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Abstract

Structures are typically designed to yield and sustamage in a controlled manner during design

level earthquakes. While a similar approach has traditionally not been used for-ldesign
windstorms, lhe recentlypublished ASCE/SEI Prestandard for Performance Based Wind Design
(ASEC/SEI,2019) describes degn for modest nonlinear response of select structural members
such as coupling beamnls. this study, fousteel reinforcea¢oncrete (SRC) coupling beams, with

steel sections that embedded into a reinforced concreteweah, tested quasitatically unde

fully reversed cyclic wind demands with peak beam deformation of three times the yield rotation.
The beams and walls were designed in accordanceeigmic provisions iAISC 341-22 Section

H5, and the wal werecompliant with ACI 31819 Sedbn 18.10.6.5Theexception was the wall
reinforcement for two of the four tests, in order to examine potential reductions to that prescribed.
For one of these test)e ratio of the strength of wall longitudinal reinforcement crossing the
embedment lerth to that prescribed was 0.53. For the other of these tests, this value was 0.22 and
the wall boundary transverse reinforcement at the embedment zone was also less than that
prescribed During each test, the wall was subjected to constant axial grawty dad fully
reverseecyclic lateral loading that was linearly proportional to the load in the test beam. The ratio
of wall shear to beam shear was constant fofaietests while theratio ofwall momentto beam
shearwas the same for three tests and was laigeone of the tests with wall reinforcement

compliant with AISC 34422 Section H5



For the test with the least wall reinforcement, significant damagebsesved in the wall at the
embedded connection. The load developed in the beam was limited by yielding in the wall.
Significant pinching, characteristic of gapping, was observed in thedef@dmation response.
Significant s$iffness degradatioaccurredor repeagdloading cyclest 40% of the computed peak
strength, and the beam was unable to develop 75% of the computed beam strength, despite being
loaded to 6.0% chord rotation. &lguantity of wallreinforcement was inadequate to promote
favorable peiormance. Performance was more favorable for the other three tests, which were
observed to have similarities in damage patterns anddeBmmation responses.aage
concentratect the beanwall interface with the majority of tle coupling beam deformatiaat

this location.Although the stiffness degradation for these three tests was much less than the test
with wall yielding, siffness degradatiofor repeag¢dloading cyclest a given load level was found

to be significantin these three testgarticularly for larger loading levels prior to yielding.
However, gnificant strength degradation of initial cycles at new peak deformation denvasds

not observed in any testand significantpinching in the loadleformation responseas not
observedor the three tests with more favorable performaReakload resistance was reached at
peak deformation demandwhich was5.70% chord rotation forthe test with the largest wall
demands4.80%chord rotation for two testand 6.0% forlte test with wall yieldingThe primary
difference in loaedeformation responses for the wind tests conducted in this study and previous
seismic tests was the stiffness degraxhatvith repeated loading cycles, noting that the number of

cycles used in thevind tests was substantially higher than that used in typical seismic tests.

Stiffness for the firskbadingcycle at75% of the expectestrengthwas examined using the results

from thethreetest beams from this studlyat reached this leveaind threeSRC couplingbeams

iv



from other studies. The difference betwestiffness inthe positive and negatiwdirectionwas

more significant for larger cyclic wall demands, with higher stiffness in the positive direlcion

to wall demands producing compressiomh& embedment region. The average of the positive and
negative stiffness was larger for walls with higher compression force in the wall on the positive
excursionlf cyclic stiffness degradation for repeated cycles at a given increment is not explicitly
modeled, it is recommended to use a backbone model based on average values of all cycles at each
increment, as this would lead to equal area under the curvesfbattkbone model and test data.
Parameters for hilinear backbone model for nonlinear wind idesare suggesteavith effective
stiffness of 75% of that prescribed in AISC 322 for seismic design, a yield force computed
using momenturvature analysis at full yielding of the tension flange using expectddrial
propertiesa computed expectetirength from AISC 3422, and a posyield slope based on 4.0%
chord rotation from yield to expected strendths recommended that the hysteretic model be
determined by modeling the test beams @alibraing to dissipated energy test data for the ¢hre
tests with favorable performandeach of the four backbone parameters were determined based

on fit to test data.

This study did not include testing on SRC coupling beams that were designed using provisions in
AISC 34122 SectionH4 and tested to pealefdrmation demands more consistent with ordinary
walls. It is recommended that nonlinear wind design of steel reinforced concrete (SRC) coupling
beams follow the seismic provisions in AISC 324 SectionH5. It is recommended that the
guantity of wall longudinal reinforcement crossing the embedment length prescribed by AISC
341-22 SectionH5 be reduced by 50% for cases in which wall demands do not exceed that applied

for the test that supported this recommendatiimsepeak wall moment and tensile strai

\



demands were POMy and 0.00Q9tensile strain in outermost reinforcement at the coupling beam
mid-height and an average oD@My and-0.000Q tensile strai0.00001 compressive straiim)
outermost reinforcement over one story height, takdratis story above and below the coupling
beam midheight. These demands were determined from momewnature analysis for the
moment and axial loaith the wall determined by assuming transfer of coupling beam shear and
moment to the wall at coupling beamd-height This recommendation applies for both seismic
and winddesign due tofavorable performancéor this testunder wind demands to a peak

deformation of 4.6% chord rotation.
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1. Introduction

Reinforced concrete coupled walls are often used in buildings to provide lateral resistance to
seismic and wind demands. Coupling beame located at the top of story levels and connect to
adjacent coplanar wallreating openings beneath the coupling bea®iear and moment
demand from the coupling beams are transferred into the wall to provide coupling. The shear
demands create axialad in the walls. Coupled walls are stiffer and stronger than uncoupled walls
due to the moment resistance provided by beams and by the axial temsipression force
couple. During large earthquakes, plasticity is expected to concentrate at the thiedsoobpling

beams and at the base of the walls. Coupling beams are typically designed to yield prior to walls
and provide ductility, energy dissipation, and redundancy. Rotdtiemands on coupling beams

from lateral loads acting on coupled walls amgdglly higher than other structural components.

Seismic designmpvisions for diagonally and conventionally reinforced concrete coupling beams
are provided in ACI 3149. The use of diagonal reinforcement rather than conventional
reinforcement is oftenatessary to satisfy shear demands. The use of diagonal reinforcement
provides improved resistance to shear sliding relative to longitudinal reinforcézanay and
Binney, 1974) However, the need to develop the diagonal reinforcement into the walltéeads
congestion of reinforcement at the wall boundaries that complicates construction. Staekhnd
reinforced concreteSRQ coupling beams are an alternative to reteémforced concrete coupling
beams that reduce reinforcement congestion in the avaliriplify construction. Relative to steel

coupling beams, the concrete encasement used in SRC coupling beams provides fire protection



and stability against flange and web bucklifgom past studies on steel coupling beams
(Shahrooz et al, 1993; Harriesa, 1993; Harries et al, 1997) and SRC coupling beams (Gong
and Shalwoz, 2001a,b; Motter et al, 204,b), it is evident that the deformation capacity can meet
or exceed that of rebaeinforcedconcretecoupling beamsThis previousresearch focused on
seismic behavior in special coupled walls, which are designed for ductilgiplostesponse in
earthquakes. This led to development of performdoased seismic design guidelines (Motter et
al, 2013) and updates to the AISC Seismic Provisions (AISG23%Ior prescriptive seismic

design.

Researchand resulting development ofesign provisionson coupling beams subjected to
nonlinear demand from wind loading lacking. This is largely due to the difference in design
approach reflected in building codes seismic and wind. Existing seismic design guidelines (e.g.,
PEER TBI, 2017) recommend an essentially elastic structural response for a-lesmlice
earthquake with 4§ear return period, with significant nonlinearity permitted for the maximum
consideed earthquake with a 24%®ar return period. Seismic design provisions in ASEE 7
similarly allow for significant nonlinearitin the desigrevel earthquake, whiateflectsa roughly
475year return periodwVind design provisions in ASCEI6 are basedn linear behavior for an
approximately 170§ear design wind speed. Due to the inconsistency in design philosophy for
wind and seismic, the design of buildings in U.S. regions with significant seismicity may be
controlled by wind. Efforts to provide mommnsistency between wind and seismic design are
reflected by the recentgublished ASCE/SEI Prestandard for Performance Based Wind Design
(ASEC/SEI,2019), which describes design for modest nonlinear response of select structural

membersuch as couplingeamsPreviousresearch on thieehaviorof coupling beams subjected
2



to many loading cycles at modest peak ductility demanlitmited. There is a need to address this
research gap in order to design for modest coupling beam nonlinearity using the BSCE/S
Prestandard for Performance Based Wind Design (ASEE 2019). This studyfocuses on
characterization of the nonlinear response of SRC coupling beams under wind ddreands.
research was conducted on the nonlinear response of reinforced concrete coupling beams to wind
demand (Abdullah et a020. Abdullah et al (2020) tested one SRC coupling beam, with the
steel section embedded into concrete blocks that werdeagined. To provide additional data

on the behavior of SRC coupling beams under nonlinear wind demands, cyclic tests on SRC
coupling beams embedded into structural walls were conducted in this Budytests were
conducted, and the testing anddata analyis ae summarized in this reportDesign

recommendations were formulated and are also provided in this report.



2. Background

2.1. Previous Researcbn Steel and SRC Coupling Beams

For steel andSRC coupling beamd)¢ steel sectiois embediedinto thestructuralwall to make
aconnection through a bearing mechanisfarcakis and Mitchel|1980 and Mattock and Gaafar

(1982) studied embedment behaviof steel sections embedded into concretvdumns and
provided recommended equations to compute the embedment strength that were adopted into
AISC 341-22for steel and SRC coupling beams embedded into walls. The equations adopted into
AISC 34122 included modification of the embedment strength for satifrwall cover concrete,

as recommended by Harries et al (1993).

