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This report describes the results of T&s#f a fivetask comprehensive research program conducted at

the National Institute of Standards and Technology (NIST) under the sponsorship of the U.S. Nuclear
Regulatory Commission (NRC). The overall study aims to develop a technical basis for eedfeating

of AlkaliSilica Reaction (ASR), which occurs when the high pH concrete pore solution reacts with certain
aggregate mineral phases to form expansive ASR gel and create internal expansive forces that cause
cracking in concreteggndmay result in degadation ofengineering properties and structural capacities of
reinforced concrete structures. The report provides detailed information on experimental planning,
observationstesting measurements, andtatistical analysigerformed to achieve the objeiste of Tasli3,
Evaluaton of seismic response characteristics of Affiected concreteshear walls It presents
experimental resultof three ASRaffected shear walls and one nonreactive shear wall subjecteal to
constant axial compression and reversedlicylateral load along withrigorous statistical analyses that
guantify the effects of ASRduced expansiadegradation andconfinement provided bytransverse
NEAYT2NOSYSyYyld Ay GKSongl f  Fe@mdtidnampReityhchiding cuditdte/ (i &
drift capacity, drift at yield moment, drift at peak flexural capacity, drift aB2@eduction in peak flexural
capacity, and peak drift capacity (or ductility?) fexural capacity including normalized peak flexural
capacity and normalized yietdoment, and(3) energy dissipation capacity including cumulatiysteretic

energy and hysteretic energyby stage (at a given drift level corresponding to a certain performance
objective)
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Alkalisilica Reaction; ASR; Compressive Strength; Concrete; Confin€yelit;Loading; Ductility; Energy
DissipationExpansion; Experimental; Flexural Stren@ismic TestinddysteresisShear Walls
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E.l INTRODUCTION

This report describes work that is part of a comprehensive research program conducted by the
Engineering LaboratorfEL)of the National Institute of Standards and TechnoldiyyST) to study the
effects ofalkalisilica reaction ASR on the structural performance of nuclear power plant concrete
structures. The work is funded by the U.S. Nuclear Regulatory Commission (NRC) uneggenogr
Agreement NREIQ60-14-1-0004. Thaobjective of this research is to develop a technical basis for generic
regulatory guidance for evaluation of A&fRected nuclear power plant (NPP) concrete structures through
its service lifeThe researchprogramis specifically designetb develop measurements for evaluation of

(1) the effects of ASR on structural performance and capability to perform intended fusatioder
design basis static and dynamic loads, and (2) characteristics of an aging managemenn googra
adequately monitor and manage aging effects of ASR degradation such that intended functions are
maintained through the period of extended operation of renewed licenses. The intended outcome is a
methodology for determiningfor an existing ASRffected structure its (1) insitu structural capacity to
resist desigrbasis static and dynamic loads and (2) future structural capacity.

The overall research prograimmade upf five taskseach with an associated major objective
Taskl: Assess effects &SR on #situ mechanical properties of concrete
Task2: Assess development and laplice lengths of reinforcing bars in A&ffected concrete
Task3: BEvaluate seismic response characteristics of-Affétted concrete structural members

Task4: Estimate the degree of reaction in A8fected concrete and the corresponding
expansionand

Taskb: Predict future and ultimate ASR expansion in-AB&cted concrete

This report focuses on Ta8kevaluation ofthe seismic performance of ASRected reinforced concrete
(RC)shear walls Specifically, this report describes the experimental planriimgterial selection to

achieve target ASR expansion; specimens design, instrumentation, fabrication, andmgyersed cyclic
lateral loadtest protocol); pretestmeasurementsdata collection and analysi$ test results and findings

and conclusions that pertain to Ta3lf this NRGsponsoredesearch program.

E.2 NIST TASK 3 EXPERIMENTAL PROGRAM

The NIST Tagkexperimental prograntonducted pseudsstatic, reversed cyclic lateral loading under
constant axial compression test to evaluate the seismic performance of four reinforced concrete shear
wall specimens, withhiree havingheir wall panelsnade of reactive concrete (usimgactve coarse and
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fine aggregates)and one having its wall panehade of the same reactive concrete, but treated with a
lithium nitrate solution to mitigate ASR as control specimen. The three reactive specimens were made of
the samereactive concrete mixturdSR3 used in the NIST Takland TasR experimental programs (with
ultimate ASRnduced expansiofasrit =0.3 % see Section®.2, and Sadek et §r021) and Thonstad et

al. (2021) for ASR3 mixture proportions and other propertiesfhe three reactive specimens wezared

in the NIST environmental chamber at high temperature and relative humidity to accelerate ASR
expansion in the test wall panels to a specified target level poistructural testing.

The experimental programwas designedto facilitate examination ofthe influence of two primary

variables:(1) the level ofASRnduced expansior) % X aspX0.25% measured as averaged maximum

recorded strains in the reinforcemes in the test wall panelsand (2) the level o€onfinementin the

boundary elements of the wall panes5 %K : X2.0% as measured by the volumetric ratio of transverse
reinforcement in the boundary element, dnKS g f f 4 Q & (i Ndz@ringzaihdirflekd&INIFF 2 NIV |- y
capacity (yield and peak moment capacities), deformation capacity (drift ratios corresponding to various

load levels), and energy dissipation capaditys(eretic energyat a given drift level corresponding to a

certain performance objective and cumulatikigsteretic energy.

All four NIST shear wall specimemsd a rectangular cross section of §10(203mm) thick x 60.0n

(1520mm) long(lw); and a height between thivoting and the top cap of 80id (2030mm), resulting in

anoverall heighth,, between the point of lateral load application and the top of the specimen footing of

120.0in (3048mm) and a heighto-length aspect ratidw/lw of 2.0.All had a longitudial reinforcement

ratio 10f0.61% GAGK (GKS GNIyagdSNBRS NBAYT2NDOS VasigdiromNI (A 2 &
0.5% to 2.0%.The geometry and the reinforcement ratios of the NIST wall specimens were selected to
match non-reactivewalls prevously tested by Olet al (2002)to facilitate independent comparisons of

the test resultsKey parameters of the NIST T&skhear wall specimens are shown on Tahlke

Table El. Key parameters of the NIST Ta3kvall specimens

Wall Aspect Transverse _
Ratid® Reinforcement Ratio Longitudinal Target Expapsm)n
Specimen in Boundary Reinforcement Ratio| *Asrat Test Timé&
hw/l w lw/h Elements "1 (%) (% oft asrur)
(%)
Wall 1 2.0 75 0.5 0.61 S0
Wall2 2.0 7.5 2.0 0.61 100
Wall3 2.0 7.5 0.5 0.61 100
0 (nonreactive,
Wall4 2.0 7.5 2.0 0.61 control specimen)

@ hy: wall height;lw: wall length;h: wall thicknesshy/lw: wall heightto-length aspect ratiolw/h: lengthto-thickness (shear)

aspect ratio.

@DeKSaS NBLINBaSyl GSELISNAYSYdl tf 8ee adual yiesSiReisradsttithe/far daghyvalf SGSt a |
specimen in Sectiof.5.
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During cyclic load testingll specimens were subjected to a constant RPO(890kN)axial compression,

which is equivalent t®.093Ag T. vhere Ay is the gross sectional area of the wall ahd3 the specified
compressive strength of concrgten the test wall panelswhile undergoingncreasinglevelsof cyclic
lateraldeformatiors at drift ratios corresponding to ASCEWISeismic Evaluation and Retrofit of Existing
Buildingso ! { / 93 HAamMTO0OQa LISNF2NXIYyOS 202S00GABSazr yl YSte
(LS); Collapse Prevention (CP); and To Failbepurpose of the selectetbvelsof cyclicloading was to
coverarange ofstructural performance from elastic to failure, with measurements regularly interspersed
throughout the intermediate stages.

In addition to the four wall specimens, a sufficient numbé&companion concrete cylinders and prisms
were also made, cured, and tested at certain time intervals for use in characterizing variations in the
concrete mechanical properties (compressive strength, modulus of elasticity, and splitting tensile
strength) and ASHhduced linear expansion as functions of age.

Finally, statistical analyses of the test results usiiegeast absolute selection and shrinkage operator
(LASSQEgression models were performed to quantify the effects of the test variafalgand " on the
structural performance of AS&tfected shear walls.

E.3 FINDINGS

Specific findings of the NIST experimental progeastatistically validverthe ranges of experimental
parametersexamined(® asrof about 0.25%0;0.5% X XX2.0% and h./ly = 2.0) and for the selected
mixture proportioning, types of aggregate used, and curing regirhe.findings are summarized below,
groupedbelowin terms of effects ofasrand " on the following performance characteristics:

E.3.1 Concrete Expansion and Reinforcing bars Strain Development

1 No significant differences were observed between the -Af8Rced expansionasg of the three
reactive concrete shear walls, measured as averaged maximum recorded strain on the
reinforcements. Tken together, strain data from the three reactive walls showed that the largest
recorded strain measurement was about 026for Wallsl and 3 and 0.2% for WalR at the end of
the curing period and prior to structural testing. These strain values rhie been exceeded in the
reinforcing bars that experienced yielding since no meaningful data was available after yielding.

1 ASRNduced expansion was less for regions with more restrdintgeneral, for the longitudinal
reinforcing bars in the boundary exhents, strain gagesnear the footings which were cast from
conventiona) nonreactiveconcrete recordedless strains thathoseplaced at mieéheight of the wall
panel. Similarly, transverse bars at Ameight of the wallalso recordedhe largest tensile strains,
0SAY3 FIENIKSNI FNRY (KS O2yai NI Ay ivas 2xpectédiGe tog | £ £ Q&
the restraint to the wall expansion provided bythe néhE LJr Yy 8 A @S 41 £ £t Qa F220GAy 3
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1 UnrestrainedASRnducedconcrete linearexpansion measured using unreinforced standard prisms
made with the same concretend cured under the same regime as the reactive wallispets, was
up to 0.25% This level of unrestrained concrete linear expansion was consistent with the averaged
maximum recorded strain measured by strain gages on the reinforcing bars of the reactive wall
specimens(tasg= 0.25% for Wallsl and 3 and = 0.23% for WalR, see above and Sectidnb).
However, this is likely just a coincidence as the strain recorded at various discreet locations on the
NBAYT2NOSYSydGa YAIAKG | OhGdzZ tfe dzyRSNNBLINBaSyid (K:
at plaes where maximum expansiaccurred,and gages malfunctioned shortly after yielding of the
reinforcements).

