ABSTRACT

HARO, ANA GABRIELA. Assessment of the Gof-PlaneBuckling Instability of Ductile
Reinforced Concrete Structural Walls. (Under the directidbroMervyn Kowakky).

Pier walls are occasionally used by Alaska DOT because of thelame lateral
rigidity. The heightto-thickness ratios found in building applications can also be found in piers
walls, increasing the possibility of buckling instability. Unexpected nonlinear behavior in
planarreinforced concrete structural walls, reported during2020 Chile and 2011 New
Zealand earthquakes, highlighted the significance ofobptane stability, which had been
observed in laboratory tests many years prior. The local buckling mechanism of reinforced
concrete structural walls (RCSW) was defined finghe 1980s. kplane lateral loading causes
large inelastic tensile strains in one of the boundary elements, accompanied by cracking at the
level of the plastic hinge region. Under load reversals;obptane deformations can be
generated in the comgssion zone as a result of residual crack widths and eccentricity in the
compression force at the wall toes. If the lateral deformation is sufficient, instability can occur
followed by the loss of lateral and vertical load carrying capacity of the wall.

Analytical models created in the 1990s correlatglame tensile strains to eaf-plane
buckling wall deformations resulting in instability. The models comprise a respective curvature
distribution along the plastic hinge region, mechanical propertiehefnaterials, and
geometry of the compression zone. Past studies on prisms subjected to axial tensile and
compressive cycles have demonstrated how promising the existing models are. However, these
models do not consider the potential impact of differemdilag paths on the buckling
mechanism of RCSW, suggesting further investigation.

Prisms representative of the boundary elements of prototype typical pier walls from
Alaska DOT and structural walls from Chile and New Zealand were built and physical tests
were conducted in the Constructed Facility Laboratory at the North Carolina State University.
The aim of the tests was to evaluate the effect of different longitudinal reinforcement ratios in
combination with different load paths on the onset ofaftlare instability of planar special
RCSW. Subsequently, a fisbased computational model was developed and calibrated based
on the response of the tested specimens. Later, a parametric study was conducted, where

formerly identified critical parameters werensidered in order to establish an-ofHplane



buckling stability limit state as a function of longitudinal tensile strains reached at the end
regions of RCSW.

The principal outcomes of the experimental program and the dettétis fiberbased
computatonal model are discussed in this report, along with the results of the parametric study
which indicated that imposed eof-plane displacements do not impact stabiltgwever, in
plane loading history and longitudinal reinforcement ratio do impact riset®f the local
buckling limit state. Finally, a new approach is proposed to prevent buckling instability of
RCSW based on previous models, which confirmed to be less conservative for design

purposes.
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CHAPTER 1: INTRODUCTION

Chapter Ifirst presents the incentive of the curreegearctproject which highlights
the importance of further research associated with buckling instability obregaf concrete
structural wallsNext, themain objective of the researcihich includes experimental and
analytical studieds statedFinally, this chapter describéke themes coverealong the final

report

1.1 Motivation

Reinforced concrete structural walRCSW) are recognized as effective seismic
protective systems if trmapacity based design philosophy is applied and special reinforcement
detailing is provided in the regions where energy is expectatisgpate Experimental
programs involving different geometries and material properties haveekeemtedll around
the world resulting in improved design process&nerally, he preferenceggarding the wall
geometrydepend on théuilding configuration however, in recent years thinner walls have
become more prevalent due to growing engineering costs and higheessivgistrengths for
concretgWallace 2012)

Since poor structural performana@asobserved in recent earthquakes, more reliable
procedures are required to identtfye nonlinear behavior of RCSWThere is still a gap
between actual failure modes produced in Hwndary elements of thin RCS\Aanhd
simulations through numerical models. This fact was recognized from reported damage after
the occurrence of stronground motions during the 2010 Chile and 2011 New Zealand
earthquakes, which highlightéide importance of outf-plane stability of reinforced concrete
structuralwalls due to inplane loading.

Alaska DOT occasionally employs pier walls because of theitame lateral stiffness.
While these walls are usually thicker than the walls typically found in building applications,

their clear heights are also larger, giving rise to heigithicknesghw/bw) ratios that may be



larger than those of buildings and camsently, may be prone to buckle. The New Zealand
2011 earthquake showdtht everwalls with heightto-thickness ratios equal ten, couldlead

to outof-plane buckling instabilityTable 1-1 shows pier walls builby Alaska DOT since
1960s where heigtib-thickness ratios close tenwere used in three of them.

Table 1-1. Alaska DOT pier walls constructed since 1960s

Pier Wall Id. 539 670 671 1149 1243
Year 1973 1966 2004 1972 1973
L [fi] 26 12 72 40 50
he [fi] 41 19 325 46 36
b,  [fi] 4.33 3 4 433 3
reinf. (1) [-] 14 11 11 14 11
reinf. (t)  [-]  sH6@I2HABM@12" sHA@12SHM@24"  sHE@G HSSHS@LA"  sHE@I2 - 10@24"  sHS@L 26t @2A"
pily [ 0.0092 0.0286 0.0089 0.0093 0.0129
hy/by,  [ff] 9.3 6.3 8.1 10.6 12.0
hyfl,  [fUft] 1.6 1.6 0.3 1.2 0.7

Noticing the concentration of damage in theundary elements of rectangular
reinforced concrete structural walls due to higher stress and strain demands, some past
investigations have been carried out on prisms, which was found to be an economical way to
study the inelastic instability of structirwalls. In general, the main objective of these tests
focuses on subjecting specimens to cyclic tension and compression actions to simulate vertical
components of actual seismic loadmystructural walls

While past tests on prisms hasfeownthat theexisting modelsieveloped byaulay
andPriestley(1993) andChaiandElayer (1999arepromising(HerrickandKowalsky, 2016)
missing fromthe models is the interaction with cof-plane loading. Theeexisting models
correlate tensile strain from -pplane loading to owbf-plane deformation, assuming a
prescribed curvature distribution. If loading also occurs indheof-plane direction, the
relationship between tensile strain and-ofiplane deformationshouldbe adjusted to reflect
this.

In this study, twelvdalf-scale reinforced concrete rectangylasmsaredesigned and
built to simulateboundary elementsom prototype walls. Latethe specimenaretestedin



the Constructed Facilities Laboratory (CRit)North Carolina State Universitywo critical
parameters assoogat with lateral instability of reinforced concretglls were considered
during this eperimental program: a) loading protocols, and b) longitudinal reinforcement
ratios. In addition to the results obtained fréine experimental program, this dissertation
includes thanalytical modeling andesign recommendations for boundary elemefplanar
RCSW and pier walls. The proposed approach is based on the experimental results and the

parametric study conducted using a fibased computational model

1.2 Objective
This research project foceson capturinghebucklinginstability of RCSWwallsand
pier walls due to inplane loading considering the effect afitof-plane loadingthrough
analytical and experimental studi®&ased on previous metho(RRaulay and Priestley, 1993
ChaiandElayer, 1999)a new model is suggested to comprise not thrdynaterial properties
and geometry of boundary elements, but also the effenitaff-plane lateral displacements.
The specificobjectives are detailed in Chapter 3, wherestiuely planto address the

aim of the current researechaddressed.

1.3 Layout

Chapter 2 presents the description of theadytlane buckling mechanism andeth
different studies conducted &€ SWand prismsln addition, Chapter 2 includeletails about
the existing phenomenological models and code recommendations addressing buckling
instability of walls.Chapter 3ncludesthe study planvhere the research gapd the specific
objectives are described@he experimental program arits resultsare detailed irChapter 4
and Chapter 5 respectively Chapters also describes the influence of identified critical
parameters affecting the onset of instahiMyich @nstitutes the base of thealyticalstudy
thatincludes the parametric stugyesented ilChapter 6Based on key findings noticed from
the experimental results and the parametric studgewa model to prevent owutf-plane
instability on RCSWdue to inplane loadingand its corresponding validatias presented in
Chapter 7Direct displacemenrbasedseismicapproaches for design and assessment purposes,

focused on buckling instability aftructuralwalls, are also discussed in Chapte€Ciapter 8



coves similar pacticalproceduresor bridgepier walls Chapte© summarizes the concluding

remarks of this project and identifies possible future work areas.



CHAPTER 2: LITERATURE REVIEW

Reinforced concrete structural walls are utilized in seismic design of multistory
buildings as systems that exhibit high levels of strength and ductility under ultimatéCbaals
and Elayer1999) However, a behavior related to inelastic lateral instability, which only had
been observed in laboratory tests, was reproduced in recent earthquakes generatgagsignif
damage to buildings that included rectangular or flanged wall geometriesh@pigfocuses
on observed damage in ti#910 Chile (Maulg and 2011 New Zealand Christchurch
earthquakes. In additiomast experimental programen thin RCSW where at-of-plane
buckling was captured or studieare also describeinally, the last section of this chapter,

detailsthe stateof-the-art of the out-of-planebuckling mechanism of structural walls

2.1 Structural performance of RC walls observed in historicd earthquakes

Structural wall systems and dual systems, the latter known adraral structures
(Paulayand Priestley, 1992)have been utilized since the 186for medium to highise
buildings located in urban are@doroni, 2002) Reports originated after important seismic
events have providedaluable informatia about the performance of RC3Wiildings.

Table 2-1 shows the details of selected historical earthquakes and the number of
damaged RCSW buildings affected during each event. Historicallypriagracking, web
crushing, compressive boundary element damage, horizontal failure plane and collapse have
been the dominant types of damage identified for buildings where partial or full replacement
of walls was requiredBirely, 2011) However, oubf-plane buckling instability was only
noticed in the 2010 Chile and 2011 Christchurch earthquakes.

On February 27, 2010, an 8.8 magnitude earthquake struck Chilean regionsufor a
three minutes producing substantial losses. The maximum recorded peak ground acceleration
was 0.65g. Structural walls of mtd highrise RC buildings in Santiago presented damage in

the lower storiesFigure 2-1(a) shows the overall view of a new-&ry building that



experienced buckling instabilitfzigure2-2(b) shows the damage in one of the slender walls

located at the parking level.

Table 2-1. Historical earthquakeswith reported damage in RCSW

Earthquake Date M PHGA Depth # of RCSW Sources
(@) [km] Bldg.
Alaska (USA), 1964 03-27-1964 9.2 0.18 25 10 (Christensen, 200ZCommittee on

the Alaska Earthquake of the
Division of Earth Sciences. Nationa
Research Council, 1973)

San Ferando (USA), 1971 02-09-1971 6.6 0.3 1.25 8.4 7 (Strong Motion Center, 2014)
(Rutenberg, Jennings, & Housner,
1980)
Vrancea (Romania), 1977 03-04-1977 7.5 0.20 109 100 (Berg, Bolt, Sozen, & Christopher,
1980)
(Lungu, 2008)
Chile, 1985 03-03-1985 7.8 0.67 33 3 (U. S. Geological Survey, 1985)
Mexico, 1985 09-19-1985 8.1 0.22 18 4 (EEFIT, 1986)
Loma Prieta (USA)1989 10-17-1989 6.9 0.64 18 3 (EEFIT, 1993)
Northridge (USA), 1994 01-17-1994 6.8 1.0, 1.82 18.5 6 (EEFIT, 1994)
Kobe (Japan), 1995 01-17-1995 6.9 0.80 22 12 (EEFIT, 1997)
Kocaeli (Turkey), 1999 08-17-1999 7.4 0.41 15.9 10 (EEFIT, 2003jPEER, 2000)
Chi Chi (Taiwan) 1999 09-21-1999 7.3 1.1 8 1 (Su, 2001)
Maule (Chile), 2010 02-27-2010 8.8 0.65 35 14 (Elnashai et al., 2010)
Christchurch (New Zealand), 2011 02-22-2011 6.3 0.7;1.6 5 47 (Kam & Pampanin, 2011)

* First value corresponds to the peak korital ground acceleration PHGA recorded in populated areas and the second value
constitutes an exceptional case.

Figure 2-1. RC 18story building in Santiago: (a) Overall viewof the building; (b) wall local buckling failure
(Wallace and Moehle, 2012)



It was the first time where the eaf-plane instability phenomenon was captured in a
real structure. The average thickness of the walls was 8in. (200mm) and thedréngtkness
ratio was close to eighteen (18)hich was thenmaximum value recommended by the Chile
concrete design standard (NCh 433 1983atcioglu et al., 2013The failure was attributed
to the slenderness of the boundaryeprone to buckle under compressive loading.

New Zealand registered a 6.3 magnitude earthqoakeebruary 22, 2011, where
Christchurch was severely damaged since the hypocenter was located below the city. Peak
accelerations of 2.2g and 1.7g were recdrde the vertical and horizontal directions,
respectively. TheMw 7.1, Darfield earthquake on September 4, 2010, preceded the
Christchurch earthquaké&ccording tomany seismologisitshe Christchurch earthquake was
considered an aftershock of the Darfielcent.

Figure2-2(a) and (b) showhe overall view and the structural performance of a wall in
the Pacific Brands House (PBHcated in Christchurch, NZespectively. The PBH was a 7
story RC building construet in 1984 which included two kshaped walls of about 300 mm
thick. The boundary element of the north wall in the lower level developed af-plane
buckling failure including significant concrete damage on its surrounding areas. The cyclic
combinationof compressive strains preceded by large tensile strains were assumed to be the
cause of thiphenomenoifSritharan et al., 2014Tontrary to what was exposed for the 2010
Chile Earthquake, the PBH building included thicker RC walls but a lower ratio of these

structural elements against the total plan area.



@) (b)
Figure 2-2. RC 7-story building in Christchurch: (a) Overall view of the building; (b) wall local buckling failure (Sri
Sritharan, 2011)

2.2 Structural performance of RC walls observed in laboratory tests

A significant number of experimental programs have been perfotonedamine the
behavior of RCSWith different charactertgs. Considering that the aim of th&gudyis to
assess theut-of-planebuckling failure mode, tests where this phenomenon was observed or
studiedarepresented, followed by the results of tests carried on prisms replicated as boundary
elements of planaRCSW.

