢seeFigure4.1 and
Figure4.2). At the end of testing, some cradkesvelopedn the end of thepanel ad spalling of
the faces of severdricks occurredon the West sidas well as at the toes of the panégkual

observations made during testing are listedable 4.1

41



Figure4.1: Side View of PaneDuring Testing Showing Rocking Behavior

Figure4.2: Rocking Behavior and Uplift of One End
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Table4.1: Visual Observations fdPanell

(II(?SS [()I'r?[)) Cycle Test observation

1.49 0.38 1.5in. Onset ofCrushing in North toe

1.06 0.5 2in. Onset ofCrushing in South toe

4.85 0.305 2.51n. Sudden Spalling of arick at base

-6.47 -2.68 3in. Minor Crushing South toe
10 2.4 3in. Spalling continues diase

5.4 2.8 3in. Minor Crushing North toe

-5.4 -0.1 3in. Splitting of krick in North toe- narrow face
0.5 0.687 3in. Splitting of krick in North toel side

The uplift of the panel characterizing the rocking behaviig shown inFigure 4.3.
Complete aushing of the foanms also shown in the figurdaowever, it can be seen that the foam

remainedntact

Figure4.3: Uplift of theNorth and SoutlEnds of the Panel
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4.2.2 Damage

Only minordamage occurred to the panel as a result of inputtedateral displacements.

Photosshowingthe observediamageare presented iRigure4.4.

Figure4.4: Damageo Panel 1

Photos ofPanel laftercompletion ofthe testand removabf the panel from the footingre
shown in Figure 4.5No permanent damage was observed in the neoprene pad, but the steel
dowels were bent at their bage a mannerindicating shear yielding. The foastrips were

compressed to a very thin sheet.
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Figure4.5: Photos showinganeland Dowels at theril of the Test

4.2.3 Vertical Displacements Along the Length of the Panel

The vertical displacements measuredpogentiometerd?2 and P3 at the same time for
pe& displacementsf pushing and pulling loadingre provided in Figures 4.6 and 4lfZcan be
seen in the figures thate center of rotation of the panel is located around 12 in. from the center
of the panel (corresponding to 3/4 of the panel lengthjs locationis approximatelyat the
interface of the neoprenepad andfoam strip. It is evident that, when the panel rocks, the

compression force on the neoprene is concentrated near the endebdphengad.
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Figure4.6: Measured Vertical Displacements for Pushing
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Figure4.7: Measured Vertical Displacements for Pulling
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