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Executi ve Summary

This report presents an i nveasnOi gatMied moidnt( &TtMhe fap
and evalwuation of reinforced concrete bridge ben
practical chall enges eade®sd ganh & sceosnssimésntte kM ytj meama n c
performance of bent caps under both wultimate and
review on the use of STM for bri dooe estcrlasstsdgdpe,d i
beams anduatedwéblran3TMvdhddiaggrebaops a series of te
desagao evaroaktisen summari zes an expesdaneatceepriveg
specimens representative of North Carolina bent <c
of STM in hnddge plilast goe.

Reinforcedi dgogeachent daps are structur al el ement s
the substructure.spbaugeptohthat roshomostshkeamt caps |
deep beams. Traditional siectd omadndatait\gae mét B bdenc
beamMmhAASHTO LRFD Bridge D[=TsM gap p¥poraecinl € € atai anog e  a
representation of internal force flow and all ows

This study was undertaken with four primary goal s

1. Review and summari ze rela&ap@linitc a 6iT &b ad fulrgteeh ebrech t g ¢ i

2.Devel op STM templ atteyspdloogicesnmosne.deint NMampt h Car o

3.Experimentally evaluate the behaviandofgebmatr ic
conditions.

4 Provide practicalt hree cusifeMeowd & thii oxn SNCED®Od 6 8 v @les a tginc
framewor k.

Twel ve commoyp blewegriecsamenti fied from NCDOT bridge
Excledsed STM templ ates. These templates guide eng
geometry, i nputt,lmpadmat greirdlor pii ov@k o tolr eedelh eecgsu inlgi bnroi
strength, and calculating required rebmMomdaament .
be i ntwagrhatceudh r ent NCDW®iTett coand IsEAR Brsi RCe Concr et

In the design of bent caps using AASHTO LRFD base:

in both orthogonal directions allows the wuse of t
LRFD Tabl el.5. a2t 5st3madi esgimnwdi caneethhbnsi wel design
state conditions. This relatively | arge quantity
conditions. I n members that are not heavidfy | oad
di st rriediuntfeadr clegne ntt hea nldower nodal efficiency factorl
AASHTO LRFD STM provisions. While there is substa
ulti mate conditions, there is leinttt Ireeirnd soaareane nd X [
ot her member properties, on performance under ser
An experiment al program was conducted to verify a
di fferentantdr aoseenfidbacement ratios influence the



under both service anldamsmddeal maspelcomencsondiepresent $
bridge bent caps, wadehbvoeeipfilowmtement anaviwseof 0
These values were chosen two tédroami me stt hr e, bhmdeadvdarresi nc
with moderate quantitigegsand ocemsmber $ u memit miemwurb b ec
reinforcement fowhdml lUsinmngatbhedBd vt & tuid ¢ ro ii redMdu d e d
di gital i mage correlation (DI C), strain gauges,

i nsi ghlt s pil acemenmtai fni dli @dtdsr amghaeutaclkoadi ng

The results demonstrated that the inclusion of t
capacity compared to members without transverse a
0.13% reinforcement shomwetdhds ghwirt lFdietara rcya praeii nfi cer
0.30% rei nf orscienmtcehngta teixthis gos ¢ iende n sO .r Zerd éhi f nof rocr ecléhninel niet h

the increase i nifokamwmaneOsiB&nghtd Or.e310a% irvaeHmef osrncael
me mbsetrr engt hs were higher than those predicted by

I n addition to strength, transverse and horizont a
service | oads. Members without distributed reinf.
contrast, me mber s wiotwhe dO .sInmBa% | rea i, n fnoorrcee ndei nstt rs b ut e c
0.30% reinforcement exhibited the most crack cont
widths and i mproved the overall serviceability of
The Manual for Bridge El ement I nspection for reinfi

as 0.0625 in. to 0.125 in. (1.6 mm to 3.2 mm) cor
in a Condition St&tseilhess st luaibe Breorn&lgpérann scgc aact H e we

Additionally, ot her guidance documents suggest th
approximately 0.016 in. (0.40 mm). Bgsoed dmnsthebu
reinforcement in both orthogonal directions of ap

this tesaek poebrnftorromanc e.

The tests also showed that g edoenpet thr irca tfiaoc, t o rnsf,l useuncc
Beams with shorter shear spané$ agheen esraamel yr eei xnhfiobricteen
confirming that member sspetcu € prtaght g@®@o metnfy uesscels a3
service and ultimate | oads.

Overall, t he experiment al resul ts confirm that u
reinforcement significantly enhances shear perfor
0. 3@i%s t rriebiuntfeodr c e me n t provides additional benefit,

recommended where crack control is of parttiocul ar
depth ratio, guanti tynof ef eceosntcrreeht get bejl refamnre ecceonvderatr, , |
sizes and ot her member specific factors change,
achieve the desired performance at service | oads

I n evaluating existing members that may contain |
zero distributed reinforcement, the results of th
factors in AASHTO -LRFDafTahetetbaB.@sbn8aa value of
in evaluating existing bent caps or bent caps t he
met hods and contain | ower quantities of transvers
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A:Crosectional area of st Resi sftaacntcoer

Acw Effectsecei amaolssareaofHetingeghtn®de the back face
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design templ ates dba Diameter of bottom | ong
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Ly Length of section in:8esa&agh templ ates

P Point | oads ‘.. Strain at ultimate strer
R: Reaction force ‘v Yield strain
S Spacing of hori zonthalStrcaiacrkhacdeanirog strain
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fdd Cormcoyrletnedneprr essi ve str eng

S':. Spacing of Vertlcé:l AICIrowali)le reosls in stee
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) fu: Ul t i, t e tre t h
De: Strut/node confinement mo d i rpac S r}g

at tor
ke Conversion factor or't\ﬁlel?f tc %thof the fac
of a node abutting a stftauutStrength of concrete st
lb: Length of bearing ftu Limiting compressive st
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32:Concrete efficiency faffitoVertical reinforcement L
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11 NTRODUCTI ON

Bridges are integr al$d hteoy tpdr eonvdiddedhrwiagym nted wou xkpor t r
systlehhmesr e are more than 617,000 bridges across the

are spent annually on rehabilitating the ¥®ridges
Bridges are composed of wvarious structur al compon
superstructure to the substructure. TheLosadparsstrr i
transtftelhe edu btsht railbgelubent caps tsoantdh & hoagol lueonctalps @l
spread Tlheotbhemgts. caps are typicall yanad nseunpypccrtte dt He
super str ucheuarei ntghsr ooung ht op of the bent caps. The |
supported girders canBebnet icdaepasl i &reed taysp ipcoailnlty | souapdp
columns, |l eading to small shear span to depth rat
are classifi(ad sasurdeap hleeega onasrf bselaem d keeirggi ldmnds M sv s

a typi-callummubent cap,tavbepth (hAedyrheati epas appr o>
varies sl ightl yalflhsehne asrp asnpldadmastss pap Wwaul d be cl assi:
or disturbed region.
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Figtk:e A t ypgiodalmnf dwernt cap l.ocated in Wake

Reinforced concrete deep beapgwapéhdebhined bwn/ dh
response of deep beams is governed by strut actior



by direct compression that c¢onmecdthse steh es cleonaadiinog ,a
do not remain plane and the strain diiaterairbutTihen stl
strength of deep beams where the shear span to de
t hamatw woul d be predi Stievgdiebhjyoseetli onaktr mefethdn § dge
this categorfy ohesdseemeimbams, aie designed wusing tr
can result i n the struicnt ugTeteiadwe icnagn orveesrullyt cionn scea nv
reinforcement AASHTTQeBRmMDge SPeei § ® &Eadtiitdamsn ( AASHT:
LRFRY |l ows thanuwse pfoséedutes for the desiTghne of th
applicatitaordi ef psocedures can resul t in more effi
represenmntartrhye nlgopamdechani sms of the members.

The -&8ndue Met hod (STM) is a power ful t ool used i

concrete disturbed regions, such as bridge bent ¢

determine if the strgcthheseilsozdpatbhrowdhtcampsmesdd

Fi glt2Zdeepi ct-antdi stmadel devel oped for a deep beam c
Point Load

a (Shear Span)

Node S > d (Depth)

Fi g2 e Samtwite model devel oped for a deep

The application of STM in practice-anttinepmesdeht sae€e
determining the geometry of sscternuatesinoabned diifefsi,c ylatr.t i/
di fferent engineers magdalrsitvkkermnebyifdiesiemiysphauag!
mosatpproMul atple di fferent models can present chal

engi hefmset her challenge in the STM is the consi dei
di fferent combinations of l' ive and dead | oading
di ffleoadt cohhlliid i pases a challenge when -asiding t he

model s may need etad bhaa | heggvEsslvcepheadp efsarof | oad, gener ¢
with the iSAdM véiicdauchel ng scenari os t hat satisfy eqglL

i ndependadadiltyi onal |l vy, each | oadantdombigratmedm y may f i
requiariumgtgaetdi e Mmodeleach Aowmbdhdheal li @amgues i-axrgtdi et r ut

model s is the consistency of assumptions fFegardin
exampfein the structural analyses, it is assumed
moment , sbhi £omei stent-antdiagg pmmo @&l 3 nbAsitortghtedre veed mmen
consideration needed is how to address the use of



by momtewa hsauTplhpws ,t swhehset matidling ,moidtel can be i mportant
mo metnrta n santi tbttelmel caod uamd i nter face, as this moment
and| ay®futt heenthsimerdigeINot addressing this moment tran
path assumptions for the design of ptrhaeceaphizéall e nged
t hat caal atres et o minirmumi r e nehihed sALERBFINO@Br i dge Des|
Speci frequipobpas a minirmin@s3e ifnofrortcheemeunsiertdioé wmed e hi |
assumpltni osmesme scenarios this guaahebstedrnsheoy clea mie gnto
designed with sectAdadnali otheadilgyn pgrhaec eéSdTur eiss. a t ool
of members in ultimate | oad conditions. The STM dc
under serviceability conditions.