The vertical stressas the structural walht the embedded connection may vary considerably.
Shahrooz et al (1993) nducted seismitesting on steel coupling beams embedded into cyiglical
loaded reinforced concrete structural wadlsch that the wall stresses at the embedded connection
could vary from compression to tensi@hahrooz et al (1993) observed asymmetric respanse
the coupling beamsvith reduced fixity of the embeddedaiteection under wall tension demands
compared to compression demands. This reducefixibg of the embedded coupling beam to
increae the effectivebeamlength and Shahrooz et #1993 recommended that the effective

length be increased by one thirdtlé embedment length



Gong and Shahrooz (2001a,b) conducted seismic tests on SRC coupling beams. Gong and
Shahrooz (2001a) reported unfavorable performance when embedment length is based on capacity
design for the beam excluding the reinforced concreisasement. Conversely, Gong and

Shahrooz (2001b) reported favorable performance when embedment length was based on capacity
design for the beam including the reinforced concrete encasement. Gong and Shahrooz (2001b)
provided a recommended equation for deiaing the peak shear strength of an SRC coupling

beam and recommended that this peak strength be used for capacity design of the embedment for

shearcontrolled coupling beams.

Harries et al (1993, 1997) conducsmismicests on steel coupling beamsledded into concrete
wall segments. Harries et al (1993, 1997) recommended use of longitudinal reinforcement with
strength exceeding the beam shear strength to control the crack opening along theflldeges
embedded steel section. This recommendatias adopted into AISC 34Ilhe embednent
createdocal tersile demands the wall at the connection region, due to the bearing forces in the
embedded connection. The localized tensile demands canaaeiszcerbatgielding in the wall

in the connectionagion Wall yielding was observed in tests in which it was not computed when
modeling the transfer of beam shear and moment to the wall at a discretp@eintially leading

to significant damage if not accounted for in degigiotter et al, 20Ta). Remgnizing that this
modeling approach is not uncommouxdgdadional longitudinal reinforcement in the wall may be
required tomitigatethe effect of theadditional demarslat the embedment regi@iHarries et al,
1993,1997; Motter et al, 20/b). Motter et al(2017b) recommended that the wall longitudinal

reinforcement crossing the embedment length provide nominal strength that also meets or exceeds



the resultant back bearing force in the coupling beam, and this provision was introduced into AISC

341-22.

2.2. Summary of Building Code Design Provisions for SRC Coupling Beams

Seismic @sign provisions for SRC cpling beams are provided WRISC 34122 H4 applies to
composite ordinary shear walls, and H5 applies to composite special sheaH#adlsd H5

provisions are summarized in this section.

For composite ordinary shear wallspyisions in H4.5b.2 specify that theamshear demand
determined from analysis not exceed the connection shear strengifdnnection With t v=0.9 and

Vn,connetion determined from:

W T — 1 hy =2 (2-1)

whereLe is the embedment length of the coupling beam measured from the face of thegisvall,

the clear span of the coupling bedm,is thethickness of the wallp: is the width of thesteel
sectionflange,f <@ the specified compressive strength of concrete in kshiand factor relating

the depth of the equivalent rectangular compressive stress block to neutral axis depth, as defined
in ACI 31819. This provision may be used to determine the mininhgfior satisfactory design.
Provisions in H4.5b.2 also specify thhie beamshear demand determined from analysis not

exceed the design shear strengthyc, witht v=0.9 andvnc determined from:

6



O O WEoH Q — (2-2)

whereAs is the area of transverse reinforcement withiysris the specified minimum yield stress
of transverse reinforcementc is the width of concrete encasemaeditis the effective depth of
concrete encasemestis the spacing of transverse reinforcement, \&nd 0.6~yAw, whereFy is

the specified yial strength of steel for the steel section, Ants the web area of the steel section
It is specified thatlte peak moment demarid,, in the coupling beam determined from analysis,
which occurs at the beawall interface, be multiplied by 1+[[2)/(3g)] to account for fixity at
Le/3 into the wall from the beawall interface, wherde is the minimum embedent length
computed from Eq. €2) to provide sufficient connection shear strengthe flexural strength of
the beam is 1Mn, as defined in ANSI/AISB60-22 Chapter IWall longitudinal reinforcement is

required over the embedment length of the beam with nominal axial strexdéss than

AR (2-3)

whereVu is the maximum shear demand in the beam. This wall longitudinal reinforcement is
prescribed to extend at least one tension development length above and below the flanges of the
embedded steel section. Beam longitudinal and transverse reinforcementcrd@deto be
distributed around the perimeter with total area in each direction of at least.80a8lspacing

not e x c e Ehdbeanglonditddinal reinforcement is prescribed not to extend into the wall

and not to be included in the computationlekiiral strength.



For composite special shear wallspyasions in H5.5d specifythat the embedment lengti the

steel section into the wdlle determined from

@ AT — 1 O —— (2-4)

whereLe is the embedment length of the coupling beamsidered to begin inside the first layer
of confining reinforcement, nearest to the edge of the wall, in the wall boundary mé&fmber,

the expected shear strength of the coupling baady is the clear gan of the coupling beam plus
the wall concrete clear cover at each end of the b&agis specified to be the lesser of the

expected flexural and shear strength, computed as:

O O —2 (2-5)

whereMppe is the expected flexurakrength calculated using the plastic stress distribution or the
strain compatibility methgdwvith applicableRy andRc factors used for different elements of the

crosssection,andVce is computed as:

® pPY® WYY Q —m (2-6)

whereR: = 1.3 is a factor to account for the expected strength of con&eatethe ratio of the

expected yield stress to the specified yield stress for the structural steel sextRnjs theratio



of the expected vyield stred® the specified yield stress ftine ransverse reinforcemenwith
values forRy and Ry taken from Table A3.2n AISC 34122 (2022).Wall longitudinal
reinforcement is required over the embedment length of the beam with nomalateeagth not

less than:

o o 2-7)

This wall longitudinal reinforcement is prescribed to extend at least one tension development
length above and below the flanges of the embedded steel sddtisnwall reinfocement is
prescribed to be confined by transverse reinforcement that meets ACI 318 Section 18.10.6. For
cases in which the longitudinal reinforcement ratio is less thany4@@fisverse reinforcement
satisfying ACI 31819 Section 18L0.6.5b) through (epver the distance calculated in accordance
with ACI 31819 Section 18.10.6.4(a3 requirecbetween a height dfe below the bottom flange

andLe above the top flange of an embedded steel seclioavertical spacingf this transverse
reinforcement is prescribeubt to exceedthe lesser of 8and eight times the diameter of the
smallest longitudinal reinforcement confined by this transverse reinforceldear longitudinal

and transverse reinforcement is prescribdaktdistributed around the perimeter with total area in
each direction of at least 0.0QRband spaci ng n oThe beamclengitddinalg 120
reinforcement is prescribed not to extend into the wall and not to be included in the computation

of flexural grength.



3. Experimental Program

3.1. Specimen Design

Four SRCcoupling beamgmbedded into reinforced concrete wallsredesigned, constructed,
andtested. Eacbf two test specimes) shown inFigure3.1 andFigure3.2, was comprised of two

coupling beams, a wall, a footing, and a top bldak. each tesspecimen, e coupling beams

were tested separately with load simultaneously applied to the Magllcoupling beams were

tested as cantilevers, with the point of load application representintength of a fulllength

coupling beamThe coupling beamwere nominally identical. The test variableere the wall

longitudinal reinforcement and thevel of wall demands applieéor the four tests, SR®@/1,

SRGW2, SRCWS3, and SR&N4, the wall longitudinal reinforcement ratio at the boundary was

0.026, 0.0260.012, and 0.0031, respectively, noting that the value for-8Rds the web
reinforcement ratio due to the lack of boundary elemEmé. ratio of applied wall demands to

applied coupling beam shear were the same for-BRCSRCGW3, and SR6GN4 andless than

that of SREW1. More details on the wall demands are provided in Se&iénEachcoupling

beam, shown irFigure 3.3, had 120 -section 4n8 a WI2x98992sstructural steel
section with the flanges trimmed to 5.50 widt
scaling, as the test beamsreprgesda‘*s cal e 240 by 360 rectangul ar
with a W24x250A992 steel sectionTheb e ams wer e t est &€achwaas |3 Choa dc almi2t
by 9 6 ésection shews inFigure34,wi t h 900 <c | earswhered 3gohtwi dleh eb yf

180 tall by 120o0swereh®q vaindle tthye I &@ tbhdlolckby 1 2(¢(
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Figure3.4. Wall CrossSectiors

There is a lack of previous research on the nonlinear wind behavior of SRC coupling beams, such
that there is lack of design guidance. Howegersmicdesign guidelineare providedn AISC

341-22 andwere summarized in the previous chapterAIBC 34122, SectionH5 applies to
composite special shear walls, wHectionH4 applies to composite ordinary shear wallksSC

341-22 SectionH4 provisions are expected to provide limitegklastic deformation capacity
through yielding as specified iAISC 34122 SectiorH4.2 AISC 34122 SectiorH5 provisions

are expected to provide significant inelastic deformation capacity through yielding, such that the
walls are specified to be desighmcluding Chapter 18 of ACI 318s specified iAISC 34122

SectionH5.2. ACI 31819 Section 180.1.1 specifies thaSection 1810 applies tospecial

13



structural wallsln this study, the coupling beams were tested to peak deformation demands of
three imes the yield rotationyith more details on loading protocol providedSection 3.6. This

level of demand is comparable to peak coupling beam demands undeleM&CEarthquake for

the 42story reinforced concrete core wall building analyzedivehle & al (2011). The peak
demands on the test beams were deemed to be more consisteAtS@GtIB4122 SectionH5

design thamAISC 34122 SectionH4 design. Therefore, the beams and walls were designed to

satisfyAISC 34122 Section H5.5 and ACI 31B9 Sectiornl8.1Q

0 . 2dtameter A36 undeformed bar was used as reinforcement in the beam. This included ten
longitudinal bars around the perimeter of the section and transverse reinforcement comprised of
hoops spaced &5 on center . E a ¢ h reimforcementucensisted afkarst r an s v
with long legs overlapping. The concrete clear cover to the beam transverse reinforcement was

0. 75 0 .-scale, thig reihfdrcement in the hatfale beam satisfied AISC 322 Section

H4.5b.2(c) for a total area in @adirection of at least 0.00kba nd spaci ng not exc
The longitudinal reinforcement was not embedded intomdlé asrecommendd by Barbachyn

et al (2012)and prescribed by AISC 3422, rather than embedded a short distance as shown in

ACI 31819 Fig. R18.10.7.b.

