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ABSTRACT

The object of this study was to determine experimentally the influence of selected reinforcing
steel mechanical properties on wall deformation capacity. Four largecale TFshaped reinforced
concrete wall specimens with different types of reinforcement were subjected to reversed cyclic
displacements. The primary variables were the yield strength"Q) and the tensileto-yield strength
ratio ("QF'Q) of the reinforcing bars. Thestudy also aimed to identify the minimum uniform
elongation (- ) and fracture elongation ¢ ) required of high-strength reinforcement for use in

earthquake-resistant concrete structures.

Test data are presented from four walls, T1 with conventionabrade 60 (420) reinforcement
and T2, T3, and T4 with higkstrength Grade 100 (690) reinforcement. The flexural reinforcement
consisted of No. 6 (19) bars inside confined boundary elements and No. 4 (13) bars elsewhere.
Confining reinforcement in boundaryelements consisted of No. 3 (10) hoops and crossties of the
same grade as the flexural reinforcement. Wall T1 hd@"Qof 1.34 and 1.39 for the No. 6 (19) and
No. 4 (13) bars, respectively. Walls with Grade 100 (690) reinforcement ha@¥'Qof 1.15 and 1.10
for T2, 1.23 and 1.21 for T3, and 1.36 and 1.20 for T4. All walls were loaded with a shear sp@an
depth ratio of 3 and had the same nominal dimensions and concrete compressive strength (8 ksi or
55 MPa). Axial load was limited to the sefiveight of the wall and testing apparatus. The walls were
designed to have nearly the same nominal flexural strength. Flexural yielding controlled the lateral
strength of the walls, inducing an average shear stress up to 3R, psi (0.29 Q, MPa). To ensure
large tensile strain demands in one of the loading directions, the neutral axis depth at nominal
flexural strength did not exceed the thickness of the flange. Design of the walls complied with ACI
Building Code (ACI 31814) requirements for special strucural walls with additional detailing

requirements applied based on ATC 115.



Walls designed for a target flexural strength using Grade 60 (420) or Grade 100 (690)
reinforcement, with similar "QI'Qfor the primary flexural reinforcement, had similar strength and
deformation capacity (defined as the drift cycle completed before a 20% loss of lateral strength). The
limited test data indicate that walls with low axial force and reinforcement that satisfiesensile-to-
yield strength ratio (QFQq | rnif@ng diongdtion(- @ | obh AT A AOAJOOOATARITI

exhibit a minimum drift ratio capacity of 3%. Walls T1, T2, T3, and T4 exhibited drift ratio capacities

of 3.7, 1.8, 3.0, and 3.9%, respectively.

Moment-curvature analyses were conduted to evaluate the use of the plastic hinge model
for estimating the deformation capacity of the walls and the maximum strain demands. The use of
the plastic hinge model was conservative for estimating wall deformation capacity with simple rules
for the plastic hinge length depending on whether deformations due to shear and strain penetration
are considered. However, the plastic hinge model did not consistently provide conservative estimates

of the maximum strain demands.
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1 INTRODUCTION

1.1 Motivation

For many years\U.S. building code$or structural concretel23456 have not permitted the use
of high-strength reinforcing bars with a nominal yield strength greater than 80 ksi (550 MPaor
purposes other thanas transverse reinforcement for confinement Increased understanding and
acceptanceof high-strength steel barswould allow designers to reduce the amount of reinforcement
usedin structural members, resulting in lessreinforcement congestion, simpler construction, and

reduced cost.

1.2 Objective and Scope

The main objective of thisstudy is to determine experimentally the influenceof the tensile-
to-yield strength ratio of high-strength reinforcing bars on longitudinal reinforcement strain
demands and on the overall behavior of slender T-shaped reinforced concrete walls including
deformation capacity. This investigation also ains to determine the minimum uniform elongation
required of high-strength reinforcement used in earthquakeresistant structures. The sudy of T-
shaped walls is important because the shape of the croesection results in larger longitudinal
reinforcement tensile strain demands than in most other membersThe effect of replacing
conventional Grade 60 (420) reinforement with a reduced amount ohigh-strength Grade 100 (690)
reinforcement (with nominal yield strength of 100 ksi, or 690 MPajs evaluated in thisstudy using

data from tests of largescale reinforced concrete walls subjected to reversed cyclic displacements.

1.3 Research Significance

The available literature on the use of higtstrength steel bars as concrete reinforcement has

focused predominantly on beams ad columns. Previous studies have not investigated the cyclic



response ofasymmetric concrete walls reinforced with Grade 100 (690) steel baravailable in the

U.S The present experimental study seeks to address this knowledge gap.

This research provides test data essential for evaluating the use of hightrength
reinforcement in slender concrete wallsand for studying the effectsof reinforcement mechanical
properties on wall deformation capacity, mainly theuniform elongation (strain at peak stress)and
tensile-to-yield strength ratio. The study was identified as a highpriority item by ATC 115 in the
021 AAT Ap A1 O OBAASORET ZAEEEEOAAI AT O Efa ThdEC £ OAAA
115 document outlines the research effort needed to incorporate the use of highrength
reinforcement into building design and construction practice Resultsof this study are expeted to
influence proposed changes to the ACI Building Code and ASAV06([14, includingrecommendations
for newlimits ontensile-to-yield strength ratio, minimum uniform elongation,and minimum fracture

elongation of Grade 100 (690) reinforcing bars.



2 BACKGROUND

Reinforced concrete (RC) walls are commonly used as the primary lateffarce-resisting
system for buildings inregions of highseismicity due to their high lateral strength and stiffness.
However, construction can be difficult in structuresdesigned for earthquake resistancéecause of
the heavy longitudinal and transverse reinforcement required to ensure adequateeformation
capacity and strength Figure 1). The reinforcement congestion can limit design options ands a

result, performance objective$1 are constrained by the materials currently available to engineers.

High-performance structural materials, such as advanced higstrength steel (AHSS)e0, have
the potential to impact the design and construction of RC walls. Metallurgical advances have led to
the development of AHSS, a class steels with yield strengths exceeding 80 ksi (550 MPa) and
fracture elongations exceeding 10%HKigure 2), at competitive cost Use of these materials may lead

to significantly reduced reinforcement congestion without compromised performance.

The following is a summary of pertinent literature available on AHSS, the deformation
capacity and strength of slender RC walls, and finatjs from very limited tests of RC walls reinforced

with AHSS reinforcement under reversed cyclic displacement demands.

2.1 Advanced High-Strength Steel (AHSS)

Sress-strain curves representative of conventional and high-strength reinforcement are
shown in Figure 3 for steel bars readily available in the U.S. and other countries. Reinforcing bars

produced in the U.S. generally conform to ASTM specificatioA§15[131, A70614], or A103515l.

Leading design and construction firms have recently moved in the diction of adopting high-
strength steel for use in plae of conventional Grade 60 (42Preinforcementl6566.771. However, these
efforts have been limited by U.S. building cod&go1141 which allow only Grade 60 (420

reinforcement for resisting shear, flexure, and axial loads istructures with moderate to high seismic



hazard (although yield stresses up to 100 ksi (69MPa) are permitted as transverse reinforcement
for concrete confinementsince the 2008edition of ACI 3184). The limitations in U.S. building codes
reflect a lack of comprehensive research on the use of AHSS in structural elements constructed in

accordance with U.S. practice and subjected to seisntigpe demands.

Confronted by the limits of conventional constuction materials, the U.S. structural
engineering community has proposed design guidelinés3! for the use of AHSS inconcrete
structures. Although this effort has been supported by the research community, significant gaps in
the research remairit9s3]. The focus of this research isn the use of AHSS in reinforced concrete
slender walls dominated by flexurex EAOA OEA OAOI OO1 Al AA Oédo-lédgthEA OO

ratio equal toor greater than 2

2.2 Deformation Capacity of Slender Walls

Ensuring ackquate deformation capacity is grimary design objective when slender walls
participate in the lateral-force-resisting system of structures in areas of high seismic hazard. Early
work demonstrated that the deformation capacity of RC walls subjected to inelastic displacement
reversals depends on several factors, including crossection geometry, arrangement ofongitudinal
and transversereinforcement in the boundary elements axialcompressive stress confinement,and

shear stresg26596168],

The important role of transverse reinforcement (confinement) in improving deformation
capacity, through both delayed reinforcement buckling and increased concrete compressive strain
capacity, was emphasized by research conductead the late 1970821545562,7280], Stringentconfining
reinforcement requirements at wall boundaries were subsequently adopted in the ACI Building
Codé? in 1983. Although special detailing requirements at wall boundaries aimed at improving
deformation capacity, construction of walls conforming to the new provisions was onerous due to

the excessive amounts of transverse reinforcement required in boundary elements. Observations

Oi



following the 1985 earthquake in Vifia del Mar, Chile, coupled with a series of subsequent studies,
indicated that the need for confining reinforcementin wall boundary elementsis a function of
deformation demands8s663647389 (j.e., for walls with low axial compressive stress adequate
performance can be obtained with reduced confining reinforcement in stiffer structures).
Considerable effort was dedicated to refining confining reinforcement requirements in the ACI
Building Codé3], resulting in new provisions that relate the need for boundary element confining
reinforcement to  compressive  strain  demands  associated with the  design
displacement7881.8283848587.89], |t is not known to what extent the use of high yield stresses in the
design of compression and tension reinforcement affects concrete compressive strain demands and

thus, the need for confining reinforcement.

The importance of peventing or delaying shear strength degradation in reinforced concrete
members under reversed cyclic loads washown by research in the 19708024545669.7286], Through
studies of beams and columns subjected to inelastic displacement reverdedg698él, it has been
shown that degradation of shearstrength is better controlled in members with closely spaced
transverse reinforcement, longitudinal reinforcement distributed throughout the depth of the
member, lower shear demand, ang@resence ofmoderate axial load Tests of slender wall specimens
have shown that walls under high shear stress exhibit diminished deformation capacity when shear
resisting mechanisms degrade under load reversdks56.721, More recently, it has also beeshown(2333]
that shearrelated degradation in walls is a function of longitudinalelongation resulting from
cracking and yielding. It is therefore not clear whether the use of AHSS will impact shear strength
and stiffness degradation in walls in relation to walls reinforced with conventional steel. This
ambiguity results from two conflicting observations: 1) shear strength degradation may be more
severe in AHSSeinforced walls because of the lower postracking stiffness that is expected when

less reinforcement is provided (due to higher yield stress), and 2) AHSS may delay shear strength



degradation because the greater elastic strain (due to higher yield stress) may reduce member

elongation at a given drift.

Finally, there is a risk that deformation capacity will be limited by fracture of tensile
reinforcement in flanged and lightly reinforced walls88l. Although the tensile strain capacity of AHSS
is lessthan conventional Grade 60 (42) steel, it has been shown that higlstrength steels exhibit a
modulus of toughnessand low-cycle fatigue lifesimilar to conventional strengthsteel in response to
axial-strain-controlled reversed cyclic tests with strain amplitudesrepresentative of demands
expected in large seismic event4l. It is therefore unknown whether fracture of AHSS reinforcement
will limit the deformation capacity of slender shear walls. It is important to note that in AC318-11[5]
and earlier versions, ASTM A61%1 Grade 60(420) reinforcement (with fracture elongations as low
as 6%) has been allowedn high seismic regionsprovided the actual yield strength {Q) does not

exceedthe specified yield strengthby more than 30% and that the tensile strengthexceeds 1.25)

2.3 Strength of Slender Wallls

Early research indicated that the behavior of slender walls subjected to lateral loads is
analogous to the behavior of cantilevered bean®s59601. Accordingly,provisions in the ACI Building

Codes¢l for calculating the strength of walls closely parallel thosef frame members.

First principles govern the flexural design of walls, in which a nominal moment is calculated
and required to exceed demand by a codspecified margin. In practice, the amount of longitudinal
steel required to resist demand is often large, with longitudinal boundary element reinforcement
ratios typically between 3 and5%. Such high reinforcement ratios result in kavily congested
reinforcement cages Figure 1). With AHSS use, reinforcement congestiocould be significantly

reduced.



The ACI Building Codél equation for calculating thenominal shear stress capacityp , of
walls is based on the sum of independent contributions from concrete and transkse reinforcement
(b 0 ). The contribution of the concrete ish ¢ "Q, psi (0.17 "QMPa) in wdls with a
minimum height-to-length ratio of 2.0 (slender walls). It is not known whether the higher
longitudinal and transverse strains expectedvith AHSS reinforcement will affect the capacity of the
concrete to resist shear stress in slender wallsubjected to inelastic cyclic loadingThe contribution
of web reinforcement to shearp , is calculated as the product of the horizontal web reinfeement
ratio and the vyield stress of the reinforcement, "Q, where” cannot be less than 0.0025 in walls
designed to resist seismic loads, and cannot be taken greater than 60 ksf420 MPa). The 0.0025
limit is intended to ensure” "Q U [2660], but this condition is only satisfiedfor concrete strengths
up to 5.6 ksi (39 MPa) when'Q 60 ksi (420 MPg). The upper limit of 60 ksi (420MP3) is imposed
becauseslender walls constructed with AHSS reinforcement haveot been tested in the United
States. Tests okquat wallg27 reinforced with Grade 100 (690) steel bars and with transverse
reinforcement ratios as low as 0.0015but proportioned so that” "Q 0 ) showed similar strength
and deformation capacity to those of squat walls reinforced with conventional Grade 6@!20)

reinforcement.

ACI 318 Building Cod€g! provisions require that the shear strength assigned to an individual

wall does not exceedp T'Q, psi @ 0O 0 A The Code imposes this upper limibecause
research252654551 has shown that higher shear stresses lead to a higher risk of welbmpression
failures and reduced deformation capacity. The present study does not address walls with shear

stress approaching this upper limit.

2.4 Tests of Slender Walls Reinforced with AHSS

Few tests of AHSS reinforcedlender walls are reported in the literature. Tests conducted in

Japar®4344 of walls reinforced with Grade 100 (690) reinforcement generally demonstrated that



AHSSreinforced walls exhibit acceptable strength and deformability. However, the dimensions and
reinforcement details used in construction of the specimens do not allow evaluation of critical
variables and are not closely representative of U.S. practicBests of AHSS reinforced squat walls

have been recently reportett” and support the use of highstrength reinforcement.

The most relevant tests were repoted by Kimura and Ishikawa in 20084. The specimens
were rectangular in crosssection, had a heighto-length ratio of 2, and were subjected toeversed
cyclic displacements of increasing magnitudeHigure 4). The specimens were rimforced with Grade
100 (690) reinforcement and subjected to axal loads of either 10 or 15% ob "Q. Figure 5 shows the
measured shear forceversus drift response for the specimen constructedvith 15 ksi (105 MPa)
concrete and subjected to an axial load of MH "Q. The specimens exhibited driftratio capacities of
2.0and 1.5% at axial load leve$ of 10 and 15% ofo "Q, respectively, which are consistent with drift
capacities exhibited by well detailed wall specimens constructed with Grade 60 (420)
reinforcement(45.78l, These tests demonstrate the utility of AHSS reinforcement in earthquake
resistant concrete walls.In all cases, the drift capacity was limited by compression zone failure

characterized by over spalling, damage to the core, and reinforcement buckling.

Unfortunately, thesetest results are of limited use to U.S. researchers for the following reasons:
1) excessive transverse reinforcement was provided (the calculated shear capacity exceedeé th
expected demand by a factor of more than 2.0), 2frains in the transverse reinforcement and the
calculated shear stiffness within the critical plastic hingewere not reported, 3) strains in the
compression reinforcementwere not reported, 4) specimenswere not proportioned to represent
conditions where reinforcement tensile strains control the deformation capacity, and 5) the
reinforcement used in the specimens were not representative of the range of tensile-yield strength

ratios of high-strength reinforcement available in the U.STherefore, published results do not address



important questions relating to shear strength, stiffness, compresge and tensle strain demands,

degradation of shearesisting mechanisns, and effects of reinforcement tensilé¢o-yield strength ratio.

Other testsl2223303145] of reinforced concrete slender walls with steel bars havingyield
strengths greater than 60 ksi (420 MPa)have showndrift ratio capacities between 1 and 2.
Although results from these tests are informative, they are of limited use in evaluating the full range
of variables necessary to characterize the effect of AHSS use because of the relatively low yield point
(80 ksi or 550 MPa, instead of 100 ksi or 690MPa) and use of boundary elementransverse

reinforcement amount anddetailing not meeting the requirements ofACI 3186l

As a result ofapaucity of test dataon the behavior ofAHSSeinforced shear walls, an industry
led effort to develop design guidelines for use of AHSS in U.S. pradtigél concluded that tests of
slender walls with Grade 100 (690) and 120 (830) reinforcement subjected to displacement
reversals in the nonlinear rangeare necessary to investigate the effects of mechanical properties of
reinforcement, transverse and longitudinalreinforcement ratios, boundary element configurations
and axial and shear stress levelsThis research will primarily address the effects of mechanical

properties of AHSS on wall behavior.



3 EXPERIMENTALPROGRAM

Results from tests offour large-scale Fshaped wallssubjected toreversed cyclic loads are
reported. The details of the test progam are summarized in Table 1. The control specimen, T1, had
Grade 60 (420) reinforcement with a nominal tensileto-yield strength ratio of 1.35. Walls T2, T3
and T4 had Grade 100 (690) reinforcement with nominal tensil¢o-yield strength ratios of 115, 125,
and 135, respectively.Thewallswere 300-in. (7620-mm) tall, 10-in. (254-mm) thick, andhada 100-
in. (2540-mm) long stem intersectinga 100-in. (2540-mm) long flange at one endrigures6 through
8 show thecross-section andreinforcement layout of thewalls and Figures9 through 12 show details
of the confined boundary elements. Reinforcement data and vall section properties aregiven in
Figure 13. A typical elevation view of the walls is shown inFigure 14. The walls were subjected to a
loading protocol (Table 2 and Figure 15) based onFEMA 46134 with the lateral load applied ata
nominal elevation of300 in. (7620 mm) above the base block for a shear spaw-depth ratio of 3.0.
Recorded test data (sheadrift data, strain gauge data, and coordinates of optical markers) are

available for download at www.designsafeci.org, after publication of the dataset by Huqg et akol

3.1 Specimen Design

The walls were designed so that flexural yielding controlled the strength, which was similar
among the specimensThe target flexural strength wasderived based on the calculated shear
strength associated with the minimum transverse reinforcement ratio”  0.25%) required by ACI
318-14t¢l for structural walls. Thewalls constructedwith Grade 100 (690) reinforcement fad a lower
longitudinal reinforcement ratio " pthan the wall with Grade 60 (420) reinforcement All walls had

nearly the same’ 1 .Q

The control specimen T1 was designed to satisfy.90 0.6w"Q, whered andw are the
nominal flexural and shear strengths andQ is the nominal shear span or distance from the base of

the wall to the point of lateral load application @t a nominal height of300 in. or 7620 mm). The

10



strength reduction factors of 0.9 for flexure and 0.6 for shear follow the provisions in ACI 31BAl€l

for tension-controlled special structural walls.

The minimum transverse reinforcement wassatisfied with two layers of No. 4 (13) bars
spaced at 15 in. (380 mm)which resulted in ” = 0.27% (above the minimum of 0.25%).The
transverse reinforcement was anchored with 188degree hooks because 3degree hooks, which are
more typical in practice, wereharder to place within the confined boundary element at this scalef-or
the following nominal wall dimensions and materialproperties: /b = 100 in. (2540 mm),0 =10 in.

(254 mm), "Q= 8ksi (55 MPa),"Q= 60ksi (420 MP3), the calculated shear strengttof T1is given by

® O O ¢ QbPOBEO " Ubo 339 kips (1510 kN) Eq.1

For walls reinforced with Grade 100 (690) reinforcement; was not reducedwhich resulted
in a greater calculated shear strengthThe flexural strengthd associated withc 339 kips (1510

kN) is given by

O @) T80 O] 'Q 5650 ft-Kips (7660 m-kN) Eq.2

For the reinforcement data shown inFigure 13, the computed nominal flexural strength0
of the walls is summarized inTable 3, stowing a minimum flexural strength of 5610 ftkips (7610 m-
kN) for T1 and 5690 ftkips (7710 m-kN) for T2, T3, and T4The minimum flexural strength was
controlled by the loading directionthat inducescompressionin the flange, with values approximately
10% lower than those associated with the oppositéoading direction. Assuming the width of the wall
flange fully effective in compression, the calculated neutral axis depth was less than 3% of the wall
depth at the nominal flexual strength, as shown inTable 3. For this condition, thesmall neutral axis

depth resulted in large tensile strain demands on the wall stem reinforament.

11



The shear strangth was also checked fothe maximum probable flexural strength (calculated
assuming amaximum steel stress of1.25°Q, %0= 1.0, and stem in compressio), resulting in a
maximum probable flexural strength of 7630 ftkips (10300 m-kN) for T1 and 7390 ftkips (10000

m-kN) for T2, T3, and T4, which induce a maximum shear demand of 305 kips (1360 kdl) an
average shear stresslightly below o® "Q B O,£0.29 "Q - 0 A calculated using the area of the

stem (1000 in2 or 645000 mm2). For this level of shear stress, the required for T1 was slightly

below the minimum of 0.25% prescribed in Chapter 18 ofACI 318141¢l for special structural walls.

All walls complied with ACI 31814l¢l detailing requirements for special structural walls, with
additional restrictions imposed on specimens with Grade 100 (690) bars. The requirement in ACI
318-141l¢l Section 18.7.5.3 thatransverse reinforcementspacing not exceed ® applies toconfined
boundary elements in special structural walls with Grade 60 (420) longitudinal bars. The spacing
should be reduced t&6Q and4Q for Grade 80 and 100 (550 and 690) longitudinal bars to maintain

a similar buckling stress to yield stress ratipas recommended inNISTS3 and ATC 115291,

The Euler buckling equation shows that buckling stress is inversely proportional to the
square of the unsupported bar length, which is typically expressed as a function of bar diameter.
As the grade of reinforcement increases, the unsupported lengtlithe bar must decrease to maintain
a similar buckling stress to yield stress ratioThe hoop spacing  required for Grade 100 (690)
longitudinal bars to reach the same bucklingo-yield stress ratio "Qj "Q as Grade 60 (420) bars
with i =61Q ,is obtained by solving

“0 “ 0 “0
A ~ 0Q Eq.3

o~ e . .
Qe PGy ey

Q
0

where O is the modulus of elasticity of reinforcement andQis the effective length factor SolvingEq.

