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Abstract

A safer and more efficient drap shearconnection(compared to conventional shear tab
and double angle connectiogs been proposed for implementation in the commercial and
residential steel framieuilding industry. This effort is parof the American Institute of Steel
Constr @ &t iS8eed&fyr Speed Initiative to reduce the steel construction cycle by 50%.
The objective of thisthesist o ai d i n the devegroocgaihet of a f u
proposed connectidoy evaluatingthe behavioof its various componentspecifically the
connection angles, girder top flange, and column, Webughfull-scale testingEleven various
drop-in connectionsvere testd in realistigyirderto-columnand beanto-columntestsetus at
Auburn Universityods Advanc e &xdddertapdlangesnd | Engin
eight angles were observed and analyadzing Digital Image Correlation (DIG)an
establisheaptical technique that allows for the visualization of complete strain felds
S peci me n.@swel§two-cblanmn evebs were observed via DIC for a typical-sitked
beamto-column connectioflike that which is utilized for an exterior beam in a building.

Testingrevealedvariousductile failuremodes such agransverse and longitudinal
bendi ng of t h e allgwing fdrdargé gastic deformatiors to goeur before
ultimate failurelt was determined, through surface strains observed on the vertical angle legs,
that hiecurrent AISC equation to determine singlegle leg shear strengtfould beadequate
for thedesign otthetested connection angldsnally, when utilizing aone sidedbeamto-
column connectiom which the angles are attached to the column, witstc deformatiorof

the webmayoccur andgshouldbe checked
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Figure 1: Iron Worker Erecting a Beam with Shear Tab Connection(Boake)
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Figure 2. SpeedConnect Dropln Connection (a) Elevation View (b) Plan View and (c)
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instead defined hiyAtPE, sz2Caa;t BjtodTilmes as e iKf fah ¢

21



defined inseghbat r@an diohieanrrdee a toit \vadfi drhe connec

aservice | oads.

|

P

Wher e:
- =moment alto asdesr vi c e

J =rot atti sreervice | oads

20E1
>

Figure 3: Moment-Rotation Diagram of Connections
I n testedgby 1A8t99newas observed that highl:
connection yielded under the combined effect
proceedadstia fif meesasi mgducti on in the gl obal ro
connectadenr atalger oidm c e da tmotnheen tc oA N ew ¢lliilonre aar non
response i s observed after the elastic | imit

shear dispropoeheeamd(eMsottaanteifiopn 4918B@ywh éddi hpi ef
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mo ment and i ndrheeassinit fnf meostsatsihoonul d remain | i mi

equat i(&n ST.,.22022)
00
o0 S ¥
Wher e:
+ =secant stiffness

EE bendingt hbeegmdi ty of

L= Il ength of beam

Connestiemgth is defined as the maximum or
M, and i s based on an analysis of the wultimat
Connections that transfer | ess than 20% of th

0.02 radians can be considered to have no fl e
(AlI'SC, 2022; Astaneh, .1989; Bjorhovde et al .,
Connedtuctwinloirt yooa maiasotndeelf i nedt @aattberresabnc
ei t(hag)rr educti on of Mibhe brwyei0Ostpiemgenttr emgt(ih)( th
def ormed beyohHhi 9.aOBairlaadblaensr ot ati on capacity
rotation rseaqgwintgethbae ,t benlsiimearn ngn al nwoins of t |
an accurate analcyosnisse rwsd taitoMteo malai ¢ apdei,t » of 0.
consideredOa®d8quatdeé ans is roughly equival ent
i's 24 timeag iitss ucmhepgtoh mly | oaded AWISICh t2h0e2 2ma xML
& Thornt.Agai BAlayrotation increases in the co
moment produced widwe vsere,adtihey sthaepaerr foofrfces wi l

proportion to the spmpieddesangotcdosaviidd & i ent
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strength to tr anabfeewmh itlhset eanldsrooapddt Vi iochi @i on an

negligible end moments to (Awdlainfeyh,asl 98 9si MEltya
1989)
2. Zodimémear Caonnecti on

The foll owing si mpdiestsihreatr|l amalaeaedcdgn idaesd gne
utilizing si mplAd SdCe sndgru-athagblberise c hi e henesteabad

andi ngll #oeane ¢ Al 8€s.TROAZGHM each connection has Vv
design | imit states according to the geometry
considerations that BgppH ycdamnedtl iapih ewi sopgesd e/v d |
all owi ng for assufifti ciise pitdnenaeltiazseudp paost bac at i on of
occurs at the most flexible point within the
and its .cofdpacradetmhoen ngfl wiol Id ¢ hsehrrefredb N e ebse nadn ch g

mo me h ttehdee s i g n nodfi wilhdeumeglibe s c hwi nde.rFoet salmp,l e2 (ble7?
connections, the perumidsesirbulnematrotioelres mowen g iod e rbeec
tol erances are nodt rtredmegstchginl, yt bhbeysisthomrepd ibre co
pur poses. Toyepaino al lcyam nfecrt i @ n,a bneoarmmrske aal rfe isnecth
from theacel acnmommodat e; fwhen hdon siodesrriamg eedge
the bolt hole to the edge of a membgeurar ttehre odfi
an inch $s$malther pdesi-bunhiltegayoife l@adnigrudn daetr a | ower

(Al SC,Geh2Rwi nder. et al ., 2017)
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2. 2D2audAlngl e Connections

Doumlng | e c oanrnee cvteiroyn sc ommon connect.i olrhse yus e «
consfsawgbee | eg of each angle is bolted or w
as a webumn,afnldandge) opposing |l eg is bolted or
bealhmwo examptesnearsehawbBi g@aTleeye asfibyri cated anc
mostwitabl e sheeratchleacenad sand a singul alrt aing | a&l 4
a relatively tbmpacs genaeatl gncontained with
beamd is regul artloyo luwnem &bt AING,bHGEME 2 ¢ ,
mul t i-fpileel d nand shop pr agrtiiacre st anuisr s thalsloathisard eir
when determining the el ememndnnenctwehd,c hc aphien g nogf
ishop, or if the-sdwlttt eldolItes awil lolw W e rsHearjtust me
exampl e, if t-dtet anlgd ke st arae ocdhlopmn fl ange i n wt
the supported beamndl amg e r mosuisdim ebwet teqgh @ &l nl coew
for adj ust ine ndwduebntAeggloanmect i ons ar et iawck,e i nsta
especially at the colmadkruwdb asadjiaggRedblyg mhe

2022; Geschwinder et al ., 2017)
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777/7771 r///
L w [/

Figure 4: Double Angle Connections (a) Boltedolted and (b) BoltedWelded (AISC, 2022)
Forcesa -adamglbé ecanepettnasferred through shec:
supporting member web or f | angfe,muantdl tituhde¢ woefb
St aatrees c o n & hddeesriegdn ebfo |a ehddlhtgdaen neshéean rupture
the bolts and angles, bolt bearing and tearou
yielding of the beam web and anaglngd,ecslhlpa@aakd s h
beam f | ex uvArna la dsdtirte nogntahl | i miotn sd tdeetr @ Inayfa acveeciggd trru
must be checked i f the connedtAil &rC, ut2i0l2i2zes we
GeschwinderOthenrawi se20tlifg eccentricity on the
may be neglected if a single vertical row of
member not exceadciedot pbreefdexphpehsehishieckness o
angil kismjatnedd a wel d should never be u(tAllSCG,ed at

2022)
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2.2S2afPed Connections

Anot her common shear connectBootnh usttiilfifzeende di
unsti efa¢eed cecmomesdtsitomsf Ffepwwbompoaebéam i s sea
angle that I stwel degporabaigt eme@éenb@ed seated coni
seat plate and a stiffening eleme@Al SEuch023g,;
GeschwinderArtexdmpl € 0df7/)t hesd&igaiFmeectdiecn gni s
simplicity, AI SC design pr-otcreangtelts mcdstugied ¢ hat
tohe bottom f laasn gwee lolf ghdh @&ds itbseigag tiloa mati on i n t !
This assumption of a singul atrhdugiendeadasr ¢ o
act daolrimed i n flexur @Al $Cel @80RB8; oCatherargl!l al

1997)
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Top angle
Optional location,
top angle
%
b.
_ Preferred
p Top angle
iy : Optional location,
,'_ﬁ' & top angle
- —
F |
&8 Stiffeners fitted
} 3
# to bear
-
W