2.2.1Laboratory studies in rectangular walls

Table 2-2 summarizes the parametric study of tests carried on thin RC walls, where
out-of-plane buckling was captured. In this talde, hw, andlw are the thicknesghe total
height, and the length of the RC walls, respectivialys thelongitudinal reinforcement ratio
of the boundaries elemenis is thetransverse reimircement ratio of the wall welp, is the
distributed longitudinal web reinforcement ratamd ALR is the maximum axial load ratio
applied to each specimenhe detailedransverseeinforcement only corresponds to the web
regions. The names of the walls refer to those established duringothesponding

experimental programs.



Table 2-2. Parametric Study: Experimental programs that reported local buckling in RC Walls

Reinforcementweb

Geometry

Material B.E. | Web

Properties Lateral Load

Test Walls by y ha ) b ) ) h A[Ij]R pattern
foc fy [mm] [mm] [mm] [%] [20] [%0]
[MPa] [MPa]

F1 38.2 442 3.89 0.30 0.71 0 cyclic
(Oesterle et al., F2 45.3 428 4.35 0.31 0.63 0.14 cyclic
1976) R1 445 509 102 1905 4570 %o o055 g3 0 cyclic
R2* 46.2 448 4.00 0.25 0.31 0 cyclic

(Vallenas, Bertero, & R1* monotonic
Popov, 1979) R2* 275 482 114 2412 3.085 5.57 0.54 0.54 0 cyclic
R1* 28.6 450 1500 4.71 0.94 0.26 cyclic
. R2* 25.3 450 1500 4.71 0.94 0.15 cyclic
(Goodsir, 1985) T3* 33.8 400 100 9359 2400 393 g76 071 012 cyclic
R4* 36.5 345 1500 4.71 0.94 0.15 cyclic
. WPH2* 3.5 0.4 0.42 0.15 cyclic
(thclﬁlriéme%o%) WPH3 30,0 470 100 1000 4000 35 0.4 0.42 0.04 cyclic
! WPH4* 1.6 0.4 0.42 0.15 cyclic
RW1 2.93 0.33 0.46:0.49 0.1 Cyclic
(Thomsen & RW2 2.93 0.33 0.690.37 0.07 cyclic
Wallace, 2004) W1 2ra 414 102 1219 3658 ;93 033 046049 009 cyclic
TW2* 0.70 0.44 0.920.53  0.075 cyclic
NTW1 50.1 7315 3.78 0.59 0.26 0.05 cyclic
(Brueggen, 2009)  \qyyow 453 A4 152 2286 gee S4g o4 a1 0.05 cyclic
(Aaleti, Brueggen, RWN* 38 cyclic
Johnson, French, & RWC* 345 414 150 2280 6400 9'0 0.37 0.680.85 0 cyclic
Sritharan, 2013) RWS ) cyclic
M1* 0.15 cyclic
(Alarcon, 2013) M2* 27.4 420 100 700 1600 0.45 0.72 0.44 0.25 cyclic
M3* 0.35 cyclic
Wwi1* 100 1600 0.49 0.67 0.46 cyclic
. W7* 100 1600 0.45 0.72 0.44 cyclic
(Marihuén, 2014) M8 27.4 420 100 700 1600 0.45 0.72 0.64 0.15 cyclic
M9* 100 1600 0.45 0.72 0.56 cyclic
(Rosso, Almeida, & TW1 28.8 565 cyclic
Beyer, 2015) TWa 312 1o 80 2700 2000 3.14 0.64 0.18 0.05 cyclic

* Buckled specimenALR i Axial Load Ratio

2.2.1.10esterle et al., 1976

A total of two rectangular walls, ten barbell walls, and flmoged walls were tested
under monotonic and incrementally increasing reversed loading. Two of the barbell walls were
repaired and tested once mofggure 2-3 illustrates the nominal cross sections of the
rectanglar and flanged walls with a height g640 mm. The objectives of the study were to
determine ductility levels, loadeformation characteristics, energy dissipation capacity and
strength of the walls.

Wall R2 was the only one that reported-ofiplanebuckling of the compression zone.
It was caused by "alternate tensile yielding" of the flexural reinforcement in the boundary
elements. The loadarrying capacity of the wall was reduced by the largeobpiane
deformation developed in the lower 910mBit) after several load reversals. Rebar buckling



and fracture were captured for the remaining three waltgure2-4 shows the appearance of
R2 wall at the end of the test.
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Figure 2-3. Cross section dimensions of the thin walls tested Iyesterle et al. (1976)
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Figure 2-4. Local buckling of wall R2 testel by Oesterle et al. (1976)
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2.2.1.2Vallenas et al. (1979)
With the purpose of accomplishing a better understanding of the behavior of RCSW

subjected to high shear seismic loadMagllenas et al. (197%imulated eighéarthquake tests
on threestoty 1:3 scaled RC walls fronrptotypes of ten and seven stdruildings designed

in accordancewith in progress code requirementsgure 2-5 presents the geometry and
reinforcement of the original rectangular walls that reported problems associated vath out

plane buckling instalty.
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This research involved the study of thdluence of parametersuch astype of
confinement in the handary elements, wall crosgction, momento-shear ratios, monotonic
and cyclic load patterns, and repair procedures. Two barbell walls and two rectangular walls
were consideredn the study. After subjecting the specimens to the established loading
condtions, they were repaired and tested again. Steel tensile strains reached in the boundary
elements and the corresponding crack widths and spacing were identified as determining

parameters to causecal bucklinginstability under loadeversals.

2.2.1.3Goodsir (1985)

The aim of this research was to stublg capacitybased design approach established
in existing code provisionespecially egardingheconfinement in critical sections subjected
to large compression strainSyclic lateral loading conditions in combination with different
axial load ratios (ARL) were applied to a set of three rectangular walls andsawidn wall.
Figure2-6 andFigure2-7 show the geometry and reinforcement of the walls considered in this

experimental program.
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Figure 2-7. T-section wall tested byGoodsir (1985)

The four specimens exhibited enftplane deformations especially concentrated in the
boundary elements. The failure modesdetd for walls R1 and R4 suggested material failure
instead of lateral instability. The full east end of the R2 wall buckled before returning to the
original straight position during the last cycles until-otiplane stability was observed. The
web of T3wall also experienced lateral instabilifigure2-8 shows the final state of T3. The
slenderness of the specimens was considered one of the main reasons to provoked&rge out
plane deformations in combinatiavith residual tensile strains captured in the longitudinal

bars when they were resisting compressive loads.
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Figure 2-8. Wall T3 at the end of the test. Views: wedtace eastend. (Goodsir, 1985)

2.2.1.4Thiele et al. (2000)

Three 1:3 scaled rectangular walls were testetitigle et al. (200Q)where extreme
pseudedynamic loads were applied. The influence of the reinforcement content and the axial
force were investigatedrigure2-9 illustrates the configuration of the walls considkie this
study.

The results reported local buckling for walls WPH2 and WPH4 at 400% and 300% of
an artificially generated earthquake, respectively. Wall WPH3 did not preseof-plaine
buckling behaviorFigure 2-10 shows the end of the testonductedfor WPH2 The most
significant conclusions from the tests weag the effect of low and moderate earthquakes
combined with high axial load rati@®uld be advantageous sinttee stiffness is not severely
affected &small plastic elongations; and, in)der strong earthquakesalls with high axial
loadratioscouldfail prematurely sincéow levels ofenergy dissipatioare achieved.
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Figure 2-9. Geometry and reinforcement of the walls tested byrhiele et al. (2000)

Figure 2-10. South side of the wall WPH2 after failure. Buckledzone.(Thiele et al.,2000)
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2.2.1.5Thomsenand Wallace (2004)

Six quarterscale wall specimens were tested under the expetal verification
carried out byrhomsenandWallace (2004)but because of the scope bistresearch, only
the results ofwo solid rectangular (RW1, RW2) and tweshaped (TW1, TW2) walls cross
sections are presentdgigure 2-11 andFigure 2-12 show the reinfaring detailsof the four
specimens which were subjected to cyclic lateral displacements in combination with axial
loads of approximatel§.10Af'c., whereAq is the gross crossection area of the wall afdds
the concrete compressive strength.
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Figure 2-11. Reinforcing details for the rectangular walls tested byrhomsenand Wallace (2004)

Specimen RWL1 reported significant loss in lateral load capacity when buckling of the
longitudinal reinforcement was produced at 2.5% drift. RW2 behaved simiatiypecause
of the closer spacing of the hooasthe boundary elements, the lateral load capacity was
maintained longer. Specimen TW1 experienced brittle failure for a drift of 1.2%fre
buckling of the bars located along the boundary element and the web was observed. Even
though the lateral loadapacity for the specimen TW2 exceeded the response from TW1, it
was the only one affected by eaftplane buckling deformations primarily caused by a very
narrow confined corefigure 2-13 reveals the damage at tbad of the tests for the four

specimens.
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2.2.1.6Brueggen (2009)

Two T-shaped RCSW were subjected to multidirectional cyclic loading as part of a
research program focused on developing a simplified modeling approach to predict the
response of structural walls under the philosophy of perforrdaased design. The
reinforcingdetailing of the two specimens NTW1 and NTWXhown inFigure 2-14 and
Figure2-15.
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The damage durinthe flangein-tension directiorof the wall NTW1was caused by
the failure of the confinement iheé boundary element of the web; consequently, concrete core
crushed and the longitudinal reinforcing buckled. This behavior was associated with
unwinding of the confining hoops close to the base of the web tip. Based on the structural
performance of NTW1when constructing thevall NTW2, the open corner of the hoops was
relocated out of the extreme compression reinforcement and additionally the confined region
was extended. The modifications led to a failure caused by fracture of the confining
reinforcement

The studyconcluded that increasing the length of the boundary elements produced an
irrelevant effect on the general structural behavior of the latter specimen whose north flange
experienced oubf-plane buckling as illustrated Figure2-16. The results also demonstrated
that the skewdirection loading did not increment significantly the maximum compression
strains in comparison to the orthogonal loading at the same drift levelditbgénerate larger
compeession strains in the unconfined regions of the specimens which would provoke early

web failure.

Entire half of flange buckled

Cover spalled. core
mntact 11-167

Long. bar buckled and/or fractured. most
hoops fractured. core degraded and section
buckled. 5-117

Cover spalled.
core intact 0-57

Figure 2-16. North flange tip of the NTW2 wall tested byBrueggen (2009)
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2.2.1.7Aaleti et al. (2013)

In order to investigate the consequences of considering continuous reinforcement (N),
lap splices (S)and mechanical couplers (C) in the plastic hinge region, three identical
rectangular RCSW were built and tested under cyclic reversal loadings. Two different
boundary elements were included in the design with the purpose of accounting for a flange.
Figure2-17 shows the cross section and elevation views of the specimens.

Specimens RWN and RWC experienced lateral instability in the left boundary elements
by the time a 2.0% drift was reachétgure 2-18 shows the local buckling behavior of the
specimen RWC. The cause of the failure was attributed to the combination of large
compressive forces, large tensile strains developed in previous cycles, |gognen
displacementsand the lack of ouwbf-plane supports at the level of the floor diaphragms.
Specimen RWS, with twice the longitudinal reinforcement, did not exhibitedfequlane
buckling instability.
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Figure 2-17. Reinforcement details of the three walls (RWN, RWC, and RWS) tested baleti et al. (2013)
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Figure 2-18. Buckling of the boundary element. Specimen RWC

2.2.1.8Alarcon (2013)

After the 2010 Chilearthquakesome experimental programs have been conducted in
that region in order to reproduce the different observéuréamodes in RCSW. In particular,
Alarcon (2013) capturedthe influerce of the axial load rat®oin the seismic structural
performance of thin rectangular RC walls without seismic detailing. A prototype RC wall was
establishechs afunction of a survey of walls damaged in the mentioned earthquake. This
project involved theonstruction of thre&lenticall:2 scald RC wall specimens subjected to
in-plane doublecycle increasing displacements following the application of axial loads.
Constant ALRs of 0.15, 0.25, and 0.35 were considered for each speéigere 2-19
presents the geometry and reinforcement of the three specifensss section of 700mm
length, 100mm thick, and 1660n height was utilized. The average concrete strength was 27.4
MPa. Steel yielohg strengths of 420 MPand 500 MPa were employed for the longitudinal

and transverse reinforcement, respectively.
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Figure 2-19. Reinforcement detailing of walls tested bylarcon (2013)

The failure mode detected in the three walls was controlled byféexale interaction
associateavith a relatvely highM/V*lw ratio of 2.5 M:moment;V:shear). The sequence of
the observed structuralebavior for the three walls wadiexural cracking, yielding of
reinforcement, vertical cracking, concrete spalling and reinforcement buckling accompanied
with openng of horizontal reinforcement, concrete crushing failure, and wall buckling. Out
of-plane buckling was developed as a consequence of compressive failure and small wall
thickness Figure2-20). The results indicatl that high ARLs induce a substantial decrease in

the ultimate curvature, displacement capacity, and ductility.
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(a) Concrete crushing failure - Wall 1 (b) Out-of-plane buckling - Wall 1

(f) Out-of-plane buckling - Wall 3

Figure 2-20. Observed behavior of three walls tested bglarcon (2013)
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2.2.1.9Marihuén (2014)

This study was part of a large experimental program wheéyarcon (2013)was
involved. Marihuén (2014}estedsix walls in totalwith a lengthly equal to 706hm. Figure
2-21 presents thdifferentreinforcementetailing considered for each specrm&hematerial

mechanical properties were similar to the values specified in thedatterstudy
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Figure 2-21. Reinforcement detailing for the walls tested byarihuén (2014)

In general, five specimens suffered-ofdplane buckling deformations after crushing
was observedat the bottom regions of the wallBjgure 2-22. Only wall M8 behaved
differenty, which failed due toflexuratcompressioreffectswithout exhibitingout-of-plane
buckling after crushing. The difference can beilaited to the tran®rse reinforcement
distributionthat consistedof locating theclosed stirrupsn the space between the principal
horizontal reinforcement and not at the same level
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Figure 2-22. Observed damageof specimen M5 tested byMarihuén (2014)

2.2.1.10Rosso et al. (2015)

Five thin flanged reinforced concrete walls were testeBvass Federal Institute of
Technology in Lausann@&PFL) under different irplane and oubf-plane loadingprotocols
The response of walls TW1 and TW4 are detailedRbgso et al. (2015where significant
damagewas observed at the end of the te$tsese two full scaled walls were geometrically
identicaland only considered singlelayer of longitudinal and transverse reinforcem@&iie
web was 2,00mm tall, 8dnm thick, and £20mm long. The flange was 80n thick and
440mm long.Figure2-23 shows the geometry ameinforcementietailing of the specimens.

