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Chapter 1: |l ntroducti on

1. Background

NU -Gi rders are a series of standaedt izemns p
developed by the Center for Infreakkaructuhe R®
Figure 1.1 sttaws onhefcramnssNU35 g-Grdeéer (ahwheilsa
alongsidesetheodamassdeed6 TypRedm. AMSHSIIODown i n F
NU-Girders have relativebgsw{dwbi ahdal howk& pbat
number of strands and greater stability during
a | arge platform for workers during construc
pleasing maaodetmakpl| &a®me me nt easi e@i)r.deResg aaldll elsas
same flange dimensions. This significantly re
NU-Gi rder s. Owing to their structuralG eftleresi er
have been extensiaedlgv eursaeld otnheNe bUS sktaat es ar

(Beacham & Derrick, 1999) .

TLT ,‘ 48.2" :

5-9"

36" 354"

, 18" , L 38.4" L

AASHTO I-Beam
Type I NU35

Figur éeEaxlamp:l e AASHTIG®R rNUaGid der



1. Probl em Statement

Despite their ad-Gantdeagsenmsijtewdse nofKaMd al . On
concern that future deck removal wil!/l i rrepar
thereby compromise the |l ongevity of the syste

which saws aned htaonmmeuts ameée alsi p deck concrete
girder s. Contact interfaces between the girde
protruding into itrdga mhgelkd drye thriesnertoctelséeshat t
girders with wide andGthder sppafeaegpsci ai kg p
deck removal

To maximize the return on its investment I
has therefore recogmicendst mec tniea3d rrideetrh abdr p frdagne
systems tosiftawi t emaval iaf t heb edemwknp ovioérmto @1 t
compr omiosnpmg i te action between the prestress
t hroughout .Thiss seompa®i ttle f&ction, which relie:

t he 4qidreccekr i nterface, is important for ensurin

1.30bjectives

This study is motivated by t hei ndtalitaifldart aa es
deck rembvmapotsttr e@essewhicloenpaheoamponsut engction
t hgeerder .ad@d édeclhmplish this aim, the followir
a) Evaluate alternativef cotnmerdti lo,n dddteit fafin ess s ,n 4d
b) Select a preferred connection detail and eva

of the connection -sehbhtiveste,a control in f
c) Provide guidance for edlbeesibn bimdecHdamaqmev
d Devel op met hods for <calculating horizont al

and previous test results, and

e) Devel op recommendations for interface design



14Approach

Theeseapgrhwwaebmpri sed of experciomproteanidt g n d
extensevvoéwpreviously reported test results.

Literatur AnRewxitemsi ve | iterature review, sumnmn

was focused on shear-tt«onoséte bpt wpekacev,nce
girder testing, and concrete deck removal t ec

Sma3dale Experfimenteanc dlea-d BhupgpPpeci menhsstvaed e

addrOdg £ ¢ tai) ve Twheee tkesdisgned troenoqtvlesand adtei ftfhree
transfer across andusée¢ eoff alkend Vareakberes,; i aoc inl
and smooth surfaces (within a given speci men
anchorage type (hebkhtdreetehtadedyssohg the ir
the shear pl eendegdsehRestii bsn onf ar mreferred conn:
LarQceal e Exper iiménealtsgaéet iNNUg3vbe r @i rtdestaedddr e s s
Obj ec(th)vesd). (The pr ewearsa ngtimuwetressd with either

partially roughened, or smooadtasopi suofpkaceA
and then replaced to evalasate mbaomlfibtbtattiivegr
removalguaanndt i fy damage t out heangrierdgetersteh eFsatts gw
perfor med t e esrthnu dcyo mphoes iltoengper f or mance of dif

Anal yticFailniSteu deyll edegdesvem @ petdudy i nter-$aakeshe

specimeensmadledwr defmaswd isothudy of composite
is typically thbhaesadkcd as solely force

Design Re c o:mMoe ncdoarteiso nfsr om t he precedioiggnwor k

recommendations for interfQlcjee6thipvae design, t



Chapter 2: Literature Revi

The I|literature review is composed of thre
bet ween-teomccrreettee i nterevaoesf pRéebslttss amfd paj or
are summari zed. Sectionsalze suonmaao 3 iztees @irrede o
that inform the design for horizombaal -isthear t
pl ace c oknsc.r eBioet hd &flca ti inpaut ek easstds emagehi ncl uded. Se
concrete bridge de ok orcealauveedtsl t ezgdhni gaesr amdt h e

met hods for facilitating rapid deck repl aceme

2.1 Shear Transd¢ medtamocnrcorsest eCol nt er f aces

Composite action bieptlweceen cporneccraestte arnedl iceass to n
the interface. According to Zilch and Reineck:
surfaces consi sg:s adhddairere, cohparmnefnrti cti on, ar

to the bond between concrete surfaces at an u

to the initial horizont al shear strength. Th
cracking occurs. As relative (sliding) displa
and reinforcement crossing the interface wil/|
be applied at the interfacientterdtockendheto s
transferred in this manner is often referred
reinforcement crossing the interface wil!/ be
resisting slckdangsmhcalulgdhd adomewel action.

This mechanism of horizontal shear -bfansf el

tests of specignecmvwn sHingSliragrche®.oll.9 &g , a signifi
work has been dohnéeownnghssmmaeazedhkeyocontr.i

order .



