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REVISIONS

Fourth Printing (December2019)
Updates td-igures2 through 23 on reinforcement details.
Updates to Tables 9 throudd on shear and deforman data

Minor editorial changes were also made.



ABSTRACT

The use otigh-strengthsteelbarsin reinforced concreteoupling beamss expected to
reduce reinforcement congestion. A series of tests was conducted to investigate the effects of high
strength reinforcement on coupling beam behavibrs repat summaizesthe test program and

testresults.

Eleven largescale coupling beam specimens were tested under fully reversed cyclic
displacement®f increasing magnitudéd’he main variables of the test programsluded: yield
stress of the primarngngitudinal reinforcement Grade80, Gradel100, andGradel20 [550, 690,
and 830]) spanto-depth(aspeck ratio (1.5, 2.5, and 3.5), amayout of the primaryongitudinal
reinforcement (diagonalD] and parallel [P]). All beamshad the same nominal concrete

compressive strengt{8,000 psi [55 MPa]andcrosssectionaldimensiong12 by 18 in. BO5 by
457 mnj). Beams were designed for target shetaength o8 "QD GEQ(® x Q- 0 A 'Q
for D-type beams andé QP QEQ (Md Q- 0 & Q) for P-type beams.All transverse

reinforcement was Grade 80 (55@xcept one specimethat had Grade 120 (830) transser

reinforcement.

The test program is documentby presenting the details @pecimen construction, test
setup, instrumentatiorand loading protocol.Documentation oftest resultsinclude material

properties and cyclic foregdeformation response
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CHAPTER 1: INTRODUCTION

1.1Background and Motivation

Reirforced concrete structural walls are a common lateral force resisting system used in
medium to higkrise construction. Structural waltgsistlateral forcesand limit building drift
during earthquakes or high wind evenBerforationsof a structural wallto accommodate
windows, doors, andtherbuilding componentseduce the stiffness and strength of the lateral
forceresisting system and may lead to the structural wall acting as a series of independent, smaller
structural walls. Coupling beams are usedduplethe actions of structural walleestoing much
of thelost stiffness and strength while retaining the openings necessary for buildi@pupéng
beamstransfer shear between structural wétlat results in wall axial tension and compression
forces that form a couple in response to overturning la&tien deformed,he geometry of the
systemamplifiesinterstorywall drifts into highercouping beanthord rotatiordemand. Chord
rotation refers tan-plane relativadeflection of a coupling beadivided by clear span. Thagh
shear and deformation demands placedeinforced concreteoupling beams requirgpecial
reinforcement detailing. This detailing is aimed at preventing shear strength and stiffness
reductions that would compromise theelal strength and stiffness of theinforced concrete

coupledwall system

The amount and detailing of reinforcement requiredancretecoupling beams cause
reinforcement congestion that increases construction d®sthicing the quantity or size ofeth
diagonal reinforcement by usidgh-strengthreinforcements one wayto reducereinforcement
congestionThe ACI Building Codg(ACI 318-14)Y limits the nominal yield stress of primary

longitudinal reinforeement in special seismic systems to 60 ksi (420 MPa) and confining



reinforcement to 100 ks6@0MPa) because of limited experimenti@tafrom test ofspecimens
constructed with higistrength reinforcementThere is reason to believe higtrength steel
reinforcement can functioas diagonal reinforcememt coupling beamsTypical problems
associated with the use bilgh-strengthsteel, such astraincompatibility betweertoncreteand

steel reinforcemerdand crack width control, are not a concerrmemlers primarily designed to

resisthigh cyclic deformations.

The ACI Building Cod&! requires diagonal reinforcement in coupling beams with aspect
ratios less than 2 and nominal shear stresses higher tf@mpsi (& o "QMPa). Coupling beams
with aspect ratio§bj "Q not less thad are required to be designed d®am of apecial moment
frame. The Codpermits coupling beams with aspect ratios between two to four to be designed as
diagonally-reinforcedor as a special moment frarneam Diagonal reinforcement in beams with
higheraspect ratie have a smaller angle relative ttee horizontal resulting in a need fdrigh
amounts of diagonal reinforcement to resist the shear dentledder coupling beams
(/b] 'Q ¢) may therefore greatly benefit from use of higlhength reinforcementhe effect of
using highstrength steel on the behavior of coupling beams with a representative range of aspect

ratiosneeds tde evaluated.
1.2Research Objectives

This studywas undertaketo investigate the use of higitrength steel as reinforcement in
diagonallyreinforcedand special moment frame coupling beaifise expected impact of this
work is reduced reinforcement congestion and, as a result, lower costs for ¢mmstficobust

reinforced concrete buildings.



The test results presented in this report may be useful as a basis for comparisons between
coupling beams reinforced witrade80, 100, and 120 (55690, and 830)teelbars They may
be useful for developmand calibrating models for use in design of systems with-stigimgth

reinforcement.



CHAPTER 2: EXPERIMENTAL PROGRAM

2.1 Specimens
2.1.1Design and Detailing

Elevencoupling beam specimengere tested under reversed cydbading Thae were
specimensvith threedifferent clear spalengths(resulting in different aspect ratipsliagonal or
parallelprimary longitudinalreinforcement, anthreegrades of steel reinforcemef@rades 80,
100, and 120 [550, 690, and 830]he coupling beamsvere tested rotated 90 deg® from
horizontalfor convenienceEach specimeconsistedf a coupling beam thétamedinto top and
bottom blocks The end blocks hadkenseGrade60 (420) reinforcement cages near the connection

with the coupling bearto emulate structural wall boungeglements

Specimenssuch as D123.5 or P862.5, were named using the following rules: the first
letter indicates whether it has diagonal (Dparallel(P) primarylongitudinalreinforcementan
example of which is shown iRigurel), followed by a number that represents the reinforcement
grade (in ksi), and the last number (separated by a dash) indicates the coupling beam aspect ratio
(clear span to overall heighp] Q. Details of the specimens aretdid in Table 1 andshownin

Figures2 through23. Notationis defined in Appendix A.

Thebeamdadclear spatengtls of 27, 45, and 6. (686, 114, and 160 mm), aheight
of 18 in. @57 mn), anda width of 12 in. (305 mn), resulting in aspect rasd/bj 'Q of 1.5, 2.5,

and 3.5 The ACI Building Cod&! requires coupling beams with aspect ratios less than 2 to be

reinforced diagonally when the shear stress demahnidtierthant "Q psi (& o "Q MPa). The



ACI Building Code permits coupling beams with aspect ratios between 2 and 4 to be reinforced

with diagonal or special moment framdetailing.

Nine of the eleven coupling beams had primiangitudinal reinforcement arranged in two
intersecting groups of diagonaillylaced bargéD-typebeams)with full-section confinement (rather
than confinement of each group of diagonal$je remainingtwo coupling beam&ad primary
longitudinalreinforcementirrangedarallel (P-type beams}o the beantongitudinal axissimilar
to reinforcement ilheams of special moment framBgamswith the D-typereinforcementayout

were designed to havea nominal shear stregth of approximately 8 "Qb GEQ

(m® x Q- 0 A "Q based on specifiefj, in accordance witho calculated usingACl 318-14

Section 18.10.7.4!8 (Equation2.1):

® ¢& QOHRI Equation2.1

Beamswith the Rtypereinforcement layout were designed to hameminalsheademand
of approximately 6" QP QEQ(M® Q- 0 & Q) basedbnl  with specifiedf,. Thesevalues
are near the maximum design stresses permitted by AGL83&f 8 "Q psi (T p 'Q MPa)

for diagonallyreinforced coupling beams and 6°Q psi (t® "Q MPa) for beamsof special
moment framesDesign shear stresses itypebeamsn this study were 10 to 70%gherthan
the design shear stresses usgdlaish et al*4 in their tests ofliagonallyreinforcedbeams using
Grade 60 (420) reinforcement with fisiéction confinement. Naish et!l#l.had nominal shear
stresses of 7.3'Q psi (0.61 "Q MPa) aml 4.8 "Q psi (& T 'Q MPa) fordiagonallyreinforced

beanswith aspect ratios of 2.4 and 3.3, respectively. In addition, the volumetric ratios of transverse



reinforcement for Etype beams in this study were approximatefdlessthan th@eused by