The specified compression strength of concifed@ysed in the beams and wall was 5.5 ksi. Using
Ry=1.1for A992 Ry = 15 for A36 andR: = 1.3from AISC 34122, Mphe was computed to be

448 kft, andVce was computed to bedd k for the beam. The clear cover at the end of the wall

was0 . 750 iametér.wallSboundary transverse reinforceneemtd 0. 6 2 Sars t o # 3

spliced to wall shear reinforcement. Using the larger clear cover to deteyrwiaevas computed
14



to be 19X for the flexurecontrolled beanLewa s comput ed t 024).kebeiBs. 00 usS
from the inside of the wall boundary transverse reinforcement, which was locatéed 1f r om t h e
beamwall interface.Thus, the required embedment length from the beaih interface was

34. 00, which was the | ength provided. Auxi |l i e

provided in the embedment region. Web stiffeners were not provided in the steel section.

The minimum required strength of wall longitudin@inforcement crossing the embedment length
was determined to be 366 kips in accordance withZd).SRGW1 and SRON2 had 14#6 and

4#3 Grade 60 longitudinal bars crossing the embedment length, as sHegureB.4 andFigure

3.2, for a provided nominal strength of 396 kips, which was 1.08 times that reqiviscratio

was less than 1.0 for SR@W3 and SREN4 to assess whether the quantity of reinforcement
prescribedoy AISC 34122 could be reduced if wall demands are sufficiently low. SREhad

14#4 and 4#3 Grade 60 longitudinal bars crossing the embedment length for a provided nominal
strength of 194.4 kips, which was 0.53 times that required.-B8RChad 12#3 Grad&0
longitudinal bars crossing the embedment length for a provided nominal strength of 79.2 kips,

which was 0.22 times that required.

It was assumed that the test beamwerenot located in a wall location with a special boundary
element. The correspondibgundary longitudinal reinforcement ratio@b2 for SRGW1 and

SRGW2 and 0.012 for SRAV3 exceeded 406/= 0.0067, such that an intermediate level of
boundary transverse reinforcement was required by ACFL®1&ection 18.10.6.5(b). The
boundary elemnt transverse reinforcementas configured asoops and crossi es wi t h 0.

clear cover that were spaced | onlgngitudndlbanal | vy
15



restrained along the length of the wall. This satisfied the requirements of AQI93%8ction
18.10.6.%b) at halfscale.The boundary element transverse reinforcement Qvas2dameter

A36 undeformed bar for SR®/1 and SREN2 a n d -Oiamet8& AZBaindeformed bar for
SRGWa3. This satisfied the requirements of ACI 318 Section 25.2.2, which specifies #3 or
larger transverse reinforcement for #10 or smaller longitudinal reinforcement and #4 or larger
transverse reinforcement for #11 or larger longitudinal reinforcement, asdzdf. The two
longitudinal bars in each boundary lte@ at the wall centerline were discontinuous at the
embedment of the steel sectidall boundary element transverse reinforcement was provided in
the embedment zone using threaded rods and plates, as shbigora3.5. The threaded rods
and plates, which were spaced | ongitudinally :
less than that of the boundary element transverse reinforcement above anchbetowbédded

steel section. The threaded rods passed through holesilped into the web of the steel section
prior to assembly. This detailing is consistent with that used by Motter et alaj26br SRC

W4, thelongitudinal reinforcement ratio @i.0081 was less thad00fy = 0.0067 such that an
intermediate level of boundary transverse reinforcemennetequired by ACI 31819 Section
18.10.6.5(b) The wall boundary transverse reinforcement required by AIS238ection H5.5b
between a heigHte below the bottom flange ard above the top flange was not provided for

SRGWA4.

Wall web horizontal and vertical reinforcement was #¥aceda t 60, and the
reinforcement ratio of 0.0031 exceeded the minimum of 0.0025 required by ACI9338ton
18.10.2.1The vertical web reinforcement extended to the end of the wall for\BR@J-bars at

the ends of the wall were spliced to the wall web horizontal reinforcement to satisfy AC8318
16



Section 18.10.6.5(a). At the location of the embeddedtlsteson, the kbars did not pass through

the web of the steel section, and a doubleat detail was used, as showrFigure3.6.

v
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Figure3.5. Embedment Detail
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Figure3.6. U-Bars Spliced to Web Horizontal Reinforcement at Embedded Steel Section

3.2 Construction

The test specimarwerebuilt indoors on a level surfac&he first specimen, with SR®@/1 and
SRGW?2, was constructed and tests were completed prior to construction of the second specimen,
with SRGW3 and SR@N4. For each specimenpastruction began with building of footing
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formwork andying of the footingreinforcementage followed byplacement of the reinforcement
cage in the footing with spacers used to maintain clear cover. Formwork for one side of the wall
and coupling beamwas built,positioned,and braced to the flooiThe wall boundary element
reinforcement cages were assembled and plaagddtheformwork used for positioning=or the
specimenwith SRGW1 and SRGN2, somereinforcement in the footing was removed and re
placed to accommodate placement of the wallnidany element reinforcemenwvhich had #6
hooked longitudinal reinforceme/all web horizontabnd verticateinforcement wrethen tied

into position individually.PVC was installed in the footing formwork to create voids that were
later used for pogensioning rods. The footing was pouradd the footing surface within the plan

of the wall was roughened, as this was a construction. jgifter several days, the footing

formwork was removed.

Formwork for the coupling beams was buyggsitioned, andbraced to the floorReinforcement

cages for thecoupling beamsvere tied. The steel sections and rebar cages were moved into
position with spacers used to set cowgth photos provided iRigure3.7 throughFigure3.9. The
remainingface of formwork from the base of the wall to the top of the coupling beams vias bu
installed, and braced to the floor. Threaded rods for instrumentation were installed through the
thickness of the wall and coupling beams, with holes drilled in the formwork to accommodate the
threaded rodsPhotos prior to subsequent corate placemet are provided in Figure 3.10.
Concrete was pumped from the bottom of the wall to the height of the top of the coupling beams,
including the couplindgpeams. The concrete surface in the wathatheight of the coupling beams

was roughenedas this was a construction jaint
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Formwork for the remaining face of the upper wall and for the top block was built, installed, and
braced to the floor. Th@p Hockreinforcementage was tied and placed into the formwork with
spacers used to maintain clear cover. PVC was installed in the top block formwork. Threaded rods
for instrumentation were installed in the walbncretan the wall and top blocwas pumpedrom

the top of the coupling beants the top of the specimen Photacs of the test specimamafter
completion of constretion and removal of formwork apgovided inFigure3.11. The construction
process resulted in construction joints at the foetuad) interface and at the top of the coupling
beams. A construction joint at the top of the coupling beams is consistent with standard practice

in which corstruction joints are present between story levels.
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Figure3.7. Photo ofReinforcemenin Wall andCoupling Beam$or SRGW1 and SRGN2
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Figure3.9. Photo ofCoupling Beam Cros$Sectiors fora) SRCW1, b) SRGW2, c) SRCW3,

andd) SRGW4
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Figure3.10. Photas Prior to Casting Concrete from Base of Wall to Top of Coupling Beams

(Left Photo: SRENV1 and SREN2. Right Photo: SRAV3 and SREWV4.)

Figure3.11. Phota of Test Specimenafter Completion of Construction

(Left Photo: SR&N1 and SRGN2. Right Photo: SRAV3 and SREN4.)
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3.3.Material Properties

The specified compressive strength of conci@ewas5.5ksi. Concrete was provided by a local
supplier.Eachspecimen was constructed in three separate lifts, as described in Sextieor

each concrete | ift, 60x120 conc rASTMC3c(3022) nder s
Compressive tests were condeettat 28 days as well beforeand aftereachcoupling beam test.

Values of the tested compressive strength of condrefe; are provided imable3.1.

Table3.1. Tested Compressive Strength of Concrete

Test Location Age f c@st(ksi)

Name (days) | Test #1| Test#2| Test #3| Test #4| Average
Lower 220 7.43 7.06 7.04 6.95 7.12
Wall 240 7.05 7.65 7.18 7.41 7.33

SRCW1 Upper 198 5.50 5.03 5.28 5.49 5.32
Wall 218 5.53 5.52 5.73 5.52 5.58
Lower 342 7.39 7.67 7.57 7.57 7.55
Wall 356 7.33 6.76 7.63 7.62 7.33

SRCW2 Upper | 320 | 547 | 548 | 541 | 523 5.40
Wall 334 5.43 5.61 5.49 4.98 5.37
Lower 98 4.74 4.59 3.95 5.02 4.57
Wall 105 4.21 4.93 4.74 5.16 4.76

SRGW3 Upper 84 5.42 6.04 5.41 5.40 5.57
Wall 91 5.86 5.17 4.89 4.99 5.25
Lower 154 5.30 4.93 4.98 5.47 5.17
Wall 160 4,73 5.20 511 4.52 4.89

SRCW4 Upper 133 5.57 4.37 5.18 - 5.04
Wall 139 5.86 6.08 5.60 - 5.47

The wall contained #6+4,and #3 Grade 60 reinforcement compliant with either ASTM A615 or
ASTM A706. The reinforcement was cut and bent by a local supplier, with test samples provided.

0 . 2dmmetera n d 0 -dian®eB3b undeformed reinforcement was used in the beams and
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walls. This reinforcement was cut and berhouse. Tensile testing was conductedt6n#4, and

#3reinforcement saples, with results provided ifable 3.2 andrigure3.12.

