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Application of Ductile Yield Link in Glulam Moment Connections

Sayed Husain Almousawi

ABSTRACT

Wood bearrcolumn connections have traditionally bedesignedas simple shear
connections, gnoring their potential momertapacity. A major reason for not utilizing such
moment connections linked to thébrittle limit states that wood components exhibhle purpose
of this researchwas todevelop and test ductile and higkstrengthwood moment frame
connetion. A design procedure for suettonnection is presentdtbrein

The proposed glulam beaoolumn connection utilizes an embedded stedk plate with
a reduced section that acts as a ductile yield imkslimiting the moment that can be transferred
through the connectianThis configuratioris intended tdail through yielding of the ductile link,
thus preventing noeductile failure mechanism®f wood from occurring In addition, he
connection provides more wood cover over the embedded steel ywlath potentially may
increasd h e ¢ o n fireeratihgasoconpared to typical connections.

Two specimes, based on a baseline connection developed using the design procedure
presentedwere monotonically loaded until failur&nlike the first specimen, theecond was
reinforced in theperpendiculato-grain direction using selfapping screwsk-ailure mechanisms
wereanalyzedandperformanceharacteristicselated ta¢ h e ¢ o 8 strength stiffoesjand
ductility wereevaluatedResults indicated that the reinforced specimen exhibited higher strength,
stiffness, and ductility compared to the unreinforced specim@nreinforced specimen showed
improvementf 9.4% and 42% in yielding and ultimate moment, respectivelympared to
the unreinforced specimelloreover, @ improvement of B.3% in ductility was obtained using

perpendiculato-grainreinforcement.
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GENERAL AUDIENCE ABSTRACT

Due to the variability of wood properties and its brittle behavior, the joints of wood
buildings have traditionally been designed to resist gravity loads only. These types of loads result
in predictable behavior of structural wbanembers at the joints, which helps in simplifying the
design process. However, when wood structures are subjected to lateral loads, such as earthquake
and wind loads, their joints are likely to fail abruptly as the building sways, resulting in sudden,
unpredictable collapse. The purpose of this research was to develop and tesitaehigth wood
structural joint that can fail gradually and predictallydesign procedure for suchjaint is
presented herein.

The proposed glutaminated wood joint utilizs an embedded steel plate with a reduced
section that acts as a ductile link. This configuration is intended to fail through gradual deformation
of the ductile link, thus preventing brittle wood failure at the jdmtaddition,this jointprovides
morewood cover over the embedded steel plate, which potentially may indnedise tesistance
of the joint compared to typical configurations.

Two specimens, based on a baseline joint developed using the design procedure presented,
were subjected to slowdycreasing loads until failure. Unlike the first specimen, the second
specimen was reinforced in the direction perpendicular to wood grain using long screws to prevent
separation of wood layers. Failure mechanisms were analyzed, and the performancershiasact
of the two specimens were evaluated and compared. Results indicated that the reinforced specimen

exhibited higher strength and improved ductility at failure.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Given thegrowing awareness o&nd attention tosustainability and energy efficienay
recent yearsthe interest in wood constructionasincreasedWhen harvested sustainabthjs
materialbecomes a renewable resouloegeneral, wod buildingsconsumerelativelylow energy
(Canadian Wood Council, 20023dditionally, wood has theability to absorbcarbondioxide
(CO»), unlike other construction materidlsatoftenreleasehis gasandotherharmfulgreenhouse
gagsduring the manufacturing proce3rganschi et al., 2016)

Despitethe high strengtkto-weight ratioof wood theallowable stressesf solidwoodare
significantlylower than those of other common structural matedaésto the higér variability of
mechanicapropertiesMilner, 2009) Light timber framing is a commoeconstruction systerm
North America,butit is generallylimited tohousng and othettow-risebuildings To utilizewood
structural systems italler and more resilient buildingt is necessary tdevelop woodvith less
variability. Heavy timber framingllows formore capable systems, but the spans are lijrated!
the capacity otheir connectionsremaina concern.Consequentlyengineeredwood products
(EWP)with higher strengthand less variabilithave beewleveloped in various forms

Glue-laminated wood commonly referred toas glulamd is a type ofEWP that is
manufacturedor usein structurabuilding systemsespecially as beams and colum@dulamis
composed ofwood layersadheredtogetherwith structuralgrade adhesiveso thatall grain
directions are parallelThis controlled manufacturingprocess results in improved structural
components with highestress gradegreaterpredictability intheir behaviorunder loag and
longer spantompared teolid woodcomponentsBecauseglulam is manufactured in layers,
higherquality laminations can be placed in locations of higher stresses, allowing for more efficient
layer distributiongMilner, 2009) Additionally, glulam components can Eebricatedinto large
structural elementsith transportatiomestrictionsbeing themajorbarrier.

While glulam and other engineered wood proddatdlitate thedesignof stronger wood
structural systems comparison t@sawn lumberthe connections of such systestdl tend to be
designed as simple shear connectidrisat is, therelatively small moment capacitffered by
these traditional connections ignored by structural engineerSxperimentshaverevealedthe

weaknesses of such connectionsler bending momentasis discussed in Chapter 2he typical



beamcolumn configurationincorporats a steel plate that is embedded in both wood elements,
with boltsinsertedhorizontallyfrom the sides of the elementhe brittle failures often shown by
these connectiodsnamelyfailures due tdenson perpendicular to wood grailongitudinal shear
stressesandembedment failui@ aremajorreasons for neglecting the moment strer{gdm et

al., 2008) Typically, whensuch connections are subjectedame bendingmoments the steel
componentsin the beaminduce high tensile stresses imetperpendiculato-grain direction
Perpendiculato-graintensionand longitudinal shear are known to be the weakest properties of
wood, and they often occuoncurrently(Lam et al., 2008; Milner, 2009Y herefore,to utilize
these connections in wood moment franthsy shouldbe designedo avoidbrittle wood limit
states.

While wood shear walls providen alternative to moment framesspecially in seismic
applicationstheir advantages come with some&table drawbacksShear walls lack the flexibility
of moment frames since they have limitations on the dimension and placempanhfgs.Thus,
researcherbave been lookingto varioustedniquesto improve glulanmbeamcolumnmoment
resistingconnectiondbecause they are usually the dominfaator in the behavioof structural
frames(Andreolli et al., 2011)The main purpose of thesmprovementss to increase strength
andprevent the brittlewood limit stategrom governing the performance of the connecti®ome
researcherbaveattempted to strengthen wood using perpendigotgrrain reinforcements, while
othershavedesigned steel componemtsyield beforethewood limit sates can be reachatthile
many of these connections provided sufficistiength ductility, and stiffness, limitationstill
exist Many jointsincorporateexposed steatlementswhich require fireproofing to pass certain
fire-rating requirementsOther joints are intricate and may be incompatible withulti-bay
moment framesThereforejt is necessary tdevelop an improvedood moment frame connection

thatovercomesghese limitations

1.2 Scope of Work

The purpose of this research wasdevelop a new type of wood moment connectfn.
specific canfigurationof this connectiorwasdesignedn an attempt tmvercome the limitations
described in the previous sectidinis confgurationwasbuilt and subjected to momergsistance
tests to evaluatigs performance. The connection utilizes -wfAaped steel plate that is embedded

inside slots in the glulam beacolumn joint. The portion of the platesidethe beam has a reduced



section near the column interface. The plate is secured to the beam and column using bolts inserted
through predrilled holes in the wood and steel components. The objectives of this conragetion
1 Develop a plastic hinge in the reduced section of the steel plate when the connection
approaches failurender increasing moment
1 Designthe brittle wood limit states to be stronger than the stnaindened plastic hinge
in the reduced plate section
1 Embed the steel connector inside wood components for improved fire resistance and

enhancedire rating

The National Design Specificatiofor Wood Construction/American Wood Council,
2015) was used as a guide to design the connection configurafieen the properties and
thickness oboth thesteel plate and wood componeras well as the properties and diameter of
fastenersMinimum spacing requirenms for the steel plate and wood components Wdi@ved
and adjusted to the required strength of the connediltereduced portion in the steel platas
designed to a lower strengith comparison tdhe plate, bolts, and glulanonfigurations aboth
the beam andcolumn This design procesenablesthe reduced portionto undergo plastic
deformationdbeforethe brittle wood limit statesccur.

Thedeveloped connection desigrasthenusedto build twosimilar test specimend’he
second specimen utilized the same design as theofstbut included selapping screw
reinforcementThe two specimens were subjected to monotonis thsit wergperformedat the
Thomas M. Murray Stretures Lab at Virginia TechThe performance ral behavior of the
connection specimensere analyzedusing test datand applicablglots The moment capacity
was compared to calculations, while ductility and failure behawi@re alsoassessedA
comparison between the performance of the two testimpas was presented Finally,
conclusionsabout the performance and behavior of the tested conneciienmade and

recommendations for future wogkeprovided

1.3 Thesis Organization
This thesisprovidesan overview ofthe glulam andcurrent research related to wood

moment frameconnectionsidentifies their limitationspresents mimproved connection design



showsexperimental results and conclusions, @novides recommendatiorier future research
related to the topicThereportis organized as follows

Chapter Iprovidesa briefintroduction toglue-laminated (glulam) structural components
and their structuralpropertiesrelated to moment strengthThis chapter therdiscusses the
importanceand advantagesf wood moment frame&onnections,specifiesthe limitations of
available moment connectignandpresents the motivation f@addressingheselimitations and
the approach taken.

Chapter 2presents a detailed discussioinwood limit statesn moment connetions It
alsopresents the literature draditionaland modifiedwood connections subjected to moment
tests as well as novel connection designs with improvesnentstrength and ductility.