Figure 5: Seated Connections (a) Unstiffened and (b) StiffenddISC, 2022)

All force in an unstiffened seatettheonnect
bearing of the beam on the angle seat and sub
supporti.ing amesntbiefrf ened seated connection, the
supporti agaesnseumbeedr t o carry (AR S Cent2i0R ; erCtheme &
Geschwinder. dtoralst,aba2Ql 1)y pur posesh,i cknoatnhgdre a
with n. 4vertical l eg, 1 s connected to the suprg
|l ocations of the beam, the top flange boef t he

bolted to botvhelnked etres tolre Iticnee of each angl e |
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member or the beam; minimal welding is requirtr
a simple connection. Though this angle is not
concluded that ashédstaptamghentdhercaesi osai on of
in an unconservative estimate of the beam web
unstiffened s(Ra¢eder c&nbhaict epwynsl1989)

The application of the seated connection i
mul ti ple advantages; the angles are easily pr

member in theashbobp, uantdi zkbdyon bbategobuen f|

clearance is provitdwah oft a« aswupreorattitmg hgeidr d er .
member tolerances must be consulted in design
field. Since the bottom flange of a beam typi
conneottieomnct in beam depth may result 1in var

mul tiple spang<,onwliglue nt himd sif@bnan coetcaletdeck,

concern when-pdtaitlei oirndhean s tngh Hfildorloe g t @ p

stabilization angle, it is recommended that d
sl obbketd holes are wutilized for ease and econo
shavel|l ded, it must promgbe paopalsol barweatbtdedt

ignore any vari(aRAlidG,s 2M2b)eam dept h
Unstiffened seated connections generally p
casnuf ficiently rotate about the bottom of the
t he colhuamsal andvely few IDiumi tt osttdteed [texi dongitd
angtllei,s comoedt icoynamwmét h s mal | s h( eGeers cehnvd nrdesa c tei

al ., . Th®ldesign Iimit states for an unstiffene
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web |l ocal yielding anedatcrainpgplei nfd edkwe atl o abneda rsih
or weld shear witliAtS®SCsi 2RI &eceWevd ndietry et
crippling is an atypical l imit state to be ch
connections utilize bewnliinlge tion ta asilsd &nr tdake
connecti on.

I n design, the minimum reqgandedribsgpffiirnsgt | e
determined and is a fufmlcanmge tolii ¢ hee svie bt haitrd cvke
wi || result in a | arger required bearing | eng
mi ni mum bearing | engths ¢ anr nbde arcatnidaifilveexiiyb islmat
t he ,anag | mibreiamliemtga bhen as kiche vehOluerredqui red anc
mi ni mum angle thickness is determinaedgbased o
Th @ s s uamreidt i cal sfeocrt iaom u nosctaitfifoenned seated conn
t he out s;t ammmde mtoprfil ctiditeyf diosnt ahce toitheabobkectken
(I ocahtadidie bearing | ength) i s,aansds uanme de cfcoerntan cu
80% of the |l ength of the stiffener parallel t
conneEtnahly, the weld and/ or bolt groups mus!H
previously described eccentricity. As a stiff.
the unstiffened anglendsreastufbnciantatidrtaoh
shear i n the supportfiog @membierf enndd\| S€gtcBP® CR@ |

EIlTifritt & Sputo, 1999, Geschwinder et al

2.2Shed@r Tab Connections
Sinpgl @ceanedtyiporcsal |y referrceodstectadghfishiead att

wel ded (on bothntdi hled ) etdot®d $hpporet of a beam
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(AI' SC, 2022; Mui.r A& Telxocarmptloen ,of2 @lhFlsg@moenecti o
Shear wiathsel mresed i n the spgeredeibgmdfiagr et dust |
connectitdmeedweed omat eri al usempadeld alromprreeduwiul
di scesmptl €« onnmearnt i ons, ease in fabrication, an

ereclowenasr previousl y di bkeeruescpteidoinse ¢ maep tyer 11,

—

estihmg, c dhrarse trioovren r at her ¢ oangpalienxs td mnail mui sptl eb

st aDbescgnsi derati oasstmeadchotati o¢mehwatlt aosi mpl
be taken (Adtoamelt oastrtDitad .t,0 1t9NBeO )many | i mit st at
configurati ongevdment rpyr easrcd i ph ybseiecna |p 1l oi dniii bt eadt Al | oSNCs
speci fsiochatrtil yn f i ve | i mit st(aAtleSsC,n 0 2t; 0 Goees cchomi

2017; Muir & .Thornton, 2011)

v

w |
Figure 6: Shear Tab(AISC, 2022)
The foll owi(@lgeiv e mimutsalt bt e s thdee kKiegin f@fr a she
that does not meet the requirements of the co

T shear ruptwcroemsofdecleamgbolct $ vy
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T bearing and shear yielding of the suppo

1T bearing and tearout of the pl at

D

T fl exur al rupture and el astic yield mome
1 shear yielding and rupture of the plate

T block shear rupture of the

©
o]
—
(]

T buckling of the plate

T plastic fl extuhsehle ayi eledicig omi tof t he pl at

T weld rupture considering eccentricity

To accommodate for the requisitasheam eal
(connected twiahrsgadtdabpdpgpanst pgsbembiophw@ivemgof
fl exuraboyteldefoggmdt i pmowhngh | ocal yielding
for el ongoathidd(@veuiinr t& eT h oF anrt otnh e 2d0adlnMvyentmanal ¢
uppbeauadidst ance between tbkéismuelht ¢ hartd btulce&k | wenlgd ¢

doesgowé AhSC, 2022; Muir & Thornt.onl,hi2sOO4i;miMui

di staalnldoewsn | v a small area oviehewlplaheyiyeldidnag
usually not comsaadferadc ammaddticngntthe si mpl e |
(Astaneh et al., 1988 sMmean& Thatntbe, t v011tkp

achieve proper rotation are bolt deformation
for significant horizontal movements | ike tha
shear twb sofnlgiPet soresults in a hhoalifz oantt aaln cthr a
rotation of Mo W&neaanthiodan s.ol elHiys come iftr ovimulbh @l t
exhaust tolfe tchep a@wiltty, even t he nwebiomahneet o oma
woul d wutil iboéctaBpdde iotfy tihfe bol t( Mhiowi & gT h sr mtod n ,i

32



To allow for bolt plowing without extreme def
pl aced on the stiffntelsisclofesdeepdrateoirbryedt imon
a thinner plate to all ow fTdre gwed at ars all srog ateis
all ow for f1l exi bdoen saindde rdiungg iad cecagxnetmnaiwng idtiymi t i s

t he (wed da rati o oft ot leemsplraet ¢ htahi dkundsg)i el di ng

before wé¢lAd SCuyp20OR2; Astaneh et al ., 1989; Mu
2.8 gital |l mage Correlation

As the holistic behavior of the connection
practical me a nnse cohfa mm ezgaskdr & i ceigma thie o yosf aan d asrtgrea ial

was paramagumuigewBt tai of common ucean imnlay | meas war
properties at a stpheec igfaiucp éheoeceddtmagi n tihre wleisehar c h
conclude where a strain field or strains of n
T h o digrhel teemennatl y sh ese rh apglewiftohrirme db Wi Ro b € Ehdugx | ePnha. yD .

and proviidnggdooibradil ghtstr ai n afriged fa riferatr enrag S tongand h
i mprobafbipgligdyi ng the strain gveoowgeasiuditreescttil nyg wt

tpoprimariyl i zDA€Ci on of

2. Bakics of DI C

DI C nosmoantope¢imetnhod that utiliared @hotograph
mat hemadrircallat i tom meadwnr a,dekefpd rapcaemnmedolrssta ai n
prepapedt mah i s subTfwoctneadi nt obraancohaeds of DI C wi
di scussed, 2D and 3D, both of which fundament

(Correlated Solutions, 2020a)
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A 20D C setup consists of a sfiulglulfaire.lcda noefr ai
Due to this monfolcahar moi sowni s owh aobbljee ctto ibse d
assutmepdbenarar al | el t o, atnod vtahsasuean dcworni sntga ntth ed iesntt
t e(s@Gorrel ated SolutionfAny2@2@ageSunt omeeti ale. {
speci meboftdueocdhbane movement ) wiiln tbheeF reefsluelctts
example, if the specimen moves towards the ca
result in a,daredsvilee swaras an ibfi aist,c meaesngway fr
compressi venstheai oltilbbkkea shuaman vi si on and our ab
3BDI C util-imagi sd eftewo camer as) tamogpefplceane e 3D
mot itohnast occur, eliminatihQomrstelaatnedi @l diuieon