Naish et al'4

BeamshadNo. 6 (19) or No. 7 (22§rade80, 100,0or 120 650 690, or 83) steelbarsas
primary longitudinalreinforcementP-type beamswere constructed witkix parallel reinforang
bars three near the top and three near the bottom of the-seotisn D-type beamswere
constructed with two bundles dfagonalreinforcing bars that intersected at the midpoint of the
coupling beam with an angle of inclination betwd®and23 degees All beamsexcept D120
2.5, hadNo. 3 (10)Grade80 (%60) steel for all nosprimary reinforcemenBeamD120-2.5 was
constructed usindgsrade 120 (830) steelExcept for P8ER.5 transverse reinforcement was
provided a@ 3-in. (76-mm) spacingwhich corresponds todh for No. 6 (19) reinforcing barand
3.4dvfor No. 7 (22) reinforcing barBeamP80-2.5 hadtransverse reinforcement spaced at 3.5 in.
(89 mm) or 4.6times the longitudinal bar diameteEach layer of transverse reinforcement
consisted ba hoopwith seismichooks(135 degreeysandonecrosstie with 18 and 9@degree
hooksin the beam strong axiB-typebeamslso hadwo similar crosstiegn the beam weak axis.

See beam crossections in Figure® through23.

D-type beamshadtenlongitudinal No. 3(10) bars distributed around the perimeter of the
beam such that each bar was supported by either a crosstie or a corner ofTdiscsgrondary
longitudinal reinforcement was terminated 2 in. (51 mm) into the top and bottom blocks for all
specimens aside from D1205, consistent with the detailing recommended in the ACI Building
Codé! commentaryThe No. 3 (10) longitudinal bars in D12R5 were developeito the end
blocksto limit concentration of damage at thiock-beaminterfacesThe design data ifable1

include the minimum embedment lengtib) of the primary longitudinal reinforcement of the



coupling beams into the top and bottom blocks. Thbuils dimensions of the specimens are

shown in Figureg through23.

2.1.2Materials

2.1.2.1Concrete

Readymix concretewith a maximum aggregate size®@b in. (13 mm)provided by a local
supplier was used to cast the specimens. The target compressive stfejigtas8,000 psi 65
MPa).The measured concratempressivand tensilestrengthgTable2) were obtained from tests
of 6 by 12 in. {52by 305 mn) standard concrete cylinders following ASTM standa288® and

C49619,
2.1.2.2Reinforcing Steel

Deformed steel reinforcing bars were used for all reinforceniititcertifications for
reinforcing bars used as Grade 80 (550) showed compliance with ASTM%Gsle 80 (550).
Mill certifications for reinforcing bars used as Grade 100 (690) showed compliance with ASTM
A61599 Grade 100 (690Mill certifications for reinforcing bars used @sade 120 (830) showed
compliance with ASTM A1038 Grade 20 (830).Mechanical properties ofeinforcing bas
(Table3) that were used in the beamsre obtained from teiis tests in accordance with ASTM

A370%. Figure24 showssampletensile testesults

All reinforcement outside the coupling beams (g¢ap and bottom blocks) wasr&le 60

(420) incompliance with ASTMA615% Grade 60 (420).



2.1.3Construction

Photos showing various stages of specimen construction are presefpxendixB. The
specimens were cast monolithically with the topl bottom blockormwork lying flat on the
laboratoryfloor. The coupling beantoncrete was supported wittlevated woodormwork
because it was less wide than the end bldg&astruction of each specimen included the assembly
of reinforcing bar cagesstallation of strain gauges to the relevant reinforcing bars, construction
of wooden formwork, anglacemenbf the concrete. After castingpecimensnd cylinders were
covered with wet burlap and plastic sheets dotihworkremovalthree tofive daysafter casting.

Specimens were kept e climate controlledaboratoryfrom casting to testing

2.2 Test Setup

Thetest setup ishown inFigures25 through27. For testing, the bottonblock of each
specimen wabolted to the laboratory stng floor with twounbonded®.5-in. (635-mm) diameter
high-strength threaetl rods passing through the bottbfock and strong floarTo distribute the
hold-down forces, each ohé threaded rods was connected to a steel spreader beam under the
strong floorand a steeplate washer on the top surface of the bottom blotwo hydraulic
actuatorsacting in parallewere used to load the specimeii$ie actuators each have a stroke
length of 40 in. (102 mm) and aforce capacity of 220 kip (980 kN). The two actuators were
connected to the strong wall and the specimen by means of vertically oriented HP steel sections.
Actuator elevations arehownin Table 4 and Figures28 through 30. The HP sectionwas
connected to #top block ofspecimen witla series of hollow structural steel (HSS) sections for
transmitting conpression and sinbonde®.25-in. (57-mm) diameter higkstrength threaded rods

for transmitting tension. Additional steel fixtures werseedto bracethe HP setion againstout



of-planemotion Mirrored steelattached to the HP sectiomylon pads (attached to tleaternal
bracingsysten), and white lithium greassereusedto minimize friction betweethe HP section

andthe externabracing.

2.3Instrumentation

Severalnstruments werased to recordpecimen behavior during the testsjrdrarednon
contact position measurement systamo linear variable differentiatransformers(LVDTS)
attached to the top blockneLVDT and load cell integral teachactuator,and strain gauges

attached to reinforcing barslost collected data are nioicludedor discussed in thieport

2.3.1InfraredNon-Contact Position Measurement System

The motion capture system served to measiueepositios of 66 to 97 optical markers
attached to the surface of thgecimenncludingthree fixed positions attachéala rigid stand on
thelaboratory floor. The markeesmit infrared light pulses that are detectedh®yinfrareccamera
system The spatial coordinates of the markers were triangulated and recorded throughout the tests.
The markers were arranged in-a4 (102mm) square grid over one face of th@upling beam

and part of the top and bottom blocls shown irFigure31.

2.3.2Linear Variable Differential ransformergLVDTS)

In addition to the infrared markemgdwudant measurements of the top block displacement
were recorded biwo independentVDTs (Figure32). TheseLVDTs were attached to the face of
the top blockon theoppositeside of the actuatorsorizontally centexd on the facavith respect

to the width of the top blocand supported bgn instrument stand



2.3.3Strain Gauges

Several 12@hm electricakesistance strain gauges were applied to seleetatbrcing
barsprior to castingD-type specimens wergstrumengd with at leasB1 strain gauges ang-
type specimenswith at least22. The different possible locations of strain gaugessa@vn in
Figures33 and 34 with Tables5 and 6 identifying the strain gauges that were useceath
specimenTables5 and 6 also identify the strain gauges that malfunctiorfétlain gauges on
primary longitudinaleinforcementvere rated for 15% straiwhereas strain gauges on secondary

longitudinal reinforcement and transverse reinforcement vageel for 5% strain.

2.4Loading Protocol

Specimens were subjectdd double curvature througla series of reversed cyclic
displacements following the protocol iFable 7 and shown inFigure 35, patterned after the
protocol reommended in FEMA 46%. Forcebased control was usguior to yielding of the
reinforcement (at approximate®/5% chord rotation foaspect ratios of.5 and2.5 and0.75%
chord rotationfor an aspect ratio d3.5. Subsequentycles usd displacement controApplied
forces or displacemerst wereselectedo minimizethe rotation of thetop block relative to the

rotation of thebottom block

Several small cycle were imposegrior to testingwith forces below the crackingpint)
to facilitate tightening of the threaded rods connecting the bottom block to the strong floor and the
top block to the actuators. Testing wggically terminated when theycle peakshear force was

less thar20% ofthe maximum applied shear whenspecimen stability became a concern.