This research and report address some of these cl

bridge bent cagsd risnt Nddritsh r@groolti pa.ovi des a | itera
models for bridge bent cap components. The | itera
made i n dewaertddbpi mgdet sut

Second, as nprediucesl| y hsee goTMIi g@uaiolyii Idietsy in being a
evaluate complex structures under any |l oading co
While this flexibility and generality is powerful
chcek or can give different model sTd haddmpeoyitdlei i d
this research and repamptr eathabweamphleatdeyv etl hogptmeanadan o
common bent cap typologieBhégsentempleat esn INelrp hu Car

and tie model from a set of available options ba:
Once an appropriate typology is selected, a corres
the intefnhKef§épwrsamceht erss structur al di mensi ons, [
beagridhi mensi ons, aared tahpeml iiendpultoadnst o t he templ at e.
internal forces within each member are determined
the suitabilityanwi et medekl ecst vcer s$sfad®eddadharoiulgehd nio
AASHTLORFD Bridge Design Spelchief irceaduiomed plrmngisti wdis
reinforcement i s then detertmheefdomasssdi mMnt héd et ised
Si ze sTehlee cdteevde| opment and application of these ten
provide more consistency in how the design or ev:

provides the conceptual bda sniosd ed pso nc awih ebwahi doatvhed roopiteeo
report discuwssdse vtehdechpgt raarddé e2ssmp i at esduced

As previousShmTiwarso tdeedv,eltolpeed andaddedygpeciaghy wawmpeern e

conditions for fSHewide emadeal ssharae | i mited in thei
performance under service | oads. While STM ensur e
does not address serviceabilidcy memluents@ s m uclthr alsi Icil
and aesthetTheraepfpograer,a naosd . at hi s study, the mini mum
investigated through an experi mental profgheam, i n
investigation also provides a basis to examine th
mi ni mum r eiSrefcdrn oemelntpor ovi des a detailed discussio
to investigate the behavior of representative bea

The study examines the effect searf -tsdpiefpfter ernat iroesi, |



investigate their influence on cracking, defl ecti
Silxarsgeal e experi ments, representative of North Ca
The shdadrepstphan(a/ d) rati os twerseemmnoenleyc tfeadund irne fld en
by the North Carolina DepR)Tthmeric ivwerned ramnrmsptoru att @ d
varying transverse reinfo®cembeser atail oes W%®r eO0 chad
thseenartimes unrei ffucrede &dsc andiatsiedtmnman anar 4§ ® wee i foa
ratio that is associated with Iightly reiOhfiomced
existing mmerdt thepsbAmmddedemnf orcemgmut redmitto use
antdied fi ciency factdhe wpebomensedewmeitdmesensmemtaéd

Digital |l mage Correlation fDdiC9plemyaueé menetnt f iuesled a fo
throughout | oading. This was also supplemented wi
infrared 1ight emmohi ngr diibmeeenssh pow@Ds)dis@pl acement
|l ocaCoboamenti onal strain gauges and displacement t

of stpheec iTmMeensse results were used to evaluate the pe
at service and ultimate conditions.

1. lay outhRrRe por t

Sectianr dtdhuec esstivet Met hod ( STM)f ocarnddé &iketgsn aapnpdl iecvaatli uoe

reinforced concrete bent caps. It outlines the ful
design met hods, and the <chal l efmaogre sh maeswiotoy,a ¢ e & n swii \
literature review as it reéehates$ nicbamtele diesh@gsans iodn
STM, including t hddi dicicaaln keoonkdgrdeumnmd ., i,onspr awnidd e d

i Appendi x A.

Sectipcares2nts the approach by whichinhhd&oSTM Car alf
consistent with the AASHTO LRFDIBr iodigd i Dhheesi g rh eS md ¢
in developing and applying the proposed STM t emg
chedls, gn of taadr ek hesoiampelmefnitcat i on

Section 3 discus$ étee mphived idectv ed b otemde h®TMesi gn or e
reinforced conthetse dteindn calpso di scusses hQw t hese
design procefsldamndowalt kfyl owhi s section discusses
LRFdDesign provisions and provides a description of
A detailed exalmpmhre bdnta davw i s p-bypvieped icatibdust
templ ates RAocothpséebanfsitvlee stwehm@oiogtiedse di si.n t hi s sec

Section 4 di scusses ftrhoem rtehseu | et xsp ealnhde eosbesaeit r i vpant oi gounasin |
variables of the experimental series and descri bes
of bent caps usinigentobwmmp®8TMankEFomr esuévtist mndt obser va
sectwiidrh additi omrad viidnefdor i mmainXippemdi x EFEprApypiechas x
additional i ekpemamaond csptetc henepsrdd wxi dessammat ai | e
of photos of, tchreacekx paeirditnme dtisasgr ams, and crack patt



Sect sammér irzeecso ninheemchadt icoomsc | us iloansse d font hteh es t duedwe | o ¢
typol ogi es, arhde mxdelriimghretd esnedautciteerd. di scusses assu
devel opment-amdi et hea d sfusnntar y of conclusions from
recommendati ons on the quantity of minimum reinfo
the ONCprocesses and workflow. The section provide
and ultimate conditions.

Appendi x A presents a detathedi ¢cidesiagnunrandeeV &Ilwu 3
bent, ciampp@l uddisncgt ei &M Mo LI diersg gveensd oniest b achsma el as edf
experi ment, alanpmkiosgcuasmssi o n apf p racsascuhrepst i aochesp toerd by ot h
Transpoorrt aftoiuonnds i h gui dance document s.

Appendi x B pr exiadngdae atdwale t mn | dnt cap, including ¢
var ileagli ng as cseunmamairogshefc ktsliehaeld r ei nf or cement desi gn

Appendi x €fampples eogotisai ned ftreompl|l samgl end compares
analyses of nonlinear finite element model s

Appendi x D provides addarttdioen adle sdiegtna ialnsd oenv ahl ouva tti hoen
i n conj uRGCRier anch LEAR Bridge Concrete.

AppendiroviEdes additional details of the experi me]
i nstrument at,i omma taerrriaan geegmbeonitée miniaé s dedmd | s of t he s

AppencgiroviFdes additfoddle cxtpaeromeat aé¢dsmmarisz eslTh
measur émemt stranghu ngnaaurgiezses phobofgr a@ahs eanpde akbser v
| oad.

Appendgiuvmm@eni tést of related references reviewed ¢
but not directly referenced el sewhere



2 AASHTO BASEDANBIRET DESI GN PROC

I n this chapHieeg , Mathleo Bt (rSTM) LREDeB8r DdgAABETOgN Sp
O Edi tidinsarwseétte context of bri.dglehe ehTMcmrpsc dsns N

identifying nodes, which are the connection point
el emenmeset . Next, a truss model is devel oped to r
The forces in strutsframguit li.iesFriaanma tthhee nf odrecteesr mi m etd
the stresses in the nodes are checked and the qua

section provides an overview of this -antdice ssso daenld t
for bridge bent caps.

2. QverAssumpti ons f off Breat D€CRaipgn |
AASHT(RFBas®TOM

Step 1: | ni tandlallcaud catAmagl yRseiasct i ons

As the first steop, atlparftactudraed llomaadkcs appl aed k oad
cap at the bearing évampHiegiiheasT lpo sdhduibgmarde shew
the flow of forces are assumed to pass through t ht

structur al anal yfsdars thhae eretn aocaom daircd eidncl udes mom
this should betaams ddEeanadl dyilsreé stalpepl i ed | oads and r
' inear structur al analysis of the b-anttli € ampo dela.m Hn
structures that are statically determinatasas!| ine
the bent cap has multiple column or pier reaction
al i near model of the bent cap can be used to deter
|l oad case. I't should be naontkide tnheatth oidns gfeonre rsatla tw hce
structures, any ofeatbeableactdi ehsi fatni dore used, a
However, since for this study,shboebtdmaicusai oadi wi
design of the superstructure and supporting el eme
beam analysis of the bent cap is recommended.

One advantaargge eomas bowdisat t hey ar eas camsahbutmeeldl d ovaidt Ip
iéquilibrium is satisfied. That is, if a designer
flow throughtthhatdilenimmodapr atmapeabcec o mmodat e t hi s.
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FigbhExamphdsl|l applied as point [ oads on a

Fi ga2sehows hoswmntdhe mbdaets devel oped can be arrange
into the columns or piers. The moment and axi al I
convettwpdiltotmds separated by a distance. I f there
el ements each of the two vtewmoiiknathdgs ewicti obs webph
characteristic distance approximating the flexura

\ / AN /] \ 7 \
Y s S/ ‘\‘ A\ I / 4 . \ ’ ' '\ Y

\ i g RN \ / J/ N \ ! \ 7 ™, ’ 7 , \ /

NS L o [ Y A \ \ ‘a7 N e ] b ) /

‘ :
/‘i \T M M
M
R m m R" lk. b . R“ ] .

FigB2e Moments i g@oalnitzdddaals tswparated .by a di st

I't is important to note that the | ocation and geo
force acting on the bearing plate. Since the supp
effective heamdywgvdrengadr dqss di fferent supports, t
centered over its assigned portion of t-aetdiped at e.
geometry correctly reflects thesequoéehtboidm ahdb
Therefore, the input geometry should be carefully
and | ocation are consistent with the distribution

Step 2: ®evApppo pagdlda tee MDtdred t

The first step -amdidee vredadoepla nig@entth Easp rlvéam i nvol ves
top and bottom chords at the appropriate | ocati on:
tension el ements (ties) are addeNorbtahs e(@aeoonl itnleae s a s
of ten htavan mowa ncdo Imuanyn sc o n twadii It ho e ramamagndyatcases t h
be Ipotshti ve and alegmg itvlee owearetnt daep candimns. Ther ef
bent caps have both top and ib®d¢ ¢ oanr iltohmegwat eadeen aoln | ry



upportingtélemertr  anneggsarho fueeeh scr aatdet hus, the ber
op reinther cemenmtoi ds of the compressiaowmiand htee msie
0 build aowmpéemodelrstt hat MMicecinr @c tc htchoanpdremInsd dfew r c
ot h odi che snowWdeh as in the regdomi maettevk eine v 0 Mip i
he chorids cegamvemngedmbédtyr t hebhck héaoedefl(n htthinsonde®d s ¢
ompressed concrete or member profile around the
and, when thenchomd oins b dhesmsmicieasof nt hecpotdenuou
col ucrennt rt dhied coofi ntchied ecsh owidtohi dt hoef t he f |l exwhalkht en
arries the tensile force through the node. Ens
ompression helps mainaabhdcohei satedtt bodaemrdcdpaphm
tie models to move the centroid(sesfEiegh3pechord forc

O 0 9 >TO o T+ T onm

P

6

Figa3e An il lustration showing the.ties and tF
I n scenarios where the top or bottom chords switc
the chord as straight so that-aatdide tmodall ,ad®c@adt r
deviate the comprassoobnosttbhe feomi bhetlec Thus,
the |l ocation of the top and bottom chords be sel e
This may mean accommodating the | boathemommothat he¢ hec

coi nciFieg23See e

Figure2-4 presents a schematic cresection used to define the input parameters for theaaitie model

as required in the AASHTO LRFD Bridge Design Specifications. This figure illustrates the key geometric
dimensions involved in modeling the internal flow of forces through concrete elements. These geometric
inputs are derived based on the physical layouhefstructure, such as the position and width of load
bearings and supports.