Figwr ghypicalofPusShpeci men

2.1.1 Findings from-oHrfe\Sipcewws mleensst s of Push

Hansonreehbd6Q)ed aPpswlitfess tfsr acdsudywetdhe shear
mechabéesweenc @megciarnsd® d s-on-a sd ®@ncr et @o ndcercektse used
represent the slab and girder had specified ¢
interface was a constant & (. iwmi.de 1Wi tim.a awe
speci memhahpaed Gtaidr&tupesl (conforming to ASTM A3

reinforcement extending thggim.deirntsect hencofddrre

rati o, cal cul atnfdorase memde @Ppreegpeoadiceal ar t o t he
interface area was varied from O to 0.0083. Sc
2 i n. into the top sunflaesi §bebwedbegaemmscihke
at the ,caldaowpwaginme)susg h a nsdh esaen@matdb ) nf or cement r
shear tr anefsedru chieehda.viebonded interfaces were
with a silicone compouncettwrain pleavamitdedelwononodnt

sheamabpathomdt onirceall d tya taetds ¢ wpseeof ded at seve

i ncrements. Shear stress (calculated using sh
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re devfdopeach specimen. According to the st
n develop high shear stresses at low slip (

gui rnach bioommhea r f ace t o devel ovmshif@hingdh d araitn g |

not increase the strength of a joint with
we | reinforcemetnhatwasdue ndepemddemtace charac
at dowel reinfsgr coeanmetnrti buNe. appbaxi mately

i nforcement crossing the interface, and t he
nded interfaces are 500 psi and 300 psi, re

Anderson (196 ft eapteed mEh@esapra sthrsatnisdy r acr 0
ch specimen was compsdapedf ptawd sarftsiisny mmaet rt

gure 2.1). The interface of the precast par
p

=

oximately d tiom.r €pmegerte tultse precast port

q
(4

ngth of 7.5 ksplwbel pathahatloan specchased
ther 3 or 7.5 ksi. Reinforcement croé&sing t
inforcement andt 48s peetcwenean dT.h2Z2 speci mens we
ear along the interface. The speci mens beha
ultimate |l oad before dhdfeneatiates| Apc wrad
sult s, the ultimate shear strength was | ine
ncrete compressive strength. For a given r e
t he coenpgtels so-ivet 8¢ ecashcrete increased fr ol
Birkeland and Birkeland (1966) were the f
erein reinforcement crossing a shear plane
i across t he -iovbehfmeceel Af Fa s ed s 2r)i wea st he

ross a c¢crackedl iwatse rpfraocpeo.s eEdq utaot icoanl c2ul at e s h

O "W weE ePmi Q Eqg-1

eres the reinforcing steelctiamniad aaleauloat er

il ented perpendicular to t he Qirst grifedae sdirwind



reinforcing bars andOMiist andtr i € xviasseidéoa®odnt K0s.c8 e
1.f7or different surf-lacworclondfidrn omano |IEiqtulaitd omo It
both rough and smooth surfaces, and joints be
equatioinmatteheshudar transfer strength is react
interface yields. To use t heéQsehgouuatdi obrne, |caor ngcerre t
the interface must Dbe sound andonffrienee df rwinm hl ahi
and reinforcement must be well anchored to de

. T=f,As
einforcement L"

/.

Fi grreSawoot h Model (adaptadéf r k ;| 1B9n6d&K)e |

Hof beck, Il brahi m, and Mattock -0iD69petemenr
Thienfl uence on shear transfer streng-ekiofi nhde
cracking at the shear plane; dowel action of
(fromta866. 1 ksi), size (faonmamMge melntt oo fNor.ei!
perpendicular to the shear plane; and concret
the effect of dowel action, soft rubber sl eev

speci mens alawornags diemge tolfe bsahhesar plane to reduce

and surrounding concr etee.i sAdonar dcirnmge ktso atl hoen gr «

the shear transfer strength and iorccemsm®et sdd pc
the interface i s spbesxtiasnttiinagl cirna cskpiencg naetn st hwei tit
at small Il evels of slip in initially uncracked

the shear touwasfehownhrtogbd affected by reinf.

7



as a fu'nttiheen pafoduct of reinforcement ratio
initially coacdevéreofouatdet o be puaboroiohall ¢
of Mahd8 600 psi. Abov'éQhtatvies I|liimnitie,d ecHdregds iom

Mattock (1976) -ofdr ftoersmhesd t2 spwsdly shear tr a
at di fferent-oti mspeciTmensgp uwér ei ghmpopsreecr acke

specimens and 44 composite specimens with int
The main variables included surface roughnes:
conditions. A bonfdt bseakeand maalec)ofwass applie
specimens to create a debonded interface. Con
5 ksi was used together with doweéban dmiysaelihalde 1

sts eef &mMd kessantform$ hgr PA61ASAccording to the test
shear transfer across a cold joint that was i
monolithically cast concreteseshwiarhtamnisrhietri a1t Ir
joints with a smooth interface, which is main
i's much |l ess than,tlwht cdf ia aouoghbubablt tate
resi smemtteeniecabckinhg (asrmeadoweli Eacbisipreci mens

roughened col d-2] omarst pg wrpfoasceed, fBOg. c22al cul ating

0 TR Q T Tl QRQA i Q Eq -2

Where:s the reinfQoscéementyi eadi stressQicf tthlee |
concrete compressive strength.
Mattock and Chow (19 70bf)f tsepsetceidmesnisx tsce riinevse s

ofmoment and forces imaremdlactto othhd hehedaear tran

monolithically cast concrete. A combination o
cor-bepe-opdislspeci mens, consisting of a total o
| @la at varied eccentricities to the interface.

oftfype speci mens (shown in Fig. 2.1),n auwtdi wiitoh
to sheariddhibBomwass o me ngtsehmsgpi odsntegdh st e el bolt s
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eeves oriented perpendicular to the interfa

at had a target compressive stihisdrgt meomfdric
| osed Nwi ay8 edtdi rsrtupessss of 53 ksi) crossing t
ments | ess than or equal to the wultimate fI
ear transferrceg eagplhi edepmsi pandiocul ar to t
ansfer strength in the same way as reducing
ear plane.