10



The weight of all fixtures ificluding HP sections spacersections, steel platesand
actuatorshanging orone side of the speciméRigure25) cause a permanent moment of about
42 ft-kips (57 m-kN) prior to loading.An equal and opposite moment wesplied using the
actuatoratthe start of the testhe weight of the fixtures was supported by a stack of skatelsp

prior to testing.

The loading rate is given ifiable7 for coupling beams with.5 and 2.5 aspect ratias
multiples of 0.01 in./sec that increased in stgjils an increase in chord rotatidoupling beams

with 3.5 aspect ratio were tested at twice the rate of the smaller aspect ratios.

Relative rotationof the end blockss defined as the difference between the top block
rotation and the bottom block rotatidRelative rotationvas minimizedoy pausing peodically
and, while holding actuator displacements constajtisting the ratio of actuator displacements

before continuing the test.

11



CHAPTER 3: EXPERIMENTAL RESULTS
3.1ShearChord Rotation Relationship
Chord rotation of the coupling bea®,Yis defined as the displacement of the top block

relative to the bottom block divided by the length of the beam clear span and corrected for rotation

of the top and bottom blocks

oY Equation3.1

Figure 36 shows aschematicof a generaldeformed shape ad coupling beamwith
displacement and rotational components identiflacthis figure, topblock rotation {~ ) and
bottom block displacemerit ( ) are positive whildottom block rotation ) and top block

displacement () are negative.

Displacement and rotation were calculated from measurements obtained with the infrared
norrcontact position measuring system (Section 2.3.1) and checked with data from the redundant
LVDTs. The infrared markers were offset from the edges of the top and bottom blocks by
approximately 2.5 in. (64 mm) to reduce the probability of the marker beiogrerete that would

spall during the test.

3.2Specimen Response and Observations
The eleven specimens described in Chapter 3 were subjected to the loading protocol
discussed in SectioR.4. The measuredorce-deformation relationship$or each specimeare

plotted in Figures37 through47 in terms of shear versus chord rotatemd discussed in the

following sections Table 8 lists the maximumshearstressand deformationcapacites of each

12



beam Maximumshear stress is normalized by the squaoeof the concrete compressive strength

at the time of testing@ in Table2).

Two different definitions were used fdeformation capacity arthord rotation capacity
Table8. The first, calledDeformationCapacityA, wasdefined as the average tife maximum
chord rotationreachedn each loading directiobeforea 20% loss of strengthn that loading
direction The second, calleBeformation @GpacityB, was defined as the averagetioé chord
rotationsin each loading direin where the envelopef the shear versus chord rotatiourve
formed by connecting the maximum chord rotation of the first cycle of each loading step intersects
with 80% of the maximurapplied sheamBoth definitions of chord rotation capacity are predd
because the distinctions may appeal to designers and aesesadifferently. Deformation
CapacityA is themore stringent measure as it corresponds taltbed rotation that the coupling
beam actually was subjected ©eformationCapacityB is the ickalized performance of the
coupling beam and is less sensitive to unique occurrences within thétfstsnation @pacity
B is alwayshigherthan or equal t@eformation @pacity A. Deformation cageity in this report

refers to @formationCapacity Bunless otherwise noted.

A shearchord rotation envelope for each specimen was developed in accordance with
ASCE 4117 Section 7.6!3 by connecting thenaximumdisplacement of the first cycle of each
loading step.The envelopes thus generated were superimposed omdhsuredshearchord
rotationcurvesin FiguresA8through58. Comparisos betweemnvelopes are presedtm Figures
59through62 for groups ofbeamsbased on theiaspect ratioCoordinates of the breakpoints for

theenvelopes arkstedin Tables9 throughl2.

13



Figuress9through62include the generalized forakeformationcurve for coupling beams
in accordance with ASCE 417 Table 10194, where the coordinates of points A through E are
specified. The force assigned to point C represents the probable strength of the merttieer and

deformation assigned to point E represents the chord rotation capacity. In Bgthesugh61,
the target design shear forceBof QD GEQT® X Q- 0 & "Qwas used to define the ordinate
of point B in Dtype beams, whereas iRigure62 the target design shear force of 8D QGEQ

(Md "Q- 0 Ad Q) was used to defenthe ordinate of point C infgjpebeams. These target design
shear forceare near thenaximum allowed by ACI 31:84. They correspond to the beam strength

calculatedbased on a stress’6iin the diagonal reinforcemeof D-typebeams and on a stress of
1.25"Q in the longitudinal reinforcememf P-type beamsFigures59 through62 show that all

envelopes from the msared test data exceeded the chord rotation capacity that ASCE441

assigns to coupling beams compliant with ACI1-3u8!.

Maximum shear among-B/pe beamswith the samespect ratiswere very similawith
the exception 0D120-2.5 due to the contributions of the developed No. 3 (10) reinforcement. The
chord rotation associated withaximum sheawas proportional to aspect ratibable 13 shows
measured and calculatettengthsincluding the measureg-calculated ratio for eadbeam The
measuredo-calculated ratios averaged 1#8 D-type beamgexcluding D1262.5)and 1.15 for
P-type beams. Théigherratios for Dtype beamsmay bebecause the calculated strengdih
depends only on the diagonal reinforcement and neglects the contribution of caratete

transverse reinforcementhese results are consistent with those from other stddie¥!.

Test results are summarizedTiable14 in terms of key design and response parameters.

General observations during testing of each specimesuanenarized in Sectiors2.1through

14



3.2.11 Photos showing the condition of theamsduring the last cycle to target chord rotations
of 2, 4, 6, 8, and 10% are shownAppendix C. The observedocations of fractured bars are

shown in Figure$3through73. Bar fractures weraot doserved in Rypebeams

3.2.1D80-1.5

Measured shar force is plotted versus chord rotation Higure 37 for D80-1.5. The
coupling beam completed both cycles to 6% chord rotation (Stey tt@ loading protocol in
Table 7) before strendt notably diminished.The second excursion 6% reached ghearof
approximately80% of the strength after at least one bar fracture. fElsulted in @aleformation
capacityof 6.9%(as reported iTable8). One cycle to 8% chd rotation (Step 1ih Table7) was
completed before the test was terminated. Strength loss was initiated by buckling of the diagonal

bars thatwasfollowed by bar fractureafterreversing the loading direction
3.2.2D1001.5

Measued shear force is plotted versus chord rotatiofrigure 38 for D100-1.5. The
coupling beam completed both cycles to 4% chord rotation (Step 9) before bar fractures occurred
during the firstcycle to 6% and strert diminishedrapidly. This resulted in aleformation
capacity of5.3% (as reported ifTable8). One excursion to +8% chord rotation (Step 11) was
attempted but aborted at approximately +6.d9é tostability concerns from theumerous bar
fracturesduring the previous loading cycle (Step 108i{rength loss was initiated by buckling of

the diagonabars followed by bar fractures in subsequeytles
3.2.3D120-1.5

Measured shear force is plotted versus chord rotatidrigare 39 for D120-1.5. The

coupling beam completed both cycles to 3% chord rotation (Step 8) and tleadussionto 4%.