3results ini =4.6Q . The value was rounded down t@d'Q to account for effects of construction

12



tolerances, as spacing tolerance has a proportionally greater impact on more tightly spaced hoops.
The amount of No. 3 (10) hoops and crosstiesconfining the boundary elenents exceeded the
requirements of Table 18.10.6.4(f)in ACI 31814i¢l (for rectilinear hoops) by no more than 10%,
except for theconfined boundary element in the stem of T2, T3, and Twhere three Grade 100 (690)
confining legswere used (instead of the two required) in the direction normal to 0 . This was done
to ensure thatthe three No. 6 (19) longitudinal bars in the extreme layer of theconfined boundary

elementin the stemwere supported by either a crosstie oracorner of a fobopin all walls.

3.2 Materials

The specimens were cast usingeady-mix concrete provided by a local suppliewith a target
concretecompressive strengthof 8 ksi (55 MPa) The key dates for casting and testing the specimens
are listed in Table 4. The concrete mixture proportions shown in Table 5 correspond to the actual
concrete castabove the base blockn the two wall segments (lift 1 and lift 2) bounded by the
construction joints shown in Figure 14. The measured concreteompressivestrengths and splitting
tensile strengths, listed in Table 6, were obtained from tests of standard concrete cylinder$ollowing

ASTM standardg6.17],

The mechanical properties shown imrmill certifications for the reinforcing bars used in T1
were compliantwith ASTM A7064. Mill certifications for reinforcing bars used inT2, T3, and T4
showed compliance with ASTM A6183l. Reinforcing bar mechanical properties(Table 7) were
obtained from tensile tests in accordance with ASTMA370i12l, Reported values orrespond to
average of two test resultsFigures 16 and 17 show representative tensile testdata for No. 6 (19
bars usedaslongitudinal reinforcement in the confined boundary elements and No. 4 (1Bbars used
aslongitudinal and transversereinforcement in the unconfined regions of the walls. The tensileto-
yield strength ratios of the No. 4 (13) and No6 (19) bars were different for each wall Uniform

elongationreported in Table 7 was determined in accordance withASTM E88l. ASTM E&3l includes
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two methods for calculating the uniform elongation 1) elongation at the peak stress, and 2)
elongation atthe midb 1 ET O | A& dnsighriy bfA Gokizbiiied lindlinscribed below the stress
strain relationship at 99.5% of peak stress. Both methods were used, and similar results were
obtained. Data reported inTable 7 were based on the second method\ll Grade 100 (690)No. 3 (10)

bars, usal as confining reinforcement (in T2, T3, and T4were from the same heabf steel

The No. 4(13) bar in T2 had the lowest tensileto-yield strength ratio ("(I'Q 1.10) and also
the lowest uniform elongation - =5.7%) of all of the bars used in the specimensn tensile tests,
these bars tended to fracture at the base of the lugas shown inFigure 18. The bars had similar
deformation geometryas thebarsthat performed poorly in low cycle fatigue tessrecently conducted
at the University of Texa$36l. Figure 19 showsa closeup view of the No. 4 (13) barthat wasused in
T2 and compares thdug base radiusi with the lug height 'Qresulting in i ] "Qapproximately equal to
0.25. Revious studied3842l have shown thati j "Chas a pronounced #ect on the stress concentration
factor U , especially for cases wherej 'S 1.25. The recent study at the University of Texa®s! also
showed that the bars with lowi j "Qexhibited below average peformance in low cycle fatigue tests;
coincidentally, the barswith low ij "Qalso had the lowest "F'Qand- when comparedwith other

bars usedin their test program.

Table 8 shows the chemical composition of the steel bars used as wall reinforcement. The
reported values are based on mill certification documentatior{values do not sum to unity because
mill certifi cations do not include all constituent materials) The No. 4 (13) higkstrength bars used in
T2 had the lowest vanadium content (zero percent versus 0.245 and 0.133 percent for the N¢13)
bars used in T3 and T4, respectively) and the highest molybdenuoontent (0.051 percent versus
0.010 and 0.028 percent for the No. 413) bars used in T3 and T4, respectively). Vanadium increases
strength without a negative impact in weldability or notch toughness, whereas molybdenum

increases strength but significanty decreases notch toughnessThese differences in chemical

14



composition may have contributed to the fracture of No. 4 (13) bars early in the test of T2, as
described in Sectiord.1. Tests of additional walls are reported by Huq et al® that allow comparison
between walls reinforced with steel bars differing in chemical composition but having low tensile

to-yield strength ratios "QF'Q pg It

3.3 Specimen Construction

As indicated in Figure 14, each specimen was constructedn four phases with three
construction joints (namely, the base block,Lift 1, Lift 2, and top block). Eachconstruction phase
included the assembly ofeinforcing bar cages preparation and erection ofwooden formwork, and
casting of the concrete After casting, forms and cylinders were covered with wet burlap and plastic
sheetsuntil removal of the forms, which typically occurred threeto four days after casting. After
forms were removed, allspecimens were kept in the laboratory untilthey were tested Photos

showing various stages of specimenonstruction are included in Figures20 through 25.

The wall segments of T1 were constructed using Grade 60 (420) reinforcementhereasT2,
T3, and T4 wereconstructed using Grade 100 (690) reinforcement. The base block and top block of

all specimens werebuilt with nominally identical detailing usingGrade 60 (420)reinforcement.

The longitudinal reinforcement of the walls was lap spliced near midheight right above the
construction joint between Lift 1 and Lift 2, as shown inFigure 14. The splice lengths exceeded the

development lengthfor straight bars calculated following the design equation inACI 40871.

To facilitate marking and visibility of the cracks, all walls were painted white with an oil

based formula between elevations 0 in. and 165 in. (4190 mm) above the base blocks.
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3.4 Test Setup and Procedure

3.4.1 Description of Setup

For testing, the specimens werdolted to the laboratory strong floor with fourteen 1.7-in.
(43-mm) diameter threadedbars passing through the base blockRigure 26). To distribute the hold-
down forces, each of théhreaded barswas connected to ateelspreader beam under the strong floor
(Figure 27). The top of eaclwall was connected tawo MTS 201.70 Hydraulic ActuatorsEigure 26)
acting in parallel and spaced 54 in. (1370 mm) aparbut at equal distance from the wall stemEach
actuator had a stroke length of 40 in. {020 mm) and aforce capacity 0f220 kips (980 kN) in both
loading directions. Placingthe actuators at the same elevatioand on opposite sides éthe wall stem

allowed for control of twisting at the top of the wallduring testing.

Seel fixtures were provided to brace the wall nearmidheight (at p cabove base block)as
shown in Figure 26. Two separate bracing systems weraused 1) internal bracing to prevent
instability of the stem or of theflange tips, and 2) external bracing of the stemto prevent global
twisting of the wall. The diagonal braces in the internabracing systemwere pinned at their ends to
allow relative vertical displacements between brace pointsThe bearing connection between the
external bracing and thespecimenconsisted ofnylon pads attached to the end of the external bracing

and a mirror-finished steel plate @tachedto each side of the wall stem

3.4.2 Instrumentation

The location of theexternal instrumentation is shownin Figures28 and 29. Lateral deflection
of the top of the specimens relative to the strong wall was measured with three string
potentiometers installed 10 in. (254 mm) below the plane of action of the actuatos. Two of the
potentiometers, with a 40-in. (1020-mm) stroke, were spaced72 in. (1830 mm) apart to record
lateral displacement(and twisting) of the specimen The third potentiometer, with a20-in. (508-mm)

stroke, was centered on thewall stem as aredundant measurement of wall deflection. Two
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potentiometers with a 4-in. (102-mm) stroke were mounted 19 in. (483 mm) above the strong floor
and spaced 72 in. (180 mm) apart to measuretwisting and sliding of the base block relative to the

laboratory floor.

To allow for calculation of wall elongation andflexural rotation, one string potentiometer,
with a 20-in. (508-mm) stroke, was attached to theop of the baseblock near thetip of the wall stem
and extended verticallyto 100 in. (2540 mm) above the base blockAsecond potentiometer,with a
4-in. (102-mm) stroke, was connected to thdip of the wall stem ata height of 100 in. (2540 mm)
above the base block and extended vertically to a height 19. (254 mm) below theplane of action of
the actuators.This arrangement of potentiometers was repeatedt the exterior face of the wall flange
along the centerline of the wall stem(Figures 28 and 29). For T2 and T4, two additional
potentiometers were placedin an Xépattern between elevations of 100 in. (2540 mm) and 270 in.
(6860 mm) above thebase blockto allow for calculation of the shear distortion in the top 200 in.

(5080 mm) of the walls(Figure 28).

In addition to potentiometers, an infrared-based nonrcontact position measurement system
was used to record themovementof 93 optical markers (the markers emitinfrared light pulsesthat
are detected by cameras allowingtheir spatial coordinatesto be triangulatedat aselectedfrequency)
with an accuracy of approximately 0.004 in(0.1 mm). Throughout the lower 87 in. (2210 mm) of the
wall, the markers werearrangedin a 14-in. (356-mm) square grid(nominal dimensions) on one face
of the wall stem (Figures28 and 30) and 14-in. (356-mm) by 16-in. (406-mm) squaregrid (nominal
dimensions) on half of the outsideface of thewall flange (Figures 29 and 31). Additional markers

were placed on top of the base block to measuraovementof the base block Figure 32).

Longitudinal and transverse reinforement were instrumented with electrical resistance

strain gaugesas shown n Figures 33 through 36. Walls T1 and T3 had28 gauges at the locations
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shown in Figures 33 and 35. For T2 and T4the number of gauges was increased t85 asshownin

Figures 34 and 36.

3.4.3 Loading Protocol

The sequence of displacementsnposed on eaclspecimen shown inTable 2, was patterned
after the protocol recommendedin FEMA 46134, The loading protocol for the test was displacement
controlled, with the two actuators always imposing equal displacements. For each loading stéwp
cycles of displacements were applied to the top block #&icreasing amplitudes figure 15). The first

half cycle of every step (positive drift ratio) induced compression in the stem.

The loading rate for drift ratios up to 0.75% wasapproximately 0.01 in./sec.(0.25 mm/sec).
The rate was increased to 0.02 in./sef0.51 mm/sec) for a drift ratio of 1%, and to 0.03 in./seq0.76
mm/sec) for drift ratios greater than 1%. Early in the tests (first two steps inTable 2) displacements
were increased until a target force was reached, to overcome imprecision of displacement
measurements at small drift ratios After the first two stepswere completed, actuator displacements
were increased until target displacements were reached. Prior to testing, sesal small cycles were
imposed (with forces below the crackingforce) to facilitate tightening of the threaded rods

connecting the base block to thetrong floor and the top block to the actuators.

All displacements and drift ratios reported in this study account for the translations and
rotations of the base block. However, during the tests, tracking of displacementstbe top of the wall
neglected the base block rotatiorfdue to uplift). For this reason, the target drifratios (following the

loading protocol) were generally greater than the actual reported driftratios.

18



4 EXPERIMENTALRESULTSAND ANALYSIS

4.1 Measured Shear versus Drift Ratio

The drift ratio ,’O Y isdefined as the top displacement, corrected fomovements of the base
block (translations and rotations), divided by the height of the wall measured from the top of the

base block to thdevel where the top displacementof the wall was measured that is

1 |

oY —— — .
0 Eq.4

where—  represents the rotation of the base bloclkabout an axisnormal to the plane of the wall

stem calculated using thepositions of markers B1 and B8 Figure 32); is the displacement

measuredat the level ofthe three potentiometerslocated 10 in. (254 mm) below the plane of action
of the actuators] is the average reading of two ptentiometers located 8 in. (203mm) below the
top of the base blocKFigures28 and 29) recording the horizontal translation of the base block in the
direction of loading and "Q is the height measured from the top of the base blodk the level of the
three potentiometers, 20 in. (7370 mm) for T1 and T3 and 87 in. (7290 mm) for T2 and T4 The

term was not corrected for base rotation because theffect was negligible.

For drift ratios not exceeding 1%] was taken as the displacement measuredith the
potentiometer (centered on the wall stem)having a 20-in. (508-mm) stroke as it had better
sensitivity to small displacementsthan the other two potentiometers at the top of the wall For drift
ratios between 1 and 3%j was taken as the average of the displacemergadings fromall three
potentiometers at the top of the wall Beyond a drift ratio of 3%, theaverage between the two
potentiometers with 40-in. (1020-mm) stroke was used given that thalisplacements exceeded the

range of the 2G-in. (508-mm) stroke potentiometer.
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The measured shear versus drift ratio for each of thealls is shown in Figures37 through
40. The samdigures are annotated in Figureg1 through 44 to indicate instancesof bar fracture. All

of the bars that fractured during the tests are identified irFigure 45.

The control specimen T1, completed one cycle t4% drift ratio (Sep 9 of the loading
protocol, Table 2) with less than a 10% drop in strength even though 2 of the 27 No. 6(19)
longitudinal bars in the confined stem fractured while loading to -4% drift ratio (stem in tension).
For T1, when-4% drift ratio was reached, the load was briefly maintained for inspection of damage.
The specimen was then loaded further in the negative directioshown as a dotted line in Figure87
and 41). Additional fracture of bars did not occur up to a drift ratio of -6.0% where the test was
stopped due to limitations of the testing apparatusBuckling of the longitudinal barspreceded bar
fracture. Bars near the far edge of the confined stem &re first observedto buckle during the second
excursionto 3% drift ratio in the positive loading direction and fractured during the first excursion

to 4% drift ratio in the negative loading direction

The measured sheadrift response of T2 is shown in Figures38 and 42. Wall T2exhibited
fracture of longitudinal barsin both the unconfined flangeand stemduring the first cycle to+2% drift
ratio (Sep 7 of the loading protocol, Table 2) that led to nearly 20% loss of strength Two cycles at
2% drift ratio were completed, followed byan almost total loss of lateral load carrying capacity
during the first cycleto +3% drift ratio (stem in compression)due tofracture of all longitudinal bars
in one of the confined flangeboundary elements A total of 18 (identified in Figure 45) bars had

fractured before the end of the testBar buckling was not observed in T2 throughout the test.

Wall T3 completed wo cyclesto 3% drift ratio (Sep 8 of the loading protocol, Table 2)
without any major reduction in lateral strength, as shown in Figure89 and 43. During the first cycle
to 4% drift ratio, T3 reachedsimilar lateral force as in theprevious cycles for the positiveloading

direction (stem in compression) but when loaded in the negativdirection (stem in tension) several
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longitudinal bars in the confined stemfractured. A total of venNo. 6 (19) bars fractured(identified

in Figure 45) at a drift ratio of approximately -3% while loading the wall to a drift ratio of-4%. When

the wall reached-4% drift ratio, it had lost more than 40% ofits lateral strength for the negative
loading direction. Similar to T1,buckling of the longitudinal barsin the confined stemof T3 preceded
bar fracture. Bar bucklingwasfirst observed during the firstexcursionto +4% drift ratio, leading to
bar fracture during the first excursion to -4% drift ratio. A difference between the behaviors of T3
and T1 is the effect of bar fracture on strength loss. Because T3 had fewer stem longitudinal bars than
T1 (16 versus 27 No. 6 (19) bars), fracture of a single No. 6 (19) bar in T3 resulted in a lardpss of
strength than in T1. This is evident when comparing the first cycle of loading t@% drift ratio for

the two specimens

Wall T4 compleed the first cycle to 4% drift ratio (Step 9 of the loading protocol,Table 2)
with similar lateral force as in the previous cycles for each of the loading directionas shown in
Figures 40 and 44. During the first cycle to 4% drift ratio, T4 exhibited fracture of No. 4 (13)
longitudinal bars in the unconfined flange when loading in the positivedirection (stem in
compression). During the second cycle to 4% drift raticthe No. 6 (19)bars in the confined stem
fractured when loading in the negative direction (stemm tension). Prior to bar fracture, buckling of
the longitudinal barsat the unconfined flange occurred during the second excursion 8% drift ratio
while for the confined stembar buckling occurred during the second excursion to+4% drift ratio .
Buckling of bars in the confined stem resulted in dateral strength loss of approximately 15%
Buckling and fracture of the No. 4 (13) b in the unconfined flange had no observableffect on the

lateral strength of the wall.Figure 45(d) identifies the bars that fractured in T4.

The maximum sheas resisted by thewalls were 303, 282, 275and 293 kips (1350, 1250,
1220, and 1300 kN) for walls T1, T2,T3, and T4, respectively, as reported inTable 9. Given that the

walls were designed to achieveearly the same flexural strength (with” "Qapproximately constant),
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the difference in lateral strengthis mostly attributed to the combined effects of the tensileto-yield
strength ratio of the longitudinal reinforcement and the difference between the actual yieldstrength
and the nominal yield strength As shown inTable 7, the No. 6 (19) Grade 60 (420) barsin the
confined boundary elementsof T1 had a tensileto-yield strength ratio of 1.34 and anactual yield
strength of 70 ksi (483 MPa). For T2, T3, and T4,ie No. 6 (19)Grade 100 (690)bars hadtensile-to-
yield strength ratios of 1.15, 1.23, and 18with actual yield strengths of 108 ksi (745 MPa),99 ksi
(683 MPa), and 96 ksi (662 MPa), respectively. Walls T1, T3, and T4reachedthe maximum shear
force at 3% drift ratio while T2 reached the maximum shear force at1.5% drift ratio because
multiple No. 4 (13) longitudinal bars in the unconfined flange and stenfractured during the first

excursion to+2% drift ratio .

The failure of T2 at a lower drift ratio conpared with the other walls may be due tothe
following attributes of the No. 4(13) bars in T2 (refer to Section3.2): 1) Thelowest tensile-to-yield
strength ratio of the bars used in this study("I'Q 1.10); 2) the lowest uniform and fracture
elongation of thebars used in this study(- =57%and- =10.0%);3) the bardeformation pattern
had alow lug base radiusto-height ratio (i ] QS 26)84) the lowest vanadium content (0%) and the
highest molybdenum content (0.051%) of the higkstrength bars used in this study;and 5) the
location of strain gauges near the base of the waltould havecreated a weak spott the point where

the gauge was aached (0.5 in.or 13 mmabove the top of the base block)

Figure 46 shows the wall drift ratio capacity (OY from Table 9) versus the uniform
elongation (- from Table7) of the longitudinal reinforcing bars for each wallThe data inFigure 46

suggest tha for walls having longitudinal reinforcement with - @ Pand "'Q p&, drift

capacityis likely to exceed3%. Similarly, Figure 47 shows thewall drift capacity versus thefracture

elongation- (from Table 7) of the longitudinal reinforcing bars for each wall. The figure indicates
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that for walls where the longitudinal reinforcement has- p RN AQ p&, drift capacity is

likely to exceed3%.

4.2 Progression of Damage

Photographs inFigures48 through 59 show the condition of wallsT1, T2, T3and T4 at peak
displacements during thesecondcycle totarget drift ratios of 1, 2, and 3%Photographs inFigures
60 through 63 correspond to peak displacements during thdirst cycleto atarget drift ratio of 4%.
Horizontal cracking associated with flexurewas observedin the confined boundary elementsat a
vertical spacingof approximately 3 in. (76 mm), which coincided with the spacing ofhoops. Inclined
cracks were observed irthe wall stem along the shear span of the wallracksin the flange between
the confined boundary elements andthe intersection with the unconfined stem were inclined such
that the cracks met the sterso-flange intersection at asomewhatlower elevation than they met the
confined boundary elements at the tips of the flangeThese cracks in theunconfined flange were
generally spaced at approximately 10 in. (29 mm), a much larger spacing than in the confined
boundary elements.The first cracks weredue to flexure and occurredat a drift ratio of approximately
0.2%. New cracksdeveloped through drift ratios of 3%, afterwhich the existing cracks continued to

widen.

For all walls, concrete cover began to spall off the tip of the stem during the first cycle to a
drift ratio of 1%. Buckling of the longitudinal reinforcement near the tip of the confined stem was
first observed during the second cycle to a drift ratio 08% for T1, first cycle to a drift ratio of 4% for
T3, and second cycle to a drift ratio of 4% for T4. Bar buckling was not observed in Tiable 10
identifies the drift cycle and bar location where bar buckling or bar fracture first occurred in each
wall. Figures 64 through 83 show most of theevents (bar bucklingand bar fracture) identified in

Table10. Figures84 through 87 show the condition ofthe wall stem (near the base of the wall) at the
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peaks of the second cycle to 2% drift ratio for T1, T3, and T4. For T2, the second cycle to 1.5% drift

ratio was chosen giverthat the wall experienced bar fracture during the cycle to 2% drift ratio.

The datafrom Table 10 indicate that bar fracture of the longitudinal bars of T1, T3, and T4
occurred after the bars had buckled ira previous cycle.However, none of the longitudinal bars that
fractured in T2 were preceded by bar buckling(seeFigure 45 for a map of fractured bars) The No. 4
(13) bars in the unconfined flange of T2 were the first to fracture, followed by the No. 4 (13) bars in
the unconfined stem, eventually leading to fracr e ofall No.6 (19) bars in one of the confined flanges.
Thefirst fracture occurred at the wideflexural crackat the base of the wall in the vicinity othe stem-
flange intersection(shown in Figure 65 after bar fracture), which was reinforced with No. 4 (13) bars

having the lowesttensile-to-yield strength ratio "F'Q 1.10) of the test program(Section3.2 and

Table 7). Bars did not fracture in the confined stem of T2.

The No. 4 (13)longitudinal barsin the unconfined stem and flange o1, T2, and T3were
located outside thetransverse reinforcement(Figures 6 and 7) with a clear cover ofL.4 in. (35 mm),
as permitted in ACI 31814181, For T4, the No. 4 (13)longitudinal bars in the unconfined stem and
flange were placedinside the transverse reinforcement (Figure 8) with a clear cover of 24 in. (60
mm). These No. 4 (13) bars in T4, with greater cover than the other wallsxhibited buckling during
the secondcycle to 3% drift ratio. In contrast, in walls T1 and T3, these bars buckled during the €ri
cycles to 2%. Buckling of these No. 4 (J®ars was not observed in T2lue to multiple bar fractures
experienced during the drift cycle to 2% which limited the forceresisted bythe wall. Although the
added concrete cover to the No. 4 (13bngitudinal bars in T4 played a role in delaying buckfig, the

bars fractured in thecycle that followedbar buckling (as indicated inTable 10).