Mattock, Li and Wang (1976) investigated
inforced concrete swrilmaoeds pddifdpuegdi meenst. s Td
ecimens were conbstghtwedghitromoect @tee @U$i nc
ght weight aggregate or cr uslgéead wangil arcolnicg l
placing fine |l ightweight agdmgéedgatce nwirtehh en dtu
d natural sand). Those specimens were eithe

mpressive strengtrRdoffroime2cdndcmetbe kvsa and
inforcement (No. 3 stirrups with a yield st
asured shear strength was pr e%@(nttheed prno duecrtn
i md mant ratio and reinfolricgmewei gyhitgh &lwesit g et
ncr et e, acerxaadskht shgec s heefar pl ane reduces the she
nstant a mo'uitvta | fucen o rdwegli g eiher ehotwwbrgeeduct i on o
ear strengt hacdruaec kt od eecxriesatsedscrec ooefa s e al Fpr a o |
ecimens with similar samdlctrheet es hceoanmip rtersan s/fee re

eci mensnomadhelgWmibihiciretar ound 20% dmaqieme nsh ami

sa#hdght wei ghtTshe@earcr stspercd tmena4h dvg h thwe i ght cConc

I a
of
[
pr

rger tstpeerc itnteaniisli gvhh tt Wei ght concrete by a vari
| i ght we isgphetc i, onehmasw et eer i's not significant|
ght wei g hE x pargegsrsei goantse . f or calculating the ult
oposed for-lightwéigleitsg mtmdeaisghintd concr et e.



Il n their revi&anovobsthadtitdirat €OV 2)1978)
first to propose an equation to calculate she

concrete compressive strendthoasoavvasigbhben

b Qe , Q Eq -3

Whenei:s t he wulti mat dédresihrefaar csémeensts hreatyiioe |l d st r

transverse ,riesnfoecemdrtr,nal nor mhd e Rirsesa ap
cons@adtfor uncnacked interfaces

Wal raven, Frenay and Proufifj ssspeea ¢ i(mikebeBs? girnt e ts t
seriefshe first twat senvestiwgatei rmag mele i nfl uen
strengtstheam thensfer strengt h, and the third
Al |l the specimens were preccackedng T,hbhiemmmoluea t

form of closed hoops with a yi €bdcsetessompr e
strength (3 to 11 ksi) and the product of rei
t he main vtahfdi alslted . woFmsreri es of t essttsal isgpeci me
fai lEgr-&£ .2was poepdseestdt br esul t s.Lakd -Ergprsd®2p mmge dd al
Loov,4d4EqncRPudes concrete compressive strength
0 O MM Q ni Q

6 p&YQ”’ Eq -4
6 8o iw®

S5

Wheng:is the shear” i sandsifeerr es niQoa griedmnenrf to r rc &tmem
yield sfQriessst,heancdoncrete compressive ®Qtrength
™ Q) .

For the third series bBfena&ytandePout pdsdry
repeated |l oading and sustained | oading tests

Repeated | oading consisted of a sinusoidal w

10



alternating bmawemummzleoad,anwhiach varied bet we
static ultimate strength for each specimen. TI
769, 400. After the repeated | oading, the spec
ssitained |l oading tests, each specimen was sub
static ultimate strength for a period of ti me
was | oaded monotonicall y weoc nf ali6lOurteo a4t0 7a nd aaygse
was found to have an insignificant effect on

Hsu, ,aadu Chen (1987) proposed a theory to |
uncracked concmetdmihisntsersf adesa. tThuses compri sed
crossing the interface, where each strut is a:
in compression. It is assumed that a keneical
shear stresses are distributed approximately
strains for the given stress condition can be
from the theory. This esllobppwsef oo becomptet at sl
force represents the wultimate shear transfer

reinforcement | ocated parallel to the interfa

—
-

ansfeanseféngthfhat i samegbkéanddrbdyg desi gn
Kahn and Mitchell-oftR2068pRpEcitmehedt 860spudh sh

highrength concrete (with concrete comnipergessi v

stirrupsmm&dadé 60 No. 3 bars were used as sh
to the interface. The reinforcement ratio var
prcr acked monol ithic concret e, uncaalck e d o inmotnsg

Equ at i-bovap2 oposcsaldculaditeaart md o0 ed cpinddi nutnsc naek édces

0 TBIR p8” Q TQNI Q Eq -5

Wher'er. e pr etsheerhtesa r reinf ®@r ceeriie®s theig,eld str
reinforc@ment heaadncrsdtre ngjdhrep reegsusaitvieon i s base

tests of sQket meas 4wi Ahtendn7pBaksithe test res

11



]

esidual S htehaer isnttreerfatcle sofwas similar among sp

(@]

onfigurations, regardless of interface type
Mansur , Vaméayagam(2008) also investigated
crack in r-einéogtlkdc dnrgehcertec koeNd nppelre nmpns wi t |

compressive strengths varying between 5.8 anc

stress, provided by réeiQnfewasewmantedniireml Cula
t est resuat si sboswasied hin either concrete str.
stiffnessltionpebarrh & dset rodss versu$stsimapecstvengt h,

at peak str enogamahs. pHouweaotsieodn t20 ctarlacnuslfaetre stthree nuglt

a crack.

0 T® @ pQQ 8 Eq -6

Where:s the reinforcementarreaat ioof csrtoesesli ndgi vtihdee di
ar@ s the yield str®© s ohereiomcortcemenmpransd i

Zeno (20009) i nvest i gsatreedn gtt he sit refell u eonnc es hoefa
concrete surfaces. Thefdt sy cdomrenisstwed ho fc od idg
were roughenedft matand eampgl i1t udhe The specified
used for both sides of the | otlnetggwads t5 ekssi(.e iAl
or No. 4) crossing the interface. Twe:t ABdM of
A615 (with a nominal yield stress of 60 ksi)

ksi). Strain gauges were at f adiheed ctoonctrhed er 4 ini
Applied | oad, interfaceratkpwidehnperpemenctuls
were measured during testing. The results shoy
to the concrete component, and steel strains
Recor dedndsitcraaiends tihat steel reinforcement Crc

specified yield ststesesgtandei hdoreceemeant Wi ghn
Based on the exp-€r iwasntpalopdastea, tBq.ca2cehat &

reinforced concrete members.