Mainly, the test results showed that prematurplame failure of thin walls including
only a single layer of reinforcemenbuld be caused by large eaof-plane deformations.
Additionally, it was demonstrated that enftplane deformations larger than half of the wall
thickness did not necessarily leadrelastic buckling failure of a wall contrary to what was
suggested bfPaulay and Priestley (1993Jigure 224 captures the deformed shapes of TW1
and TW4.
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Figure 2-23. Geometry and detailing of walls TW1 and TW4 tested byRosso et al. (2015)

Figure 2-24. Deformed shapes: (a) WallfW1 at 0% in-plane drift; (b) Wall TW1 at the end of the test;(c) Wall TW4
at the end of the test(Rosso et al., 2015)
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2.2.2Laboratory studiesin boundary elements prisms

Noticing the concentration of damage in the boundary elements of planar RCSW due
to higher stress and strain dema(t@dsodsir, 1985)some investigations have been carried on
prisms, whichconstituteaneconomicaprocedureo study thenfluence of critical parameters
associated with outf-planeinstability of RCSW. In genelahe prismsare subje@dto axial
tensile and compressivactions to simulate verticaleismiccomponentdeveloped in the
boundary elements of R®& Table 2-3 summarizes the principal parameters that varied in

theexperimentaprograms reviewed in this section.

Table 2-3. Parametric Study - Prisms

Material Geometry Reinforcement Max. _
Test ) Properties Tensile ~ #ial Load Type,
Name # of prisms ——————— Cross Clear Height Long. Trans. Strains T-Tension
f oc fy Section Cover [mm] [%] dt@sh o C_Compressmn
[MPa]  [MPa] [mm?] [mm] [mm] [%]
1 24.1 442 970 5@64 - cyclicT-C
2 24.1 442 970 6@64 - cyclicT-C
3 24.1 442 970 6@96 N/A C
(Goodsir 4 24.1 290 970 5@64 2.3 cyclic T-C
1985) ! 5 29.0 290 160x480 12.5 970 3.14 5@64 - cycl!c T-C
6 29.0 290 730 5@64 - cyclicT-C
7 29.0 350 730 5@64 - cyclicT-C
8 29.0 350 490 5@64 2.5 cyclicT-C
9 29.0 350 490 5@64 - cyclicT-C
1 375 1199 2.1 6@57 2.55
2 455 1199 3.8 6@76 1.85
(Chai & 3,45 375 1505 2.1 6@57 1.61 .
Elayer, 1999) 6.7.8 341 455~ 102x203 6 1505 38 6@76 1.43 cyclic T-C
9,10,11 375 1811 2.1 6@57 1.39
12,13,14 455 1811 3.8 6@76 1.17
(C’ezzglhoft al, ; 30 460  152x305 19 915 3.7 9.5@50 ,3‘ /'2 ! Cyc'é’ T-c
1 0.0
(Chrysanidis 2 1.0
& Tegos, 3 24.89 604 75x150 8 900 2.68 4.2@B33 2.0 lcycleT-C
2012b) 4 3.0
5 5.0
1 23.33 1.79
2 22.22 2.68
3 22.82 3.18
4 22.82 3.68
(Chrysanidis 5 23.26 4.02
& Tegos, 6 23.26 604 75x150 8 900 4.19 4.2@B83 3.0 lcycleT-C
2012a) 7 23.26 5.47
8 23.26 6.03
9 23.26 7.15
10 23.26 8.21
11 23.26 10.72
1 9.5@203 4.5
2 9.5@203 3.0
(Shea et al., 3 9.5@152 4.5
2013)& 4 9.5@152 4.5 .
(Flintrop et 5 28 414 152x381 25 762 2.9 9.5@203 45 cyclic T-C
al., 2013) 6 9.5@152 4.5
7 9.5@114 4.5
8 9.5@114 4.2
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Table 2-3. Continued

Material Geometry Reinforcement Max. Axial Load T
i ] ial Loa e,
Test # of prisms Properties Cross Clear i Trans. Tensile T—Tensio?:p
Name P foc fy Secion  Cover  Height L‘jng' dit@sh Strains C-Compression
[MPa] [MPa] [mm?] [mm] (mm] 0l [mm] [%]
Cs14 26 576 9.5@64 1.09 cyclicT-C
CS10 26 576 9.5@64 2.0 cyclic T-C
CS16 32 553 9.5@64 2.4 cyclicT-C
CSs17 32 553 9.5@64 2.47 cyclic T-C
(Welt, 2015) Cs8 27 576 381x203 16 1016 2.6 9.5@128 1.35 cyclic T-C
CS1 27 576 9.5@64 2.0 cyclic T-C
Cs4 27 576 9.5@64 2.1 cyclicT-C
CS6 27 576 9.5@64 2.25 cyclicT-C
CS2 27 576 9.5@64 5.0 Prestrain + cyclic

2.2.2.1Goodsir (1985)
Nine prisms were testeals part ofthe experimental programdescribed previously.
OnceGoodsir (1985¢ompletedhe tests on the RCSW, the potentidut-of-plane instability

developed in the boundary elements when the walls were subjected t@lrtaterd loads

was detectedFigure 2-25 shows the details of a typical prism consideredthis study

including the testing assembly. Aspect ratios of 7, 5.5, and 4 were utilized.

HO 16

(Prisms 12T ™|

6 poirs @ 85mm crs

+| _HD20

Prisms

| Weld | g g

HO1E
o

Hoop sets

typically RS

hoopsD Sicrs

N

10mm

970 {Prisms 1-5}, 730 (Prisms 6 & 7}, 490 (Frisms 889/

template

320

SECTION A

12.5mm

hoops

50 dio. rofter ©) Roller seat (&)

| 2N

]
J _K.Dar?e:

crosshead

E A
el

r

[
—

i

= [==] 800 dia.
1" high strength / \ \ reaction plote ©)
tension balts 80 thick end plate (B)

10mm tempiote (&)

1120 (Prisms 1-5)

880 (Prisms 6&7) [ 160 thick R.C.unit
640 (Prisms 8 49) (480 wide)
Gop (D)
FProtruding
HOI16 bar
@ Weid off strip (D)
Xt ,.,.JT ‘ E !
SR oY
r:'—‘] f | T Dartec ram
i tl |
! ‘ . ! | |
m (W] [
Plaster Welded onchorage
packing ©

Figure 2-25. Reinforcement details and test setip of a typical prisms consideredby (Goodsir, 1985)
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Axial displacementswere imposed to reach theet of strans in tension and
compression. Only unit #3 was imposed a monotonic load and it performed well. The
specimens with the two highest aspect ratios developed buckling failure. The two units with
aspect ratio of 4 reported a failure associated with concreshiog although otof-plane
deformations weralsorecordedDegradation of bond between the longitudinal reinforcement
and the concrete was identified to be more critical at higher strains for cyclic loading in
comparison to monotonic loadingigure 2-26 presents the final state of four of the prisms

tested in this program.

(a) Prism £2 (b) Prism #4 (c) Prism #6 (d) Prism #9

Figure 2-26. Final state of four prisms tested by(Goodsir, 1985)

The Euler buckling theory was used as an attetoppredict the oubf-plane
deformations onthe prisms however the results fell apart from what was expectéis T
researclhnighlighted the faicthat buckling instability is prone to happen with increasing aspect
ratios and high tensile strain levels. fact, Goodsir (1985)efined this mechanism as the
effect of large inelastic tensile strains accompanied by cracking of the boundary elements at
the level of the plastic hinge region. Under load reversalspfepliane deformations can be
generated in the compression zone as a qouesee of two possible scenarios: remaining

horizontal open cracks, and exceedance of limit tensile strains.
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2.2.2.2Chai and Elayer (1999)
Fouteen prisms were tested to establish the maximum tensile strain that a ductile prism

could sustain under quastatic axial forces. The axial reversed cyclic loading comprised an

initial half-cycle of axial tensile strain followed by a compression haffiecyThe target

compressive strain for twelve prisms consistedl/@ of the axial tensile strain ad¢b for the
other two specimengéspect ratiosl{o/by = height/thicknessof 11.75, 14.75, and 17.75 were
used in a combination with two longitudinal reircemant ratios of 2.1% (6 bars 9.525mm)

and 3.8% (6 bars 121m). Transverse ties of 6.4mm diameter spaced at 57mm and 76mm
were adopted as a function of the longitudinal rebar diameter, respedtigeise2-27 shows

the geometry and reinforcing details for the specimens considered in the experimental program.
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Figure 2-27. Cross area and reinforcement details of prisms tested Wyhai and Elayer (1999)

In general, the prisms with 2.1% longitudinal steel ratio exhibitedobptane
instability upon compressive loading aftelachinglargertensile strains compared with the

prisms with 3.8% reinforcement content. In addition, the cases with the laabstratio
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reported lower tensile strains before the onset of inelastic buckling was captured upon
compression. These findings suggest thatlongitudinal reinforcement ratio and the height
to-thickness ratio play an important role on the lateral stability of waitgire 2-28 shows
samples oftwo buckled shapes for prisms with aspect ratios equal4.75 and 17.75,

respectively.

() Lob = 1475 (b)Lob=17.75

Figure 2-28. Samples of buckled shapes for prisms tested I3hai and Elayer (1999)

A kinematic relation between the axial strain and theofbytiane displacement had
been proposed previously ByaulayandPriestley (1993pnce the tensile strains impasen
a RCSW was recognized as a critical parameter that governs its lateral st@biityand
Elayer (1999)proposed an improved phenenological model based on the same concept.
When the maximum tensile strain values predicted from the two mentioned formulations were
compared to the tests results of this experimental program, both methods showed to be

conservative.

31



2.2.2.3Creagh et al. (2010)

Two prisms were tésd by Creagh et al.2010)to demonstrate how tensile strains
reached irspecialboundary elements affect the load bearing capacity and incite a buckling
failure mode. The speuens were constructed as showrfigure2-29. The firstprism was
tensioned until yielding and then it was subjected to sequential tensile strains of 1.5, 2.0, 3.0,
and 4.0%; the later followed by a single compressive action until failure. The second prism

was directly subjected only to compression.

No 4 Bars 2 in o.c. 3 No 6 headed bars No3Bars2inoc. _.g
on top and on bottom
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A
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[ [ [8 16"
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| ./ l _.J I™No 3 Bars 1_+—No 3 Bars
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(b) Cross-sec tion of prism —-B 14

Figure 2-29. Geometry of specimens tested b@reagh et al. (2010)

The damage of the specimens at the end of each test is presdftpd@?2-30. Two
different failure mechanisms were observpdsm #1 evidenced buckling instability; and,
prism #2 suffered a brittle failure due to concrete crushing in the upper zone. The final
compression capacity of prism #1 resultede equal ta third of the one exhibited by prism
#2. Further research wasggested on the conditions that make the boundary elements more
vulnerable to excessive tensile strains. Still, a method to preveat-pigne buckling was not

proposed.
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A A

(@) Specimen 1. Final state

- -—t,

(b) Specimen 2. Final state

Figure 2-30. Damage stages ofpgcimens tested byCreagh et al. (2010)

2.2.2.4Chrysanidis and Tegos (2012b)

Theeffect of high tesile straisreached in boundary edges of tRE@SWwith respect
to the ultimate bearing capacity as a function of a decrease in the effective ngisisyudied
by Chrysanidisand Tegos (2012b)Fve identicall:3 scaledspecimens werexperimentally
testedduring this study. Thgeometry and reinforcement detailsthe gismsareshownin
Figure2-31.

The specimens were subjected to five elongation levels with values of 0.0, 10.0, 20.0,
30.0, and 50.0a, respectively. A unianxial t e
load constituted the load pattern for the tests. Different structural behaviors were detected in
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the process. The three first specimens reported failure modes related to crushing of the
compression zone. The last two specimens with elongations lev@Qof 0 a and 50.
experienced compressive capacity reductions in the order of 38% and 26%, respectively. The
failure mechanism recounted for these latter specimens was associated vafiplane

buckling.
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(b) End plan for tension (c) End plan for compression

Figure 2-31 Geometry details of the specimens tested IG§hrysanidis and Tegos (2012b)

The stated results corroborate the close relationship between the levels of tensile strains
and the performance of boundary ends of thin RCSW. Additionally, this study identified the
lateral instability as a complex phenomenon that regdiingher examination since it does not
only depend on aspect ratios as suggested by some desigifA0tass8-14, 2014(Canadian
Standards Association, 200&jgure2-32illustrates the final state of the specimens at the end
of the tests. The legend below each case describes the rebar distribution, the longitudinal
reinforcement ratio multiplied by 100, the degree ohefpat i on ( a) , and the

specimen.
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] )
(c) Y-608-268-20-3, (d) Y-608-268-30-4, (e) Y-608-268-50-5

Figure 2-32. Failure mechanism of the five specimens tested I§hrysanidis and Tegos (2012b)

2.2.2.5Chrysanidis and Tegos (2012a)

With the aim of &panding preious research, another elevepecimens with similar
geometriesbut different longitudinal reinforcement ratios, between 1.79 and 10.72%, and
different concrete strengths were tested. All specimens were subjected to a single tensile strain
degree of &posiry&enbted compeessioad to complete the cycle.