Wall T1 experienced damagen the top block near the confined flange boundary elements
when loaded in thepositive direction (flange in tension). The extent of damage wagreater in the

ead flange than in the west flange as seen irigure 88. Gacking of thetop block was first observed
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during the first excursion to 1.5% drift ratio (stem in compression). The cracks progressed around
the confined flange boundary element reinforcenent (i.e., 180-degree hooksof the No. 6 (19)
longitudinal bars and the No. 3 (10)boundary element hoops) that extended into the top block
according tothe detailing shown inFigure 14. This type of damage was not observed in any of the
other walls possibly due toa shorter embedment of the hooked No. 6 (19) baisto the top block of
T1. The damagewas limited to the intersection ofthe confined flange boundary elementswith the

top block, reducing the contributions of theflange at the top of the wall.

4.3 Measured Reinforcement Strains

Longitudinal and transverse reinfor cement were instrumented with electrical resistance
strain gauges athe locations shown in Figures 33 through 36. A total of 28 strain gauges were used
in T1 and T3,and 34strain gaugesin T2 and T4.The use ofsix additional strain gauges in T2 and T4
was in response to the number of gauges thaalfunctioned in T1 and T3, which were constructed
and testedbefore T2 and T4. The raasured straindata are shown inFigures 89 through 220. All

strain gauge dataare reported assuming zero strainin the reinforcement at the start of the tests

4.3.1 Wall StemLongitudinal Reinforcement

Figures89 through 104 show the strains measured in thelongitudinal reinforcement located
in the confined stem below the base of the wall (i.e., inside the base block). The measured strains
indicate that for T1 ard T4, the longitudinal bars reachedaluesslightly greater than theyield strain
at depths of 18 in. (457 mm) into the base blockfter the wall reached a drift ratio of-2%. The strain
gauge data in Figured.00 and 104, recorded at depths of 9 in. (229 mm) into the base block of T4,

show strains ofapproximately 1.5%for a drift ratio of -3%.

Figures 105 through 144 show the strains measured by gauges onthe longitudinal
reinforcement in the confined stemat four different elevations between0.5 in.(13 mm) and 100 in.

(2540 mm) above the base blockYielding of the reinforcementin the confined stemat the base of
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the walls (0.5 in. or 13 mm above the base bloclgenerally occurred while loading to a target drift
ratio of -0.50% or -0.75%, asshown in Figures105 through 120. Yielding of the longitudinal barsin
the confined stem of Tlwas also recorded by strain gauges located at 25 in.685 mm) and 50 in.
(1270 mm) above the base block at a drift ratioof approximately -0.5% (Figures 121 and 129).
Reinforcementin the confined stemof T2 also showed yield strains at 25 in. (635 mm) above the
base block at a drift ratiobetween -0.6 and-0.7% (Figures 122, 126, 130, and134). For T3 and T4,
yielding of the reinforcement in the confined stemat 25 in. (635 mm)above the base blocloccurred
at a drift ratio between-0.6 and-0.8% (Figures123,124,127,and 128); whereas at 50 in. (1270 mm)
above the base block, yielding occurredt a drift ratio between -1% and-1.1% (Figures131, 132,
135, and136). Results from drain gaugeslocated at 100 in. 2540 mm) above the basélock in the
confined stemshow strains exceeding the yield strain buthe drift ratio where yielding occurred is

not apparent.

The largest strains recorded by gauges on thHengitudinal bars in the confined stemat the
base of the wall(0.5 in. or 13 mm above the base blockjuring the cycles to 2% drift ratio were
approximately 3% for T1 (Figure 113), 7.5% for T2 (Figure 114), and4% for T4 (Figure 112), with
data not available for T3 because the gauges did not function properiyhe strain gauge data in
Figures121 through 128 indicate that for all walls, the strain demands in thdongitudinal bars in the
confined stem at 25 in. 635 mm) above the base block werdetween 3 and 3.6% during the cycles
to atargetdrift ratio of -2%. At the same leveldrains in the confined stem ofT4 (Figure 128) reached

5.7% during the cycles toa targetdrift ratio of 3%.

Strains measured in thanstrumented longitudinal bars in the unconfined stem at the base of
the wall (0.5 in. or 13 mm above the base bloclgre shown in Figuresl145 through 148. The figures
show thatyielding occurred at a drift ratio slightly above 0.5%for T1 (Figure 145) and 0.7% for T4

(Figure 148). During the drift cycles to1.5% (for both directions of loading), strain demands at the
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base of the wall (0.5 in. or 13 mm above the base blookkre approximately2%in T1 and T4 (Figures
145 and 148). At 25 in. (635 mm) abovethe baseblock, Figures150 and 152 indicate that yielding of
reinforcement occurred at a drift ratio ofapproximately +0.75%for both T2 and T4. At 50 in. 1270
mm) above the base block, yielding of the reinforcement was obseved at a drift ratio of
approximately +15% for T4 (Figure 156). At the same level yielding did not occur until
approximately +3% drift ratio for T3 (Figure 155). At 100 in. (2540 mm) above the base blockirain

gauge datan the unconfined stem did not clearly show the drift ratio where yielding occurred.

4.3.2 Wall FlangeLongitudinal Reinforcement

Figures 161 through 184 show the strains recorded by gauges on the longitudinal bars in the
confined flangebetween 0.5 in. (13 mm) andLOO in. (2540 mm) above the base blocKhe strain gauge
data indicate that yielding of the reinforcement at the base of the wall (0.5 in. or 13 mm above the base
block) first occurred at a drift ratio of approximately +0.75% for T2 (Figures 162 and 166) and T4
(Figure 168). Strain gauges at this elevation malfunctioned for T1 and T&igures 169 through 176
show that at 50 in. (1270 mm) above the basklock, yielding of the barsin T1 occurred at a drift ratio
near +0.7% (Figure 169), while for T2, T3, and T4, yielding occurred atrift ratios near +1.1% (Figures
170, 175, and 172, respectively). Yielding of the barsat 100 in. (2540 mm) above the basélock
occurred at drift ratios between 2 and 3%asindicated in Figures 177 through 184. The data siggest
that for walls reaching a drift ratio of +3%,reinforcement yielding occurred throughout the width of

the flange andup to an elevationof not less than the wall length.

Figures185 through 200 show the strain in the bars at the unconfined flangef the walls. For
T1 and T2, yielding of the longitudinal reinforcement at the unconfined flange occurred during the
cycles to a drift raio of 0.5% (igures185 and 186). The strain demands at the base of the watif T2
reached 56% when approachinga drift ratio of +1% (Figure 186), nearly six times the strain

measured in T3 Figure 187) and T4 (Figure 188) for the same drift ratio. These bars in T2 fractured
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at a drift ratio near 1.5%during the first cycle to 2% drift ratio. Yielding of the bars in the unconfired
flange in all four walls was recordedby gauges located betweeR5 in. (635 mm) and 100 in. (2540

mm) above the basélock (Figures 189 through 200).

The strain gauge data recorded for the longitudinal reinforcemnt in the flange (Figuresl61
through 200), show maximum strains of approximately 2% for T1 (Figure185),5.6% for T2 (Figure
186, except strains up to 9% in the confined flange are shown Kigure 162 after bar fracture in the
unconfined flangg, 4.1% for T3 (Figure 195), and 5.5% forT4 (Figure 196). The longitudinal
reinforcement in the flange of T2 experienced bar fracturvithout prior bar buckling . Flange bars in
T4 fractured after buckling in prior cycles. Flange bars did not fracture in T1 or T3 although some

exhibited buckling.

4.3.3 Wall Transverse Reinforcement

Figures201 through 212 show the recorded hoop strains in the confined stenT.he data show
that the hoops in all four wallsdid not exceed strains of B% for drift cycles not exceedin@%. The
maximum measured strain in the instrumented hoops of 1 was nearly 0.6% (Figure 201) for a drift
ratio of 3%, while for the hoopsof T2, T3, and T4Figures 202, 203, and204) , the maximum stain
was nearly 0.4% for the same drift ratio. It is important to note that all No. 3 (10)hoopsin T2, T3,

and T4 were made of the same Grade 100 (690) steak indicated inTable7.

Figures 213 through 220 show the strains recorded by gauges on the horizontal bars in the
unconfined stem. Horizontal bars located ©852.5 in. (1330 mm) above the basélock exhibited a
sharp strain increaseat a drift ratio of approximately 0.5%in T1, T2, and T3During cycles up to a
target drift ratio of 2%, the recorded strainsnearly reached 0.5%in T1 (Figure217) and 0.4% in T2
and T3 (Figures 214 and 219). The maximum recorded strain at 3% drift ratio for T1(Figure 217)
was approximately 1% and remained less than @% for T3 (Figure 219). This differencesuggests a

greater contribution (to overall drift) of shear deformations in T1than the other walls (all walls had
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the same transverse reinforcement ratidout different grade). Data forhorizontal bars in T4 were not

available because the gaugesalfunctioned.

4.3.4 Comparisons

Figures 221 through 226 show the envelope oflongitudinal reinforcement strains for the
various regions of a wall (confined stem, confinedflange, and unconfined flange) atthe end of the
cycles totarget drift ratios of 1.5 and 2%.Figure 221 indicates that upon reaching a targedrift ratio
of 1.5%,the No. 6 (19) bars in the confined stem experienced significantly larger strains in T2 than
in the other walls. The larger strains correlate withthe lower tensile-to-yield strength ratio ("QI"Q=
1.15) of the No. 6 (19) barsin T2 compared with the ratio for these bars inthe other walls, as shown
in Table 7. For all walls,the maximum strains in the confined stemat 100 in. (2540 mm) above the
base block werevery similar (between 0.004 and 0.005)up to a drift ratio of 1.5% (Figure 221),
indicating vertical spread of yielding throughout/b from the base As drift ratio increased to 2%, T2
had the largest increasen strain at the base of the wall (0.5 inor 13 mm above tte base block), as
shown in Figure 222. However, at 25 in. (635 mm) and 50 in. (1270 mm) above the base blocthe
increase in strainassociatedwith th e increase in drift ratio (from 1.5% to 2%), wasgreater in T1, T3,
and T4 than inT2. This indicatesa concentration of strain in the longitudinal reinforcement of T2

near the base of the walasthe drift ratio increased

Figure 223 showsthe maximum strains recorded upto target drift ratio s of 1.5% for the No.
6 (19) barsin the confined flange where T2exhibited larger strains than the other walls for the first
50 in. (1270 mm) above the base blockt 0.5 in. (13 mm) above the base blockhé increase in drift
ratio from 1.5% to 2% caused a larger strain increase in the baet the confined flange of T2 than in
the bars of theother walls. This is largely due to fracture of the adjacent No. 4 (13) bars in the

unconfined flange while loading to 2% drift ratio. A an elevation of 50 in. (1270 mm)and above,
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when increasing the drift ratio from 1.5% to 2%,the increase instrain for the bars of T2 wasmuch

smaller than for the bars ofthe other walls, as shown inFigure 224 when compared with Figure 223.

The maximum strains recorded in the No. 4 (13) bars of the unconfined flange are presented
for target drift ratios up to 1.5 and 2% in Figures225 and 226. The data associted with 1.5% drift
ratio (Figure 225) suggest hat T2 had slightlygreater vertical spread of yielding thanthe other walls
for bars in the first 100 in. (2540 mm) above the base block and in the vicinity of the flangstem
intersection. Limited data were available for T1 and T3due to gauge malfunctiors. The data for 2%
drift ratio ( Figure 226) suggestthat T4 had larger strairs than T1 and T3in the unconfinedflange
throughout the first 100 in. (2540 mm) above the base blockData for T2 vere not available due to

fracture of the bars in the unconfined stemand flangeduring the first excursion to a drift ratio of 2%.

4.4 Concrete Strain Profile

Data from the grid of optical markers shown inFigures 30 and 31 were used to calculate
longitudinal (vertical) strains on the surface of the concrete. This surface strain, referred to as
concrete strain, was calculated by dividing the change in vertical distance between two consecutive
markers by the measured initial distance between the markers (nominally 14 in. or 356 mm).
Reported cacrete strains therefore represent an average, or smeared, strain on the wall surface.
Reinforcing bar strains (Sectiort.3) aretherefore much greater at cracked sections than the reported
concrete strain. Concrete strains were calculated for the peak drifatio in the second loading cycle
in both loading directions for target drift ratios of 1, 1.5, 2, and 3%doncrete strain data are not

reported for wall T2 during the 3% drift cycle).

Concrete strains were calculated for both the stem and flangeongitudinal strains calculated
at each of the eight columns of markers on the stenfrigure 30) are shown in Figures227 through
258 as elevation versus strain. The figurefor the stem datashow the vertical profile of concrete

strains along the surface of the stem. Because each column had seven optical markers, concrete strain
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was calculated for six layers distributed over the wall elevation from 3 to 87 in. (76 to 2210 mm)
above the baseblock. The term layer is used to describe the spadetween two marker rows (e.g.,
Layer 1 is between marker Rws 1and 2 as shown in Figure80 and 31). In Figures227 throu gh 258,
concrete strains are plottedat the midpoint of the respective layers. Flange concrete strains are
shown in Figures 259 through 282, although they are presented differently than the stem concrete
strains (Figures 227 through 258). The flange strain data arelotted per layer as concrete strain
versus horizontal distance fromthe stemcenterline to show the distribution of longitudinal strains
along the flange width.Figures 283 through 288 show profiles of the envelope ofthe calculated
concrete strains at peakdrift ratio . The envelopes include the maximum and minimum concrete
strains from data shown in Figures227 through 282. The envelops areshown aselevation versus
concrete strain for the confined stem, confined flange, and unconfined flangetatget drift ratios of

1.5 and 2%.

4.4.1 Wall StemConcrete Strains

Corcrete strains in the stem of T, which had No. §19) longitudinal bars with "F'Q p&
are plotted in Figures 227 through 234. For the stem in tension, at a targedrift ratio of -1%,
maximum concrete strainsin the confined stem (Columns 1 and 2yvere between 0.0® in Layer 6
and0.01in Layer 1(Figure 227). Concrete strain generly increased with drift ratio and the largest
strain increases wereevident near the wall base. The maximum concrete strains in the confined stem
of Tl at target drift ratios of -1.5,-2, and-3% were 0.02, 0.03, and 0.0, all occurring inColumn 1
located 1.5 in. (38 mm) from the wall edgeKigure 227). The patten was different in the top-most
layer of Columns 1 and 2 Layer 6, with a centroid at 80 in. or 2030 mm), where concrete strain
remained below 0.005 at drit ratios of -1, -1.5, and-2%. In the cycle t0-3% drift ratio however,
strains in Layer 6 increased significantly tovalues between 0.015 and 0.02n Columms 1 and 2,
approximately a four-fold increase over the strain at2% drift ratio. This indicates that a change in

behavior occurred during the cycle to-3% drift ratio and caused large strans to extend further from
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the base of the wall. This change ibehavior coincided with a large increase in transverse web
reinforcement strains from 0.0047 to 0.01 (Figure 217) and a large increase in shear deformations
within 87 in. (2210 mm) from the base of the wall(see Section4.5.1). More pronounced inclined
cracking during the cycle to-3% drift ratio may therefore have caused largdéongitudinal strains in
the confined boundary element of the stemo extend further from the base. Upon reversal of the
loading direction, from stem in tension tastem in compression(-3 to +3% drift ratio) , concrete strain
demands in theconfined boundary elementof the stemwithin the bottom two layers reduced and
became negative (compressive) whereas concrete straims Layer 3 and abovedid not (Figure 227).
Strains in Layer 6 reduced from 0.0 in Figure 227(b) to 0.011 in Figure 227(a) but remained
positive (elongation). Therefore, although largepositive strains did extend throughout the first 87 in.
(2210 mm) from the wall base, only the reinforcement near thevall base underwent large reversals

of strain.

Concrete strainsin T1 were greater in the confined stem(Columns 1 and 2)than in the
unconfined stem(Columns 3 through 7) Srains were nevertheless large throughout meh of the
unconfined stem At a drift ratio of 2% for the stem in tension positive concrete strains between
Columns 3 and 5 (Figure29 through 231) were commonly between 0.01 and 0.02 in Layers1
through 3. For both directions of loading,most of the unconfined stemshowed positive concrete
strains (elongation) with slightly greater strains generally for the negative loading direction (stem in
tension). This is evident inFigure 230 showing Column4 with maximum strains of 0.035 (stem in
tension) and 0.03 (stem in compression) at peaks of the 3% drift cycl@his is consistent with this

region of the wall remaining within the flexural tension zone for both loadingdirections.

Concretestrains in the stem of T2 (Figures235 through 242), were more concentrated near
the base of the wall than in T (Figures 227 and 228). This is evident in Figure®235 and 236, which

show the concrete strain profilefor the confined stem reinforced with No. 6 (19)longitudinal bars
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having"™r'Q p® uvFor loading cycles to drift ratios of-1 and -1.5% (stem in tension), concrete
strains did not exceed 0.006n Layers3 through 6 locatedbetween 31 and 87 in. (787 and 2210 mm)
above the base blockmuch less than in wall T (where strains at theseelevations were up to 0.02
as shown inFigure 227). Within the first two layers (up to 31 in. or 787 mm) concrete strainsin the
confined stem of T2were approximately 0.016 at the peak of-1.5% drift ratio (Figure 235). In the
cycle to-2% drift ratio, concrete strains rear the base increased to approximately 0.023 in the first
two layers of T2(Figure 236) and up to 0.0 in Layer 3 (Figures 235 and 236), between 31 in. 87
mm) and 45 in. (1140 mm) In the unconfined stem(Columns 3 through 7)at the peak of 1.5 an@%
drift ratios , the maximumconcrete strainsin Column 3within the first two layers of T2 (Figure 237)
were larger thanin T1 (Figure 229). For these drift ratiosand both directions of bading, the concrete
strains in the unconfined stem(Column 1) and flange(Column 8), Layer 3 and abovewere generally
smaller in T2 than in T1.Bar fracture in T2 during the +2% drift cycle caused a significant
concentration of deformations at the bas@f the flange and a drop in the average concrete stra{im

relation to the 1.5% drift cycle) above the base of the flangeas shown inFigures241(a) and 242(a).

Average concrete strains in the stem of T3 are plotted in Figuré43 through 250. The
confined stem ofT3 had No. §19) longitudinal bars with "F'Q p& oAt a drift ratio of-1% (stem
in tension), average concrete straing the confined stem(Columns1 and 2)were between 0.003in
Layer 6and 0.007in Layer 1 As with T1, strain near the wall base increased with every increase in
drift ratio. The maximum concrete strains in the confined stenfFigures 243 and 244) in cycles to
drift ratios of -1.5,-2, and-3% were calculated to be 0.0&, 0.024, and 0.04L, all occurring within the
first two layers (Figure 243). Similar to wall T1, in the top-most layer of Columns 1 and 2 (Layer 6,
with a centroid at 80 in. or 2030 mm),concrete strains remained below 0.0(® at drift ratios of -1, -
1.5, and-2%. In the cycle t0-3% drift ratio however, concrete strainsin Layer 6of the confined stem
increased t00.013 (Figure 243). Thechange inbehavior noted for T1 was also noted for T3with an

increasedcontribution of shear deformationsto the overall drift during the cycle to 3% drift ratio. As
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with T1, the result was an increase in the spread ¢drge concrete strains further from the base of
the wall. In the unconfined stem(Columns 3 through 7) the maximum concrete strains in the cycles
to drift ratios of +1.5, +2, and +3% were 0.04, 0.0, and 0.04, in Layers1 through 3 (Figures248
and 249). The largestconcrete strain in the unconfined stemwas 0.044 andoccurred at a drift ratio
of 3%in Layer 3of Column7, the columnmarker close to the stemflange intersection. Upon reversal
of load, Layer 3of Column7 had a concrete strain ohpproximately 0.001, 0.0®5, and 0.004 in the
cycles to drift ratios of +1.5,+2, and +3%, indicating that the unconfined concrete (and reinforcing
bars) near the stemto-flange intersection underwent very large strain reversals similar in
magnitude to the region near the basdlLayers 1 and 2)of the confined stem(Columns 1 and 2,
Figures 243 and 244). It is therefore not surprising that reinforcement in the unconfined stem

buckled (Table 10).

Concrete strains in the stem of T4are shown in Figures251 through 258. The longitudinal
bars in the confined stem(Columns 1 and 2)of T4 consisted of M. 6(19) bars with "I'Q  p& @The
concrete strain profiles forthe stem ofT4 were similar to those of TL and T3. At a drift ratio of-1%
(stem in tension), maximum concrete strainsoccurred in Column 1 with valuesbetween 0.004in
Layer 6 and 0.007 in Layer 1 (Figure 251). With every increase in drift ratio, strairs generally
increased within 87 in. 210 mm) from the base of the wall The increase was greater near theall
base. The maximum concrete straimithe confined stem in the cycles to dit ratios of -1.5,-2, and-
3% were approximately 0.014, 0.018, and 0.03 all occurring in Column 1within Layers1 and 2
(Figure 251). A difference between the concrete strain profiles of T4 and those ol Bnd T3 is that
concrete strainsin Layer 60of the confined stemwas nearly0.010 (Figure 251) beginning in the cycle
to 2% drift ratio, earlier than for the other specimens. The reason for this difference is likely not
attributable to "QI'Q, as the No. §19) barsin T1 and T4 had approximately the sam&X¥'Q The No.
6 (19) bars in T4 did however have a greatetangential modulusimmediately after yielding (Figure

16). It is not clear whether this played a role. In the unconfined sterfColumns 3 through 7) the
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maximum concrete strairs at drift ratio sof +1.5, +2, and +3%stem in compression)were calculated
to be 0.016, 0.023, and 0.08 within Layers1 and 2(Figures 254 through 257), controlled by data

from Column 5 Figure 255).

4.4.2 Wall FlangeConcrete Strains

The profile of longitudinal (vertical) strains across the haklwidth of the flange and for six
layers (Figure 31) above the base bloclare plotted in Figures 259 through 282 for the four walls.
Average concrete strais were approximately constant throughout the width of the flange up to a
drift ratio of 1.5% within 87 in. (2210 mm) from the base of the wallln general, strains inLayers1
and 2 of the flange exhibited the lagest strains with maximum strains ranging between 0.006 and
0.011 for drift ratios of 1% and between 0.016 and 0.023 for drift ratios of 1.5%.dDicrete strains in
the flange of T1 are shown irFigures 259 through 264 with a maximum strain of 0.026 inLayers 2
and 3 (Figures 260 and 261) during the cycle to 3% drift ratio. Concrete strains remained
approximately uniform over the width of the flange throughout other layers further from the wall
base. The maximum concrete straing the flangewere 0.018, 0.9, and 0.@26 at drift ratios of +1.5,
+2, and +3%6, approximately 10 to 30% smaller than the strainsin the confined stem(0.02, 0.05,

and 0.03 at drift ratios of -1.5,-2, and-3%) shown in Figure 227.