12



Cold joint: W TearQ Mim@TtO mua Q Eq-7c¢
Monolithic (0o mMWy®Q MINn@TO mT Q Eq-7h
Monol i t-chriac K W mWn@TOo mu Q Eq-7c

Whermei:s t he shearo firsi ctthieo ni ri€tesrefhabceeh caornecar,et e ¢
stremdgtsht heectrioers area of reinfpercgpeeditcclrarsls

Ois the elastic modulus of reinforcement .

2.1.2 Current Provisions for Hori zont al Shear

Both AQl4 IO ithRealid i on of the AASHTO LRF
Specification (2012) i nclude equeatiwerfn tconcal
interfaces when interface reinforcemelhnd4d fcaross
horizontal shear strength 8shéabl érRcfijoahdaTa
provisions apply ettoe asnyr urceiumrfeosr,c eedx ceqriadrt hat
|l ater in Section 2.2.2, appl.y to composite ac

‘

w 0 Q upper limit (Ta Eqg -8

Wherwei:s the nominglissearoedtfiengmnh, of frictio
preparation( @aabA é@cei2d nttheeg faarceea of reinforcement

t he shebairs parmma,of t he Q@aenttadet rientnd refr.caeene na n dy

Tabl®URper Limi#8 for Eq. 2

Upper Limit Surface Preparations
Least of i@ Q0 , T Y m i "Qmdt (R, p @ Tyt &Q Monolithic andCold jointwith Rough Interface
Lesser ofi@™Q0 andy m 1y i &Q Other Cases

13



Tabl2z2C@efficient &fg.-8rR2i ction for

Contact Surface Condition Coefficient of friction,u

Concrete placed monolithically 1.4

Concrete placed against hardened concrete that is clean, free of laij

and intentionally roughened to a full amplitudeapproximately 1/4 in.

Concrete placed against hardened concrete that is clean, free of lail
and not intentionally roughened

0.6

The AASHTO Specificati omVaelquueastyibfoonr @inasr egi v e n
given in Table 2. 3.

G- @ b6 0 0 aQi&WVWW 0V b Eq -9

Wherme(kip) is the nominadi si na eadhdse{ . dfa ctiroes,
area of concrete enga@gedidmn ni si nttheer faarceea sohfe agh &
crossing perpendicul@ardit® the phdremanerdtaneetwi ¢
nor mal to the shsatrhelanac({ibdbnaa¥y)concrete str

sheamnds the | imiting interface shear resistan

Tabl3®C@hesion and Frfiearnr i®qp. FAactor s

Surface Preparation Friction Factorpp  Cohesionc (ksi) Ki (ksi) Kz (ksi)
Castin-place concrete slab on clean concrete
girder surfaces, free tditance with surface 1.0 0.28 0.23 1.8

roughened to an amplitude of 1/4 in.

Normalweight concrete placed monolithically 1.4 0.40 0.25 15

Normalweight concrete placed against a clea
concrete surface, free of laitance, with surfac 1.0 0.24 0.25 15
intentionally roughened to an amplitude of 1/4 i

Concrete placed against a clean concrete surfé

. . . 0.6 0.075 0.50 0.8
free of laitance, but not intentionally roughene

14



Equat-8 oins 2t he same for m as eeqauraltyi olnosr, i zsounctha
given -in Equa®fions of this form attribute al/l
crossing the shear pl ane. The 2AASHMOI WShes i t
representing cont raidbhwetsiiooms (toa storhersgtom)f raonmd r
interface. TOhe sf ocrommsoifstEgnt 2wi t h equations pro
Mitchell (2002) and Zeno (2009krakamsmbegroshees
i ntaerf Althoug8 né&rt hé&bhsHeas .vbatibavbd eupper | i mi
are a f@nceaomni otfent with findings from Hof bec

The Moidlel f@adeConcreft201SG) ualtuo egrovides eq:
i nterfate ewmegtevbleren concrete(Egsd)2at different t

©Q , ™W'Q Eq-16:
T ©Q ., 1"Q ‘OBl A0 I” Q0Q 1'Q Eq -102

Whertei she integtfragiegsésioedrf i ci ent {dabh®@heés#éye
is the desigooeabete isaf remcdtion(TabE.gd)i ci ¢ mMte
|l owest expected compressive stress resulting f
"iamffectiveness fabioh MooRE® e Q¢ ¢ hepedief i ed
cylinder compressiwieacsaerfefnigctihe naf fcoorncagedgreegat
rough i@©cTablffQd&shdechar acteristic value of cylin
conchkesmnteraction coefficient for tenssile fo
(Tabl,gi 2.4he reinforcement ratio of Qihe trkee nf
specyifeld stpreesst rodssniomgroesnhgogr,ciemenhéer faktin
of reinforcement lcirms sntreg atheomnteef&tcejent 1
(Tabl,anf@i gc)oefficient for the s¢Tamlge h2 . 04) t he
Eq-1022 i s useswiftdomouitntren ind @le0de men tu saead fBOQq.
interseéewelds bynd r eiliboc ctaldee sdontErqgi.b 2t (©oheof d
l ast, twlmhimh is notAAISHdITWDded i n ACI
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Tabl&eCa@effitoengd. 2

Surface Roughnesy @ &) I I I - -
fkO 20 fxkO 35
Veryrough
. 0.5 0.2 0.5 0.9 0.5 0.8 1
RO 3.6 1
Rough
. 0.4 0.1 0.5 0.9 0.5 0.7
RO 1.5
Smooth 0.2 0 0.5 11 0.4 0.6
Very Smooth 0.025 0 0 15 0.3 0.5

2R is the surface roughness derived from the sand patch method

2.1.3 Summary and I nsights

I n previous studies, the influence on inte
versus uncracked), surface roughness, reinfor
been most extenFhvelughi hhesti gdtuedd .e s, mul tip

proposed for calculation of the maxi mum shear

identify a critical slip value associated wit
However, tphaer dmétl ®ews nlyave not been extensi
T I'nterface Stiffness: Very |Iimited work has b

terms of the initiasl ispg irfelnaetsiso mosfhitph.es [TShpe ast

rel antiiponmsay be an i mportant factor governing
girtdeoncrete deck interface.
T Alternative I nterface Surface Preparations:

have been shown togbeh&elgofazonral gsheanistr
studies have considered only =either fully
combination of partially roughened and part.

t he behadvijoori notf itnotleatfead evei tphr ebond breakers

16



T Hi ¢t r engt h |l nterface Reinforcement: The yie
|l argely to |l ack obftiatast bebausebeesetncgpiohd b ct
st eéRklles(s or equal to 60 ksi) as dowel reinfo
use of higher strength reinforcement is not

the findings have not been repeated.