Table3.2. Measured Strength and Elongation from Tensile Testireaiforcement

Reinforcement Size | TestNo. | 3, (ksi) | 3, (ksi) | % Elong.
Test #1 66.5 107.5 175
Test 2 67.2 107.6 17.3
#6 Test8 66.0 107.6 175
Test # 66.2 107.6 175
Average 66.5 107.6 17.5
Test #1 67.0 108.2 15.1
Test #2 66.0 107.7 155
#4 Test #3 66.0 107.6 14.9
Test #4 660 107.4 15.2
Average | 66.25 | 107.9 15.4
Test #1 68.5 110.0 12.8
Test #2 69.0 110.7 12.2
#3 Test #3 68.0 108.9 12.4
Test #4 66.6 107.1 130
Average 68.0 109.2 12.6
#6 Reinforcement #4 Reinforcement #3 Reinforcement
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Figure3.12. MeasuredstressStrainfrom Tensile Testing oReinforcement
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3.4.Test SetUp

The test setipis shown inFigure3.13 andFigure3.14 and is similar to that used by Motter et al
(20179) in previous seismic tests on SRC coupling bedrhs.test specimen was positioned atop
a 200 widbyby¥2860l babl concrete spacer block t
the coupling beams and the floor for the actuator used to load the coupling beam. To level the test
specimen and provide contact between concrete surfaces, grout was used betgpacer block

and strong floor and between the spacer block and specimen footing. Ushsiyaigith threaded

rods, the footing was podensioned to the laboratory strong floor and was alsetpastoned in

the transverse direction. A steel loadin@tmewith welded base plate was installed at the top of

the specimen, with groutsed between the surfaces for contact and leveling. The steel loading
beam was pogensioned to the top block. The top block was {essioned in the transverse

direction.

24



-_T r;:
- J | [_—
o1 —1 1 L0 — 1
STEEL LOADING BEAM ﬁl}?) 330 Klp ACTUATOR @]
= =
el e
N R R R R R T CONCRETE
@ TOP BEAM | &
E SHEAR WALL E
gl e — — ol | 8
= |5 STEEL SECTION STEEL SECTIOM| S =
= k-]
Al | 2 13 13
E‘ r E=1 ; E
=l |z = Z |3
m = m
8| |3 —r—1 11§ |3 |8
g FOOTING 9 ;
m c| m
B
SPACER 9
VAN 7 7
/ i F% I i)
STRONG FLOOR
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Figure3.14. Photo of Test Satp

Four actuators were used in the tesh @tuator with200-kip capacity andN1 00 st r oke v
connected fsm the strong floor to theoupling beam. This actuator was oriented vertically and

| ocated 300 from the face of the wall. This ac
plate and attached to theupling beam using a top and bottom plate jp@ssioned to the coupling

beam. 60 wide by 10 thick by 1206 |l ong bearing
concrete to apply the | oad over the fverd | bea
connected to the steel loadibeam. One of these was a&®capacityta c t uat or wi t h N2
that was oriented horizontally and spanned from the strong wall to the loading beam. This actuator
was attached to an adaptor plate that wasteosiaced to the strong wall and to a welded end

plate on the loading beam. The other two actudhasswereconnected to the loading beam were

oriented vertically and spanned from the loading beam to the strong floor. These w&ip 268
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capacityactuators wittU3 00 stroke. oTBesver ewod oa adt@apgosite 206 f e
ends of the loading beam. Spacers, consisting of short length-besghk, were used under each
of thesetwo actuators. These actuators had adaptor plates that werepsisnedo the strong

floor and postensioned to the loading beam.

Passive axi al restraint was applied to the tc¢
threaded rod running horizontally on each side of the wall and spanning from the end of the
coupling beam being tested to the end of the coupling beam not being tested. Steel sections were
used to spread load from the coupling beam to the threaded rods. This passive restraint was such
that the axial compressive load on the coupling beam increatechereasing axial elongation,

and the load was measured during testisigg a load cell between the end of the coupling beam

not being tested and the steel spreader b&his axial restraint was expected to apply a low level

of force with the intent of migating outward ratcheting of the test beam over repeated loading
cycles. The approach was consistent with that used by Motter et al (2017a) in two of the four tests.
Motter et al (2017a) had observed significant outward ratcheting in two of the testppiied

this type of axial restraint to mitigate outward ratcheting in the next two tests. The measured axial
load was reported by Motter et al (2017a) to be sufficiently small to have minimal effect on the
beam behavior through-M interaction. This levebf restraint is expected to be less than that

provided by floor slabs and adjacent walls in actual coupling beams.

Outof-plane restraint was installed near each end of the steel loading beam to mitigzte out
plane deformation during testing. The -@{plane restraint at each end consisted of a structural

steel frame, comprised of two columns, a beam, and two-Emyth columns attached to the
27



beam. These shelength columns were positioned in contact with the top and bottom flanges of
the loading kbam and had welded end plates that were theri@asibned to the beaaf the out

of-plane restraint framén addition to providing oubf-planetranslationatestraint, these columns

were intended to resist torsion of the loading beam associatedutvibfiplanerotation at the top

of the wall. Grease was applied to the flanges of the loading beam and faces of the columns to

mitigate frictional resistance to-plane translation.

During testing of SREGN2, bracing was installed to mitigate torsiand ait-of-plane translation

at the end of théest beam. This bracinghown inFigure 3.15, was used for the entire test for
SRGW3 and SREGN4. Two braces were used, and each biawesisted oh steel sectiomwith
angled end plats that spanned from the columithe outof-planerestraint frame to the lower
base plate that was pesnsioned to the test beam. This bracing was oriented on an angle in a
horizontal plane. Thend plate at one end of edmtacewasbolted to the columns of the eat-

plane restraint framérease waapplied between the end plate at the other end of the brace and

the edge of the lower base plate that was-fgsioned to the test beam.
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Figure3.15. Photos of Oubf-Plane Test Beam Bracing

3.5.Instrumentation

Instrumentation was comprised of 95 linear variable differential transformers (LVDTSs), one load
cell on each of the four actuators, and one load cell to measure axial forcet@sttieam.
Additionally, for the first specimen, with SR@W1 and SRGN2, there were 36 strain gauges on
wall longitudinal reinforcementrhe layout of LVDTs, showrn Figure 3.16, was selected to
enable determination of the components of deformation from-tieialre, shear, and interface

axiakflexure and shear in the test beand to determia the strain field andssess plane section
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behaviorin the wall.The embedmant model for the steel section reflected in AISC-321is based

on the assumption of plane section behavior over the embedment length, while a wall in bending
is typically analyzed based on plane satibehavior. The layout in instrumentation was selected

to enable assessment of the extent to which plane section behavior in the wall is disturbed by
embedment of the beam. The layout of strain gaged for the first specimen, with SR&Z1 and
SRGW?2, is provided in Figure 3.17, with 18 strain gages provided on the longitudinal
reinforcement in each of the two wall boundary elements. This layoutof gages was selected

to ad in the assessmenf the local tensile increase or compressive reduaticgtirain inwall
longitudinal reinforcement due to the effect of the embedment demands, which create local

tension.

30



T
12.0
1

~6.0

6.0

-

12.0

-

12.0

-

7.5
7.5
6.0
6.0
°ol

30.0

=\

Figure3.16. LVDT Layout

31



() . —
12
5 j -t
1|2
4Bt a1 $=i=i = '?5
SRC-W2 L —3:{ SRC-W1
o e seEREEE 6375
W = i
12
2 ; —+
12
1 ; —t
A B C D E F

Figure3.17. Strain Gage Layoubr SRGW1 and SRGN2

3.6. Loading Protocol

During testing, reversed cyclic load was applied to the test beam, with reversed cychadoad
constant axial loa@pplied tothe wall. The loading protocol used for thestdoeam, shown in
Figure 3.18, was comprised of 250 cycles at ONIfe, 500 cycles at 0.40pe, 75 cycles at
0.79Mpbe, five cycles at 1.&, three cycles at 1k, two cycles at 24), two cycles at 24, and
one cycle at 3d), followed by thesame sequence in reverséheredy is the yield rotationFor
SRGW4, the loading protocol consisted 260 cycles at 0.18pbe, 500 cycles at 0.4@pbe, and
two cycles at 6.0% chord rotation, @&9Mpbe was not reached prior to reaching 6.0% chord
rotationduring the first excursion after 500 cycleDa#Mpbe. Mphe Was computed as 448 k-ft

for SRGW1, 450.7 k-ft for SRGW2, 426.7 kft for SRGW3, and 432.7 t for SRGW4 using

55 ksi expected yield strength #4892 steel and the average testexhcrete compressive strength

before the start of the test of 7.12 ksi for SRQ, 7.55 ksi for SRE&N2, 4.57 ksi for SR6&N3,
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and 5.17 ksi for SR@V4. The corresponding@Mppewa s comput ed for a 2.50
kips for SRGW1, 180.3 kips for SREN2, 170.7kips for SRCW3, and173.1kips for SRCWA4.

These values fov@Mpbe Were used to control the testls was determined during testing. During

the first positive excursion to Xy the measured chord rotation at Wk was multiplied by
My/(0.75Vpwe) to determinefy, whereMy was the moment at which the tension flange fully yields

(i.e., the strain on the inner face of the tension flange is equal to the yield strain), computed from
momentcurvatureanalysisusing the same material properties ugadcalculatingMpbe This

loading protocol was a modification of that used by Abdullah et &0j20 he protocol used by
Abdullah et al (2Q0) had a peak rotation of Ifs while the protocol used in this study had a peak

rotation of 3.@.

(3) cycles 8t 1,58,

(2) cyclesat2.08,

250cycles 500 cycles 75 cycles S cycles (2) cycles at2.58,

0.15M pne 0.40 M pac 0.75Mgae 1.28, (2) cycles at3.08,
- > - " -

> < > < -

uml.‘_"_‘,”,

L
I |
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]
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llllll A A ‘3“1 l‘ll | ‘I‘H’“u N ‘
““““ N | |

|

Lifl

‘luir“!u“v‘\‘l‘ "‘-],\" (i
AR 1111
”H"Hl

Lateral Load or Chord Rotation

-« > < >

Force Control Dislacement Control

Figure3.18. Loading Protocol
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For the displacemestontrolled cycles in the loading protocol, the chord rotation was computed

as the beam displacement divided byootihglaed 300 ¢
wall deformation. The correction for footing deformation was made using theettvcal LVDTs

on the footing to estimate rotation and vertical translation of the top plane of the footing. The
correction for wall rotation was taken in a simiaanner using the two sensors that spanned over

the clear height of the wall, but the value was halved due to the coupling beam being located at

mid-height of the wall.