1 Toward the end of the curing period and prior $tructural testing, several reinforcing bars might
have yielded or were approaching yielding. Thasduded the longitudinal bars in the boundary
elements at approximately mitleight (between 1®in [254mm] and 400in [1L016mm] above the
footings) and the transverse reinfang barsat different heights.

1 The average ASRduced strains in the longitlinal bars in the boundary elements at thanterface
with the footings was found to be 0.128 £+ 0.0134. Tls valuewas taken ashe pre-existing, ASR
induced,pre-strain at the base of the wall where failure is expected to start and propagate during
cyclic testing.

E.3.2 Concrete Mechanical Properties

1 Concrete mechanical properties, measured by standard testing at different agesiof(202mm)3
8.0in (203mm) cylinders that were cast at the same time with the wall specimens and cured under
the same environmental conditions, decreased with increasingiddRed expansion. The maximum
reductions, relative to their measured 2ty values, were about 3@, 70%, and 40% for the
compressive strength, compressive modulus of elasticity, and splitting tensile strength, respectively.
These decreases in the mechanical properties are consistent with the findings of the regelct
(Sadeket al, 2021) and Task repott (Thonstadet al, 2021), albeit with different reduction
magnitudes. For the nereactive cylinders from Wadl, no such reduction in compressive strength,
compressive modulus of elasticity, or tensile strength was observed. On the contrary, strendns of
non-reactive concrete were consistently larger than their measured&@gvalues.

1 The relationship between the concrete modulus of elasticity and the compressive strength for
normalweight, nonreactive concrete prescribed by 803-19 (Sectiorl9.2.21(b)) overpredicted the
compressive modulus of the reactive concrete by up t&60rhis was particularly evident at higher
expansion values and indicates that the modulus of elasticity degraded faster with increased ASR
expansion than did the compressig&rength. This was consistent with the findings of the Task
report (Sadelet al.,, 2021)and TasR report (Thonstacbt al., 2021).

E.3.3 Concrete Cracking
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1 Significant ASkiduced surface cracking was observed on all three reactive wall panels prior to
structural testing, along with exudation of a substance, presumed to be ASR gel, from the cracks onto
the panel surfaces. The pattern of ABRuced cracking was randomly oriented and did appear
to be preferentially aligned with the embedded reinforcemieNo discoloration was observed that
would suggest corrosion of the reinforcemebars prior to structural testingNo discernable
differences were found between the cracking pattern on siiefaces of thehree reactive walpanels
despite ther differencesin age at the time of observation and the amountminsverseconfinement
in the boundary elements.

E.3.4 Structural Capacity

Deformation Capacity

1 Both the presence of ASR and decreasing tilamsverse reinforcementatio in the boundary
elements, 6 SNBE F2dzyR (2 KI@S | yS3AIGABS StausSga 2y (K
reduction of 10% and almost 2@, respectivelyRelative to the ASRbsent and "« = 2.0%
combination, these are decreases of¥8 and 166, respectively.The regression model (see
Equation6.1)showedthat from a wall without ASR and high(ASR absen¢asg= 0%]and " : = 2.0%)
to a wall with ASR and low: (ASR presenftasr= 0.25%] and " = 0.5%), the estimated mean
cumulative drift capacity decreases hpout 10% + 20% = 30% (or 24% relative) There is no
SOARSYOS GKIFG GKS STFSOG 2F 2yS OINARAIotS 2y GKS
variable (i.e., no evidence of arténaction).

1 The presence of ASR negatively affected the drift at yield mordg(ite., the presence of ASR
decreasesly). For the level ofasrexamined in this study¢(0.25%), the meardy of reactive Wall4,
2, and 3 decreased by 34 when compared wh that of nonreactive Wallk. This decrease is
attributed to the ASRnduced prestrain in the longitudinal reinforcing bars of the three reactive
specimens prior to structural testing, which led to the onset of inelasticity at lower drift ratios during
testing. There was no evidence that decreasing transverse reinforcement ratio in the boundary
element,”,, affects drift at yield momend,.

1 The presence of ASR also negatively affected drift at peak flexural capagity. By direct
comparison, the averagd“vmax in negative and positive flexure of reactive Wallthrough 3 were
50.7% and 56.86, respectively, relative to those of nosadive, control Walk. The statistical
analysis estimated that, for the levelofsrconsidered in this study, there was a reduction oP23
the meand*vmaxWhen ASR is present. There was no evidence that decreasing transverse confinement
ratio " affects drift at peak flexural capacithvma.

1 There was no evidence that the presence of ASR affected d&ii & reduction irflexural capacity,
du, while deceasing transverse reinforcement ratid;, was found to negatively affea, (as "«
decreasesd, decreases). It is estimated that decreasingfrom 2.0% to 0.5% caused a 2%
reduction indy.

1 The w f @uétitty, measured by the peak drift capacitisi, was not adversely affected by the
presence of ASRr any of the walls testedhowever, ductility was influenced ke transverse
reinforcementratio, ", in the boundary elements.e., decreasing : resultedin decreasingk.i. Both
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specimens with' = 0.5% achieveddi = 3.0% drift ratio, while both specimens with; =2.0%
achieveddr = 4.0 %drift ratio. These observations were made only from inspection of the test data.
The statisticaimethods of Chapte6 were not applied for the reasons discussed within it.

A % /4 A x

Chapter5) was not observed despite the observed AB@Riced cracking and reduon of concrete
mechanical properties.

Flexural Capacity

1

The presence of ASRad a statistically significamegativeeffect on the yield momentof the walls
andcaused a reduction of abo@2@’> Ay (i K&n moimblizedl glelcthomentcapacity My/M n.
None of the ASRffected walls met the ACI 31D design criteria, which is based on yielding of the
longitudinal bars in the boundary elemer(td,/M, < 1.0), the estimated mean value b,/M, was
less than 1.0, and approximately 90 of the bootstrap rglicates of the estimated mean &f,/M
were less than 1.0

The presence of ASR also had a statistically significant negative effect on the peak flexural capacity of
the walls. The measured average peak flexural resistance in negative and positive dfevaszretive

Walls1 through 3 were 85.66 and 88.246, respectively, relative to those of the nogactive control

wall specimen (Wa#t). Averaging the measured flexural capacities in both negative and positive
flexure, the presence of ASR was estimateddase a reduction of aboutzld Ay GKS g1 f ¢
normalized peak flexural capacit maxdM n.

aqQ

There was no evidence that variation of the transverse reinforcementrfaio, Ay (G KS g f f 4 Q

elements(0.5% K" XX2.0%) had an effect on either wala Q y 2 NXY I f AT SWMpdr St R
normalized peak flexural capacityl {nad Mn).

Energy Dissipation Capacity

1

The presence of ASR and decreasingegatively affected cumulativieysteretic energyRelative to
the ASR absent arid = 2.0% combination, for the level dgfsrin this study, it is estimated that the
mean cumulativéaysteretic energyglecreases by 1% with the presence of ASR, and changirdigpom
2.0% to 0.5% is estimated to cause a decrease in mean cumulbyisgeretic energyy about 17%.

The presence of ASR generally increased the amoumistéretic energylissipated in a given cycle,
because reactive walls yielded at lower drift iost due to the ASHRduced prestrain in the
longitudinal bars of their boundary elements, leading to increased inelasticity and energy dissipation
at lower drifts.

The nonreactive, controWall4 specimen dissipated the largest tolaisteretic energynot because
it dissipated more energy per cycle, but because it achieved the largest cumulative drift capacity
compared with the three reactive Wallsthrough 3.

Behavior and Failure Modes

1

Non-reactive Walll and reactive Wall, both with "; = 2.0%, exlibited flexuratshear behavior
characterized by combination ohorizontalanddiagonal cracksReactive Wall and 3, both with ;
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= 0.5%, exhibited predominantly flexural behavior that wasaracterizedprimarily by horizontal
cracks In all reactive alls, cracks already present at the beginning of testing due toirdtRed
expansion then grew and propagated with increased drift ratio.

1 Under the cyclic load testing of the four walls, the walls failed primarily in a flexural mode, with (1)
buckling oflongitudinal reinforcement in the boundary element resuodt in spalling/crushing of
concrete and exposingof the buckled reinforcement at the compression zowa@d (2)excessive
yieldingand in some cases fracture of thengitudinal reinforcing baref the boundary elemenbn
the tensile zoneReactive Wall§ and 3 with": = 0.5%lost their axial capacity andollapsedin a
Galjdz aK Y2RS¢ dzy R Skyw(89KN veRidamdadiiat wasstillinkeffect v n n

E.4 CONCLUSIONS

The conclusions presented below, and the specific findings presented above, should be interpreted within
the scope of the experimental program conducted and the ranges of experimental variables examined:

1 Consistent with observations madetime NIST Task report (Sadek et al., 2021) and Tagleport
(Thonstad et al., 2021), the presence of A8Rsed significant cracking and degradation in concrete
mechanical properties of the NIST shear wall specimen®6(3@0%, and 4®6 reduction in
compressive strength, modulus of elasticity, and splitting tensile strength, respectively).

1 The presence of ASR and its associated effects on concrete material properties and cracking were
found to cause statistically significant degradation in thteuctural capacities of shear walls.
Specifically, within the bounds of the experimental parameters examined, the presence of ASR caused
a reduction of 126 in the mean normalized peak moment capadity.{/Mn) and of 268% in the
meannormalized yield moment capaciti(/M ) of theshear walls tested in this program.

1 More importantly, the structural capacity degradatitivat resulted from the presence of ASR brought
the normalized yield moment capacity ratibs/M , for all ASRaffected walls in this test program to
less than 1.0 (0.79, 0.67,and 0.68forWmlE H X | YR o0oX NBAaLISOGAGStaod ! :
capacityM, is computed using AGIL8 calculation procedure based on yielding of the longitudinal
bars in the wall, the masured yield moment capacityly being less tharM, means that AC318
capacity calculation procedure is unconservative and not applicable for walls affected by ASR.