As result, two important outcomes are specified: first, an increment in longitudinal
reinforcement ratio does not reduce the chance of instability becausémane buckling
was reported for hlcases; and second, the mentioned increment does not always lead to a
buckling failure load rise but it seems to depend on the rebar distribbigure 2-33 shows
the failure modes of the eleven specimens censdtlin this phase. A procedure to predict the
local buckling behavior was not suggested as part of this experimental program.
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) - ol s
(&) Y-6012-603-30-8, () Y-4016-715-30-9,  (j) Y-6014-821-30-10, (k) Y-6016-1072-30-11

Figure 2-33. Failure mechanism of the eleven specimens tested Grysanidis and Tegos (2012a)

2.2.2.6Shea et al. (2013and Flintrop et al. (2013)

Eight reinforced concrete prisms were subjected to cladidingas part of the 2013
NEES@UCLA project The longitudinal reinforcemematio andthe prism height(762 mm)
were identical for all eighspecimens but hoop spacivayied. The crosareaand detailingf
the prismsareexhibited inFigure 2-34. Regarding the material properties, 28 MPa and 414

MPawerethe values for the concrete strength and the steeiryigdtress, respectively.
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The tests consisted of inputs of diverse magnitudes for maximum compression strains
between 0.2% and®, and maximum tension strains of 2.0% and 4.5%, as can be noticed in
Figure 2-35. Prisms #1, #2, and #4 evidenced rebar buckling as a failure mode. Prism #3
reported oubf-plane buckling similar from what prisr#® and #6 revealed at the end of the
tests(Flintrop et al., 2013)Prisms #7 and #8 failed do to eaftplane buckling and concrete
crushing, respectivel{Shea et al., 2013frigure2-36 shows the failure modes of the last four

specimens considered in this expeantal program.
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Figure 2-34. Crosssectionand detailing of the eight prisms testedy Shea et al. (20133nd Flintrop et al. (2013)
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Figure 2-35. Strain history covered in the 2013 NEES@UCLA project
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Figure 2-36. State of prisms reported by Shea (2013) and Flintrop (2013)

The more significant conclusions of this pijare first, a limit for the concrete cover
should be provided to guarantee the stability in the core; and second, a limit for the wall
thickness must be required when large tension and compression strains are expected, which
has been considered for vargodesign codes previously. As it has been stated in other studies,
more research is suggested to establish a ductile compressive failure of RCSW.

2.2.2.7Welt (2015)
Nineteen2:3 scaledprisms representative of moddooundary elements of RCSW
were tested byVelt (2015)to determine the influenag different parameters on the strength

and strain capacity of compression membérke stutkd parameters weré&ransverse
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reinforcement detailing, longitudinal reinforcement ratios, loadmotpgol and debondig of
longitudinal reinforcementOnly the specimens subjected dgclic axial compressiveand
tensile strains aredetailedin this sedbn. Figure 2-37 presents the crosections of these
selected specimen®rism CS12 was also subjected to cyclic loading, however, diace

bonding conditions werearied for this case, then its results are edetufrom this review.
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Figure 2-37. Crosssections and detailing of the selected specimens testedvidglt (2015)
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Only prisms CS1 and CS2 were conceived to study the influence of tensilegins
prior compressive loading on the strength capacity of boundargetsigure2-38 exhibits
the damage states at the end of the tests for prisms CS1 which did not include a tensile pre
strain and CS2 which considered a 5% tensilespiEn. Both prisms were subjected to
reversé-axial cyclic loading. The damage propagation in prism CS2 was not uniform across
its thickness, showing the presence aiP ef f ect s, whi ch were evide
returned to a neutral displacement position after experiencing the 5% teessteapr and
before continuing with the reversegiclic loading.Welt (2015)noticed that the higher tensile
pre-strains caused a compressive strength reduction close to 50%. Regarding the remaining
parameters analyzed for the other specimens, the test results indicated that crossties do not
provide enough restraint fwevent bar buckling; and, additionally, it was observed that only

closed hoops around every bar increase the strain compressive capacity of the specimens.

(b) CS2 — 5.0% Pre-Strain

Figure 2-38. Final states of prisms CS1 and CStested byWelt (2015) a) without, and b) with tensile prestrain.
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2.3 State of the art in outof-plane instability prediction

The following subsections describe the fundamentals glteeomenologicahodels
created in the 1990s to prevent-ofHplane buckling instabilityBecause of their simplicity
and efficiency, hlese model$ave beersuggested to be implemented in existing design

procedureso limit wall thicknesses of ductile RCSW

2.3.1Phenomenological models

Goodsir (1985)defined theout-of-plane instabilityas amechanismthat develops
during different stages when walls are subjected tplame cyclic reversal loading. At high
in-planedisplacements in one direction, large tensile stramsvide horizontal cracks appear
in the boundary ement subjected to tensiafong the plastic hinge regiowhile unloading
throughthe opposite direction, compression strains, originated from the axial load and the
moment caused by its eccentricity telodbalance the remaining tensile strains. During this
stage as the iplane lateral loadncreasesoutof-plane deformations could develop. The
described behavior is presentedRigure 2-39, which shows the deforations and strain
patterns in the plastic hinge regiohRCSW

:sfub
] \}\‘\\ T ]
\ \L
e —— .
LI 1H gt
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{o) Wall after {6/ Large el Smatl {d! Strains ot (el Strains of
inelasiic transverse tronsverse sechion X=X seclion Y-Y
tensife displocernent displocement

excursion

Figure 2-39. Deformation and strain patterns in aplastic hinge region.(Goodsir, 1985)
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Figure2-39illustrates two possible scenarios. First, if the horizontal cracks close before
reaching a critical state, explained below, the-afylane deformations are small arftet
compressive force is sustained without exhibiting instability. On the contrary, if the horizontal
cracks remain open, large enftplane deformations develop and consequently instability is
evidenced by a reduction in the strength of the wall.

In order to capture theentionedcritical stagePaulayandPriestley (1993kreateda
model thainvolvesthe relationship between tensile strains reached ungame loading and
out-of-plane deformatios manifested simultaneously under reversal loading; additionally, the
model suggests an eaf-planedeformationlimit to prevent wall local buckling.

In this context Equation 2-1) restrainsthe maximum tensile strain value to ensure

lateral stability of structural walls.

(2-1)

1)

i3

o'}

S
|- ool

whereb = isld plarameter defining the position of the longitudinal reinforcerbgerand
d are the thickness and the transverse effective depth of the wall section, respetiavely;
buckled length of the wall,, canbe taken equal to the plastic hingedtmn L, of awall as
establishedby PaulayandPriestley (1992)However, as noted hjohnson2010)andRosso
et al.(2015) this consideration may lead to poor predictions. Consequently, the buckled length
developed between the contraflexure points should beidered instead.

The stability criterionis defined as:

Xt g(:O.S(l 2360 \-5.587 4+7m) 2-2)

< (2-3)
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wherem is the mechanical reinforcement ratienais the longitudinal reinforcement ratio of
the compressionmegion of the wallfy is the yield strength of the longitudinal reinforcement
andf ¢@s the uniaxial compressive strength of the concrete.

Based on this approac@haiandElayer (1999)carried out thereviouslydescribed
experimenfprogramon prisms and proposed a phenomenolodicplation(2-4) to evaluate
maximum axial tensile strains developed in thempression zonef RCSW to prevent

buckling instabilitywhen exposed to iplane reversal loading.

o 2~
a O
Do S8

e ¢i
'sm 2C§:

(2-4)

y

where(§ is the yieldng strain of the longitudinal reinforcemeandc is a coefficiat that
reflects the variation dhe curvature along the buckledne.

ChaiandElayer (1999pnssumed sinusoidal curvature distribntio = 2. Aadldyand
Priestley (1993¢onsidered aonstant curvature distribution, which had been suggested earlier
by Goodsir (1985)thenc = 1/8 The main difference between these two formulations is
determined by the second term of Equatia), which considers the hysteretic response of
the longitudinal bars located in the idealized compressive region. Accordiingitand Elayer

(1999) the maximum tensile strai¥n, consists of three components:
esm = ? + e e +r (2'5)

whereJ* is the axial stim at first closure of crackd} is the strainrequired to yield the
reinforcement in compression, atidaccounts fothe effect of strains elastically recovered
duringunloading Thetwo last components can be expressed as proportidfgias., 4 = 10
and() = 2)).

Figure 2-40 shows the idealized response of a prism in terms of nhominal axial strain
and axial force from a last cycle where inelastic buckling was captured. The three mentioned

strains compoents are identified in the graph. The experimental results showed that coefficient
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d: is close to 1.5 and coefficieds varies in the range of 3 to 5. For design purposes, these
coefficients were assumed to band2, respectively.

From Chai and Elayer (1999)study, Equations 2(1) and @-4) resulted to be
conservative, but because of their simplicity they can be easily applied in design procedures to
limit the wall thickness of planar RCSW poposed ir{ChaiandKunnath, 2005)
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Figure 2-40. Idealized nominal axial strain vs. axial forceeesponse(Chai and Elayer, 1999)

The phenomenologicahodels described ithis section consider a constant or close to
constant axial load over the height of the boundary region. A similar assumption was involved
in theParraandMoehle (2014)approach, presented in Equat(@6), which is based on the
modeling concepts proposed BgulayandPriestley (1993)

o 2
a bCI'

0
€= o 9.00S (2-6)
96.7khJ -
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whereb is the critical width of the wallkh, is the effective length equal to B.5assuming
fixed ends, andh, is the clear interstory height. Equatidtg) was derived for preliminary
design of walls with two curtains of reinforcement. The effects of the longitudinal steel content
is omitted from theParraand Moehle (2014) approach since the stability criterion was
simplified by a pactical value of 0.25. However, tests on prisms suggest that one of the most
influential parameters on the onset of lateral instability is the longitudinal reinforcement ratio
and consequently this approach would need furthprovements

In addition, Parra(2015) studiedthe effect of strain gradients along the height and
length of a wall on the onset of buckling instability through FE numerical simulations. The
results showed that the gradient of the axial force along the boundary element height is more
consequential thathe strain gradient along the wall length. In order to account for the effects
of a nonuniform distribution of the axial loadParra(2015)suggested a correction factor for
Equation(2-6), which was derived from the results of the FE modeling. The new approach

estimates the maximum tensile strains as

e.=(5 -4 %%éa 0, 28 8.005 (2-7)
sm g 7khJ e

where U is the parameter that represents t he
solutions. According td’arra(2015) Equation(2-6) would overestimate the wall thickness
required to prevent instability and consequently Equd&er) would repora more reasonable

estimation.

2.3.2Code requirements
The following subsections compile the approaches implemented in commont@odes
limit the minimum wall thickness that could prevénickling instability of planar RCSW.
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2.3.2.1ACl 318 (2014)

Observed damage in recent earthquakes andadtdrgrstudies on RCSW and prisms
replicated as boundary elements suggest thateslisimegions can be prone to local inelastic
buckling under implane cyclic load reversal€onsidering this fact, th&Cl 318 (2014)
Chapterl8 establishedimits on slenderness for special structural wallgpier wallswhen
specialboundary elements arequiredin accordance witsections 18.10.6.2 or 18.503. A
minimum wall thicknesbw O /h6is recommendetly section 18.10.6.4 (i, is the laterally

unsupported height at extreme compression fibevdll or pier wall.

Tles not required { p<2.8f fy
Ties per | |H
18.106.5¢ [fHf S o p228f,
HERTI
c
special [ |H ST @[ !t by b2h,/16
=
boundaty_ 3OS H maxzq(M) If e/t 2 3/8,
=300 mm i AV, ea then b 2300 mm
- section

2 {y for 1-25";
{or hook as req'd.)

Boundary element not
near edge of footing

Boundary element near edge
of footing or other support

fal Wall with hy, £, = 2.0 and a single critical section controfled hy flexure and
axial load desigiied wsing 18.10.6.2 I8 10.6.4, and 18.10.6.5

} [ o <0.154;
o202 p<28If
Special boundary o
element required __{ Ties not required
Develop for f, past opening, & <0.15f!
top and bottom i p=28/f,
Ties per 18.10.6.5
o s0.2f 1
>2.8B/f,; v Special bound
{ };es per 161065 M| | s ,?'3:‘6 eloment required,
u See Notes.

Notes: Requirement for special boundary element is triggered if maximum extreme
fiber compressive stress o 2 0.2f;. Once friggered, the special boundary element
extends until o < 0.15f;. Since A, /{,, < 2.0, 18.10.6.4(c) does not apply.

(&) Wall and wall pier designed using 18.10.6.3, 181064, and 18 110,53

Figure 2-41. Design provisions of boundary element for speci&CSW. [Fig. R18.10.6.4.2ACI 318 (2014}

46



In the case wheriey/lw O  2and6/ly O 3skdBign 18.10.6.4 (c) suggests a minimum
wall thickness of 300hm to prevent lateral instability of the compression zone once the
concrete cover is lost. In the expressidnsis the total heightfathe wall;lw, is the length of
the wall; andg is the largest neutral axis depth associated with the factored axiddtlcaad
the nominal moment strength, consistent with the design displacément

Figure 240 summarizes the design provisions afitidary element for special RCSW
[Fig. R18.10.6.4.ACI 318 (2014). The aspect ratibw/lw defines two cases to consider. In
addition, depending on the extreme fiber compressive stress and the longitudinal reinforcement

ratio, three vertical regions are established.

2.3.2.2AASHTO LRFD Bridge Design Specificationg2010)

In accordance with Section 5.5.4.3 from tARASHTO LRFD Bridge Design
Specificationg2010) the structure as a whole and its components shall be designed to resist
buckling The seismic design provisions for walpe piers conforming to Article 5.10.11.4.2
do not explicitly include a&riterion b avoidthe onset obut-of-plane instability.

2.3.2.3AASHTO Guide Specifications for LRFD Seismic Bridge Desig({2011)
Thepierwall thickness is determined so theminalshearcapacity(V,, ) satisfiesthe

upper limit inEquation8.6.9-2 from Section 8.6.4AASHTO, 2011) as follows:
V, =(0.13/f +r,f,) ¢0.25 f.A,- kips (2-8)

where 7, =A, /b €, & is crosssection area of shear reinforcement in direction of loading
(in?), bis the section width (in}is tie reinforcement spacing (irf):@ concrete compressive
strength(ksi), fyn is tie reinforcement yielding stress (ks#, =0.8A,, and A, is the gross

Cross section area.
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Neitheraspect ratios nor othérmulationsto prevent oubf-plane instabilityof pier
walls areincludedin the AASHTO Guide Specifications for LRFD Seismic Bridge Design
(2011)

2.3.2.4Caltrans Seismic Design Criteria (2013)
Minimum thicknessequirements are established as a function of the shear capacity of
pier wallsin accordance witlsection 3.6.6Caltrans, 2013)The thicknesss determinedso

the sheastresssatisfesEquation3.6.6.22:

Van T . VnDW T )
0.8, <8\/f>C (psi); 0.8 <O.67\/1TC MPa) (2-9)

whereV.™ is the nominal shear strength of a pier wall in the strong diredtigin,concrete

compressive strengtand A, is thegrosscross sectioarea.