Both 2DDhGdt ®®ak amav griveothltad s amef pt emp o 5 al
mat clGiwvg.n a point and its uniqueness in the u
a péintthe form ofonm tphexetlesitn stpheec iinmeaagided) s ur f a
across the deformed i mages. Due to this requi
properties must beitgdaptptieirend wid It hneots uirnftaecref er e
adhered to the surhfea c@Sdrrmttced e Ty rpankc.aily@ 0 A) bas
of white matte paint is applied to the specim
resulting in a high contrast pattern that pro
i sotropic without a noticelabVe 9uffenacameabnyar.i
of répmaifovem s peoklrelaitzidngSsol uti ons, 2020a, 2
Sutton et al ., 2009)

As each point is inherently not distinguis

aroundiasedi no dispteigmodiundas.h Tthhies surrounding ne
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isall ed a s udefeitned dadcsorudsiemrg to the speckl e g
enou@h [toov for a point to be recognized from a
provide good (s@artri all atred oFadtsittatbhivess, ip @ ® @i0ra )

me mo,r yedacihn pt ke bi ma ¢ égg fhegdn etltouraak angit egef rom O
255, a black pixel is assigned a number of O

(Correlated Solutions, .2 2dxag mRI0e 1g f FStujtnitrseeni se t s

Image, in memory Image, on screen

Figure 7: Assigning Gray Scale tdReference ImaggCorrelated Solutions, 2020a)

As the specimends surface moves, the pixel
will adjust accorFdig8ghy whTlkhstihe skedwnmed i ma
right and up one pi xneelmolrecyau £ieg stplee | ne@me doleisfn
in pixel thecedmperetys| ev dInoitntsehropvanliastniudirin ¢ i ziegu it
represent a field of discrete grteygpl emleil e aiss
ast typically results in mpobCer nelcarad eSdl stpil @

Sutton et al ., 2009)
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Image after motion, in memory

255 255

255 255

255 0
255 0
0 0
0 0
0 0
255 0
255 0
255 0
255 0

Image after motion, on screen

255 255
255 | 255
0 0
0 0
0 0
255 @ 255

255

Figure 8: Adjusting Gray Scale to Deformed ImaggCorrelated Solutions, 2020a)

Utiliziwadeftimedusarmset ,trtalcek edd®ftsey it € me c an

refer

i mage

ence mage hadgimg@vedwhiTaohst he
i's what s being Al ooked foro
Image before motion
Vs 25 255 0 r 2 25 7 s ( 255 255
255 s 255 0 Z rs 25 rs rs ( 25 258
25 2 25 ( 2 25 0 ( 0
0 0 ( m ( ( (

( 0 ( 2 25¢ 2 0 255 255
rs 25 25 0 rs rs 255 rs rs ( 255 255
2 25 25 ( ( ( 2 2 255 2 2 ( 255 255
rs 255 25 0 Z 2 255 r Vs 0 255 255

Figure 9: Subset Matching(Correlated Solutions, 2020a)
find the proper subset match
zed to check several possi bl e
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(SSD) of the pixel wvalwues, in which a smaller
consi.ldetde@d ,f wsrhodfwinpmPme sul t s i n a hiigsh error, a
consiudretrircled lea wemsstsiisblaec hi eved. l deally, a corre
perfechomaveh, ainesehti oy O timecomotuwppooni if e t dh

caused (bGornroeilseet ed Sol utions, 2020a; Sutton et

Pixel coord., referenceimage J Pixel value at (x+i; y4j) | Pixel value at (x+u+i; y+v+))

C(x,y,u,v)= Z Ux+i,y+ j)=1 @c+u+i,y+v+j))

i,j=-nl/2

Image before motion Image after motion

n: subsetsize (5 in our example)

Displacement (disparity)

Correlation function

Figure 10: Correlation Function (Correlated Solutions, 2020a)

During subset matching, there are other co
such as photometric mapPhotgometdr isaubtseransthampmat
in the correl ahieopat o ecbhescooommea al isgphetceirmeonr dar K e
expansion and compressi @rCcoonm etl la¢ eadx S@d wrt @ otnism
|l adicolalJt20a8phot, however, correct major |ig
ont o t he(l Goprerceilnaetned 3ol uthieomrse,f e2®2&ke) | mage, a
the speci men anloamsgheaspteh ea ngdu Woeets Asoutb sreetmasi hna pae s
function accountthsehhpesobis@hdehahgtednSol uti ons.
& | adi coOmc e 2t0hle8)subset I s successfully matche
di spl acement relative to the reference 1 mage,

mapgsMc Cormick & Lord, 2010)
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For -Bl @Danfadrytshesr, correl atmagn n@c ¢ sr siItad i ztee
3D model of ThheospeabmewhiogbBBedi ss siDhiCl ar t o
analtyesilegi n tthe tawmaliymages produceniphadi mahgee s a
from Camera A (Picture A1) and an i mage from
secamdc, compar edonanRdi ctahuer epnaddtirctipse d nt s tohnr oRuigcht u r e

st ederor eMiaa idome me@ wl atriecat e a 3D point

Al

%% 3D Point
£ Creation
Via Stereo-
Correlation

o )
DR

.

§ .‘v:;

= ==
2D Point 2D Point
@ Tracking Tracking
Via Subset Via Subset

Matching Matching

3D Point
Tracking

Via Stereo-

Correlation

3D Model
Created Via
Stereo-
Triangulation

Figure 11: 3D DIC Process (a) Example Stere®ig and (b) Example Process

St ereioangul ation uses the known | ocations
of two optical rays (Epipolar Projection Line
3D pqgiCotrs el ated Solutions, .2020dp 202%;, Ebhet o

must be in a common coordinate sryisgt-e(aipmeot i s |
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system) via imaging of calibrati on gtu®reget s i n

(Correlated Solwtions, 2020a, 2020c¢c)

CameraA | = Camera B

Figure 12 Calibration Photo Example

Cali brati-measaramehapprocess thati dpuil ds t
parameters using the shape of the calibration
the calibration images alonethaedpaitrahs2bBrim

(Correlated SoCatilbmati @®20angets have a knowl
various arbitrary movements to calculate extr
di stance. I ntrinsic properties of the densors
in therstammgad a(tGoornr eplraotceeds sSol uti ons,. 2020a; J¢
Af tesubb hdtos hoft m&kgeas at t(Rd saanme Gl war e
mat cwhiead <toenm etboatcroenat,e s3ubb speoti nmast ¢ hsi unbgs eoqcuceurrts
i ma(gkel to A2 and Bl to B2)(Cortelazked hBolsutbisen
Thesbset pradcéds ngi desheihbeBdé Caa nRtl efrse & .
triangul ati duiilsd tthhen desfed mead 3D model . As th
point is known, strains can be computed. For
assescemp utoe ;t hehisst rpios mdtahkteengairddyzeean be adj ust
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use€orrelated Solutions, 20 2Waar,i 02u0s2 Osct,r a2i0n2 1t;e n

availabl e i n t hel nspyustt eeng uaast iwenlsl. as user

2. DI Use in Structural Engineering
Though Digital |l mage Correllh3g§ st &cEDUEr has

the | aboratory and field setitni nigh ehtagsu agnrteiattyl yo f
published researchm pgpapel hamgimbierrndpgbDl €Cri pl ed
20ZMousa etThailaf,| X0 2a8fa nDIb@ wdg dardivbauntceedrpetnot ¢ eohf e
sensors (lankettameomput ati onal -capakutiyowofcam
arceont i nuous, yt hhentperaosviimnggs pakeba | deas o It hhtaavioee r at
all owed for a broader afram béar g e esuinmesc sgguwti anlgb-
dynami ct boamahl str ulcitkuee @bheictngp o2@hé ;s Mousa et
Shih & SungCGoés2Oplodr)t abi-fieyd , K awmea tcyoanet g, c tf umelt h o d
hawmade it a great option both i momhventalbordat o
optitdhmg can only measure resalhnhdsraiquaraei snor et
| aborious act i(Witeyzrfeaxrkii red¢t alll..at i2ddn 8; Oats et