Chapter 3 presenthe developmentof the novel connection conduration andhow it
addressegersistentproblemsfound in available woodmoment frame connectionfetailed
calculations of the design gpeovidedin the form ofan example connection desitat wascalled
BaselineConnection

Chapter 4 provides details regarding the&est specimens, fabrication procedures,
instrumentationand testing methods.

Chapter 5 presentand discussesest resultsof the two specimensSpecifically, the
behavios of the specimensiere examined in detailhroughou the testhrough plots, pictures,
and observation€omparisons between the two specimaresdetailed in this chapter

Chapter 6summarizes the research and presents concluding remad@nRendations

and guidancéor futurework related to the develapent of this researcdre therprovided



CHAPTER 2: LITERATURE REVIEW

2.1 Traditional Wood Connections

Traditional wood connectiongenerallyconsist of a steel plate embeddeithin a thin
vertical cut at the support end olvod beamas can be seen kigure2.1 andFigure2.2. This
plate iswelded to another perpendicular platex T-shapeconfigurationattachedhrough boltdo
the side of the columfacing the beamAlternative attachmertechniqueslso includeextending
the plate from the beathrough avertical slitin the columror placing the plate on the outsidé
thebeamcolumnjoint, asin the connectioshownin Figure2.2. Althoughthese onnections have
some momentapacity they are typically designedto resistshearonly. Ignoring the moment
resistance iglue to theundesirablenonductile behavior of woodnear themaximum loading
capacityof the connectiofLam etal., 2008)

Figure 2.1 An example of a typical traditionalood connectiofSalem & Petrycki, 2016)



Figure 2.2 Another variatiorof a typical wooctonnectior(Salem, 2016)

2.1.1Limit States of Traditional Wood Moment Connections

As a structural materialvoodfeaturedimit states thamustbe considered when designing
momeniresistingconnections. Wood components typically exhibit brittle failure mechanisms
especially at thbeamcolumnconnectionsn structuralsystemsStructuresthat are subjected to
earthquake loadingequire ductile onnectionbehaviorthat allows them to deform inelastically
without failing.

In wood connections, there are three majtttle limit stateghat are commonly observed
A splitting failure limit state occurs whethe tension perpendicular to woagtain exeeds the
corresponding capacitferpendiculato-graintensio® most commonlyalongthe vertical axis
of the beard is one of the weakestechanicaproperties of woodLam et al., 2008; Takeet al.,
2008) When this limit state occurthewoodseparats asa crack propagatedong thehorizontal
plane of a row of boltsAn example of this failuréype can be seen Figure2.3.



Figure 2.3 Wood splitting failure (Karagiannis et al., 2016)

Anotherbrittle woodlimit state is row sheasutd sometimes referred to agdug shead
wherebya horizontalrow of bolts tears out thHalock ofwood alonghedirectionof that same bolt
row. In some cases, only tt@vestline of bolts tears out the blockefo od c | os er
end Eigure 2.4). In connections subjected to bending moregetitis failure occurs as the
longitudinalsheademandesulting frombending of the beamxceeds the shesiresscapacity of
wood.In this casethe block of wood that tears out failsrt@intain sufficient friction with the rest
of the beamThis mode of failure can often be observedtonjunction withsplitting failure, as
the latter may reduce the longitudinal shear strength of the wood centglue to graifayers
splitting (Lam et al., 2008)
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Figure 2.4 Row shearout (Salem, 2016)

Thethird majorlimit state is wood embedment failure. This limit states takeseplden
a wood component is subjected to high compressive strésspscial case of this failure type
referred taas Mode | Failuré occurs when the bolts connecting the steel plate to the glulam beam
or columninduce high compressive stressegheinterior face of the bolt holereshing the wood

in that region(Figure2.5). This processften results in a loss of imial connection stiffness.

Figure 2.5 Woodembedmenfailure (crushing) abolt holes(He et al., 2016)



2.1.2Experiments onM odified Traditional Wood Connections

Over the past few yearggearchersaveconducted momesresistanceests on traditional
simple wood connections with slight modificatiod$e purpose of these modifications was to
produce better performance out of simple connectemsexamine their momentresistance
potental. Criteria of a higher performing connection includegproved dudtity, stiffness and
moment capacity

A number of researchetmve experimentedith differentbolt numbers, configuratien
and spacingYeh etal. (2008) used a flexural testing machine to evaluate mosmesistance
strength ofglulam bearrcolumnconnections wh different combinations of 4 and l&lts with
diameters of 15 and 18 mnihe glulam components werenanufacturedvith Japanes€edar
(Cryptomeriaspp), anda 0.354in.-thick steel platemanufactured of medium carbon structural
steelwas placean the outside facef the joint(Figure2.6). Test results indicated thah general,
increasing the number of boligas more significant inmproving connection moment capacity
compared to using fewer bolts with larger diamet€h& moment capacity dhe joint with 6 15
mm bolts increased 67.4% from the joint with 4 bolts of the same diameter. On the other hand,
when using 18nm bolts, the moment capacity incre83.0% as the number of boltkanged
from 4 to 6.Moreover the 6badlt configuration with 15mm bolt diameteshowedaround7%
higherultimate (failure) momenbver thejoint with the same number of bolts with diameters
of 18 mm. The reason for this lower moment strenfytim larger boltscould possiblybe due to
premature wood failure induced by the larger bolts with higher yield bendingentsmas
suggested by Yeh et.§2008)



Figure 2.6 The 4bolt connection configuratiotested by Yeh (2008).

Similar experiments have been conducte®hiem 2016),who variedbolt configurations
and end distance¥hebeamcolumnspecimens were made ld&ack spruce(Piceamarianaspp)
glulam with stress grade 24ES/NPG which has a unadjustedendingstress of 2400 psihe
0.5in.-thick, 300W grade steel plate was placed on the outside of the beamlumnbeam
connection(Figure 2.7). End distances of-4and 5times bolt diameter as well as d@nd 6bolt
configurationsper glulam componentere varied among the specimembe static bending test
resultsconfirmedthatgreater improvemesin moment strengtlvere achieved when more It
were usedn the assemblies witthe smaller end distareeSpecifically, in the assemblies with
end distances of 4 times bolt diameter, moment strength improved 25.4%tveheamber of
bolts was changed from 4 to B comparisonmoment strength improved by 20.9% when the
bolts were changed from 4 to 6 in the assemblies evitth distances d timesbolt diameter
Similarly, increasing the end distances showgeshteimprovement in moment strength in the 4
bolt configuration compared to theb®lt layout Increasing theend distancamproved the
connectionds mamximim oR4.9%0ecand?B3t2% in thg 4and 6bolt layout,
respectively.
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Figure 2.7 Beamcolumnbeam configuration tested by Salem (2016

Salem and Petrycki (2016) also tested beatymn connections with -$tub plate
connectors of the sansteel materiahnd thicknesss well agzhe same glulam material as in the
abovementioned experimentsy Salem(2016) (Figure2.8). Parametewrariatiors werealso the
same as in thexperiments mentioned earlidrest outcomesonfirmed the results of the earlier
tess in that greatermomen capacity increasevas obtainedusing more bolts compared to
increasingthe boltd &nd distanceand theresults were generally similam termsof percentage

improvements

11



Figure 2.8 Beamcolumn connections ith T-stub steel plas (Salem and Petrycki, 2016).

In an effort to improve the strength and capacftyraditional wood moment connections,
Lam et al (2008)carried outnonotonic and reverse cyctestson traditional moment connections
with self-tapping screw (STS) reinforcemers; they thencomparedthese connectiongo
unreinforced specimenghe seli-tapping screwsvere placed in the axis perpendicular to both
grain and bolt directiont prewent wood splittingfrom occurring prematurelyThe beams and
columns were made from 2& DFL glulamwith a 0.374in. steel plateembedded in the beam
and between th@oublecolumn The reinforced specimens utilizB80-mm(11.8in.) long,8-mm
(0.315in.) diameter seltapping screwsvith continuous thread3.he use of STS reinforcement
significantly improved the performance of the moment conneckonexample, e reinforced
specimens achievel moment strengtimprovemat of 100% and 70% imonotonic and cyclic
tests respectivelyover heir unreinforced counterpart¥he average maximum moment of the
unreinforced connection was 31.40N-m compared to 65.8&N-m obtained with STS
reinforcementHigher ductility was als@chieved in the improvedesign, as the failure of the
traditional connection was brittlén fact, it was not possibléo establish a ductility ratitor the

traditional connectionsThe crack initiation due tperpendiculato-grain tension longitudinal

12



shear stressear a combination abothcontributed to the sharp drop in moment capdtigm et
al., 2008)

2.2 Novel Moment Connections

Novel moment connections are those uniquely designed ayetadrto solve a specific set

of problems.A number of researchefsave developed and tested such connectiongh the
majoiity of theimprovemens achievedn ductility, stiffness, and moment capacBomeof these

connectionaveredevelopedwith new, tnconventional attachment techniqubat had not been

utilized in structures beforeThe steel components of these connections were desigoed

predictablyyield, resulting inmore controlled ductile failuse
Komatsu et al(2016) developeda portal frame connectionthat utilized mixed-species

glulam beams and colummomposed oDouglasfir wood (Pseudotsuganenziesiispp) on the

outer layersand lower strength Japasecedarwithin the inner layers. The glulam beam had a

steel tbeam at the suppted end that was embeddieda similar manner to slotteid steel plates.