The CaltransSeismic Design Criterig2013)does not contain any method to control

the ou-of-plane buckling failure mode of pier walls.

2.3.2.5Canadian StandardsAssociation(2004)

In accordance witlsection 21.6.3Canadian Standards Association, 20Gctile
walls with a ductilityrelated force modification factoRg of 3.5 or 4 andh/lw>2, require a
wall thickness equivalent 1@/10in the zone where plastic hingeas expectegl, is theclear

span or unsupported length between floors or other effective horizontal lines of lateral.

2.4 Local buckling prediction assessment

Herrick andKowalsky (2016)compared the predictions from the Paulay and Priestley
buckling model (PPBM) and the Chai and Elayer buckling model (CEBM) for selected RCSW
tested by others in the paBigure 2-42 showsnormalized irplane displacements captured

before outof-plane buckling occurred for walls subjected to cyclic loads fromHeeick
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(2014ps database. Some walls from this databas:
inelastic buckling. The uplane displacments were normalized against the displacements
calculated from the PPBM and CEBM associated with the maximum vertical tensile strains
sustained prior to buckling. A moment curvature sectional analysis program, CumbiaWall, was

used for this purpose. Noteat the prediction of the CEBM agrees better than the PPBM.
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Figure 2-42. Wall experimental displacements normalized to PPBM and CEBM displacements.
(Herrick and Kowalsky, 2016)
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A complementary analysis was conducted in the same stDdygsidering the PPBM
and CEBM,Herick and Kowalsky (2016)established a limit state related to the maximum
tensile strains captured before -@ftplane instability was observed during selected
experimental programs where RC prisms were tested under cyclic and monotonic axial loads.
Oncethe experimental tensile strains were identified for each case, they were compared with
the predicted values demonstrating that the PPBM shows more discrepancy than the CCBM,

which can be perceived frofgure2-43.
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Figure 2-43. Experimental prism strains normalized to PPBM and CEBM strains.
(Herrick and Kowalsky, 2016)
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Note that monotonic | oading cases were S
and prisms. The symbwlhed>xd buekd e ngnti nsaydli | i
denotes the cycles where buckling was not captured. The specimens were assumed to
experience a buckling failure mode after detecting moderate loss of strength, in the range
between 10% and 30%, accompalngy visible outof-plane deformations. In conclusion, the
two models are promising at predicting -@ftplane buckling of prisms; however, when
applied to walls, the predictions tend to be conservative, especially for the PPBM.

A parametric study was asconducted byHerrick and Kowalsky (2016) where
variables most likely to be important for stability were identified. These include wall geometry,
reinforcement details, single versus dodblgers reinforcement, plastic hinge length, and
material properties. The results revealed thaobdyiane instability is primarily influenced by
geometric properties: height, length, and thickness. This implies that wall aspect ratios should

be limited to prevent local plastic buckling failure modes.
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CHAPTER 3: STUDY PLAN

Chapter 3 covers the research gap identified through Chapter 2 and the research
objectives to be addressddring the experimental program and the analytical study.

3.1 Research Gap

From Herrick and Kowalsky (2016) study, further analytical and experimental
investigationsre suggestet detect the effect of missing parametexrg., combined loading
protocols)and the actual influence of someriables deemed to be significant for stability
(e.g., longitudinal reinforcement ratioConsequently, e main concern of & project
described throughout this documento capture the impact of one of those missing parameters
because no examination hHasen done to evaluate the influence of-@uplane loading on
prisms and wall boundary elements. Even though a few initiatwees developed to study
local buckling failure in Tshape cross sections walls subjected to biaxial loading, the results
suggesthat additional research is warran{#dallace, 2012)

The existing models correlate tensile strain from in plane loading tofqlane
deformation, assuming a prescribed curvature distribution. If loading occurun-hieplane
direction, the relationship between tensile strain andobptane deformations should be
adjusted to reflect this. In its simplest form, this would be an addition of aof-@lane
displacement to the existing equation. Howeversaftglane displacement may influence the
distribution of curvature with height, thus requiring additional adjustments to the models.

3.2 Research Objectives
The main objective of this study is tdevelop a model capable of capturing kbeal
buckling failure modef RC structural walls pier wallsdue to inplane loading considering
the effect ofout-of-plane loadinghroughout analytical and experimental studies.
The specific objectives for this research are:
1. Examine the effects of historic earthquakes in RC8Westablish the possible reasons

that caused failure due to eaft-plane buckling;
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2. Analyze worldwide test results and provide insights about inelastic stability of RCSW,

. Assess analysis methods to predict local buckling behavior and establish an improved
model to capture the failure mode associated with this phenomenon considering the
effect of outof-plane loading;

. Calibrate the proposed formulation through an experimental program on prisms

simulated as wall boundary elements

5. ldentify additional paranters that influence the onset of buckling instabilépd,

6. Conducta parametric analysis angrroposedesign guidelines foplanar and flanged

walls to prevent local buckling.
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CHAPTER 4: METHOD

Reinforced Concrete Prisms (RQRpresentative afompression zones of prototype
walls have beemecognized as suitable elements to stindyinfluence of critical parameters
affecting the stability of RCSWConsidering this fa¢tthe experimentatomponentof the
current research contemplaté®e construction ofwelve RCP. The aim of the tests is to
evaluate the effect of different longdinal reinforcement ratios in combination with different
load paths on the onset of enftplane instability of planar special RCSW. The analytical
component of this project considelse creation and validation of a new phenomenological
modelandin addiion a parametric study on prispisothusing a fibetbased model calibrated
based on the experimental resulihis sectiondescribeghe constituents of thexperimental
programthat supported the findings of the projebhe analytical studiesvill be described in
Chapter 5.

4.1 Experimental program

Twelve half scaledRCP were experimentally tested in the Constructed Facilities
Laboratory (CFL) during this project. The support conditions forR4# are conceived as
fixed-fixed. Three phases were considd during the experimental prograhie first testing
phase involvd controlled load paths where the specimemere subjected toaxial
tension/compression cycleesmbined witHateral loading to mimic the effects of eoft-plane
displacements.

Table 4-1. Experimental PhasedMatrix

As Built Detailing Reinforcement ratio as built
Phase Configuration Geometry T Longitudinal Transverse
Longitudinal Transverse
bwX IbeX hw i Jo/ Jty
1 1 50x120 6 #5 1s#3+1t#3 @ 2in. 0.031 0.0138/0.022
2 2 50x120 6 #4 1s#3+1t#3 @ 2in. 0.020 0.0138/0.022
3 3 550 x 120 6 #3 1s#3+1t#3 @ 2in. 0.011 0.0138/0.022
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In the second and third phases, longitudinal reinforcement ratios varied and additional
loading potocols were followed. In general, the three phases include reinforcement ratios of
typical values used in RC buildings and employed by the Alaska DOT for pier walls. The

details associated with the three phases are preseniatle-1.

4.1.1Tests conceptualization

When a planar wall section exposedto the combination otompression strains
preceded by large tensile strathee to inplane loadingput-of-plane bucklingnstabilitycould
develop causing significanh damageespeciallyin the boundary element&s previously
implied, the construction of RCP simulatifpundary elementsf RCSWhas resultednore
conveniento evaluate critical parameters controlling this failure megten though the effect
of axial am longitudinal strain gradients found in RCSW are omitteglial tensile and
compressive loadapplied to RCHnimic theaxial demands in boundary elemenlise to in
plane loading, which constitutes practical approximationin addition, if the RCP are
subjected to oubf-plane loads, then this combination simulates a real case scenario when
seismic loads strike a wallFigure 4-1 shows a special planar RCSW with two boundary

elements resisting iplane and oubf-plane demands.

Out-of-plane
load

hw i \:\\ /// In-plane

S i load
Boundary el &

element
Web

P Boundary
Ibe[”%% element
%b%
%’%

o
e

Figure 4-1. Conceptualization of the specimens
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4.1.2Specimens detailing

The experimental program comprises a total of twelve RCP built according to the
recommendations of th&Cl 318-14, chapter 18The first phase consists of teg) six 1/2
scale identical specimens. The thickness of the prismath8&s(127mm) since the cover was
excluded from the construction. The geometr
1,524nm), corresponding to an aspect ratia/lpn = height/thicknes) of 10 (including the
missing cover). The longitudinal reinforcement ratio is 3.1%&i® #5). Transverse
reinforcement includes #3 diameter rebar spacedrath2s(51mm).

The geometryfthe specimens built for phasevas the same as the one adopii@ihg
the first phasePhase 3 contemplated a 5.5in. (140mm) thickrnéssthree specimens related
to phase 2 included 6 #4 longitudinal bars and the three specimens related to phase 3 consist
of 6 bars #3, corresponding to reinforcement ratios of 220 1.1%, respectively. The
distribution of transverse reinforcement is similar to the one used for the first pliase4-2
andFigure4-3 show the reinforcement detaid) of the specimens built for the three described

phases.

Prisms Phase 1 - As built

Prisms Phase 2 - As built

Prisms Phase 3 - As built

pl = 0.031

pl = 0.020

pl =0.011

p=0.0138 | piy=0.022

px=0.0138 | py=0.022

px=0.0138 | py=0.022

3 | & & - il

o8 #5 o B #4 eB#3

iswez. || | s#@zn | ;e sw@z ||
1T#3.@ 2in. iz 1T #3 @ 2in. e 1T #3 @ 2in. 112
y e o y 9 e y » UJ

T o T o T PPN

X X X
1in. = 25.4mm

Figure 4-2. Specimens Cross Sections
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Figure 4-3. Specimens Reinforcement Detailing

4.1.3 Speemens construction
The reinforced concrete elementxcluding he twelve specimens, the suppboidck
and the transfdolock, were constructedttheCFLon t he North Carolina
Centennial Campud.he RC elements wetauilt considering thee phases, whictoincides
with the number of experimental phasestemplated inhe project The dimensionsf each
elementwere guaranteed to properly connect each component of the testtisetugh
threaded rods ambst tensionebars
Rebar cagewere assembled for the concrete bloakd then placed in the Steelly
formwork Because ofhe geometry of the specimemgyoden formworkvas fabricateat the
CFL using plywood and dimensional lumb&eparatelythe longitudinal and transverse

reinforeement of thespecimensincludingthar footing and capbeamswere assembledsing
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wooden templatesBefore placing together the reinforcement skeleton andwiheden
formwork, and inorder to create void® the prisns to connect the infrared LEDsensorgo
the reinforcemenbefore the testssmall pieces of foam were attaché/C tubes were
embedded in the footing and cap beams to later connect the specimens to the transfer block
and the loading beam, respectively.

Figure4-4 shows pictures of the specimens under construction before and after casting.
Once the formwork was released after 7 days, a needle gun was used to clear the voids and
subsequently the specimens were cleaned and painted. Before eadadestcaps used as
devices to fix the infrared LED sensors to the reinforcement, were attached following a

prescribed procedure to clean the bars and immediately glue the plastic caps.

(© ‘ (d)

Figure 4-4. Construction of specimens: (a) prism reinforcement cage; (b) formwork assembly; (c) formwork and
rebar cage for specimens (dheedle gun used to clear voids
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4.1.4Material properties
4.1.4.1Concrete

The specifiedconcretecompressie strengthfor the three phasesas 5,000 psi (35
MPa). Each concrete mix was produced by a local company and included retarding admixtures.
A waterbasedconcretecuringandsealing compound was used on treshly placedoncrete
and subsequently, theecimens were covered with plastiteeting during the consecutive 7
days.A total of 72 test cylinder¢4-inch-diameter by8-inch-heigh) were cast to verify the
required compressive strength at 7 days, 28 days, aedabspecimen test dayccording to
ASTM C3915 (2015) The averagemechanical propertiesorresponding tdhe different

phases andpecimens ardetailed inTable4-2.

Table 4-2. Concrete nechanical properties

Specimen f'c (28 days) f'c (Test day) Ec fr

[Ksi] [MPa] [Ksi] [MPa] [Ksi] [MPa] [Ksi] [M Pa]
P1 7.70 5310 5.00 34.50 0.53 3.70
P2 7.60 52.40 5.00 34.50 0.52 3.60
P3 6.10 42.10 7.40 51.00 4.90 33.80 0.52 3.60
P4 7.20 49.60 4.80 33.10 0.51 3.50
P5 7.10 49.00 4.80 33.10 0.51 3.50
P6 7.70 53.10 5.00 34.50 0.53 3.70
P7 7.00 48.30 4.80 33.10 0.50 3.40
P8 6.60 45.50 7.60 52.40 5.00 34.50 0.52 3.60
P9 7.50 51.70 4.90 33.80 0.52 3.60
P10 6.50 44.80 4.60 31.70 0.48 3.30
P11 5.80 40.00 6.30 43.40 4.50 31.00 0.48 3.30
P12 6.50 44.80 4.60 31.70 0.48 3.30

The modulus of elasticitigc and the modulus alupturef;, were determined from the

following equations:

E =57/f [psl f -[ps] (4-2)
f.=6/f [psil; f -[ps] (4-2)
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4.1.4.2Steel Reinforcement

The longitudinal and transverse reinforcemtamtall test specimens was ASTM A706
Grade 60420 MPa)lack steelGerdadi Raleigh Reinforcing Steel provided the longitudinal and
transverse reinforcement for the first phase of this profgetdaii Charlotte Reinforcing Steel
produced the longitudal reinforcement for the second phaamed the transverse steel for the
secondand thirdphase. Nucor Steel Seattle, Inprovided the longitudinal reinforcement for the
third phaseBatches ofeinforcementvere required for eactiameter angohase Sutsequently,
tension tests were conducteased oASTM A370-14(2014)usingtheMTS Material Test System
at the CFLanda2 in. (51mm) extensometarountedat mid-height of each bar coupon

Rates of 0.5 in/min and 1.0 in/min were applied up to and beyond the yielding poi
respectively Figure4-5 presents the initial and final stages from tensile tests conducted on bars
#3.Figure4-6 throughFigure4-8 show representative stressain curves from the three different
bar sizes utilized as longitudinal reinforcement on each phase of the pidjecstresstrain
curves from the #3 stirrups utilized in phase 1 do not exhibit yielding platedigvas through

a representative samplerigure4-9.

e 1
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i
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Figure 4-5. Initial and final stages from tensile tests conducted on bars #3
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Figure 4-6. Stressstrain curve from a longitudinal rebar #5717 Phase 1
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Figure 4-7. Stressstrain curve from a longitudinal rebar #4 1 Phase 2
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Figure 4-8. Stressstrain curve from a longitudinal rebar #31 Phase 3
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Figure 4-9. Stressstrain curve from a transverse rebar #3/ Phase 1

The averageof the steel reinforcement mat@rpropertiesaresummarized imable4-3,

wherefy is theyielding stress€y is obtaineddividing the yielding stress by the modulus of
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elasticity Es) equal to 29,000 ksfu is the ultimate stress determinedthe maximum tensile

stress The ultimate straingl) is captured &the point where the ultimatgress occurs.