Many studies have been peréd¢omimedmonhe aacou
through compari son ¢ ot & hrirdats inelisaseg esst udlnide sati mecrl
not | i imh KhfeidelItdo,eval uati on of existing structur
strucbonadkddmmpmnent s i n t.heTHaalgomeaattdoeay | @@t i inn @ |
ver sus st r aameoglaukgeel yrietsoutl ti{eschiacueg hd s tdiulel trmi ni ma
external circumsaadcgeseoaeandhmabemaendbhgrexperim
resulted in highEBl iakltaralky & fKdDdiCi wes,e 2024; E

Ni ezrecki et al ., 2018; OQats et al ., 2022)
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Chapt et Bodol ogy
3. llntroduction

Thever aobheogi ve ofatseliastuhaee elealravhi or and de
of the girder top flangeof codmoppdtiao ntcharmoguegeht | @
DIChuddal e. tEctad@quateqglry secamitqeri @ faaibgeehradveiro r
tocol Ummmonnectomeatsgo d mn smaart wibalko,e amm o
connections were t €elshtiesd cihmapda etrotpalovadfdesi xant e
and connecgteioonme tdreisci gcno,n st rhad fnsttrsre etnog t bhe sdteosni ggind, e r
peparation, setup, and procedure. -Absbingednf:

analpyrsoiccedure are included.

3.2onnection Design

To provideuwsttraypl e comamemrdc hbowir [kddeisnigg nf,r om Al .
steel solnuwd®Of onscece@Gomrventi opnawasSterl $EL adthi ) .
As seFenglidrea W24x48 gilrechegft dadmd hs pa s6pdedn was 450
determined to be an aippro@mnieetep o widdeerd floora dihn
in a facdowlremrdn bfeamc eago r-d@@u lon psShikapse. ot i7Bi zi ng
same benchmark building design |l oads and a mo
girder ssgpm&ke hggit a3n0dd0 was chosen to inwebkbumgate
connection with a fAcdtooeldy realci mmnsiofde 5&f kWl
provide adequamenidmlhwgmen wB ad A pagfehriaxi i n g

cal cul ati ons.
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Figure 13: Girder Selected from Office Benchmark Building (AISC, 2018)

A bencdhimaadadrdmm m ¢ onnemthivenstldeoalralt ab wer e
designed for the W24x68 and1l1Wlteexed 6 Cginrsderrusc tuto
Manuall SC,. 2An2 2)l evati on vi esvw oomMRi tgthebsadli goneect i
16ln addigi®dows -aectrioessal and plan view of th
drom conAll ttidnoom@onnecti ons varied in one or m
rangbee hoafviaonrgbeasi mngvell @ngtetloomet ry and thickness

and angl eTbeiBhbhatiooannection desi3gmR.2ummar y
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1" A325-X-Bolts
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%" A325X-Bolt
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W14x82 Column
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Figure 14: W24x68 Benchmark Designs for a GirderColumn (a) Shear Tab Connection

(@)

and (b) Drop-In Connection

13"7\‘.
AI_T
[T [T
o B L
L s ]
L8 X 4x%x1/2
J( 7 n
W24 %68 14

(b)

L8 X 4x1/2

Figure 15: W24x68 Benchmark Drop-In Girder-Column Connection (a) Section Viewand
(b) Plan View
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(@) (b) %"*3"** %" A325-X Bolts

5 1
—x5x9-"
2

S
:
i

| 13".

3o
N
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:[ L6x4x 5
b R 16
1" A325-X Bolts ™
g I W14x82 Column
At d W16x36
h

W14x82 Column } 44"

" W16x36 ‘
-

Figure 16: W16x36 Benchmark Designs for a GirdefColumn (a) Shear Tab Connection

and (b) Drop-In Connection

3. ZohsatdieamsDesi gn

Dur it hpgr el i mi nat kder dgms i cgonn noefleetnieam,l ode @ met r y
connecti ovaselde@mesintide® r epdr otpoe m ufrsiiutm @ . Tehree cctononne ct i ©
must alk heiw ifrowm e dge adigdtea mma , gfa stdlweehbeasmnighe
and tightening c(ARls@nEegiPpobessati stoesi der e

constraints and their-r associated references.
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Bolt Flange

CL CL
; k, of Girder ;
Min. i !
in Elange Edge ! Fillet !
Distance ' :
! Encro. :
I ! [ '
I ; I
| ; | k of Angle
| 5 |
T | I
I i [
I : [
I I I
Min. Angle Edge i E&T
Distance . Clearance
Variable AISC Reference
k, of Girder & k of Angle Table 1-1
Min. F]ange & Angle Edge Table 3.4
Distances
Entering & Tightening Table 7-15
Clearance
Fillet Encroachment Figure 10-3 —f\l— J\f

Figure 17: Considered Geometric Constraints

I't i s of i mpo,rtiamcge geor &kbnfo/wo eeahnatwi t h a r el at
width and/ or a) lwirlgle griddwde za nlei ikt ed number
duesdant tramsvvadrisadblleen ot h.d80s é atietwraasms tdires ean g
|l enggnch subsequently decrease t henter anmayv drake di
advantage of Al SCo6 & hfei ImMaexti mneumt rod a osBhmectht tilse | i s
Al SC St eel Manual abeo wdaemdpktfo tthlee wekibf ft enri ecrkonee
girder/ bda&amSLe.cBIOQRRNMNI s project, fill datheencr oa
design oifn tcheen.de®Bdtpgbes were trawsvermeSGt hpace
| i skfveadl ue f or the associated girder/gh&am. For
Shotwlset epsnsiwleecrbdosi ng an angle section that w

constraints with a knownAgiadtelbshmneteesi bhe
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' imitations deter mi netde m,t it.hee. :c htoh & eb clhto sxinz e
influences the bole hole di mensions, entering
di st ancesr evedihssd mes the bolt wildl be | ocated
entering & tightening chepglrancé@offromthere pi dVv
compatibil ity madopyss snicghid et EVibthisn at a nagn & tsteert @ fonrse
probable to be i mpdempmealicdi-atuogyheeds gpasi demec
industry common sections and the common bol't

approximately 70% of all Al SQuanhngltes awil temgh dt
inchkB0 possiblwemreageometcti oals)y compatibl e v
sections equal to or |l ess than 100 pounds per

i nc.hes

[ Determine Girder/Beam Size* ]

*Maximum Fillet Encroachment

!
[ Determine Bolt Size & Angle* ]‘

*Bolt Hole Dimensions, Entering & Tightening Clearance, Minimum Edge Distance

No, choose
1 new angle
J or smaller
bolt size

[ Does the bolt fit in the angle?

Horizontal Leg Length - k4,4 - Entering & Tightening Clearance < Min. Angle Edge Distance
lYes

[ Does the angle fit under the flange? ]

% -k, + Fillet Encroachment - kjn g — Entering & Tightening Clearance < Min. Flange Edge Distance
l Yes

[ Angle is Geometrically Acceptable ]

Figure 18: Steps for Geometric Compliance
I f posdmibeheunterllyyzaedhe fraabtheaaddtodhmantcibd m go f
the angles should be tchbeo-bo jollea @a@nmevih tdrien de to@r mi n

conneWhi lommsutt o mat ewla prmoacte ssbhnglL@®eredi mhnnary de
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due to the | imited, niutmbwao ulnc amhendbubspieryit @iad i aign
due to the | aslgiek enluynbireet lbbef ddaensgilgen does not all
aut omated machinery, drhieh & ahtbodisscsavtacr dmay fMman t d

Whidrely considered in beam-sen bamukoieeire t o be
all owabl e di mensi ondli sittheSdeM ah& eSe adtniscru sks2 dwearne
consider eidh ledéesd WyBadMe .D2u0e2 4)o0 unavoi dalel €t ecr i at
geometrical driomhel nesdi osnhsa poefs ,h otthe most extr eme a
the geometri cal constirnaicnotnsn ewhteenondesi gni ng a