1 Since the NIST test program effectively examined only two ASR expansiortjewel6% and 0.236
C¥asr¢ 025203 AGQA y20 LRaaArAofS (G2 AYyuGSNLRtFGS G2
f SgSta gAUKAY (GK2asS Gg2 tAYAGA 2y GKS glffaqQ a

[N puli
—_— o~

T '{w fa2 OFdzzaSR adlFldAadAolrtte AAIYAFAOFIYG RSIANI I
capacities, includingrift at yield momentd,, drift at peak flexural capacity'vmax, and cumulative
hysteretic energy
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1 While increasing the transvezseinforcement ratio in the boundary element was not found to
influence the wal geak flexural capacity, the reduction in the deformation and energy dissipation
capacity with the presence of ASR was less severe for shear walls with higher

1 Finaly, the completion of this NIST Te&kest program has provided the second set of known
experimental data examining the effect of ASR on sheafyaéilictural performance beside that of
Habibi et al. (2018) to date. While important knowledge and undaditeg have been developed as
I NBadzZ 6 AdQa AYLRNIFIyd (G2 NBO23ayAl S (KFG GKSN
parameters studied, that make comparison and generalization of the findings from both test programs
beyond the range of expenental parameters not advisable. Additional test data of shear walls with
different crosssectional geometry {$haped and rectangular cross section); wadlghtto-length
aspect ratiodw/lw (betweenand beyondL.1 tested by Habibi et aR018and2.0 tested by NIST and
Oh et al, 2002, with and without wall boundary elements; and intermediate and additional levels of
ASR expansio®.0% ¢ asr¢ 0.3% would be needed beforterpolation or extrapolation of the
experimental results for predictqithe performance of walls with different design parameters can be
considered appropriate.
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Chapter 1
Lbe¢ewh5; / ¢LhbD

1.1 BACKGROUND

Alkalisilica reaction (ASR) has long been recognized as a major cause of concrete internal cracking and
deterioration (Stantm, 1940). This concrete deterioration mechanism begins with reaction between the
alkali hydroxides in the cement paste and certain amorphous or raigrgtalline siliceous phases in the
aggregates, which produces an alislica gel that forms initiallynithe partially saturated pore space of

the hardened cement paste. The alksilica gel is hygroscopic, absorbing moisture in the concrete matrix
and expanding. This expansion will persist if moisture and other necessary conditions are present.
Expansionof alkalisilica gel creates increasing internal pressure that leads to internal cracking and
correspondingdegradation of the mechanical properties of concrete (Hansen, 1944; Taylor, RRaA

et al, 2019; Sadekt al, 2021; Thonstaet al., 2021).

The rate of ASR expansion is relatively slow and is a function of the reactivity of the mineral phases, the
alkalinity of the pore solution, and the availability of moistufiee onset of ASkduced cracking can take

years or decades after constructionowever, oncdnitiated, this deterioration at the material levélas
generally been shown to induce (1) expansion in the concrete and tensile stress in the reinforq@nent,
possible degradation diond between the reinforcement and concretend (3) possble degradation of

the overallstructuralcapacity and service life of reinforced concrete menstmgrsystens.

At present, the industry solution is to identify the reactive aggregates and avoid using them through
sourcing of materials for construction, @or use fly ash pozzolan to control reactivity. Although this
approach helps to avoid or mitigate ASR in new construction, it does not address the problem in existing
structures. Given knowledge gaps the effects ofASRon structural capacitieand lackof consensus
standards and code provisions to account forgmeffects, questions remain on how to (1) predict the
progression of ASRduced deterioration once initiatednd (2)evaluatethe residual material properties

and insitu structural capacityof the ASRaffected structures. These considerations aoarticularly

NEBf SOFyld FT2NJ alF¥SGe ONRGAOI f suChraxiadd, bikiges, and AEleadl KS v |
power plants. Reasonable predictions of the progression of ASR and futureialestidictural capacities

can provide critical support for decisions on whether &feRaffected structures can continue to perform

their functions without significaty increasel risk to public safety.

This report describes work that is part of a compnesige research program conducted by the
Engineering Laboratory of the National Institute of Standards and Technology (NIST) to study the effects
of ASR on the structural performance of nuclear power plant concrete structures. The work is funded by
the U.SNuclear Regulatory Commission (NRC) underatemcy Agreement NREQ-60-14-1-0004. The
objective of this research is to develop a technical basis for generic regulatory guidance for evaluation of
ASRaffected nuclear power plant (NPP) concrete struetuthrough its service lif@heresearchprogram

was specifically designetd develop measurements for evaluation of {hg effects of ASR on structural
performance and capability to perform intended functgxmder design basis static and dynamic loads,
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and (2) characteristics of an aging management program to adequately monitor and manage aging effects
of ASR degradation such that intended functions are maintained through the period of extended
operation of renewed licenses. The intended outcome is éhowology for determiningfor an existing
ASRaffected structureits (1) insitu structural capacity to resist desipasis static and dynamic loads and

(2) future structural capacity.

The overall research prograismmade upof five taskseach with an asociated major objective

Taskl: Assess effects of ASR orsitu mechanical properties of concrete
Task2: Assess development and laplice lengths of reinforcing bars in A&fifected concrete
Taslk3: Evaluatecyclicresponse characteristics of AGRected concrete structural members

Task4: Estimate the degree of reaction in ASfected concrete and thecorresponding
expansionand

Taskb: Predict future and ultimate ASR expansion in-AB&ted concrete

The focus of Task isevaluation ofthe seismic performance of ASRected reinforced concretéRC)
shear walls Specifically, this report describghe experimental planningmaterial selection to achieve
target ASR expansion; specimens design, instrumentation, fabrication, camchgeversed cyclic lateral
loadtest protocol); pretest measurementsdata collection and analysif test results and findings and
conclusions that pertain to Taskof this NRGsponsoredesearch prograndlescribed above

1.2 RELEVANT LITERATURE ON SEISMIC PERFORMANCE OF RC SHEAR WALLS

There exists test data on the seismic performance of RC structural walls. Most ofiitase compiled

and stored in the Joint American Concrete Institute (Aigrican Society of Civil Engineers (ASCE)
Subcommittee 448 Structural Wall Performance Database
(https://purr.purdue.edu/dataviewer/view/publication:dsl/prj_db_1217_73f6b9aac89601c528539ffc83
c2b7afae6aca35/?vsACI 445B, 20). As of its most recent update in A@017, the AC445B database

contained 521 wall tests providing information on the effects of (1) concrete strength (normal ard high
strength concrete); (2) welded wire mesh reinforcement; (3) Hghngth reinforement (80ksi

[550 MPa]); (4) wall crossection (rectangular andshaped); (5) axial load level; (6) degree of transverse
reinforcement confinement in the wall boundaries; (7) anchorage detailing; (8) wall web reinforcement
discontinuity; (9) slendernesand (10) static vs. dynamic loading on the seismic performance of structural

walls with aspect ratios ranging from 0.2 (MR 3 S G aljdzr G¢ g+ttt GKIG FFrAL A LI
4.2 (tall wall that fails predominantly due to flexur&@heaspect réio of awallis typicallydefined as the
heightofthewallh,s 0SG6SSy GKS LRAYG 2F fFGSNF€ €21 R | LILIX A
dividedby the length of the wall.. In these tests, the walls were typically subjected to combimedrsed

cyclic lateraldisplacementssimulating earthquake motions andonstant axialcompressive stress
simulatingthe service load supported by the walls. However, none of the tests in this existing database

have considered the effects of ASR.


https://purr.purdue.edu/dataviewer/view/publication:dsl/prj_db_1217_73f6b9aac89601c528539ffc83c2b7afae6aca35/?v=1
https://purr.purdue.edu/dataviewer/view/publication:dsl/prj_db_1217_73f6b9aac89601c528539ffc83c2b7afae6aca35/?v=1

Introduction

Of relevane to the NIST Taskstudy are two sets of experimental data: one by Oh et al. (2002), which

studied the influence of transverse reinforcement ratio in the wall boundary elements on the seismic
performance of normal, nomneactive RC structural walls, arlaetother by Habibi et al. (2018); the only

datidzReé SEIFYAYyAy3a (GKS S¥¥FSOiGa 2F !'{w 2y &aKSI N g+ff(
included in the ACI 44B database but the data by Habibi et al. (2018) is not included in the database.

In the study by Oh et al. (2002), four nogactive RC wall specimens (three with rectangular plan €ross
section and one with ardhaped plan crossection), all with a heighb-length aspect ratio of 2.0 (walls

with this intermediate heighto-length aspet ratio typically fail under combined flexural and shear
mode), were tested under combined constant axial compression and reversed cyclic lateral displacements
to simulate earthquake loading conditions. Figlr& shows the typical geometry and dimensiafishe

wall specimens tested by Oh et al. (2002). The concrete had a design compressive strength pgi4,000
(27.6MPa). The reinforcement details for confinement of the boundary elements consisted of both open
hoops and cross ties with spacings varieghtoduce four levels of volumetric transverse reinforcement
ratios "¢ in the boundary elements of @, 0.9%6, and 1.9%6 for the rectangular walls and 0.94for the
I-shaped wall. Test results indicated that (1) the specimens failed primarily in flexure, with yielding
followed by buckling of longitudinal reinforcement and crushing failure of concrete in the compression
zone, and (2) increasing the amountt@nsverse reinforcement; in the boundary elements of the wall
resulted in increased capacity to resist the effects of combined compressive force from gravity loading
and overturning moment due taeversed cyclic loadingncreasedtransverse reinforcema in the
boundary elementd f 42 Sy KIyOSR GKS 41 ffaQ aSAaYAO LISNF2NY
(increased drift capacity, ductility, and energy dissipation capacity).