Table 4-3. Steel reinforcement mechanical properties

Phase Bar Size Reinforcement fy & = f/Es fu G
# Type [ksi] [MPa] [%0] [ksi] [MPa] [%]

1 3 Transverse 76.70  528.80 0.2644 103.10 710.80 8.5641

5 Longitudinal 69.30 477.80 0.2389 97.00 668.80  11.3190

2 3 Transverse 69.80  481.30 0.2407 100.70  694.30 9.4064

4 Longitudinal 69.10  476.40 0.238L 91.80 632.90 10.6915

3 3 Transverse 69.80  481.30 0.2407 100.70  694.30 9.4064

3 Longitudinal 62.90 433.70 0.2171 89.90 619.80 12.2084

4.1.5Test setup and instrumentation

The test setupvaslocated in theCFL and itconsisted of one concrete support block
attached to the strong floor and connected to a second transfer concrete block, which was
connected to the base of the specimens. The geometry of these concrete blocks was determined
as a function of the required height to reach the effective length cf4iaps(1957kN)
capacity actuators. A 14ft (4.27m) long steel loading beam placed on the top of the specimen
was connected to three actuators. The two 44QRi9S7kN) capacity actuators in charge of
inducing axial loads/displacements to the specimepsevattached to the strong floor
throughout steel floor plates. A third 55ki(#15kN) capacity actuator used to apply -t
plane displacements wasrizontallyconnected to the strorngall through a steel wall plate
and a steel bracket built specialty these tests.

Two steel frames were used to restrain torsion in the loading beam, and they were
connected to each other using steel elemergsdoanteglobal stability of the systenfrigure
4-10 displays tle test setup drawings aftgure4-11 shows a picture of the area where the
components of the projeatereplaced in CFL.

The horizontal actuator was controlled by displacements. The vertically inclined
actuator lgated at the left hand side of the specimen was controlled by rotations captured

throughout an inclinometer attached to the center of the loading beam. The actuator placed at

63



the right hand of the specimen was controlled by a combination of forces alatelsents
depending on the yielding point for each test. Loads and strokes in the actuators were measured

through integrated LVDTs and loads cells.

Figure 4-11 Test setup in the CFL at NC State
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Relative displacements resulting from the interaction between the specimen and the
transfer concrete block, and between the specimen and the loading beam were obtained using
two linear potentiometers, respectively. Axial deformations of the prism were registered by
four string potentiometers. In addition to the LVDT of the horizontal actuator, a string
potentiometer attached to the strong wall and the loading beam was usetkthe lateral
out-of-plane displacement induced to the specimens.

A total of 110 infrared LEDs from the optical tracking system Optotrak Certus
developed by Northern Digital Inc. were placed directly on the steel reinforcement of each
prism.. Figure4-12 shows the distribution of the LEDs on the right face of one of the tested
prisms and the overall allocation of the markers obtained from the Optotrak spatial coordinate

output.
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Figure 4-12. Optotrak LEDs distribution on right face of a specimen and spatial coordinate output
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The two Optotrak cameras were strategically located to capture the data on both sides
of the prisms. During the teststrains in the longittinal and transverse reinforcement were
determined in real time using the MATLAB co
this project. In addition, this code was able to capture real time displacements from one of the
four additional infrared LEDs thatere positioned on the front face of the prism cap as a plane

of reference

4.1.6Loading protocols

The first and seconaxperimentalphases involved controlled load paths where the
specimens were subjected #&xial tensile and compressiyeads in addition to lateral
displacements. When oof-plane displacements were applieithe compressive loads
includedP-gpeffects The third phase only considered axial cyd@sreasons explained later
Regarding the material properties, arcamfined concrete strength ok$% (35MPa)and a
reinforcement yielding strength of BSi (414MPa)were considered as design valtedefine
the experimental load history in compression. Actoalerialproperties were used to calculate

tensile demands.

4.1.6.1Experimental Phase 1

Table 4-4 summarizes e maximum target axial and lateral loads/dispments
contemplated for the six specimens included in Phas€hé. degn axial compression
capacity Po, of the prisms contemplated on this phase is equal5&ki@s (1,59N),

calculatedrom:

R=0850.(A A) fA (4-3)

Unsymmetrical cycles that included compressive loads and tensile displacements were
induced to theprisms The unique compressive target was selected basedPorand the
correspondingfp ef fects when the tests also cont emg
determined as a function of drift percentagespPef f ect s wer e establ i sh

interaction from the following equation:
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R.=R (R R) (4-4)

where,Py = 164&ips andMp = 47%ip.in are the axial force and bending momerttaanced
stage, respectively. The flexural moment at an -ofyglane drift ratio is
Mo = Po(%drift*60in.)/2. Substituting this expression in the previous equation and solving
for Py, the compressive load is obtained.

Table 4-4. Experimental test matrix of Phase 1

Load protocol

Specimen  Config. Lateral Axial
Displacement Type Max. Max. Type

Tension Compression

Prism 1 1 17% drift Monotonic 3% 0.5in. 1 Cycle

Prism 2 1 0% drift - 12y, U Po=2358kips Cyclic
Prism3 1 1% drift Monotonic 1 4y (P = 319 kips Cyclic
Prism4 1 4% drift Monotonic 1 2y, U Paw= 241 kips Cyclic
Prism5 1 4% drift Cyclic 12, C Pap=241kips Cyclic
Prism6 1 8% drift Monotonic 1 2y U Pay =182 kips Cyclic

The targets in tesion were chosen as fractions of the yielding displacedetatmined
from: 0.253}, 0.5(13}, and 0.7&':} and 1.@3}. Subsequently, three identical cycles at different
axial tensile displacement ductility levels continued until buckling was captured upon

compessive loading. Further explanation regarding the characteristics of the loading protocols
followed duringPhase 1s found in Chapter 5.

4.1.6.2Experimental Phase 2

Table 4-5 shows the experimental test matrix cormsfing tothe three specimens
tested duringPhase 2, where the maximum target values reached in the different applied
loaddisplacementlirections are summarized. The idgsaxial compression capagcityo, of
the prisms contemplated on this phasequalto 32Xips (143XN), calculated as follows:
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P =0.85 {iksi (3 1dr0 0.267 6)] 6Bsi ©.20F *

Table 4-5. Experimental test matrix of Phase 2

Load protocol

Specimen Config. Lateral Axial
Displacement Type Max. Max. Type
Tension Compression
Prism 7 2 0% drift - 14y U Po=322kips Cyclic
Prism 8 2 4% drift Monotonic 14y U Pa%=222kips Cyclic
Prism 9 2 2.5% drift Monotonic 16y U Pasy=251kips EQ-Sylmar

Station ('94)

Compressive loads and tensile displacements were induced &pelcanens The
constantompressive targstvereselected based d?o and the correspondingdeffectsthat
wereincludedconsideringequation(4-4), wherePy = 16%kips andMp = 41&ip.in are the axial
force and bending moment at balanced stage, respectively.

The targets in tension wemestablishedas fractions of the yielding displacement
referred asﬁOC), where 60 represents the height of the pridduging Phase 1 it was noticed
that the elastic cycles did not influence the onset of instability, and consequentiyetey
eliminated fom Phase2. Beyond the yielding stagand depending on the loading type
different tensile targetsontinued until oubf-plane instability was captedupon compressive
loading

In order toconsider the effects of neteld records that contain long duration pulses
Test 9 included a seismic axial displacement history based on the structural response of a
prototype RC wall subjected to an actualplane horizontal earthquake recoithe 1994
Northridge earthquake (Sylmar station) was selesiede it ischaracterized for a long
duration pulse

Further explanationregarding thecharacteristics of théading protoca followed
duringPhase 2s found in Chapter 5.
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4.1.6.3Experimental Phase 3

The experimental test matrix detailedTiable 4-6, summarizes the maximum target
axial and lateral loads/displacements contemplated fothite® specimensconsideredin
Phase3. The degn axial compression capacifyo, of the prisms contemplated on this phase
is equal t29Kips (129%kN), calculatedhs follows

P =0.85 {5ksi (30 12r0 0.1k 6)] 6Bsi #.1iff

Table 4-6. Experimental test matrix of Phase 3

Load protocol

Specimen Config. Lateral Axial
Displacement Type Max. Max. Type
Tension Compression
Prism10 3 0% drift - 16y, L Po=294kips Cyclic
Prism11 3 0% drift - 24, U  P,=294 kips EQ-Megathrust
Prism12 3 0% drift - 18, U Po=294kips EQ-Sylmar

Station ('94)

Phase 3 considered three different axial loading history: cyclic, megatypeast
earthquake, and higpulsetype earthquakeThe targets in tension were established as
fractions of the yielding displacement referred abo}ﬁ@here 60represents the height of the
prismsin inches Noticing the lack of influence of outf-plane displacements on the onset of
instability during Phase 1 and Phase 2, they were suppressed from Phase 3. Beyond the yielding
stage and depending on the loading type, different tensile targets continued until failure due to
bar buckling, bar fracture, or eof-plane instability was capred.

Prism 11was subjected timelastic cycle®ased orsubduction megathrust earthquake
generated from #oading protocol created according ®azaez and Dusické2016) that
requires the calculation of equivalent yielding displaceme®td-or this purpose, bment
Curvature analysesf four prototypeRCSWwere conducteg. Once the cyclic displacement
responses of the walls were obtaifiean Equation 4-5), strains developed at each stage were

used to establistine tensile gial displacements as a functionGﬂQ. Table4-7 andTable4-8
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definethe exponential coefficient{g, b, c, d to obtain the cycle amplitudes and the proposed

loading protocols using the prepeak approaespectively(Bazaez and Dusicka 2016)

_ . N
f(N)=(a &' cré"fu, (4-5)
whereN, is the number of the inelastic cycle.
Table 4-7. Exponential coefficients to obtain cycle mplitudes (Bazaez and Dusicka 2016)
pu=2 p=4 n=8
T T T T T T T T T
Coefficient 05s 1.0s 20s 05s 1.0s 2.0s 05s 1.0s 2.0s
Prepeak excursions
a 0.9934 0.9934 0.5215 0.9653 0.9557 0.9638 0.8695 0.9014 0.9869
b 0.0221 0.0221 -0.3778 0.0281 0.0439 0.0543 0.0336 0.0415 0.0444
¢ 0.0137 0.0137 0.5674 1.15E-4 891E4 2.72E-3 1.913E-7 2.83E5 1.09E-3
d 04511 04511 0.2066 0.4284 0.4853 0.5570 0.4252 0.417 0.4282
All excursions
a Same as prepeak excursions 0.9505 0.9335 0.936 0.8356 0.8659 0.8931
b 0.0245 0.0357 0.0485 0.0224 0.0314 0.0433
¢ 1.18E-5 3.14E-5 5.57E-5 1.84E-8 3.45E-7 34E-6
d 0.3875 0.478 0.613 0.3167 0.3816 0.4398

The effects of nedfield records that contain long duration pulses were considered for

Test12. The 1994 Northridge earthquake (Sylmar station) was selected for this purpose and

consequently the seismic axial displacement histeas determined based on the structural

response of a prototype RC wall subjected tplane horizontal accelerations.

The constant compressive targets were selected bastwaom the corresponding P

o effects when the

t e 4 lateral didplacements) detemnmgdlasaat e d |

function of drift percentages-@ ef f ect s

Equation 4-3), wherePy = 165kips ad My = 342kip.inare the axial force and bending moment

at balanced stage, respectively.

wer e

est abl

shed

t hro

Further explanation regarding the characteristics of the loading protocols followed

duringPhase 3 isound in Chapter 5.
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Table 4-8. Proposed loading protocols using the prepeakpproach (Bazaez and Dusicka 2016)

Number of inelastic cycles (trailing cycles shown in parentheses)

Duectility (p =2) Ductility (g =4) Ductility (g =8)

Cycle amplitude = 8 yicia T=0.5s T=10s T=20s T=05s T=10s T=20s T=05s T=10s T
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4.1.7Data source

Eleven specimens included 14 gages on each longitudinal bar along the 60
(1,524mm) height. Prism 3 only included 13 gagaseach longitudinal reinforcement bar
since the location of theavitiesallowed a different distributioffor the infrared LEDsIn
addition, since the central region of the prisms was the main area under study and with the aim
of determining the influerecof the transverse reinforcement on the onset of instability, ten
gages were contemplated for tht@rupsalongthe central 20in. (508mm}-ive gages were
located on the north face and five on the south face of the prisms. The gage length was 4in.
(201mm) for the longitudinal and transverse reinforcem&ttain profileswere determined
for eachlongitudinalreinforcement linewhich were six in total, three for tmerth faceand
three for thesouthface In order to control théensilestrains demandsireal timeduring the

tests the average of the central longitudinal reinforcement lines was the governing input.
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Figure4-13 shows theregionsand reinforcement linedescribedabove that can be considered

as reérence for next sections where the test results are presented.

-
Top region

+

North face Central region

+

Bottom region

1

South face

—#— Line 1 - Front
g Line 2 - Center
—s— Line 3 - Back

Figure 4-13. Prism Constituents

4.2 Analytical Predictions

Tensile strains calculated fraRaulay and Priestley (1998ndChai and Elayer (1999)
models, already described in Chapter 2, were considered to determine thediatil®tycles
for the different experimental phas&nce theParraandMoehle (2014) model neglects the
effects of different longitudinal reinforcement ratios, its usage would result unsuitable
considering the essence of the current experimental program. However, for comparison
purposes the predictions are alsduded inTable4-9. The values presented fihe table ér
Phase 1 were established from a scaled prototype wall with total heigh420in (10.6m),
lengthlw = 80in (2.0m),andeffective heightie = 280in(7.1m) The buckled length of the wall
Lo was calculated from Equatiod-6), expression suggested PByiestleyet al. (2007) to

determine the plastic hinge length of structural walls.
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L=k @ 04, Lg (4-6)

where,k = 0.2(f,/f,-1 )  OanfLsex8.022 § dy (fy in MPa) The largest dianter of the

longitudinal reinforcement placed in the compression regidefised bydy,.