I n the strengt hprdeelsiinginn aoroyr,tdnewsnicgoni t pirinded @ sngg | |

of weld rupture, angle shear, anwlerter acnosnvseirdseer e
for t-he dobpapection. The most | ikely of which
providing a ductile failure mode. Angl e shear

uti lainzdkedwel d rupi @r ehmawetdni solundersi zed

3. Zohnection Design Summary

The foTaldeenagi | scahe tohhecti.AInl dgisi gear & lnen
flanges f eat throdaead satnagnldeasr -gf | ebabt bueridee nas esdheol rotn g
t ransvoeorlste lhyo)l eu pAbl abdl t a8 Wwete ASTMeB&125 Grad
connecitdootn su thiel ladefaint gt efmcr oachment and ar e
the | ocaAliSbChs pveaditukee of Thbael 6hgege. |l eg of the a
al ways oriented as ftthger eeetradtcad hdaerg,r ead il otwa ma@e
i s shewgplb$dad i s described as the | ength is wh

bearing on the Idroiud alntbel naneglde tlheag. t he desi g
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the ;Appbé€gprrovi des the measured weld sizes at

Aldr awangsfoundAi n Appendi x

Figure 19: Bearing Length Visual
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Table 2: Connection Design Summary

Size and| Bearing Vertical | Horizontal
Conn. | Conn. | Beam | Angle/Shear Weld ) _
_ _ No. of | Length N Weld Size| Weld Size
Type | Name | Size Tab Size . Position , ,
Bolts (in.) (in) (in.)
A L8x4x3/4 5 2V&2H 13/16 5/16
B L8x4x3/4 5 2V&2H 3/8 5/16
Two
C 3 L8x4x3/4 3 V&2H 5/16 1/4
3
c D = L6x4x5/16 5 V&H 5/16 5/16
S
=
8 E L8x4x1/2 Two 5 V&2H 5/16 5/16
o
5 F 3/8x5x12.5 [Four - 2V 5/16 -
el
o G © L6x4x5/16 3 V&2H 5/16 5/16
™
X
Gl Lax3x1/2 | T Wo
H = . 3 2V&2H 5/16 5/16
(Flipped)
I L6x4x5/16 5 2V&2H 5/16 5/16
Two
J 3 L4x3x1/2 3 2V&2H 5/16 5/16
X
-
= E K g L6x4x5/16 5 2V&2H 5/16 5/16
% 5 Two
g S L L4x3x1/2 5 2V&2H 5/16 5/16
The intent of each connection is explained be

T Connections AtaepdgBneval ubebdavior ofnthe ¢
conneaxngloenan gWaeéiree over sindlaacdce a fl ange bendi
T Connectiodt ICe evfafl @@att eof a reduced bearing |

angle size as Connections A and B.
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T Connecti ont Beef doetaltaachaoregd € si ze and wel d.

T Connect i owmestt dte almeln &h marcko nchrecg i on and shear

T Connecitmnwoenstpegatatd behavior for a small er ¢
thickness) and angle size.

T Connecevahuleeef f ect/ fdfiapggdma raroireerdt at i on.

T Connection | i's a modiifiwhbhebmwebd wgeomect
i mproved.

T Connecitnivoenstlhgabedavi or of iunndduecrisnigz eadn aannggll e

T Connections Kcahdmh web!|l bahavionr coppe<citti ®n

abeacm | umn connecti on.

3.8B3peci men Fabrication

Detailed drawings used for the fabrication o
bracedewel difse dcawfid@gsd i nAApAddndipxci men f ab
was perfcearomaeld ng t o t hbey acpeprrtoivieide dd riammd inwgisdual s .
steel rolled sections and plate were acquired

steel from Gerdau, Nucor, SSAB, and Steel Dyn

from mil | thees ts preecp ometnss Tfad3leetph ® vii wleld minl | t est
found i nB.ApAddndsiuxppl ementary steel sections no
the | aboratory, some of which webr.e | ater wused
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Table 3: Average Mill Test Report Results

Fy Fu Elongation
Shape Grade (ksi) (ksi) (%)
W24x68 A572/A992 55.9 72.4 23.7
W16x36 A572/A992 58.0 73.0 26.5
W14x82 A572/A992 55.1 71.1 24.7
L8x4x3/4 A572 54.6 75.3 26.1
L8x4x1/2 A36/572 56.5 73.0 26.0
Lexdxs/ig | A36 (Meets A572 57.9 76.1 25.0
Gr.50)
L4x3x1/2 A36/50 55.1 73.5 29.0
3/8" Plate A572 GR.50 67.0 77.7 31.0

The Mdratbrmma Fabrication Company (NAFCO) do
personnel to fabricate the speci mens. NAFCO d
then reviewed and approved by the research te
i nfed mf the | imitations of the available equi
t he .amigd el i mi tati on r emawnlutad d.yi RlabHidccidbi es Wwe s 1
in October 202Be ahdlvamse ppehdtabbn A&HE®LFY gur e
2@rovides a photo of twonfamgl e€eatendneotl uonms av
faci |lFtyam®ddws a photo of the specimen and su

ASEL.
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Figure 21: Specimen and Supplementary Material Arrival at ASEL

3.DH C Verification
Bef druddal e testing occurred, the DIC software
test on vai tshp eax i xTNDd Cs ped ilrfdemt wmts e al pl ate wit

cresesction of 2.96(cnodsetsi dryald. &#behdana fweBs! 26 9 §
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preparedof ohabl @escri bed for other TdRpesitmens,

setilsp shiwgp2 i &

Figure 22: DIC Verification Test

Utilizing tUme videlsar antgo rMaécshi ne (UTM), t he s
uni f amdl yredtiueaatdegad rate of 0.0125 LAchekipsr
and held for appFOoRg®ébelsythe secamadsreported
Utilizing adad kcasitsa tdesabw, , @fh d1 & .n 8 Mdsdsuul niiesd sotfi ci ty o
29,000 ksi, an apmrcoxoisneastaep asstt ceadn fai ool ¢ %0

speci nxelnC vi a
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Figure 23: Verified DIC Result (Longitudinal Strain (ey) I Engineering)

3.%peciPmemarati on

To ensure accurate DI C rceasruelftusl,|l ys ppelca nnmeend pa
performed according to the PRPedolrawilmg esdt eSpd uan
Speckl e Kit(Vége)t oMarbpdll owi ng stepesl| Deileet aken
resCosrel ated .Sol génensal , 2028) anabogfsotéhei nt er ¢
conne(chivarying capanocttuldes ddotr eweiasarb |fteecatmogl e |
one armgel e,ntire wi dtohf anhde vtaorpi afbllaen glee, n gatnhd t he
opposite thkhesendemensenons are noted in Chapt
finitemedelmemg pRabAdlrermad eBiu. D

To prepare the specimen, a thin | ayer of m

passes to create a uniform RadkCprnowercd.i omesr Cala
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the mill scale was carefully removed from the
t haeppl i cati ameanfovmdi ratl.| owhred f or opttiomalh eb osntdeiel
anmdi ni mihzeedl i kel i hood of the paint flaking off

Utilthlze ngrovi ded spegk4epkck| espbawhern was
the white paint with bl]apkovhnldi agdaassaankipten
dots and Dhekdotbusnidzes utilized on t hensdde speci
were placdad otr ordurcccomonfThe ndet i 2dhewaesulhds
consideration of the area of interest and the
interest required a | arger Tdoutr dshikzree vdeu & hteo dtebhs
50/ 50 white/blatkppetdomar keb|l wagspétkkiomed to
partiicoml arégygs that the stamp/ stammpamaold er was

Figagdadow the progression oprepamed!| eoanbDl Cops

Speckle Pattern
Stamps

Figure 24: Speckle Kit
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Application of g .
Speckle Pattern

: Removal of Mill Scale

=

Application of White
Spray Paint

f——

Application of White Application of
Spray Paint Speckle Pattern

Figure 26: Top Flange DIC Preparation Progression

I n some cases, the toand | nnget featerreadt st
priamet@application of paint and were present
covered by electrical tape and tbeemgvemsntver e

duringThest apegcowaesrnetdmamints peckl ed &r&ea ohe res
i nt preawampl e iFsi gRArdewesenareas i n which the ste

camera wer e nottestnicngudaendaliyns ipso st
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Strain
Gauges

4

- %

Figure 27: Top Flange with Strain Gauges for DIC

3. Teesting Setup

Alfluddal e test i ng haed BHipgehf froaarmgnberdu divryfy 202 4 .