The di megmeporsents the total hei ghhrtefodr ¢ hteo StThve r re
the node under bearing or lsdempotrds arheec.H drinegft dir sr itz



tributary |l ength of the appl.Ted appldi ettatoadnit si oOf

a wider area (such as a bearing pad or | oad pl ate
that | oad which |lies within its zone of influence
These valued odat e omiklaemat mmlgd est(rut, which affects

forces are transferredi gomnomghritberelbacirensehi Fsom
are calcul aRieg24aes Tk dupseendaa red urcd dcaalp abet s c

T esvw=ay]-1 h,2

-~

\‘ \
eseesio / \

~ h..Cos(0s)

Fi g4 e Porti onandadi et meo dsetlr atnd t he depth. of the ¢

I n msandue madhelni Mmul ti ple compressive strutas @dnver
a bearing eagfscodupgpdetit becomes necessaltyandb dempr ¢
foramed its direction. This is particularly i mporte
concrete must be able to sustain the combined eff

Figi3 e Resultant cO@ mpoe sneido mCyd n@yo ea(t ri intgsaa(th. angl es
The didiescthiaosned on vector summati on.
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g25iel | usstheatpe ocedure used to cal c@QIl aatned tidjes raensgull

en two compGas@)i vaectf odécrelsngbspecti vel y, rel ati ve
ch individual compression force is first resolyv
i gonometr.iThh er g¢lodtailomhohmiigont al and veCatriec afl o ucnodmp

summi ng the corr@amp@hdénmagoimpodentots ©bhe result
thleounattelde aangl e of t e drestseurlntiannetd .f orce, denot
is method aligns with the approach described i
mmentary, where a gesgmamketsi tuatironsi negolsvimpd i h

to resultants , ofbed8d4(RAARIHTO 002 M)e. nbDlder e, the | o
d attributed to the center of tributary areas f
mplifyingscomplex nod

Ropol d&5Sgy uafd eassnd T

di scussed eamtdiieer metimo dt, b atrhsdt e aid rcoormgptreessi on (S
i nforcement cRirgiéda |tusngiadrea(Mai esy)modal whewe tr
inforcement is in tension and diagonal struts a
rm commonly used to describe each )parTtheoft ytplod o
owhi gaa@eh as t hriene tphaen esl hserabrir g as only one panel
e shear on the Geaftr a®hyttthe ampnbieed olff ogpd.nel s i nc
rce on the diagonal struts wil/ reduce. Howeve
crease. FAgag@ownn ioorder to carry a shear force

ve to carry a | oad of 80.8 kips, and transver se
ear force is carried with | usandonzee rpoanfedr cweh eirne

mb e eFei g 26(b Unnecessarily increasing the nRnumber

antdi e models (congested transverse reinforcement)

i n
no
a

ternalddfi o iAMeSHT®FEIDI mtites angl e between any strut
de ntoo keSS db@gnees and therefore also puts an ef
geometr WRF®DABHR2O02. ) .
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/ \
¥ )
—
" dE TG, )
. ] I S B [ L R .6
¥ N/ b e o <94
9?*'/ = *\;'/ 5 \%“-1 \:_-" o
s i /' w - 2
'l’ 'rz ," """" =
s /' —‘—'
57.14 k ) 57.14 k (b)

Fi g6 e Co mp air iotf e r praantd ifset rauees when the number of peé
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2. Bqgui valzeeha ®8Br i ngs

Torsion can bes wcmpersd sdpeaf igsbu fdeed B )i diteh si des of the b
ofi n cert asicrenlaga disa gad g5-d trtile s eno dterl i bqfd raariyon of t he w

the bent cap can be conducted in proportion to th

When tor siigmiif st heeott wo bearings can be idealized

Fi g¢%sehows the conversion of two s&lkaveped bHdegauirieg g . i

28shows an example of the idesahapati beaonifngwo bear
| A

s

\ 1°-5”

\
°

\
)
(
Y

\'-6"
(TP

FigBfe Bearings (skewed) converted to-4t4MW&d ,equi va
Davidson Coust)y, Sheet No. S

G Girder—». G Girder—»

Fi g8 e Two Bearing areas combined as a single idea
1252 8931)

2.140aCb mbi nati ons

A Il oad combination occurs when multiple types of
cap may be subject to numerous | oad combinati ons,
is often quite | argens Howeverijitinoal af GacctdRepdmi gt i 4
vehicular I|ive |l oads typically introduce some of

of the AASHEQi i tRBD $Summari zes the common critica

11



des.i gWhile multiple strength | i mamtdiset anpeetohvoadd e s e & a
met hod for evaluation of the TMemdngtalp labliddd yc d mb i

primary | oad combination for evalwuating the resi st
wi t hout wind e fofflec7tbs .i sA a popaldi efda cttoort he | ive | oad |
al so be netnddd et mat hosdsutr equire the evaluation to
are in equilibrium. Envel-apt@ ev arm@ithesh scuasnianetdi ebter uu s
met hods, each | oad condition should be chhaeadked ai

combi matoiudd be provided.

N

50 aCGh s e s

e of the objectives of -amdise rmodckalrx hf ort utdyp ii csa It
ps. The | aaymdite arfo dteH es dterpretnds on the | oading ar
vel opi ragrtdt bet sammpdu ety | ogatetser wehozdil mg wasecons®
epare reasonabl e .t éAmplaatreep raensde ntt yacgodl lwagn cedseent s tcu
pporting fiosurditsrcaufsfsided $badnleaswF i & @i,es s tha sheednitmnc ag
omDaviedsonPrCojuadtad N, BheZttr NotlurSewas chosen due
all enges it presents in typology <classificatio
'l owing initial anal ysepgs suirmldyblc@ad hi case snpwerfe e
ey larues tFri gt&8.ce linn gener al deswidghrd <simpud atyiean & os afett ve
ading combinations on théesNChctewsr drhieEget AePe Brap | ¢
f ttwa o esd idfefrleo ®@dhtcases and praoovehdas apthhbeebd adapwhi
itnhigeCPi er software.

cCw —~"TTmo T T Q2O Q

w O 0O 0O T - ¢ = O Y S

t is imporitmang ewtheernanlatsdé ntgh estttraump | at eg edes@ bt d i
nd stwuhlg | oads f oro betaacihn & do afdr ocna sLeERAeRa oB rbi edngse cQGonn ctri
etermi neldi eisi agf RWEaretor canetylhett mavmad yoseiasm of t
for the specific |l oad case. These r eaa@triecomwst, iantoo
t hset antdi e .modleé reactions must be calcul ated sepa
equilibrium is satisfied for each <case. As previ
AppenddescD i be STMhtemplatescare be integratednto existing bridge substructure

workflows, using tools such as R@er and LEAP Bridge ConcrefEhi s approach | ever age
tool s -Piikre &RiCd LEAP Bridge Concrete to transition
STMased templates that wutilize factored | oads as

o 9 =

12



Load Case 9

Figagde€eritical |l oad cases, considering pattern

2. 6al culNad &hrgengt h

Nodes are points where at-amn@iasstmddeale.e H@uicleisbriinunmr

at ntohdee Nodes can be divided into 4 main categorie
compression, and T stands ffor teaermidieonmodlern ,t e ea ms
assumed to bEaoph nmede jlnasntgeometry of intersectin
compr estshieonf,acitfored force applied at any face of t
the node, t hat -aimtdp lei eno dteth atc atnmeo® t stcrmautry t he | oads
attempted, the size ofnttsh e eleadaditmg ber mouwp @ aretdi,nd he
to be revised, or the materi al pr opreodcadpsacnéegd ifts
expl aiSeedd o2it.h7e | i miting cdnpraaegs gihwe fsatcree sosfe st h(e n

AASHLT®RFBAGSHTO ,2 020 ) skhi ogvizal)® e | o w.

QG D OQe (2-1)

fcz i miting compressive stress.

m=confi nement modi fication factor.

fc&compressive strength used in the design.

13



Step 1: Calculating Confinement Modification Fact

The confinement modi fication factor is used to a
bearings or supports are smaller than that of the
for al/l the faces df op fceh(annogdien.g Vohfe nt htehaedrieg eabrhe | 0 n

bent ,sekepgX@®a) the | oad distributionFisghatudbande c al
Fi gz (c)

lt/"" ~ Equivalent
< ‘I Square Area

LoadedArea
A,

2 \
W=WIOTH FOR COMPUTING A, 7 \\‘
o

(a) (b) (©

Figgx@ a: Equivalent square area of circular Colu
c: Load distribution from the plan (AASI

Step 2: CalculatingsGoncrete Efficiency Factor (

I n @sandue model ling, the efficiency factor i s usec
relative to the uniaxial strength of -etxhest cavidrhe
perpendicul ar strain fd edtdrse s & hteh anta xd ammu nb ec oanephrieesvse
concrete strength. Thi s( Mesc ach@lloll ¢ d nsoWHLOB&®&9 s 0 me s of
explicitly calculate this effect LiIRFPDedsomamatreeéi mehn
used based on the node type. The concrete efficie
node and the face of RihgeIrsoudremau ni dzeers ctohnes icdoenrcarteitoen
and how it varies on each face. The i mages are e

C5.8.-2.5. 3a

As outAirthiedl € n5. SLRFIDBecAASHTOCi ency factors are ap

reinforcement | $4RpF®OoOVI ded nHAKSHCER, cont rr ol reinfor
be pr owirnded oigmnal grid. The minimum spacing of t
(d 4 or.Th@&uantveryt iocfal and hori zont al bcer aack OVgecansttr dl.
as shown {28).Whewattihbense mini mum | i milt RBF®&ugeg ensotts ptrhoa

an efficiency factor of O0.45 be wused.

— TWinét Q- mTino (2-2)

14



Wher e:
A= Tot al area of wvertical crac®ncontrol reinforce

b= Wi dth of member déds web (in).

S, h=s Spacing of vertical and horizont al crack cont
A.=Tot al area of horizontal cra¢Bncontrol reinforc.
Node Type
Face CCC CCT CTT
Bearing Face
Back Face A i
0.85-—7c 0.85-—c 0.85-—: _
20 ksi 20 ksi 20 ksi
Strut-to-Node Interface 0.45<v<0.65 0.45<v<0.65 0.45<v<0.65

f,
0.85-"%/50 ksi

(a) CCC Node (b) CCT Node (¢) CTT Node

Fi g Summary of ierd fAASHKNGAYA RHEROQ, 02r0s2 0 )

2. Hroportioesng of T

The proportioning of ties is addressed in Claus
SpeaitfiiddEs | tToheew mirneasli st ance of tie (28amakémead agit v
resistance i g2given in equation
Re’: ) 0 gQ Q (2-3)
0 no (2-4)

15



Wher e:

fy= Yi el d strengtohngoift undoinn aplr ersetirnefsosrecde ment ( ksi ) .
Ace Totahomr eatlo®érsgietdudi nal »rei nforcement (in
Abs Area of préstressing steel (in

fbe Effective stress in prestressing steel (ksi)

tL=Reduction Factor

The required amount of steel reinforce@®ntbetloow:esi
0 (2-5)
n
Wher e:
AcE Required amMfount of steel (in

F.= Factored Load (ksi)
Fpb= Yield Strength (ksi)

tL=Reduction Factor

I't should be ndtFgbd otvhh &ti oAASHDPPl y only to componen
yield strength of Iweisghthamo n/cdr. Ot & swi tam da noamyarl e s s
These | imits should be considered whhemadet eémami sitm
values in design templ ates.