Table 4-9. Maximum Tensile Predicted Strains

Pauay and Priestley (1993) Chai and Elayer (1999) Parra and Moehle

Experimental (2014)
Phase
nl § O G/ §  Om G § &
1 8.6 0.0206 9.2 0.0219 25.9 0.062
2 12.8 0.0304 11.9 0.0285 26.0 0.062
3 19.7 0.0427 16.5 0.0359 28.6 0.062

The results from Phase 1 suggested that the buckled length of the prisms was close to
60%of their heidnt, and consequently the predicted values for Phase 2 and Phase 3, presented
in Table4-9, were accordingly adjuste®hase 1 also demonstrated that the maximum tensile
strains captured before buckling instabilisas observed upon compressive loading were
considerably lower than the values predicted from Rlagraand Moehle (2014) model.

Consequently, this model was omitted from the analyses developed in the following chapters.
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CHAPTER 5: EXPERIMENTAL RESULTS

This chapter presenta summary of the experimental resutif twelve pisms
representative of boundary elements of prototype typical teitsvere built andestedn the
Constructed Facility Laboratory at the North Carolina State University. The aim of this tests
to evaluate the effect of different longitudinal reinforcement ratios in combination with
different load paths on the onsetaft-of-plane instability of planar special RCSWurther
details from the@xperimental observatiodescribed in this section, can be foumdheAlaska

DOT websiteas part of the Research, Development and Technology Transfer division
5.1 Experimental Observations

51.1Test1

Test 1 was conducted at the Constructed Facilities Laboratory on Thursday, February
18, 2016, as part of the esqmental phase of this projeét.monotonic lateraload andlater
oneaxial cycle loadwere applied to the specimen to capture its structural performance and to
determine preliminary critical parameters associated with lateral instability of RC Tadils.
5-1 includes the principal properties of Prism 1, wheres the longitudinal reinforcement

ratio, do is the diameter of the bar, agds the transverse reinforcement spacing.

Table 5-1. Prism 1: Specifications

Longitudinal °
Reinforcement Layout n S/ Y
1 50x120x600 (6) #5 (15.9mm) 0.031 3.2 0.00239
(127mm x 305mm x,524mm)

Prism Dimensions

5.1.1.1Test 1 Summary

Prism 1 wadirst subjected taa 10in. (254mrj monotonic increasing owdf-plane
displacements, equivalent to 16.7% drift. The purpose of this part of the test was to confirm
that theboundary elemertould sustain this level of drift in the absence of axial |6aglre

5-1 shows lateral displacements applied to Prism 1. During the 0.5in. (13mm) displacement,
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cracks appeared on the bottom north (BN) and top south (TS) regions of the prism.
Experimental first yielding was expected at 0.7in. (18mm). Upon Igadi®.75in.(19mm)

more small cracks formed and extended to the moment connections. After stage 3, the cracks
became wider and more numerous. Concrete flaking occurred at 2in. (51mm}am ribeth

(TN) region By the time the B. (76mm)displacementvas completed, concrete flaking was
observed on the bottorsouth (BS) region Crack widths close to 3/32i{2.4mm) were
measured on th8N region. When the specimen deformed Fi27mm) slight concrete
crushing on both compression regions was capturedaddition, concrete spalling was
observed on th8S region. For the next displacemeniemage continued propagating and
more cacks appeared on the joint$e tensile strains reached at 10in. (254mm) were close to
5.6% obtained from the farthest gagesated onBN and TS regions.The deformedshape
during this stages presenteth Figure5-2. Only minor loss on the lateral capacity of the prism

was detected at the end of this stage.

10

Displacement [in]
m
Drift [%)]

——t— Data points
First Cracking BN, TS
First Yielding

First Flaking TN 12
First Crushing TN, BS
Concrete spalling BS

1 1 1 L 1 L 1 L 1 L Jo
] 1 2 3 4 5 <] 7 8 9 10 11 12 13 14

Stage

*0]<C0

Figure 5-1. Prism 1: Out-of-Plane Lateral Displacement History
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Figure 5-2. Prism 1: Deformed shape at 10in. (254mm) lateral displacement

Once the lateral monotonic loading wasdoded, the specimen was returned to a zero
lateral displacement positipnand subsequently was subjected to axial an axial
tension/compression cycle. The tensile strain target was 3% and the comptaggidte
displacement was 0.0in. (0.0mm)pon compresive loading, and before r&ang the
compressive target, cof-plane buckling instabty was captured as shown Kigure 5-3.
Concrete cover crushing and spalling were observed in the central part of the begidad
The load captured at the time the prism started to buckle was 96kips (427kN), equivalent to
27% of the compression design capacity of the pridos 358 kips (1,592kN).

76



| &

A ¥
//,.A
A
A
P
b 11
il
f |

|

o
j

|

>
= (3=

Figure 5-3. Prism 1: Buckling instability at the end of the axial cycle

Figure5-4 depicts axial strains plotted against axial loads captured where toé out
plane deformation reached a maximum value at the end of the test. Notice aestpbhse of
the prism at low levels of axial tensile straiAs axial stiffness reduction is evident by the
time the axial compressive load approaches the compressive yielding stidregtpecimen
was still extendedat this stageThis pointwas asso@ted with the oubf-plane buckling
mechanismThen, nstability was captured since the prism was not able to recover its strength.
The maximum applied load at this stage w286 kips, equivalent to 8 of the axial design
compressive forceRo. Figure5-4 also shows the corrected predictions accordingaolay
andPriestley (1993)i P & ,Raod ChaiandElayer (1999)f C h & Eadels once the actual
buckled length was determined. In addition, tensile and compressive yielding strasfjhs,

are similarly plotted, wherasis the area of the longidinal reinforcement.
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Figure 5-4. Prism 1: Axial Strain vs. Axial Force established 4in. (102mm) below miaiight on
a) south face and b) north face
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Figure 5-5. Prism 1: Out-of-plane deformation captured upon compressive loading at the end of the test
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Figure5-5 shows the of odbf-plane deformations captured at the end of the test. The
stability criterion from Paulay and Priestley (1993)model calculated as oof-plane
deformation and denoted as stability limit, is includeéigure5-10to show that instability
wasexpected beyond this limit. During this cycle, the maximurradiglane deformation was
U n¥ 2.7in. (69mm) located 4in. (102mm) below midheight, which exceeded 50% of the prism

thickness.

5.1.1.2Test 1 Conclusions

Prism 1 was tested during 4 hours where diffeleading patterns were applied. The
first part of the test showed that the prism reached the 10in. (254mm) displacement with minor
loss of capacity. Initial signs of concrete crushing and concrete spalling were noticed at 5in.
(127mm). Maximum strain vaés of 5.6% were computed on the bottom north and top south
regions by the end of the final stage related to the lateral monotonic loading.

In the second part of the test, axial tensile displacements equivalent to 3% strain were
induced. Values close todlarget were observed in the central region of the prism. However,
the bottom north and top south showed higher values, demonstrating the influence of the
previous loading pattern. The onset of buckling was captured by the time the prism was still
elongaed. An outof-plane deformation greater than 50% of the prism thickness was
determined for a compressive load equivalent to 66% of the compressive design capacity of
the prism. Neither bar buckling nor bar fracture were detected during or after thehtest. T

stirrups remained as originally constructed.
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5.1.2Test 2

Test 2 was conducted at the Constructed Facilities Laboratory on Thursday, March 22,
2016, as part of the load path project. An axial compression load followed by cyclic axial
tensile displacementsnd compressive loads were applied to the specimen to capture its
structural performance and to determine additional critical parameters associated with lateral
instability of RC wallsTable5-2 includes the pringal properties of Prism 2, wheyeis the
longitudinal reinforcement ratiody is the diameter of the bar, arsd is the transverse

reinforcement spacing.

Table 5-2. Prism 2: Specifications

Longitudinal o
Reinforcement Layout n S/ Y
2 50x120x600 (6) #5 (15.9mm) 0.031 3.2 0.00239
(127mm x 305mm A{,524nm)

Prism Dimensions

5.1.2.1Test2 Summary

Prism 2 first was subjected to an axial load equivalent to the design axial compression
capacity of the prisni?0 = -358 kips. The purpose of this part of the test was to confirm that
the boundary element of the wall could sustain this level of compressive load in the absence
of lateral displacements. Strain profiles captured at this stage showed that the average
compessive strain in both faces of the prism was closé 6%, which is less than the
yielding compressive strai0.239%.

Subsequently, the axial cyclic displacements/forces were applied starting with elastic
single targets. The tensile values were chaseifractions of the yieldingtrain as: 0.253},
0.5(13}, 0.75(3}, and CJ After yielding, three identical cycles at different axial tensile
displacement ductility levels continued until buckling was captured upon compressive loading.
The unique compressivearget was established from the first part of the experiment

corresponding t®o,which was applied on each cycle during the whole Fgtire5-6 shows

the axial strain history applied to Prigin
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First cracks deeloped at the footingrism interface on the right face and along the

height of the prism during O.ﬁ}) Upon loading to |§} more small cracks formed and extended

to the joints. Crack widths close to 1/16in. were captured?}aﬂ)@ring the following cycle

the cracks became wider and the number of new cracks decreased. In addition, it was observed
that he spacing of the horizontal cracks were governed by the spacing of the transverse

reinforcement since they fairly corresponded to each other. Signs of concrete flaking on the
footing-prism interface appeared in the first cycle correspondin@td\ﬁtheend of the third

cycle, concrete cover fell down on the back face of the prism and the transverse reinforcement
was exposed within a length of 34in. In the cycles associated witfjmmsne demand, cracks

became wider and the concrete cover continfiadlcthg apart in the same region described
before. At the end of the third cycle, the transverse reinforcement was uncovered within a

height of 54in. All through these cycles, the specimen remained visibly straight.
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Figure 5-6. Axial Strain History applied to Prism 2
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As tensile demands increased during the cycles relatedfib th@ outof-plane
buckling mechanism was visually captured upon compressive loading. In this scenario, where
the outof-plane deformation is relatively small, the compression force developed to resist the
overturning moment, can be fully reached asksatose and consequently, the prism returns
to a fairly straight and stable position. This phenomenon was similarly observed during the
first two cycles corresponding to a tensile demand &} Eigure5-7 showsthe evolution of
out-of-plane deformations when a stable buckling mechanism occurred upon compressive
loads during the second cycle associated witlg).lm the third cycle upon compressive
loading, a different scenario developgdceinstability occurredas illustrated irFigure 5-8.

A well confined concrete core was noticed at this stage.

Figure 5-7. Prism 2: Stable outof-plane buckling mechanism duringl 2,@®), second cycle: a) Onset of buckling
cracks opened, b) Stable buckling cracks partially closed, ¢) End of buckling- cracks closed.
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Figure 5-8. Prism 2: Instable out-of-plane buckling mechanismduring 1 2,(8), third cycle

Figure5-9 depicts axial strains plotted against axial loads captured where toé out
plane deformation reached a maximum value at the end of the test. Notice a stable response of
theprism at low levels of axial tensile strains. In the last six cycles, an axial stiffness reduction
is evident by the time the axial compressive load approaches the compressive yielding strength.
At these stages, the specimen was still extended. These peire associated with the anft
plane buckling mechanism. In the last cycle, instability occurred since the prism was not able
to recover its strength. The maximum applied load at this stage2®2akips, equivalent to
65% of the axial design compressiforce,Po.

Figure 5-9 also shows the corrected predictions accordin@dalayand Priestley
(1993)i P & P oChaiandElayer (1999fi Ch & E0 model s once the actu
determined. In addition, tensile and compressive yielding stremgghsare similarly plotted,

whereAsis thearea of the longitudinal reinforcement.
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Figure 5-10. Prism 2: Evolution of out-of-plane deformations captured upon compressive loading at different stages

Outof-plane deformations increased upon compressive loading during the first cycle
associated with§. Figure5-10 shows the evolution of owtf-plane deformations at different
stages. Throughout the first cycle of{,2he specimen suffered from a permanentafiilane

deformation. A sudden increment on thisformation took place when the load slightly
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exceeded the yielding compressive strengtie stability criterion fronPaulayandPriestley
(1993)model calculated as cof-plane deformation and denotasl stability limit, is included
in Figure5-10to show that instability was expected beyond this limit. During the final cycle,
the maximum oubf-plane deformation was n¥ 3.1in. (79mm) located at midheight, which
exceeded 50% of the prism thickness.

Notice that the oubf-plane top displacement is close to 0.35in. (9mm) inste@thqf
which is attributed to the complexity of the technic implemented to control & dlctuators
at once. However, the axial response of the prism is indifferent to this minor input.

5.1.2.2Test2 Conclusions

The first part of the test indicates the prism reached the maximum axial design
compressive load with zero loss of capacity. The averaggressive strain in both faces was
close t0-0.0015, less than the yielding strain. In the second part of the test, progressive cyclic
axial loads/strains were applied to the specimen reaching maximum values close to the axial
design compressive forcBp = -358 kips and 1§, in compression and tension, respectively.
The specimen presented a stable response at low levels of axial tensile demaafipladet
deformations were not noticed during the cycles beftfeBRyond the first cycle of & a
gradual increase in the ocwff-plane deformations were captured until instability developed
during the last cycle of 12 The large buckling displacement led to concrete crushing and
spalling in the central region. The axial force at this stagedd¥#sof the targetcompressive
load Neither bar buckling nor bar fracture were detected during or after the test. The stirrups

remained as originally constructed.
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5.1.3Test 3

Test 3 was conducted at the Constructed Facilities Laboratory on Thursday, March 27,
2016, aspart of the load path project. A monotonic and constant lateral displacement
equivalent to 1% drift was applied first to the specimen followed by cyclic axial compressive
loads and tensile displacemenitable5-3 includes the principal properties of Prism 3, where
}1is the longitudinal reinforcement ratidy is the diameter of the bar, asdis the transverse

reinforcement spacing.