The study by Habibi et al. (2018) was performed at the University of Toumuter the sponsorship of the

/' FYEFRALFY bdzOf SFNJ {FFSGe /2YYAaarz2y FyR Aaz G2 G4KS
literature on seismic performance of structural walls affected by ASR. In their study, five squat shear walls

with boundary columns (shaped plan cross section, two with normal r@active concrete and three

with varying degrees of ASR expansion), all representingisawstructures with a heigktb-length aspect

ratio of 1.1 (typically referred to as IolNA & S  26NJFayaRj dEINSB R2 YA Y | y G f @ste@ | A f A Y
under reversed cyclic laterdisplacemerg while simultaneouslyapplyingconstant axiakompression,

similar to the tests conducted by Oh et al. (2002). All five wall specimens had identical geometry and
reinforcement details. Each wall had a volumetric transverse reinforcement rato 2.1% in the

boundary elements provided by stirrups with “4degree hooks. Figure2 shows the geometry and
dimensions of the typical specimens tested by Habibi et28118). The primary test variable was the

degree of ASR free expansion (linear Af#lRced expansion was measured in companion plain concrete

prisms in accordance with ASTBA293 at the time of wall testing), which varied within a narrow range of

0.19%, 021 %, and 0.226 for the three reactive specimens. Test results indicated that (1) all specimens

failed primarily in a sheadominated failure mode and (2) the presence of ASR, while not affecting the
maximum peak load capacity of RC walls, did adverdédgtaheir seismic performance in terms of
deformation and energy dissipation capacities (i.e., a reduction of approximatély iBOboth ductility

and energy dissipation capacity).
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Figurel.1l: Geometry and dimensions of Oh et al (2002) test specimen (all dimersiomm). Figure copied
from open literature.1.00in = 25.4mm
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Figurel.2: Geometry and dimensias of Habibi et al. (2018) test specimen (all dimenssdém mm). Figure copied
from open literature.1.00in = 25.4mm.

1.3 ScoPE OF THE NIST TAsk 3 STuDY

Given the need for more comprehensive understanding of how ASR and other factors might affect the
structural performance of RC systems in general and RC structural walls in particular, the NIST
experimental plan for Task evaluaion of seismic response characteristics of Affiected concrete
structural memberswas developed with incorporation of many of the test parameters used in the Oh et
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al. (2002) study, but with both degree of ASR expangigg and degree of transverse reinforcement
confinement of the boundary element§:) considered as test variable§Specifically, the NIST wall
specimens were designed to have the same geometry and aspect ratios as specimens tested by Oh et al.
(2002). The aim was to (1) facilitate independent comparisons between the NIST and Oh et al. (2002) test
results regarding té effect of transverse reinforcement confinementand (2) obtain a larger pool of
baseline, norreactive, test data for further statistical quantification of the effecégfr Additionally, by
studying the effects of ASR on RC walls with a heaylength aspect ratio of 2.0, that would tend to fail
predominantly in a flexurashear mode, these NIST data will permit investigation of the effects of ASR on
the seismic performance of RC walls within the intermediate range of aspect ratio (see SeR}igvhen
combined with results from Habibi et al. (2018) for squat walls with lower aspect ratio of 1.1, with shear
dominant failure mode, these data from NIST will further elucidate the effects of ASR and allow an

assessment on the applicability of the fings on a larger range of wall constructions.

Based on the above considerations and experimental design to facilitate rigorous statistical evaluation of
the effects of the two primary test variables, the target degree of ASR expafigieand transverse
reinforcement ratio in the boundary element, and their potential interaction on seismic performance

of RC walls (whether the effect 6f is further influenced by the presence or absencesgfy, see
Section2.1, the test plan shown in Talklel was deeloped. The test plan consists of four wall specimens

with different levels of ; and®asrat test time.

Tablel.1. Key parameters of the NIST Ta3kvall specimens

Wall Aspect Transverse Longitudinal _
Ratios? Reinforcement Ratio| Reinforcement Ratio| arget Expansion
Specimen in Boundary "1 (%) “asrat Test Time)
hallw | lu/h Elements (% Of¥ asruit)
(%)

Wall1 2.0 7.5 0.5 0.61 50
Wall2 2.0 7.5 2.0 0.61 100
Wall3 2.0 7.5 0.5 0.61 100

0 (nonreactive,

@ hy: wall height;l,: wall length;h: wall thicknesshy/l\w: wall heightto-length aspect ratiolw/h: lengthto-thickness (shear)

aspect ratio.

@¢KSasS NBLNBaSyd

specimen in Sectiof.5.

In Tablel.1, sasrur is defined as the design ultimate expansion of the concrete material used. For this
Task3 experimental program, reactive concrete mixture ABSRith ¥asrir = 0.3 % (see SectioR2.2, in

addition to Sadek et al. 2021 and Thonstad et al. 2021 folRASiRture proportions and other properties),

is used for all wall panels of the test specimens to induce ASR expansion and degradation in these panels,

GSELISNARYSyGETfe
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with Wall4 wall panel treated with a lithium nitrate solution tanitigate the reaction of the aggregates
and inhibit ASR expansion to make it the sieactive, control specimen.

In addition to the four wall specimens, a sufficient number of companion concrete cylindegwrianms

were also made, cured, and tested at certain time intervals for use in characterizing variations in the
concrete mechanical properties (compressive strength, modulus of elasticity, and splitting tensile
strength) and ASkiduced linear expansion d&snctions of age.

Finally, similar to the loading protocols used by Oh et al. (2002) and Habibi et al. (2018), the four NIST wall
specimens were also subjected to a constant axial compression equivalent to approximé&telyf il0eir

axial load capacitwhile simultaneously undergoing reversed cyclic lateral displacements corresponding
to drift ratios prescribed for different performance objectives by ASCB/BE (ASCE, 2017), namely:
Elastic, Immediate Occupancy, Life Safety, Collapse Preventionfaafmailure.The purpose of the
selectedevelsof cyclicloading was ta@overarange ofstructural performance from elastic to failure, with
measurements regularly interspersed throughout the intermediate stages.

1.4 REPORT OUTLINE

The focus ofhis report is to present the results of the experimental program and to describe subsequent
statistical analysjswhich aimed to capture the major features of the observed experimental respénse.
brief description of eackhapter is as follows:

1 Chapter2 provides detailed descriptions of the NIST Tagkperimental program, including the
factorial experimental design used to select the optimized number of test specimens that are
sufficient for statistical evaluation of the test results; the concrete orixtused; specimens
dimensions and reinforcement details; specimen construction and curing; instrumentation; and
test setup and loading protocol.

1 Chapter3 describegracking that was observed in the three reactive shear walls due to the effects
of ASRnduced expansion prior to structural loadirend the progression of damagecluding
crack development and concrete spalling and crushing failure with different drift [thatlsvas
observed in all four walls during cyclic testing

1 Chapterd provides measurements taken of concrete mechanical properties (compressive
strength, dastic modulus, and splitting tensile strength), concrete linear free expansion (of
standard prisms), specific curing conditions (temperature and relative humidity), anohé&ied
strain developments in the steel reinforcement as function of time duttiegcuring phase of the
specimens.

1 Chapter5 presents (1) structural response datatained for each specimen, including fordeft
hysteresis and measured peak moment capacity, ductility, and cumulhyigteretic energy
capacity, and (2) comparisonstieen specimens for examination of the effects of test variables
on their seismic performance.
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1 Chapter6 describes the statistical analysis of the NIST test results, separately and also augmented
with test results from Oh et al. (2002), for quantificatiofithe effects of test variablegasrand
“t, on the seismic performance of RC walls, measured in terntBitvfcapacity and ductility,
flexural capacity, antlysteretic energy

1 Chapter7 presents a detailed summary, findings, and practical conclusibtise NIST Task
experimental program



Chapter 2
O t9wLad®9whDw! a

This chapter describes the experimental program used in assessment of the cyclic performance of ASR
affected concrete shear walls. Theapter includes the following sections:

9 Section2.1 provides the statistical basis for the design of experiment of the shear walls and
introduces the input parameters considered in the design;

1 Section2.2 presents the reactive and naaactive concrete mitures used in the wall panels of
the specimens;

9 Section2.3 describes the design, details, and construction of the four reinforced concrete shear
wall specimens;

9 Section2.4 describes the environmental chamber and controls installed for curing the reactive
shear wall specimens under controlled temperature and humidity;

1 Section2.5 presents the experimental setup and loading protocol used to subject the shear wall
specimengo combined vertical and lateral cyclic loading;

1 Section2.6 describes the instrumentation plan, including embedded strain gages and externally
applied displacement transducers aimtlinometers and

9 Section2.7 provides a timeline okey events for the xperimental study including concrete
placements, operation of environmental chamband cyclic testing

2.1 EXPERIMENTAL DESIGN AND TEST VARIABLES

The experimerdl studyconsidered twdnput parameters:

1 the level of confinement in the boundary elements ofetshear walls (see Secti@rB), as
measured byhe volumetric ratio of transverse reinforcemeintthe boundaryelements ", and

1 The level of ASRduced expansiortasg in the wall panels, as measuredthg average maximum
recordedstrainsin thereinforcing barsn the wall panels prior to cyclic testing

The sample size for the design of experiments was four shear wall specimens. The canonical design in this
situation is a tweevel factorial design, i.e., the corners of the squarelp plp . However, there

were further physical and engineering congtta, namely that the¥asg ") point (-1, 1) was required to

be in the study, but no other points of the for(dl, x) with -1 >Xx XK1 could be. Note that the factor
combination €1, 1) represent$asrat its lowest level (nomeactive concrete) and: at its highest level.

This implies that to fit a regression model with both main effects and the one two factor interaction, at
least three levels ofasrwould be needed. Symmetrically, we also consider three potential levéls of

Thus, we search fahe best four points of the set of seven possible po{ats 0, 1}x{-1, 0, 1} {(-1, 0),€

1, 1)} The three levels dfasrare 0%, 50%, and 10@% of the design ultimate expansion lev&lgru, Of

0.3% for the concrete mixture (see Thonstaidal,, 2021), whickcorrespondto -1, 0, and 1, respectively
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in what follows. The three levels 6f are 0.5%, 1.2%%, and 26, corresponding tel, 0, and 1,
respectively, in what follows.