The loads applied during testing are showRigure3.19, with the resultingvall demands shown

in Figure3.20throughFigure3.28 for the four testsA constant axial gravity load &28 kips was

applied to the wall duringll beam tests. This was determinedda3Aqf c@st= 328 kps using

f c@st= 7.12 ksiobtained from the lower wall concrete prior to the first beamRestersed cyclic

lateral load was applied to the wall through force proportionality among actuators. The gravity
load was appliedising the two vertical actuatoprior to the force proportionality, such that the

gravity load was maintained during loading cyclEse change in momefrom wall sheaover a

story height was equal talf of the moment created by theuging beam in the wall. Assuming

a 1206 story hei ght-scalethe wahsheaodanhadd wassprogrammadtto bb a | f

6 . 5/8+ 06642times the beam shear demaAtithe largest V@Mpoe for the four test beants

180.3 kips the peak wall sheas 97.7 kips, which isroughly equal to 'Y Q0 = 97.4kips.
Additional moment was appliei the wallusing equal and opposite forces in the two vertical
actuatorsEach of hese forces asprogrammed tde 0.275times the beam shear demand for
SRGW1 and-0.034times the beam shear demand $RGW2, SRGW3, and SR&VN4, and

these two act uat orThe wakdemands focSRO/& were2nRiddedaqba r t
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larger than typical demands at most locations in coupled walls but not so large as to produce wall
yielding. At the expected beam strengthla®.1 kips for SCRW1, the wall demands, excluding
coupling beam demand, at ringight were computed to produce a peak tensile strairB86#0.

and peak compressive strainDo@0B2, based on momenrturvature analysis, wheegis the yield

strain of the wall longitudinal reinforcement based on the testenggtr@rovided inTable 3.2.

For SRGW2 at 180.3 kips, these strains w@r@8ey in tensionin the positive loading direction
and0.00QL1 in compressiorn the negative loading directioRor SRGW3 at 170.7 kips, these

strains were @2¢y in tensionin the positiveloading directiorand0.00QL7 in compressiorn the
negative loading direction. For SRQV4 at 173.1ips, these strains were2Qey in tensionin the
positiveloading directiorand0.00QL6 in compressioln thenegativeoading directionThe local

demandsrelarger due to the influence of the coupling beam connection (Motter et ag,B017

328 kip

+ 1'!F'rw.'\-.lll = E.EJIIEIJ"IZ " !'I"rlx'.ml
+— = (.542* "l‘"hc.ml

0.275*Vuan (SRC-W1) ::] [ ] 0275*Vu (SRCWI)

-0.034* Vil (SRC-W2) -0.034 *Vaan (SRC-W2)
-0.034* Vi (SRC-W3) T -0.034 * Vil (SRC-W3)
'Drﬂad‘*v"‘-'” {SRC'W-E‘-] "ﬁ"llh;:lln -0,034*v~\.|ll {SRC-WJ-J

Figure3.19. Applied Loads
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Pwall = 328 k

J

Y Mtop = 7.79' *Vbeam = 1396 k-ft

Wall Moment Wall Axial Load
——>Vwall = 28*0.5*vbeam = 97 k
1469 k-ft
o 79 596 k-ft 149 k
9.83' *Vbeam = 328 k
1760 k-ft
Vbeam =
1791 k 887 k-ft
= % |
14 #6 14 #6

wes [T H

0.00070 = 0.30*ey

’4% 29.7 ﬁ
P =328k \1 0.00032

M = 1760 k-ft

0.00016 = 0.07*ey
’@f 36.6 —j

I —
P =149k 0.00010
M = 596 k-ft

Figure3.20. Wall Demands a¥@Mpbe for SRGW1 in the Positive Loading Directipmwith

Strain Demands Determined from Moméurvature Analysis
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Pwall = 328 k

J

¢\ Mtop = 7.79' *Vbeam = 1396 k-ft
<——Vwall = 28+0.5*Vbeam = 97 k

Aﬁo

o
78 1
Vbeam =
179.1k
- % .
14 #6 14 #6

- 207 =
000032 —  p=328k

M = 1760 k-ft

43 @ 6" {{_H

—
0.00011 P =507 k 0.00001

M = 596 k-ft

0.00070 = 0.30*ey

Wall Moment

1469 k-ft 9 ———

9.83' *Vbeam =
1760 k-ft

887 k-ft 9 —

Wall Axial Load

507 k
i o
328 k

Figure3.21. Wall Demands aV@Mprhefor SRGWL1 in the Negative Loading Directipwith

StrainDemands Determined from Mome@urvature Analysis
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Pwall = 328 k

J

/" \/ Mtop = 1.00' *Vbeam = 180 k-ft

Wall Moment Wall Axial Load
——Vwall = $8*0.5*Vbeam = 98 k
T 253 k-ft
626 k-ft 148 k
o 72 ‘ o
3.03' *Vbeam = 328 k
546 k-ft
Li 78 —44
Vbeam =
B % .
14 #6 14 #6
(L mwes L
0.00001 = 0.00%ey |~ 83.8 =
P =328 k 0.00008
M = 546 k-ft
=346 — 0.00018 = 0.08*ey
0.00010 —
P =148k
M = 626 k-ft

Figure3.22. Wall Demands a¥@Mpwhe for SRGW?2 in the Positive Loading Directipmwith

Strain Demands Determined from Mom&urvature Analysis
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Pwall = 328 k

J

VAR Mtop = 1.00" *Vbeam = 180 k-ft

Wall Moment Wall Axial Load
<——Vwall = 78*0.5*Vbeam = 98 k
253 k-ft ¢ |
626 k- 508 k
© 3.03' *Vbeam = %2 328)k_O

L 546 k-ft

‘ 78 Q‘/

Vbeam =
180.3 k 333 kef
. % .
14 #6 14 #6

43 @ 6" EJﬁF

- 3.8 -
| 8 | 0.00001 = 0.00*ey
0.00008 I
M = 546 k-ft
0.00000 — 0.00011
M = 626 k-ft

Figure3.23. Wall Demands a¥@Mpne for SRGW?2 in the Negative Loading Directipwith

Strain Demands Determined from Mom&urvature Analysis
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Pwall = 328 k

J

"\ Mtop = 1.00' *Vbeam = 170 k-ft

Wall Moment Wall Axial Load
——>Vwall = 28*0.5*Vbeam = 92 k
to 239 k-ft
593 k-ft 157 k
O 72 3.03' *Vbeam = 328 k
517 k-ft
| 78 2
Vbeam =
170.7 k 15 k ft
- % N
~— 34.0 —=
0.00001 = 0.01%ey |~ 85.9 =
P =328 K 0.00013
M = 517 k-ft

36.6 0.00027 = 0.12%
: = 0.12*ey
0.00017 1

————
P =157k

M = 593 k-ft

Figure3.24. Wall Demands a¥@Mpbe for SRGW3 in thePositiveLoading Direction, with

Strain Demands Determined from Mom&urvature Analysis
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Pwall = 328 k

l

VA Mtop = 1.00' *Vbeam = 170 k-ft

Wall Moment Wall Axial Load
< Vwall = 78+0.5*Vbeam = 92 k
239 k-ft 9 4
o 593 k-ft 72 >_®499 k
3.03' *Vbeam = 328 k
L 517 k-ft
| . J
Vbeam =
- % .
14 #4
C mee [
o 34.0 —=| . 34.0 —=
[ 4 -
\ 84.9 | 0.00001 = 0.01*ey
0.00013 =328 K
M = 517 k-ft

—
0.00001 P = 499 k 0.00017

M = 593 k-ft

Figure3.25. Wall Demands a¥@Mpne for SRGW3 in theNegativelLoading Direction, with

Strain Demands Determined from Mom&urvature Analysis
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Pwall = 328 k

J

/" \/ Mtop = 1.00' *Vbeam = 173 k-ft

Vwall = %*O.S*Vbeam — o4k Wall Moment Wall Axial Load
'S 243 k-ft
o 72601 k-ft 155k |
3.03' *Vbeam = 328 k
524 k-ft
78 74;?
Vbeam =
1731k ¥ {0kt
- % N

0.00002 = 0.01%y [~ 84.1 -
P =328k 0.00012
M = 524 k-ft
=272 ﬁ/‘ 0.00049 = 0.21*ey
0.00020
— p=1s5k
M = 601 k-ft

Figure3.26. Wall Demands a¥@Mpbe for SRGW4 in thePositiveLoading Direction, with

Strain Demands Determined from MentCurvature Analysis
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Pwall = 328 k

J

L\ Mtop = 1.00' *Vbeam = 173 k-ft

Wall Moment Wall Axial Load
<—Vwall = 18*0.5*Vbeam = 94 k
243 k-ft Y
601 k-ft 501 k

O 3.03' *Vbeam = 72 328>k_O

L 524 k-ft

f 78 J

Vbeam =
173.1k s0kfte 1
- % .
14 #4
SaE - —
e 34.0 —~ - 34.0 —
- 85.1 -
\ | 0.00001 = 0.01*ey
0.00012 P-328K
M = 524 k-ft
EEEEEEE—I E_—_E: Esz H -
0.00000 S~ 0.00016
M = 601 k-ft

Figure3.27. Wall Demands a¥@Mpne for SRGW4 in theNegativelL oading Direction, with

Strain Demands Determined from Mom&urvature Analysis
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SRC-W1:

At 0.15Mpbe:
0.00006 P=328K 0.00001
M = 264 k-ft
At 0.40Mpbe:
69.0 0.00004 = 0.02%ey
000010  p=328k
M = 704 k-ft
At 0.75Mpbe:
366 —~ 0.00035 = 0.15%y
]
000022——  p=328k
M = 1320 k-ft
At Mpbe:

0.00070 = 0.30%y
=207 *\%

0000322 — p=328k

M = 1760 k-ft

SRC-Ws3:

At 0.15Mpbe:
0.00007 P =302k 0.00004
M = 89 k-ft
At 0.40Mpbe:
0.00008 — P = 260 k 0.00001
M = 237 k-t
At 0.75Mpbe:
| " |
648 0.00005 = 0.02*ey
0.00011 P =200k
M = 445 k-t
At Mpbe:
r-»— 36.6 ——‘ I 0.00027 = 0.12*ey
—
0.00017 P=157k
M = 503 k-ft

SRC-W2:

At 0.15Mpbe:
0.00004 P =301k 0.00003
M = 94 k-ft
At 0.40Mpbe:
0.00005 P =256 k 0.00001
M = 250 k-ft
At 0.75Mpbe:
610 0.00004 = 0.02*ey
0.00007 o _qo3k
M = 470 k-ft
At Mpbe:

0.00018 = 0.08*ey

346 —

0.00010 —

P =148k
M = 626 k-ft

SRC-W4:

At 0.15Mpbe:
0.00006 P =302k 0.00004
M = 90 k-ft
At 0.40Mpbe:
0.00007 — P =259k 0.00001
M = 240 k-ft
At 0.75Mpbe:
621 0.00005 = 0.02*ey
000010~ p_q98k
M = 451 k-ft
At Mpbe:

~#2=  — ooooa9=021%y

000020 —— i)
M = 601 k-ft

Figure3.28. Wall Demands, Excluding Coupling Beam Demands, at Location of Coupling

Beam, Determined from Momeurvature Analysis
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4. Test Results

4.1. Observed Damage

Damage photoare provided ifrigure4.1 throughFigure4.4 for the beams anigure4.5 through
Figure4.8 for the wall These photos were takahzero rotatioollowing completion othecycle
indicated on théigures. Rrst and last cyckein eachcyclegroupare shown for the beams, and the
first cycle in each group is shown for the wahslditional increments are shown for SRAA4,

which did not reach 0. Mhbe After the cyclesat 1.5dy for SRGW2, a bracdo mitigatetorsion

and outof-plane translatiomn the test bearwas installedas described in Section 3dndthis
changed the vantage point of the provigddtosfor subsequent cycleBetween loading cycles
during testing, cracks were marked, and ¢W0£ millimeters or larger were measurédr SRC

W1 and SRGWS3, cracks in the positive loading direction were marked in black, and cracks in the
negative loading direction were marked in red. For SRZand SRCEW4, cracks in the positive
loading directim were marked in blue, and cracks in the negative loading direction were marked
in green. Locations and measured widths of cracks that were 0.2etgltsror larger are provided

in Figure 4.9 throughFigure 4.13 and Table 4.1 through Table 4.5, respectively Beam crack
widths were reported as the largest values measured at the top and bottom beam surfaces, reported
as AENdoOo, and at Facéh.e Walosdthewerempdorred as tthe largest Values

measured at the end s End acatnhbef aftahcee , Wackelp,o rrteepdo
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ForSRGW1, SRCW2, and SRGN3, damageconcentrateat the beamwall interface. Thigvas
the only location with concrete spalling, with minimal damage in the lsgem For SRCW1,
the crack across the beamall interface was the only crack to excee@ g&illimeters and was
measured a9 millimetersfor cycles &3.0dy. For SRCW3, this was the only crack to exceed 1.0
millimeter and reached a maximum of &%l metersin the positive loading direction and 27
milli metersin the negative loading direction for cycles atd3.Gcor SRCW1 and SREWV2, the
next largest cracks formdtbrizontallyalong the flangesf the steel section. For SR@1, the
lower crack reaatd 0.35millimetersandthe top crack reaeu 1.0 millimeterfor cycles at 3.4,.
For SRGW2, these crackea/ere measured agearly2.0 milli meters at upper flange locatiof®r
SRGWS3, vertical cracks formed along the beam flanges duringfitee group of cycles at
0.79Mpbe and remained less than 0.3 millimeters throughout theRestSRCW1, wall cracks
differed forpositive and negatiieading Positiveloading resulted iextensive cracks dhe side
of the wall opposite the test beaNegativeloading resulted imliagonalcracks extending to the
top of thewall on the side of the wall with the test beastile there werdimited cracks at the
baseSRGW2 was tested after SR&W1 with lower wall loads, andew wall cracks did not appear
until the displacemertontrolledcycles.However, severabesting wall cracks opened earlier than
observed during testing of SRE@1. For SRCW3, significantly morewall cracks developed in
the positive loading direction than the negatosing directionHorizontal cracks opened on the
sideof the wallopposite the test beam, similar to SRQ but not to the same exteAs the test
progressed,ew cracksn the wall formedabove the beajwhile increases icrackswidthsbelow
the beam werenore limited Unlike SRGW1, diagonalcrackswere not observedn the wall
during negative loadm Horizontal cracks in the embedment region near ¢néetline of the steel

section formed during the second group of 75 cycles atMnéSRelativeto SRC1 and SRC2
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tested by Motter et al (2017&xtensiveratcheting of the beams was not observed, indicating the

effectiveness of the axial restraint.

Obseved damage faBRGW4 differed significantly from the other three tests, as significant wall
damage was observed. For cycles at 0g5Nhe crack pattern for SR@4 was similar to the
other tests, with the largest cra¢&sming at thebeamwall interface and smaller crac&®ngthe
flanges of the steel sectidmrming as horizontatracks with someertical crack branching from
them For cycles a0.4Mpbe, concrete spalled #te beamwall interface and within the embedment
region.The level ofspalling was sucthatthe cracks used for crack measurements were changed
after the 3 cycle at 0.Mpbe reflected byFigure4.12 andFigure4.13 and Table4.4 and Table

4.5. The largest crackermedat thebeamwall interface, witithe crack width reaching more than
50 milli metersin the negativeloading direction and 25milli metersin the positiveloading
direction. As shown inFigure 4.4, spalling of cover concrete in the embedment region initiated
and progressed significantly during the 500 cycles ai@4with thewall reinforcement and steel
section visible. Horizontal cracks in the wall were observexbove the embedment regjon
indicated a8+W and 4+Wn Figure4.13andTable4.5. These crackseached a maximum width

of 1.5milli meters, which occurreduring the first cycle at 6.0% rotatiofihe damage ithe wall

was such that theeam did not reach 0.FWbhve Despite thesignificant damage in the embedment

region, buckling of wall longitudinal reinforcement was not observed.
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15'Cycle @ 0.15Mbe

500" Cycle @ 040M poe

75" Cycle @ 075M phe 15! Cycle @ 075Mppe

Figure4.1. Damage Photos for SR@W1
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15tCycle@ 1.2, 5hCycle@ 1.2

34 Cycle@ 15dy 15tCycle @ 150

2" Cycle @ 2.0d 15tCycle @ 2.0

Figure 4.1 Damage Photos for SR@W1 (continued)
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2nd Cycle @ 2.5 _ ' 1t Cycle @ 2.50

2 Cycle @ 3.0dy el B 15t Cycle @ 3.0dy

Figure 4.1 Damage Photos for SR@1 (continued)
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15! Cycle @ 0.15Mhe

15tCycle @ 040Mpbe |-

1tCycle @ 075Mpbe | | 75" Cycle @ 075Mppe

Figure4.2. Damage Photos for SR@W?2
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5h Cycle @ 1.2d 15t Cycle@ 1.2d

\; 2 % RS

34 Cycle@ 1.50

18! Cycle@ 1.

15tCycle @2.0d) ‘ 2" Cycle @2.0dy

Figure 4.2Damage Photos for SR@2 (continued)
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15tCycle @ 2.5d 2nd Cycle @ 2.50y

15tCycle @ 3.0dy 2" Cycle @ 3.0dy

Figure 4.2Damage Photos for SR@2 (continued)
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250" Cycle @ 015Mppe

1stCycle @ 015M poe

15t Cycle @ 04Mpoe

500" Cycle @ O04M e

15tCycle @ 0.75Ne 75" Cycle @ 0.75Me

Figure4.3. Damage Photo®r SRGW3
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-~

1stCycle @1.2d;

15tCycle @1.5d, 3 Cycle @1.5d,

15t Cycle @2.0dy 2" Cycle @2.0d

Figure 4.3. Damage Photos for SRZ3 (continued)
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Cycle @ 2¥Cycl e y@

'Cycl e y@

Figure 4.3. Damage Photos for SR3 (continued)
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15t Cycle @ 015Mpbe 250" Cycle @ 015Mppe

15tCycle @ 04Mppe 100" Cycle @ 04Mpbe

| 250" Cycle @ 04Mpbe

Figure4.4. Damage Photos for SR@W4
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s

2" Cycle @ 6.0% Rotation

15t Cycle @6.0% Rotation

Figure4.4. Damage Photos for SR@W4 (continued)
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1stCycle @ 040M pbe

18t Cycle @ 075Mpbe 15t Cycle @1.2d

Figure4.5. Wall Damage Photos for SR&W1
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18! Cycle@ 1.50 18! Cycle@ 2.0dy

1t Cycle @ 2.5d

Figure 4.5Wall Damage Photos for SR®&1 (continued)
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15! Cycle @ 015Mphe

1s'Cycle @ 075Mppe | © 5 15tCycle @1.2d;

Figure4.6. Wall Damage Photos for SR®%?2
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18! Cycle@ 2.0dy

18! Cycle@ 1.50

1stCycle @ 2.5dy

1stCycle @ 3.0dy

Figure 4.6 Wall Damage Photos for SR&2 (continued)
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15! Cycle @ 015Mppe 15t Cycle @ 04Mpoe

15t Cycle @ O75M pye 1stCycle @1.2d,

Figure4.7. Wall Damage Photos for SR&3
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1s'Cycle @1.5d 15 Cycle @2.0d,

1stCycle @2.5d, 1stCycle @3.0d,

Figure 4.7. WalDamage Photos for SR@3 (continued)
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1St CyCIe @ 015M pbe

:I.St CyC|e @ 04M pbe

500thCycle @0.4M ppe 15 Cycle @6.0% Rotation

Figure4.8. Wall Damage Photos for SR&4
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Figure4.9. Location of Crack®.2 Millimeters or Larger for SREW1
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Figure4.10. Location of Crack®.2 Millimeters or Larger for SREGV2
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Figure4.11. Location of Cracks 0.2 Millimeters or Larger for SRZ3

67



Figure4.12. Location of Cracks 0.2 Millimeters or Larger ®RGW4 throughthe 3" Cycle at

0.4Mpbe
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\,l__ . \

Figure4.13. Location of Cracks 0.2 Millimeters or Larger RGW4 following the 3" Cycle

at0.4Mpbe
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Table4.1. Measured Crack Width@illimeters) for SRGW1

Crack:
Group'Cwele
0.15Mp First
0.13Mp Last
0.4 First
040 Last
0.75Mp First
0.75M8p Last
1.28v First
1.28vLast
1.56y First
156y Last
2.0y Farst
208y Last
2. 58y First

2 38y Last
306y First
308y Last
2.58v First
256y Last
2.0y First
2.0y Last
138y First
158y Last
1.26v First
126y Last
0.70Ep Farst
0.730Ep Last
0.4Np Farst
0.4 LAst
0.15Mp First
0.108p Last