15



However, an exception to the testing protocol occutlgthgthe first excursion te4% (Step 9)

The coupling beam displaced througbPo before fracturing all reinforcing bars in one group of
diagonals near the top end of the beam. The sudden bar fracaused digh increase in top
block rotation, resultingh ahighincrease in chord rotation to 8.1%here was no prior evidence

of barbuckling orfracture. The test resumed with cycles to 4% and 6% chord rotations (Steps 9
and 10). The deformation capacity wa2% (as reported imMable8) based on the definition of
Deformaton Capacity BReinforcing bar fractusnear-5% indicate thathe beam would not have
completed Step 10failure was imminent despite th@eviation from thetesting proocol.
Investigation after testing revealed that all four reinforcing bars in oie @idgonal bundles and

two bars in the other diagonal bundiedfractured

3.2.4D80-2.5

Measured shear force is plotted versus chord rotatioRigare 40 for D80-2.5. The
coupling beam completed two cycles to 6% rchmtation (Step 10) and half of a cycle to 8%
chord rotation before strength diminishbg more than 20%This resulted in a deformation
capacityof 7.6% (as reported inTable 8). One cycle to 10% chord rotation (Step 12) was
completed before the test was terminated. Strength loss was due to fracture of diagonal bars near

the ends of the coupling beam after they were observed to have buckled in a prior cycle.

3.2.5D100-2.5

Measured shear force is plotted versus chord rotation foORBin Figure 41. The
coupling beam reached chord rotations4o7 % and +6% in each loading direction befar20%

loss of strength resulting in a deformation capacity of 6%s reported inrable 8). Loading

a A chord rotation of 4% was targeted.
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continued untilnearlytwo cycles at 8% chord rotation (Step 11) were completed. Strength loss
was caused by fracture of one set of diagonal bars near the top end of the coupling beam after they

were observed to have buckled inreopcycle.
3.2.6D120-2.5

Measured shear force is plotted versus chord rotation for 2B Figure 42. The
deformation capacity of the coupling beam &&86 (as reported ifable8). Beamstrength began
to diminish in the first cycle to 6% with bar fractures occurring during the second excursion to
+6%. Loading continued until completion of two cycles to 8% (Step 11). Strength loss was
associated with hoop opening and bar buckling folloie8ar fracture in both diagonal bundles
near thebottomend of the coupling beam. Several longitudinal No. 3 bars also fractured- D120
2.5 had longitudinal No. 3 bars extended into the end blocks for a length sufficient to develop 1.25

times thespecifial yield strengttof the bar at the face of tlead blocksThis may have contributed

to achieving anaximumshear stress @f v "Q psi (& v "Q MPa).
3.2.7D80-3.5

Measured shear force is plotted versus chord rotatioRigare 43 for D80-3.5. The
coupling beam completed one cycle to 8% chord rotation (Stepefdde barfractures occured
during the second excursion to +8%ih a strength loss aipproximately80%. This resulted in a
deformation capacitpf 8.6% (as reported ifTable 8). Testing continued through one cycle of
10% (Step 12). A second axsion to +10% chord rotation was attempted but aborted due to
numerous bar fractures at approximately +3%. Strength loss was due to buckling followed by

fracture of diagonal bars near the ends of the coupling beam.
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3.2.8D100-3.5

Measured shear force is pledt versus chord rotation iRigure 44 for D100-3.5. The
coupling beam completed one cycle to 6% chord rotation (Step 10) before bar sractuneed
during the second excursion to +6##th a strength loss oheaty 20% This resulted in a
deformation capacity of 8% (as reported ifTable8). Testing continued through one cycle of
10% (Step 12). Strength loss was due to frastafeliagonal bars near the ends of the coupling
beamafter hey were observed to have buckled in previogdes.Outof-plane deformations as

highas 2.7% of the beam length occurred during the second cycle to +6%chord rotation.

3.2.9D120-3.5

Measured shear force is plotted versus chord rotatidfigare 45 for D120-3.5. The
coupling beam completed one cycle to 6% chord rotation (Step 10) before bar fractures occurred
during the second excursion to +6% with a strength lossezrly 80%. This resulted in a
deformation capacitpf 6.7% (as reported iMTable8). Testing continued through two cycles of
8% (Step 11). Strength loss was due to buckling followed by fracture of diagonal bars near the

ends of the coupling beam.

Continuous data from the posiidracking marker systeareunavailable after the second
2% cycle (Step 7) due taracording error ofhe primary data acquisition systeidfowever, shear
chord rotation coordinates were also recorded each time the test was paused with independent
softwae that used optical character recognitiocdpturein reattime the display of the primary
data acquisition systenThesediscrete datareplottedin Figure45 as hollow pointconnected

with dotted line.
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3.2.10P80G2.5

Test esults are plotted for P85 in terms of measured shear force versus chord rotation
in Figure46. Thechord rotatiorcapacity of the coupling beam wa9% (as reported iTable8).
Although strength began to diminish in the secerdursionto a chord rotation 0f3%, the first
excursion to +4% reached laesir that wakigherthan 80% of the strength in the positive loading
direction. Loading continued until two cycles to 6%chrotation (Step 10) had been completed.
No bar fracture wasbservedduringthe test. Strength loss was due to shear strength decay, with

damage concentrated near the ends of the coupling beam.

3.2.11P1062.5

Results are plotted for P15 in terms of meased shear force versus chord rotation in
Figure47. Thedeformation capacity of the coupling beam wds#l(as reported ifable8). The
first cycle to +3% was the last cycle to excee®&§ the strength in the positive loading direction.
The second excursion#&ochord rotation 0f3% reached engamearly equal to 80% of the strength
in the negative loading direction, while the first excursiordth exceeded the 80% threshold.
Loadingcontinued until two cycles to 6% chord rotation (Step 10) had been completddr No
fracturewasobservedafterthe test. Strength loss was due to shear strength decay resulting from

damage near the ends of the coupling heam
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CHAPTER 4: CONCLUDING REMARKS

Resultswerereported from tests of elevéarge scalereinforced concreteoupling beara
subjected to reversed cyclic displacements. This research was undertaken to investigate the use of
high-strength reinforcement idiagonallyreinforced (D-type) and moment rame (P-type)
coupling beamsVariablesncludednominal yield stress of the primagngitudinalreinforcement
(80, 100, and 120 ksi [550, 690, and 830 MPsanto-depth éspectratio (1.5, 2.5, and 3.5),
andlayout of primary longitudinateinforcemat (diagonalD] andparallel[P]). All beamshad
the same nominal concrete compressive stref@000 psi [55 MPa])and crosssectional

dimensiong12 by 18 in. [38 by 457 nm]). The D-type beamswere designefor atargetshear
strength of 8 QP GEQ (M x Q- 0 A Q and the Rype beams for6 QB QEQ

(M Q- 0 & Q. Alltransverse reinforcement was Grade 80 (550) excephemewith Grade
120 (830) transverse reinforcemgbBt120-2.5). The main findings and observatioriom this

studyare summarized as follows

(1) Chord rotation capacities of-fypebeams with Grade 100 or Grade 120 (690 or 830) diagonal
reinforcement were similar, with average deformation capacities of approxmbaté) and
7% for beams with aspect ratios of 1.5, 2.5, and 3.5, respectidelgrmation capacjtwas
based on the average chord rotation (fursitive and negativdoading directions)
corresponding to 20% loss of strength. These deformation capa&citieseédthe minimum
chord rotation capacities in ASCE-47 [ for diagonallyreinforced coupling beams

(2) D-type beams with Grade 80 (550) diagonal reinforcement exhibited approximately 25%
higherchord rotatiomm capacities, on average, than their Grade 100 or Grade 120 (690 or 830)

counterpartsThe increased rotation capacity of the beams with Grade 80 diagonal bars may
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be attributed to their loweatio of ' Qtoi] 'Q , whereQis the yield stress of the diagonal bar,
Q is the diameter of the diagonal bar, and the spacingf the hoops.

(3) Chord rotation capacities of-tiype beams with Grade 8@r Grade 100 (550o0r 690)
longitudinal einforcementwere similar, with an average chord rotation capacity of
approximately 4% for beams with an aspect ratio of 2.5.