Long bolts were inserted through a bear.
interface all the way to another platdtached to the embeddetidam Figure2.9). Theproposed
connection waslesignedbased on contact stress@sveloped at the joint componerasd the
resistance that glulanelements providedafter being subjected to a bending momeérite
connection specimens weassembled into portal frames asubjected tayclic tests Whereas
the purpose of these tests was to evaluate the shear deformation performanceewit tiggd

portal framesijt is worth noting that theonnections failedni a ductile mannemMoreover,the

ng

glulamcomponentshowedsomedeformationsasembeddingoccurred at the contact area of the

bearing platewhichshowed significant deformatien
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Fixed with Nuts

Glulam Colurnn|

YA

Figure 2.9 A novel moment connection developed by Komatsu et al.8)200

In an effort to improve thperformance of thabovementionedoint as a momentesisting
connection Komatsuetal. (2008)tesed a modified versioof the oiginal designThe long bolts
were replaced with lagcrews and the bearing steel plate was remdveese modifications were
introduced teeliminatethe embedment deformation caused by the bearirig, glaus increasing

the connect i @osdidy maximurh momers capaei§tadictests were performed

on the modified bearnolumn joints utilizing the same glulam material as in the previous study.

Stiffness and maximum moment were increased by 40% compared to the previous connection.

However, dictility was reduced by 40%s a consequence ofias i mpl e mi st ake
s p e c i niKkomgtsu et@l., 2008Failure occurred in the form ¢éaring off of thdag screws
due to high tension arembeddindailure was thus successfully avoided.

Another unique yet intricate design for a momentesisting connectionthat takes
advantage o special type ofag screwsvas developed by Wakashima et al. (2000)e steel
components were designed such that thegdalirough plastic deformation to prevemremature
brittle wood failure.The glulam was madiom red pine (Pinus resinosapp) with a flexural
strength of 4350 pskigure2.10shows theomplexity of the components the two beartolumn

connectionsTheseconnectionsvere subjected tacyclic teststhat resulted inconsiderableoolt

yielding and plastic deformation yet without observabledamage to the glulam components.
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Maximum moments obtained were aroundk®0Bm (177 kip-in.) and 40kN-m (354 kip-in.) in C-

and Btype joints, respectively.

Bolt \ /— Steel Plate
AN /" 1SS ABR490 Colmmn—,

Lag Bolt

Steel Guss':tl.agscrcwbolt —\

7\

Bolt
JSS ABR490

Steel Plate

/ Beam

/ ﬁ Lagscrewbolt

e
Shear Key /

/

7§
Drift-pin —/ Nl Drift-pin —/

(a)C-type (b)B-type

Figure 2.10 Two variations of an intricate connecti@Vakashima et al., 2010)

Araki et d. (2010) took a different approach on improving monresisting connections.
The connectior® which were at the column basaitilized resininjected SS400steel tubes as
reinforcement for bolholes.These tubegliminated loss of boltension due to wood shrinkage
thusno reduction in the gl ul admsénsednstaad of gteel platess s i p a |
the authors use@.47-in., A2017Paluminum splice plates on both sides of the columiich
dissipdae energy more efficiently by sliding smoothiy the tubesBolts were inserted into the
elongatedor curvedholes that atiw for the rotation of the column at the ba$de column was
manufacturedrom Douglasfir glulamwith a flexural strength o##350psi (Figure2.11(a)). Two
variations of the connectiénwith 4 and 6 bolt8 were subjectedo quasistatic cyclic loading
tests.Measurednoment capacities were 2&Bl-m (235 kipin.) and 28.6kN-m (253 kip-in.) for
the 4 and 6bolt configurations, respectively, which were in good agreement with test r@$ts.
connection fded in a ductile manner as demonstrated byrnimenentrotation hysteresis loops
(Figure2.11(b)), which did not show a substantial drop in the restoring monidr ratios of the
actualdeveloped | ex ur al Sstress at maximum bending mor

were 28.3% and 30.1% for thednd 6bolt configurations, respectively.
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Figure 2.11 (a) 6-bolt connectiorand (b)its momentrotationgraph(Araki et al., 2010)

Momentconnectionghat take advantage of tube reinforcements in bolt hokre also
tested by He et al. (20L@Figure2.12). The glulam beams and columns were manufactured using
No.2 sprucepine-fir. The 0.63in. embedded plate was made of Q235B sthat has a yield
strength of 34.1 ksiand the tubes wemanufacturedusing Q345B steel with a 50.0 ksield
strength Some specimens also incorporatedrpendiculato-grain reinforcements using self
tapping screw. The use of therestressed tubes notalelyhancedhe initial stiffness compared to
the ordinary connections (without the tubes). This increagsitial stiffnesswas largely due to
thefriction generateét the interface between the steel tubes bea@mbedded plaseecompanied
by the tight fitting of theubes in bolt holedn particular,the tubeplate frictionensures a direct
load takeup in the earlier stage of loading, which imprdvteh e connecti onds sti f-
and before the fction resistanceras exceede(He et al., 2016)Another advantageous factbiat
minimizes loss of initial stiffnessvas the reduction of wood shrinkage imposed by bolt

pretensioning, as theeeltubes resist the resulting compression.

16



6. Washer —
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,— 3.PVC Tube
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Figure 2.12 Moment connection with steel tubes in bolt holes (He et al., 2016).

2.3Summary and Limitations of Available Moment Connections

2.3.1Summary of Improvement Methods

To overcomehe limitations of traditional woodoints as momentesisting connections
researcherbaveprimarily focusedntwo differentapproaches to improyerformance The first
is relatively straightforwardand involves incorporatingslight modifications to existing
connections that are typically designed as shear conneclioese nodificationsincludevarying
the number of bolts, bolt diametemd spacingeExperimentssuggesthat using more bolts with
smaller diameterwill resultin higher ductility and strength compared to using fewat larger
bolts(Yeh et al., 2008)In a related study, research has shownittzaiéasing the bolt end distances
canmoderatelyimprove moment strengtiiSalem, 2016; Salem & Petrycki, 2018ther more
successful improvement methdusve takemdvantage of selapping screwsThese screwisave
been shown tereventsplitting of wood in the axisthat isperpendiculato grain enablingthe
connectiorto develop higher moment strengthy preventing prematutgittle wood failureqHe
et al., 2016; Karagiannis et al., 2016; Lam et al., 2008)

The second approh involves developinghew joint componentso controlthe failure
behavior of the connectiorSince wood limit states corresponding to perpendietatgrain
tension and longitudinal shear stress are brittle and considendiiiyt the performance of the
joint, researcherbave soughto avoid such failures by designing the steel components toatield
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earlier stages he use of embeddéal screwsit the beantolumn jointhas provemo be effective
as demonstrated by the fact tpatformance increasachile majordamage to glulam components
was avoidedKomatsu et al., 2008; Wakashima et al., 20IDher impovement techniques
includereinforcing bolt holes with steel tubes, whitlelpsmaintain the initial stiffness of the
connectioratthe earliedoading stagesThis initial stiffnesscan bepreserved through the friction
between the plate and tubes wdl as eliminating wood shrinkageaused byolt pretensioning
(Araki et al., 2010; He et al., 2016)

2.3.2ldentified Limitations

While reasonable@dvancementbiave been made iglulam moment frame connections,
there are stila few areas wheréhese momemntesistingjoints canbe improved. Somemoment
connections in the literaturbave shownbrittle failures while othershave exposedsteel
component®r are incompatible witmulti-baymoment frames

In the case of modifietraditional moment connectionandesirablébrittle failuresare
commonWhile Yeh et al. (2008) proved thglulambeamcolumnjointswith more boltsshowed
higher strength and stiffnesthe failure behaviorof the tested connectiongas not ductileas
wood splitting occurredalong the tensiorside bolt line(Figure 2.13). The highestrotational
stiffnessachieved was 258N-m/rad (2213 kin/rad) while the smallestobtainedrotationwas
0.07 radbut only at 18.42 kNn (163 kin) of appliedmoment.

Figure 2.13 Brittle wood splitting failurgYeh et al., 2008)
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Similar results were also reported by Salem (20b6}f somewhat different dataas
obtained The ultimatemoment and corresponding rotatiosing six boltsvere45.2 kNm (400
k-in.) and 0.334 radrespectivelywhereas the smallest rotation was 0.15 rad at 37-skS831
k-in.) of bending momenin the 4bolt configuration The use of largebeam and column cross
sectiongepresents a likelgeason fothe higher strengtlin comparisorio results from Yeh et al.
(2008). Whereas the momermapacity increased with more bolts, the stiffness did not change
(Salem, 2016)The bearrcolumn joints showed brittle failuresupportedby the fact thatow
shearoutd possibly accompanied bwood splittingd was observed Higure 2.14 (a)). The
momentrotation graph for the-4and 6bolt configurationgFigure2.14 (b)) showed sharp drop
in load, whichindicatescrack initiationandan occurrence dbrittle failure.Momentrotationplots

of traditional glulam moment connections generally show siméaakior Figure2.15).

Moment (kN.m)

! y
£l
’
/
. Al Test 3A (4 bolts)
15 Test 3B (4 bolts)

Test 4A (6 bolts)

s - = == Test4B (6 bolts)

0.0 0.1 0.2 0.3 0.4 05
Rotation (rad)

(a) (b)

Figure 2.14 (a) Row sheaout failure at two bolt lineand (b)momentrotation graphs of the tested speciméeslem, 2016)
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Figure 2.15 Momentrotation graphs of traditional connections by Salem and Petr3@kb] (left) and He et al. (2016) (right).