1T Headed Dowel nfReBaf e: No research has eval uat
the interface can be effectively anchored wu
simplify future deck removal as it eliminate
1 ColJddotiwi t h Di fferent Concrete Strengths: Pr
constructed using concrete with a muecihn hi ghe
place concrete decks (8,000 psi ver sibs 4,00
Structures, personal commuwoifdatiesns,2b0bdbWwpvelk
conducted on specimens constructed of two | a

22Composite Behasicarl eofGil areg e

Largeal e girder tests have also been perfor

conctreomecrete interfaces. Most specimens have
a ciapltace concrete deck. T hel yc omeneerc t @ iotnh esru r f @
smoot h, and most specimens have had reinforci

have typically been simply slupaédr medsmpanhh knt
shear stress is tnywpikEdgdl |2y approxi mated usi
WL

Whenées t he sdiesart hset rienstsefrinsalt hseh efairr sfto rmoeme nt o)
the interface, taken dbsuthé hmomemt rof di oér t in:

composite o8 &dtbeeam,wiadtdh . Findings from key st
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.1 Findings f-foml Prévides Tasge

n addit-oé6h Hassopns s(hl1 960) rreopno r tt eesdt-ssih acpfe ldtt e n
osite girders designed to study the effect
r across the inte+s pdaacebacPomecmaertyer\earaisd b lae
sive bond,estuhéancemooubhoessof@gh), and a md
i nterface (ratio of reinforcement varied
rface were prepared by applying a siliconi
revent format-iphaecf hbhecd.wiComctrlee ec aasted f
i fied compressive strengths ©«bmBl aadt 5N&s
rups that crossed t hie. iTheersfpaeccei nmeards aweyri e |
osite shear failure would occur before fI
he precast girders were held constant, ex
act @arehebptawepbhcandooastte (achieved by
bet ween the deck and top of the girders
easlimgd gpo(itmito | oads f ofpod enti d easdrste W a@)r d | stedrai
dspan unt il failure, which wasslalariandtearfic
esign. Mi dspan deflection and slip bet we:¢
rded throughout t he et ausstesdd. tToh ecshearmea seuri en
ughout the tests. I nterf-A eDwsrhiermg tsd gteisrsg \
maxi mum sl ipg hipod+thtoedtthgeiorf delr neman. The r est
i porfmapely O0.005 in. was a critical val u
kl'y deteriorated. Shear stress versus sl

l ar to -ethfosteedtr®.m push

Seamann and tWasdthealdp) § D6 )obeanmesfigate bhese
aramet elmsr iozno ntshaet ebsedtiteddere n p r egeiarsdt @& desa opeclgdectee

onc

retGe rsllealss with three dinfdf e2r0e nftt )s paeerr el d negst

trengbhcrodte was wused for both girder and s

ar i

ati

ables were roughness of the contact interf

o of bars crossing the intepdaclkefgthi ed,
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ft), shear keys, position of the joint with

rength (3,ThMatber mendi &t. & fkisni)sh (1/8 in. depr
t the mort arf bceotaweseen tafyigerceggsa tfee namsdch ( 3/ 8 1 n.
epared by removing parabioalras hafvi coga rpsFeota gg!
stipgi nt(wlod aedmstshiednmi 0 §weane applied monotoni cze
dspan deflection, slip between the beam and
mi dspan were meawered.o:bBlearews dflaithairesxifcany e e s
d a comlhien dTtwido nr iecsfdi il tt B Eeear strength i1increas
rface roughness increased from smooth to i
ughnasismihlaagr shear strength as beamdsg waist h Kk
e ratio of shear spagquat obmbaReoptiomwemd adptah i che
rizontal shear strength.
® — o it Eq-12

eryYes the ulti mXit®healod ars hetarr e sgptam,a nRi sehfef e c t |
i nf or ctaodrete lirnegtr osjsoi nt .

Foll owi ngttald cquasnposite beam tests by Seec
d Hul sbos (1967) performed testefbéct290ft ome
ading on horizontal shear stizengtblk.a mbhea ntde 4
zed box girders. The primary variables wer:
rcent except foradf udl.l05s ipzeerdc ebnetayms rwahtiicoh ohf s
pth (2.6 to 7.7), and joint roughness. I nt
nsider ed; t hese were prepared the same way
nductedlwndcarppoirmed pondiagdplaidesdvin@hat avoied s p
mmetriclhdBY ¢iati bhswied eni afs).ptaBef or e doi ntghd he f

eci mens were |l oaded statically The tdha@&menasxti ant

t esadmser formed ten times at regul arfeatnit @gwmegatl ss d
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a sinusoidal c¢cyclic |l oad was applied at a rat
or two million cycles was reached, whichever

varied among the speci mensstbraesnegdt ho nt ersetssu | twsi tf

fatigue | oad of approximately 70 percent of t
fatigue | oad of approximately 20 percent of
strengt h) . Mi dsgpiat diehuteicam®nal ecng abemam dept h
the slab and beam were measur ed. Joint failu
interface, j oint crackingl9% peaedi mehtmp eé€lfénemcs i
subj eot¢dvo million cycles without exhibiting
statically wuntil failure. Joint fatigue strer
horizont al shear i mposed on spetchanemat itchwd Ida
Roughening the interface was beneficial to fa
than intermediate joints. Joint fatigue strer

reinforcement andheadrn ghpgdry tionfdfufenviesly gryosp sk d

to calculate a conservative estimate of all ow:
under fatigue | oadings.
. CTTT
Il nt erm V) G QT Eq -1 32
PP o
. OULUTT
Rough: 0 ¢y C TUT Eq -1 3z
PP o
Whewes the allowable shears dtheregsimdodercemamnitgg

inter fdQes tamed rat-t@fdfcs hvmridegpathme.st i ng, join

a resulting | ossi aotfed oang dha lirddest atdw ot chre isrhietar s p
the support due to diagonal tension cracking
poi ht sappears that the |l oss of composite acti:

Chung amd (AW 6) tested 18 prbeesamse sisne df ocuorn c

to investigate the effect of repeated |l oading
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concretsandgi-icqdleace coBcrlehtee amocuknt ofimeinherc

interface (reinforcement ratio varied from 0

the main variables. The compressive strength
4. 4 ksi respectivel yh.enlelde sjucihntt hiant @ rhfea c® awasse
An aluminum strip (11 in. wide) was placed in

area. Specimens wer e rsdarpdsyp asru pwiotnht atfwdaddd ( © 2
i o.rei tshe emiodfispanor each series of specimens, o
statically to failure to determine the streng
repeated cycl es. Speci mens t este dmiulnldiean rceypcela
rate of 240 cycles per minute. The maxi mum am

70 percent of static ultimate strength, while

(@]

onstant at 10 percé&ht pobet weemat dmaemdga sewlrgerch a r
during testing along with midspan defl ection.
|l oadi ng-st at iqouafsliexur al t est was performed to
strenigathghofbondedr eat @€6f pkeasens of the static

is a critical slip value beyond which composi
to 1 million cycles of repe@tierded otadd ¢ @duaaea a mf
exhibited no reduction in howitaantcal | yhear fat

Loov and Patnaik (1994) reported -beasmé$ts f
designed to studyshbharetsfeengtbnohoreraoahbateme
" Qvaried from 59 to 1,120 psi) and concrete ¢
same strength of concrete whet esleaad omreibroftdcr o
consi sted of No. 3 bars with a yield-cattewstadf

coarse aggregate proitmstdead 6foam thegBust@iat &c e

in For testing, a pointat omddsw@maan apmpt i ledf amiolnu
bet ween deck and girder as well as strain of
were recorded at regular load interval-k1l Hor i

Based owl ttsh,e Adfapss @Rroposed for calculating the

interface.
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b Q_ " M QR0 Eq-14

kkies a constant for eidfaerceanstsantf awwsee & otna i &
concr éttes déeresittryansver Qesrehefprekedestreasi
s Qi andhe concrete compressi Vve-asstasetndftahnea eAc c
a shear strength similar to that of a rou
nsver se reinforcement stresses wesoef 1 nsi
roxi mat el ywe2iZ0p otsoe d2 9 0Stp sriirflepcs i weer evhmmms tl oe a
m medspan for the region near the support.
Patnai k (2001) tested 24 composite beams w
crete comp(r2e.sbs itvoe 5s tkrseinpgitehe Epha @i Mgd o @&p B (
mping stress (44 -4dvapbeds hgagpde)dT sPetich nreencst avreg |
|l d stress for shear reinforcement was var i
crete had the samen octoonmpirceaslsliyv ei nsctrreeansgetdh . c o
|l ied at midspan for testing of the speci me
) as wel |l as def | escptainojn wearte nmiedcsopradne da n dT hgeu
t concaederatrengt befef sptaiciedgdemtth o do not
i zont al shear strength across a smooth int

erved when composite action wasul Blshfa £ a s 2 (

posed for calculating the horizontal shear
0 ™ " Q0 QAT WnEOE Eq -15:
b 1 A O Q uvdOE Eq -152

rei:s the yield strésiss otff hd hree irrefi di®iass mtetmaee n it
crete compressive strengt h.

Kahn and Sl apkus ( 20b0Oedaymst esot esd usdiyx tchoemp andiet
j oi ndtsr @ mgthh gdid®2n Kkrseét)e a(nd t o evaluate wheth
ar strength in the AASHTO Specificat4d on ant
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beams were similar to those tested by Loov a
nors&hgt h concrete (5 to 7 ksi). The precas
compressive strength of 12 ksi, and the fl ang
strength of either 7 or 11 ksi (thraea pspqcGrma
60 and conforming to ASTM A617/ A617M, which w
the interface. The top sucbhate obifikéehenptheasn
(1994) tests, and the tg ainbBeejscientr ewas ov & reimead
percent ). Twionomopetd ®thds alwegyemmetprl iical | Y1 .&dbout
if.rom miuchgpan)t he specimens failed either 1 n |
crushingge sSMmaeerrfstresses were calculated usi
(total force in longitudinal reinforcement di\
with values calcul ai edcosdkesg afacdc osrt dainngga etqos att hi eo
equations in the AASHTO Specification and AC
compressive strength up to 11 ksi. The result
only on clamping stresesshwte a&ltgs®ngn hconcrete

Kovach and pNeariftoor nMe2d@t8=mg 6 si ovedtli gate t he h
strenfgtchomposite concrete reiamfso.wsleneeuttf alcoer ir zoa
antdheompressi vet het-sphagtele kdfwer e t he Cmaicm evar.i
compressive str engptlhasc eu sdeedc kf owe rteh eeictahsetr 3 or
precast girdseur fwacse 8p Kk e pwaer ks evdero o typhlt ahcassldlsg h ne s s
r oubgrhobimni % ha kfei ni s h, and.Fslre et pessftioooag ,sv qwvadr et a p p
monot omiea@aadldlsypan to failure. Mi dspan defl ectic
along flange depth weind errdaared e d.u glhtneeds a6 fhhiffagsa tre
orn hheori zont al shear cagpawitlyowtf reoimpfosrn ¢ emeretc
pl ane. The influence on shear strength of dec
i nconcThues ipoeeaikz ohnt ali mphemetlsd rteesst s ranged fro
much higher t han the ACI Code | i mit o f 80 p

reinforcement . | t was also found that a decre
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shrinkage i fbeéthwedn mel gpea merdt of the concret

relatively | arge.