(4) Measured sengthof D-type beams, on average, wasarly 50%higherthan the calculated
nominalshearstrength ¢ for adiagonallyreinforcedcoupling beanbased onQ ).

(5) Measured tsength of Ptype beams, on average, was approximateie higher than the

calculatechominalflexural strength) ~ for a moment frame beabased ofiQ and™Q ).
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Tableli Design data focoupling beam specimefs
(1 in. =254 mm, 1 ksi =1,000 psi =6.89 MP3g

Coupling Bearh Primary Longitudinal Reinforcement Transverse Reinforcemer

Id., b f,,_; b & 9 b B \A/\\ﬁ?é( it)r(?s”eg a
"OhD ( in. | Kksi in. in. in? degres in? | in?2 in?2 ksi in.

D80-1.5 8.4 1.5 27 80 6 075 21 264 227 - 0.44 033 80 3
D1001.5 8.8 1.5 27 | 100 5 075 27 220 227 - 0.44 0.33 80 3
D12015 8.4 15 27 | 120 4 075 34 176 227 - 0.44 0.33 80 3
D80-2.5 8.0 25 45 80 9 075 21 396 142 - 0.44 0.33 80 3
D1002.5 7.8 25 45 | 100 7 075 27 3.08 14.2 - 0.44 0.33 80 3
D1202.5 8.0 25 45 | 120 6 075 34 264 14.2 - 0.44 0.33 120 3
D80-35 7.8 35 63 80 9 0875 24 540 100 - 0.44 0.33 80 3
D10035 7.3 35 63 | 100 9 075 27 396 10.3 - 0.44 0.33 80 3
D12035 7.8 35 63 | 120 8 075 34 352 103 - 0.44 0.33 80 3

P802.5 5.2 25 45 80 3 075 21 - - 1321 022 033 80 35
P10062.5 6.4 25 45 | 100 3 075 27 - - 132 0.22 0.33 80 3

& For notation and definitions, see APPENDANOTATION.

b All specimens haviRe m B OB p ESD p EBandd 18 E Jto No. 3 (L0) transverse
reinforcementSpecimen Id. starts with D feaseswith diagonal reinforcement and P feaiseswith parallel
reinforcement, seEigure 1.

¢ Minimum straightembedment length based on ACI 408REq. 411.8% usingf =w=a=b=1 =1,

(c wKy)/dp=4,p& Qpsi, andQ= 8,000psi. Grade 80 (550) No. 3 (10) longitudinal reinforcing bars we
terminated approximatelyif. into the top and bottom blocks consistent with the detailing recommendatic
the ACI Building Cod&! commetary, except for Grade 120 (830) No. 3 (10) longitudinal reinforcing bars
D120-2.5 with a minimunstraightembedment length of 1. into the top and bottom blocks.

d Transverse reinforcement along theid2width of the coupling beam; 4 legs 0b6N3 (10) bars at spacirsgor
D-type beams and 2 legs of No. 3 (10) bars ftyge beams.

€ Transverse reinforcement along theifi8depth of the coupling beam; 3 legs of No. 3 (10) bars at spscing
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Table2 7 Measuedcompressive and tensigrengtls of concreté (1,000 psi = 6.89 MBa

Clgzﬂltii;}g a?i?)im Cast Date Test Date Age (days) Q b (psi) "Q © (psi)
D80-1.5 3 Nov 17 1 May 18 179 7,600 710
D100-1.5 3 Nov 17 9 Apr 18 157 8,200 720
D120-1.5 3 Nov 17 31 May 18 209 7,600 610
D80-2.5 16 Jun 17 3 Oct 17 109 8,400 620
D100-2.5 30 Jun 17 29 Nov 17 152 8,000 790
D120-2.5 18 Aug 17 6 Mar 18 200 7,800 760
D80-3.5 26 Jul 17 19 Jun 18 328 7,800 660
D100-3.5 26 Jul 17 6 Jul 18 345 7,900 650
D120-3.5 18 Aug 17 25Jul 18 341 8,200 660
P802.5 16 Jun 17 10 Nov 17 147 8,300 790
P1002.5 30 Jun 17 12 Dec 17 165 7,500 790

@ For notation and definitions, see APPENDIX A: NOTATION.
b Tesed in accordance with ASTM CBb average of two tests of 6 by 12 ih50by 300mm) cylinders
¢ Testal in accordance with ASTM C488, average of two tests of 6 by 12 ii50 by 300mm) cylinders
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Table371 Reinforcing steel propertiégl in. =25.4 mm 1 ksi= 6.89 MPa)

Coupling Bar Nominal . Tensile Uniform Fracture
Beam Size Bar Yield StresS Strengtf!  Elongatiof Elongatiord
Identification Diameter 9 9 9
0 0 "0 "0 i i
No. in. ksi ksi ksi % %
D80-1.5 3 (10) 0.375 89 113 9.7 12.9
D80-2.5
P802.5 6 (19) 0.75 83 110 9.2 13.3
3 (10) 0.375 89 113 9.7 12.9
D80-3.5
7 (22) 0.875 84 114 10.0 16.4
D100-1.5
D10025 3 (10) 0.375 89 113 9.7 12.9
D100:3.5
P1062.5 6 (19) 0.75 108 125 6.8 9.8
D12015 3 (10) 0.375 89 113 9.7 12.9
D120-3.
%35 6@9) 075 116 163 5.2 9.9
3 (10) 0.375 133 173 4.5 6.3
D120:2.5
6 (19) 0.75 116 163 5.2 9.9

2 For notation and efinitions, see APPENDIX A: NOTATION.
b Testal in accordance with ASTM A3
€ Corresponds to strain at peak stgin accordance with ASTM E8

d Calculated sain corresponding to zero stress on a line with slope equabdoilus of elasticityand passing
through the fracture point.

Table4 1 Specimen and actua®nominalelevations relative to strong flo(t in. =25.4 mmn)

d_ Top of Bottom Bottom of Top Actuator A Actuator B
o) Block (in.) Block (in.) Centerling(in.) Centerline(in.)
15 39.5 66.5 21 87

2.5 36.5 81.5 45 87

3.5 36.5 99.5 51 130
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Table5171 List of grain gauges on primary aisécondsy longitudinalreinforcement

D80-1.5 D1001.5 D1201.5 D80-2.5 D1002.5 D1202.5 D80-3.5 D100-3.5 D1203.5 P802.5 P1002.5

Coupling Beam Identification

Primary Reinforcement

D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
D11
D12
D13
D14

Diagonal
XX XXX 0O XXXXXXX X

XXXXXXXXXXXXO0X

XOXXXXXXXXXXXX

XOXXXOXXXXXXO0O X
XXOOXXXXX0OXXXX
XXXXXOXXXXXXXX
XXXXXXOXXXXXXX
XXXXXXXXXXX0OXO0
XXXXXXXXXXXXXX

Parallef

XXX XXX XXXXXX

XXXXOX0OXXXO0X

Secondary Reinforcement
Paralle?
T
~

I
w
X X X X X X

XOXXOXXXXX0O0

XXXXOX0OXXXO0

X X X X X
XXX 00X
OO X XXX

X OXXX0O0X
XX OO0 XXX
X X X X X

jm } S 14

T o

X0 i
00 i

r
r

ain gauge is present.
ad not avgilahlegdee ta irstrumentaralfumction. b u t

No. 6 (19) reinforcement placed parallel to the longitudinal axis dPtlype beams.
No. 3 (10) reinforcement placed parallel to the longitudinal axis dbthgebeams.
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Table61 List of drain gauges on transverse reinforcement

Coupling Beam Identification

D80-1.5 D1001.5 D1201.5 D80-2.5 D1002.5 D1202.5 D80-3.5 D1003.5 D1203.5 P802.5 P1002.5

Transverse Reinforcement

Closed Stirrups

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
su
S12
S13
S14
S15
S16
S17
S18