Most of theimprovedmoment connectiontested recentiyrave demonstrategasonable
ductility and stiffness.In fact, selftapping screw reinforcement showed ductile failure
mechanismgHe et al., 2016; Lam et al., 2008/akashima et al., 201,08s can baeen inFigure
2.16. Mild row shearout failure was observedith some bending in the boltgith one plastic
hinge (Modell failure) and heavy crushing of woad bolt holes

w

15 4
s

~ ’} - = .
-5 |0 0‘,03’T' 0070  0.105,020:440mm0.1754.0:209 0244  0.279

o
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Figure 2.16 (a) Ductile connection failure and (b) momeatation graph of the same connectibam et al., 2008)

Some novel connections also showed higher ductility sifthess.Figure 2.17 depicts

momentrotation graphs of four different connections presented earlibisisection The smooth
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curves with negligible load drops indicate good ductilithesejoints, however, have some
drawbacks. Joint configurations designed by Komatsu et al. (2008) and Araki et al. (2010) include
exposednetalcomponents, which is a detriment to tHee resistancend fire ratingespecially
when usedn hightrise buildings. Embeting metalcomponentsvithin wood delays heat transfer
to these componenta/hich in turnslows down the lossf strengthprocesslue tomelting(Barber,
2017) Similar issues can be observed in joints utilizmgtal tibes in bolt holes, whicHe et al.
(2016)capitalized uponThese tubes can potentially act as heat bridges that spéeatupansfer
and theresulting steelmelting processWhile the novel joints designed by Wakashima et al.
(2010) showed desirable ductility through plastic deformation of the steel connectors, the issue is
their compatibility withmulti-bay moment framesThese joints areffective in portal framesas
some components need to be attached from the side of the cgiymsite to the beam interface
However,design revisions will be necessafythese connections are to be usedmulti-bay
structural frames.

A newconnections proposedn this researcthataddressethe three limitationsliscussed
above

1 Brittle wood limit stateshatoccuras the connection is subjected to increasing moment

1 Exposed steel parts

1 Assembly complications and incompatibility withulti-bay moment frames

The goal for thedevelopedconnectionwasto ensure that it woultbehavein a ductile
manner as the momeinicreasedthusprevening the brittle wood limit states from gerning the
failure behaviorThis connection would also provideore wood cover over the steel compongnts
thereby improving fire resistanc&he feasibility of using this connection multi-bay moment

frameswasalso considered.
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Figure 2.17 Momentrotation graphs of connections developeddyKomatsuet al. (2@8), (b) Araki et al. (2010), (c)
Wakashima et al. (2010), and (d) He et al. (2016)
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CHAPTER 3: DUCTILE YIELD LINK MOMENT CONNECTION

3.1 Introduction

The purpose of thiesearclwasto develop and test a neductile glulam framemoment
connectionthat could be feasibly incorporated intanulti-bay moment framesThe goal of the
proposed desigwasto yield a steetonnectoy thusprevening the nonductile wood imit states
from governing the failure behavidrhe addedvood cover over steelas intendedo reduce heat

transfer into the steel components amtrease fire resistan¢Barber, 2017)

3.2 Connection DesignApproach

The proposed connection utilizes an embedded statd with a reduced sectip@s
illustrated n Figure3.1, which shows generic configuration of this concephisreduced section
acts as a ductile linthatlimits the momenthat is transferred through the connectiohe goal
for this configurations to fail throughtheyielding of thisductile link, thus preventing neductile
failure mechanisms due to wood limit stafiesn occurring first

The design procesgegnswith sizing the reduced plate section. Using moment demand
andsizesof the glulam components, tkhkémensions of theeduced steel plate sectioanthen be
determinedThese dimensionsansubsequentlpe used to establisthe moment demand on the
bolt groups at the beam and columsaparately. Afterwardshe number, size, and configuration
of bolts at the beam and calmaredetermined based on the moment demandcandidering the
various limit states specified by the Yield Limit Equationke flexural strength of the colunm
then designed based on the total moment denetchg on the columnFinally, tension
reinforcementcan bedeterminedbased on tensile forces acting in {herpendiculato-grain

direction,to prevent splitting failuref wood
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Reduced Plate
Section

Figure 3.1 A generic connection configuration, showing the beam, column, and plate.

3.2.1Target Moment Capacity of the Connection

In most cases, moment frames are drifhtroled, which means that the beam and column
sizes are determined based on limitingl#teral drift of the framdn seismic areas, the earthquake
loads acting ol givenstructurecan be determinedsing ASCE 716 Minimum Design Loads and
Associated Criteria for Buildings and Other Structuf@SCE, 2017) These loads include a
response modification factor, R, that varies based on the material and type of the monent fram
The moment demand on the connection, is then found using structural analyas described
by Equation(3-1).

Since there are n@sponse modificatiofactors for timber moment frames value for R
would have to be assumed. However, to facilitate this preliminary study, the moment demand
the onnectionn s assumed t o be moméntsteengthiTreemomert detmdnd b e an
on the connection) , isthuscalculated usingquation(3-2), where the moment demand is taken

as27% (0=0.27) of the beard mmoment strength for this project.
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0D Qi £ia0l 6 HddLO®I Qi (3-1)

0 [ "OY (3-2
Where,
[ Ratio of connection momedemando beam moment strengffaken as @7 for this project)

'O  Adjusted bendingtrengthof the beam

Y Section modulus of the bearty

To design the connectiothelLoad and Resistance Factor Des{gRFD) methodand he
National Design Specificatidior Wood ConstructiofNDS)(American Wood Council, 201%ye
utilized. Theadjustedendingdesign valuef the glulam™O , is calculatedaccording td&Equation
(3-3). Adjustment factorshall beappliedto thereference design valués account for different
environmental and use conditionBhe adjustmentfactors in Equation (3-3) are determined
according td&Section5.3 d the NDS(American Wood Council, 2015)

O ™06 0600 660V _ (3-3)
Where
ReferenceBendingStrength
Wet Service Factor
Temperature Factor
Beam Stability Factor

Volume Factor

O: Oz O Oz Os O

Flat Use Factor

Curvature Factor

Os

Stress Interaction Factor

Os

0 Format Conversion Factor
= Resistance Factor

_ = Time Effect Factor.
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3.2.2Sizing of the Reduced Plate Section

The dimensions of the reduced plate secti@determinedased on several factoBne
suchfactor is the moment demand t@me connection)) . The plastic moment strength of the
reducedsection must be equal to or greater than as expressed iEquation (3-4). After
calculating the required minimum value of the effective plastic section modulis, using
Equation(3-4), the requiredninimum dimensions of the reducquates crosssectioncan be
determinedGiven a plate thickness, thequired minimum height of the reduced sectitn, can

bedeterminedusing Equation(3-5).

0 %000 (3-4)
Where,
0 Moment demand at the connection (as calculated in the previous section).
%o Resistance factdtaken as 1.@or this project)
"O Specified minimum vyield stress of the plate.

&  Effective plastic section modulus of the reduced plate section.

0 Q
o (3-5)

Where,

0  Thickness of the steel plate.

"Q  Height of the reduced plate section.
Another factor that influences the dimensions of the reduced plate section is ductility.
Based on apecified strain limit at the extreme fibarsthe reduced secticand a target rotation

the length of this reduced plate , can ke calculated usingquation(3-6).

¢ (3-6)

Where,
— Rotation at the reduced plate sect{an arbitraryvalue of 0.14rad was usedto facilitate

comparison with past reseajch
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- Strain limit at extreme fibers of the reduced plate sedtaden as 0.in/in for this project).

a Length of the reduced plate section.

Becausehe plate isassumed tde bracedby the wood surrounding it lateral torsional
bucklingis not expected toccur. It is alsoassumed that plate shdailure will not control,since

the shear demarahthe connection is typically smaller than moment demand.

3.2.3Moment Demand on theColumn Bolt Group

The moment demand on the column bolt group consists of two parts. The firsbrpad
from the probable maximum moment demand at the plastic hinge of the reduced plate section
0 . This portion of momentan befound oncethe dimensions of the reduced plate seciimn
determinedThe value of)  shallbe calculated according to the requirements of AISC-368
Prequalified Connections for Special and Intermediate Steel dvibnkFrames for Seismic
Applications(AISC, 2016a)as described ikquation(3-7). The second parefers tathe moment
applied due to the eccentric shear forgeat the plastic hinge of the reduced plate section. The
shear force can be calculated according to Equ483), and thetotal moment demand on the

column bolt groupcan becalculated using the expression in Equati®).

0 0 'Y 'Ok (3-7)
Where,
0 The probable maximum moment developed at the plastic hinge in the reduced plate section.
0 Factor to account fatrainhardening 6 —— p& (AISC 35816 Eyuation2.4-2).

'Y  Ratio of expected yield stress to specified minimundys¢resqAISC 34116 TableA3.1).

"O Specified minimum yield stress of the plate.

cO

" B

(3-8)

Where,

Jb  the distance between the locations of the two plastic hinges.
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0 0 L Q (3-9)
Where,
0 Moment demand on the column bolt gr8up
U Shear force at the plastic hingssuming plastic hinging occurs at eitked of thebeam
calculated usingcquation(3-8).
‘Q Eccentricity between the plastic hingethereduced sectioand the center of column bolt

group.

3.2.4Moment Resistance at Column Bolt Group

The strength of the colunbolt groupmust be equal to or greater than thement demand
at that locationthat is,0 0 .Thevalueob canbe calculated usingesimplified method

in Equation(3-10). A diagramexplaining the conceps shownin Figure3.2.

(3-10)

Where,
9 Shear strength of bol
Q Distance from center of bol®o center of bolt group.

€  Number of bolts at the column bolt group.
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Center of Bolt
Group

O O

Figure 3.2 Diagram showing the concept of finding the moment strength of a bolt group.