A common approach for choosing a design with constraints is to search over the set of possible designs
and select the one that optimizes a scalar numerical summary. A common numerical summary is the
determinant of the varianceovariance matrix for the pameters of a statistical model. Under Gaussian
distributional assumptions, the volume of a confidence ellipsoid for the model parameters is proportional
to the determinant. Since confidence ellipsoids with smaller volume are desirable (less volume
correspads to less uncertainty), a reasonable approach is to choose the design that minimizes the
determinant of the varianceovariance matrix. This is broadly knowrDagptimal design.

With four runs (wall specimens) in two factdkasgand " 1), a natural stéistical model is a linear model
with an intercept, both main effects (linear termstgsrand "), and the twefactor interaction (product
of asrand " t). The design matrix for the disallowed tdavel factorial design is

p P P P
p P PP
p P P Y
PP P P

Fordesign matrixX, the variancecovariance matrix for the model parameters is proportiona(X0x)™.
Thus, we choose the design that minimie§X)?|, or equivalently, that maximizé¢s"X] . For the design
matrix above

and | XX = 256. Designs for whiciXis a diagonal matrix are called orthogonal designs since the dot
product between any two columns of the design matrix is zero.

Figure2.1 shows the 20 designs over the gfitl, 0, 1}x {-1, 0, 1}that meet thethree design constraints:

1. Fourruns
2. The point{1, 1) is in the design
3. The points{l, 0) and {1, 1) are not in the design

Figure2.1 also lists the value of the-@iterion of each design. The panels are ordered according to the
value of the Bcriterion, fromlargest in the top left to smallest in the bottom right. The design depicted
in the top left panel of Figur2.1 was the Boptimal design forthis studyand was selected for the
experiment.In summary, the selecte@-optimal experimental design specifietie following four runs:

Walll: "= 0.5%, tested at 506 offasrutt

Wall2: "= 2.0%, tested at 1006 oft asru

Wall3: "= 0.5%, tested at 1006 oft asru

Wall4: "= 2.0%, tested at @6 ofsasrur (NON-reactive)

To o T I

10
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Figure2.1: All 20 designs over the griftl, 0, 1}x{-1, 0, 1}meeting the experimental constraints. The designs
are ordered from top left to bottom right according to their value of thg-criterion. The design in the top left
panelisthe D-optimal design selected for the experiment

2.2 CONCRETE MIXTURE FOR WALL PANELS

Table2.1 summarizes the mixture design used in the beam specimens. ASRddlincrete described in
the TaskKL study Sadelet al,, 2021) was used for all 19 of the beam specimens. The targeB3&trength

of the mixture wa$000psibased on the measured strengths in the Tastudy ThePlacitaggraveland
Jobe sandonformed to ASTNC33 (ASTNC33/C33M2018) gradation requirements #6 coarse aggregate
andfine aggregaterespectively.

Walln Qad y 2y NBI Ol A GBS LIFgr Yall, go-sadiur® hydraxidewad dddéd tdi teef mix @
and a 30% lithium nitrate solution was added at a dosage ofgalyd® (15.8L/m?). This corresponds to
110% of the recommended dosage by the lithium nitrate manufacturer for the mix design (witm®ut
addition of sodium hydroxide) presented in TaBlé.

11
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Table2.1. ASR Mix3 Concrete Poportions

Constituent Design proportions by weight

Ib/yd?® (kg/m?)

Type I/, high alkali (0.8% NaO.) cement 588 (349)
Placitas coarse aggregate 1767 (1048)
Jobe fine aggregate 1185 (703)

Water 293(174)

Sodium Hydroxide (NaOH) 4.0 (2.4)

2.3 DESIGN AND FABRICATION OF RC WALL SPECIMENS

To achieve the objectiwof thistask as described in Chaptertests were conducted to investigate the
cyclic performance of reinforced concrete shear walls that were made with reactive coarse and fine
aggregates. The geometry and longitudinal reinforcement of the walls were selectddsielymatch
walls previously tested by Oh et al. (2002), see Chdptérhis test series was selected from the
experimental database developed for A@BB (ACCommittee445B, 20X), which included a large
database of seismic testing of shear walls. Tositeria were used in selecting the test series for this
project: (1) an aspect ratio of the wall (defined as the overall hefghbetween the point of lateral load
application and the top of the specimen footing dividadthe length of the wally) in the range of..5to

2.5 to exhibit a combined shedlexural response during cyclic testing, see Fidl2e and (2) wall
dimensions and lateral capacity not exceeding the experimental capabditidse NISTPerformance
Engineering Research for Mdithzards (PERFORM) Laboratditye test series b®h et al. (2002jnet
these two criterialn addition, aligning the present experimental program to the tests by Oh et al. (2002)
allowed for (1) comparison of the behavior dhe ASRaffected walls to those with neASRaffected
concreteand (2) augmenting the dataset of experimental results with data from walls with conventional
concrete

12
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Figure2.2: Schematic showing theffect of wall aspect ratio on predominant behavior and failure mode under
lateral loading

The geometry and dimensions of the concrete shear wall specimens are shown inZZ&yuEach wall

had a nominal thickness of 8i®(203mm), a total length of 6@ in (1520mm), and a height between the
footing and the top cap of 80id (2030mm). The footing had a length, width, and height of 88.0
(2260mm), 29.5n (750mm), and 30.0n (762mm), respectively, and was used to anchor the wall
specimen to thesteel reaction frame, which, in turn, was anchored to the strong floor of the laboratory
(see SectioR.5). The top cap had a length, width, and height of &2(@Q570mm), 29.5in (749mm), and
24.15in (613mm), respectively, and was used to anchor ol to the upper steel loading beam, which

in turn was connected to the hydraulic actuators applying vertical and lateral loading. The footings and
top caps of the four shear wall specimens were cast with conventional concrete. The wall panels of wall
specimensl, 2, and 3 were cast with the reactive concrete mixture in accordance with S@c@iowhile
non-reactive Walk without sodium hydroxide per Sectidh2 used the same reactive mixture as the
other three walls, but dosed with a lithium nitrate atibn to mitigate the ASR effects.

13
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™A
Top cap: conventional concrete
2415 in
29.5in 62 in
Walls 1, 2, and 3: reactive concrete
Wall 4: non-reactive concrete
80|in
8in 60 in
30|in Footing: conventional concrete
29.5 in LA 89 in
Section A-A Elevation

Figure2.3: Geometry and overall dimensions of the shear wall specimens

All reinforcemenin the shear wall specimengs ASTM\615/A615M GB0 (ASTM, 2020 hewall panel
reinforcement, shown in Figui24, consisted of the following:

14
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1 Ineach boundary element, foldo.4 (0.5 in [12.7 mm] diameter)longitudinalbarswere usedAs
shown in Figur@.4, the longitudinal bars extended from the bottom of the footinge top of
the top cap.Threaded mechanical anchorage devices (terminators) designed according to
ACI318-14 (2014) were usedl the top of the longitudinal bars tavoid reinforcing bar congestion
at the ends and to prevent slippagh addition, transgrsereinforcement consisting oflosed
No.3 (0.375in [9.5 mm] diameter)stirrups with 135° hooks, was provided along theight of
the boundary elementThe spacing between the stirrups of Waland 4 was 4.th (102mm)
O.C, resulting in a transvee reinforcement ratio in the boundary element, of 2% per the
experimental design in Secti@2. For Wallsl and 3, however, the stirrups were used for only
construction purposes and, as such, were spaced atihig4D6mm) O.Cresulting in" ; of 0.5%.

1 For the web between the two boundary elements, &iw.3 (0.375in [9.5mm] diameter)
longitudinalbars spaced at 8.8th (224mm) O.Cwere used on each face of the walls shown
in Figure2.4, thelongitudinalbars extended from the bottomfdhe footing to the top of the top
cap. Tansverse reinforcement consisting of Nb(0.375n [9.5mm] diameter) bars spaced at
10.0in (254mm) O.C, wasalsoprovidedon each sidalong the height of thevall.

The longitudinal reinforcement, eigiNo.46 I N&E Ay GKS g1 ff Qa (62 Nd3Rdzy Rl NB
barshy (GKS 41 tfQa 6863 FY2dzyd SR L,oME1%. t 2y IAGAdRAYEFE N

The reinforcement cages for both the footing and top cap are shown in Rghirds shown in thiégure,
they were designed with dense arrangement akinforcing bargo avoid any possibility dheir failure
during testing Their reinforcement cages consisted of twdo.4 (0.5in [12.7mm] diameter) stirrups,
spaced at 10.th (254mm) O.C, six (br the footing) and four (for the top capiNo.8 (1.0in [25.4mm)]
diameter)U-shaped top and bottom longitudinal bars, four (for the footing) and three (for the top, cap)
andNo.6 (0.75in [19.1mm)] diameter)U-shaped longitudinal bars distributed alotige height

Figure2.6 shows the tie@lowns for anchoring the footing and the top cap to the lower and upper steel
beams of the steel reaction frame, respectively. This was achieved using twenty (for the footing) and ten
(for the top cap) 1.0n (25.4mm) high-strength threaded rods, pogensioned to 60.kip (267kN) each.

For this purpose, 2.1 (63.5mm) holes were created in the footing and top cap using PVC pipes inserted
inside the formwork prior to concrete placement.

15
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Figure2.4: Typicalreinforcement of wall panels. 1.0in = 25.4mm.
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Figure2.5: Reinforcement cage for footing and top cap. 0.0h = 25.4mm.
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Figure2.6: Tie-downs for footing and top cap. 1@in = 25.4mm.
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Figure2.7 shows the reinforcement and formwork prior to casting of the (a) footings, (b) walls, and (3)
top caps. The reinforcement cages were fabricated using jigs and placed into the formwork. To ensure
consistent spacing between the bottom bars andnf@rork bottom in the footing and top cap, plastic
tipped slab bolsters were used to support the reinforcement cd&g@r to assembly of the reinforcing
barsfor the wall strain gages were attached to the individual reinforcing bars which were then assembl

to form the reinforcing bar cageased on the instrumentation plan in Sectipib.
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(c)
Figure2.7: Formwork and reinforcement of (a) footing, (b) wall, and (c) top cap of the sh&al specimens.
The shear wall specimens were cast at different stages as follows:
9 The footings of alfour specimensvere cast on November 14, 2018 using conventional; self

consolidating, concretg@rocured from a concrete mixing plant which batched thaarete in
accordance with the NIST specificatig¢higyure2.8).