XX XX XXX XO0O

XXX O XXXXDO0O

XX X X X X X X X

XX XX XXX XO0O

XX XX 0O X XXX

XX XX XXX XO0O
OX XXX XXXDO

XX XX XXX XO0O

XX XX X000 XX

XX X X X X X X X

Crossties

T1
T2
T3
T4
T5
T6

X X X X

X X X X X

XXX X000

O X X

X X X

XXXIOXXXXXXXXXXXXXXXXDO

X X X
X X X

X X X

ot

X0

n d
n d

i cates
i cates

st
st

r
r

ai
ai

n
n

gauge
gauge
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Table7 1 Loadingprotocol(1 in. =25.4 mn)

Steg' Chord RotatioR Loading Rate

% in./s®
1 0.2 0.01
2 0.30 0.01
3 0.50 0.01
4 0.75 0.01
5 1.00 0.02
6 1.50 0.02
7 2.00 0.02
8 3.00 0.03
9 4.00 0.03
10 6.00 0.04
11 8.00 0.04
12 10.00 0.04

& Two cycles of loading in each step, following recommendations in
FEMA 46112, seeFigure35.

b Based orthe relativdlateral displacement between end blocks divide
the beam clear spaaXcludingcontributiors due to sliding of the
specimen andotation of theendblocks).

¢ Loading rate of coupling beams wikpect ratiosf 1.5 and 2.5Coupling
beams withan aspct ratio of3.5were tested at twice ¢ke rates.
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Table81 Coupling beammaximumshearstressand deformation capagit
(1,000 psi = 6.89 MPa, 1 kip = 4.45 kN)

) Maximum Applied Maximum Applied Deformation Deformation

Coupling Shear Shear Stress Capacity Capacity
Beam ) 0 Ab BC
ld. kips QMMOE % %
D80-1.5 254 135 6.1 6.9
D100-1.5 257 131 4.9 53
D120-1.5 264 14.0 4.6 5.2
D80-2.5 220 111 7.1 7.6
D100-2.5 220 11.4 5.3 6.0
D120-2.5 286 150 6.6 6.9
D80-3.5 219 115 8.3 8.6
D100-3.5 196 102 6.3 6.8
D120-3.5 216 110 6.5 6.7
P802.5 91 50 3.6 3.9
P1002.5 110 64 3.6 4.1

& For notation and definitions, see APPENDIX A: NOTATION.

® The average of thieighestchord rotations reached imeh loading direction before strengtl
diminished to less than 80% of theaximumapplied shear

¢ The average ahechord rotationsn each loading direction where the envelope ctovmed
by connecting thenaximumchord rotation of the first cycle ofeh loading steptersects
with 80% of themaximumapplied shear
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Table9i Forcedeformation envelope for-Bypecoupling beams
with aspect rati@f 1.5 (1 kip = 4.45 kN)

D80-1.5 D100G-1.5 D120-1.5
Target Actual Actual Actual
Chord Rot.| Chord Rot. Shear Chord Rot. Shear Chord Rot. Shear
8°Y 8¢ @ i P R @ i P 8% ® e P
% % kips % kips % kips
-10
-8 -8.23 -31.75 0.13 -8.56 -31.43 0.12
-6 -6.07 -226.30 0.95 -6.61 -151.45 0.59
-4 -4.09 -235.70 0.99 -4.24 -216.96 0.84 -4.88 -237.76 0.91
-3 -3.01 -235.67 0.99 -3.08 -241.74 0.94 -3.20 -261.53 1.00
-2 -1.90 -229.89 0.96 -2.05 -246.26 0.96 -2.06 -254.64 0.97
-1.5 -1.54 -223.37 0.93 -1.74 -257.10 1.00 -1.60 -246.66 0.94
-1.44 -228.92 0.96
-1 -1.12 -238.91 1.00 -1.04 -238.81 0.93 -1.05 -209.23 0.80
-75 -0.78 -221.76 0.93 -0.78 -202.63 0.79 -0.77 -177.18 0.68
-5 -0.51 -171.53 0.72 -0.52 -168.44 0.66 -0.52 -138.50 0.53
-3 -0.31 -124.27 0.52 -0.32 -123.83 0.48 -0.31 -92.79 0.35
-2 -0.21 -96.21 0.40 -0.22 -10348 0.40 -0.20 -68.89 0.26
0 0.00 1.37 0.01 0.00 3.83 0.02 0.00 2.37 0.01
2 0.20 80.68 0.32 0.22 82.98 0.33 0.21 71.26 0.27
3 0.30 103.95 0.41 0.31 99.00 0.39 0.31 91.17 0.35
5 0.50 150.30 0.59 0.51 142.57 0.57 0.52 120.71 0.46
.75 0.75 197.28 0.78 0.77 185.55 0.74 0.76 157.36 0.60
1 0.99 229.39 0.90 1.01 223.96 0.89 1.02 189.37 0.72
1.5 1.48 248.17 0.98 1.47 251.72 1.00 1.52 231.26 0.88
2 2.12 254.24 1.00 2.03 240.36 0.95 2.08 254.60 0.96
2.69 252.05 0.99
3 2.98 251.50 0.99 2.95 241.39 0.96 2.99 264.11 1.00
4 3.87 248.72 0.98 3.99 229.06 0.91 4.16 243.43 0.92
5.60 218.95 0.87 5.44 192.14 0.73
6 6.11 246.22 0.97 6.04 185.41 0.74 6.09 141.53 0.54
8 8.22 170.00 0.67 8.30 20.79 0.08
10

& The actual chord rotatioGR, associated with the peak force for each loading €&is the measured displacement o
the top block relative to the bottom block divided by the coupling beam clear/spamd correcting for relative rotatio
of the end blocks.

b &% s the maximum measured shear force in the respective loading direction.
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Table107 Forcedeformation envelope for{B/pecoupling beams
with aspetratio of 2.5(1 kip = 4.45 kN)

D80-2.5 D100-2.5 D120-2.5
Target Actual Actual Actual
Chord Rot.| Chord Rot. Shear Chord Rot. Shear Chord Rot. Shear

8°Y 8¢ @ i P R @ i P 8% ® e P
% % kips % kips % kips

-10 -10.01 -20.96 0.10

-8 -7.91 -131.70 0.60 -7.99 -46.15 0.21 -8.35 -119.57 0.42
-6 -5.91 -216.84 0.99 -6.04 -127.65 0.58 -6.42 -243.63 0.86
-4 -3.85 -215.74 0.98 -4.67 -216.89 0.99 -4.30 -283.46 1.00
-3 -3.11 -220.13 1.00 -3.15 -272.27 0.96
-2 -2.03 -213.19 0.97 -2.48 -220.12 1.00 -2.04 -241.03 0.85
-1.5 -1.51 -201.65 0.92 -1.50 -207.61 0.94 -1.56 -217.28 0.77
-1 -0.99 -170.95 0.78 -0.98 -167.82 0.76 -1.00 -162.48 0.57
-.75 -0.70 -144.26 0.66 -0.75 -138.02 0.63 -0.74 -134.47 0.47
-5 -0.47 -108.58 0.49 -0.50 -101.22 0.46 -0.53 -105.53 0.37
-3 -0.28 -80.44 0.37 -0.29 -73.03 0.33 -0.31 -65.09 0.23
-2 -0.23 -72.21 0.33 -0.19 -60.27 0.27 -0.20 -40.35 0.14
0 0.00 0.00 0.00 0.00 0.00 0.00 0.01 2.10 0.01
2 0.23 63.45 0.29 0.20 58.02 0.27 0.20 40.13 0.14
3 0.38 92.87 0.43 0.33 76.62 0.36 0.31 64.96 0.23
5 0.48 106.54 0.49 0.54 102.19 0.48 0.61 116.76 0.41
75 0.76 142.91 0.66 0.81 144.25 0.67 0.77 138.26 0.48
1 0.98 166.18 0.76 1.04 170.74 0.80 1.01 168.12 0.59
1.5 1.89 212.34 0.97 1.45 203.97 0.95 1.50 216.83 0.76
2 2.06 193.89 0.89 2.16 214.25 1.00 2.10 251.95 0.88
3 2.92 209.56 0.96 3.06 210.68 0.98 3.15 277.43 0.97
4 3.94 207.45 0.95 4.02 194.51 0.91 4.29 285.94 1.00