While several combinations of bolt types, diameters, and configurations may provide
sufficient moment strengtlspecificlimit statesmustbe checked. According to the requirements
in Section12.3 of theNDS (American Wood Council, 2015%he Yield Limit Equatiorsd
presented inTable3.16 must be used to determine the maximum sfaag 9, to beinduced in
abolt. The shear force per bolt is governed by the lowest value allowdeelyur failure modes
represented by theidd Limit Equatiors. That is,none of these failure modésexpected to occur
beforethe governing/alue of shear is induced abolt. Thesmallest calculated value bfis then
multiplied by 3.32*0.65 to convert it to LRED
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Table 3.1 Yield Limit Equatiors for Double ShegAmerican Wood Council, 2015)

Yield Mode Yield Limit Equation for Double Shear | Limit State
‘O/b "0 Fastener baring m main
Mode I .
Y member (steel plate)
¢O/bO Fastener baring m side
Mode k .
Y member (wood)
¢ QOO o
Mode llls — Oneplastic hinge in a fastener
¢ Y'Y
Mode IV C!O o O Two plastic hinges in a fasteng
Y op Y
Where
. Y O Y O
0 0 C p! C C
Y d0 /b

O Selectedlowel diameter, in.
"O  Dowelbending yield strength, psi
'O Mainmember dowel bearing strength,.psi
'O Side member dowel bearing strength,. psi
'Y  Reduction term
Y "O]0.
Jb  Main member dowel bearing length, in.
Jb Side member dowel bearing length, in.

To determinethe required shear forgeer bolt ® , to resist the moment demand at the
column bolt groupa simplified methoghown n Equation(3-11) isemployed Thespecifiedshear
strength of thdolt, ® , must be equal to or greater then; this information can be used to select
the bolttype and diameteHowever,to prevent the failure modes of the Yield Lir&tuatiors,
thevalue of® mustnot exceed. That is,there are twaonditions that need to be satisfied,
9. This processensures that when the moment demand at the

namely D 5 andD
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connection reaches , the shear value in any bolt does redult in any of the failure modes
expressed by the Yield LimiEquatiors. Selecting the type, diameter, number, and configuration

of eachbolt group is an iterative process.

) 5 (3-11)

Where,
9 Required shear strengilheachcolumnbolt to resistmoment demandn the column
Q Distance between center of b@ center of bolt group.

¢  Number of bolts at the column bolt group.

The actual strength of the connection at the coluthn, can be found usingquation
(3-10). In thisEquationthe value ob shall be equal to, since this is the shear strength at which
the correspondinyield Limit Equationfailure modeis expected taoccur.The limit states related
to the steel platencluding bolt shear, bolt bearing or tear out, and block sh&ay,need to be
checkedaccording to the procedures in AISC 38fecification for Structural Steel Buildings
(AISC, 2016¢) These limit states are unlikely to coritfor this connection, but they may control

in extremecases.

3.2.5Moment Demandand Resistanceat Beam Bolt Group

The process for calculatingastrength of the beam bolt group is similar to the osed
at the column bolt groypvith somevariations.The manent demand on the beam bolt groip, ,

is found usingequation(3-12) where it is equal t6 , and themoment rsistance at bolt group

0 ,can be foudbased on bolt strengthEhe rest of the design process for the beam bolt group

is the same as outked inSection3.2.4for the column bolt group.

0 0 (3-12)
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By ensuring thathe yield strength of the reduced plate sectioteissthan the resistance
of the connection, the reduced plate section is expected to yield before woodbfdialteyielding

occurs at the connection.

3.2.6Column Flexural Strength

In most caseshe flexural strength of the colums greater than the moment strength of
the connection However, in some caseshere the column is not continuous through the
connectio® suchas at the roof, or if the column is connected to beantsotmsided thetotal
moment demand on the column may be greater than its flexural stréhgtimoment demand at
the columnis the sumof the contributions o  from each of theeonnected beamsnd the
flexural strength of the column has to rethigtcumulativedemand.This issue is exemplified when
the beams are relatively large compared to the coldimis.check, however, is not implemented

here since its assumedhat itwill not control.

3.2.7Perpendicular-to-Grain Reinforcement

The connection design process presd thus far does not directly account fahe
perpendiculato-grain splitting limit stateThe NDSdoes not provide reference design values for
tensionperpendicularto grain Spacing requirementand recommend@ns for staggering the
boltsd both of whch areprovided in theNDS3 help in reducing the tendency of wood to split
(American Wood Council, 2015)Although these spacingrequirementsare notspecifically
provided for momentesisting connectionst is assumed thdbllowing themreduces splitting
tendencyin such connectionsSincethe perpendiculato-grain tensile strengtbroperty of wood
is weak(as discussed in Chaptey, perpendiculato-grain reinforcement in wood membarsar
momeniresistingconnectios may be necessaty prevent splitting from occurring

One of the reinforcement methods that have recdr@Bnexplored isthe use of self
tapping screwgLam et al., 2008)When driven into wood members prone to splitting in the
perpendiculato graindirection, these screws help to prevent this limit state from occurring. The
effectiveness of these screwsliscussed in Chapter 2.

The requiredype,size and number of seliapping screwslependon theamount of force

to be resistedn bolted momentesisting connection#his force is theccumulation obolt shear
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force contributionsacting in theperpendicularto-grain direction. At the beam, for instancehe
shear force in each bdfis comprised of two components. One component is due to direct shear
at the connectioand theother isfrom the momentapplieddue toeccentric loadingThe direct
shear componenty , is calculated by dividing the totakrtical shearat the connectigrw,
which can be found using statj¢s/ the number of bolfg, as inEquation(3-13).

The contribution of sheaforcesdue toeccentric loadingan be foundising any method
to calculate eccentric sheaffects. In thisstudy, the Traditional Elastic(Vector) Analysis
presented ibteel Structures Design and Beha\@®almon et al., 20093 utilized. In this method,
an assumed center of rotation for the connection is used to determine the vertical and horizontal
components foshear force exertemh each bolt.ldentifying thisforce assumeghat its value is
proportional to the distance between the center of bolt and center of roldt@nerticalshear
componentesulting from momendue toeccentric loadingw  , is calculated usingquaion
(3-14); thus,the total shear force in each bodin be foundisingEquation(3-15). The totalertical
shar force acting on the connectian, , in theperpendiculato-grain direction is then calculated
by adding the force contributions from each bolt in that directisimdicated inEquation(3-16).
Figure 3.3 shows a schematic example of the shear force contributions aaententresulting

from eccentric loadingassuming that the center of rotation corresponds to the center of bolt group
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Figure 3.3 Schematic ample of the shear force contributions due to moment resulting from eccentric loading

& 89 (3-13)
Where,
® Directverticalshear componemf bolt 'Q
@ Total applied shear force at the connection.
¢ Number of bolts at the beam bolt group.
wWQw

@ B B (319
Where,
W Vertical shear component of bollue to applied moment.

Total applied shear force at the connection.

()

‘Q  Moment arm (distance from applied force to center of rotation).
W Horizontal distance between center of 5@l center of rotation
W

Vertical distance between center of b@b center of rotation.
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€  Number of bolts at the beam bolt group.

W W W (3-15)
Where,
@ Total vertical shear componeait bolt 'Q
W W (3-16)
Where,

W Total verticalforce at the beam in thgerpendiculato-graindirection.

The requiredtiensionreinforcementcan be determined based on the total vertical force
acting in theperpendiculato-grain directionw . When seltapping screws are drivarose to
the connectionsuch that their axes are perpendiculathewood grain, two design valuesust
be cheked.First, the total withdrawal strength of the screwhjch is equal to the force per unit
length multiplied by théhread lengthshall be equal to or higher than the tension force. According
to theNDS the wthdrawal strength peunit length is a function of the screw diametard the
specific gravity of woodas inEquation(3-17) (American Wood Council, 2015However, he
manufacturer of the setdpping screws may provide an alternative method to calculate the
withdrawal strengtlthat must be used’he second check pertainsthe allowable terie strength
per fastener, which must not be exceeddds value is provided by the manufacturer of the self
tapping screw Locations of the selfapping screws and their spacing requirements shall be
determined according to the manutact & recommendation3he same design procedure can be
utilized to determine requiredeinforcement at the columilowever, the direct component of
shear force at the column bolt group does not contribute to tension peniendiculato-grain

direction.
W ¢ Yuoo (3-17)

Where,

w Fastener withdrawal strength per unit length.
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‘O Specific gravity of wood.

'O Diameter of fastener.

3.3 Example Connection Design

This section presents a connectamsignexample using the desigpproachoutlined in
the previous sectionsThe design ofperpendiculato-grain reinforcement, however, is not
discussed in this sectiohe assumptions made for certain parameters are presented tere.
connectiordevelopedn this sectiorwas therutilizedto maketheboth of thetest specimes Note
that theconnection is asened to be part of a4-foot wide bayof a glulam moment frameThe
beams and columngeremanufactured from 24K8 glulam which is composed afouglasfir-
larch in the outer and inner laminations. This glulam tfgeureda balanced (symmetric)
lamination layup, meaning that the design valuegéwitive and agative bending are identical.
The reference design values for this material are summariZeable3.2. The dimensions of the
beam and columwere6-3/4in. x 15 in. and &/4 in. x9 in., respectively and he 3/4-in.-thick

steel platavasmade of ASTM A572 grade 50 steel.