Wi+

End Face End Face End Face End Face End Face End Face Face End

I+ I1- BX+ E21-
04 02 02 03 H H H 02
06 04 05 035 H 025 H 02

1 05 15 06 02 025 H 02
15 08 15 0B 025 02 02 02
25 15 25+ 15 03 025 0.5 02

7 4 7 4 035 025 03 025

o 5 10 4 035 025 03 025

9 ] 10 | 55 035 025 | 03 025
11 7 12 & 03 025 03 025
12 2 13 7 03 025 03 | 025
15 | 12 | 17 2 03 025 03 0215
6| 12 17 | 10 | @3 0325 | 03 0325
12 | 14 21 11 ©3 025 H H
0 15 21 15 035 025 H H
31T M 17T 035 025 H H
23 17T 24 17T 035 025 H H
21 14 21 17 04 03 H H
N 14 21 14 04 03 H H
17 | 15 18 | 12 (04 025 | H H
17 11 | 1T | 12 (05| 02  H H
14|11 15 13 05 01  H H
13 | 11 13 | 11 035 01 H H
12 | 1 13 11 o4 025 H H
11 | 11 12 | 10 04 02  H H
13 | 1 13 | 11 04 02  H H
12 | 1p 13 e 05 02 H H

] 7 © 10 04 02  H H

] B ] B 04 02 H H

4 B ] B 035 H H H

4 5 § 0335 H H H

il =T - R« B s R = s R« c R B« = R B I = R« = R - B B - - R I = < R ]

oW

=
(7]

05
0g
07
07
08
08
0.8
08
08

0g
0.5
05
05
05
0g
035

el =R R -« R« - B« = I« B« B R I« R« -« R I« B« R B I« <R« - R < I R = R o}

el =T« - R« < B« I = - = < B B« I« <R« R« - R = - < R B« I« - A« < A R = = - = -

025
025
025
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

fiJ =T R« R« I R« = R B« - R s O D= = R R« = s« A = = -
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Table4.2. Measured Crack Width@/illimeters) for SRGW2

B+

Crack I+ I1-

0. 1MpFrst - - 08 03 -
01%pLlast 08 04 07 035 -
O4dhpFird 15 04 15 035 H
O4MpLlast 15 05 2 06 H
07pFrst 3 08 35 135 03
0.70EpLast 45 14 45 135 035
1268y First ¢ 2 g 2 H
128y Last & * B I H
1.58y First 11 /25 11 3 H
158y Last 11 25 11 3 H
208 First 13 5§ W4 5 H
208y Last 13 5 13 & H
2. 58 Fist 14 75 8 6 H
256y Last 4 & 18 T H
3.08y First W e » & H
3.08y Last 11 ¢ 1 6 H
258y First 17| 7 | 17| 6 | H
2.58v Last l# & 18 & H
208 First 15 7 17T @& H
208y Last 15 7 18 W H
1.38y First w 6 12 7 H
1.538y Last 11 2 7 H
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Table4.3. Measured Crack Width@illimeters) for SRGW3

Crack: Bi+ B+ B5+  [Be=| B5S- |[MidBeam| wuil+ | wuzs | wies [ V1 HI- Hil+ H2+
Group/Cyele | End [Face| EndFace] End] Face[Face|End| Face]  Face  [End|Face] End [Face] End [Face| Face] End] Face] End] Face| End] Face
D ASMpFist) H | H| H | H - - H| H - - - - - - - - - -

O 05MpFirst 05| H |I5) 0.2 ) - = | 02| 025 - - - - - -
OAMp First J01%| H |05 03] - - = | 08| O - - - - - - -

O 4Mp First J005) H |08 ) 05] 0.2 ) 02 1] 08 035 - - - - = - - - = - = = -
0. 75Mp FirstJ0.15) H | 2 1 |02 )|025] H |25 1.8 0.6 - - - - - - - -
o7sMpFist] 04 Jos| e iaforsfos]| 1 [15] e 12 0.2 0.2 - | - - - - | -
1L26MpFiust) 04 |03 16 | 14 |O25) 03 | 02| 16] 1S 13 02|02 03] - - - - - - - - - -
lLioMpLast f 0.4 |03 | 16 | 14 |025] 03 [ 02 ) 17) 05 13 0.2) 0.2 |0.35] 0.2 - -
1566p First | 0.4 | 03| 17 [ 15 | 025) 0.3 [ 0.2 ) 18] 17 14 0.2) 2 |035] 02) - - - -
1.560%p Last | 04 | 03] 18 | 16 |025) 035 025) 19) 17 14 0.2) 02 |035] 0.2 )05 H - - - - - - -
208MpFuwst) 0.4 | 03] 19| 17 |OI5)0E5|025] 21 ] 19 15 02| 0.2 J035] 0.2 |05 H - - -
J06MpLast | 04 |03 | 20 | 18 | 025|035 [025) 21 ) 19 15 0.2) 02 |035] 02005 H - -
2.50MpFirst) 0.4 | 03| 22 | 18 |025|055] 025 24| 21 16 0.2) 0.2 |035] 02 )0.05| H - -
2%0MpLast | 04 |03 | 22 ) 18 | 025|035 028 24 23 16 02) 02 |03%5] 02 )008 H - - -
JoeMpFist) 04 | 03| 27 | 20 | 025 0.35| 0258 27 23 15 0.2) 02 |035] 02)005| H - - - -
doeMpLast | 04 [ 03] 27| 20 [o2s]oss|o2s] 27| 25 15 o2foz|oss|oz]oas| H| - - - | -
2500pFirst | 0.4 | 03| 22 | 20 | 025|035 |0.25) 25| 25 19 0.2] 0.2|0.35] 02005 H z - - -
25600pLast | 04 | 03| 25 | 20 |025)0F5[025) 25| 23 15 2] 0.2 |038] 0.2 | 005 H | 2 . - . . - .
208MpFirst) 0.4 | 03| 22 ) 20 |025) 03 ) 0.2 | 23| 22 17 0.2) 0.2 | 035 02)0.05| H | 2.5 - -
20eMpLast | 0.4 | 03| 23 ) 20 |025) 03 ) 02 | 23 20 15 0.2) 02 035 0.2 ) 008 H | 2.8 - -
L.566p First | 0.4 | 03| 20 | 19| 03 J0.25[ 02 ) 21| 20 19 02) 02035 02 )05 H|25) - - - - - -
teMpLlast | 04 03] 21 | 1o | o3 fozs|oz] | 20 19 o2fozfoss|oz]oas| H |23 - -
L2aMp Fist] 04 (03] 20 1o fosfozs|oz]2a1| 20 18 o2fo2lozs|oz]oas] H |25 - -
1L26MpLast f 04 |03 | 20| 19| 03 JOI5[{ 02 ) 21) 20 18 0.2) 02 |035] 02005 H | 2.5) - = - - - -
0. 75Mp Furst | 0.4 (03] 20 | 20 | 0.3 J025{ 0.2 | 21 ] 20 18 0.2] 02| 035] 02| 005 H | 2.5) 0.5 (025]02] H | 0.5]0.25
0 TEMp First ) 0.4 | 03 | 26 | 24 | 0.3 J0.25) 0.2 | 27 25 23 02) 02 |035] 02 005 H | 2.5) 0.8 | 025 0.2] 0.2 ) 0.5]0.25
QdMpFirst | 04 |03 ) 24 )| 22| 0.3 025 H | 24| 23 21 02|02 |035| 022|005 H] 3 Jo3 (02|02l H|H| H
O dMpFirst | 04 |03 | 24 )| 23 | 03 J025( H | 25( 23 23 202|035 02)008| H]| 3 Jo3 (02|02 H|H| H
odsMpFirst| 02 [ H| 23 [ 23 o202 H 23] 23 23 o2fozloss|o2| H| H 025 HJo2l H|H| H
O 05MpFust) 0.2 | H | 23 ) 23 02| H | 23] 23 3 02|02 |035|02) H| H 025 H J0o2| H|H| H
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Table4.4. Measured Crack Width@lillimeters) for SRGW4 throughthe 30" Cycle at0.4Mpbe

Crack:|Group/ Cycle [0.15Mp First [0.15Mp First [0.4Mp First [0.4Mp (30)
Eand 04 08 25 3
Bl+ | Facel 0.2 035 0.4 0.1
Face 2 - - . 1
B End 0.3 [ 0.25 03
Face 015 02 0.1 0.1
B3s End H 0.15 0.2 0.2
Face H 0.1 0.1 H
Face H H 03 0.25
B —%a " " 02 0.15
End . . 0.25 1
B+ Face - - 0.13 0.6
Face - - 0.2 0.35
B End N - H H
1% B B - 3
3 - - 15 15
BI1H+ 3 . . 1.25 23
4 _ _ 05 15
5 . . 0.25 03
1 - - - 06
BIH+ 2 - - - 0.6
3 - - - 0.3
1 B B B 0.6
Wi 3 E - - 1
3 B - . 06
Eod 0.5 0g 4 10
B 0.2 03 06 3
. End 0.15 0.15 0.15 H
BIV- Face 0.4 0.4 0.5 03
B3V.- Ead . - . 10
1 1 125 25 04
3 0.35 04 15 1
BIH- 3 - - 04 i3
4 B B 0.25 D4
1 . . . 0.33
2 - B 04 06
BIH- 3 - - 0.5 02
Fl - - 0.25 0.35
1 _ B 0.15 0.35
BiL. 2 . . 04 08
3 - B 0.15 04
1 B - - 5
BiH- 3 - - - i3
1 - - - 04
BSH- 2 B - . 08
3 - - - 3
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Table4.5. Measured Crack Width@lillimeters) for SRGW4 throughthe 3" Cycle at0.4Mpbe