3. 6GBeheQvaer vi ew

This experimental test sédtyupeisdealgi 2evdd @dpIp

conn

W1 4 x

i nt e

acco

prov

spac

ections at once winde rdgogmangnd c tbiema i drigredle r /
82 stub coiwemme dwictotmnacdhom on ealchmrd | tam g
et steeds tiinng of a di fferent connection and r
ed f or tThhegetnegsita-deiragnmamxperi menFag2a&et up
i sf cdrhmi-babh mmn sSTentbuepy ep | i cati on of this co
nded for composi tedtcen gtirruwetri ovi,t htohuits at e
unt for realistic composwetree U maedd bfedira vti eog't
ide reasonable combinedTélkRean| astmhencetateiro

ing for the W24x68 and WI&SIXS®HI|I avteiren 4 8@f amnl

tocenter spacing chosemoftart i roenp rod s ean tcaotmpwes i & hee
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Appe il xs ol astugpmpalrpsowen eelach si de af theegirde
|l ocatoopmsevent | aterdlatkvak|l rmegtoamppobeplerscbiad
tests unl es sT meostee ds wp phodritvs2 ® esvheorwen lioncat ed at m
five feet from thecoamcdtusnenh hiBdolimmeacla sawxi mu

hal f BAnomntheardd alngler(isgated before testing.

Hydraulic Ram

Different Connection

Spreader Beam
Design Per side

Loading Frame & Additional Lateral
Support at Mid-Span (Not Shawn)

Q000

Anchor Bolt to \ / Stub Column

: %W Lateral Supports j !
il il il

— —

Figure 28: Girder -Column Testing Setup
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~1/2"
set back

Midspan
Lateral
Support

~1/2"
set back

Figure 29: Lateral Supports
Fi g3®e ovi des dae sriegnndeedA ibeygn aR@ébhelf. gt ehned re & It

setup in the | aboratory
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[

Figure 30: Rendering of Test Setup

An exidotuibmbe umn | wawt iflriczaiedd. t6O4Wti  capacity
PowkBgahny dr aud ¢ tc uaantadomk4iOp0 | p a fl e eak istaif-reg mgueerof 150 %
wernroundrebde underside of Twhhe pllodandis fwerme' %hpmldiea
di stances of tHaigiercddry/ lmdamtah e rhaps hisntekircfafeddn er s )
raangdpr eadeonbaatmiuppgot He. a dlihnegs @ rsthsa-w ng it re

we we | | |l ubricated using dry | ube i mmediately
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Figure 31: Closeup of Point Loads and Lubrication

The ilnbgppdme, stub columns, and | ateral supp
vipa-teens Dgywedag bars. Each girder/ beam was ere
realistically evaluateet deompnnoeAlbodwsetsreuct i on

conservaghvehed to 20% ofl-ctphddbmiahipmemensdqwinr é
Al SC Tabsendg3alcalibrat 8didnwr emelht s Fwer € xtaimg h te e
approxbkmamedyl in. bolts wetltg tiJd@AKISEs.e R 0t2AR2 )ap
Some connections wutilized bol t sabtetate rwevriee wo roif
conneaxngloen t o be see;n tbhye tshkee arl Cp lcaamee raafs t he u
vary from the shear pl aanne € xnanepnldee do fiwitghhirsa ni su ps

32
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1

Figure 322 Example of UpsideDown Bolts
Due tfol anogpe | ocal buckling at -ltdmi natcead i on
Ti mber (CLT) blaodgkascoewethe we d§ eFd nge8irs donwsl aatner t

example of the CLT block | ocations.

cLT
Blocks at
; Stiffeners

Figure 33: CLT Blocks to Prevent Top-Flange Local Buckling
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3. DI Setup

For all tests noted in this thesis, DIC wa
yield Ilines and devarimaus omemb exr < Doefo rpt olf d2 nad di nanl e
| ocaltaroenass QEAOtion theer eisntvesti gated via DIC that
were the girder/ beam top flange, Avteygiicall satgl
i ncltuhdee sf o&cd comvyp untge/ I -EWi Baln B DV IDXCoG t wat enipg chd
conneadtued num arm extensilon., 3 nvidcgaanmei Fap(tdsi) ght s o
approlpemnsae @@s)b, iiasgdt ol tbe noted that two camer as
anasliywhile a 2D analysis requires only one ca
(four total), tests were | imited to the numbe

via TDyipC.cal DI C setigBshedi gg3SRown i n

*Dimensions vary
. with each connection

‘t
0 q |
‘ A

Cameras

4
-

251
| H
<3

Cardboard to i I ; w“«

Prevent
;
I [y

Reflection**
Lighting

**Not present = . e, T~
in all tests \'Q - \ i S SUE o

e & |

Figure 34: Typical DIC Setup for Angles, Tab, and Column Web
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|

Cameras

*Dimensions vary |
with each connection I

Figure 35: Typical DIC Setup for Girder Top Flange
To begi n,l ethlseg pracme rc a nmeirtah weaosn sdi idaesreant 2 @ no fo f
AOl, distance between the camera and-ofhe spec
pl ane movewmentabdaewenwrr&/ 12 mm | enses, two f 2.
two f2.8/50 mm | ensed;i gaslcgsh af3 Dvha rcahl y ssi s hwavan

prepar edl, ewaqhse cshmarseen f or both camerAast efrocused

selection, ltehnasarcamemaeanedd and attached to th
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Figure 36: Cameras and Lenses

Forspétimeme tripod was positioned in such
camer a taoo mtcihmaolwe t he B@ae cliDneann.al ysi s, t he ¢ ame
such a awadyootshodpti ane movement to be captured, w
that the camera bé&opdmmearndgtilanst, hd hsep eschieman.t ab,
webs, the triappopthi Wwas pkeaght anhd approxi mately
height of the girder anwot weoldemeatsaubdrlibneg ght o
approxi mately 4sthoFwanmpiiywg@0o e al lt to el evate th

viewing of the top fl ange.splkehle andh st ealnldged dw evraes

pl aceadedml!l it yp o,f wihteh ttathd easl umi num ar@nceaentil e
the cameras were properly positioned,-the cam
Snap was opened, displaying the camaedreads Vvi ew
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Figure 37: Built Wooden Tables

Suppl ememgthariyng was provided in whieckorm of
adjusted to il uminaRreo ptehtet isppe ciwvanemic rf iomi mantagd vy
al i doamalveek e poart tienrcnosmpl et e r eWhiilttes armucke dlouag elfEDR
were used in this project; Dblue | idglot may be
infl De@€ced@samosnt of | ight ent erfiiAnge nbeyde c a mer ;
adj ustaipreg ttulree sleéette nagc cooommaedad ke dforornt habundan
After observi(nlgi g hdeesad § jeSmeamp uMicGe | ewesasadpus he
to proper | ynui @w otdhue eA@li ni mal noi se

| mmedi at el y chleif bpoit®es aWweampdNWiSTehr t i f i ed
alumi num calibration boar d,Fiad38 8 eTphtei ocnasl icbornastii
spacing was chosen in which all thoetehboll ow
camerTah(es )b.oar d was posiatmaameddatiinveflryo ntth eo fs atnhee
specimen and rotated-odfptl anar iwou $h earagiherx ad nDE ad
DI C anlaHeg shsard was kept pdhDaCamntibgskesi magesa
wer e prbeeddgsed ng to confirm adeqalatewed! fi dr ag
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calcul ated in measuremen-DI CnablaH gy itadlexo tpramv ipc

st etrreioangul alDli® nanal yas i3sD.