Table 5-3. Prism 3: Specificatons

Longitudinal o
Reinforcement Layout n S/l Y
3 50x120x600 (6) #5 (15.9mm) 0.031 3.2 0.00239
(127mm x 305mm A{,524nm)

Prism Dimensions

5.1.3.1Test 3 Summary

A 0.6in. outof-planetop displacement, equivalent to 1% drift, was first induced to
Prism 3.The purpose was to keep this displacement constant during the entiFesestacks
appeared on the bottom and tegions of the prismat the end of this stageh@& strains were
close to 0.15%less than the yielding straiSubsequently, the axial gilacement history
started with elastic single cycles. The targets in tension were chosen as fractions of the yielding
displacement referred as: 0&50.5(13}, and O.7ﬁ}. Including the axial yielding pointf), three
identical cycles at different axial tensile displacement ductility levels continued until buckling
was captured upon compressive loading. The unique compressive targeidgae319 kps,
was established consideringg® ef f ect s, representing 89% of
compressive load?ho =-358 kips Figure5-11shows the axial strain history applied to Pri@m

During the applicationfathe first compressive load, a small vertical crack appeared

in the concrete cover of the east face of the prism. Horizontal cracks became more numerous
upon yielding tensile demands while small cracks formed and extended to the joints. During
the appliciion of compressive loads, the cracks tended to close as expected. Crack widths
close to 1/32 in. were captured zﬂ).ZDuring the following cycles the cracks became wider

and the number of new cracks decreased. It was noticed that the spacing of the horizontal
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cracks were governed by the spacing of the transverse reinforcement. Signs of concrete

spalling on the eastda of the prism were observed in the first cyclefdtt@rack widths close
to 0.05 in. and 0.075 in. were captured lgjtamd 83} respectively. Cracks became wider than

0.10in. for the 16} and 11°J cycles. During tensile demands alf,l,4:oncrete covefell down

on the east face of the prism and transverse reinforcement was exposed in different regions.
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Figure 5-11. Axial Strain History applied to Prism 3

Throughout the first cycle related tE)Sa gable outof-plane buckling mechanism was
observed upon compressive loading. This scenario, where tioé-plaine deformations were
relatively small, was captured during the three cycles correspondirlzsl, td)CBo), and 12?).
After experimenting these cof-plane deformations, the prism returned to a fairly straight

position when the cracks closed and consequently it was able to resist the intrinsic forces

87



associated with compressive forces developed to sustain overturning morgums5-12

shows the evolution of owdf-plane deformations when a stable buckling mechanism occurred
upon compressive loads during ttierd cycle associated with fJZ During the first cycle

related t014f:} and upon compressive loading, a different scenario was captured where
instability occurred as illustrated Figure5-13.

Figure5-14 depicts axial strains plotted against axial loads captured where thé out
plane deformation reached a maximum value at the end of the test. Notice a stable response of
the prism at low levels of axial tensile strains. In the last ten cycles drsigfkness reduction
is evident by the time the axial compressive load approaches the compressive yielding strength.
At this stage, the specimen watdll extended. These pointseve associated with the eoi-
plane buckling mechanism. In the last cyatstability was captured since the prism was not
able to recover its strength. The maximum applied load at this stag@1@dsps, equivalent
to 66% of the axiatargetload P19 =-319 kips

Figure 5-12 Prism 3: Stable outof-p | ane buckl i ng me(8)hhirdcycte) Ghsetof buaklingt 2 U
cracks opened, b) Stable buckling cracks partially closed, ¢) End of buckling- cracks closed.
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Figure 5-13. Prism 3: Instable outof-p| ane buckl i ng mechanism duri
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Figure 5-14. Prism 3: Axial Strain vs. Axial Force establishe®in. (51mm) above midheight
a) south face and b) north face

Figure 5-14 also shows the corrected predictions accordinBdalayand Priestley
(1993) i P & ,RdChaiandElayer (1999)fi C h & mEddels once the actual buckled length
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was determined. In addition, tensile and compressive yielding stredgtfysare similarly

plotted, wheréAsis the area of thivngitudinal reinforcement.
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Figure 5-15. Prism 3: Evolution of out-of-plane deformations captured upon compressive loading at different stages

Out-of-plane deformations increased upon compressive Igatiinng the first cycle
associated with§. Figure5-15 shows the evolution of owtf-plane deformations at different
stages. During the third cycle of §2the specimen suffered from a permanentafiilane
deformation. A sudden increment on this defation took place when the load slightly
exceeded the yielding compressive strengtie stability criterion fronPaulayandPriestley
(1993)model calculated as ocof-plane deformation and denoted tabdity limit, is included
in Figure5-15to show that instability was expected beyond this limit. During the final cycle,
the maximum oubf-plane deformation was n¥ 4.6in. (177mm), located 2in. (51mm) above

midheight, which exceeded 50% of the prism thickness.
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5.1.3.2Test 3 Conclusions

Prism 3 was tested during five hours where combined load patterns were applied. A
lateral outof-plane displacement equivalent to 1% tduas sustained during the entire test to
analyze its influence on the stability of RC walls. The maximum tensile strain in bottom and
top tensile regions of the prism during this first stage, where axial loads were not induced, was
close to 0.0015Subsguently, progressive cyclic axial loads/strains were applied to the
specimen reaching maximum values fairly close to the taRjets -319 kips and 14, in
compression and tension, respectively. The specimen presented a stable response at low levels
of axial tensile demands. Qat-plane deformations were not noticed during the cycles before
8. Beyond the first cycle of§ a gradual increment iné¢houtof-plane deformations were
captured until instability developed during the first cycle of}l4he large buckling
displacement led to concrete crushing and spalling in the central region. The axial force at this
stage wa$6% of thetargetcompressie force Neither bar buckling nor bar fracture were

detected during or after the test. The stirrups remained as originally constructed.
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5.1.4Test 4

Test 4 was conducted at the Constructed Facilities Laboratory on Thursday, April 12,
2016, as part of the loagath project. A monotonic and constant lateral displacement
equivalent to 4% drift was applied first to the specimen followed by cyclic axial compressive
loads and tensile displacements to capture its structural performance and to determine
additional criical parameters associated with lateral instability of RC wadlble5-4 includes
the principal properties of Prism 4, wheres the longitudinal reinforcement ratidy is the
diameter of the bar, arsd is the transverse reinforcement spacing.

Table 5-4. Prism 4: Specifications

Longitudinal o
Reinforcement Layout n S/ Y
4 50x120x600 (6) #5 (15.9mm) 0.031 3.2 0.00239
(127mm x 305mm A{,524nm)

Prism Dimensions

5.1.4.1Test 4 Summary
An outof-plane displacement of 2.4 in., equivalent to 4% drift, was induced to Brism
The purpose was to keep this displacensenstant during the entire test. First cracks appeared
on the bottom north and top south regions efdlism at the end of this stage. Concrete spalling
was also observed in the same regions where the strains were close to 0.4%, greater than the

yielding strain. Subsequentlhe axial displacement history started with elastic single cycles.

The targetsn tension were chosen as fractions of the yielding displacement referred ﬁ}s: 0.25

0.5d°J, and O.7§} and 1.@3. Subsequently, three identical cycles at different axial tensile
displacement ductility levels continued until buckling was captured uponressiye loading.

The unique compressive target loRay, = -241 kips, was established consideringpP e f f ect s,
representing 67% of the axial design compressive Pad,-358 kips Figure5-16 shows the

axial stran history applied to Prism.
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Figure 5-16. Axial Strain History applied to Prism 4

Through the first compressive loadrtical cracks appeared in the concrete cover
top north(TN) and bottom soutl{BS) regionsaccompanied by concrete spallifngpon
yielding tensile demands, horizontal cracks became more numerous and small cracks formed
and extended to theints. During the application of compressive loads, the cracks tended to
close only in the cerdt region of the prism. Once again, it was noticed that the spacing of the
transverse reinforcement induced the spacing of the horizontal c@relck widths between
1/32in. and 3/64 in. were captured close to the jointsL}tCloncrete spalling becanneore
severe at TN and BS regions where the damage was concentrateifollowing cycles the
number of new cracks decreased. Through tensile demand3, ablcrete flacking and
concrete spalling propagated approximately &infN and BS regionsvhich became more
severe during thaext cycles. Upon the l°8 first cycle, crack widths close to 0.10 in. were

measured in the central region. Concrete cover continued to fall down diNthed BS
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regions and consequently transverse reinforcement was expogbé corners. The cracks
became visibly wider than previous cycles and close to 1/8 in. beyondlcﬂwd:[és.

During thethreecycles related to 16}, outof-plane buckling was visually captured
upon compressive loading. After experiencing thes®ll outof-plane deformations, the
prism returned to a straight position when the cracks claseitie central regignand
consequenthythe prismwas able to resist the intrinsic forces associated with compressive
forces developetb sustain overturning momenFigure5-17 shows the evolution of ouwdf-
plane deformations when a stable buckling mechanism occurred upon compressive loads
during the third cycle associated with CJ_OIn the first cycle associated with ﬁ)2upon
compressive loading, a different scenario was captured. Even though the prism was able to
carry the same level of compressive loads achieved in previous cycles, it preserved a deformed
but stable shapas slown in Figure5-18. It was during the second cycle where instability

occurred as illustrated irigure5-19.

Figure 5-17. Prism 4: Stable outof-p | ane buckling mechanism during 00y (3), t
cracks opened, b) Stable buckling cracks partially closed, ¢) End of buckling- cracks closed.
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Figure5-18 Prism 4: Deformed shape at the end of 12U

Figure5-20 depicts axial strains plotted against axial loads captured where thé out
plane deformation reached a maximum value at the end tdghdé\otice a stable response of
the prism at low levels of axial tensile strains. In the last five cycles, an axial stiffness reduction
is evident by the time the axial compressive load approaches the compressive yielding strength.
At this stage, the ggimen was still extended. These points were associated with toé out
plane buckling mechanism. In the last cycle, instability occurred since the prism was not able
to recover its strength. The maximum applied load at this stage2@@kips, equivalento
86% of the axial target loaB49 = -241 kipsFigure5-20 also shows the corrected predictions
according toPaulayand Priestley (1993)f P &,Padd Chai and Elayer (1999)fi Ch & E 0
models once the actual buckled length was determined. In addition, tensile and compressive
yielding strengths Ady, are similarly plotted, wherds is the area of the longitudinal

reinforcement.
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Figure 5-19. Prism 4: Instable outof-p | ane buckling mechanism during 120y(
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Figure 5-20. Prims 4: Axial Strain vs. Axial Force establishe2in. (51mm) below midheight
a) south face and b) north face

Out-of-plane deformations increased upon compressive loading during the first cycle
associated with 4. Figure5-21 shows the evolution of owtf-plane deformations at different
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stages. During the first cycle of §j2the specimen suffered from a permanentasyilane
deformation. A sudden increment on this defdroratook place when the load slightly
exceeded the yielding compressive strengtie stability criterion fronPaulayandPriestley
(1993)model calculated as cof-plane deformation and denoted as sitghimit, is included

in Figure5-21 to show that instability was expected beyond this limit. During the final cycle,
the maximum oubf-plane deformation was n 4.0in. (102nm), located 2in. (51mnielow

midheight, which exceeded 50% of the prism thickness.
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Figure 5-21. Prism 4: Evolution of out-of-plane deformations captured upon compressive loading at diffent stages

5.1.4.2Test 4 Conclusions

Prism 4 was tested during five hours where combined load patterns were applied. A
lateral outof-plane displacement equivalent to 4% drift was sustained during the entire test.
Tensile strains close to 0.4% were measurecedoshe interface between the prism and the
joints before initiating the axial cycles. Subsequently, progressive cyclic axial loads/strains
were applied to the specimen reaching maximum values fairly close to the Basget241
kips and 18}, in compression and tension, respectively. The specimen presented a stable
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response at low levels of axial tensile demands-dDptane deformations were not noticed
during the cycles before {0 Beyond the first cycle of 1§ a gradual increment the outof-

plane deformations were captured until instability developed during the second cyclg of 12
The large buckling displacement led to cover concrete crushing and spalling specially in the
central region. The axial force at this stage was 86%setarget compressive load. Neither

bar buckling nor bar fracture were detected during or after the test. The stirrups remained as

originally constructed andwell confined concrete core was notice at the end of the test.
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5.1.5Test 5

Test 5 was conducted #te Constructed Facilities Laboratory on Thursday, June 7,
2016, as part of the load path project. A combination of cyclic lateral displacements and cyclic
axial compressive loads and tensile displacements were applied to the specimen to capture its
strucural performance and to determine additional critical parameters associated with lateral
instability of RC walls-Table5-5 includes the principal properties of Prism 5, whers the
longitudinal reinforcementatio, dy is the diameter of the bar, arsd is the transverse

reinforcement spacing.

Table 5-5. Prism 5: Specifications

Longitudinal o
Reinforcement Layout n S/ Y
5 50x120x600 (6) #5 (15.9mm) 0.031 3.2 0.00239
(127mmx 305mm x1,524nm)

Prism Dimensions

5.1.5.1Test 5 Summary

Prism 5 was subjected to cyclic eaftplane displacements combined with cyclic axial
tensile displacements and compressive loads. The axial displacement history started with
single elastic cycles analytically predicte@ubsequently, three identical cycles at different
drift levels continued until instability developed due to the axial protdt@ targets regarding
the outof-plane displacements were established as ratios of a max#furdrift and are
shown inFigure5-22.

Regarding the axial demands, the peak values in tension were chosen as fractions of
the yielding strain referred as: 0@50.5(13, and 0.75°J and 1.@3}. Subsequently, thee
identical cycles at different axial tensile displacement ductility levels continued until buckling
was captured upon compressive loading. The compressive targetRaadgere established
considering Rp ef f ect s, repr esent iegaxindumfaXiad designt per
compressive load?o = -358 kips. The compressive loads varied from 341 kips to 241 kips,
corresponding to the small and the largestadtjilane displacements applied to the top of the

specimen, respectivelyfrigure5-23 shows the axial strain history applied to Prism 5.
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Figure 5-22. Lateral Displacement History applied to Prism 5

Figure 5-23. Axial Strain History applied to Prism 5
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