16



S DEVELOPMENT ORNDIRBETTEMPLATES
FOR BRI DGE BHMNI NEORASHA CAROLI NA

This semmiacmeredevel opmeine absisegmattmpt avmes for bri
caps in North Carolina.

I n coll abor O i per syaptinedNCte nt cap typéfbogitdhhesweengyg
typol ogi etse mpglleantte § | welr eb ed eavbelleo ptead carry out the de
caps using the methods consistent with the AASHTO

For stthuidsy e s mréhe pcchrbtent caps are divided into multipl
coluannssuppor ti Baselde mgmadsi advweidn gbdy(i nt dlep dNicCjDg c-t  No . E
44DAvViIi dson Couni2yp,0AGpsroon e€Cdu Mtoy:-5 7Bk pe COUNDY, | Proj |
B54F®rsyth Count-Z8l-CBmbhercltamMd.Cduntywleptthhe ashe@arf
bent cap astkedmanplab® t-lwe®emi OTIli7riChd te st he member s can
deep beam$ itases Thdee nbteinfti ecdaps i dentified in the
rectangul ar in shape.

This section preseodtusnnt the nde ciagpn tof faniwad ari ze t h
of t haentkiter utodel i ng proceduntoamdt ivomnrdkafmdonvd anreaet dee dt
stqantdi e desieegal LCaotliuaonms wi t h maree etnhcaonu nttwaontdéde | r uonunt si
gener al guidance provided herencaidodli mabet empéan
mul tiple columns or s uppldiristeicnpgr oavliaedeesmipd ed ree exlasne |
t wool umn bent cap considering -bgetvepg at alpowlsd thil en sl
geomeAddietsi onal and rea&lllsaa efdoumd oirmMmaAp poenn dciaxn B and

3. Alntroduthtei &GemMpd at es

Fi g3id |l ustrat easntdi & ynpo dceall wvshterruet dashed | ines repr e
lines represWmen ttelmsi onmentalels. geometdr ¢ wmddeal ,palraa
conditions and support conditions are similar, a
when bent cap geometries and | oading arrangements

be developed.
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B
‘\

—————dd

___________________ Struts
Ties

. Nodes

Fi g8k e Sanmtdite model of a beam

The tedpVateped dwe dédvel speadyin Excel spreadsheet
wibé more appropriate f anresidmepled rogangep uitnetr®T prad g r NG

i mpl ementation process for use in their calcul ati
t he appr ocapmwdi @&t et yptorl wtgy f r om a saentd bsauspepaonrdiint n gppnesc. i
Namel y, the number of applied | oads to tkkeeg bent
par ameter s, including structur al di mensi ons, mat e
anmdagni tude olfoatdhse, faarcet otrheedn i nput i nto the templ a
the forces in the selected typology. For indeterm
are used to solve the systemlmutof orqgafadn btek dtdisddrs latr e
mo d.elOncfeortchees | antdihees sarreutdet er mi ned, the ability
appl i edslseadse d shnyo dcaol n fdoohcet aé kasgh  ancocdoer td e & & TR FtDh

proviBiimalsl vy, the reinforcement r e giuhier etde nfpdrattetse |
determine the required | ongitudinal and transvers

Through coll aborOdatpensownéeh, th2 bD€Dt cap tiympol ogi
North @ardolapnpar opriate for theb3lecvmmapmeas Ohie tter
devel oped as & ipmpaB i gdFaenidi gL dystrate represent
of the nomenclature used to categeri neamebyjod@d Ol
Symmetrit@®@ Loads Asymmetric 10, and A10 Loads Asyr

The designation fAl0 Loads Symmetrico refers to a

vertically applied | oads, and a strut arrangement
I n contrast, il0 L o0a dLso aAdssy mArseytmmiect rlioc a2nod rielpr e s en
contain ten | oads and three columhBesbdbuasymmeturic
antdi e model s are needed in scenariioss iwhpeonr ttahnet |tooa
asymmet-andi stmadel s can be reflected or mirrored
asymmetries occurring from the opposite side. Th
asymmetriconldoadiomg without creating entirely new

18



Thepaming convention is designed to convey infor mé
presence or absence of a&mtdhnee tnruymbienro tohfse ugsqlouutcritsug aé |
used

Al l of the typoTalbdleas es umin&icigfdtdherdofuigghB-t 2 These
figures provide a visual reference for the variou
identification and comparison based on the establ

I't should be noted that in some cases model s with
desired. L ad d ihteis@en acla stesmpl| at es can be developed
number of bearings or supports can be used with ¢t}
provide a model with additisgnalf parcdl sAIlbheet eneaet i svtehl ¢
additional model s can be developed and depl oyed wu
el ements are included for numerical stability.

Tab3tle Summary ddvdleanpe htaes a part of this

TemplatNumloer O.fOCTempIate Name and Descr
Supporting

1 2 4 L ocSaydrsmeA gy mmet ri c
2 2 5 Loads Symmetric
3 2 5 Loads Asymmetric 2
4 3 4 Loads Symmetric/ Asymr
5 3 6 Loads Asymmetric 1
6 3 6 Loads Asymmetric 2
7 3 10 Loads Symmetric
8 3 10 Loads Asymmetric 1
9 3 10 Loads Asymmetric 2
10 4 5 Loads Symmetric/ Asymrn
11 4 8 Loads Asymmetric 1
12 4 8 Loads Asymmetric 2

The design flowch&Xduplrienebisetepi ptitehme d croeafldr be u:
i ncor ptolm e tasnridjtuied mpl at es i nt o t hec brernd n tclayh eudséésdir ghiny
Carolina Department OTof. Tirhainss pfolrdwadh aomnt (iNMIGBuesd r at e
met h o dgoel noegfyat Bywi t hin the Hrtoadero d&eisoiudgd wvbcer knfolt cevd.
can be used t odeesveaimsdhu et eedxi sy i aghers or in eval U
str udtpwpreensd.i x D contains more information on the S

Thgrocess Fslga&&iwvdbegnns with lhetlooaaeddsu,l attyipinc aolfl y per
RCGPi er software, followed by the deTtlhceami apfpirompr o fat
templ ate is selected from a predefsiunpepdorstese D&t oD@
the applied |-eordiase, r eamgiehneehnttosdsyt geometri c condi ti
including the concrete csoompefsessei mE,0osandogqgtshera hdle tt:
i nput into the. appropriate templ ate

19
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2

aapmmetric

uhnl bads

col

cotldumno addesntsycnanpet ri c/ asymmetri

Fig83 e Three
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c 0 FluOmnl dbaednst. scyanpmet r i c

g88 e Three

F

c 0 FuOmnl dheedhst acsaypmmet ri ¢ 1

g89% e Three

Fi

c 0 FluOmnl dheednst acsaypmmet r i ¢ 2

Fig8g@ Three
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col-bmn ola@rst syanpnmet ri ¢/ asymmet ri

Fig&X¥e Four

1

col-8mn olmaa@rst asgpnmet ri c

Fi g2 Four

2

col-8mn olmaast asgpmet ri c

FigBX® Four
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Load Calculations

® (RC Pier Software)

’
Geomet Determine the dimensions of the bent caps, the spacing

of the columns, and the dimensions of the columns

Nodal Failure Only
(Increase the Material Strength)

¢ Nodal Check
e Angle Check

Reinforcement for Ties

Fig8X® nf or madeisowg n&krfd usw faordauh-td &8 mpl at es .

Once the information in the specific template is
conduct an analysis of the truss forces, checks
reinforcement neede@ntTlhwéedsd ¢chec AASHTEO ¢t eamEi speci
tie procBasesi nclude nodal st r emmmguohd ec hreecgki so ntso pm«
adequate capacity, as wel/l as angle checks$ heo ver
mi ni mum geaomoéd trirenndei nctast ed | n.BAASHTIOWnL RtIME nf or mati on
the quantity of reinforcement is proportioned.

The fl owocwRirg®rael so provides guidance on how to pl

check is ,soathsati gfeivedi ng the geometry, altering
di fferent templ at e. Overall, t he f 1| owc hnaarkti nger ve
framework that supporsseintei asi vhatefareemanti al |y

It also should be noted that other templates can |
is, the If uvurmpddmemnttavon | ofr emag m& T ddrel ys atmee =wofdveng of
mo dtelfuss will change. Therefore, as the i mplementa
typologies can be extmapodatced &s oml phessetsohedp
t het ddpl ates pregemtred eint i 4 agtgedy ange of di ffer
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ari geniembhusandrovide a wide breadth of examples t
desilgtnsshoul d al so be noted that in some cases | o
|l oading arrangements and therefore use the templa

Section 3.2 provides a detailed examprhre bodntt heea pt.
example is representative of the development of t

3. Exampémpl at e Deovre |Ao@loeanin fBent Ce

The -antdiueg desi gn processcobumemeskewrbbertd €ap whi w
Projec4d4Nd.i B Davi dsiagitr&ouidhyey €Hear span to depth
1.97. The bent cap congoigntr alt o adis c@fnr bre 4 deail 1 ¢ edf
with two suppboet dof({towumgs)subsections describe ¢t

devel opment of the associated templ at e, it shoul
straightforward than its devel opmeinfti.e dT hfer oans swhnaetd
ot herwise come from a complete structural anal ysi s

3.2. 3. The proportioningtoéngtdedet e aSfescetd eorhendt. 3a n c
provides a summary of wusing the templates once de

BEAR]
Ic &

-

6
1 -

. S —_— re (—EENT contRo

= 3o SEE DETAIL " 9726 LINE & § CAP

E o ‘q e R, _ e & CoLLuRs

B Y \ - y \

i A \ \
R e e o B e

L i L { 4 \ { i % T
of ¥ f
{8

BOTTOM OF CAP
EL. 788,847

e
o
Lpx Lm“-“l

1| s paasns 52 | I #5-%5 5| _J #14 patrs-e5 5z |11
@ 1-0°CT @sCIs.