19.9305 mm

Figure 38: Calibration Boards (Spacing Noted)

3.T7fe stMiang i Xr manadd ur e

Si x total tesftisvewegoeldceonmndt es éd -carddi mond elsd a
Tabdbel ow descri begdg nt hletdakrse ¢ tnigomasweé we desf ed
connections wer aiuathi tihzed uilhn eaadchit seTaobfl eeach
2 |1 f a connection failed before the connectio
was repeated after retrofitting thewa$ailed co
per f orome da ko ogliurnmdne rtdeasitast,e t @Ir o nkeal | nciom stelgaea t |
repeatcdcue ttestasl ready odbmabtevedefsorai mopadit ®cmss

t hesi s.
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Table 4: Testing Matrix and Order

Test Connections
1 A&B

C&D

E&F

G&H

| &J

K&L

| O &~ W DN

A Power Team ¢gunecut ¢éd tammphud bd ditpopdidy® r
t hbeeam/ gtrdewvaNVibGrdmatCerrel ated ,SoDhu&t i ons Sc
camer asdi ecnaggtewdridndgaia a r Bz ef efntdilrmeat i on of t he
Phowersaptiummaldi at ehgey befjagement of the spread:
points and concl udddtatr vtaHe ifrordies enmeqaasgag manetn.t s
numbwerse recorded by lamd ftcdre I|fatrereaclexe eicri ewner
Duri ng pteowthiek@gd around the speapmemegifo temes ur e

specumder. | oad

3.Bogesting DIC Analysis

Upon compl etion of testing/,l -2tDhe nEBBIDYIiGBmages
reference image of the speci men (.Alarkers ulreefdor e
strains andwedrieslpd thibveanetad s rAenn aeg eiamwifati nweuled t
appropriately capt ur ewadthhes acl oencnteecdt ioonn 6tsh idse fiomany
anal yreds i mportantareasnofeinharesat excluded

areas of imprdperbépéekbingtrain prtolfd ger may
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Sshown exampbeiEegdd®édere strain gauges and bol

t he AOI shown in red.

Figure 39: Selected AOIExcluding Strain Gauges
As well, a step and subset size were chose
both were automatically set by the system to
spati al Bredwsalawnt immgmalt Wei-2sD ionr3WALICCopti ons to adju
factsety i nt er psodbastdtonwesipdgchrtm,e¢ eeqyai reptnedotat .i owmer e pr e
Alilni ti al fwetretwyi skticaegsi ng options included
type; engineering strain was chosen, but wvar

analtyhseiasond strain data was produced.
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Chapt Exeduotfi ofresting Program

4 llIntroducti on

This chapter describes the execution and r
i n thiAss tvhaersiiast.i ons of the DIC system were uti
summary tabl e of ar eas Tha b5/Tehset idgianteends ii asn ss hoofwnt h
interest for each specimen are noted in its r
through prior FEA model i ng pwhifprinendeidc tbeyd Rohbee | n
| i kel y apleaasttioc vdefwor mati ons

Table 5: Connection DIC AOI

2D or 3D
Test Connection Girder
Angle/Plate Column Web
Top Flange

A 2D - -
1

B 3D 2D -
5 C 2D 2D -

D 2D 2D -

E 3D 2D -
3

F - 2D -

G - 2D -
4

H 3D 2D -

[ - 3D -
5

J - 3D -

K - - 3D
6

L - - 2D
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All tra&®nsvkeosgrRtudamhrRsbtenains presented in
were calculated usingrbohbeaimmmgGoeeell agedD FSali nt
and -3JDCsofftCwarel ated .Bobi st sowany s@We2a&icmi bed as
the value of the renfhee¥an nMiesehsmwagtersaciarhscn(l at e

ut il i zing, epgruoavtiidoend 4b.yl Cor r el aptreodc eSsosliuntgi Aosnosf tiwn
t he DI C scyasltcewtu aotfnel oye esguaatisreon tahips i nci pal pl an

formgdtCioomel ated Solutions, 2020b)

- %_ - - - P
Wher e:
-=x-axi s principal strain
- = -yxi s principal strain
As well, due to t he dihsagpussisammafr yy itealbd el io

sectti bendrsettraatianff is® It @Tda bél ne

71



Table 6: Steel Section Yield Strains According to Mill Report

TheoreticalTensile TheoreticalShear

Steel Section Strainat Yield Strainat Yield

(microstrain) (microstrain
W24x68 1930 1470
W16x36 2000 1520
W14x82 1900 1445
L8x4x3/4 1880 1430
L8x4x1/2 1950 1480
L6x4x5/16 2000 1520
L4x3x1/2 1900 1445
3/ 80 thicgc 2310 1755

Thsegi el ding tensile strailhs shwtainlnisd e dvefrer

cal cuwlithd ®lde 6 s Hheewr age tsetnrsg)slsp r(gfvTmtb@adn d na n
assumed Modul us of EwWwersd iwsdady i(rE)t loifs 29a I00WI &t

above.vada&mageisngesihear (rstwaai mal cul ated with an
yiesltdeﬁs/Eamdfaasmumed shear modiUdhus €6piokelln@ooc

value was then divided by two to produce the

These values are beneficial when viewing the
el astic deformation. While a positive or nega
tension or compression, i tpriosf itloe sb ep rnoodtuecde dt, h aa

negativedvabhtes the angul ar change
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Thehear reactdiond asce@prapgg redace etcaurrent Al SC ec
G3l shown i 2belgoAIitI®nBe40.2283%e tBectubhatressain
cannot be determined via DIC, the strain at t
compared to the egjuavtae oemq uattieomi netsi ¢ fengbei na
andleags sumbmgs$ ke &arelodfi ntgh-eectimemddi ti on, this e

accounts for bheadobeckbitngpply in the discus

buckling value equal to one
© TEHONO 8
Wher e:
6 =nomi nal shear strength
&=tensile yield stress

b dccepth of the | eg resisting the shear forc

t thickness of the angle | eg

# =web shear bunctkl ing coefficie

For clarity, the transwers s hanmngiiofemngat udi n
beam/ girder, longitudinal refers to the direc
refers to the direction perpendicular to the

vertical direction aomdadttltadsvecse omefvdesn 1 ook
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Longitudinal

Longitudinal

; Transverse

Figure 40: Longitudinal and Transverse Directions (a)Flange and (b) Column Web

4 . T2e &t

Tegutilized a W24x68-tg@iod dcenmn € gAd B t btoh eh ifr
whiwerr e ma8h»4 03/ 4 angl es wiiithhrrcalebsedgl i Mm@ ulrengt h
avaiDaGleamer a€onnepgegnofdeandofohhgogidem BOos
top flange and fanmg|Dd CwWenrmen lespes patoudr eBd a rFei gou rce ur e

4 beftoegtCiomgmmecti on B is encased in blue | ight
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Figure 41: Test1 Before Testing (a)Connection Aand (b) Connection B

Tegdchi&vmaxi mum force of approxi mately 280
to a maxi mum skaah oD nbwedltlk icgobsonveed taibtdeoer €eidg n
streonfgt7h8T eksitpsagnwasdedstdabitoty of the spread
caus édadt ewyad ibook!l i ngn@d LTBY al buckling of the we
| oadi n;g QLT nsttsi f f eners had not beemhhmitaisitiizcddy a
def or meandyi malteat ed shroevdd ¢ 2Ae ecd ma todtnest i1 on of 0.
radians was achi evecdl fadoit \a@oinonne cotfi oOn. 0Al 6a nrda dai a n
it is noted that these are not the absolute m
another round of testing was perduwbsnetgasttintaits r

not di slcaursgetteid simt hesi s.
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Buckling

Figure 42 Test1 Deformed Girder (a) Spreader Beam Instability due to LTB of Girder
and (b) Local Buckling of Flange and Web Near Loading Points

Whiletle woswazatile def or@annmeant iocdowrriAnegdn d r
t esaisnghbwg4Basurface str aisntsiatdeed hethoe® maevdi ovri a

of each .connection

Figure 43 Test 1 After Testing (a) Connection A and (b)Connection B
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4. Zohnection A

To investigadtteo pCdnmeagtei,ormanA appr oxi mate ar e
inches longitudinally by the width of the gir
fadJeon completion of the€otnenetdtwewhanadytzeded ni |
2DlLt is noted that due to the attached strain
camerabds view of the undanmtdaypiemegx csltueded d ftrhoem atsh
defined AO2DianalhgesivVi C This area is seen in tl
flange and remains white with Shleadrka ism ecan n antg
concluded i n these taoroeda swhaennd | sohookuilndg baet uhodnenresc
figWhlsedueodhbanat movemenanmbwmroicrud atrfe sttihsen gbn C
system (see Chaptera2cfFear f aompfecersmeexd hbaebyacarsdo nt
bearing | enatsh tdhfenotgheeddagr gflreosm t he s dmsvarr.d sWhi |
mi dsipsannot <wintcdilseé vafdooraumi csedmrcad m hmadhiangee ar e a
on the angles stayed ,pmnoiderdgedtiiawd eo rdiagian a l pl a

Fi gaadesuali zes t heprgogrdeesistisoms tcm wistt mfaif en) di n i
Von Mi se@®),(shaaisse€r @g,nsanldon(gei)s t d@nh kar

connect{on smdat4diOgn) 0, 80, 100, and 140 ki ps.
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100 kips