Table 3.2 Reference design values for 2¥B glulamfor bending abouthe elemerds shoréer axis (x-axis) (American Wood
Council, 2015)

Bending, R, (psi) 2400
Compression Perpendicular to Grain, k « (psi) 650
Shear Parallel to Grain, F (psi) 265
E)( 1.8
Modulus of Elasticity, E (1C° psi)
Ex min 0.95
Specific Gravity, G 0.50

The moment demand on the connection, was determinedsingEquation(3-2). In real
building design, however, the moment demand on the conneistitypically obtained from
structural analysis of the frame subjected to design l®@elsause of the simpldd approab
explained irSection3.2.1, this moment demanalas determined to 7% of the bear® moment

strength. That is, the valuefofused inEquation(3-2) was0.27.
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The adjusted value of theending strength of the beai@®g, wascalculatedoy multiplying
the reference design bending strend@, by the appropriate factors shownHkquation(3-3).
Testing was conducted undeormal, dry conditions whe moisture contenwasless than 16%
andtherewasno sustainedchigh temperatures around 130 Therefore, the wet service factor
and the temperature factor wereboth equal to 1.0. The beanas theroaded so that bending
about the shorter axis {xxis) would occur, therefore the flat use factod wasalso 1.0, and
since theravereno curves, the curvature factor was1.0. The stress interaction factordoes
not apply since the glulamerhentswere not tapered, so wvas alsoequal to 1.0. The shear
reduction factod appliedsincetesting wagperformed on glulam connections, amdsequal to
0.72 (American Wood Council, 2015Yhe smaller of the beam stability factér, and volume
factor, 0 , applied hereandthese valuesvere calculatechs 0.81 and 0.91, respectivelising
equatioms providedin Section 5.3 of th&iDS(American Wood Council, 2015)To usethe LRFD
methodtheNDSrequireshat thespecific factor®) , , and_be applied to the reference bending
design valug'O, and they are provided by thlbSfor each reference design vall®r bending,
theformat conversion factpp , was2.54and theresistance factor , was0.85. The time effect
factor_ is equal to 1.0 foearthquake loading he resultingvalue of theadjustedbending stress
"Qe, wasequal to 460 psi. Using Equation(3-2), with a calculated value of 32n® for the bearfs
section modulus, the moment demand on the conneétionyasequal to 28 kip-in.

To determinghe dimensions of theeduced plate sectipEquation(3-4) was used téind
the minimum required value of the effective plastic section moddiud/sing the value ob
from abovea yield stress of 50 ksi for the plate, anhlueof 1.0 for%e the calculated value for
@ was5.66 in.2 Given the thickness of the plat@, which was selected earlies 3/4 in., the
required minimumheight of thereduced platavas foundusing Equation(3-5). Accordingly, a
value of 5.50in. was selected faothe height of the reduced plate sectid@, , that exceeds the
minimum valueand the effective section modulus , was thus found to be equal to 5i67.

Equation(3-6) was usedd identify the length of theeduced sectigri . A target of 10%
strain limit at the extremelfers of the reduced plateasspecified, while the target rotation was
0.140rad This value of rotation was used to facilitate comparison with literafinevalue ofx
was found to be equal to 3.8%, and laterounded to 4.0@n., whichresultedin a rotation —-of
0.145rad.
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The moment demand on the column bolt group eeiermined usingquation(3-7). The
value of Y usedwasl.1from Table A3.1 imrAISC 34116 Seismic Provisions for Structural Steel
Buildings (AISC, 2016b) sincethe actual yield stress of the plate is greater than the minimum
specified valueThe factord , whichwasequal to 1.15wasusedto account fostrain hardening
at the platebds reduced s e ceguranly AlIST 36816 (AIS@ o f
2016a) Using the values ab and’O from alove,the calculated value @f was359 kp-in. To
calculate the contribution of shear force at the plastic hinge locaiidhe moment demand
Equatio (3-8) was usedThe value of/b in that equationwas equal to 381in. based on the
assumption thathe plastic hinge occurs at the center of the reduced sdateon.Theresulting
moment demand on the connection , wasequal to 3 kip-in.

The moment resistance at the column bolt gnowstbe greater than the moment demand
calculated aboveAn iterative process tdeterminehe value of bolt sheap, , such thab 9
and® 9, was utilized The selected connection configuratid®aturing8 bolts, is shown in
Figure3.4. The same connection configuration with galbping screw reinforcemeist shown in
Figure3.5. Using Equation(3-11), the required shear strength petumnbolt, ® , wasequal to
9.31kips. The bolts were of type A307, each with a diameter iof &nd a shear strength of 31.9
kips, whichwaslarger thard . Using the Yield LimitEquatiors, the maximumallowedvalue of
95 was13.5 kips whichwasalso larger tha® . The value 0B, in this casewascontrolledby the
limit state of asingle plastic hinge occurririg at least one bolt (Modd s). The moment strength
of the connection at the columin, , was found to b&45kip-in, usingEquation(3-10). These
calculated parameters am@mmarized iTable3.3. Thedesign values of the beam bolt group were

calculated similarly to the column bgtoup andare also presented in the same table.
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Table 3.3 Summary of calculated design values.

O 4660psi

0 283Kkip-in.

0 359 kip-in.

0 376 kip-in.
0 2.61kips
Q 6.50in.

9 9.31kips

9 10.9kips
9 31.9kips
9 13.5kips

0 545Kip-in.

0 443Kip-in.
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Figure 3.4 The exampleonnection desigdevelopedn this section
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Figure 3.5 The example connection design developed in this sesithrselftapping screws
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CHAPTER 4: EXPERIMENTAL WORK

This chaptepresentdhe experimental work performed this research studyrhe details
pertaining to test specimehsncluding materials,dimensions, and fabrication procedu@esre
presented firstThen, the layout of the test setapd the instrumentatioplan are discussed

Finally, details of themonotonictestson the two specimeraeexplained

4.1 Test Specimens

4.1.1Materials and Dimensions

Loading testsvereperformed on twepecimenseach of whichwasbased on the example
connection design presented in detaiBiection3.3. This connection design wilenceforthbe
referred to aghe Baseline ConnectiorCompared to the example connection design,otiig
modification made was in the heighttb&slitsin which the steel plagdit. The slits in the glulam
beams were cut fro topto bottom of the crossection.lt is assumedhat ths modificationhad
no effect on the performrace of the connection specimeitails of thematerial propertieare
specified in Chapter 3 and the design values of glulam are summarizatl@B8.2. The overall
dimensions ofhe Baselin€Connectiorand itsvariouscomponents are showmFigure3.4. Each
of thespecimensvasassembled witla 12-ft.-long beamanda 8-ft.-long column A summary of
information related to test specimens is provided@iahle4.1.

Each of the two specimemss based on the example connection deSipacimen 2vas
reinforced with 8 ASSY VG CYL selfapping screwswhichwere driven perpendicular the
wood grain on the tension side of the connectamillustragd inFigure3.5. Each screw was 10
mm in diameter and 360 mm lorghe allowable tension strengpler screwwas2.55 kigs. Four
screws were located on either side of the embedded steel plate between tbetatn the last
line of bolts and beam endnd after the lasgine of bolts The design procedure fperpendicular
to-grain reinforcementdiscussed in &tion3.2.7) had notbeendeveloped until after the second
test was performed. That is, the locations of sklpping screws were based on spacing
requirements provided by the manufactureoupled withinformation from priorresearch.
Specifically, these screws were located at the midpoint between the bolts in a similar manner to

the reinforced specimens tested by Lam et al. (2008).
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Table 4.1 Summary information of the specimens to be tested.

Reduced Section Dimensions

Specimen Name — — Loading Protocol Comments
Q (in.) a (in.)

Sp.1 5.50 4.00 Monotonic Baseline Connection

Baseline Connectiowith

Sp. 2 5.50 4.00 Monotonic _
STS Reinforcement

4.1.2Fabrication of Test Specimens

Most of the components comprisitige test specimengerefabricated at the Thomas M.
Murray Structures Lab at Virginia Teclihe fabrication proceduresvere similar for the two
specimens Specifically, $its in the glulam beams and columns wéirst cut using a small,
mountable chaimortisertool (Makita 7104L),which had an 8-in.-long bar (Figure 4.1). The
thickness of each slit was 7i& to fit the 3/4in. plate These slits were oversized to account for
the expansiomandcontraction of woodas well aghe inaccuracy of the chain misgr. Because
the chain was shorter than the columndéds dept h,
it from the other sidéFigure4.2). The slits at the beam ends were cut in a procedure similar to

that used to cut the columas shown ifrigure4.3.
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Figure 4.1 The chain mortiser is mounted on the column to cut the slit.

Figure 4.2 A slit for a steel plate is cut in one of the columns.
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Figure 4.3 A slit for a steel ple is cut at the end of one of the beams.

Bolt holes were drilled in the bearasd columns of each specimen after the slits were cut.

A total of eight and six bolt holes were drilled in the column and beam, respectively. The diameter
of eah bolt hole was oversized te1116in. to fit the kin. diameter 8-1/2-in. long A307 bolts.

To drill the holes, the glulam component was secureditdl press usinglamps Figure4.4 (a)).

A closeup picture of some of #bolt holescan be seen iRigure4.4 (b). A 1-1/16-in. diameter,
7-1/2-in. long Auger drill bit was used to drill the hol&ue totheshort travel distance e drill
press,the drill bit stopped approximately 1/. short from the full depth of the glulam

c o mp o stlackness Therefore.each of the holes was drilled furthesing a handheld drill
presswith the same bito extend the holall the waythrough the thicknes®vhen the connection
parts were assembledashers were used on both sides of the glulam beams and cokewxhs.
bolt nut was fingetightened, marked with a straight line tlettendedo the washer, anthen
turnedaquarter of a ttn using a hand wrench an impact wrene. The beam and column in both

specimens were joined such that no gap was left between them.
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Figure 4.4 (a) A column is secured on theiltlpress to drill the holes, and (b) a clege of two bolt holes.