In T2, concrete strairs were approximately uniform across the width of the flange
throughout the first 87 in. (2210 mm) from the base of the wall, fodrift ratio s up to+1.5% (Figures
265 through 270). At +2% drift ratio (stem in compression) concrete strairs in the confined flange
(Column 11 at 48.5 in. or 1230 mm from stem centerline)ncreased significantlyin the first two
layers relative to the concrete strains in the unconfined flangevith a maximum strain of 0.045
(Figure 265) in the confined flange and 0.01 in thetem-flange intersection The significant increase
in strain was dueto fracture of the longitudinal reinforcement at the base of the unonfined flange

(below Row 1) during the +2% drift cycle that reduced force demands on the unconfined flange
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Concrete strains shown in Figures 271 through 276 were approximately uniform across the
width of the flange in T3 throughout the first 87 in. (2210 mm)from the base of the wallfor the
duration of the test. This statement is based on considation of trends in adjacent layers. For
example,Figure 271 shows that in Layer 1 at a drift ratio of 3%, the maximum calculatedoncrete
strain was 0.047 in the unconfined flange away from the stem centerline while the strain was 0.035
at the stem centerline However,Figure 272 shows the opposite trend inLayer 2, wherethe maximum
strain was 0.041 in the stem centerline and 0.024 in the unconfined flange away from the stem
centerline. This is likely attributable to localized effects of cracking near markers and not indicative
of differences in theglobal concrete strain profile across the flange width. The maximum concrete
strains in the unconfined flangeduring the loading cycles to drift ratios of 4.5, +2, and +36 were
0.016, 0.0Z, and 0.04 (Figure 271). These peak straindemandswere between 20 to 50% greater
than thosemeasured in the confined flange (0.03, 0.021, and 0.(3 for loading cycles to drift ratios

of +1.5,+2, and+3% in Figure 271).

The concrete strains in the flange of T4 were relatively uniform across the widthf the flange
andthroughout the first 87 in. (2210 mm) from the base of the wal(Figures 277 through 282), even
though it was sensitive to localized effects of cracking near individual markers (similar to T3). These
localized cracking effects made concrete strains in the unconfined flange appear much larger than in
the confined flange in Layer 2Figure 278) but smaller than in the confined flangén Layer 3 (Figure
279), with the maximum strains generally occuriing in Layer 2 In the loading cycledo drift ratios of
+1.5, +2, and +3%the maximum strains were0.023, 0.03, and 0.043, occurrinin the unconfined
flange. These weregreater than the concrete straindn the confined stem (0.04, 0.018, and 0.03 in
loading cycles to drift ratios of-1.5,-2, and-3%), where strains for drift ratios of -2 and-3% were not

available forRow 1 Column1 (Figure 251) due to concrete spalling.
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4.4.3 Comparisons

Figures 283 through 288 show the envelopeof concrete strains at target drift ratios of 1.5
and 2% for variousregions of the wall (confined stem, confinedlange, andunconfined flange). The
profiles in these figuresshow the maximum and minimumconcrete strainscorresponding to peak
drifts attained during the second loading cycle oBteps 6and 7 (Table 2). Figures 283 and 284 show
that at target drift ratios of 1.5 and 2%, concrete straiain Layer 2 ofthe confined stemin T2 were
slightly greater than in the other walls, however, forthe upper layers strains in T2 were generally
smaller than in the other walls.The smaller strains in the upper layers were likely attributable to the

longitudinal reinforcement in the confined stem of T2 consisting of No. 6 (19) bars witk@'Q 1.15,

lower than "QF Qfor the No. 6 (19) bars in the other walls (Table 6).

At a drift ratio of 1.5%, maximumpositive strain (elongation) in the confined stem of T1
(Figure 283) was 0.020, slightly greater than the maximum strains of 0.017, 0.019, and 0.014 in the
confined stem of T2, T3, and T4, spectively. At the same drift ratio, the maximunpositive strain in
the confined flange of TAFigure 285, stem in compression)was 0.018, also slighi} greater than the
maximum strains of 0.017, 0.013, and 0.@lin T2, T3, and T4, respectively. The maximum strains for
T1 in the unconfined flangg Figure 287) was 0.014 at a drift ratio of 1.5%, smaller than the maximum
strains of 0.019, 0.016, and 0.023 for T2, T3, and T4, respectively. The smaller strain in the unconfined
flange of T1 is due, impart, to the No. 4 (13) longitudinal bars havindensile-to-yield strength ratio of
1.39 compared with 1.10, 1.2, and 1.D, in T2, T3, and T4, respectivelyaimilar trends were observed

at a target drift ratio of 2% except for the unconfined flange of Tdue to bar fracture.

The envelope ofconcrete strain data suggests that the concrete strain in the confined stem
was similar in magnitude to the strains in the confined and unconfined flange at the peak of loading

cycles targeting 1.5 and 2% drift ratio.
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Based on sectional analyses, the maximum tensile strain along the stem would be expected
to be approximately 20-30% greater than the maximum tensile strain along the flange for a given
curvature (tensile strain is theoretically proportional to’Q  ¢). The measured data indicate that the
maximum tensile strains in the stem were approximately 10% greater than the maximum tensile
strains along the flange (except T2, where large strains were recorded due to bar fracts@ong the
flange). Compressve strains, which are theoretically proportional todfor a given curvature were
expected to beseveraltimes greater at the stem than the flangeThis was not evident in the test data.
The measured maximum compressie strains along the stem and along the flangevere highly
variable, and in some cases, showing elongation when under compression at the peak of a loading
cycle Theseobservations suggest that for these walls, sectional analyses based on monotonic loading

are of limited valueand provide estimates ofstrain disconnected from actual wall behavior.

The concrete strain profiles also appear to be more indicative of the distribution of
deformations than the profiles of reinforcement strains, which tended to show larger strains
occurring in T2 than in the oher walls at most gauge locations within 100 in. (2540 mm) of the base
(Figures 221, 223, and 225) for both loading directions. This may be due to the effect of the
reinforcement tensile-to-yield strength ratio on the concentration of bar strains near a crack after
reinforcement yielding. For a given deformation demand, bars with low "Qtend to exhibit more

strain at cracks han bars with high™( "Q

45 Components of Drifts

45.1 Shear
Shear deformations were calculated throughout the six layers of the walilounded by seven
rows and eight columns ofoptical markers placed on the wall stem Kigure 30). The term layer is

used to describe the horizontal strip of wall between rows of markersKigure 289). Shear distortion
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was calculated for each rectangular station of the marker grid and then averaged across each

horizontal layer.

Shear distortion within a station of the marker grid was calalated from the recorded
positions of the four corner markers that defined the station throughout the test. Distortion of a
station, illustrated in Figure 290, resulted in changesto angles6 i, andO, which were calculated
at time k using Eq. 5 through Eq. 8 (based on the law of cosinesjrom the calculated distances

between station corners fFigure 290).

o Al O"Q b _© Eq.5
cQu d
6 Al 4@ L © Eq.6
cQU 9
o) A'I'O"Q b _© Eq.7
00 q
o Al o"Q b _© Eq.8
00 q

As shown inEq.9 through Eq. 12, the change in angled 5 F , andO (relative to their
initial values 6 M hH , andO ) due to deformation of the specimens is attributable to three distinct

deformation components: flexural rotation—-shear distortion/ , and expansion (Figure 291).

o] o] _C [ § Eq.9

0 0 _C r [ Eq.10
0 0 _C r [ Eqg.11
O © _C r [ Eq.12

Eq.9through Eq.12 were combined to formEq.13, which defines the station shear distortion
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0 © 6 © 6 0 0o © Eq.13

Inl )

This approach assumes uniform curvature within thestation, which is a reasonable
assumption given that the layer dimension is small (14 in. or 356 mm, which is approximately

pi ¢ Q andpj X/b.

The shear distortion of a layer was calculated witkqg.14, which provides a weighted average
of the shear distortions for the seven stations comjising one layer. InEq. 14 subscript “‘ihdicates
the layer number, subscriptCOndicates the station number, subscripfQindicates the time increment,
¢ is the number of stations, andHs the width of the station. Althoughé was typically seven,
stations associated with nonfunctioning markers were omitted from the weighted average. It was
common for markers to stop functioning near the end dahe test due to severe damage to the concrete
surface.Eq.14 has a negative sign so that positive shear distortiofFigures 289 and 291) coincides

with positive drift ratios (stem in compression).

' = Eq.14

Figures 292 through 295 show the distribution of shear distortion in Layers 1 through 6 br
T1, T2, T3, and T4. The shear distortion for a given layer is plotted at the elevation above the base
block associated with the midheight of the layer. In each figurehear distortions are plotted for drift
ratios of 1, 1.5, 2, and 3%, where the giveshear distortion represents the calculated value (based on

Eq.14) at the peak drift ratio in the second cycle to the target drift.

Figure 292 shows the calculated shear distortions along the wall height for T1. For positive

drift ratios (stem in compression), shear distortions wee found to be somewhat uniform throughout
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the first six layers above the wall baséAt drift ratios of 1% and 1.5%, themaximum shear distortions
were approximately 0.0025 and 0.005 ragrespectively. For larger drift ratios, shear distortions were
largest in Layer 3, with a midpoint located 38 in. (965 mm) above the base block. The shear
distortions in this layer were approximately 0.01 and 0.017 rad at drift ratios of +2 and +3%. These
calculated shear distortions were relatively large throughout the instumented region, with the
smallest shear distortion at +3% drift ratio being 0.012 rad in Layer §0.013 rad in Layer 1). The
distribution and magnitude of shear distortions were somewhat different when the wall was loaded
to negative drift ratios (stem in tension). Under negative drift, T1 exhibited large overall shear
distortions throughout the instrumented region with the largest distortions occurring near the base
of the wall. At-1.5% drift ratio, shear distortions were largest in the first three layes above thebase
of the wallwith a maximum of 0.007 rad. In the upper layers, shear distortion tapered down to 0.0025
rad in Layer 6. At-2 and -3% drift ratios, distortions in the first three layers of the wall were

approximately 0.01 and 0.02 rad, witrsmaller shear distortions higher up the wall.

Shear distortions of T2 inFigure 293 were relatively small during the positive drift cycles
(stem in conpression), with shear distortion not exceeding 0.006 rad up to a drift ratio of +2%. This
is because the shear force demands were smaller for this wall in the second cycle to +2% drift ratio
than for other walls due to fracture of bars uring the first cycle to 2%, se€lable 10) at the base of
the flange. During cycles to negative drift ratios (stem in tension), there was a clear concentration of
distortion within the bottom two layers (first 31 in. or 787 mm, of wall). Although at-1% drift ratio
the shear distortion was nearly uniform over the height at approximately 0.002 rad, shear distortions
increased to about 0.009 and 0.018 rad in Layer bif-1.5 and-2% drift ratios. In Layers 3 through 6,

shear distortions were nearly uniform and did not exceed 0.005 rad.

Shear distortions for T3 are shown in Figure 294. During early cycles to positive drift ratios

(stem in compression), shear distortions were somewhat uniform throughout the first six layers of
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the wall. The maximum shear distortions were approximately 0.002 and 0.005 rad at +1 and +%5
drift ratios, respectively. At +2% drift ratio, shear distortions were slightly greater in the first three
layers of the wall, with a maximum of 0.008 rad calculated for Layer 3. At +3% drift ratio, the
maximum shear distortions were large, with values bnearly 0.02 rad in Layers 2 and 3. Shear
distortion gradually tapered to 0.005 rad in Layer 6. At a negative drift ratio (stem in tension) 6%,
the shear distortions were approximately uniform throughout the first six layers of the wall. The
maximum shear distortions were 0.002, 0.005, and 0.009 rad atfl,-1.5 and-2% drift ratios. At -3%
drift ratio, the maximum shear distortion was 0.028 rad in Layer 2 with the shear distortion

decreasing to 0.013 in Layer 6.

Figure 295 shows the shear distortion along the wall height for T4. During the positive drift
ratio (stem in compression), shear distortions were found to be approximately uniform throughout
the first six layers of the wall for a drift ratio up to +3%. The maximum shear distortions were
approximately 0.003, 0.005, 0.007, and 0.015 rad at +1, +1.5, +2, and +3% drift ratios. During cycles
to negative drift ratio (stem in tension), the shear ditortions were nearly uniform throughout the
first six layers of the wallup to -2% drift ratio. The maximum shear distortions were 0.003, 0.006,
and 0.011 rad at-1, -1.5, and-2% drift ratios. At -3% drift ratio, the maximum shear distortion of

0.022 occurred in Layers5 and 6.

The shear distortions reported above are large, particularly for drift ratios greater than 2%.
Experience has shown that shear distortions greater than approximately 0.01 rad in reinforced
concrete members under displacement resrsals often shortly precede large decreases in shear
stiffness and subsequent decay in shear strendged. Figures 292 through 295 suggest asteep
decrease in shear stiffnessas shear distortion at 3% drift ratio was often (approximately double

that at 2% drift ratio despite asmallincrease in shear force [figures 37 through 40). Shear stiffness
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decay did not, howevergcause noticeableshear strength decay in these tests, aeformation capacity

was limited by longitudinal bar fracture.

4.5.2 Base Shearing

Base shearing was defined as the lateral movement of the wall base (in the direction of
loading) relative to that of the base block. It was calculated by subtracting the average displacement
of markers on the base block (B1 through B8 ifrigure 32) from the average displacement of the
markers in Row 1 (Columns 1 through 8 irFigure 30). This definition lumps together the effects of
shear distortion and sliding near the wall base and neglects the effects of flexural rotation and

expansion.

Figures296 through 299 show the shear displacement due to base shearing versus drift ratio
for T1 through T4. The figures sbw that when targeting a drift ratio of 3%, base shearing in all walls
(except T2) accounted for a displacement not greater than 0.25 in. (6.4 mm). Maximum base shearing
values for T1, T3, and T4, at a target drift ratio of 3%, were 0.24, 0.20, and 0.12(#&1, 5.1, and 3.0
mm). For T2, the maximum shearing displacement of 0.34 in. (8.6 mm) was reached during the 2%

drift cycle after fracture of the No. 4 (13) longitudinal bars.

45.3 Flexure

Flexural rotation was calculated throughout the test for each layet®wn in Figure 30 as the
difference between the rotation of the marker rows above and below the layer. For a given row of
markers, rotation was calculatedbased onthe vertical displacements of the two outermost markers

in the row, using

Eq.15
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where [ is the flexural rotation of Layer'Qwis the change in position of a marker along the
longitudinal (vertical) wall axis relative to its initial elevation (indices refer to row and column
number, seeFigure 30), and/b s the initial distance along the xaxis between two markers in a
row. Typically, the outermost markers were those located in Columns 1 and &igure 30). In case
one of the extreme colummmarkers malfunctioned, markers from Column 2 were used instead of

Column 1 and/or markers from Column 7 were used instead of Colunth

Figures300 through 303 show the distribution of flexural rotations between 3 and 87 in. (76
and 2210 mm) above the basélock of T1, T2, T3, and T4. The flexural rotation calculated for each
layer is plotted at themidheight of the layer. The plotted rotation valuesvere calculated forthe peak

drift ratio in the second cycle to each target drift.

Figure 300 shows the distribution of flexural rotations for T1. During cycles to positive drift
ratio (stem in compression), the maximum flexural rotation was calculated to be 0.0007, 0.0019,
0.003 and 0.0045 rad at drift ratios +1, +1.5, +2, and +3%espectively. Theg peaks all occurred in
Layer 1, near the base. At 3% drift ratio there was a second peak in Layer 4, with a flexural rotation
of 0.0036 and flexural rotations less than zero in Layers 5 and 6. Although not certain, it is likelyat
these results are attibutable to localized cracking that caused movement of some of the markers
usedin the calculation offlexural rotations. During the cycles to negative drift ratio (stem in tension),
flexural rotations were largest in Layers 1 through 3, with peak values of 0.0013, 0.0028, 0.0034 and
0.0066 rad at drift ratios of-1,-1.5,-2, and-3%, respectively. Thesdlexural rotation demands were

greater than in the positive loading direction.

Flexural rotations for T2 are plotted inFigure 301. During cycles tgoositive drift ratio (stem
in compression), at a drift ratio of +1%, flexural rotation was relatively uniform, with the maximum
being approximately 0.0012 rad. At +1.5% drift ratio, the flexural rotation in the first two layers

increased to peaks of 0.002 and 0.00Z rad, significantly greater than in the upper layers. At +2%
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drift ratio, flexural rotation in the lower layers decreased tonearly zero. This occurred because
rotation was calculated using data from markers placed at the stefitange intersection, where the
longitudinal No. 4 (13) bars in the unconfined flange fractured while loading te-2% drift ratio. This
fracture resulted in a drastic concentration of strain at the base of the wall and a reduction positive
strain demands along the stenflange intersection. During cycles to negative drift ratio (stem in
tension), flexural rotation remained uniform in Layers 3 through 6 up to-1.5% drift ratio. Flexural
rotation was concentrated in the first two layers with maximum values of 0.002 and 0.003%&d at -

1.5 and-2% drift ratio, respectively.

The vertical distribution of flexural rotations is shown for T3 inFigure 302. While loading to
positive drift ratio (stem in compression), flexural rotations were greatest in Layers br 2, where
maximum flexural rotations were calculated to be 0.001, 0.0022, 0.0035 and 0.0044 rad at drift ratios
of +1, +1.5, +2, and +3%respectively. During the cycles taegative drift ratio (stem in tension),
flexural rotations were greater thanthose for positive drift ratio. Maximum rotation occurred near
the base of the wall in Layer 1 and tapered down in upper layers. The maximum flexural rotations

calculated were 00011, 0.0028, 0.0036 and 0.0058 at drift ratios ofL, -1.5,-2, and-3%, respectively.

Figure 303 shows the flexural rotations calculated for T4During cycles to positive drift ratio
(stem in compression) flexural rotation increased throughout Layers 1 through 6 with an increase
in drift. The increase was higher closer to the base of the wall, similar to T1 and T3. The maximum
flexural rotations, which occurred in Layer 2, were calculated to be 0.0017, 0.0830.004L and
0.0058 rad at drift ratios of +1, +1.5, +2, and +3%, respectivelpuring the cycles to negative drift
ratio (stem in tension), flexural rotations were largest in Layer 1, with calculated maximum flexural

rotations of 0.0009, 0.002, 0.0031 and 0.0059 at drift ratios efl,-1.5,-2, and-3%, respectively.
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4.5.4 Opening at the Bse of the Wall
Rotations due to opening of a crack at the base of the wall, or base opening, is defined herein
as the relative rotation, between the bottom row of markers on the wallrbw 1, Figure 30) and those

located on the top of the base blociFigure 32), that is

Eq.16

where[ is the base opening rotationwis the change in position of the marker identified by the
subscript, along the verticaloaxis, andf is the rotation of the base block about an axis normal to
the plane of the wall stem (as defined in sectiof.1). This definition of base opening includes flexural
rotations that occurred within the bottom-most 3 in. (76 mm) of the wall and rotation due to

elongation of the bars within thebase block.

Figures 304 through 307 show plots of base opening rotation versus drift ratio for the four
specimens. For T1, base opening rotation was somewhat proportional to drift ratio up to 2% drift
ratio, where the rotation was approximately 0.003 rad in the positive direction (&m in compression)
and-0.002 rad in the negative direction (stem in tension). Beyond 2% drift ratio, the rotation did not
further increase in the positive loading direction, with a base opening rotation of approximately
0.003 rad at 3% drift ratio. Peakforce and deformation demands(measured by opening othe base
of the flangg were nearly identical when the wall was loaded from +2 to +3% drift ratio. However,
deformation demands did increase at the base of the stem, where base opening rotatimanged
from approximately -0.002 to-0.003 radwhen the wall was loadedrom -2% to -3% drift ratio (stem

in tension).

Base opening rotation versus drift ratio for T2 is shown irFFigure 305. Early in the testthe

rotation was nearly proportional and symmetric, similar to T1, up to a maximum of 0.001 rad at 1%
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drift ratio. In the second cycle to +1.5% drift ratio, there was a sudden increase in rotatidrom 0.002

to 0.0032 rad consistent with a sudden increase in tensile strain demands at the base of the flange.
This increase led to base opening rotations at 1.5% drift ratio that weraearly 10% larger than in
other walls, which is perhaps attributable to the low tensile-to-yield strength ratios of the
longitudinal bars used in T2 Table7). In the first cycle to +2%, at a drift ratio of approximate} +15%,
there was a large increase in base opening rotation to more than 0.01 rad that coincided with fracture
of several No. 4 (13) bars in the unconfined flange. Finally, in the first cycle to +3% drift ratio (stem
in compression), base opening rotatiorrapidly increased to more than 0.03 rad due to fracture of
multiple bars, including all No. 6 (19) bars in one of theonfined flange boundary elementsA large
increase in base opening with a small change in drift ratio is not representative ¢fpical wall

behavior, unless bar fracture occurs in the vicinity of the walbase interface

Figures 306 and 307 show the base opening rotation of T3 and T4 plotted versus drift ratio.
In both specimens, aadrift ratio of 1%, maximumrotations were approximately 0.0015 rad. As drift
ratio increased, the base opening rotation due to loading the specimen in the negative direction (stem
in tension) increased more than that due to loading the specimen in positive direction (stem in
compression). At +2% ad -2% drift ratio the rotations were approximately 0.002 and 0.004 rad
respectively. At 3% drift ratio, base opening rotation at positive drift ratio (stem in compression)

increased tonearly 0.0035 rad and at negative drift ratio (stem in tension) increaed to 0.0%5 rad.

Comparisons among specimens indicate that base opening rotations were somewhat smaller
in T1 than in specimens with Grade 100 (690) reinforcement. AB% drift ratio, T1 exhibited a base
opening rotation of nearly -0.0035 whereas T3 and'4 exhibited rotations of approximately-0.0055.
These differences may be attributable to increaseelongation (due to strain penetration) of the high-
strength bars within the base. Differences in base opening rotation among specimens were less clear

in the positive loading direction (stem in compression), perhaps because the longitudinal
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reinforcement in the unconfined flange was the same among the specimearsd the total longitudinal
reinforcement in the flange exceeded the reinforcementin the confinedstem (inducing compression

yielding of stem bars, closing of crackgjreater compressive strainsand greater neutral axis depth)

455 Comparisons

Based on thefour deformation components(shear, base shearing, flexure, and base opening)
described previously,the relative contributions of eachto the total wall drift were calculated for the
second cycle of loading to each target drift ratio from 0.5 to 3% (plots for T2 were limited to a drift

ratio of 2% because of wall failure).