Figgl® Pl adnewaadvan!l wdhebe nchp es&mcd i on ( Ref44PFoject
Davidson Cou#®t2y),. Sheet No. S

3. 2Eqlui vhéegft hB®ari ngs

When beasruipmpgos tdrmg ee lneomermrtesct angul arecit aagb@el dan
be usé&dr exampl e, since the col umnss haorlbet docfotnevre rctierd
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into an equivalentr nmeoctsampulidhd hepepl cadladd D nada
met hodol ogy (Bt easnddntee dMoidre |t Desi gn Ex an(pHreoss cfhore tBra

201Ri)g¥r®@hows how a-sectcoharscrcosserted into an ec
conducted on an equivalent area basis. For exampl
the equivalent di mension of the square is 31.9 in

z/ ~ ™ Equivalent
A 1= 2777 T T : Square Area

31.9”

Fig8&t® Equivalent square cross section f

3. 2St2rAuntdi e Model Typology Selection

Twe ol umn bemtvecapshicgahnerh n-ambdicee mpodb&li pleatsitoms con
ot her members because the geomet raynrtda kb o ws hfetatr d inf
spampace. Additionally, di ffeyeocxhahgadtbembiypatl ogwy
antdi e .modkils is not always the case and in scenar
supports, the number of possible tygypatégeetdoomay a
changtey ptohleogy | eyeawt!.u Mimfhel adgnwo consi dered is shown

Fig#r@d@he tie -Edrce membeon under the applied | oadi:
of t haentditer untodel . However, in practice, reinforceil
symmetry considerationsnawnar $e@ rsaitnfsdryc & rhean tmirnd gnu
design codes.

- I .
iC Ve D SN
’ ’ h) ’
/’ ',' N ',‘
4.00 ft ," ," \\ /’
4 N\,
i l/ H // J: \\n/?é}
- : : :
: i i E
47510t | 4.75€t 0 525ft | 4251t

Fig3#r®d@he typol odwylmwcé@anlsu drer®kdew Bent Cap and Secti
4499, Davidson -2dynty, Sheet No. S
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3. 2L3aClases Considered for The Typology

The -attdiud design processcolsume mdhewrladeartd 4d&9 9far @ wc

in Davidson County. For demonstration purposes, a
were assumed. Bas ed aosne st hweesree |goeandesr,a tnedn & Flhaelai ds ccu @& <
cases were analyzed foll owind@. tahndd nehteh oadmod loygsyi so ur

summari ze®.i2ZhhdsiegeBtlri®dn ustrates the pattern. |l oading

P e ) gt . o o ) e . (et e, TRt ot (et ]t s e |y e . ) T 0]

e

| | | |

| | | |
il = | | | " |
(=2 e | e e ! T | -z S s I

(e =3 e A== " = =
: & R : i : Load Case 4 : A P :
) Load Case 8
I Load Case 1 | Load Case 2 | : | ‘
| | | m rflm;'ﬂ | |
i | ) [ P ! ‘
: I I v = Ry 11
‘ P ¥ \ Load Case 5 | ::1_:;" i
| | S = I | Oy e N |
| | | |
| | Load Case 3 I m m : Load Case 9 I
| | | . = |
| | \ T “’L = *]':]- : I
: : : Load Case 6 : :
| | | |
| [ I o e e | |
\ I [ e = | I
: : : Load Case 7 : :
|- = —— === - = = = = = - - — - - - = = = o - - - = = T - - = == q
. 4 Vehicles . 3 Vehicles 1 2 Vehicles 1 Vehicle i
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, R S |
FigBX&ritical |l oad cases, considering pattern

3. 2Ma4t rfBiaxs ed Soothat Somdiite Model

To soltveaestsheé hatstraaidénms degeg ntemeat ed bay nalhesexed mplpapt @ ac

is adopted using the method of joints. Each node
and one in the vertical direction.2nTihfihseniesstihes i
tot al number of nodes. The system is often static
the user to provide appropriate reaction forces t
obt ai nelde dntajeokd e | or from any other elastic analy
|l oad case being considered. Once the system is de
calculated by sol ving Itrhdei vgil doubaall |soyasd ecra soefs engeueadt i1
satisfy equilibrium, rather than envelope values.
A typical approacht it ws sseosl viesiinngd ed teir fmfi meas® met hod

assumptions regardiofg ctohmg retsrsu otnu raanldt 4§ einfsfvimene sme mb
using the stiffness met faotlit &# an®slcellsvsen ofto rg einnedreat! el rymial
This study does not recommend that approach.
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eoretorcal hgetermi nat e s tanmntddteuyr essi nccees iag nleodwewi tbho
sumed, any load distribution thaldl wsatissfai €sneaqui
ftware to determine the distribution of | oads i
stribution assumedanfdori st hteh et epnmrpd caet deusr ed i rseccuosnsneedn ©
at i s, for determinate and indeterminate struct
alsyhsoibse dused, including moments in the supportir
cludes the moments transferred -aotdimo Htednmsyr ¢ hey
nsistent |l oadThaeske mosmempsi 6nom the | inear anal

should be noted that a significant part of t he
uations tiommtsdadnvade § oirn tthlkee tr WIsdelVvemepesmplt & ®$vh ¢
d procedures, this could be accomplished with
ogr am. I't should be emphasi zed t hdtr utstse adhr@imetnit s
e use of the reactions fr oef ftehcehd &vied dythietarnuashsal y s
atically determinatien 1 hi $hmanpepceaeatdice viesd delmsd I
comes a rapid exercchieseekh d apfrtoepro rwhiiocnhi ntgh eo fn otdiael r
nducted as outline#di &ternmmpglalt eocst haenrd msgodeecs fiine dt hen

2S wbmmaorfy Fsbortb ® LoadC&€asedered for Exa

di scess@ddadiwowol umn bent cap with f404ux9,l alhaevsi d(sRoe
unty, Sh2ert wlle . ¢ &tniseadsetr ueddA fftoerr initial anal ysi s
nsiaferiemportance fearmmphies-adthiad proadrdetlanwlas anal yze

ses and sumhiag¥lz®d bel ow in
Element Load Load Load Load Load Load Load Load Load Dead Load Tension Compression

Forces Case_1 | Case 2 | Case_3 Case_ 4 | Case 5 | Case 6 Case_7 Case 8 | Case 9 Only

A B -786 -867 -854 -577 -856 -588 -848 -852 -580 -553 Compression Only| -867

B C 507 626 606 415 611 430 600 605 419 382 626 Tension Only
cD -173 -211 -2.36 -130 -34.0 -343 54 16 -166 -115 54 -343

D E -173 -258 -70.6 -144 -144 =343 54 -31 -229 -115 54 -343
E_F 507 427 606 621 425 430 600 410 426 381 621 Tension Only
F G -786 -585 -853 -864 -584 -588 -848 -575 -585 -552 Compression Only| -882
GH 174 305 138 160 254 343 -53 78 292 116 343 -53

H_I 174 258 70 145 145 343 -53 31.2 229 116 343 -53

Al 174 212 236 130 340 343 343 343 343 116 343 -343
AC -907 -1050 -756 -682 -804 -980 -674 -731 -736 -627 Compression Only -1050
C1 0 34 50 12 80 0 0 34 46 0 80 Tension Only
D1 0 -58 -84 -19.5 -135 0 0 -58 -77.6 [ Compression Only -135

D H 0 42 50 12 80 0 0 34 46 0 80 Tension Only
E_H 0 -58 -84 -19.5 -135 0 0 -58 -77.6 0 Compression Only -135

E G =907 -925 -926 -978 -854 -979 -674 -610 =907 -627 Compression Only =979

Tension Only
Compression Only
Tension and Compression

Fi g8YT® Summmalreemeodt afldo & sc does
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3. 2PRréopor toi omomgi tudi nal Ti es

Whil e it is possible to adjust the | ongitudinal |
tension tie, it is also possible to simply mainta
the mdée&mmg&t®| |l ustrates the design tension forces a
well as ttieetiheampgeeviseusl|ly discussed, it i s assume

chord coincides with ftohre tcheen ttroopi da nodfs btehheq ot heonsshi oovnd st
where the chord force changes from tension to com
redirection of the compression struts and ties is
needed byrithlket deaksgnedlmael apbeoanohetdo increasing t
' imited by nodal strength, particularly when one
forces, is to increase the depth of t heodes nf src
increased, thereby improving their capacity to ca

+737.7 k (492 k) mmm 130K 130K ey 737.7 k (492 k)

& s © ® ®
P « 2 =
PN o 0 0 4.00 ft
; o +lo n + _
®\\5+4|9.4s K (11572 K) Jea19.48 k (11572 0} +419.48 k (115.72 k) §.4419.48 k (11572 k) @
L 4251 I 5256t | 9.5 ft L 525 4251t |
Design Tension Forces B Dead Load Only

Fig82z@ Design tension forces

The ransver se trieisn froerpcreerseenntt the centroid of t he 1
consideration. The total reinforcement area provi
appropriate amount of reinforcementm ared nEpacéemg
requi re@eene NAASSHTOAARHEDO 2020) .

The nominal resistance of tie ist"ddstuenpdabnshbb
Equaf-ilo.n

0 QDB 0 Q Q (31

The required amount of steel reinfbgeua@GBdoel 6w: resi
0 - 3_2
6 (3-2)
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Wher e:

AcE Required amfount of steel (in
Fu= Factored Load (ksi)

Fy=Yield Strength (ksi)

t=Reduction Factor

Fig3#2rovides a summary of the quantity of reinfor
These minimum quantities of reinforceamddite tnmo dred s
should then be approprieadt.ely provided, placed and

Element & s Reinforcement Dead Load Only Dead Load only
Fiices Tension(kips) bfy Required (in®) (kips) and f, = 22 ksi
A_B | Compression Only 54 0.00 Compression 0.00
B C 626.0 54 11.59 382.0 19.29
. CD 54.0 54 1.00 Compression 0.00
D E 54.0 54 1.00 Compression 0.00
EF 621.0 54 11.50 381.0 19.24
F G Compression Only 54 0.00 Compression 0.00
. G_H 343 54 6.35 116.0 5.86
H_I 343 54 6.35 116.0 5.86
Al 343 54 6.35 116.0 5.86
AC Compression Only 54 0.00 Compression 0.00
Cr 80.00 54 1.48 0.00 0.00
DI Compression Only 54 0.00 Compression 0.00
D _H 80.00 54 1.48 Compression 0.00
| E_H | Compression Only 54 0.00 Compression 0.00
E G | Compression Only 54 0.00 Compression 0.00
[r— 11.59 (19.29) in? — 1.0 in? 1.00in> gy  11.50 (19.24)in?
£ E\‘ : ’l" @ 'l' @ ’/" \‘\~® :
i : “ A :
; ‘\ i // 5 /' = /" \‘\ /
N\, 2 - ’ - P Sa. ' ’
RN H s - /s’ = s RS Y
Mo Le%as (5.86)0 7%6.35(5 (,'1@ 5.86)in? s B
ANZES (5.86)in(1)} ,* 6.35(5.86)in* | J?" 6.35(5.86)in 6.35(5.86)in* s e

425 ft I 5256 | 9.5 ft L sasm I 42516t |

Reinforcement Required (in?) I Dead Load Only

Fig8&2® Summary of reinforcement provid

3. 2Ca’l culofatNmdal sStrength

As shogquma i(Zripih S &c,t6itohne nodal strength is a producHt

factor, concrete efficiency factor, and concrete
efficiency factSecsiwar@. 8i sEosselli snexampRej .t he
Nodal geometiamttise impdertpoverned by the re@2ubox ement s
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the AASHTO LRFD Bri dge!'™xeistiigonn)Sp eTchiifsi csaetcitoinosn (pOr o
classification of nodes based on the taywuecsi foife sf otrh
mi ni mum nodal di mensions and stress | imits to ens:t
stsawtdi e model . The summary ofFim@&dadlel pevometri es i s

/al,sin®,

¥~ strut-to-Node
Interface
SB,

Centerline of faces
consistent with
model geometry e

(a) CCC Node (b) CCT Node

—_

Effective length
of node, /,

(¢) CTT Node

Figg22 Nodal (PASHIOr y020) .