2.2.2 Provisions for Hori zont al Shear Transf e

AClI -B48 ( 20nlcddl)udes separate provisions reg:e
strength calculation for composite concrete f

When factored skhedruommQrhi nomi alalf dhmeceé zont al
@ should be cal dwl ataéhdWb @ éRc.grudiami®2g @ shoul d be
cal cul at e dpraoccvcsbsosdoieag tfo i c tli4dgqg -8i,8 TAMIl e3 128 1, al
2 ).2

Tabl®Na@mi nal Hori zontal Shear Strength

Shear Transfer

. Contact SurfacePreparation Vnh, Ib
Reinforcement

Concrete placed against hardened concrete Lesser ¢ o i — God
intentionally roughened to a full amplitude of of =
As OA min approximately 1/4 in. ' 500.d
Concrete placed against hardened concrete n

intentionally roughened

Concrete placed against hardened concrete

intentionally roughened

80b.d

Other cases 80b.d

Whemd:s a strengthfi7@dustitdhe faaetorof shear r e
spadiongg i s the minimum area of shddarher diamfgenrc
MLV QO j Qandmij’® @i s the width ofoitshegicrodnetracvie bs u
Qi s the distance from the extrpaomei tceco mpea @tsisa
centroid of prestressed and nQnpr ¢ hiter speaed fl @
strenghtér amfsver se reimmode émeat j oandactor to
mechanical pr opecrotnicerse t eef rleil ahtiwei gthot nor mal we

compressive strengt h.

24



2.2.3 Summary and I nsights

Mo s t previous tests of composite bridge gi
shear strength have been siimpdlyl swumpear tmidd Dea
However, actual bridges are subjected to dail
testing. Furthermore, the author is aware of

after t he dreocvke dh aasn-dlaesdhne nraer eondi ti on t hat frei

Finally, the influence of a partially debonde
investigated thoroughly, even thoughl wwadddwa co
partially debonded interface. There is a neef
fatigue | ife of the composite system

23Concrete Deck Removal

The procedures required for bridge deck re
ofhet deck being considered is .l oRemoewvda |Ib edafwedckeac
bet ween girders is-cmaitmhy domgi budinabktystalvrc
deck alongside the tips of sbwet gcodereféeangests
This process is relatively fast. -Bemsuami ngf ad:
tedious due to the connection between the decl
reuse. Al t heoqwg hp nteinftf earnedntt echni ques are avail a
the presence of wide and thinGiodegsrdbeef Fag
introduces challenges. Not only isctame | yontaa gt
t han for other girder types, many deck removal

top girder flanges i f damage is to be minimiz

2.3.1 Kansas and Nelmeaslsa State Requir

Th8t andard Specificat BomsgéoColshtet Katoioank oc
Department of Transportation (2015) has speci

employed for bridge deck removal. The depth o
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of three inchegirdderecand wibtolvien atntyr ee i nches o
Use ot yPdeopavement breakers is forbidden. Hoe
girder or within one foot of either edgd of
above the top flange of a girder, onl yhpackha
Bridge Office Policidae dArdrRsadae Desfe OWatg n ahlacd
similar requirements regardi ngveursegiorfd ejrasc.k hVahn
along the edge of a girder dlegmngemamchd corrti e n
jackhammems tedet o 15 | Db. For use in other are
are permigieder¥%henth wide top flanges are us
wi de str i-pe alfeds neowrtfhace al ong t hpeo sesdigbel se odfa ntaog

the thin flange tips.

2.3.2 Previous Studies

Vor tt(rdl9®9R2yestigated partial removal of <co

of bridge structures. Their recommendations i
deermined by three main factors: area of <con
removed, and depth of concrete removal requir
classified as: 1) For surfalcenmienmmp,y adamd bleast
bl asting are preferred, 2) For removing cover
steel, the recommended method is concrete mil

than the depbhh witheunfdamageng reinforcing s

breakers-damdl| hyydo o, and 4) For removall o f co
include sawing and | ancing.

Use of pneumatic breakers is @crepedtinDi
their | ight weight and-hekdelphenmtmamaoebvea&alki]l
and are well established tools for removing c

i solated areas and furrdmcwear toinc-hberliddmkerse a ldkamsda ¢

powered by several energy sources including p
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engine, and an electric motor. Use of pneumat
effectivei aald teltaamoumse of breakers powered by

remove deteriorated or contaminated concrete.

under 20 I b to under 100 | b). Pneumeatriad eldr e amk
|l imited space where | arge equipment cannot be
of bridge component s, use of breakers +s the
intensive and sensitive to cost and availabil

Kane | (1996) propotecec&d conoeretéeogisgsetem
replacement and provide sufficient strength f
detail consisted of an unbonded oimmttehref atcoep wsiutr
of the girder as s haupset drcadt getadx ¢i ns hFeiag,s regp ann.ed d ol
from girder vert jexatleedsdhienar irnetion ftohrec ecnoennctr et e ¢
the studyoffbotastpsuahed gfiuldler tests were per’
preparations (smooth, rough, and-ssheeanrgtkhe yt)h,r es

baos Grade-s60 emgitmmalreinforcing bars), and bon

482"

£4" :1 40.2" i 4"

Girder Top Surfac | |

-Shear Key

kl:f,_/z #5 U Bar Spaced @ 23.62" r" S A e s — T
—
|—| N I NN
Shear Key. irder Top £

Plan View of Girder Top Shear Key Detail

Fi gu23Connection Detail
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To ensure an unbonded interface, a debonding ¢
of the deck concrete. I n addition, deck remo

j ackhammer o mpuaoiief ssepreiceismemfs t o evaluate the

surface prepatattiaen| meahodg deck removal. It
interface facilitated deck removal and that t
aound the reinforcement t hat crossed the inte

of the deck Teesnto vrads ylrtosc esshsowed t hat beams des
shear key interface perfomrsmear mibledmaviar teomdb
conventional bonded rough interface.