The total drift due to shear dstortion within the region of the wall instrumented with optical
markers (Figures28 through 31) was calculated withEq.17. It is based on the sum ovet layers of
the product of average shear distortiorf for a given layer and the heightQ of the layer. Six layers

(¢ @ were used, sed-igure 30.

3 [ Q Eq.17

The horizontal displacement of the wall relative to that of the base block, or displacement due
to base shearing, was calculated witkq.18. The average horizontal displacement of Row 1 markers
(Columns 1 through 8) Figure 30) is referred to as3=  andthe average displacement of markers in
the base block (markers B1 through B8)Kigure 32) is referred to ass 8Eq.18 has a negative sign

so that positive base shearing coincidewith positive drift ratio (stem in compression).

3 3 3 Eq.18
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The total drift due to flexural rotation within the region of the wall instrumented with optical
markers (Figures 28 through 31) was calculated withEq.19. It is based orthe sum over¢ layers (&
= 6) of the product of flexural rotation for a given layer[ and the distanceQ;,, from the
potentiometersnear the top of the wall to the centroid of that layer. This approach assumes curvature

was uniformly distributed within each layer.

3 | Qp Eq.19

The total drift due to base opening was calculated witleq. 20, using the product of the
rotation due to opening of the bas¢ and the height’Q from the base blockto the potentiometers
measuring drift (Figure 28). This approach lumps all flexural deformationgincluding those due to
strain penetration) within the first 3 in. (76 mm) of the wall at the base of the wall, where a crack was

I ACGAOOGAA O EAOA &I O AA Alnidgigre @EA AT 1T A ETET O

> [ Q Eq.20

Figures 308 through 311 show the calculated relative contributions to drift, as a percentf
total drift, of each deformationcomponentwithin the bottom 87 in. (2210 mm) of the wall, plotted
versus drift ratio. The sum of the relative contributions do not add to 100% because contributions
from the top 70% of the wall height is not accounteddr. Except for T2and the positive loading
direction of T1, which will be discussed separately below, the specimens showed similar overall
behavior in terms of the relative importance ofthe various components ofdrift. Flexural rotations
were the largestdeformation component, accounting for 50 to 70% of total drift for drift ratios

between 1 and 3%. Shear distortion accounted for %0 20% of overall drift, with the overall

49

i A1 A



contribution increasing as drift ratio increased (at 1% drift ratio, shear accounte for approximately

5 to 10% of drift whereas the contribution was closer to 15 to 20% at 3% drift ratio). Because shear
force demands did not differ muchat drift ratios between 1 and 3%, this is consistent with a
significant decrease in shear stiffnesdor drift ratios approaching 3%. Base shearing was not
important in these tests, with contributions to overall drift generally less than 5%. The only
somewhat notable difference among specimens T1, T3, and T4 in terms of components of drift was
the importance of base opening, or rotation betweeRow 1 of markers and the base blockn the
negative loading direction (stem in tension) for drift ratios greater than 1%, base opening accounted
for approximately 10% of overalldrift of T1 and 20% of overall drift of T3 and T4. This difference is
likely attributable to the Grade 100 (690) longitudinal stem bars exhibiting greater slip over their
development lengths within the base blockthan the Grade 60 bars in T1. The difference was less
pronounced in the positive loading direction (stem in compression), with base opening accounting

for approximately 10 to 15% of overall drift in T1, T3, and T4.

The exceptiors to these trends were the results for T2 (both loading directions) and the
positive loading direction for T1. For T2, the differences in behavior were due to fracture of flange
reinforcement. Up to approximately 1.5% drift ratio, the trends were similar tahose for T3 and T4.
After some of the No. 4 (13) bars in the unconfined flange fracturegthen loading to +2% drift ratio,
the contribution of base opening to overall driftwas nearly 75% in the positive loading direction
(stem in compression),much greaer than the typical 10 to 20% range of the other wallsUpon load
reversal, a small but notable increase was observed in the contribution of base shearing, perhaps due
to reduced stiffness at the wide crack at the base of the flange where bars had fraetdr The causes
of the somewhat different behavior observed for T1 in the positive loading direction are somewhat
less clear. Beginning at approximately +1.5% drift ratio, flexural rotations contributed less to overall

drift than in other specimens. In thenegative loading direction, which governs the tensile strain

50



demands imposed on the wall stem, deformation demands in Layers 1 through 6 of T1 were similar

to those of other specimens.

The percent contribution of eachdeformation componentto overall drift is plotted again
versus drift ratio, but in a cumulative manner, in Figures8812 through 315. As with data plotted in
Figures308 through 311, only deformations that occurred within the bottontrmost 87 in. (2210 mm)
of the wall were included because that is where theoptical markers were located. Because
deformations that occurred within the top-most 213 in. (5410 mm) of the wall were omitted, the sum

of the considered drift componentsdoes not add to 100%

The total share of overall drift accounted for by deformations witha the bottom-most 87 in.
(2210 mm) of the wall was smallest at drift ratios of 0.5 to 0.75% and largest at drifatios of 3%
because deformations increasingly concentrated near the wall base after reinforcement yielding.
Between 1 and 3% drift ratio, thesum of calculated deformation components accounted for

approximately 80 to 100% of overall wall drift except for the positive loading direction of T1.

In the top-most 200 in. (5080 mm) of the walls, deformations remained small throughout the
tests. This is shown for T4 in Figures316 and 317, which have the shear and flexural deformations
within the top-most 200 in. (5080 mm) of the wall plotted versus drift ratio. Up to 2% drift ratio,
shear and flexural deformations were small (less than 0.2 and 0.3% rad, respectively). Furthermore,
flexural rotations appeared to plateau beginning around 1% drift ratio after yielding occurred near
the wall base. In the topmost 200 in. (5080 mm) of T1, T2, and T3, shear and flexural deformation

data were not available(the instrumentation malfunctioned).

4.6 Crack Widths

The potential for wider cracks at service loads are a concern with these of smaller amounts

of high-strength reinforcement as a replacement for Grade 6(%20) reinforcement. Though small
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crack widths are a somewhat less imgrtant design aim for earthquakeresisting members, crack
widths can be an approximate external measure of damagkleasurements of cack widths were
made with crack comparators at four instances duringhe second cycleof each loading steppeak
positive drift ratio, zero shearforce, peak negative drift ratio, and again at zershear force. These
crack width datamay be useful to those conducting postarthquakereconnaissance Measurements
were taken at zeroshearforce to document the extent to which craks close after unloading. Crack
widths were not measured around the whole perimeter of the wall, as one side of the stem and half

the flange were obstructed by instrumentation(Figures 28 and 29).

Figures 318 through 321 show the measured crack widthsat peak drift plotted against drift
ratio. Separate plots show the crack widths measured in the confined and unconfinesions of each
specimen.Figure 318 shows that atpeak positive drift ratio (stem in compression), wallsT1, T2 and
T4 had similar crack widthsin the confined flange(up to approximately 0.13 in. or 3.3 mm, at 3%
drift ratio). Wall T3 had significantly larger crack widths in the confined flangéup to approximately
0.3 in. or 76 mm, at 3% drift ratio). In the unconfinedflange,crack widths at peak positive drift ratio
were generally larger than in the confinedflange, and all four specimens exhibited similar crack
widths (as expected given that reinforcement ratiosvere the same in the unconfined regions of the
walls). At zero shear force, following peak positive drift ratio, cracks tended to close somewhat in
both the confined and unconfinedregions of the flange fFigure 319). There was no clear difference
between walls with Grade 60(420) reinforcement and those with Grade 100(690) in terms of the
extent to which cracks closed afteunloading. Crack widths in the unconfined flange at zershear
force, which tended to be larger than in the confined flange, were approximately 0.07, 8,5and 0.20

in. (1.8, 33,and 51 mm) at target drift ratios of 1.5, 2, and 3%.

In the negative loadingdirection (stem in tension) walls with Grade 60(420) and Grade 100

(690) reinforcement again exhibited similar crack widths and a similar degree of recovery after
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unloading (Figures 320 and 321). In the confinedstem, T3 had the largest crack widths (up to 0.25
in. or 64 mm) followed by T1, T4, and T2. In the unconfined stemall walls exhibited similar crack
widths (as expectedgiven that reinforcement ratios were the samen the unconfined regiors of the
walls). At zero shear force, after reaching peaknegative drift, measured crack widths were again
smaller than at peak drift and showed no clear difference in behavior between walls with Grade 60
(420) and Grade 100 (690) reinforcementAfter reachingtarget drift ratios of 2%, T1 had a maximum
measured crack widthin the confinedand unconfinedstem of 0.13 in. (33 mm) at zero shear force
(Figure 321), while T3 and T4 had maximum measured values of ®in. (4.8 mm) and 013 in. (3.3

mm), respectively.

To evaluate the extent to which cracks close after loading, a crack width ratio wasaahted
as crack width at zeroshearforce (x ) divided by crack width at the preceding peak displacement
(x ). Crack width ratio is plotted inFigure 322 for the confined and unconfined flange for loading
in the positive direction and in Figure 323 for the confined and unconfined stem fotoading in the
negative direction.Based onFigures322 and 323, for drift ratio cycles at or below 1%, thaneasured
crack widths at zero sheaforce were about 1/3 of those measured at peak drifts. Falrift ratio cycles
greater than 1%, the measured crack widths at zershearforce were about 2/3 of those measured
at peak drifts. Thee is no consistent difference in crack width ratio between walls with Grade 60
(420) and Grade 100 (690) reinforcement.th general, for drift ratios greater than 1% inthe positive
loading direction, walls with Grade 100 (690) reinforcement(except T2) had slightly lower crack

width ratios than T1but no trend was identified in the negative loading direction.

4.7 Wall Elongation

Elongation of each layer of the wall within 87 in. (2210 mm) of the base is plotted in Figures
324 through 327 for all four walls, at target drift ratios of 0.75, 1, 1.5, 2and 3% (except 3% drift ratio

was not included for T2). Elongation was caldated as the change in vertical distance between
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markers of consecutive rowsat the instance ofzero shear forceafter completing the second cycle to
each target drift ratio. Elongation of a layer was then defined as the average elongation calculated for
markers in Columns 1 through 8 for that layer Figure 30). To facilitate comparisons, fia marker was
not working in one of the specimens, that marker was omitted from calculations of elongation for all
other specimens. Note that the elongation plotted at 1.5 ir{f38 mm) above the base of the wall
occurred over a 3in. (76-mm) thick layer (without an assigned layer number)whereas all other

elongation dataoccurred over 14-in. (356-mm) thick layers (Layers 1 through 6 refer to Figure 30).

The figures show that at 1% drift ratio wall elongation pelayer was less than approximately
0.05in. (13 mm) in all specimens, indicating thatdamage and esidual deformations were minimal
in all specimens. After two cycles to 1.5% drift ratio, the largest elongation per layer observed in each
specimen was betwen 009 and 0.12 in. (23 and 3.0 mm), with the maximum elongations all
occurring within 31 in. (787 mm) of the base. Although the maximum values were similar among
specimensat a drift ratio of 1.5%, there were differences: T1, T3, and T4 exhibited elontjans per
layer between 0.03and 0.09 in. (076 and 2.3 mm)in Layers 3 and 4at elevations between 31 and
59 in. (787 and 1500 mm)whereas T2 exhibited elongations per layethat were less than0.03 in.
(0.76 mm) for Layers 3 and aboveThese observations supportthat plasticity and the associated

residual deformations were more concentrated near the bas@an T2 than in other specimens.

At 2% drift ratio, modest differences were observed between T1, T3, and Tdxcluding T2
because bars fratured when loading to 2% drift ratio). The distributions of residual elongation were
similar in T1 and T4, which had similar tensile-to-yield strength ratio for the longitudinal
reinforcement ("QF'Q=1.34 and 1.36 for No. 6 (19) bars). After loading t8% drift ratio, elongations
ranged from 0.16 to 0.28 in. (4.1 to 7.1 mm) in T1 and Mlto 0.26 in. (36 to 6.6 mm) in T4. This
contrasts with T3, which exhibited residual elongations ranging from 0.08 to 0.47 in. (2.0 t®Inm).

Wall T3 therefore exhibited more concentrated residual elongation, a measure of damage, than T1 or
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T4. This may be attributable to the lowtensile-to-yield strength ratios of the longitudinal

reinforcement in T3, with"OF'Q  p& dor No. 6 (19) barsand 1.21 for No. 4 (13) bars

4.8 Stiffness

Stiffness is defined as the force required to cause a unit displacement. In this section, stiffness
refers to the lateral force required at the top of the wall to move the top a unit distanaeith respect
to the base of the wall. The levdbr displacement measurement was located 10 in. (254 mm) below
the level at which the load was appliedshown inFigure 28 as the plane of action for actators. For
each of the tested walls, stiffness was determined using data from the measured shear versus drift
ratio (Figures 37 through 40). Two stiffness measures are presented, the effective initial stiffness
and the unloading stiffness) . Stiffnesst represents the secanstiffness tothe notional yield point
(w FO) generally used in the definition of an idealized forcalisplacement curve Figure 328). The
unloading stiffnessu represents the secant stiffness from the maximum displacement of a loading
cycle to the point of zeroshear force (Figure 328). Bothv and 0 have been identified as key
parametersfor numerical models that support theseismic analysis and design of reinforced concrete

members[57.76],

4.8.1 Effective Initial Stiffness

The envebpe of the measured force-displacement response for each of the four walls is
shown in Figures329 through 332. For each of these figures, the bottom horizontal axis refers to the
drift ratio and the top horizontal axis to the displacement measured a the top of the wall (both
corrected for movement of the basdlock), while the vertical axis refers to the shear force applied at
the top of the wall.Figure 28 shows the point of application for the lateral load (300 inor 7620 mm
above the basélock for T1 and T3, 297 inor 7540 mmfor T2 and T4) and the point of measurement

for the lateral displacement (290 in.or 7370 mmfor T1 and T3, 287 inor 7290 mmfor T2 and T4).
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The coordinates of each data point defining the envelope iRigures 329 through 332 are
presented inTable11. The ewvelope was determined by identifying the drift ratio (for each loading

direction) associated with the peak shear attained for each step of the loading protocdlgble 2).

To allow for a direct comparison of the wall envelopes, data frorRigures 329 through 332
are combined inFigure 333. The figure shows thavalues ofww  for each loading directionexceeded
the shear(® andw associated with the development of the nominal flexural strengtlealculated
using specified material properties (as reported in Table 3). In the negative loading direction, T2
reached the lowest lateral strength 37 kips or 1050 kN) and in the positive direction, T3reached
the lowest lateral strength(275 kips or 1220 kN), as reported inTable9. The envelopeof T1 exceeds
that of other walls mainly due to the higher measureedo-nominal yield strength of its flexural
reinforcement, with the No. 6(19) and No. 4(13) Grade 60(420) bars exhibiting actual yield

strengths of 70 and 76 ksi 483 and524 MPa), sedable?.

The envelope of the measured forcalisplacement curve was used to determine theffective
initial stiffness0 based on the secant t@0% of the maximum force resisted by the walls in each
loading direction. The selection of 80% of the maximum shear force to determine the notional yield
point ¥ RO is justified based on data shown irFigure 333, where the 80% threshold consistently
identified the onset of a significant reduction in stiffness (as measured by the slope of the shehift
curve). The value ofthe shear force associatedvith 80% of the maximum (&g and wg) and the
corresponding secant stiffnes{0 anduv ) are shown at the bottom ofTable 11. Theaveragevalue
of Ke obtained for T1 was 163 kips/in. ( 28.5 kN/mm), approximately 40% greater than the average
of 115 kips/in. (20.1kN/mm) obtainedfor T2, T3, and T4The values o0 (which are based on shear
drift measurements) include the effects flexural d®rmations, shear distortion, and strain penetration.
Values of in Table 11 are shown inFigure 334 normalized by the flexural stiffness of a cantilever

wall subjected to a single lateral force applied at a distan¢@ from support, based on gross section
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properties,0 ;0 OQ "Q . The figure shows values a§ 0 j varying from approximately 1/6 for

T1 to approximately 1/9 (on average) for T2, T3, and T4igure 334 indicates,0 for walls with high-
strength reinforcement was approximately 70% ofo for the wall with conventional reinforcement.
The ratio of calculated cracked moment of inertidO (calculated based on the measured
material properties) to gross moment of inertia’Ofor each wall is shown inFigure 335. This ratio
clearly only accounts for flexure. On averagé) j ‘Ohad values of 0.24 for T1 and 0.15 for T2, T3, and

T4. Similar to0 0 j ,"O for walls with high-strength reinforcement was approximately 70% ofO

for the wall with conventional reinforcement.

Stiffness was also calculated accounting for deformations due to flexure, shear, and strain
penetration and assumingcracked section propertiesthroughout the height of the wall asshownin
Table 12 (with notations and definitions in APPENDIX A: NOTATIONThe ratios of measuredto-
calculated stiffness at the bottom ofTable 12 ranged between 091 and 0.98, with a mean of 0.%
indicating that the calculated stiffness iggenerally greater than the measured stiffnessgonsistent
with observations by otherg$35.741,

Most variables listed inTable 12 are commonly used by practicing engineers, excefar %o
and_. Parameter%o is a stiffness reduction factor to account for shear cracking and increasthe
contribution of shear deformations tothe overall displacement of the wall. A general expressiorfor
%o is presented in Referencé&2 and is proportional to the amount of transverse reinforcement. For
low transverse reinforcement ratios,values of%. may range betweenl1/20 and 1/10.

Parameter _ is used to define the effective embedment length athe primary flexural
reinforcement into the foundation to develop™Q assuminga uniform bond stress. This effective
length, calculated as¢_Q , is used to estimate rotation at te wall base attributed to strain
penetration. The bar is thus assumed to be subjected to an average strain of¢ throughout ¢_Q .
Using the design equation for dvelopment lengthin AC1408I7],the embedment length corresponding

to % p, confined concrete, and actudand™Q , results in16Q ,31Q ,27Q , and26Q for T1, T2,
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T3, and T4, respectively. On the basis of these calculated valuesias set to8, 15, 4, and 13 for T1,

T2, T3, and T4 Table 12). Values of_as high as 25 have been recommendeéés!.

4.8.2 Unloading Stiffness

The unloading stiffnessp , is defined as the secant stiffness from the maximum drift of a
loading cycle to the point of zero shear forceRigure 328). Table 13 contains the measured kear
versus drift data usedfor calculating . The data correspond to the peak drift (and the associated
shear force)measuredduring the second cycls of the loading stepqTable 2) with target drift rati os
of 0.79% or greater. Values ob in Table 13 are presented inFigure 336 as a function of the target
drift ratio, while in Figure 337,0 is normalized by the flexural stiffness based on gross section

properties, 0 ; . The data in Figures336 and 337 suggest a reduction ofo by a factor of

approximately 0.6 foran increase in drift ratio from 1 to 3%.

For reinforced concrete membersK, is generally defined as a function of the effective initial

stiffness Kd571 using

0 0 % Eq.21

where Y is the notional yield displacement(refer to Section4.8.1),Y is the previously attained

maximum displacementin a direction of loading and is the stiffnessreducing exponent.Separate

values of0 ,0 ,¥ ,andY are assigned to each direction of loading.

The effect of parameter on several aspects ofhe calculated seismic response of numerical
models is significant including on response amplitude, response waveform, residual displacement,

and hysteresis shapeParametert controls the amount of stiffness retained during unloading. For a
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perfectly elastoplastic system| = 0. For reinforced concrete, normally ranges between 0 and

0.505767],

For each of the tested walls, the value pfwas determined for different drift ratios based on

Eq.21 with data from Table11 for 0 and¥ , and fromTable13for 0 andyY . The values oV

are derived from data inTable 11 assuming that the forceVos defines the notional yield forcew. The
resulting values of are shown inFigure 338 as a functionofY  j ¥ for both directions of loading.
For values ofY j¥Y between 2 and 4, the values of ranged between 017 and 034 for T1 and

between 020 and 043 for walls reinforced with Grade 100(690) steel bars.

4.9 Hysteresis

49.1 Takeda Model

The measured response of the walls is compared with a for@eformation relationship based
on a simplified version of the Takeda hysteresis modét.76l. The model, described irrigure 328, is
defined by four parameters: the effective initial stiffnessp ; the yield force,”O; the postyield

stiffnessu ; and the stiffness reducing exponent,.

The simplified Takeda nodel uses a bilinear primary curve with an initial sloped and a post
yield slope0 , where a single value ob (for each wall) is adopted for both loading directions using
the average of the two values @ reported in Table12. The force' Ois obtained from Table
11 using the values associated withbg T@w .The postyield stiffness0 is defined as a
fraction (between 0 and 0.1) of the initial effective stiffness . Values ofo ™8t w are in

reasonable agreement with the measured sheatrift re sponse of walls T1 through T4.

The stiffness reducing exponent were examined in Sectiord.8.2 The data inFigure 338
show thatvalues off for T1 were slightly lower than thosefor T2, T3, and T4. Thus, adopting a value

of | @ for T1 would imply values of| between 0.3 and 0.4 for the other walls. Figure839
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through 342 compare the measured response with the Takeda model. The figures show reasonable
agreement between the breakpoints of the model anche measured response, indicating that the

values assigned to the four hysteresis parameter®)(,"O,0 , and ) are satisfactory.

The coordinates of the line segments representing the Takeda model were derived following
the hysteresis rulesdefined by Takeda et al’é! The initial line segmens of the model connect the
origin to the yield points,of coordinates("0j U ,"O) followed by post-yield line segments of slopa)
connecting the points representing the peak drift (reported inTable 13) attained during second
cycles of eah step of the loading protocol Figure 15). At each peak drift, the model unloads and
reloads in the opposite direction following the loading protocol.The unloading line segment is
controlled by parameter| , as indicated inFigure 328, while the reloading line segment is controlled
by the previously attained maximum displacement. The close agreement between the measured
zero-shear displacements and those corresponding tdhe Takeda model supports the selected values
for the model parameters. The last segments of the Takeda model for TRigure 340) deviate
considerably fom the measured response due to bar fractureat a drift ratio of +1.5% en route to a

drift ratio of +2%.