Figure2.8: Concrete placement into the footings formwork and consolidation using vibrators

21



Experimental Program

1 Wallpanelsl and 2 were cast on April 30, 20W8ing the reactive concrete mix as specified in
Section2.2. Batching and mixing of concrete were carried out\NdST campus in Gaithersburg,
MD. The coarse and fine aggregates, along with the cement and water, were loaded into a
concrete volumetric trucknixer that was used as a batching plant (Figu8. The volumetric
truck contents were then loadedia a conveyer belt (telebelt) into a concrete mixer truck
(Figure2.10), where the sodium hydroxide was added. After mixing,concrete was discharged
from the concrete mixeonto a hopperwhichwas carried by an overhead crane. Concrete was
then placed into the wall panel formwork using an elephant trdihie concrete was consolidated
using vibratorgFigure2.11).

Figure2.10: Loading he volumetric truck contents to a concrete mixer truck via a conveyer lfgdtebelt)

22
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Figure2.11: / 2y ONB (S LIX I OSYSy il Ayid2 gl tftQa F2N¥g2N]

1 Wallpanel3was cast on May 09, 2019 using the reactive concrete mix as specified in Qe2tion
Batching, mixing and placemenbf concrete were carried out &llIST campus in Gaithersburg,
MD using a similar procedure to that used for Walland 2 except that the coarse and fine
aggregates, along with the cement, water, and the sodium hydroxide solutiene Voaded
directly into a concrete mixer truck using a telescoping forklift (Figut2).
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R 2 iz

Figure2.12: Loading of aggregates into concrete mixer truck

1 The top capdor reactive Walls1, 2, and3 were cast on Jul§2, 2019 using conventional concrete
procured from a concrete mixing plant which batched the concrete in accordance with NIST
specifications The concrete was discharged from the concrete migeto a concrete bucket
whichwas carried i an overhead crane. Concrete was then placed into the top cap formwork
andconsolidated using vibrato(&igure2.13).
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Figure2.13: Concrete placement into the top cap formwork and consolidation usingreatiors.

1 Wall paneld4 was cast on August 23, 2019 using the reactive concrete mixture as specified in
Section2.2 (without the addition of sodium hydroxide&)fter adding lithium nitrate to render the
concrete nonreactive. Bitching mixing and placementof concrete were carried out allST
campus in Gaithersburg, MD using a similar procedure to that used for Wall3akelindicated
earlier,Wall4 was intended to serve as a control specimen and to be tested@b asrut. AS a
result, a 30% lithium nitrate solution was added to the mixture at a dosage ofgal®d®
(15.8L/m3). After additional mixing,ite concrete was discharged from the mixeto a hopper
whichwas usedo placeconcrete into thewall formwork. The concrete was comdidated using
vibrators

1 The bp capfor the controlWall 4 was cast on SeptembeB22019using conventional concrete
procured from a concrete mixing plaahd the same procedure for the top caps for the three
reactive walls.

2.4 CURING OF RC WALL SPECIMENS

The reactie wall specimens were too large to be transported into a separate environmental chasober,
theywere instead cured iplace on the strong floor to maintain overhead crane acdessthat purpose,
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Figure2.14. Custom wood frameenvironmental chamber (a) top view, (b) sectional elevation. Q. =
25.4mm.

The construction of the environmental chamber was done in parallel with construction of the wall
specimens. The elevated floor of the chamber was constructed first, whiclingdswith a seHadhesive,
rubberized asphalt/polyethylene waterproofing membrane. After completion of the floor of the chamber,
the footingsof the reactive wall specimens were moved into the position shown in FRyafe where

they remained until the all specimens were removed for testing.
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Figure2.15. Bottom of the wood environmental chamber and the footings of wall specimens set in the final
position

Wall panels of the chamber were installed arouth@& perimeter as soon as the construction of the

reactive specimens (including the top caps) was compldtglite2.16a) ® ¢ KS OKIl Yo SNDa g f |
lined with the same asphalt/polyethylene membrane as was used for the floor of the chamber. Strain

gages, used to monitor the ASRduced expansion of specimen, were connected to the data acquisition

system located outside of the chamber through PVC conduits that penetrated the exterior wall of the
environmental chamber (sefeigure2.16g. The final consuction step was the installation of the roof of

the chamber using wood framing.

The temperature and relative humidity (RH) in the chamber were controlled by a commercially available
wall-mounted Moisture Room Control Panel (MRCP), which automaticallglddehot and cold water

supplied in a closetbop spraying system, based on the desired target temperature. The elospd

ALINF eAy3 &daeadsSys ¢l a | Gdl OKSR Figuke2.14d; Kgar® Nk, add2z G KS
consisted of 12 spray heads, @aeith a flow rate of 1.gal/h (5.7L/h). The spray heads were installed in

GKS O2yFTAIdzNI GA2Yy NBO2YYSYRSR o6& (GKS YI ydzFl OG dzNB |
chamber. Figur@.16cshows the asembéd environmental chamberThe MRCP tempenate/RH control

probe was installed on the west wall chamber of the chamber (Fgu®&d) Additionally, nine
thermocouples were installed inside the chamber and within the wall specimens, for monitoring the
chamber and specimen temperature duriogring.
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(c) (d)

Figure2.16. Construction of the environmental chamber: (a) exterior wall panels installed immediately after

O2yaiNWzOlA2y 2F oFfttf alLISOAYSYAaT o600 /f2adSR f22LJ aLINY &4

the custom environmental chamber completed; ar{d) Moisture Room Control Panel (MRCP) + chamber access
door (SW corner)

Two utility pumps were placed inside the chamber to pump the water that accumulated on the floor
during curing (Figurg.14a) The pumps were programmed to operate for enth ¢ 10 min duration at

intervals of 30min ¢ 45min, which was effective in removing any accumulated water from the floor of
the chamber.
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25 TEST SETUP AND LOADING PROTOCOL

This section describes the experimental setup for testing ofafeRted concrete sheawalls. The setup

was designed to allow for application of 2Kip (890kN) ofconstantvertical loading and laterakversed

cyclic loading based on a prescribed protocol to the shear wall specimens up to failure, while preventing
out-of-plane displacemestand maintaining safe operation throughout testifidpe experimentasetup
AyOf dzZRSR GKS bL{¢ t9wChwa [F02NF d2NRBQA& &iNHzOG dzNJ f
reaction frame made up of a foundation frame and loading beam, a lateaginy frame (LBF), and a
Concrete Structural Reaction Block (CSRB)(Wiglire2.17). The strong floor consists 068 ft (1.83m)

thick heavily reinforced concretdah Both the foundation frame and the CSRB block wall were anchored
to the strong floor using-1/2 in (38.1mm) diameter UNF hightrength threaded rodgonnectedinto

the sockets embedded in the strong floor. Each Hglkngth threaded rod was posénsiondl to its
working capacity, or a load of approximately 100 (445kN).

Lateral Bracing R e U ]
Frame ‘¥ B B B
220 kip Hydradlic £ 8 g B

Actuator 1 . BY] g B

Reaction
Frame

Figure2.17. Experimental setup for testing AS&fected concrete shear wall specimens.QDOkip = 4.448N)

Thefoundation frame(see Figur@.17) was erected as an assembly of structural steel reaction frame
components. Wo parallel W27x235 foundation beamswhich were anchored to the strong floor near
their ends where verticallgpanning actuators framed into them, provided a fdatn to mount the
footing of the shear wall specimen. Sixtiiggers extended perpendicularly as cantileveirom the
foundation beamsto provide both stability to the overall foundation frame and additional-tewn
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locations to postension the foundatio frame to the strong floor. Similar the foundation beams, the
outriggers were VB7x235crosssections All connections between the outriggers and foundation beams
were designed to be momenesisting with each bolt tensioned to approximately 243f it minimum

bolt pretension (i.e., a slipritical condition, as specified in the AISC Steel Construction Manual
[AISC2011]). In total, eight pairs of tidown locations anchored the foundation frame to the structural
reaction floor, ensuring that the foutation frame would remain stationary under the anticipated levels
of lateral loading to be applied to the shear wall specimens. The load in the horizesgalining
220.0kip (979kN) capacity actuator (see Figwd7) that would be required to decompreshe
foundation frame from the strong floor was calculated as R3(1300kN), based on assuming a nominal
posttensioned load of 10@ip (445kN) per anchor rod. This 288 (1300kN) lateral load is substantially
larger than the load required to falie concrete shear wall specimen, so decompression of the foundation
FNFYYS RAR y20G 200dz2N®» ! aadzyAy3a | O2SFFTAOASYyG 27
surfaces and the concrete strong floor, the load that would be required to indyzefsihe foundation
frame was 48&ip (2135kN), which was also substantially larger than the load required to fail the shear
wall specimen.

In addition to the primary reaction frame, FRJ17 shows a lateral bracing frame which was used to
prevent outof-plane displacements and rotations of the wall specimens. The lateral bracing frame was
designed to remain elastic, and to deflect less thar® InQ(25.4mm) under the lateral loads that would

be induced by wall specimen were it to fail in eftplane fexure or in torsionContact between the
loading beam and lateral bracing frame was made by four 4856 mm) long lengths W1490 beam

with 12.0in x 12.Gn (305mm x 305mm) polytetrafluoroethylene (PTFE) sheaetlhered to ther exterior

faces where theybore againsthe lateral bracing frame. Th&/14x90sectionswere bolted through the
f2F RAy 3 oskhthahohe eaditiie end without the attached PTFE sheef)s flush against its
faces. Large48in x12in (1220mm x 305mm) stainless steel sheets were mechanically bolted onto the
oppositelateral bracing frame surfaces so that all contact areas between the loading beam and lateral
bracing frame was by nediictionless PTFRolishedstainless steehterface.A siliconebased lubricant

was applied to the PTHiEainlesssteel interface just before beginningeach test to further reduce
friction.