Each of he3/4-in.-thick embeddeglateswascutfrom a 4ft. x 4 ft. steel plateThe curved
edgesof the reducedectionwere cut usindghe highestqudity waterjet cui while the rest of the
plate was cut using low-quality waterjet cutEach plate was fitted into theorresponding
connectionspecimerto locate the bolt hole§.he holes in the glulam beams and columns were
used to matcimark the hole# the plate, which were drillegsing amagneic drill with a 1-1/16-
in. annular cutterFigure4.5 shows a sample plate from one of the test speciméthsa magnetic
drill attached The selftapping screws were installed using a 4gun, hightorque drill, per the
recommendationsf the manufacturer(Figure4.6). Pilot holes to guide eactrewwere drilled
using a #in. -long, 1/4in. drill bit. The layout of these screwsSpecimer2 can be seeim Figure
4.7.
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Figure 4.6 A low-rpm, hightorque drill is used to drive a selipping srew into the glulam beam.
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Figure 4.7 Specimen 2 with the selépping screw reinforcemeintstalled

4.2 Test Séup and Instrumentation

4.2.1Layout and Assemblyof Test Setup

The layout of the testwhich wasused for bothspecimenswas designed to induamn
increasing momenrdt the beantolumn connectionA schematic teskayout is shownn Figure
4.8. The beam and column were laid horizontally so that the plane passing througtvdakem
parallel to the floomndwasapproximatelyl4 in. away from it (Figure4.9). Bolted plates were
used to compress the column ends agagesttion blockshatwere bolted to the reaction floor
(Figure4.10). One end of the beam wisltedto the column using thembeddedteel plate, while
the other end restezh a steel angle connectedateet ofreaction blocksAn identical angle was
secured above the beam and connected to the same reactiontwdes to bracé against out
of-plane (upward or downward) movemeAn MTS hydraulic actuaterwhich was bolted to
another reaction block, was positioned perpendicular to the beam at the free end such that it
produced a load at a point approximately 91.6 in. away from the face of the cohiswactuator
had 54- and 82kip in tension and compression capacity, respectivaahg featurd static and
dynamic stroke limits of 10 it was usedo monotonically loacdtach ofthetestspecimensTwo

5x2-in. steeltubes wereextended from the loading plate to transfer the load to the beam through
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top and bottonsteelangles Figure4.11). Blocks of wood were uskasa shim material between
the angles and the bealthis set oinglesvasconnected with one threaded tbdtallowedthese
anglesto rotate as the loamhcreasedn order to reduce embedment on wo®@ prevent the
loading point of the actuator fromoving as the beamwas being loadediwo reaction blocks
bracel the loadcarrying tubes against lateral movemehh angleabove the upper tubwas
clamped tothe reaction blockto restrain upward moveme(Figure 4.12). To reducefriction
betweertest setup components acertainparts of the specimetwo 1/32-in.-thick PTFE Teflon
layerswere placedat the interface of sliding elements such tathlayer was attached to one
element using doublsided tapeReducing friction was of particular importance at the interface
between the beam and the bracing angiedlow the connection to resist the applied monatit

minimal contributionfrom friction forces
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Figure 4.8 Schematic layout of the test setup.
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Figure 4.10 One end of a column is secured with a steel plate and threaded rods to createadfigeddition.
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Figure 4.12 An angle clamped to the reaction block prevemward movement of the lodgdansferring tube.

52



4.2.2Instrumentation

The instrumentation plan was devised to measure displacements at specific $dnation
each test specimeithese displacement changes were thiized to produce plotghat were
essential for analyzinthe behavior of theeonnectionA total of nine string potentiometers were
used at each test specimand tleir locationsareshown inFigure4.13andFigure4.14. Note that,
due to amistake in measuringhe centerline of the beaat Specimen toincides with a point that
is approximately 9 inaway from the midpoint between the two column suppdtts assumed
that this mistake does not affect the performance of the speclrnaneasure the rotation angle
of the beam, the difference between the displacement values at string potenti@Réerand
SPO5wasdivided by the distance betwe&#®07 and the centerline of the colufaistance 1).
Similarly, the rotationangleof the columnwascalculated by subtractingdpe displacement value
of SRO6 from thatof SFO1 and dividing the result bthe distane between thenfdistance 2)The
story drift anglecouldthen becalculatedas the difference between the rotation angles of the beam
and columnwhich eliminatesrigid-body movementof the specimenThe differencebetween
string potentiometers SP08 and SRfi9ided by the distance between their locatimistance 3)
gives the rotatiomngleof the connectiod that is, the rotation of the beam relative to the column
at the connectianThe column slipyasmeasured sing string potentiometer SP0bhile the slip
of the beam relative to the columiasmeasured using SPOBhe distances at both specimens are

summarizedn Table4.2.

Table 4.2 Distances used to calculate rotational angtdsoth specimens

Distance 1 Distance 2 Distance 3

Specimen X Specimen 2 84in. 96in. 18in.

Appendix A presents plots showing tb@rected and uncorrectelange of displacement
values with time for each of the string potentiometesedat each specimefio correct the data
of each string potentiometer, the displacement vadti¢lse beginning afhe next loading phase
werefirst shifted such that their values continlieom the displacement values theend of the
currentloading phaseThis correctioreliminatedthe displacement valuéisat were recorded when
the string potentiometemwererelocated between the loading phas&lderwards, the dateas

shifted such that displacement vallbegjamat zero.
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Two cameras were used during testingate pictures at regular time intervaBne of the
cameras was placed above the test setup to capture the overall view of(figues4.15), while
the other camera was located closer todtenection (Figure4.16). The time interval between
pictures wasapproximately 3seconds. These pictures were compiled into-iepse videos to
visually inspectand analyzethe behavior okach connectiospecimen throughout thdifferent

stages of thexperiment.
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Figure 4.13 A diagram of the locations of the nine string potentiome&1Specimen .1
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Figure 4.14 A diagram of the locations of the nine string potentionsseBSpecimen .2

Figure 4.15 Overall view of the test setup from the upper camera (specimen 2 is shown).
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Figure 4.16 A close-up view of the test setup from thewer camera (specimen 2 is shown).

4.3 Methods

4.3.1First Test: Specimen 1

This test was conducted two phases. In the first phadbe load was applied such that the
actuator was pushing the beatradisplacementate 0f0.33in. perminute Additional steel angles
wereattachedn the side of the beam opposite to where the first set of amgteplacedin order
to push the bean{Figure 4.18). However, due to concerns relatedtbe stability of the test
specimerunderloading, the force direction was reversed such that the actuator was pulling the
beam(second phasepnly the set of angles necessary to pull the beam ateaehegdand wood
blocks weraised as shim materiaétween the beam atttke remaining set of angl@sigure4.19).
Loading was then resumgdalit ata rate o0.5in. per minuteand the beam wdsadedall the way
until failure.
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Figure 4.17 Specimen 1 before testing.

Figure 4.18 Angles on both sides of the beam were used to either push or pull the beam.

Figure 4.19 Wood blocks were used as shim material between the beam and steel angles.
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4.3.2Second TestSpecimen 2

In this test, thdbeam was being pulled toward the actuator throughout the experiment. This
testwas conducted in three phasesladding and unloadingpecaise of the limitationof the
actuatorstroke When the stroke limit was rebhed, the specimen was unloaded, the string
potentiometers were relocated accordingly, #rel actuator was adjusted for maximum stroke.
Blocks of wood were used as shim materietmeen the loattansferring angles and the beam.
The loading rate used in the first phase @&sn. per minutewhile in the second and third phases

the rate was . per minute.

Figure 4.20 Specimen 2 before testing.
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CHAPTER 5: RESULTS AND DISCUSSION

In this section, the results e&ch teswvill be presented arahalyzedn detail. The behavior
of the specimens throughout the experinam observationwill be discussd through plots and
pictures.The stiffness ductility, and strengtlof eachconnectionspecimenwill be evaluated.
Failure modesf each specimewill be examined anttypothesizedeasons for these failures will

be presentednd discussed

5.1 Specimen 1Results

5.1.1Behavior of the Specimen Under Loading

Specimen 1 was subjected to monotonic loadumgngthe first tesuntil failure. A plot of
story drift angle versusioment igoresented ifrigure5.1. After adjusting the data to remove rigid
body movementeffects,the moment wasalculated by multiplying the applied load from the
actuator by the moment aémapproximately 2.6in.0 which is the distance from thpintwhere
theloadwas appliedo the face of the colum#i plot of connection moment versus rotation angle
is presenteth Figure5.2.