4.9.2 Energy Dissipation
The sheakrdrift relationships measuredduring the second cycle td,, 1.5,2,and 3% drift ratios
are shown inFigures 343 through 346. The data in thefigures were usedto calculate the hysteretic

energy dissipation index5”! for each of the tested wallaising

(o} — Eq.22

where w is the amount of hysteretic energydissipated per half cycle foreach loading direction

resisting aforce ® at the peak displacement , as illustrated in Figure 347. The value of the index
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represents the equivalent viscous dampingfactor of a linearelastic system capable of dissipatig
energy @ in one cycle under steadystate oscillations7]. In reference 57, 0 was defined with a
denominator of ¢*Y @ to account forc being calculated for a full loading cyclerigure 348 shows
the values ofO andO for the positive (stem in compression) and negativéstem in tension)loading
directions. For drift ratios of 1, 1.5, 2, and 3%yalues ofO for T1 were 0.11,0.19, 0.20, and 0.22,
respectively, while for T2, T3, and T4 the averag® for drift ratios of 1, 1.5, 2, and 3% wereD.08,
0.13, 0.17, and 0.21, respectively. For drift ratios df, 1.5, 2, and 3%, values & for T1 were 0.09,
0.17, 0.18, andd.19, respectively, while for T2, T3, and T4 the averad@® for drift ratios of 1, 1.5, 2,

and 3% were0.07,0.12, 0.15, and 018, respectively.

The above data indicate thatfor drift ratios between 1 and 2%, the hysteretic energy
dissipation indexO for walls with high-strength reinforcement (T2, T3, and T4)was on average
approximately 80% of O for the wall with conventional reinforcement (T1). Similarly, data
presented in Sectiord.8 showed that the value o) for walls with high-strength reinforcement was
approximately 70% of 0 for the wall with conventional reinforcement. Additional studies are
needed to investigae the combined effects of reduced and’O on the nonlinear seismic response

of wall systems with Grade 100 (690Yeinforcement.

4.9.3 Modeling Parameters

Basic modeling parameters to define the generalized foregeformation relationship for
structural walls are given in ASCE 41 (20371 for calculating nonlinear seismic responseTable 14
shows the main parameters defining the expected envelope of the hysteretic response following
Figure 10-1(a) from ASCE 41 (2017). The envelope is defined by points A through E, where point B
represents theeffectiveyield point, point C the strength or peak force, point D the pogieak strength,

and point E the loss ostrength. The coordinatesof these points are given inTable 14 for structural
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walls controlled by flexure and subjected to low axial and sheastresses(see footnotes in Table 14)

from combined gravity and seismic loading.

Figure 349 compares the measured hysteretic response with the envelopes defined in
accordance with Table 14. The plotted data show that the proposed value for effectivllexural
stiffness (with coefficientsof 1/5 for T1 and1/7 for T2, T3, and T4)and effective shear stiffnesswith
coefficient of 1/10) are more realistic than those based on ASCE 41 (2017). The proposeefficients
differ from those in Sectiord.8.1, where the coefficient only applied to flexural rigidity with the intent
of representing the combined effects of deformations due to flexure, shear, and strain penetration
with a single coefficient The line AB inFigure 349 is based on the combined use dhe flexural
stiffnesscoefficient (1/5 for Grade 60 and 1/7 for Grade 100andthe shear stiffness coefficien{1/10
for all grades), asshown in Table 14. In ASCE 41 (2017) the flexural stiffness coefficient includes the

effects of strain penetration.

The daa in Figure 349 also show that for all cases, the measured response intersects the
proposed postyield line between points B and C, while the posyield line based on ASCE 41 (2017)
represents unattainable valuesThe proposed value op®0 instead of0  (refer to footnote g in
Table 14) provides a reasonable estimateRegarding the deformation capacity, based on exceeding
the horizontal segment defined by points D and E, all walls (except T2) exceeded DE in two

consecutive cycles.

Based onthe above observationsthe modeling parametersin ASCE 41 (2017¥or structural
walls (subjected to low axial and shear stressesjeed to be modified, particularly for valuef initial

stiffness (coordinates of point B) and strength (coordinates of point C).
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5 CALCULATION OF FORGCBEFORMATION RELATI®ISHIPS

5.1 Material Models

5.1.1 Stressstrain Relationships for Concrete in Compression

Idealized stress-strain curvesfor compressed concrete (unconfined and confinedre shown
in Figure 350. The relationships aremodified versions of the model proposed by Park et db8l A
plateau was used toassociate a larger strain with the pealconcrete stress following the models
proposed by otherd52 71, Figure 351 shows the stressstrain curves for confined and unconfined
concrete adopted formoment-curvature analysesof T1, T2, T3, and T4. The curves are based on the

model in Figure 350 with the parameter valuesshownin Table 15.

For unconfined concrete the peak stress™Q was taken from the averageof the concrete
compressivestrengths of lifts 1 and 2(reported in Table6). The strain- corresponding tothe peak
stresswas defined based onthe experimental curves showrby Darwin et all29 for "Q from 3,000 psi
to 12,000 psi (21 to 83 MPa)where - is nearly a linear function of'Q . In Figure 350, the descending
slope of the stressstrain curve for unconfined concrete under compressionis controlled by the
parameter &, where® and® refer to unconfinedconcreteand confinedconcrete. The valuesof &

in Table 15 were derived considering the experimental data presented byander et all49.50l, The

behavior in tension is assumedo be linear up to a tensile strength ok® Q D O@®.62 Q - 0 A

with zero post-cracking strength.

Parameter 0 in Figure 350 and Table 15 was based on the modified Kent and Park stress

strain models8l using
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The peak stressof confined concrete€’Q was calculated using

ROV Eq.24

where” is the ratio of volume of rectangular steel hoops to volume of concrete core measured to
the outside of the peripheral hoop;"Q is the measuredyield strength of steel hoopscorresponding

to No. 3 (10) bars inTable 7.

5.1.2 StressStrain Relationships for Reinforcing Steel

Assumed stressstrain relationships for reinforcing steel were based orthe actual stress
strain curves (Figure 16) obtained from tests oflongitudinal bars. Due to limitations of the moment-
curvature program, alllongitudinal bars were modeled based on the characteristics of the N®(19)

bars.

For each wall, noment-curvature analyses were conducted usingtwo steel modek: an
elastoplasticmodel and astrain-hardening model, bothrepresenting the No. 6 (19)ongitudinal bars.
Idealizations of these models are shown ifrigure 352. The key parametersdefining the shape of the
curves are listed in Table 16 with parameter values adjusted tgprovide astress-strain curve in close
agreement with the measured stressstrain data (Figure 16). Figure 353 shows a comparison

between measured(Figure 16) and parametric (Table 16) stress-strain relationships.

5.2 Moment-Curvature Relationships

5.2.1 Assumptions
The computer program QBIAX, developed by Dragoviéhk for computing biaxial moment
curvature relationships of reinforced concrete sections, was used to calculate monotonic moment

curvature responses. The program operates by discretizing the cross section into a dense array of
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subsections with a specified ara and centroidal coordinates. Each subsection represents unconfined
concrete, confined concrete, or reinforcing steeakith their corresponding constitutive relationships.
For a target curvature, the program uses an iterative process to determine the neutr@xis based on
axial force equilibrium. Calculated nmoment-curvature relationships for walls T1, T2, T3, and T4 are
shown in Figures354 through 358. Concrete and steel properties considered for the analysis are
listed in Tables15 and 16. Axial load wasassignedbased on thevaluesreported in Table3. Each wall
was analyzed for two loading directionsstem in compression and stem in tension. The wall sections
were reinforced according todata shown inFigure 13, and the axial compressive loads wer@ssumed
to act at thegeometric centroid. The confinedconcrete in the boundary elementswas assumed to
extend to the outside of the transverse reinforcement, which had a concretear cover of 0.75 in.

(29 mm).

Key points identifiedin Figures354 through 358 are associated withsix events: (1)first yield
(where yield strain is reached atextreme tension reinforcemend; (2) yield at @b (where yield
strain is reachedat a distancer®Jb from the extreme compression fibe}; (3) flexural strength 0
(where the maximum stress in reinforéng steel is limited to its yield strength and the maximum
strain in the compressed concrete is limited to 0.008 (4) compressive strain of 0.01 is reacheih
the confined concrete; (5) compressive strain of 0.015 is reached the confined concrete;and (6)

uniform elongation - is reached atthe extreme tension reinforcement

5.2.2 Moment-Curvature Relationshigs for Walls with Grade 60(420) Reinforcement
Moment-curvature data for T1 are shown inFigure 354. As expected, theplotted data show

that the computed value of0 (in accordance with Chapter 22 of ACI 31841¢]) is below the

maximum moment calculated foreach direction of analysisin the positive loading direction (stem in

compression), the maximum curvature was controlled by thenaximum usable stain - of the No.
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4 (13) barsin the unconfined flange In the negative loading direction (stem in tension), the maximum

curvature was limited by-  of the No. 6 (19) bars in the wall stem

5.2.3 Moment-Curvature Relationshigs for Walls with Grade 100(690) Reinforcement
Moment-curvature relationships for T2, T3, and T4 are shown in Figure355 through 357.
For all walls reinforced with Grade 100 (690) reinforcement, regardless of the tensito-yield
strengthratio "Q "Q , thesequenceof key events in the plotted datdor a given direction was similar.
The plotted data show that the computed value a¥ is consistently belowthe maximum calculated
moment for each direction of analysis and regardless &f) "Q These results support the use db

based on ACI 318L4l¢ for design of walls with Grade 100 (690) reinforcement

In the positive loading direction (stem in compression), the maximum curvature was
controlled by the maximum usable strain-  of the No. 4 (13) barsin the unconfined flange. In all
three walls, the No. 413) bars had a lower maximum usable strain thathe No.6 (19) bars. In the
negative loading direction (stem in tension), the maximum curvature was limited by the of the

No. 6(19) barsin the wall stem.

5.2.4 Comparisons

For all walls, the computed value of0 was consistently below the maximum mment
calculated for different steel types and loading directios. In the positive loading direction(stem in
compression), the curvature associated with bar fracture in the unconfined flange for T1 was more
than twice that ofwalls with Grade 100 (690)reinforcement (T2, T3, and T4)This may be attributed
to No. 4(13) barsin T1 havingnearly twice the uniform elongation of the No. 4 (13) bars irthe Grade
100 (690) walls. In the negative loading direction (stem in tension), the curvature associated thi
bar fracture in the confined stem for T1 was approximately 50% more than that of all Grade 100

(690) walls.
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To facilitate comparison,Figure 358 overlays momentcurvature plots for all walls. Wall T1
shows greater momentcapacity than the other wallsmainly due to the actuaito-nominal yield
strength ratio of the flexural reinforcement. All walls were proportioned to have nearly identical "Q
with "Qbased on nominal yield strength of 60 ksi (414 MPa) for T1 and 100 ksi (690 MPa) for T2, T3,
and T4, seelTable 7 for actual yield strengths.Figure 358 also suggests that the slope of the moment
curvature diagram, from the origin to the apparent yield point, is greater for T1 than for thether

walls.

Figure 359 shows the maximum measuredmoment w "Q during testing normalized to
the maximum calculated moment 0 from moment-curvature analysis The figure showsthat the
maximum measured moment did not exceedthe maximum calculatedmoment. The ratics are
between 0.9 and 1.0 for the positive loading direction (stem in compressionand between 0.8 and
0.9 for the negative loadingdirection (stem in tension). The lower ratio in the negative loading
direction is most likely due to having each loading cycle start witthe positive loading direction
(stem in compression) Plastic deformations of the flange reinforcementn tension during positive
loading were not fully recovered during negative loading,which affected the contribution of the

flange concrete in compression.

The maximum measured moment w "Q during testing is normalized to the nominal
flexural strength 0 in Figure 360. The maximum measuredmoment during the test is consistently
greater than the calculated nominal strength for all walls, except for T2 irhé negative loading
direction (stem in tension). Thisis due to the failure of the wall in the other direction (stem in

compression) before reaching the full capacity in the negative loading direction (stem in tension).

Figure 361 shows the curvatures calculated at relevant events for all walls in both loading
directions. In the positive loading direction the sequence of relevantevents was similar for all

specimens field point, nominal flexural strength0 , confined core at strains of 0.01 and 0.01and
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reinforcement at uniform elongation - ). However, in the negative loading direction (stem in
tension), the sequence of elevant events for T1 (yield point, nominal flexural strengthd , and

reinforcement at uniform elongation - ) was different thanthat of T2, T3, and T4where curvature

for 0 exceeded the curvature for .It is important to note that the curvature corresponding to0

is based on an elastoplastic model for the reinforcing steel. Using a more realistic strdiardening

model (see Figures355 through 357) shows that the curvature associated withd 0 are

appreciably smaller than those obtained with an elastoplastic maal.

5.3 Deformation Capacity

5.3.1 Assumptions

A general simplified model was used to evaluate the deformation capacity thfe walls. The
model was based on the plastic hinge model illustrated iRigure 362, where flexuraldeformations
consider elastic and plasticcurvatures. The model relies on the calculated monotonic flexural

response from moment-curvature analysis) of wall crosssections.

For the cantilever wall represented in Figure 362, the plastic hinge model is used to
determine the lateral displacement at a distancéQ from the support. Figure 362 (b) shows the
curvature distribution assuming a triangular moment diagram, with maximum moments at the

support, and linearelastic behavior up to yieldng of the tension reinforcement. The dift o

associated with the yield curvature¥%o. is obtained using

Wi % Qjo Eq.25

The vyield curvature is taken from the momenicurvature diagram assuming the

reinforcement vyield strain is reached at a distanca@® /bfrom the extreme compression fiber.
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Loadingthe member beyondflexural yielding is assumed to induce plastic curvature ovehe plastic
hinge length/b . Based onFigure 362 (c), the drift w corresponding to the plastic curvature is

defined by

/b
W R %o % Jb Q ? Eq26

where %o is the maximum curvature reached at the support. A variety of different expressions have
been proposed for/b, primarily as a function of /b and the shear span ratio/bj "Q . The simple
expression/b T1@J/b or T@/b is adopted here, where/b is the length of wall section inthe
direction of the shear force A value of T@®/b is commonly used when consideringpnly deformations
due to flexure, while T@/b is more appropriate when adding the effects of shear and strain

penetration. The use off@ /b corresponds to a linear distribution of curvature from%o. to %o over a

length of approximately 7@ "Q , which provides a plastic rotation ofT@® % %o 1@ /b for

MQjb o

Basedon the displacements associated with the elastic and plastic curvatures, the total

deformation due to flexurew is obtained using

w Yi ¥i Eq.27

To account for the displacementiue to shear distortionw alongthe shear spanEq.28 was

used It allows for different effective shear stiffnesgsfor the elastic and plastic regions of the wall
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W /b Q b Eq.28
® 70 %o | %o | q

where w is the shear force corresponding to thenoment associated with thelimiting curvature %o .
The average shear distortion in the botton®0 in. (127 mm) of each wall (Figures292 through 295)
was used to estimat&o ; . Figure 363 shows that the effectiveko ; varied with increases in drift
ratio and differed in the positive and negative loading directiondBased on the proposed relationship
between%o; and drift ratio shown in Figure 364, %, was taken as 1/100 for all walls. This
value o %o ; was used in estimations of deformatiorcapacity becauseahe calculated deformation
capacities were close to 3%or %0 ;; a value of 1/10 was used for all four wallsconsistent with the

recommended value inTable 12 for determining the effective stiffness of the walls

To account for the displacement due to effects of strain penetration, théerivation in

APPENDIX B provides

® | _Q%0Q Eq.29

where %o is theyield curvature, Q is the diameter of theprimary longitudinal reinforcement, and_
is the number of bar diameters over which reinforcement strain is assumed to occur uniformlyo
develop™Q Considering all three sources of deformation: flexure (f), shear (v), and strain penetration

(sp), the deformation capacityw is determined using

W ® © Eq.30
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where o ,w , andw are based on EqR7, 28, and29, respectively.

5.3.2 Deformation Capacity ofT-Shapedwalls

The deformation capacity of T1, T3, and T4 wasontrolled by bar fracture in the confined
stem due to loading inthe negative direction (stem in tension).Except for T2, bar fracture was
preceded bybar buckling (see Sectiod.2). Given that he momentcurvature analysis is limited to
monotonic loading anddoes notaccount forbar buckling,the momentcurvature data were used with
special limitations for estimating the deformation capacity of walk subjected to cyclic loading.
Considering thatthe deformation capacity of walls T1, T3, and T4 wasontrolled by the negative
loading direction (stem in tension) due to bar fracture (following bar buckling), the deformation
capacitywas determined by limiting the compressive strain in the confined coreof the stem forthe

positive loading direction.

Deformation capacity of the walls vas calculated using two methods. The first method was
based only on deformations due tdlexure (w ). For this method, the concrete compressve strain in
the confined core € ; ) was limited to 0.015[79, The curvature %o associated witha strain of 0.015
in the confined stemwas used to calculate the deformation capacity of the wallased onEq.27. The
deformation capacity (based on flexure only)was calculated using a plastic hinge lengtbf /b

T® /b . The key parametersused in this methodare listed in Table 18.

The secondmethod calculates the deformation capacity using contributions from flexure,
shear, and strain penetration.Considering the additionalcontribution s of deformations due toshear
and strain penetration, the contribution of flexural deformations was limited to the use ofa plastic

hinge lengthof /b 1@ /b. The key parametersused in this methodare listed in Table 19.
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5.3.3 Comparisons

The calculated deformation capacities for each wallare compared to the measured
deformation capacity inFigure 365. The data show that the calculated deformation capacities were
conservative for T1, T3, and T4. In general, the calculated deformation capacity based on flexure only
was approximately 10% greater than the deformation capacity based on combined flexure, shear,
and strain penetration, indicating that the use ofb T® /b instead of T® /b compensates for
neglecting deformations due to shear and strain penetration. However, the two reds failed to
provide a conservative estimate for the deformation capacity of T2. The relatively low measured
deformation capacity of T2 is related to the lowensile-to-yield strength ratio "I'Q  p&® of the No.
4 (13) longitudinal bars.A plausible explanation is thatthe low value of F'Qreducedthe plastic hinge
length /b for T2. Figure 366 shows the deformation capacityof T2 based on aeduced plastic hinge
length. The figure shows that a value ofb betweenT® /b and @ /b is required for a conservative

estimate of the deformation capacity of T2

5.4  Strain -Drift Relationships

5.4.1 Assumptions

The plastic hinge model was sed tocalculatethe maximum strains associated witha target
displacementto compare with themaximum measured strairs. The measured strain data were taken
from reinforcement strain gauge data and concrete strain data reported in Chapter Zhe data
assodated with target drift ratios of 1.5 and 2% were selected given that most of the gauges stopped

working for target drift ratios greater than 2%.

To calculate strain for a specific target drift ratioy , it is necessary to determine the

associded curvature %o from
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w % Qjo % % Jb Q i © i L Q% Q EQ.31
A 00 §2 ] 00 00 C 5 O %o %o 1 I Q%o q.

where deformations due to flexure, shear, and strain penetration are accounted fand/b T® /b.

The value of  in Eq.31is estimated based on data ifrigure B3 using

oY Eq.32

where 'O "Ms the drift ratio (in percent) limited to values between 1 and 2%, for whichh  varies

between 2 and 4.

Alternatively, the curvature %. may be derived from

/b
W % Qjo % % Jb Q < Eq.33

where only deformations due to flexure are accounted for, antb 1@ /b.

From Eq. 31 or Eq. 33, the strain corresponding to the specific target drift ratiow is

determined with the combined use 0Pt and the depth of the neutral axigcorresponding to %o).

5.4.2 Strain-Drift Relationshipsof T-shaped Walls
Calculated strains for T1, T3, and T4 when subjected to drift ratios between 1 and 2% (in both
loading directions) are shown in Figures367 through 369. Figure 367 shows the comparison of

maximum calculatedreinforcement tensile strains with maximum measured strains (based on strain
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gauge data). The figure shows data for three walls and four drift ratios, for a total of 12 cases. In 10
out of 12 cases, the measured strains were greater than the calculated strains. The dat&igure 367
clearly indicate that the plastic hinge model is inappropriate for estimating strains in the longitudinal
reinforcement. Maximum reinforcement strains were generally underestimated, with average
meaaured-to-calculated maximum tensile strains approaching 1.3. The result is not surprising given
the numerous limitations of the model including an inability to capture reinforcement strain

concentrations at cracks and member elongation under repeated inedic cyclic loading.

Figure 368 shows a comparison of maximum calculated concretetensile strains with
maximum measured concrete surface strains (based on optical markerghe calculated maximum
tensile strains of concrete were generally greater than the measured strain suggesting that the
plastic hinge model is appropriate for estimating the strain®n the concrete surfaceSimilarly, Figure
369 shows the comparison of maximumcalculated concretecompressive strairs with maximum
measured concrete surface strains. The plotted data show that the calculated concrete compressive
strains were significantly lower than the strains measured in the stem (for positive drift ratios) but

much closer to the strains measured in the flange (for negative drift ratios).

The observations noted above regarding Figure8367 through 369 are also supported with

the average oimeasuredto-calculated strain ratios reported in Figures370 through 372.
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6 CONCLUDING REMARKS

Results were reported from tests of four largescale Fshaped reinforced concrete shear walls
(T1, T2, T3, and T4) subjected to reversed cyclic displacementdl specimens had the same nominal
concrete compressive strength and wall dimensions, and nearly the same nominal flexural strength.

The walls were designed so that flexural yielding controlled their lateral strength and induced an

average shear stress not exceedirg)5 "Q, psi (0.29 "Q, MPa).