5.80 271.60 0.95

6 6.00 217.95 1.00 6.01 191.05 0.89 6.68 251.57 0.88
8 8.17 180.68 0.83 8.12 124.04 0.58 9.11 94.56 0.33
10

@ The actual chord rotatioR, associated with the peak force for each loading §&Bjis the measured displacement o
the top block relative to the bottdntock divided by the coupling beam clear spas),and correcting for relative rotatio
of the end blocks.

b ¢ is the maximum measured shear force in the respective loading direction.
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Table117 Forcedeformaion envelope for Btype coupling beams
with aspect ratio of 3.61 kip = 4.45 kN)

D80-3.5 D100-3.5 D120-3.5
Target Actual Actual Actual
Chord Rot.| Chord Rot. Shear Chord Rot. Shear Chord Rot. Shear

8°Y 8¢ @ i P R @ i P 8% ® e P
% % kips % kips % kips

-10 -10.29 -53.91 0.25 -10.25 -38.06 0.20

-8 -8.24 -182.26 0.84 -8.09 -102.84 0.54 -7.91 -93.00 0.43
-6 -6.04 -217.50 1.00 -6.35 -180.91 0.94 -6.38 -184.10 0.85
-4 -4.13 -209.83 0.96 -4.12 -186.92 0.97 -4.08 -215.70 1.00
-3 -3.09 -207.46 0.95 -3.10 -191.73 1.00 -3.01 -214.54 0.99
-2 -2.16 -204.24 0.94 -2.11 -189.19 0.99 -1.97 -191.87 0.89
-1.5 -1.56 -195.04 0.90 -1.58 -175.56 0.92 -1.58 -172.44 0.80
-1 -1.08 -164.62 0.76 -1.05 -134.79 0.70 -1.03 -129.45 0.60
-.75 -0.77 -125.98 0.58 -0.76 -106.16 0.55 -0.77 -105.13 0.49
-5 -0.51 -95.35 0.44 -0.51 -77.91 0.41 -0.51 -78.48 0.36
-3 -0.30 -66.42 0.31 -0.31 -55.74 0.29 -0.31 -55.70 0.26
-2 -0.22 -46.14 0.21 -0.22 -45.86 0.24 -0.20 -40.57 0.19
0 0.00 -0.16 0.00 0.00 1.63 0.01 0.00 0.06 0.00
2 0.22 49.87 0.23 0.26 52.65 0.27 0.23 43.16 0.20
3 0.34 71.92 0.33 0.31 57.99 0.30 0.33 57.05 0.27
5 0.51 95.47 0.44 0.53 86.95 0.44 0.53 79.80 0.38
.75 0.78 130.92 0.60 0.77 114.71 0.59 0.78 104.60 0.49
1 1.08 166.34 0.76 1.02 139.32 0.71 1.02 126.60 0.60
1.5 1.55 196.19 0.90 1.57 177.08 0.90 1.55 161.65 0.76
2 2.03 206.40 0.95 2.02 187.53 0.96 2.07 182.77 0.86
3 3.13 212.97 0.98 3.16 195.99 1.00 3.04 211.46 1.00
4 4.16 211.81 0.97 4.36 189.27 0.97 4.14 212.40 1.00
6 5.96 219.40 1.00 6.20 184.12 0.94 6.53 191.10 0.90
8 8.28 211.74 0.97 8.11 94.05 0.48 8.48 62.12 0.29
10 10.20 84.96 0.39 10.25 34.29 0.17

@ Theactualchord rotationCR, associated with the peak force for each loadieg.CRis the measured displacement o
the top block relative to the bottom block divided by the coupling beam clear/spamd correcting for relative rotatio
of the end blocks.

b ¢ is the maximum measured shear force in the respective loading direction.
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Table1271 Forcedeformation envelope for-§pecoupling beams
with aspetratio of 2.5(1 kip = 4.45 kN)

P80G2.5 P1002.5
Target Actual Actual
Chord Rot.| Chord Rot. Shear Chord Rot. Shear

8°Y 5 ¢ @ wle P 8% ® wio P
% % kips % kips

-10

-8

-6 -6.03 -16.81 0.19 -6.53 -29.39 0.27
-4 -4.06 -39.15 0.44 -4.02 -96.44 0.89
-3 -3.04 -77.09 0.86 -3.23 -106.60 0.98
-2 -1.98 -89.56 1.00 -2.05 -108.48 1.00

-1.5 -1.50 -87.17 0.97 -1.46 -104.53 0.96
-1 -1.01 -82.07 0.92 -0.99 -95.65 0.88

-75 -0.84 -80.11 0.89 -0.73 -82.75 0.76
-5 -0.47 -66.10 0.74 -0.50 -67.15 0.62
-3 -0.35 -58.97 0.66 -0.29 -50.74 0.47
-2 -0.19 -42.31 0.47 -0.23 -44.38 0.41
0 0.00 0.00 0.00 0.00 0.00 0.00
2 0.18 42.34 0.47 0.23 41.34 0.38
3 0.31 52.68 0.58 0.35 51.10 0.47
5 0.55 73.64 0.81 0.58 63.98 058
75 0.82 84.79 0.94 0.77 83.49 0.76
1 1.00 84.80 0.94 1.09 98.78 0.90
15 1.58 88.92 0.98 1.76 109.85 1.00
2 1.93 88.61 0.98 2.11 107.52 0.98
3 2.86 90.58 1.00 3.18 106.76 0.97
4 4.09 80.15 0.88 4.10 76.02 0.69
6 7.09 30.53 0.34 6.15 48.95 0.45
8

10

& Theactualchord rotationCR, associated with the peak force for each loading st
CRis the measured displacement of the top block relative to the bottom block
divided by the coupling beam clear sp&p, and correcting for relative rotation of
the end blocks.

% is the maximum measured shear force in the respective loading direction
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Table131 Coupling beam measuraed calculatedtrength$
(1,000 psi = 6.89 Ma, 1 kip = 4.45 kN)

Coupling Measuredo-
Beam Measured Calculated Calculated
Id. Ratid?
@ 0 @ ¢d jJ/b 0
kips QMO kips kips Nmo
D80-1.5 254 13.5 169 - 9.0 1.50
D1001.5 257 13.1 183 - 9.4 1.40
D120-1.5 264 14.0 158 - 8.4 1.68
D80-2.5 220 11.1 161 - 8.1 1.36
D100-2.5 220 11.4 163 - 8.4 1.35
D120-2.5 286 15.0 150 - 7.9 1.90
D80-3.5 219 11.5 158 - 8.3 1.39
D1003.5 196 10.2 153 - 8.0 1.28
D1203.5 216 11.0 146 - 75 1.48
P802.5 91 5.0 - 77 4.3 118
P1002.5 110 6.4 - 99 5.8 111

& For notation and definitions, see APPENDIX A: NOTATION.