In the first loading phase (when the actuator was pushing the pbeantracks were
observedas the beam was loadefdr less than 2n. of displacementless than 0.022 rad of
rotation) However, cacks in the beam started to appeardyear the secondloading phase.
Specifically, the beam started to split at tbp horizontal row of boltsfter a cracldeveloped
between the beaim edge and the last bolt in this rokigure5.3). This crack started to enlargs a
soon as the bottoteft corner of the bea started to bear on the colupas can be seemFigure
5.4. Two more crackémmediately initiatedas the first one got wider, which can alsodibserved
in the same figureOne crack occurredetween the two lowerght beam boltswhile the third
onedevelopedetween the two middle bolts in the verticalumnbolt row closerto the beam
At failure, both cracks at the beam extended beyond the respective bolt rows. Additionally, wood
crushing occurred between the top anttdim rows of bolt at the beam awigm its end(Figure
5.5).
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Figure 5.2 Connection mmentrotation angle plot for Specimen 1
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Figure 5.4 Two morecraclks developedat the beam and columwvhile thefirst crackstated toget wider
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-
Figure 5.5 At failure, wood crushing occurred between thsttop and bottom boltaway from the beaé end(right side)
while the original beam cracks extended beyond thebmltorows

It can be observed from the momembry drift angle plothat, atdifferent stage®f the
test, there wereeductionsn moment.Thesereductionscorrespond to either slippage in the test
setup or cracking at the glulam specim@rthe secontbadingphase, a steady decrease in moment
from 258 kip-in. to 187kip-in. started at a rotation of 0.04@&d (point A) and ended at a rotation
of 0.044 rad (point B), corresponding talippage in a test setup componehs.the specimen
started to pick up load again, anothemore abruptreductionin moment was observed
Specifically, itdecreased fron319 kip-in. (point C)to 266 kip-in. at a rotation of 0.0589 rad,
comesmnding to the c¢crack that d éom ehé wnsiendside t
Afterwards, the test was paused as major slippage in a tesbnemtpccurredVhen the test was
resumeda drop from 28kip-in. (point D)to 298kip-in. of moment was obseed at a rotation of
0.08Brad, at a time when cracks at the top and bottom bolt rows of thedrgargedNo further
momentreductionsvere observed until failure occurrgabint E)

At the beginning of the second loading phabe stiffnessof the connectiorwas low
compared to the initial and secondary stiffnes$ée. oversized holes maavebeen the major

contributor to low stiffness; as the load on the connection inaledse gaps between the bolts
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and oversized holes clasemarking the start of the initial stiffness stagée stiffness was
calculated as the slope of the lia@gent tolie curveat that stageThis linepasses through point

of 0.0121 rad of rotation and moment 68.4 kip-in. andanothempoint of 0.03Z rad of rotation
and moment oR08 kip-in. Theresulting initial stiffnessvas 7500 kip-in./rad The secondary
stiffnesswas definedy a point with a rotation of 0.08 rad and319 kip-in. of moment and an
anothempoint with 0.109 rad of rotation ar@80kip-in. of moment. The specimen had a secondary
stiffness 0f2180 kip-in./rad. The yielding point was taken as the intersection of the two lines
defining the initial and secondary stiffness€ke yielding moment) , wasequal to316kip-in.

at ayielding rotation —, of 0.0471 rad. The specimerresisted an ultimatmomentd , of 332
kip-in. at arotation,—, of 0.0856rad.The value of moment at specimen failuse, equaled327
kip-in. which occurredat a failure rotations—, of 0.112 rad.The ductility of the connection can

becalculatedusingEquation(5-1). For this specimerthe ductility ratiovasequal tol.82.

— (5-1)

5.1.2Failure Modes

This specimen failed primarily at the beamthe form of splittingThe crackghatformed
at the top and bottom bolt group at the bgawpagated beyond the last bolt, especially at the
lower row where the crack extended close to the lg@anmdpoint Eigure5.6). The initiation of
these cracksit the beanoccurred dudo the tensiorforcesacting in theperpendiculato-grain
direction The center of rotation of the connection niaye shifted to thlower-left corner of the
beam a bearing on the columsctcurred athe same locatigrwhich also resulted in embedment
at the column(Figure5.7). Accordingly per the design procegsesentedn Section3.2.7, the
shear force at each boWhich results fromapplied momentincreased duéo a longermoment

amm at each bolt, resulting iperpendiculato-grainsplitting failure.
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Figure 5.7 Beam bearing on column occurred at the beamédaderleft corner

After the test was concludedhe specimen was disassembledirispectits various
componentsind analyze the failure modég the beam, the cracks &iettop and bottom bolt rows
resulted in splitting failure in thperpendiculato-graindirection.As can be seeim Figure5.8,

no deformation at blbholes wergerceivablesuggesting that splitting failucecurredoefore bolt
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bearingcould ensueThe steel plate did not yielcevidenced by the fact thab permanent

deformationcouldbe observedFigure5.9). Similarly, none of the boltsvasdeformed.

Figure 5.9 No permanent deformation occurred at the steel.plate
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5.2 Specimen Results

5.2.1Behavior of the Specimen Under Loading

In the second test, Spemn 2 wasnonotonicallyloaded until failureFigure5.10 shows
aplot of story drift angleversus momernior this specimenThe applied force was multiplied by
the moment arm (@6in.), resulting inthe applied momerdn the connectiarFigure5.11 shows
a plot ofmomentversusrotation angle at the connection.

Cracks at the glulam column appeared as the load aotireection started to increagd
first, a vertical crack appeared between thertgpt bolt and the one below it, eventuallyexding
to the third bolt in this verticalow (Figure5.12). This crackwas wider between thaiddle two
boltscompared to theop twobolts in that row(Figure5.13). Thesame figure showseam bearing
on the columnresulting in column bendingnothersemivertical crack on the tefeft bolt group
immediately followed the first onenoving toward the left edge of the colunkigure5.14). At
the beginning of the secdroadingphase, thisecond cracktarted to widen at a higher rate than
the first one, eventuallyplitting a diagonallayer of wood on the colunds edge Figure5.15). In
the third and final phase, the same crack develdpeder until column failure occurred his
crack propagated along the length of the column and progresaedne of its supports, resulting
a combined splittingrad bending failure in theolumn Figure5.16).
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Figure 5.12 A crack initiated at the tepght column bolt group toward the end of loading phase 1.

Figure 5.13 A crack through the tepight column bolts was wider between the two middle bolts.
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Figure 5.15 The crack at the column edge split a layer of wood at the end of the second loading phase.
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Figure 5.16 Combined splitting and bending failure occurrechat¢olumn.

A number of noticeableeductionsn momend possibly due to crack developméntould
be observed in the momesiiory drift angle plot. At approximately 0.0109 rad of rotatithe
moment dropped fror@3.7kip-in. (point A) to 19.0kip-in. However, no slippage in thpecimen
was observed whenighmoment reductionccurred, whiclwas confirmed by the lack of abrupt
change in string potentiometer readings. Additionally, no cracks in the specimen were visible,
suggestinghat thismoment drop may have correspodde internal cracking in either of the
glulam beam or column. Smaller momeatuction® consistent with the cracks that occurred
during the first loading phadecan also be observed as the moment incredgetie end of the
second loading phasspedically at 0.139 rad of rotatignanothemreductionfrom the ultimate
moment of472 kip-in. (point B)to 452 kip-in. (point C)wasobserved, whickvas coincident with
the crackhat occurred ahecolumn face opposite twhere the beam was connectbdthe final
loadingstage, the largest momefhbpoccurredshortly after the connection picked up the highest
momentin this stageof 418 kip-in., falling from 409 kip-in. (point D) to 127 kip-in. at a rotation
of 0.155 radThis drop corresponded to connection failure in the fofrtolumn bending failure
andsplitting, aswill bediscussed latefmmediately after failure, the connection resisipdo313
kip-in. of moment(point E)immediatelybefore it was unloaded

At the beginning stages of loading, the stiffness of the connection was low compared to

initial and secondary stiffnesses at later sta@silar to the first testthe gaps between the
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oversized holes and thmlts are believed to have contributedttos low stiffness The initial
stiffnessstage started around 0.@@d of rotation, which correspondedli@2kip-in. of moment.

At around 0.084 rad of rotation and a moment 286 kip-in., the initial stiffness stage ended,
resulting in an irtial stiffness 08520kip-in./rad (calculated as the slope of the line tangent to the
momentrotation curve). The line defining the secondary stiffness was approximated between
0.083 rad and 0.13 rad of rotation, corresponding t@Bkip-in. and 49 kip-in. of moment,
respectively. The resulting calculated secondary stiffnes4 @@3kip-in./rad The initial stiffness

of the second loading phase was similar to that of the first phasge tidithird phase exhibited a
lower stiffnessThe yielding moment) , equaled346kip-in. at a yielding rotation—, of 0.058

rad. The ultnate momentd , equaled472 kip-in. at arotation,—, of 0.139rad. When the
specimen failedthe recorded failure moment, , was equal t@d09kip-in. at a failure rotation,

—, of 0.155 radTo measure the ductilityf the connectiorizquation(5-1) was utilized, resulting

in a ductility ratio 0f2.39 The highest value of moment in therthloadingphase during which

the specimen exhibited lower strength compared to the first two phase$18idp-in. That is,

the strength of thespecimerdropped to around 8&%b after column splitting occurred at the end

of the second loading phase.

5.2.2Failure Modes

The connection failure primarily occurred the columnAs mentioned in the previous
section,the column failedhrough acrackthat initiatedfrom the connection areand extended
towardone column supparFigure5.17 andFigure5.18 showthe extent of this cracklong with
the smaller crack deloped at the top rightertical bolt row Becauseghe beam was reinforced
with selftapping screw, no splitting occurred at either of the bolt rows. Instehd, beam
embedded on the colummgsulting in column bendingvhich was more prominent than isjohg,
as shown irFigure5.18 andFigure5.19. It can be concluded théhese two failure modéscrack
propagatiorand bendind occurred simultaneouslyrhat is,as bending of the column continued
to increase due to beam bearitigg colunn crack on theside opposite to the beam connection
widened This splitting failure was caused bythe increasedension forces acting in the

perpendiculato-graindirection at the column due totation of the bolt group.
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Figure 5.17 A crack extending form the column bolt group toward its supgefihesone of the failure modes observed
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Figure 5.18 Thecracksat the left and righterticalcolumnbolt rowswidened at failures thebeamembedded on the column.

Figure 5.19 A combination of beam bending and splitting define the failure of the column.

To further analyze the sé specimen podtilure and examineanodes offailure, the

connectiorwas disassembdeafter completion of the testhe beam did not show signs of failure
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