The walls werenot subjected to externally applied axial loads other than the weight of the
testing apparatus and seHweight. Wall T1 was constructed with conventional Grade 60 (420)
reinforcement and T2, T3, and T4 were anstructed with high-strength Grade 100 (690)
reinforcement. Wall T1 had flexural reinforcement with tensileto-yield strength ratios (‘CI"'Q) of 1.34
and 1.39 for the No. 6 (19) and No. 4 (13) bars, respectively. Walls with Grade 100 (690) reinforcerhen
had"Qr'Qof 1.15 and 1.10 for T2, 1.23 and 1.21 for T3, and 1.36 and 1.20 for A#.No. 6 (19) bars
were placed in boundary elements confined by No. 3 (10) transverse reinforcement atifd. (76-mm)

spacing of the same grade as the flexural reinfoement.
The main findings and observations from these tests are summarized as follows

1) Based on limited experimental results, it is recommended that Grade 100 (690) reinforcement
used in earthquakeresistant design satisfy aensile-to-yield strength ratio (OFQq | p 8¢ h
elongaton- @ | ¢obh AT A AOAJOOOATRBI T CAOET T |

2) Walls designed for a target flexural strength using Grade 60 (420) or Grade 100 (690)
reinforcement with similar "QI"Qfor the primary flexural reinforcement had similar strength and

deformation capacity. This is evidenced by T1 and T4, which had a minimum drift ratio capacity

of 3.7 and 3.9%, respectively.
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3)

4)

5)

6)

The drift ratio associated with longitudinal bar fracture was not strongly correlated with either
the uniform or fracture elongation of the reinforcement (Table 20). The No. 6 (19) longitudinal
bars in the confined boundary elements of T1, T3, and T4 fraced during a cycle to 4% drift
ratio after buckling in prior loading cycles. The drift ratio capacity of T2 was limited by fracture
of No. 4 (13) bars in the unconfined flange (without prior buckling) during a cycle to 2% drift
ratio that eventually ledto fracture of No. 6 (19) bars in the confined flange during a cycle to 3%
drift ratio. Several factors were identified as possibly causing the early fracture of the No. 4 (13)
bars in T2, these include: lowI'Q(1.10), low- (5.7%), and low lugbase radiusto-height ratio

f Smt8¢u(ds8

Bar buckling occurred despite having the confining reinforcement spaced at four times the
longitudinal bar diameter (i.e., 3in. or 76-mm spacing).Bar buckling was first observed in the
confined stem during a cycle t@% drift ratio in T1 and during a cycle to 4% drift ratio in T3 and
T4. Minor spalling was first observed in all four walls at the base of the confined stem during the
cycles to 1% drift ratio.

Buckling of longitudinal bars in regions not confined by clsely spaced transverse reinforcement
was delayed in the wall with additional concrete cover (T4). In the unconfined stem and flange of
the walls, buckling of No. 4 (13) longitudinal bars was first observed during a cycle to 2% drift
ratio in T1 and T3, which had the longitudinal bars (with clear cover of 43/8 in. or 35 mm) placed
outside the transverse reinforcement, and during a cycle to 3% drift ratio in T4, which had the
transverse reinforcement placed outside the longitudinal bars (with clear cover a2-3/8 in. or
60 mm). Buckling of the No. 4 (13) longitudinal bars had no observable effect on wall strength or
deformation capacity.

For slender T-shaped walls with low axial loads, consideration of flexural cracking alone is not
sufficient to estimate theeffective initial stiffnessv (the value ofo was determined using the

secant to the measured forcalisplacement curve at 80% of the maximum force). Comparisons of
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7)

8)

9)

the measured stiffness ( ) with the calculated stiffness (based on gross sectiofiexural
properties) resulted in measuredto-calculated stiffness ratios of approximately 0.16 for T1 and
0.11 for T2, T3, and T4. The ratio of the moment of inertia based on cracked section properties to
the moment of inertia based on gross section propées was approximately 0.24 for T1 and 0.15
for T2, T3, and T4.

The effective initial stiffness,0 , for T1 was approximately 40% greater than the average for
T2, T3, and T4, although the area of longitudinal reinforcement in T1 was 67% greater than
T2, T3, and T4. Furthermore, during loading cycles to drift ratios of 1, 1.5, and 2%, the hysteretic
energy dissipation indexO for walls with high-strength reinforcement was on average 75% of
O for the wall with Grade 60 (420) reinforcement (T1). Additional studies are needed to
investigate the combined effects of reduced andO on the nonlinear dynamic response of wall
systems with Grade 100 (690) reinforcemen

The distribution of deformations within one member depth/b, from the base othe wall was
similar in T1, T3, and T4. Surface strain measurements in T2 indicated that deformations
concentrated closer to the base of the wallithin approximately 0.5/b) than in the other walls.
T2 had reinforcement with the lowest"QF'Q, 1.15 for No. 6 (19) bars and 1.10 for No. 4 (13) bars
Recorded reinforcement tensile strains from strain gauges resulted in a poor measure of the
distribution of deformations in a wall. In T2, recorded reinforcement strains were generally
larger than in other walls throughout a distance/b from the base of the wall This was unlike

measured surface strains, which showed deformations concentrating near the base of T2.

10) Clear differences in crack widths were not observed between walls with Grade 60 (420) and

Grade 100 (690) reinforcement. Before yielding of the longitudinal reinforcement, the crack
width ratio (crack width at zero lateral force to crack width at previous peak drift) was

approximately 1/3. After yielding, the crack width ratio increased to approximaely 2/3.
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11) Wall deformation was primarily due to flexure. For all walls, regardless of reinforcement grade,
measured deformations within a distance/b from the base of the wall indicated that shear
deformations contributed approximately 5 to 10% of the toal drift at a drift ratio of 1% and
approximately 15 to 20% at a drift ratio of 3%

12) Large reductions in shear stiffness occurred as drift ratio increased, even though shear stresses
x AOA 11 x OEOI BGED fslor 28 &, MO#).ACL%dif ratio, the shear stiffness
within a distance 0.9b from the wall base was approximately 1/10 of the uncracked shear
stiffness, whereasat 3% drift ratio, the shear stiffness was less than 1/100 of the uncracked shear
stiffness.

13) The deformation capaciy of T1, T3, and T4 was conservatively estimated using a plastic hinge
model with a limiting strain of 0.015 in the confined concrete core and a plastic hinge length of
T@/b when considering the effects of flexure, shear, and strain penetration. When citering
the effects of flexure only, a plastic hinge length /b was appropriate.

14) Calculated maximum concrete strains for drift ratios between 1 and 2% were generally
conservative based on the plastic hinge model using a plastic hinge length /b when
considering the effects of flexure, shear, and strain penetration. When considering the effects of
flexure only, a plastic hinge length off®/b was appropriate. However, predictions of
reinforcement strains were highly variable. Maximum reinforcenent strains were generally
underestimated with average of measuredo calculated maximum tensile strains approaching

1.3.
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Table 1 z Summary of test program(1 ksi = 6.89 MPa)

all Yield Strength Tensile-to-Yield Strength Ratio Concrete Compressive Strengtl
"Qa Qb "Qb
ksi ksi
Tlc 60 135 8
T24d 100 1.15 8
T3¢ 100 125 8
T4d 100 135 8

aNominal yield strength for longitudinal and transverse reinforcement

bTarget values seeTable 6 (concrete) and Table 7 (reinforcing steel) for measured properties.
cTested in fall d 2015.

dTested in summer of 2016
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Table 2 z Loading protocol

Drift Ratio

Stepa 07y
0%

1lc 0.2
2¢ 0.3
3d 0.5

4d 0.75
5d 1
6d 1.5
7d 2
8d 3
9d 4

aTwo cycles of loading in each step, following
recommendations in FEMA 4684, seeFigure 15.

bDrift (lateral displacement)divided by height (from base
of wall to point of drift measurement).

cDisplacementcontrolled to a target force(based on
stiffness estimates)

dDisplacementcontrolled to a target displacement
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Table 3 z Data associated with computed nominal flexural strengtiil in. = 25.4 mm, 1 ft = 305 mm, 1 kip = 4.45 kN)

Wall "Q "Qa 0b 0 ¢ o d w e 0 ¢ @ d w e
ksi ksi kips ft-kips in. kips ft-kips in. kips

T1 8 60 61 6340 17.48 254 5610 2.52 224
T2, T3, T4 8 100 61 6160 17.93 246 5690 2.55 228

aNominal yield strength of reinforcement.
bTotal axialload at base of wall due to seffveight (44.9 kips (200 kN)), top block (9.0 kips (40.1 kN)), internal bracing (0.2 kip (0.9

kN)), and tributary weight of loading apparatus (6.8 kips (30.3 kN)).
cNominal flexural strength,0 for stem in compression and) for stem in tension. Based on general principles of reinforced

concrete in ACI 318where concrete strain is limited to 0.003, concrete stress is defined by the equivalent rectangular stress bloc
and reinforcing steelstress is limited to the yield strength"Q. For reinforcement area and location, seigure 13.
dNeutral axis depth measured from extreme compressh fiber,® and® correspondtod andd , see footnotec.

eShear associated withh  based on a nominal shear span &00 in. (7620 mm).
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Table 4 z Key dates for specimen casting and testing

Specimen
T1 T2 T3 T4

Location Cast day Test day Age Cast day Test day Age Cast day Test day Age Cast day Test day Age
days days days days

BaseBlock 3/18/2015 223 12/18/2015 173 4/2/2015 188 1/28/2016 147
Wall Lift 1 5/28/2015 152 2/11/2016 118 6/12/2015 117 2/24/2016 120

10/27/2015 6/8/2016 10/7/2015 6/23/2016
Wall Lift 2 7/16/2015 103 4/5/2016 64 6/30/2015 99 3/18/2016 97
Top Block 8/14/2015 74 4/21/2016 48 8/7/2015 61 5/3/2016 51




06

Table5 z Batched proportions for concrete mixure (1 gal = 3.79 liters, 1 02 =0.278 N, 1 b = &M, 1 in. = 25.4 mm)

Specimen
Proportions Unit T1 T2 T3 T4
(per cubic yard) Lift 1 Lift 2 Lift 1 Lift 2 Lift 1 Lift 2 Lift 1 Lift 2

Water gal 35 37 34 35 36 35 34 34
Cementitious Material ¢ 0):

Cement Ib 656 664 663 645 644 658 647 645

Fly Ash Ib 150 150 149 150 156 149 149 150
Fine Aggregate Ib 1751 1714 1714 1725 1731 1767 1737 1718
Coarse Aggregate b 1180 1180 1180 1179 1189 1180 1183 1183
Admixtures:

Retarder 0z 24 24 32 24 24 24 24 24

Rheology Modifier oz 48 48 48 48 48 48 48 48

Water Reducer® oz 36 54 56 56 54 54 56 56
Water/0 0 0.36 0.38 0.35 0.36 0.37 0.36 0.36 0.36
Initial Slump ¢ in. 7.5 8.5 7.25 9.0 7.5 7.5 7.5 9.0

aMaximum aggregate size of %2 i13 mm).

bConcrete arrived atlaboratory with tabulated amounts of admixtures.Supplemental water-reducing admixture wasaddedin the
laboratory to achieve aminimum 20-in. (508-mm) spread before casting.

cSlump measuredwhen concretearri ved at laboratory.
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Table 6 z Measured concrete strengthat test day(1 ksi = 6.89 MPa)

Specimen
T1 T2 T3 T4

Location Q a Qb Q a Qb Q a Qb Q a Qb

Ksi ksi ksi ksi ksi ksi ksi ksi
BaseBlock 8.0¢ Z 6.9¢ 042¢ 76¢ Z T4c 0.52d
Wall Lift 1 7.2d 0.55d 7.9¢ 048¢ 7.3d 0.52d 8.6¢ 0.524
Wall Lift 2 7.44 0.464d 7.7¢ 0.48¢ 7.2¢ 0.544d 7.2¢ 0.54d

Lift Average 7.3 051 7.8 0.48 7.3 0.53 7.9 0.53
Top Block 6.8 0.50d 6.4¢ 046¢ 5.4¢c 0.39d 6.6¢ 0.44d

aCompressive strength of concrete following ASTM CB9. Tests of cylinders conducted within oneveek of test day Table4).

bSplitting tensile strength of concrete following ASTM C4981. Tests of cylinders conducted within onaveek of test day Table4).

cCylinder size of 4 by 8 in. (100 by 200 mm), reported value is averagethfee cylinders, sampled from each of two trucks that
delivered the concrete for the base block

dCylinder size of 6 by 12 in. (150 by 300 mm), reported value is averagetofo cylinders.



Table 7 z Reinforcing steelproperties (1 in. = 25.4 mm, 1 ksi = 6.89 MPa)

Bar Nominal Bar Yield Strength Tensile Strength Uniform  Fracture
Wall Designation Diameter Q Q "F'Q Elongation Elongation

No. in. ksi ksi - a - b

6 (19) 0.750 70¢ 94 ¢ 1.34 122%¢ 15.0%4d

T1  4(13) 0.500 76¢ 106 ¢ 1.39  11.0%c  14.0%¢

3(10) 0.375 60 d 914 1.52 Z 16.5%¢4

6 (19) 0.750 108 ¢ 124¢ 1.15 8.9%¢ 13.0%¢

T2 4 (13) 0.500 108¢ 119¢ 1.10 5.7%¢ 10.0%4d

3 (10) 0.375 109 ¢ 134 d 1.23 Z 11.3%¢

6 (19) 0.750 99c 122¢ 1.23 9.4%¢ 12.5%¢

T3 4 (13) 0.500 101¢ 122¢ 1.21 6.6%¢ 12.5%¢

3(10) 0.375 109 1344 1.23 Z 11.3%¢

6 (19) 0.750 96¢c 131¢ 1.36 8.6%¢ 12.5%¢

T4 4 (13) 0.500 107 ¢ 128¢ 1.20 6.5%¢ 10.9%¢

3 (10) 0.375 1094 1344d 1.23 Z 11.3%¢

aCorresponds to strain at peak stresfollowing ASTM E&&l.

bBased on 8in. (203-mm) gauge lengthfollowing ASTM A370:2l,

cMeasured from laboratory testsfollowing ASTM A370'2 using the 0.2%offset method Reported
values correspondto averageof two test results.
dReported on manufacturer mill certification.
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Table 8 z Chemical composition of reinforcing bars

Wall

Elementa T1 T2 T3 T4

No.3 No.4 No.6 No.3 No.4 No.6 No.3 No.4 No.6 No.3 No.4 No.6

(10) (13) (19) (10) (13) (19) (10) (13) (19) (10) (13) (19)
Carbon,C 0.220 0.280 0.260 0.270 0.230 0.340 0.270 0.290 0.290 0.270 0.420 0.420
ManganeseMn 1.080 1.150 1.190 1.250 0.820 0.980 1.250 1.190 1.190 1.250 1.320 1.320
Phosphorus,P 0.008 0.010 0.014 0.013 0.009 0.013 0.013 0.010 0.010 0.013 0.013 0.013
Sulfur, S 0.039 0.029 0.029 0.027 0.029 0.025 0.027 0.022 0.022 0.027 0.043 0.043
Silicon, Si 0.200 0.180 0.220 0.210 0.190 0.300 0.210 0.220 0.220 0.210 0.220 0.220
Copper,Cu 0.300 0.310 0.370 0.250 0.490 0.330 0.250 0.190 0.190 0.250 0.290 0.290
Chromium, Cr 0.140 0.100 0.130 0.140 0.130 0.110 0.140 0.110 0.110 0.140 0.120 0.120
Nickel, Ni 0.100 0.110 0.110 0.110 0.170 0.100 0.110 0.070 0.070 0.110 0.100 0.100
Molybdenum, Mo 0.030 0.019 0.022 0.020 0.051 0.023 0.020 0.010 0.010 0.020 0.028 0.028
Vanadium,V 0.023 0.000 0.001 0.194 0.000 0.100 0.194 0.245 0.245 0.194 0.133 0.133
Niobium, Cb 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.024 0.024 0.001 0.002 0.002
Tin, Sn 0.012 0.011 0.012 0.000 0.013 0.011 0.000 0.000 0.000 0.000 0.000 0.020
Aluminum, Al 0.000 0.001 0.001 0.000 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Nitrogen, N 0.0000 0.0156 0.0101 0.0000 0.0021 0.0200 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

aElements and values (in weight percentages) asported on manufacturer mill certification. Values do not sum to unity because mill
certifications do not include all constituent materials.



Table9 z Maximum measured sheaforce and drift ratio (1 kip = 4.45 kN, 1 psi =0.00689 MPa)

w0 0 b oY ¢ 'Y d
Wall kips Q bOE % %
T1 -282 303 3.3 3.5 -6.00e 373 37
T2 -237 282 2.7 3.2 -1.80 2.05 1.8
T3 -242 275 2.8 3.2 -2.95 3.95 3.0
T4 -253 293 2.8 3.3 -3.87 4.05 3.9

aMaximum measured shear forcger loading direction during the loading protocol (Table 2).

bShear stress calculated using | /bo expressed as a fraction of "Q D O,vhered  p 7in.
(254 mm),/b  p mimn. (2540 mm), and’Q is taken from Table6 (lift average).

cMaximum drift ratio attained in a loading direction (based on the loading protocolTable 2) while
maintaining a shear force not less than 80% ab

dDrift ratio capacity obtained from theminimum O°Y

eAfter reaching the target drift ratio of 4% in eachioading direction, T1 was subjected to a final
push up to the limitations of the testing apparatuswhich wasa displacement ofnearly 20 in.
(508 mm) at the horizontal plane of action of the actuators
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Table 10 z Drift cycle and barlocation where bar buckling or bar fracture first occurred

Drift Cycleb
Wall Bar Locationa 2% 3% 4%
i+ iz i+ iz | i+ iz i+ iz | i+ iz i+ iz
Flange Unconfined B
9 Confined
T1 X
Stem Unconfined B
Confined B F
Flange Unconfined F
9 Confined F
T2 X
Stem Unconfined F
Confined
Flange Unconfined B
9 Confined
T3 X
Stem Unconfined B
Confined B F
Flange Unconfined B F
9 Confined
T4 X
Stem Unconfined
Confined B F

aConfined regions refer to boundary elements with closely spaced transverse reinforcement.

Unconfined flange includes the intersection of flange and stem (See FiguB3through 36).

b Notation:

i+ : first cycle, stem in compression;z: first cycle, stem in tension;

i+ : second cycle, stem in compressiongii second cycle, stem in tension;
B: buckling of longitudinal reinforcement; F: fracture of longitudinal reinforcement.
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Table 11 z Secantstiffness from measuredshear-drift envelope (1 in. = 25.4 mm, 1 kip = 4.45 kN)

T1 T2 T3 T4
Drif_t Shear S_ecant Drif_t Shear S_ecant Drif_t Shear S_ecant Drif_t Shear S_ecant
Ratio Stiffness| Ratio Stiffness| Ratio Stiffness| Ratio Stiffness
ov  a  9Dy be | O% @ Dy be | O @ Dy be | OV o @u v g
% kips kips/in. % kips kips/in. % kips kips/in. % kips kips/in.
-4.26 -159 0.63 13
-5.98 -262 0.93 15 -3.99 -123 0.51 11 -4.17 -176 0.70 15
-3.92 -262 0.93 23 -3.24 -165 0.68 18 -3.73 -251 0.99 23
-2.79 -282 1.00 35 -2.90 -242 1.00 29 -2.73 -253 1.00 32
-1.72 -266 0.94 53 -1.76 -236 0.99 47 -1.88 -231 0.95 42 -1.77 -238 0.94 47
-1.18 -258 0.91 76 -1.21 -237 1.00 69 -1.35 -221 0.91 57 -1.24 -229 0.91 64
-0.74 -253 0.90 118 -0.73 -221 0.93 105 -0.81 -220 0.91 94 -0.75 -218 0.86 101
-0.52 -236 0.84 157 -0.53 -178 0.75 117 -0.57 -193 0.79 116 -0.52 -192 0.76 128
-0.32 -175 0.62 188 -0.32 -134 0.56 146 -0.35 -148 0.61 146 -0.31 -147 0.58 163
0.00 0 0 Z 0.00 0 0 Z 0.00 0 0 Z 0.00 0 0 Z
0.48 232 0.77 168 0.45 189 0.67 148 0.37 163 0.59 151 0.43 192 0.65 154
0.65 277 0.91 147 0.69 223 0.79 114 0.58 204 0.74 120 0.68 233 0.80 120
1.19 298 0.98 86 0.94 264 0.94 99 0.80 240 0.87 103 0.93 261 0.89 97
1.70 289 0.95 59 1.45 282 1.00 68 1.26 267 0.97 73 1.40 277 0.95 69
2.76 303 1.00 38 1.50d 252 0.89 59 1.73 261 0.95 52 1.96 279 0.95 50
3.50 302 1.00 30 1.78 224 0.80 44 2.83 275 1.00 33 2.99 293 1.00 34
2.04 217 0.77 37 3.90 273 0.99 24 4.02 283 0.96 24
2.79 210 0.74 26
Wg -225 v = 162 Wg -190 v = 114 Wg -194 v = 115 Wg -202 v = 117
Wg 243 0 = 163 Wg 226 v = 113 Wg 220 v = 113 Wg 235 v = 119

aldentifies drift ratio 'O "Yassociated with peak force for each step (two cycles per step) of the loading protocol starting fr@ep 2 (Table 2). O "Ms the measured
drift divided by height 'Q, where’Q 290 in. (7370 mm) for T1 and T3 and 287 in(7290 mm) for T2 and T4.

b @ is the maximum measured shear force per loading direction.
¢ U is calculated usingwy ‘O'YQ see footnote aThe value of0 at the base of this tableorresponds to the secant stiffness ab g

linear interpolation.

d Drift associated with peak force (No. 413) bars at stemflange intersection fractured) during the first cycle to 2% drift.

mqw Fhbased on



Table 12 z Wall datafor cracked stiffness calculation1 in. = 25.4 mm, 1 kip = 4.45 kN)

Terma Unit T1 T2 T3 T4
Q in. 300 300 297 297 300 300 297 297
Q in. 290 290 287 287 290 290 287 287
b in. 100 100 100 100 100 100 100 100
0 in. 10 10 10 10 10 10 10 10
Qb ksi 7.3 7.3 7.8 7.8 7.3 7.3 7.9 7.9
Qe ksi 70 70 108 108 99 99 96 96
Od ksi 4,870 4,870 5,030 5,030 4,870 4,870 5,070 5,070
“Oe ksi 2,030 2,030 2,100 2,100 2,030 2,030 2,110 2,110
O ksi 29,000 29,000 29,000 29,000 29,000 29,000 29,000 29,000
® p in. 10.2 28.9 8.1 23.7 8.2 23.9 8.0 23.6
O in.4 446,000 421,000 | 270,000 262,000 | 278,000 269,000 | 268,000 260,000
%o 1/10 1/10 1/10 1/10 1/10 1/10 1/10 1/10
Q in. 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
_f 8 8 15 15 13 13 13 13
Kt 9 kips/in. 254 240 164 159 158 153 164 159
Kyh L kips/in. 700 700 732 732 700 700 735 735
Ksp! kips/in. 4160 3930 1420 1370 1600 1540 1630 1590
0O 5 i kips/in. 178 171 122 119 119 116 124 121
0§ k kips/in. "~ 162 163 114 113 115 113 117 119
0 ~
o hv 0.91 0.95 0.93 0.95 0.97 0.97 0.94 0.98
h
aFor notation and definitions see APPENDIX A: NOTATION
bMeasured average compressive strength of concrete (average of lift 1 and 2, fromible 6).
¢ Measured yield strength of reinforcement (No. 6 (19) bar, fronTable 7).
dModulus ofelasticity of concrete,u x p Tt 1tQx, Ksi.
e Shearmodulus of concrete Oj ¢8. B
fFrom¢_ Jbj ‘Q where /bis based on Eq. (4.1a) in ACI 4087 using%&1,] =1,and w] U0 jQ 14
b Q —— ¢ 1 nw mwhere’Q p mir,"Q for base block inTable6.
g From flexural deflection¥ at elevation'Q for a cantilever beam with flexural rigidity'0 "0 and subjected to point loadwat™Q :
Y &QdQ 'Qj ¢00 .