The nodal strength loduleatchd Fasgadewmwidre A i s ca

f.,= 1.35x0.65x3.0 = 2.63 ksi f.,= 1.35x0.65x3.0 = 2.63 ksi
f,=1.35x0.85x3.0 = 3.44 ksi g

' J,=1.35x0.7x3.0 = 2.84 ksi }

fou=1350.85x3.0 =344 ksi ; _ 1.35x0.73.0 = 2.84 ksi

Fig82® Summary of strength of each face

Similarly, the efficiency factors and noNadalstren

strength checks mustdebe andmploaded afbes dbkendepeat,]

of t hieginware byBZ owoakri omdes can be eliminated cons

forces or stresses. Appendix B summarizes the nod

node (for all 9 |l oad presredi)x aBe also summari zed i
0 Qb (3-3)

The factorkR)d cersild analeEluatB3éddb ni s gi ven by
0 %D (3-4)

WheneResi stance factaor sl é c osopgdeece sfsiieadn i n AASHTO L
(AASHTO 2020) ahldas ca e .81 6edol
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The mount off orape | ¢ edppavraed & atpdvei by I s exptrersmed i n |
utilization factor. The <cal cul aftorontshiosf enxoadnapl| es tarr
i Appemdi x

3.Br ocefdur eddh&hempl at es

I n this section, the use of templcadlessmni sbeinltl ucsa pr
Projec2506, ABnson Co-0ddy, FBhea@adtemNoast Eati on purpos
was intentionally seillecfteat tmedigrmd i lmpdriea Ipio.cersse ma fe idt

After selecting a templ ate, abhrethepunf onmbhd die
foll cwibsgcti onsnptroantiicandexawmptltehteaedngp | at e based ¢
exampl e Fogl3ade in

Figd2e® Templ athreexeampdleumn bent .cap 10 | oads

3. 3StlepMat ePraperties

l nput al l of the material pHappenti eédnguchdasmat hee
yield fg¢tkeingththe vertical re( lnfsioy ceamectt hardewysie
(pcf)MdtnekRtareed me et e b owWRi ¢ B2
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Material Parameters
Concrete Stength 1", 8 ksi
Design Strength f 54 ksi
Design Strength f,, 54 ksi
Density of Concrete 150 pef
Yield Strength {, 60 ksi
Yield Strength f, 60 ksi

FigB2z® Templ at e maitnepruitalt apbrloeper ti es

3. 3St2ep 2: Baepamétecs

Thieength of each divisiofig2keet thed i mphiées i as os
Each sectionlyjlLs LiabaebedhtFriveg®2 € The hwsmdrdo Di,nput
D;é Dhy, Dhwhi ch is the distance wetwe@aen colthda mhwld sntaac
represents the flexural l ever arm in the supporti
simplifying appr oxri maitiiniolnarsuelha satsi,c 7dr8 cracked el
l ever armTbenchbéumpeds divided in half and each r
half of téletmeapporting

Divisions ft in in
L, 3 0 36
L, 3 0 36
L; 3 0 36
Ly 3 0 36
Ls 3 0 36
L 3 0 36
L, 3 0 36
Lg 3 0 36
L, 3 0 36
Lio 3 0 36
Ly 3 0 36
| P 3 0 36
D, 0.25 0 3
D, 0.25 0 3
D; 0.25 0 3

FigB2z2@eGeometric template inputs for hori zc
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3. 3St3ep 3-SeC€Ctpbenal Di mensi ons

Fi g3#2®howd etmpd aartieabl es and input i-ndotrimanalonge e@ma
the member, such as t he choeviegrh,t hoefi gthhtehohfa odkh fefe abaeda v
depd)h (hei ghtantdi et mherghet wigtdt h of the bent cap, and
l oad and support bearings

Cross Sectional Dimensions
ft in in

Cover

Height of Beam (h)

d

Height of Truss (hsty)

Width of the Bentcap

Width of the Loading Bearing
Length of the Loading Bearing (1)
Width of the Support Bearing
Length of the Support Bearing (I,)

48
4 44.74
48
54
40
40
43
43

Wl lw|w s [s|w| s
SN IES N =N N - N I R K i 5

Fig82?2 Templ-atetconabk di mensions

*Noh.emay be different f orhavtad pu easn ds hboautl tdo nb en occdheasn.g eTdh
nodal CReglxEsee

3. 3Stdep 4 ReDentfaoirlcse me nt

The reinforcement det aiFligsa@trer é dtiem dtelde hsdod keill ;g $ o

and comparative purposes. These inputs do not inf
temphlTheet empl ate wild.l calculate the total reinf ol
required reinforcement for ties. Fi nal adreeciasti onhhb

di scretaengm nefert memd may vary depending on design p

Reinforcement Details
Bar # in Number

Diameter of Bottom Lontigudinal bar (d,,) 10 1.27 6
Diameter of Top Longitudinal bar (d,) 10 1.27 6
Diameter of Transverse Reinforcement (d,) 4 0.50 2

in*
Total Area of Bottom Reinforcement (Ag,) 7.60
Total Area of Top Reinforcement (A,) 7.60
Total Area of Transverse Reinforcement/Per link (A,) (inz) 0.4

Fig82& Templ ate reimporcement detail
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3. 3Sthep 5: Loads

Thfeactlooradjlso( a particuBgrihpaditnggcade | oad and a

truss i smadéd ede tifelréenhyonuag he, i n some cases, ianproeacdt ibo
t he enogiomaesses the reactiomyn edrmashe ccalnhaFlygtuesd od s i
323 hoewsampl e | oad val ues Bmd kanmo winn pwetacftaront he var i
Loads

Load kips

P, -200

P, -200

P; -600

P, -200

Py -200

P -200

P, -200

Py -200

Py -200

Py -200

R, 400.00

Fi g82@Temploatdd ing.ut
3. 3Stéep 6: WMnhpbtysi s O

Oncef ohmaseri al properties and geometry have been
(kips) in each member of the trFusg®23&ndfthetothemem
in tension, the riégwgiulilrebderealiné¢owolratendnnt Itihnas disa gnoont

per mi tttleel taempl| at tthneeimblerlisghl itghti denti fAnt Brampbeb
i showhRi g&3l

Analysis Output
No Element Forces Element Forces (Kips) orcemen
equired(in”)
1 A B -125 Compression
2 B D 75 1.25
3 A C -75 Compression
4 C_D -720.8 Compression
5 R1 100 1.67
6 R2 576.7 9.61
7 C E 357.5 5.96
8 D E 0 0.00
9 D F -340 Compression
10 D_G -29.2 Compression
11 E_G 357.5 5.958333333
12 F G 23.3 0.388333333

Figd3@ Anal ysnoe wtomgptli cts (tension vs compr
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Analysis Output

No Element Forces Element Forces (Kips) Rinfor comert
Required(in”)

1 A B -250 Compression

2 B D 150 25

3 A_C -150 Compression

4 CD -583.3 Compression

5 R1 200 3.33

6 R2 466.7 7.78

7 CE 200 3.33

3 DE 0 0.00

9 D F -400 Compression

11 E G 200 3.333333333

12 F G -266.7 Compression

Fig83® Anal ys(esxompglpati ndi cati on that a .strut is

3. 3St7ep 7 Li miotdsa |

Each node requiinrfeosr nmmahtei ofnoltloowionngduct t he stirength
the type of nodet {&€ CfCor €C&Hd hemw htelC& it o dbd, t hl) back f
and the widd) hodantthkebgtahi ig at that node.

I n ttehmep | at es as ,a nparatl afi ntelnissi osntsudayr e cal cul ated i
of the AASHTO LRFD Bri dg'"EdiDeisdmg.n ASAHASEHTG i graad Vviocthess
maxi mum compressive 9oanrevsdatbdacesnetbeaappl Ffedcti
compressi@e sbrenguhe these |imits are not exceed
by dividing the resultant comphkerssnoacded oc et aiynitn
hei ght of the bMck fapecafl yhdi medei oned as t wice
to the exterior f afiegld3fltnhescenmaci @otse whemkkercompr es
valhye such aFi gd8dawant iimmat es ohf, tchaen Wwal wWe tfearmi ned fr
compression zone size. Additionally, as previousl
align, in scenarios where the chord changes from t
refioor cement can be used so as moHdi tomodmpl whare 1t h
chords switch from tension to compression.

b

W 77777777 7.
>
/al,sind,
£ strut-to-Node

¥ o T
'3l A e e\ ———-
— . m«‘“‘\“& =
Centerline of faces 'h.cos, i N "
consistent with R |/ Bearing Face J

‘model geometry < Iy
(a) CCC Node (b) CCT Node

Fi g3 @aNodal gleMARHTQ 2020) .
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Pl ease note that the back face height of the top
the user dsheulcdremrstr @ f mensihhbh mAsdedeededs not ex
[ i mits,iOWhevi Wbr d@ppear i n -rgirgehetn sognu atrfhee,g &da8 gbeh outphpeei ri
noedxceeds the nodidddadli mivdikll uradggpewor dFRRi gd8de, aamsl s ho
the failure facebs cell wildl al so be highlighted

Node A
h, (in) 6.52
¢ Factor 0.7 Ok
Type CCC
Width of the bearing 17
Length of the bearing (1,,) 17
Confinement Modification factor (m) 2
. A B R1 AC
Efficincy Factor (v) 0.65 0.85 085
. . A B R1 AC
C ty of the face (k = =
apacity of the face (ksi) 273 3.57 3.57
. . A B R1 A C
F kips)Applied O
orce (kips)Applied On 231.7 175 151.9
Angle of the strut (Degrees) 49.0 90 0
Width of the strut/Bearing (1,)(in) 8.13 5.10 6.52
Stress Applied by Strut/Load (ksi) 1.68 2.02 1.4
Utilization(%) 61.44 56.54 38.38