® The averagef measuredo-calculated ratios is 134or D-typebeamgexcluding D126
2.5)and 1.15 for Rypebeams.
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Table14i Summary of test data
(1 ksi = 1000psi = 6.89 MPa)

Coupling Reinforcemen Jb " . . . b L c Measureq ASCE 4l17
Beam Type o Q Q Q 0 0 Chord that|0|Chord that|0|
Id. Capacity Capacity
psi ksi ksi Q¢ QmMC % %
D80-1.5  Diagonal 1.5 7,600 83 89 13.5 9.0 6.9 5.0
D100-1.5 Diagonal 1.5 8200 108 89 13.1 9.4 5.3 5.0
D120-1.5 Diagonal 1.5 7600 116 89 14.0 8.4 5.2 5.0
D80-2.5  Diagonal 2.5 8400 83 89 11.1 8.1 76 5.0
D1002.5 Diagonal 2.5 8000 108 89 11.4 8.4 6.0 5.0
D1202.5 Diagonal 2.5 7800 116 133  15.0 7.9 6.9 5.0
D80-3.5  Diagonal 3.5 7800 84 89 11.5 8.3 8.6 5.0
D1003.5 Diagonal 3.5 7900 108 89 10.2 8.0 6.8 5.0
D1203.5 Diagonal 3.5 8200 116 89 110 75 6.7 5.0
P802.5 Parallel 25 8300 83 89 5.0 4.3 3.9 4.0f
P1002.5 Parallel 25 7500 108 89 6.4 5.8 4.1 4.0f

2 For notation and definitions, see APPENDIX A: NOTATION.
b Shear stresassociated with maxirpum applied shear .

For D-typebeamsp w j Q.
For Rtypebeamsp w ] 0Q.

¢ For D-typebeamsp ¢ Q OBIlj oQ.
For Ptypebeamsp ¢ j/bjaQ.

4 The average of the chord rotations in each loading direction where the envelope curve formed by connec
maximum chord rotation of the first cycle of each loading step intersects with 80% of the maximum appli¢

€ Chord rotatiorcapacityfrom ASCE 41174 Table 1019 corresponding to thmaximumchord rotation associat
with the residual strength defined by segme+E i ASCE 4117 Figure 101 (b). It is important to note that tt
measured lrord rotation @pacity (see footnote d) corresponds to a higher residual strength than those use
ASCE 4117, where the residual strength is defirexi80% of the strength at point B in Figurel(b)4.

" The reported SCE 41174 chord rotation capacity is taken from Table 19" and corresponds to a residual
strength of 50% of the singth at point B in Figure 2Q(b)!. In contrast, theneasured chord rotation capacity
(see footnote d) corresponds to the chord ratadssociated with a pepeak strength of 80% of the maximum
applied shear.
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Figure49i Shear versus chord rotatienvelopgor D100-1.5
(1,000 psi = 6.89 MPa, 1 kip = 4.45 kN)
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Figure5071 Shear versus chord rotation envelé@eD120-1.5
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Figure51i Shear versus chord rotatienvelopeor D80-2.5

(1,000 psi = 6.89 MPa, 1 kip = 4.45 kN)
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Figure5371 Shear versus chord rotation envelope for D22
(1,000 psi = 6.89 MPa, 1 kip = 4.45 kN)
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Figure541 Shear versus chord rotation envelé@eD80-3.5
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Figure5571 Shear versus chord rotatienvelope for D10{3.5

(1,000 psi = 6.89 MPa, 1 kip = 4.45 kN)
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Figure5671 Shear versus chord rotation envelé@eD120-3.5
(1,000 psi = 6.89 MPa, 1 kip = 4.45 kN)

80

f ' psi/psi

Cc

Shear Stress/



Shear, kips

Shear, kips

150 8.5
LV, .. =91kips @ 2.9%
75¢ 14.25
or 10
; -3.2% — =72 kips 7
-75 oo ma - 74P -4.25
I TV ., =00 kips @ 2.0% ]
x Vmax
O CRa
I oo |
-150 ‘ ‘ ‘ -8.5
-12 -6 0 6 12
Chord Rotation, %
Figure5771 Shear versus chord rotation enveldé@eP802.5
(1,000 psi = 6.89 MPa, 1 kip = 4.45 kN)
150 7.8
LV, o = 110kips @ 1.8%

751 13.9
Or 10
-751 _ 1-3.9
L -4.4% —! 08V .. =-87kips |

-4.0% —|
TV 1y = 108 kips @ -2.1% X Voo
O CcRa
I o o
-150 : ‘ ‘ -7.8
-12 -6 0 6 12

Chord Rotation, %

Figure5871 Shear versus chord rata envelope for P16@.5

(1,000 psi = 6.89 MPa, 1 kip = 4.45 kN)
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Figure6371 Reinforcing bar fracture locations, D806
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Figure64i Reinforcing bar fracture locations, D10
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Figure65i1 Reinforcing bar fracture locations, D12
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Figure661 Reinforcing bar fracture location®80-2.5
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Figure671 Reinforcing bar fracture locations, D@
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Figure68i Reinforcing bar fracture locations, D12
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Figure691 Reinforcing bar fracture lotians, D803.5
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Figure70i Reinforcing bar fracture locations, D1:3®
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Figure71i Reinforcing bar fracture locations, D136
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Figure731 Reinforcing bar fracture locations, P12(%
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APPENDIX A: NOTATION
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[O%]

e

C:

total area oprimarylongitudinal reinforcement along the top or bottom face of a
coupling beanwith parallel reinforcement layolit).?

total area of reinforcement in each group of diagonal bars in a diagonally
reinforced coupling k&m, in?

beam width, in.

clear cover of reinforcement, in.

chord rotation of the coupling beam, corrected diwling andrelative rotation
between the top and bottom blockd

distance from extreme compression fiber tote®d of longitudinal tension
reinforcement, in.

nominal diameter of the primatgngitudinalreinforcing bar, in.
specifiedcompressive strength of concrepsi

measured averag@mpressive strength obncrete, psi

measured average splitting tensile strength of concrete, psi

measured peak stresstensile strength of reinforcement, ksi

specifiedyield stress of longitudinal reinforcement, ksi

measured yield stress of longitodl reinforcement, ksi

specified yield stress of transverse reinforcement, ksi

measuredield stress of transverse reinforcement, ksi

beam height, in.

minimum straightembedment length to developemsionstress of 25Q, in.
length of clear span measured fdodace of supports, in.

calculatedflexural strengthcorresponding to a stress @ in the primary
longitudinal reinforcemenin.-lb

calculated flexural strengtborresponding to a stress of 1'Q5n the primary

longitudinal reinforcement, iflb

Ai 2



total number of primary longitudinal reinfong bars

For a Dtypebeam, number of bars @ach group of diagonal bars
For a Rtypebeam, number of baedong the top or bottom face
spacing of transverse reinforcement, cetecenter, in.

calculated shear stress based on specified material properties, psi
for a Dtypebeamy ¢0 "QOBIF & 'Q,psi

for a Rtypebeampd ¢d j/b T Q, psi

shear stress associated with , psi

for a Dtypebeam, w T&'Q,psi

for a Rtypebeam,0 w T&Q,psi

shear stress associated wiih , psi

for a Dtypebeam, ® To 'Q,psi

for a Rtypebeam,0 w To Q,psi

appliedsheay kips

maximum appliegheary kips

calculated sbkar strength based on measured material propekipess
for a Dtypebeam o ¢06 "Q ORI

for a Ptypebeam,w ¢ jJ/b

angle ofinclination of diagonal reinforcement relative to beam longitudinal axis
degrees

displacement of the bottom block top surface, in.

displacement of the top block bottom surface

fracture elongation of reinforcemeimt./in.

uniform elongation of reinforcement or strain @sponding toQ in./in.
rotation of thebottom block(in the loading planeyad

rotation of the top block (in the loading plansgd

Ai3



APPENDIX B: SELECTED PHOTOS
OF SPECIMENS DURING CONSTRUCTION
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Figure B11 Coupling beam reinforcement, D1-206

Figure B21 Coupling beam reinforcemeriR,L(0-2.5
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