As shown in Figur2.17, and further highlighted in Figu2el8, three actuators applied structural loads to
the shear wall specinte which was mounted at its footing to the foundation steel frame by twentyri.O
(25.4mm) diameter higkstrength threaded rods. Twaeerticallyspanning110kip (489kN) capacity
hydraulic actuatorgpulled downward in force control tapplyaxial compresion (100kip [449kN] each)
to the wall panel of the concrete shear wall specim&mulating the ipsitu gravity loading condition of
the wall. The axial load was equivalentG®93A; fQwhere Ay is the gross area of the wall panel cross
section andQis the 28day compressive strength of concrete (4580 [31MPa]).At the same time, one
horizontallyspanning 220kip (979kN) capacityactuator applied reversed cyclic deformatianin
displacemat control simulating the demands placed on the wall panel during an earthguikshown
in Figure2.17,the height ofthe horizontallyspanning 22&ip (979kN) capacityactuator was 120.0n
(3048mm) above the top of the footing.

The verticallyspannirg actuators were aligned directly over pairs of embedded socket anchors in the
strong floor, and were tied down by twa1l2 in (38.1mm) diameter UNF hightrength threaded rods,

so that they had a direct tension load path to the strong flddre horizotally-spanning actuator was
reacted at its base swivel by the Concrete Structural Reaction (CSRB) Block Wall, which-teasipostl
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down to the strong floor with twelve podensioned 13/8 in (34.9mm) diameter DWIDAG Threadbars.
The lateral load was@nsmitted to the concrete shear wall specimen via the loading beam, which was
Y2dzy i SR 2y (2L 2F GKS aLISOAYS y-@sionéd21l0bn (@b.4dm) y R
diameter highstrength threaded rodsAll components of the primary reaction framicluding the steel
loading beam, werelesignedo remain elastic under the maximum forces that the three actuators were
capable of producing.

| . .
Tension and Compression,
Displacent Control

- | B
t\ Tension,| — ¢

| Force
Control

Figure2.18. Partially transparent view of test setup fotresting concrete shear walls, withpplied actuator
forces shown as arrows. The vertically spanning actuators apply tension in force control and the horizontally
spanning actuator applies tension and compression in displacement control.

Five phases of revsed cyclic loading (Figu2el9) represented the seismic loading protocol (Fidgu&®)

to which each wall was subjected: an initial elastic phase, three phases corresponding to Immediate
Occupancy (10), Life Safety (LS), and Collapse Prevention (GRhaece objectives, and finally loading

to failure. The purpose of the selectelbvels of cyclicloading was tocover a range of structural
performance from elastic to failure, with measurements regularly interspersed throughout the
intermediate stagesThe drift ratios associated with each performance objective in Figui® were

based on ASCE 4Y (ASCE, 2017). For added clarity, each phase of the seismic loading protocol in
Figure2.19 is differentiated by color, and that same color scheme has aksoinapped onto the plot of

the loading protocol in Figur2.20. Each phase was apportioned into cycles having multiple peak drift
levels, that increased in magnitude within the phase. One cycle each at four levels of elastic drift (specified
in Figure2.19and Figure2.20 in percent drift) were followed by three cycles each at three drift ratios
(peak displacement divided by a height of 1203.05m]) within the IO phase, three cycles each at two

drift ratios within the LS phase, and three cycles eadwatdrift ratios within the CP phase. Following

the CP phase, the shear wall specimen was loaded to failure by two cycles each at drift ratios increasing
by 1% increments from 2.8 to 5.0%. The loading rates were specified such that they were suffigient
slow to prevent dynamic effects, but loosely scaled along with the peak drift ratio of the wall for each
phase so that cycle times (i.e., the time required to complete a full cycle) remained tractable to complete
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testing of a wall specimen within a slagvorking day. The gain factors for the verticalhanning 11&ip
(489kN) actuators, which controlled the rate at which thefroportional, Integral, DerivativeP(D
controls respond, were deliberately reduced as a safety precaution to prevent oeegly squash
deformations upon loss of axial load carrying capacity.

ASCE[ Cycle Cycle Cycle Time Peak Disp Drift Ratio Load Rate

SEI 41 No. Name (min) (in) (%) (in/sec)

R 1 0Ola 0.5 0.06 0.050 0.008
7 2 01b 1.0 0.12 0.100
= 3 0lc 15 0.18 0.150
4 01d 2.0 0.24 0.200

-~ 5 02a-1 2.0 0.30 0.250 0.010
§ 6 02a-2 2.0 0.30 0.250
2 7 02a-3 2.0 0.30 0.250
g 8 02b-1 3.0 0.45 0.375
o 9 02b-2 3.0 0.45 0.375
i 10  02b-3 3.0 0.45 0.375
g 11 02c-1 4.0 0.60 0.500
E 12 02c-2 4.0 0.60 0.500
13  02c-3 4.0 0.60 0.500

14  03a-1 4.0 0.90 0.750 0.015
z 15  03a-2 4.0 0.90 0.750
g 16  03a-3 4.0 0.90 0.750
2 17 03b-1 5.3 1.20 1.000
= 18 03b-2 5.3 1.20 1.000
19  03b-3 5.3 1.20 1.000

20 04a-1 6.7 1.50 1.250 0.015
g §| 21 0da2 6.7 1.50 1.250
gE| 22 04a3 6.7 1.50 1.250
3 g 28 0401 8.0 1.80 1.500
Q| 24 04b-2 8.0 1.80 1.500
25  04b-3 8.0 1.80 1.500

26  05a-1 8.0 2.40 2.000 0.020
27  05a-2 8.0 2.40 2.000
o 28  05b-1 12.0 3.60 3.000
2 29  05b-2 12.0 3.60 3.000
5 30  05¢-1 16.0 4.80 4.000
= 31  05c-2 16.0 4.80 4.000
32  05d-1 20.0 6.00 5.000
33  05d-2 20.0 6.00 5.000

Figure2.19. Five phases of loading for AS#fected concrete shear wall specimens: elastic loading, three phases
corresponding to Immeiate Occupancy, Life Safety, and Collapse Prevention performance objectives, and
loading to failure. 1.Gn = 25.4mm.
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Figure2.20. Loading protocol for testing ASRffected concrete shear waipecimens. Colors denote the five
phases of loading for AS&ffected concrete shear wall specimens: elastic loading, three phases corresponding to
Immediate Occupancy, Life Safety, and Collapse Prevention performance objectives, and loading to failure

At the peaks and valleys @fachloading cycles, the displacement of the horizontal actuataspaused
(i.e., the actuators has stopped displacing)allowmaking observations (e.g., of concrete spalling, rebar

buckling), taklng photographs, and trangthe initiation and propagation of wall cracking occurring within
each cyclg¢see ChapteB).

2.6 INSTRUMENTATION

The applied loads, lateral deflections, and wall deformations were monitored during testing. In addition,
strain gages applied to the longitudinal cartransverse reinforcement prior to placing the concrete
monitored the development of strains in the reinforcement in the walls during both curing and testing.

Figure2.21 shows the nominal location of displacement transducers that were used to measieetiad

wall displacements during testing. Wall displacements were measured at several heights along the wall
relative to a fixed frame. Lateral displacements were measurdabtimsides of the wall specimen at each
measurement location. The transducepasned between an instrumentation column, fixed to the south
wall of the laboratory, and threaded rods that were embedded in the wall specimen prior to casting.
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Figure2.21. Wall displacement transducentations (elevation view West side). 1.0n = 25.4mm.

Figure2.22 shows the nominal location of wall deformation measurements during the cyclic tests. Prior
to casting the walls, threaded rods were passed, horizontally, through the formwork wallshand t
reinforcement cage. Displacement transducers, shown in FR22 were affixed to the rods and used

to measure the relative deformation between successive rod locations during loading. Also shown in
Figure2.22 are the locations of transducers that igeused to measure the relative displacements
between the wall panel and the footing (shear sliding) and the footing and the reaction frame (footing
sliding and rocking).
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Figure2.22. Wall deformation meaurement locations (elevation viewEast side). 1.0in = 25.4mm.

Figure2.23 shows the nominal location of inclinometers that were used to measure the wall rotations
during testing. Inclinometers were directly affixed to the wall surface using a hibvtaalgesive.
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Figure2.23. Nominal location of inclinometers used to measure wall rotations during testing (elevation view
East side). 1.0in = 25.4mm.

Figure2.24 shows the nominal location amsbmenclature for the strain gages on the west and east
curtains for the walls with; = 0.5% (Walldl and 3). Similarly, FiguBe25 presents the strain gages that
were attached on the stirrups and crossties for Wallsnd 3.In addition, Figur®.26 shavs the strain
gages on the west and east curtaingjile Figure2.27 presents the strain gages on the stirrups and
crossties for Wallg and 4 with’: = 2% Strain gages were affixed to bars in the west reinforcement
curtain; while gages were applied ¢ime east reinforcement curtain only at the footing interface. Two
gages per location were applied (on both sides of the bar) on the longitudinal and transverse
reinforcement and crossties. Gages were also applied on all four legs of certain stirrupdautitary
elements.
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Figure2.24. Location and nomenclature of strain gages (west and east curtains) for Wadled 3. 100in =
25.4mm.
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STIRRUPS AND TIES
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Figure2.25. Loation and nomenclature of strain gages (stirrups and ties) for Walland 3. 1.0in = 25.4mm.
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Figure2.26. Location and nomenclature of strain gages (west and east curtains) for V2zadled 4. 100in =
25.4mm.
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Figure2.27. Location and nomenclature of strain gages (stirrups and ties) for Walsd 4. 100in = 25.4mm.

Strains were monitored in the three reactive wall specimens duringiddiRed expansionFigure2.28
shows the nominal location of strain gages that were monitored duringid@Red expansion for the
three specimens.

The installation of foil resistance strain gages on the reinforcement bars followed the same procedure
descriled in Sadek et al. (2020) and Thonstad et al. (2020). The bars were prepared using a belt sander to
remove their mill scale and achieve the required flatness in the gage area. Bars were further prepared
using a fine grit sandpaper and cleaned using a ctelrdiegreaser, prior to gage installation. Gages were
adhered to the bar using a twcomponent epoxy system and the gage installation was protected from

the highly alkaline concrete environment using a {part polysulfide liquid polymer compound.
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Figuie 2.28. Location of strain gages on west reinforcement curtain of the three reactive walls that were
monitored during curing. 1.0in = 25.4mm.