Fi g83 % Nodaile xlanmps tes coef s scfhuelc kn o d e
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Node C
h, (in) 6.52
¢ Factor 0.7
Type CCT
Width of the bearing 17
Length of the bearing (1) 17
Confinement Modification factor (m) 2
CD R2 A C
Efficincy Factor (v)
0.65 0.7 0.7
Capacity of the face (ksi) ;:—7]?? 2%4 [2\52
i . CD R2 A C
F kips)Applied O = =
orce (kips)Applied On 540.70 | 4083 354.4
Angle of the strut (Degrees) 49.0 90 0
Width of the strut/Bearing (1,)(in) 13.26 11.90 6.52
Stress Applied by Strut/Load (ksi) 2.40 2.02 3.2
Utilization(%) 37.87 68.65 | HNUSNION

Fi g83# Nodaile xlai nmpn tesll anlfmi t

3. 3St8ep 8:hdAmkg!l e

AASHT®FDnditcladate st he

t empdhaeks t he a-sagidessofi v b eAts htehuey sboontettorny .o f
is provided if the angl es

green.
Fi g33®

C

angl e
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Angle Checks Angle Checks
Angle Degrees Angle Degrees
ABD 53.13 ABD 20.85
BAC 126.87 BAC 159.15
CDE 36.87 CDE 36.87
ECD 53.13 ECD 53.13
EGD 53.13 EGD 53.13
GDE 36.87 GDE 36.87
GFH 36.87 GFH 36.87
FHG 53.13 FHG 53.13
1JH 53.13 IJH 53.13
HIJ 36.87 HILJ 36.87
JLK 53.13 JLK 53.13
JKL 36.87 JKL 36.87
OMN 53.13 OMN 53.13
MNO 36.87 MNO 36.87
POQ 53.13 POQ 53.13
oQpP 36.87 oQp 36.87
SPR 53.13 SPR 53.13
PRS 36.87 PRS 36.87
UST 53.13 UST 53.13
STU 36.87 STU 36.87
UvT 53.13 UvT 53.13
VTU 36.87 VTU 36.87
XWT 53.13 XWT 53.13
Angle Checks Ok Angle Checks Not Ok

3. 3St%e p 9:

At t he
Angl e
Fi g33 &

Fi gB83 ® x ammligé eatcahbel cek

Sienmpft gt e

i n itleenfipt!, & it Neogtlf tQokk

top of each templ at e,

Check,

or Strut Check AnlTeanpd mpima Chseeadm

t her e

Summary
Nodal Strength Check Ok
Angle Checks Ok
Template Check Ok
Summary
Nodal Strength Check Not Ok
Angle Checks Ok
Template Check Not Ok
Summary
Nodal Strength Check Not Ok
Angle Checks Not Ok
Template Check Not Ok

i s

Fig83@Exampmp!l at e tsaatbrhmar y

40
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summary
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4 EXPERI MENTAL PROGRAM

Adetailed survey of existing bent cap designs in t
with the North Carolina D&par tTrheents uafv elyr apnr sopva rdteadt
design parametams ¢ ymme @lByapuwesie doincashe anal ysis of
par amet es B esgpruhceohe paashd ¢ at i os, reinforcement ratios,
weriedenti fied. The experiment al program was desig
portions of Abéntmeandbpes susvede designed to be | i mit
yielding. This is because members that are flexur.
using analytical model s whereasi mgmiiehearhdtai auee
chall engi ng tToh er eelxipaebrliymepnrtesd ii cotibkelaenss d raibeed eado rSsTiCslt

The series of six shear critical deep beam tests
North Carolina State Uni Meornsgi,idyd e pT hfeS TbCela nish rnoeuagshu r ¢
14.1fotng.de4 pft( STC4 t hrough STC6).weSmpe ciddeenFTa 64T C1 t |
througme83T@RedindTehhe speci menshecaodnetdai Moe.dl Onibaer s f ol
l ongitudi nal reinforcement, resulting in a |l ongit
1.57% for STC4 to STC6

The transverse reinforcement eggredi stted rafpsNo.Bo4 hb
and transverse reinforcement were fabricated from
sampl es of each r eaivnefroargcee meermats utryepde yyiieelldd esd r engt hs
barfjgg @nd 62.5 ksi fiy@)r. tThhee throarniszveerrtsael bdairsst r(i but i o
yield stren@gdsdh dheb62o0Bcket e (fgNj mpdreetsesrinvien esdt rfernogm h4
cylinders tested on the day of speci men testing,

Two sshpedamt ept h ratios are explored rSMPLIESATEC3Ib dtawee n
a skpamepth ratio otbSTICEANVGE asnpdkhhedEtdh r atTihoe soef 1.
Shegprdamept hr ept @csssmmon ohareg@® ebdent caps. It also pr
data for a range ofTheompirghsi oh sheubeahgé&amags was
t o asviogrdiifrifclamence from size effect when compared
practice

The setxyppdyor edd fflereat reinforoemenami cent heurn atfil ares
transverse and |l ongitudinal reinforcement quantit
me mb.er$Some of the bent caps in North Carolina wer e
of approxi matéaliyy @o0rXr3%sponds approximately to tF
required usi ngSpeeadtmenrsalS Tredtnlbaaddan STCE3 % transver se
reinforcement to explore the perf oamdnc eneadSiTa@dhe m
and SToOvt &Di.MBeOP transverse and | ongihtoud i uwuntaill irzea inmgf
mi ni mum reinforcement required to wutilize the ul
performance at service and ultimate conditions.

Addi t iSoTnG3l laynidn sd@&B6hgateébects of zer o trresmp@inerese r
the beMemibapst alienssngt h@mn mi me mdm3 rei nforcement ca
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evaluated wusing the AASHTO LRFD STeM i bnetns wiwtit hoa:
di stributed reinforcement were tested to compare

t hat included O0.30% HBmelsed. d@/op arreiisnofnosr cleenlemt ev al 1
reinforcement on service and ultimate behavior. T
and STM in general, | ack guidance on how designs
typically not a concern for deep members, the mer

controlwiedacgracika¢ are acceptable by the transpor
mai ntenance and iapotrhidAvhidc tpuom@odgdegsi meoatye fleiwt er at u
mu |l tdiipflfeer wndt bsatkr oughout [ oading, thus, making
st ubOabd4dlesummari zes ¢t hei mfiorensanmdntst meap map erfi atélse
experi mental series

Tabdtle Summary of,rehefdrmemshbtnsati os and materi al
series.

Summary of Experi ments

.|Lengl SpanHei g Wi dt } angd i fcd| fy, w fy, ¢
SPectl (ntlc2ay| (nt] (ion| @ 129 (%) | (%) (ks (kg(ks
STC 20. 14.( 4.5 14.,46.1. 8 0.301.7/14.962.65.
STC 20. 14.( 4.5 14.,46.1. 8 0.131.7/5.162.65.
STC 20. 14.( 4.5 14.,46.1. 8 0.04q1.7/5.462.65.
STC 14. 8.0(¢( 4.0 12.]46.1.1 0.301.54.862.65.
STC 14. 8.0(¢( 4.0 12.]46.1.1 0.131.55.2462.65.
STC 14. 8.0(¢( 4.0 12.]46.1.1 0.0 1.55.5362.65.

The geometric and reinforcement detFaigldsttehoouglhe S
Fi gd6.Ei gdXtehr oFuigghd3ie | u stthreatdi mensi ons and reinforc
STC1l, STC2, amidg4stTed 8 d-u whliGpee o L ihcke corresponding det
STC4, STC5, and STC6. These figures provide an o0\
variation in reinforcement ratios and beam di mens

#4 (Grade 60) @ 9.5 in

7 1
/ \ ] 2 #10 —1F
d=46.4 in | 54 in

i Eed

k 4 pen 35in

! J| I = 3.25in
_b“?in > “— 12in 84 — ~— 12 in I .
4 in > 34in
240 in . 14 in

Beam - STC 1 -pv=0.3% ph=0.3% + 1.75 %

Figé&le STC1 reinf.orcement details
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#4 (Grade 60) @ 22 in

— 16 in 275in | |
|
2410 |
P4
d=46.4 in
S4in
3410 .
#10 . :
H 3S5in
3 #10 f 3.25in
—_— — .
3in 12in 84 in ™ ~—1Zin MY
240 in 14in

Beam - STC 2 - 234 in pv=0.13% ph=0.13% +1.75 %

Fig&28TC2 reinforcement details

—% Flﬁin 275in_| .
210
d=46.4in| s4in
- 0
] 3s5i
' b 3H10 i 3.25?..
i 12 in 84 in —" L—llin ‘J.Tin
240 in l4in
Beam - STC 3 - 234 in pv=0.0 % ph=0.0 % + 1.75 %
Fi g&38TA8i nforcement details
#4 (Grade 60) @ 11 in
— —16in 2750in — |-
=~ ‘\ { 2#10
| d=40.4 in | 48 in
= TR
H I1r 9 3.5in
1#10 T 3.25in
3in 12 in 48 in 12 in ~14.73 in
12 in
168 in

Beam - STC 4 -pv=0.303% ph=0.303 % + 1.57 %

Fi g448TC4 reinforcement details
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#4 (Grade 60) @ 25 in

ulﬁ in /l 275 in —~| |- _

V4 [ 1410 {5y
d=40.4in | 48 in
| = 4R
: . H - 35in
b 2#10 —1Ho_so =325
— —— 12 .
3in in 3 12in i
48in | 4.73ip
12in

168 in

Beam - STC 5 -pv=0.133% ph=0.133 % + 1.57 %

Fi g&458TC5 reinforcement details

4-—1 16 in 2750n,

d=40.4 in | 48 in

3.5in
i 325in

] ‘?in 12in 4o 12 in - M

168 in

Beam - STC 6 -pv=0 % ph=0 % + 1.57 %

Fi g46:8TC6 reinforcement details

Al Si X speacimenlsoavkeed in tise mpeényt supportbebd. sphae
meastlexdnl4& 203 NC1l t hrough.xSTL@&3)i26a88dC41 2 hirmugh STC
rested on roller gnempdrbted.nl.Xhi@hdSTma€di ndrpaumihte STC3,
inx 1% i3haSiTC4 t hr oyhBiBoWw@ss used between the | oadi |

to ensure the | oad was evenly distributed on the
bet ween the actuator head and the spreader beam t
actulitgdlisehotwse experi ment al we rneopn,o twmda rcea |l il lye | haa
failure.