h From shear deflectionY at elevation'Q for a cantilever beam with shear rigidity"O/bod %. and subjected to point loadwat'Q
(see References2 for typical values of% ):
Y &Qj "O/bo %o .

i From deflection due to strain penetrationy at elevation"Q assuming an additional curvature of5Qj O"O over a distance
-Q lumped at the base of the wall:
Yy @wQMQ_Qj 00.

i Calculated stiffness of wallb pi PjU  pjL pji 0

kBased on0 , secant stiffness from measured sheatrift envelope, seeTable 11, footnote c.
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Table 13 7z Unloading stiffnessderived from measured shear versus drifratio (1 in. = 25.4 mm, 1 kip = 4.45 kN)

T1 T2 T3 T4
Target Drift Actual Unloading | Actual Unloading | Actual Unloading Actual Unloading
Ratio Drift Sheal Stiffness Drift Shear Stiffness Drift Shear Stiffness Drift Shear Stiffness
o'y ya o e O b ya “o e O b ya “ e O b ya “ e 0 b
% in. kips kips/in. in. Kips kips/in. in. kips kips/in. in. kips kips/in.
Y - - - - - -
3 5 8.20 274 81 8.48 239 64 7.98 246 62
Yy -4.83 0 -4.77 0 -4.03 0
Y - - - - - -
P 3 5.13 263 107 551 227 72 5.07 232 75
Yy -2.66 0 -2.36 0 -1.97 0
15 3 3.63 256 134 3.61 224 87 3.93 220 87 361 222 90
Yy -1.72 0 -1.05 0 -141 0 -1.15 0
1 3 2.25 248 149 214 216 122 2.39 215 113 213 212 123
Yy -059 0 -0.36 0 -048 0 -040 0
y -154 -230 -1.52 -171 -1.68 -189 -147 -187
-0.75 o 174 133 118 158
-0.22 0 -0.24 0 -0.08 0 -0.28 0
y . . . )
075 3 1.39 225 230 1.97 219 133 171 198 159 2.00 232 141
Yy 041 0 0.32 0 047 0 0.36 0
y ) . . .
1 3 1.99 266 174 2.68 256 115 225 233 142 274 251 112
Yy 0.46 0 0.45 0 0.61 0 0.49 0
y ) . . .
15 3 355 278 141 416 252 98 3.74 245 97 424 261 89
Yy 157 0 159 0 1.22 0 131 0
y
5 3 5.02 278 108 524 250 82 5.74 263 75
Yy 245 0 221 0 224 0
y } . .
3 3 8.17 292 % 8.32 263 69 8.70 276 63
Yy 4.92 0 454 0 435 0

aFor agiventarget drift ratio ‘O"Y shearw
during second cycle td0 Y
by is calculated usingny | ¥

y

8

corresponds topeak drift ¥

during second cycle tdO 'Y Drift ¥ corresponds to zero sheatunloading from ¥

) and ismeasured



Table 14 z Modeling parameters fornonlinear seismicanalysis

Parameterss  ASCE 4{2017) Proposed
a 0.015 0.015 e,
b 0.020 0.020 e’ , |
C 0.75 0.75
"0 O 0.35 1/5 (Grade 60y ] B ‘
1/7 (Grade 100y
o D El¢
O p JO ¢ 1. 1/10 A I,
O ¢ b e med e herd
0 f 0 ¢ pPO e From ASCE41 (2017) Figure 10-1 (a)

aRefer to Figure 101 (a) in this table. Parameter values correspond to cases wheagial force
0 71 2 6 andshearforcead 1t 'Q B OE .

b Grade of flexural reinforcement.

c Effective section property expressed as a fraction of gross section property.

d Force at yielding point B.

e0 based on expected (or measured) materigiroperties.

f Force at capping point C

g According to ASCE 4(2017)111,0  shall be based on 1.2®where "Qis based on expected
(measured) value.
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Table 15 7 Stressstrain parameters for concrete(1 ksi = 6.89 MPa)

Wall
Parameter Unit T1 T2 T3 T4

Unconfined concrete

"Qa ksi 7.3 7.8 7.3 7.9

- b 0.0025 0.0025 0.0025 0.0025

® ¢ 117 120 110 120

"Qd ksi 0.64 0.66 0.64 0.67

Oe ksi 4870 5030 4870 5070
Confinedconcrete

0 f 1.20 1.29 1.31 1.29

0 - 0.0030 0.0032 0.0033 0.0032

"Q 9 ksi 8.8 10.1 9.6 10.2

- h 0.0050 0.0061 0.0064 0.0061

Qi 21 14 13 14

"Qd ksi 0.64 0.66 0.64 0.67

Oe ksi 4870 5030 4870 5070

aPeak stress for unconfined concrete, based 62 (seeTable12).

b Strain corresponding to peak stress for unconfined concrete

c0 A OA I defibiAgdhe slope of the linear postpeak branch for unconfined concrete.
d Modulus of rupture of concrete x®& p 1 Tt fp T TkHEi.

e Modulus of elasticity of concreteO v X p 1 THQr KSi.

f Ratio of confined tounconfined concrete compressive strength

9 Peak stress for confined concretéQ 0 Q.

h Strain corresponding to peak stres$or confined concrete

I Parameterdefining the slope of the linear postpeak branch for confined concrete.
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Table 16 z Stressstrain parameters forreinforcing steelbars (1 ksi = 6.89 MPa)

Wall
Parametera Unit T1 T2 T3 T4
Qb ksi 70 108 99 92
(@) ksi 29000 29000 29000 29000
"Qc ksi 94 124 122 131
- d 1.1% 1.7% 1.2% 0.3%
O d ksi 630 670 790 1380
- c 12.2% 8.9% 9.4% 8.6%
- e 16.4% 10.9% 10.6% 10.4%
Q¢ ksi 93 123 122 130

a For notation and definitions, seeAPPENDIX A: NOTATIQON

b Reinforcement stress defining proportional limit,"Q

"Qonly for reinforcement with a yield

plateauintersected by the line defined by the 0.2%offset method.

(g}

Q.

Refer todata for No. 6 (19) bars inTable 7.
Required variable to define the strairhardening model,see Figures352 and 353. Valueswvere

derived from the measured stressstrain relationships in Figure 16.

o

Based on data fronfigure 16.
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Table 17 z Moment-curvature data(l in. = 25.4 mm.J ft = 305 mm, 1 kip = 4.45 kN)

wall Loading Event?
Direction First Yield Yield at 0.8b ) 0 - h T®IL - j ™pL-F g - Fos
M, ft-kips 5860 6710 7300 8060 8030 7760 7740 7770
1 %910-4/in.| 0.348 0.462 1.69 4.15 4.79 6.32 20.6 23.0
M, ft-kips 4830 5710 6590 8540 Z < < 8530
%9104/in.| 0.276 0.342 11.4 14.3 Z Z Z 12.7
M, ft-kips 5500 6150 6640 7110 7010 6650 6460 6270
T2 %9104/in.| 0.498 0.654 1.81 4.18 5.23 6.74 7.78 13.0
M, ft-kips 4630 5370 6130 6950 Z Z Z 6930
%0104/ in.| 0.414 0.516 13.2 11.0 Z Z Z 9.28
M, ft-kips 5010 5640 6130 6790 6730 6400 6180 6130
p
T3 %0104/ in.| 0.462 0.600 1.82 4,24 5.16 6.62 9.30 13.9
M, ft-kips 4150 4890 5630 6810 Z Z Z 6790
%010-4/in.| 0.378 0.474 13.4 11.0 Z Z Z 9.79
M, ft-kips 5170 5530 6070 7240 7190 6840 6610 6560
T4 %0104/ in.| 0.444 0.576 1.96 4.49 5.14 6.56 9.22 12.6
M, ft-kips 4310 4890 5470 7270 Z Z Z 7250
%0104/ in.| 0.366 0.462 14.9 9.90 < < < 8.93

aFor notation and definitions seeAPPENDIX A: NOTATION



Table 18 z Calculateddeformation capacitydue toflexure only (for a maximum compress$ve strain
of 0.015 inthe confined stem) (1 in. = 25.4 mn)

Wall

Terma Unit T1 T2 T3 T4
Q in. 300 300 300 300
b in. 100 100 100 100

o] in. 10 10 10 10

Jbb in. 50 50 50 50
%o € 10-3/in. 0.046 0.065 0.060 0.058
%o d 10-3/in. 0.63 0.67 0.66 0.66
Wp e in. 1.38 1.95 1.80 1.74
WP ' in. 8.03 8.32 8.25 8.28
w9 in. 941 10.27 10.05 10.02

oY, N % 31 34 34 3.3

aFor notation and definitions seeAPPENDIX A: NOTATIQN

bPlastic hinge length, assumed equal ©.5/b.

cYield curvature corresponding tothe yield strain (in tension) at a distance0.8/b from the extreme
compression fiber(stem in compression)

dUltimate curvature corresponding to a maximum concrete straimf 0.015 inconfined concrete (stem in
compression).

eBased onEq.25.

f Based onEQ.26.

9Based onEQ.27.

hCalculateddrift ratio capacitybased only on flexural deformations’O 'Y; wjQ.
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Table 19 z Calculated deformation capacity due tdlexure, shear, andstrain penetration (for a
maximum compressve strain of 0.015 in the confined stem) (1 in. = 25.4 mm 1kip =4.45 kN)

Wall
Terma Unit T1 T2 T3 T4
Q in. 300 300 300 300
Jb in. 100 100 100 100
0 in. 10 10 10 10
bo in. 30 30 30 30
%o © 10-%/in. 0.046 0.065 0.060 0.058
%o 10-%/in. 0.63 0.67 0.66 0.66
* in. 24.5 23.0 234 23.6
W f in. 1.38 1.95 1.80 1.74
Wp 9 in. 4.99 5.17 5.13 5.15
@h kip 322 284 272 290
0 in.2 1000 1000 1000 1000
0 ksi 2030 2100 2030 2110
%oy | 1/100 1/100 1/100 1/100
%oy | 1/10 1/10 1/10 1/10
|k 6.2 4.8 5.0 5.1
_ 8 15 13 13
Q in. 0.75 0.75 0.75 0.75
Y in. 6.37 7.12 6.93 6.89
yom in. 0.91 0.77 0.76 0.78
y oo in. 051 1.05 0.88 0.87
oY o % 26 3.0 2.9 2.8

For notation and definitions see APPENDIX A: NOTATIQN

b Plastic hinge length, assumed equal to®b if accounting for effects of flexure, shear, and strain penetration.

- - T a = oo

o s 3 —

Yield curvature corresponding tothe yield strain (in tension) ata digance 0.8b from the extreme compression
fiber (stem in compression).

Ultimate curvature corresponding to a maximum concrete straimf 0.015 inthe confinedconcrete (stem in
compression), seeTable17.

Distance from extreme compression fiber to neutral axis associated witlo .

Based onEq.25.

Based onEq.26.

Basedon®w 0 7¥Q, seeTablel7.

Ratio ofeffective shear stiffness to uncracked stiffnesthroughout the assumed plastic hinge lengthib.
Ratio ofeffective shear stiffness to uncracked stiffnessutside the assumed plastic hinge regiorf)  Jb.
Based onEq. Bllusingf ,, pfo,- "G O (based onTable12),- %o Q & with %0 and cfollowing
footnotesd and e, an@ w @ in.

Based onEq.27.

Based onEq.28.

Based onEq.29.

Calculated drift ratio capacitydue to effects of flexureshear, and strain penetration:

O'Y; w o w w Q.
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Table 20 z Maximum drift cycle completed without bar fractureand comparisonwith bar
elongation properties

Drift Ratio 2 (%) Uniform Elongation® Fracture Elongatione
wall (without Bar Fracture) - (%) - (%)
No. 6 (19) No. 4 (13) No. 6 (19) No. 4 (13) No. 6 (19) No. 4 (13)
T1 3i Zd 12.2 11.0 15.0 14.0
T2 2i 1.5i 8.9 5.7 13.0 10.0
T3 3i Zd 9.4 6.6 12,5 125
T4 4i 3i 8.6 6.5 12,5 10.9

aRefers to the target drift ratio of the last cycle that was completed without bar fracture
(Hfirst cycle andii second cycle).

bCorresponds to strain at peak stress following ASTM EB8. Data fromTable?7.

cBased on 8in. (203-mm) gauge lengthfollowing ASTM A370t21, Data fromTable 7.

dBar fracture was not observed.
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(b) Base of a tII corewall building

Figure 1 z Base of walls with Grade 6@420) reinforcement in Western United States
(Lepage, A., ca. 2006)
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Figure 2 z Elongation and strength for conventional and advanced hightrength steels, adapted
from Zuidema et al®0

10 JIS G3137 Gr. 185 (Japan)
= A1035 Gr. 120 (USA)
a— C— S—
- e emees A1035Gr. 100 (USA)
140 - o o=
‘G USD 685A Gr. 100 (Japan)
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a = = = =815 Gr. 60 (USA
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A706 Gr. 80 (USA) not shown for clarity
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Strain

Figure 3 z Sress-strain curvesrepresentative of conventional steel and advanced higistrength
steel reinforcement, adapted from Lepage et &€l (1 ksi = 6.89 MPa)
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Figure 4 z Test setup and specimen details used by Kimura and Ishikal#a
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Figure 5 z Shear force ersusdrift ratio response reported by Kimura and Ishikaw&4! for specimen
with axial load ofof d 1 "Q, where"Q= 15 ksi (105 MPa) andQ= 100 ksi (690)
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Figure 6 z Reinforcement layoutfor T1 (1 in. =25.4 mm)
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Figure 7 z Reinforcement layout for T2and T3(1 in. = 25.4mm)
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Figure 8 z Reinforcement layout for T4(1 in. = 25.4mm)
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(1) #3 "3
@ 3" (ZONE A, FIG 14)
@ 6" (ZONE B, FIG 14)

(5)#3 * S 1 ALT HOOKS
@ 3" (ZONE A, FIG 14)
@ 6" (ZONE B, FIG 14)

2I_6ll

%" CLR (TO HOOPS)
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W AN NTA

(2) #3 x [j ALT HOOKS
@ 3" (ZONE A, FIG 14)
@ 6" (ZONE B, FIG 14)

P

10"

)
Y

Figure 9 z Confined mundary elementin stem of T1(1 in. = 25.4mm)

(1)#3x3

— @ 3" (ZONE A FIG 14)
Z % @ 6" (ZONE B, FIG 14)

BRI ? (2) #3 x <) ALT HOOKS
o & || _ @ 3" (ZONE A, FIG 14)
w2 { @ 6" (ZONE B, FIG 14)
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'E_E :g (16) #6, VERT

-

° /f @#3x ] ALT HOOKS

B @ 3" (ZONE A, FIG 14)

@ 6" (ZONE B, FIG 14)
Y | '—\\CZ%F

Figure 10 z Confined oundary elementin stem of T2, T3, and T41 in. = 25.4mm)
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(3)#3 xt
12146, VERT @ 3" (ZONE A, FIG 14)
(12) #6, @ 6" (ZONE B, FIG 14)

i ; L (1) #3 x[j ALT HOOKS
| @ 3" (ZONE A, FIG 14)

| A\ @ 6" (ZONE B, FIG 14)
1

|

10"

| (M#3x¢ |
@ 3" (ZONE A, FIG 14)
@ 6" (ZONE B, FIG 14)

1 I_3Il
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Figure 11 z Confined oundary elementin flange of T1(1 in. = 25.4mm)
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Figure 12 z Confined oundary elementin flange of 12, T3, and T41 in. = 25.4mm)
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Ag =TOTAL STEEL AREA PER LAYER, in.2
X  =LAYER COORDINATE, in.

GROSS SECTION PROPERTIES:
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Xoq =713in.
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X)
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—— (14, 1.76, 95.00)
—— (13, 5.20, 91.50)

—— (12, 0.40, 75.00)

—— (11, 0.40, 60.00)

—— (10, 0.40, 45.00)

—— ( 9,1.32, 28.50)
—— ( 8,1.32,25.13)
—— (7,132, 21.75)
—— ( 6,1.32,18.38)
—— ( 5,1.32, 15.00)
—— ( 4,1.32,11.63)
—— (3,132, 8.25)
—— (2,132, 4.88)

— (1,132,
Y Ag = 25.24

1.50)

T2, T3, T4
( i! ASI x)

(15, 3.44, 98.50)

(14, 0.00, 95.00)
(13, 3.44, 91.50)

(12, 0.40, 75.00)

(11, 0.40, 60.00)

(10, 0.40, 45.00)

( 9,1.32, 28.50)
( 8,0.00, 25.13)
( 7,1.32,21.75)
( 6,0.88, 18.38)
( 5,0.00, 15.00)
( 4,0.88,11.63)
( 3,132, 8.25)
( 2,0.00, 4.88)
(1,132, 1.50)

15.12

Figure 13 z Reinforcement data and wall section propertiegl in. = 25.4 mm)
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Figure 14 7z Typical wall elevation (1 in. = 25.4mm)
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Figure 15 z lllustration of | oading protocol describedin Table2
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140

120

100

Stress, ksi
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40 i

20

Grade 60 (420) [Wall T1]
— —-Grade 100 (690) [Wall T2]
—-—-=Grade 100 (690) [Wall T3]
.......... Grade 100 (690) [Wall T4]

® Peak stress

—0.2% offset

0.18

0

Figure 16 z Measured stress versus strain foNo.6 (19) bars (1 ksi = 6.89 MPa)
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140 T T T T T T T T
120 7
100 - .
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=~ 80 .
0
0
()]
s 60 .
(0]
Grade 60 (420) [Wall T1]
40 | — —-Grade 100 (690) [Wall T2]
—-—-=Grade 100 (690) [Wall T3]
""""" Grade 100 (690) [Wall T4]
20 f ® Peak stress
—0.2% offset
0 | 1 | 1 | 1 |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Strain

Figure 17 z Measured stress versus strain foNo. 4 (13 bars (1 ksi = 6.89 MPa)
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Figure 18 z Fractured No. 4 (13) bar from TZ2after tensile test

Figure 19 z Bar deformation details for No4 (13) bar in T2
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Figure 21 z Preparing concretecylinders and in-situ tests during casting
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Figure 24 z Lift 2 casting(T3) Figure 25 z Top block formwork assembly(T1)
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Actuator

Mirror
Surface

External
Bracing Internal
Bracing

Figure 26 z Test setup
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Spreader

Threaded

Figure 27 z Steel preader beans below laboratory strong floorfor base blockhold-downs
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Figure 28 z Wall instrumentation (elevation view of wall stem)(1 in. = 25.4 mm)
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Figure 29 z Wall instrumentation (elevation view of wall flange)(1 in. = 25.4 mm)
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Figure 30 z Locations of optical markers onwall stem (1 in. = 25.4 mm)

| 39 10, 39" |

STEM CENTERLINE

COLUMN 1 10 9 T/
1 N)

1T
[ |
I | 1
I I
ko R - W
LAYER ™F 1| WAL
| 1
7 ° ° R B Y FLANGE
6 Lo /
6 o ° ° } ° : %
5 I I
I I
5 ° T STATION
2 EIE Lol (4 ADJACENT MARKERS)
4 o ° o e | E %
g
3 [ T
| 1
3 o o ° B
| 1
2 . I 1 I
) I I
2 o o o I o |
o BASE BLOCK
Y 1 J 1 1
I I
1 1

STATION \/
WIDTH

Figure 31 z Locations of optical markerson wall flange (1 in. = 25.4 mm)
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Figure 32 z Plan view of base block indicatingdcations of optical markers (1 in. = 25.4 mm)
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Figure 33 z Wall T1 strain gaugelocations (1 in. = 25.4mm)
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Figure 34 z Wall T2 strain gauge locations(1 in. = 25.4mm)
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Figure 35 z Wall T3 strain gauge locations(1 in. = 25.4mm)
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Figure 36 z Wall T4 strain gauge locations(1 in. = 25.4mm)
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Top displacement, in.
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Figure 37 z Shear versus drift ratiofor T1 (1 in. = 25.4 mm, 1 kip = 4.45 kN)
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Figure 38 z Shear versus drift ratio forT2 (1 in. = 25.4mm, 1 kip = 4.45 kN)
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Figure 39 z Shear versus drift ratiofor T3 (1 in. = 25.4 mm, 1 kip
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Figure 40 z Shear versus drift ratio forT4 (1 in. = 25.4 mm, 1 kip



Top displacement, in.
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Figure 41 z Shear versus drift ratio for T1lindicating fracture of longitudinal bars
(1in. =25.4 mm, 1 kip = 4.45 kN)
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Figure 42 z Shear versus drift ratio for T2indicating fracture of longitudinal bars
(1 in. = 25.4 mm, 1 kip = 4.45 kN)
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Figure 43 z Shear versus drift ratio for T3indicating fracture of longitudinal bars
(1in. =25.4 mm, 1 kip = 4.45 kN)
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Figure 44 z Shear versus drift ratio for T4 indicating fracture of longitudinal bars
(1 in. = 25.4 mm, 1 kip = 4.45 kN)
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Figure 45 z Map of fractured bars
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Figure 46 z Wall drift ratio capacityversus uniform elongation oflongitudinal reinforcing bars,
based on data fromTable 7
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Figure 47 z Wall drift ratio capacityversus fracture elongationof longitudinal reinforcing bars,
based on data fromTable 7
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(a) Stem in compression (b) Stem in tension

Figure 48 z Wall T1 at 1% drift ratio

(a) Stem in compression (b) Stem in tension

Figure 49 z Wall T2 at 1% drift ratio
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