2.7 PROJECT TIMELINE

Table2.2 presentsa summary of thesequence and dates of key events for this experimental study
including concrete placements, operat®of environmental controls, and cyclic testing of wall specimens.
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Table2.2. Project timeline

Date

Event

November 14, 2018

Concrete placement for footings of all specimens

April 30, 2019 Concrete placement for reactive wall panels (Walend 2)
May 9, 2019 Concrete placement for reactive wall panel (V&I
July 2, 2019 Concrete placement faop caps for Wallg, 2, and 3

August 23, 2019

Concrete placement for nereactive wall panel (Wadl)

September 23, 2019

Concrete placement for top cap of Wall

August 30, 2019

Start of environmental controls in environmental chamber

March 16, 2020

Laboratory closure and environmental controls stuawn

July 16, 2020

Laboratory reopening and environmental controls restart

September 2, 2020

Cyclic testing of Wadl (376d after wall panel placement)

September 16, 2020

Removal of Wall from environnental chamber

October 28, 2020

Cyclic testing of Wall (547 d after wall panel placement)

November 3, 2020

Removal of Walk from environmental chamber

November 30, 2020

Cyclic testing of Wall (580d after wall panel placement)

December 7, 2020

Removal of WaB from environmental chamber

December 18, 2020

Cyclic testing of Wal (589d after wall panel placement)
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h. {9wx95 wo9{thb{?9

This chapter describes the cracking that whserved in the three reactive shear walls due to the effects

of ASRnduced expansion prior to structural loading and the progression of cracking and damage that was
observed in all four walls during cyclic testing. For the rest of this chapter, themidases of the wall
specimens are identified in terms of cardinal directions (north, east, south, west), which corresponded to
the directions in the tested orientation as shown in Chajer

3.1 ASR-INDUCED EXPANSION

Prior to testing, the three reactive wal(Wallsl, 2, and 3) remained in the environmental chamber, which
was kept at a high relative humidity and temperature. Walls were removed from the chamber between
3weeks and @veeks prior to performing the cyclic testing to allow for A&®Riced crackmapping,
placement into the testing frame, and installation of instrumentation. Visual observations of the condition
of the concrete were documented prior to testing.

No visible cracks were observed on the surfaces of thereantive wall panel (Wadl). On the reactive

walls panels (of Walls, 2, and 3), ASiRduced cracks were observed on all exterior faces. No cracks were
found on the exterior faces of the footings or the top caps which were cast with conventional concrete.
Outward evidence of widespagl ASRnduced cracking in the wall panels consisted of randomly oriented
surface cracks. The observed cracks did not appear to be preferentially aligned with the embedded
reinforcement, and no discoloration was observed that would suggest corrosion oérttidded
reinforcement cages. Furthermore, no discernable differences were found between the cracking patterns
on the three reactive wall panels despite their differences in age (at the time of observation) and the
amount of transverse reinforcement ingérboundary elements.

ASRinduced cracks were mapped/traced using green permanent marker on the west face and north and
south ends of each wall panel. Since large numbers of displacement transducers and inclinometers were
placed on the east face of the walit was not practical to perform crack mapping on that face. Figure
presents an example of the cracks observed on @/a&urther, exudation of a white substance, from the
cracks, was also observed as shown in Figutelt was presumed that this sstance was ASR gel,
however chemical analyses were not performed to confirm this assumption
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(@) (b)
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(©)

Figure3.1. Wall2 ASRinduced cracking: (a) north end, (b) south end, and (c) west face. Shown also in (c) is the
20.0in x20.0in (508mm x 508 mm) square drawn on the west face for cracking index calculati@nacks
highlighted using permanent marker.
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Figure3.2. Exudation of a white substancen the face of reactive wallsCracks highlighted using permanent
marker.

In addition, a visual crack mapping procedure was performed to quantify the degree of surface cracking
present on the reactive walls prior to testing. This approach was based on the cracking index (CI) method
that was developed, and is used extensively, by the Federal High Administration (Fournier et al., 2010).
This method was also used to measure surfageagion on the reactive block specimens in the Task
study (Sadelet al., 2021) and the reactive beam specimens in the Paskidy (Thonstad et al., 2021).

The CI has been used to judge the extent of surface damage to the concrete due to ASR, based on th
implicit assumption that external damage is proportional to internal damage; thus, the higher the Cl, the
higher the assessed level of damage of the concrete element under investigation

The crack mapping procedure employed in the present study inclotesburement and summation of
crack widths along the perimeter of a.20n x 20.0in (508 mm x 508 mm) square drawn on the west face
of the reactive wall specimen$he process can be outlined as follows:

1 Identify the location of thesquareas the area with the most intense crackimg the west face of
the wall, see Figura.l

1 Each line on thesquarewas scanned using a handheld optical microscope with 20x optical
magnificatiorand ameasuring reticle graduated t004in (0.1 mm) incremeris. However, there
GSNBE Ylye AyallyoOSa ¢gKSNB avltfSNI ONI Ol 6ARGK
was used to approximate the crack width (e@Q03in [0.07mm]).

1 The CI was calculated for each line as the summation of all crack widtigs algiven line and
then dividing by the original length of the lin€racks smaller than 0.0@2 (0.05mm) were
observed and recorded but were not used in calculation of the CI.

Table3.1 presents the average CI over the horizontal and vertical lindeafquare on the west face of
each wall. In general, the cracking indices for Wialisid 2 (cast together) were similar and higher than
those for Wall3 (cast at a later date).
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Table3.1. Average crackingidex for the reactive wall specimens prior to testing

Average Cracking Index (inf/in [mm/mm])
Wl Horizontal Lines Vertical Lines
Wall 1 0.0018 0.021
Wall 2 0.0018 0.0017
Wall 3 0.0014 0.0014

3.2 WALL CycLiCc TESTING

This section describes thasible cracking and damage to the wall specimens that were observed during
the cyclic load testing of the shear walls. Throughout the testing to failure, no cracks or damage was
observed for the footing and top cap of all wallhie section, thus, focuses the observed damage to

the wall panels

3.2.1 Non-reactive Wall 4

Nonreactive Wall served as a control specimen for the testing program with a stirrup spacing ah4.00
(202mm) in the boundary elements resulting in a transverse reinforcement ratiof 2.0%. As indicated

in SectiorB.1, this wall did not have prexisting cracking prior to testing on September 2, 2020. As
expected, no cracks were developed during the elastic cycles (Qyitiesugh 4). Also, no cracks were
observed for the first thee cycles in the immediate occupancy range at a drift ratio of ®2%Cycles

to 7). Cracks started to develop at a drift ratio of 0.38%Cycle8 to 10) and kept getting wider and longer
with increased drift ratios. Initially, flexural cracks deysld in the lower part of the tensile zone of the
wall, characterized by horizontal cracks in the boundary elements. These cracks progressed inte flexural
shear cracks characterized by horizordegonal cracks, see FiglBs3, at a drift ratio of 0.5000.As the

drift ratio increased, new cracks with the same pattern were developed in the upper portion of the wall
as shown in Figur@.4 at a drift ratio of 1.000% in the life safety performance objective range. Fidlife
shows the maximum crack width olised and measured on the west face of the four walls, typically at
the lower portion of the walls. For a given drift ratio, the crack with the largest width was visually identified
and measured using a concrete crack ruler card. The uncertainty assowiditethe maximum crack
width measurement is shown in Tal8€. Figure8.5 shows increased crack width with increased drift
ratio for the four walls. For Wadl, a steep rise in the maximum crack width could be observed between
drift ratios of 1.000% and2.000%.
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Figure3.3. Cracks on the west face of Wdllat a drift ratio of 0.500% (Cyclél1). Cracks highlighted using
permanent marker.
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Figure3.4. Cacks on the west face of Wadl at a drift ratio of 1.000% (Cyclel7). Cracks highlighted using
permanent marker.
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Figure3.5. Maximum crack width versus drift ratio for the four walls during cydigsting (1.® in = 25.4mm)

Table3.2. Maximum crack width measurement uncertainty

Maximum Crack Width Measurement Uncertainty
in (mm) in (mm)
<0.004 (<0.1) 0.0008 (0.02)
0.004 to 0.025 (0.1 to 0.6) 0.002 (0.05)
0.025 to 0.040 (0.6 to 1.0) 0.008 (0.20)
0.040 to 0.060 (1.0 to 1.5) 0.010 (0.25)
> 0.060 (> 1.5) 0.020 (0.50)

Prior to failure (in the collapse prevention performance objective range and beyond), the wall primarily
behaved in a flexural manner by means of yielding of the longitudinal reinforcement and suppressing of a
premature shear failure. Ultimately, the wdHiled by buckling of longitudinal reinforcement in the
boundary element that resulted in spalling/crushing of concrete at the compression zone. The first sign of
concrete spalling in the compression zone was observed at a drift ratio of 2q@ycl7)as shown in
Figure3.6. At a drift ratio of 3.008 (Cycl&9), extensive spalling occurred on the compression zone,
exposing the buckled longitudinal reinforcement in the boundary element, see RBdgurécreasing the

drift ratio to 4.000%, the wall ould not sustain any further loading with longitudinal reinforcing bars
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excessively yielding on the tensile zone and buckling on the compression zone. As shown Bi1&igre
one longitudinal reinforcing bar at the boundary element fractured in theiterzone

The behavior, cracking pattern, and primary failure modes ofneactive Wallh were consistent with
those observed in speciméWR20in Oh et al. (2002)vhich had similar reinforcement and transverse
steel ratio in the boundary element to thoge Wall4.

52



Observed Response

(b)

Figure3.6. Damage to Walt at a drift ratio of 2.000% (Cycle7): (a) spalling of concrete on compression zone
and (b)cracks on the west faceCracks highlighted using permanemtarker.
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Figure3.7. Spalling of concrete in compression zone of Wit a drift ratio of 3.0006 (Cycle9) exposing
buckled reinforcement in the boundary element
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Figure3.8. Wall4 at failure at a drift ratio of 4.00® (Cycl&1): (a) west face and (b) rupture of longitudinal
reinforcing bar in the boundary element

55











































































































































































































































































































































