22500

1500

500

-500

-1500

<-2500

Figure 44: Connection A (Testl) 2D DIC Flange Deformation Progression (a) Von Mises
Strain (e/) (b) Transverse Strain «x) I Engineering, and (c) Longitudinal Strain (ey) 1

Engineering
Fig444se oriented in such a way that the mid
of the progression photo and the stub col umn/
phot o.byYyhmaovinh Von Mi ses,amindle tyriiaeallsdv el ri snee sbtergaiinnss
on the centerline of the flange closest to th
connect iaotn aa nsghleeasrt Ihtgfn addQu akd ilpys moves towards t he

beam, eventually passingFoheher accwiegtmgaddea
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Figa4é), the regemwmint ibalt weieal d hlei fbeugh t hecom
magnitude of these yield |Iines cannot be conc
speckl e pathdeefr mr, maltuieorn oof t he wunderlying steel
approximately 2.5 inchddhobsyeowdtti omosveppaorted
FigabPa@ whieald toliet he bearing | ength and contin
fl akingarmdot aliants)hearasefc ols@ey koefp 8 , $ e @RS Mian @
along thaeglmestledigeral | y, tHhlhaedaneagl| &t edlge KFafft he
col umn exhijfboiltlsoweide Ibdyi nccompl et e yi el ditrhgg over
ma X i mum s hseeacro.n dTahreys ey i el doti e maisoheafkangeaben
t hhent edigderaah gl e

Referéngite ), | oxntgriagisedsenaf or ming at the | o
transverse edge o&shea00 @ kd @shliysi nigs atnhgel es aamte t i
transverse yield |ines begin to shpwthplastegi
has reached complete yiel.d TBhi 4 hleatma xy imaulmd slhier
about the traensvaeaseses amgadrea dgfe tehainen and s
rotational develapmenfl|langlkei pegi nshear slef orm
of the angle. Again, a rotation dafur0.n@1g hriasdit
sequd@moegh not visible to the humamosyéy t he

pl astic by tahse seenedn oifn ttehset iMogn, Mi ses strain pr
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Bearing !
% 1S '

¥

&

o= - =

Figure 45: Connection A (Testl) Yield Line Length According to Flaking of Paint
To further iinnftaeatlu ppdtl eadnthgeeel i ng about t he i n
l ongitudinal ,dagesswvésadteicarnagls ecsut was made afg
mi dway between the transverse edge of the ang

as shbwg4ut a
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CL

0.02 |- TR 1 —— 40 Kips
[ i1 1 60 kips
! h I ' | — 80 kips
0.01 |- 1 I 1 ——100 Kips
B 1 1| 1 1 —140 klpS
[ - -
b | i 11 [
= S i, 1! X
() 0 ? T T T :
'; [ 1 HIL 7|
s [ | 1 - |
- :' wl L : usl
0.01F ok i1 ol
- B0, = 1 1 o0, =
L 'U|< i I 1 'U|<
2] 3
- 1 H L 1
0.02 |- | i I
| 1 L L | L L L : L L 1 . L | L | |
-100 -50 0 50 100

X [mm]

Figure 46. Connection A (Testl) DIC Flange Section Cut Transverse Strainek) Profile

The theoretical centerline (CL) of the fl a
each st beed)geanodf-h&a he ahnagnhdt eafntgl es (as stelke from
mi dspan of the girder int éitgdiéVegpx ianmuerhsalt e not
strsai n0. M2Platnchre | ocaOdtd@ amppr § 8f maored yahreg |l e f
an@. 3®.i6n mmi ght -hoafradt hlee .r i rhdm t hma xa vmauim abl e d:
compressive istevatahe4hf.ia0.Inen)8 of t hkei wWebyedgear
t haec tfuialdif et hiGo mgd Irydseirvha l&feol yr , had t he strain ge
present) plastic hinges formed across the wid

LTB of the girder, these results are not symmi

4. Zohnection B

The investigatdomehavi Croninrecltuded Bt he anal y:
flange and the veFdn ctalhe agqigld cend,egarmniapmDrldCxi mat
inches (13 inches longitudinally by the width

column face, and a rough area of 46 square in
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prepared fToe tapt angdei MBgest oweiChamgelty Dnend i r
3Dand the angle ¥Wd&s analyzed in VIC

Fi gaddespl ays 2tDhter @iidnudfairndgsidme st os g mwaitm i)t s
Von Mi se@),(shaaisser @gnsandndic)utdn @iather a
connection shear okipé, i60no8@d 10@&t amal 14 @r
seen in the | ower middle portion of the flang

top of the flange beginning at a shear of 80

8 2



100 kips

-1500

<-2500
Figure 47: Connection B (Testl) 2D DIC Flange Deformation Progression (a) Von Mises
Strain (ev), (b) Transverse Strain €x) i Engineering, and (c) Longitudinal Strain (eyy) 1

Engineering

Fig#4¥se oriented in such a way that the mid

of each progression photo and the stulacél umn

f

magel n parts (a)dOakdpebpmiatna $headadaafipr oach
ndicating a regeen bhAvcompfesmednon the | ong

|l ange cl osesdoltwmmn hebdtaweernft teher egiThimd uglpp
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t he pr oigtr egsrsmobumdewar ds t he midspan of the bean
an angle once passing the transverse edge of
for an appr oxXi matveee g msctheeisbe edges ofFitglue eangl
41{b), the region encased bet weehAs twelsle, iati td a
of 40 Kkilpismpmppa osatcrhamntg eynicealsd ng ap psad eoa go ft htee n s |
interior I-bagdt adaglpeloegtirgeéstsaensds mi dspan, brancl
angle similar to, but shall ower, | athgearetl dhé&ai nef
|l i ke that of t hhea s rifeamdidolyuosnl gy 4tdeeesdcerria gblgeide 6s | ongii
i nteriadrheednpexi mum s.hear of 140 ki ps

Starting to be 80ekiep$ edl anhgiat sthiemaal ostrai n:
yield Iimit along the trakhisgelfa)e, etdlyies arfed hiecs
as the flange begins to deform about the tran
ipl ane mgaanrnotngti on of 0.016 radians was achi
shown are not equivalent about the | ongitudin
be concluded as such h@®detL@aBl nothecsturnaed f ne:
Connection B are comparable to Conmbhedcthi édh ahk giel
sur f acmrlsa svmdieccaolrlmed by the end of testing

To further describe the deformatilTab’/lseand s
(noted in univti suafhiemiddmaosgt& @i mpace i n which tF
thaelizecamwpminbffi%&@& mpamwmed he X. aBlxYsaxassrel ati ve
initial pfolsainmgreerd i aft etl hygi me fwdhri & ht e)sateiqrudale e d me 8 r ¢
negati ve adetf ne mefprecanwaghen ¢ atmewar ds Tthdeei Xgr ound

rangest . f7r3oan ., 75 ni which 0 i n. I's |l ocated at tl

8 4



flange; «wapaoaei revéexXts part of the flange tha
t he -hmamdhtangle (in referkingdey daon d dveisagpeh ahhse | ¥ w
rangess.fot @amG,. 5t hhen | ar gestpvalspantsf ahebhenf | anc
to midspan, whil & .theé nsmalelpe ®tsewndlsude hef part o
stub cFalguwsrows a reference tof ogakeawhndlhlee vi ew

7.

Figure 48 Connection B3D Reference
I n addition to the results tdias cnuasxsientdu ni osrh et:
140 kips, htormeni f haagehakl esw defor mati on al ong
bet ween the two toepgi®bhwlinclnghesfl ange is no
ang(l¥sordi flatbe dgnodlaatnédh e f |l angeinstéeenedat ovm
direction with a maxi mum d&efecsr rhatciad rehlda fad a pt phreo

side of. the flange
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Table 7: Connection B (Testl) 3D DIC Flange Deformation Progression

Transverse Strai - Longitudinal Strain -
Von Mises Strair(e) "t) g )

Engineering Engineering
Load >2500 2000 1500 1000 500 0 22500 1500 500 ___-500 1500 <2500
B T T T e —

(kips)

40

60

80

100 |

140 |o

I n further investigatioaneyVesehcet iconobiskad utf a

t hat of Cwasnemadenappmrd dbweamwad en yt he transver se
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