4 4
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Strjpamnmwese included along some of the | ongiFtudi nal
for dAetdaislpss.acement transducer was used to measur e
bottom of the beam with respect to the strong flo

Understanding the internal force transfer mechani
and nodal zones is chal-liemgamgstdmuai n od it ster ichounpil cerx
t hat occur wunder Ircankinntg.t efcrhandiqtuiessn als uncehasals st r ai
provide data only db adoptture et peifnalsl aemxt efit eaand e
across the entire beam. Consequentl|l membér beesmensns
To address these | imitations, this studyt heempfluolyled
field of view deformation field response of t he
deformation fields can also be used to .DdtCernn mi me
noomontact optioaakstpahnbgqgoé thmeras to monitor ho
t hroughodthel da&diomgnat i on ftioelddest ecram nal sca alcek WKks ence m:
and crack slips, at multiple | ocations along mult

To obtaiesmohiugh eonfvi efvwulde fforemhadt i on dat a, the entire
beam was motnh & odriremde eilt@n sly st e m. Mai ntaining an ap|

pixels/ mm,sysrems steoebobh system, mi ddl e system,

cameras in easkhdsyghammf).ewéhe data from the three
using a prowirdavwetanegi srurlatii on al gorithm. A speckl
approximately 2.5 mm in diameter was applipedete t

per kipec The speckle pattern was appWwhéetdesoconheabeée

OptoTrack Cameras
7
: ; :

SPECIMEN \

==3 e
o A <
| 4O

\—4)1('(‘\\|r,k.\ ' ~‘,\( AMERA'S FIELD OF VIEW

Fi g8 e Pl an view of the DIC cameras and LE
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The east face of the beamawans i dmforffa ielBmilttiggihrivgi tDh oad
(LED) targets arrangelhd ndiBmeesviso manld Rads ictoil cunmnacsf.
was measupt edreckihb®medasa was used to verieflyd and
data obtained.

4 . Bxperi Qebsealvandoens!| t s

For alll six members in the STC series, initial I«
bottom of thepbramAsetalhe miaad i ncreased, fl exur al
bet ween the supportofpltahe lamadinregarpltahtee.edAgse | oadi
extended and widened significantly, with al./l bean

observed at the bottom of the specimens up to and

A string potentiometer was attached to the center
beam as the | oadidvap|l agelimead. rEb@ponead of speci me
presefrigd9.8hi s figure compares the response of th
ofli stributedi of bphogotelmd member salfiradatti loe DHerla@alOwiedl
|l oad (kips) is ppanteédsplpacemént hei mi d

700 +
] STCL, a/d=1810, p, & py=0.30%
600 +
500 +
=
_Q-c
< 400 1 STC2, ald=1810,
=] _ 0,
g ] p. & pyp=0.13%
]
t -
2 300 1
= 300
=
< ] STC3, a/d=1.810,
200 + pv & pp = 0.00%
100 +
B S —
0.00 0.05 0.10 0.15 020 0.25 0.30

Mid Span Displacement (in.)

Fi g&9koad wmedsdpapl acement $SefLBonse for STC
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Similarly, a string potentiometer was attached to
of the beam as the iddiasdplwaemappl|l iredpoiBHeEHS] midks pe
presefki gd&®&nThis figure compares the response of
ofli stri butediof bphogotrmded member salrdatti lne. odTehla. eash i it &
l oad (kips) is ppantéeédsplgacemént hei mi .

800 T

STC4, a/d = 1.180, p. & p, — 0.30%

700 +

600 | \

z STCS, a/d = 1180,

'i' 300 p\.&sﬁo.n%

S ]

S 1

i 400 3 STC6, a/d = 1.180,

2 Py & pp=0.00%

&300—

-«

200

100 +

ottt

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Mid Span Displacement (in.)

Fig#t@®@oad wméedsdpaml acement $SaLBonse for STC
Strain gauges were installed along thespamganddatn
the center of the shear span. Addnietiigohntalolfy ,t hset rbaeiar
the shear span owonrtwvansvemrns$ brRiirgsiirtiec dmsemiticp mdret | o0 a
mi-sipan strain respo-B83€3f dwhdd &ciomvesn st hT Clor r es ponc
for speci-S9MMethés. SATdC4 t i onal data and deFaiHoerd ar egiuM €
strain -apahhetmédcorresponding | oad was observed
reinforcement provided in the Dbeams. This trend
i mproving shear r easti ssrt raynicreg acmadp acvidryal Il tl oal so i n
reinforcement provided is &Bgadedrriagedd lpnEd wgiudien g
4-12strain |levels increase when the transverse and
For a given -spamaj ntlae ¢dhrerensmponding | oad was obse
orthogonalredingtorickmeaead provided in the beams. Thi
reinforcement in improvingamshyiamgAdes|i s diatat.¢é yanbdea
smal | egrdespptahn (a/ d) ratios exhibited | ower strain |

| arger a/d ratios.
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700

600

500

400

300

100

800

700

600

500

400

300

100

Fig&X@ oadt wai ns pgnimesid C6
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I mhis study, the failure | oads of six deep beam s
appr oiarc heedksdi t-a nadimet dbe bsppoudacthheBsaTwmet er Kinemati c TF
and VecnBbonrl2i near finiTlke emm@edeind wemngr denvaeblid ppetdy t o

predict the response of members so that the tech
designs and to comment on aspects of the member r
See Appé&hdi pr€dicted values were compared with ex
The 2PKT model, devel 8peids by -lWd hhednhaowaleyt iadal (R2@PpAr
the shear Dbehavior of reinforced concrete beams i
strain in the |l ongitudinal reinforcemenfTheangheaadre
span is idealized as ¢t beersiitsitcianlg corfancaka gaitngein daa ticdrdayc tka
The overall response is governed by equilibrium,
define the contributions from shear carried in t
interl ock, t r a nasnvde rdsoew erl e iancftoirocnevneeinhtf, s athodat etlaaghi
experi mental results and has been shown to effect,]
strength in disturbed regions.

The VecTor2 program is a nonlinear finite el ement
Theory ((MEEM) o alm@dgab@d| t hes Di sturbed Strelks thies$ d
met hod, the behavior of cracked reinforced, concre
compatabdonstyi tuti ve Erfdleattisonsthdipsaggrtegpat eni st &
compression softening, and s heaard vsal niopa datliotnugt icvrea cnko
The program allows for simulation of reinforced c
and strain hdits tarriibswet iiaovestiT®9r @r had begehossccessfull
modeling of deep beams, as demonstrated in the st

Shecari tical deepthbheamps hwhehdeidgbBhear reinforcement

These predictions were also compSalrbdt Wwi wht hhasd wt
applying the minimum reinforcement | imitations. A
with the associatedTabd4elTihet inoomd ,i niearprfowiided eil e me
de monstthreaphealdtiadbdti il ve y f or wiheh pde@rkechlleicdetde b €éar capaci
of 1Ind3a acoefficient of wvariation of 9%. Similarl
mean-tipeetdi cted r acaoef foif cile Bt3%mfnldu ac b smp a eannddo e, 9t h e
modegdwae meanmptedicted ratio of 1.54 with a higher ¢
three methods were capabl e tohfe craepptruersi enngt avteieTeorvleern,
provided the most accurate and consistent predict

50



Tabd2eSummary -QTGPBAKL shear strength and predict

Speci%Er‘Ai;MT V(ekCiT;E)((Eip Predi d STM Predict
(Kip 2PKT | (AASHTqg (VecTor
STC1| 549 510 645 612 1.11 1.20 0.95
STC2| 434 365 616 625 1. 44 1.71 1.02
STC3| 349 365 498 471 1.35 1.29 0.95
STC4l 577 511 65 2 757 1.31 1.48 1.16
STC5/ 501 368 618 683 1.36 1.86 1.10
STC6| 450 368 607 633 1.41 1.72 1.04
Aver a 1.33 1.54 1.04
CoV 0.009 0.1609 0.009

4 . Bxperi @ébsealvations of Crack Wi dt

Periodicaltl e tttheotugdadiung was paused dmdb.hree dcurcaecdk sb y
onne side of ewematrksetd, spmeaisme re dCranck prreatsag reanemdd
obtained using crack comparator gauges and were r
targets.

Fi g#4r&hetwhe devel opment and evolution ofSTCr6gdclatpat
di fferent | oading stages. For each specimeh% t he

of the peak |l oadThingd mgpri esafterappi o xrmatel y t he
t hsepecianetnbasl capacity and design capacity matched

are observed in all speci mens. Members with more t
wher eas memdieg tsrrivedi untfeodrtc e ment show f ewer, |l arger ¢
|l oapgl aepd to eddhdm@mbidrerisn Fhbe peakpl ead for me n
di st rriebiuntfeodr cement i s | ower 0% arne icrofnmpracnd neenn tme mb er s

Fig#4¥X¥4l |l ustrates the crack patterns obseSTeead .at t
These images capture the final stage of <cracking
capacity. As shown, all specimens exhibit promine
cracks wvarying bbadiedt rairbiuti fear aenmemt . oSpeci mens wi
reinforcement ratios display a more distributed cr
speci mens without transverse reinforcemenrdtt dhkow |
i mportant to note that the peak | oad applied to
transverse reinforcement reached | ower ul ti mate |
0.08di stributed reinforcement
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Fi gé&X2Cr ack pobtsteenvmres i 18 TICSapapr SXTECHEHT elppeak | oad.
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STC

Fi g#X#Cr ack potsteenvres i dBTICSams teTCIailure

The crack patterns obdaghtedzédr akRidgdhalrisipreddogie nke we r |
417The ccriracklsegadchato fail uaeiendfi ctahe dspecirmaeln The
typically defined as the crack that extends from
|l oading plate and has the | argest crack widths. [
tansverse reinforcement and members that have hori
with dif feecamarkte witdtdh  wWwhecoht ctrackdéesticfytical bef o

Fi g#4ar®*hows the crack pattern determined for STCL1.
on cr ackFimpaHrtenronnss, t he caparison of crack diagr ams
three specimens contained f§)hequesameitliong.i tAdi cnan b

53



patterns, the crack shapes, and the crack |l ocatio
as the transverse reinforabhmeadms scdmclhre affceudnd Cirm

_/’/ —

Fi g&X®Crack pattdralsdafl . ST&€Heat

STC 1
STC2
STC3

) {
ZANEW

/, = /%/ ! \ ) { Q\ﬁ
— 'ﬁﬁ /L (/() l YV / ;»\_\,\_

Fig&Xx@verl|l appi ng fabreaaxrks pRTCe,r nSTC2, and STC

Fig#t$eresents the crack patterns observed in bean
Shesgprdamepth (a/d) ratio of 1.18, which is signific

Fi g#xverl|l apping crack patterns of beams ST

I n AASHTO LRFD Clause 5.6.7 of the Bridge Design
(0.43 mm) is referenced, partikoalDarl| pdtioti BExpbbsyr
Concrete | nsRIli(t2tfas gg&Gttysp 22 41 t hr eslheovled Icionaibt& i fnagr
approximately .0.4 mm (0.016 in.)
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