Crack:|Group/Cyele [0.4Mp (40) [0.4Mp (100) [0.4Mp (250) [0.4Mp (500) [0.75Mp (1) [0.75Mp (2)
I 8 8 10 10 22 25
- 2 0.6 1
3 1 6
4 1 0.4
1 2.5
- 2 3 3.5
3 1.5 1.5 1.5
4 1 0.5 0.3
1 0.6 0.5 0.6 0.4 1.5 0.6
3+W 2 1 1 0.6 0.6 1.5 0.35
3 0.6 0.6 0.8 0.8 1.5 0.8
1 0.25 0.3 0.3 0.3 0.6 0.35
AH+W 2 0.5 0.6 0.5 0.5 1.5 1.5
3 0.4 0.5 0.5 0.5 0.8 0.6
1 10 10 10 10 50 50
2 3 2
1- 3 25
4 1.5 2
5 1.5 2 2.5
. 1 2.5
2 1.5 2
1 1 3.5
3- 2 1 1.5 1.5
3 0.35 0.5 0.4
4- 1 0.6 0.5 0.5
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4.2. Load-Deformation

Loaddeformation responses ftine tested beamare provided inFigure 4.14. Cyclic stiffness
degradation occurred during repeated loading cycles at a given increment, particularly during the
groups of 75 cycles at 0.Wbwe, as shown irFigure4.15. dy, determined as described in Section
3.6, was 1.90% chord rotation for SRAZL, 1.55% chord rotatiorfor SRGW2 and SRGW3, and
indetermnate for SR&N4, as0.79Vpbe Was not reached-or the three tests in whidaf was
determined, pak deformation demand wasy3as discussed in Section 3.6, resulting in peak
deformation of 5.70% for SR®/1 and 465% for SRGW2 and SRGW3. For these threeests,

the demands during displacemeontrolled cycleded toa reduction in stiffness for the second
batches of loagontrolled cycles relative to the initial batches of leadtroled cycles at a given
increment.The hysteretic loops for SR®2 had dightly more pinching than SR®@/1 and SRC

WS, although the level of pinching in both tests was sraalvas the level of strength degradation.
The shapef the hysteretic loops generally consistent with SRC1 tested by Motter et al @017
which is refective of favorable embedment behavior and sufficient wall longitudinal
reinforcement relative to the wall demandige peak strength reached ingbehreetests was
173.5 kips in the positive direction and 17%8iBs in the negative directiofor SRGW1, 178.0
kips in the positive direction and 18kipsin the negative directiofor SRGW2, and 160.%kips

in the positive direction an@l71.0kips in the negative direction for SRE@3. The stock beam
used for steel sections in SREZL and SREN2 differedfrom the stock beam used for steel
sections in SRA&V3 and SREWN4, which may have impacted the difference in strength for-SRC
W3 relative to SRENV1 and SREN2. As mentioned in Section 3.Ype for the test beams was

computed to be 192 kips. This computetlieas intended to be an upper bound for beam strength
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and is used for capacity design of the embedment length and wall longitudinal reinforddraent.
postyield strength increase was larger floese threg¢est beams than for SRC1 tested by Motter
et al(2017a). This was likely due tmproved concrete contact in compressabithe bearwall
interfacefor the case of reduced axial elongationagml restraint rediwed axial elongatiorfor
these threagest beams relative to SRC1, which was tested witlaat restraint. More information

on axial elongation is provided in Sectiob.4.

This study did not include testing on SRC coupling beams that were designed using provisions in
AISC 34122 H4 and tested to peak deformation demands more consistentduiirpmwalls. As
mentioned in Section 3.1, the maximum deformation demanddyafe&de deemed to be more
consistent with the seismic design provisions in AISC-32Section H5 for special walls than
AISC 34122 Section H4 for ordinary walls, such that the provisions in H5 were used for design
of the test specimens. It is recommendet honlinear wind design of steel reinforced concrete
(SRC) coupling beams follow the seismic provisions in AISG32Section H5Advanced levels

of deformation demand under wind demandse reachetor SRGW1, SRCW2, and SREN3

without significant sength degradation of initial cycles at new peak deformation demands or
significant pinching in the loadeformation response&Similar to seismic design, a specified
deformation capacity limit on the coupling beam is likely unnecessary for nonlinear egigphd
However, based on the available data, the use of a deformation capacity limit of 6.0% chord

rotation could be considered, based on modest extrapolation of data faW$RC
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Figure4.14. Load-Deformation for a) SRE&V1, b) SRCW2, ¢c) SRCWS3, and d) SREN4
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The behavior of SR@V4 differed significantly fronthe other three tests. SREZ4 and SRGN3

were nominally identical tests, with the exception of the quantity of wall longitudinal
reinforcement crossing the embedment lengtidl the quantity of wall boundary transverse
reinforcement For SRCW4, the wall lagitudinal reinforcement was insufficient to prevent
yielding at the connection, with the embedded steel section prying the wall open. Measured
yielding occurred in the wall, with more details provided in Secti@n®he significant stiffness
degradationn the beam during the 500 cycles at\d:4e was consistent with that for the wall, as
described in Section 4. For the 500 cycles at O\Mne the largest chord rotation reached by the
beam was 2.57% in the positive loading direction and 2.98% in théivee¢rzading direction.
During the next positive excursidallowing the 500 cycles at OMbbe, the beam reached 6.0%
chord rotation prior to reaching OMpe Two loading cycles were conducted at 6.0% chord
rotation prior to stopping the test. Signifitgmnching was observed in the ledplacement
hysteresis, with minimal load resistance for the second cycle at 6.0% until approaching the extents
of the previous cycle at 6.0% rotation. This type of hysteresis is characteristic of gapping behavior.
In this case, the beam pried the wall apart on the initial cyclic excursion to 6.0% with a gap
remaining. The peak strength developed in the beam, 106.3 kips in the positive loading direction
and 122.8 kips in the negative loading direction, was limited byiglding in the wall and was
significantly less than the other three tests. The combination of wall demands and wall
reinforcement for SRAV3 and SREN4 was adequate and inadequate, respectively, to produce

favorable performance in the coupled wall.

It is recommended that the quantity of wall longitudinal reinforcement crossing the embedment

length prescribed by AISC 3422 Section H5 be reduced by 50% for cases in which wall demands
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do not exceed that applied for SRIZ3. This recommendation applies fwth seismiandwind

design as favorable performance of SRZ3 under wind demands to a peak deformation of 4.65%
chord rotation was observed. The poor performance of8R@id not support further reduction

to the quantity of wall reinforcement crossimg ttmbedment length or reduction to the quantity

of wall boundary transverse reinforcement required by AISCZ23ection H5. The peak wall
moment and tensile strademands for SRAV3 were 29My and 0.00Q9 tensile strain in
outermost reinforcement at the coupling beam-hagyht and an average obaMy and-0.000Q

tensile strairf0.00001 compressive strain)outermost reinforcement over one story height, taken

as half a story above and below the dmgpbeam migheight. These demands were determined
from momerdcurvature analysis for the moment and axial load, with moment and axial load
diagrams determined based on transfer of coupling beam moment and shear to the wall at mid
height of the couplingdam. The momesturvature analysis used the Hograek{199) concrete

model, with the compressive strength of concrete taken as the average tested valueWs,SRC
which was 4.67 ksi. Th#ly indicated here was based on reaching 70 ksi, the expected yield
strength of A615 Grade 60 reinforcement (PEER TBI, 2017), in the outermost longitudinal
reinforcement. The tested yield strength of the reinforcement was not used here, since the demands

were less than yielding.

Measured torsional rotation at the pointa#d application in the test beans provided irFigure
4.16 through Figure 4.19. This torsional rotation was determined from two LVDTs located at
opposite beam faces and both located at the point of load applicBticsional rotation was
smallerfor SRGW1 than the othr three testd=or SRCW2 and SRCEW3, the torsional rotation

remained relatively small through the prielding loadcontrolled cycles but grew larger during
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the displacementontrolled cycles. After the cycleshtdy for SRGW2, a brace was installedho
the beam to mitigate additional torsiorhe brace was used for SR&E3 and SRE&WN4 for the
duration of the test, and the torsion was less for -8%&Cthan SRGN2. The peakmeasured
torsional rotation was 1.8% f@RGW2 and0.94% for SRGW3. The peak meased torsional
rotation for SREW4 reachedl1.1% during the 0.Mppe cycles andl.8% overall. The larger

torsional rotation for SRAV4 than SREGN3 was ptentially due tovall damage.
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Figure4.16. Measured Torsion in SR®@/1 at the Point of Shear Load ApplicatiBelatve to a)

Cycle Number, and b) Beam Rotation
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Figure4.17. Measured Torsion in SR®/2 at the Point of Shear Load ApplicatiBelaiveto a)

Cycle Number, and b) Beam Rotation
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Figure4.18. Measured Torsion in SR®/3 at the Point of Shear Load ApplicatiBelative to a)

Cycle Number, and b) Beam Rotation
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Figure4.19. Measured Torsion in SR®/4 at the Point of Shear Load ApplicatiBelative to a)

Cycle Number, and b) Beam Rotation

4.3.Dissipated Energy

Plots of the cumulative dissipated energy and dissipatedyeper cycle are provided Figure

4.20 for the four testswith the average dissipated energy per cycle at each loading increment
provided in Table 4.6. Dissipated energy was computed as the area enclosed by the load
deformation hysteretic loops ifigure 4.14, with the chord rotation converted to beam
displacement at the point of loading application. The dissipated energy per cycle was reasonably
consistent for SR@V1, SRCW2, and SREN3 during the loagtontrolled cycles. During the
displacementontrolled cycles, the energy dissipation was largest for-8RClue to the larger

yield displacement and resulting larger chordations in the testing protocol.h& energy
dissipation for SREV2 wassmaller tharSRGW3 during the displacemeitontrolled cyclebut
significantly larger during the subsequent 75 cycles atMh#b The total energy dissipated for

SRCGW?2 at the completion of testing was largispite the slightly increased level of pinching
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evident in the hysteric plots FFigure4.14. The dissipated energy per cycle was highest for-SRC

W4 likely due to energy being dissipated in the connection, as beam chord rotation and damage at
the connection increased dugirepeated loading cycles significantly more than in the other three
tests. The increase in cumulative dissipated energy for the two cycles to 6.0% rotation was
relatively minor relative to the increase in dissipated energy over repeated cyclédpas THe

total cumulative dissipated energy was significantly less for-BRGhan the other three tests at

the completion of testing, despite SR@! being the only test that reached 6.0% chord rotation.

The poor energy dissipation for SR&Z4 was a result adhe damage at the connection.
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Figure4.20. a) Cumulative Dissipated Energy, and b) Dissipated Energy per Cycle
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