Tadros and Baishya (1998) <conductedeakh ext
repl acement met hods and explored new superstr
decpgpl aeement. The study focused on three main
demol ition; 2. Details and design of alterna

concrete decks to the wunder | yi nigo novd rdeer estue veery ¢

interviews, t he most common equi pmemobunmntsed f
breaker s, s-hevisd laaohmehtasngde Da mhge commonly res
removal i-aoagt sdandsamwcr ocr acckosn cone tteh egutr slpe r 84 rofe
the top flanges of steel girders, and spallin
due to | mpnaocutntferdonbrreiagker s. The researchers i1
systems, decikomsumdtalted p,r odletcegr nat i ve shear cor
postnsioning in decks. Although the study was

considered 4fa@rnajcei mienqhfoagted concretetttecks
same debonded shear key system proposed by Ka
Two deck removal met hods were reported by

performed on a steel gi r-detrt iumda,mgied ke gcambi

removal. hlsey es ame cutawas used for both metho
l ongitudinal cut along one side of the stud |
concrete around studs before the | argedpieces
additional l ongitudi ntallset odt $ 1 akong tlide | bt Isd¢ e d
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to break the concrete strip between the studs
being broken free of t he idteuddelfyfTolredssebend i ms:
Assad and Morcous (2014) investigated the
of different deck removal methods performed or
flanges. The tdrioanl 4 wwerNéd rdso nt chuacit ever e t o be re
demol i shed by the Nebraska Depati mgnandf j @ac&im
were performed on concrete decks between girde
ofhet girder deck system after deck removal, r e
t wo Urders after deck removal was completed,
in flexure. Accordi-ogttonghejamd bypamgai bgon a
t he most common met heddesc kafn gd e cFkr orme mohwea |i nfveoers tri
the outermost 8 in. of the top flange is effe
without damagi ng itdhteh tiosp sfulgagnegsetse.d Tthoe bwe e xt en
llgirders to minimize time for jackha«mmeéting.
outside the Iline of shear connectors and then
fortergs bmliOdjdadrsk h aAmmeo mmendedodwhot oustéhseh ¢ 2 v e |
conngitdlorowed by a 3tOhd bc graacrkentaanmeelsfvw rt he she

2.3.3 Summaryg and I nsight

Prior wor k hacso mbnidniactahteentd otdgnajtacsukiwt i ng i s s u
for remownazlr esoevedeqgk rder s mias padci aldma gwhpeprio r t |
beaims required. This tecsnrgpmaa b a gaacbceeepdt ret necset e
practiAse for ciglnntehoatuirecmmd gty ned sdgain s mebhakeys)
halsegpgmovenfacilitate fNWUIHGIiedeesk Hemewveael , b f ohe
required to produce the shear key wys$temewi | |
even thinner toph&!l pangeariastonnopa di gcrabtceeds.s A s i mp |
det aifla ctiHfadtt autrees concr et e dsegcoko dr ecnoonvpaol s i & nred aecn s

required.
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Chapter -8ff Plsét s

Smal | s ceafleer rteeds-otbdf arse spusssh were conducted t
of sever al variables on horizonitplacdheaondrnraea

sur faces.

3. Experi ment al Program
3.1. 1loPtisl®Speci mens

Pusohff specimen dimensions and reinforcemen
specimen was composedshafpedwpaanti cyommestcrtiead La
interface that was either 12 or 2tmosBektwioda,
which was cast first using 7 ksi concrete, was
bridge girdesecfThent oepo ed eilctee & otnlcea ectaes td e c k .
cast several dagy s4 akgsiercdrher eftieg.stA upsainr of 1.

bet ween the two concrete parts above and bel o

7 ™ | (E o)
J)g_ e
Simulated Cast-in-place Deck (f.=4 ksi) S
/ 12" ‘ F d/l b
/ ——No.3 Hoop @ 3.9 in. .
—+-—No.5 Bars [ N o -\E
| No.3 Hoop e 825" ol 55
| 18" |
No.3 Hoop @ 2.9 in. Section A-A for Specimen with 12"x12" Interface
_|-No.5 Shear Reinforcement —
(s oy | (@ o)
33" T
A o ol | |6 0
| —Gap between two parts / ?’% ™
' 2 | ‘
N i
o o1 /&d
L--f825" 55"
e o) [\ o,
e —
18" | Simulated Precast Girder (fc=7 ksi) | 18" |
Elevation View Section A-A for Specimen with 12"x24" Interface

Fi gBr usdhff Speci men Detail
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The specimens were reinforced as shown in
bot-bhaped sections was dessganpeedd tsoe geriadpes gp rf iad
the 12 1in. l ong interface. For each speci men,
across the interface temenctt. alshihsoriinztoenrtfaa c es hse
which consisted of either hooked or headed bat
centroid. For specibnemar swi teh o pveoc ipmag rhse towe eNo . g

TabB. elSumary ofofPfusSipeci mens

. Surface Bond Interface Shear Shear Deck

Specimen ID? Preparation Breaker Area (in.%) Reinforcement Reinforcement Concrete

P ' Area (in.%) Ratio ° Mixture ©
R-12-NB-12-NR Roughd NA 144 0.62 0.0043 4 ksi2
R-12-NB-6-NR Rough NA 144 1.24 0.0086 4 ksi2
R-12-NB-12-HR Rough NA 144 0.62 0.0043 4 ksi2
R-24-NB-12-NR Rough NA 288 0.62 0.0022 4 ksl
R-24-NB-12-HB Rough NA 288 0.62 0.0022 4 ksi2
T-12-NB-12-NR Troweled NA 144 0.62 0.0043 4 ksl
T-12-F-12NR Troweled Felt 144 0.62 0.0043 4 ksi1
T-12-E-12-NR Troweled Epoxy 144 0.62 0.0043 4 ksl
T-12-NB-6-NR Troweled NA 144 1.24 0.0086 4 Kksi2
T-12-NB-12-HR Troweled NA 144 0.62 0.0043 4 Kksi2
T-24-F-12NR Troweled Felt 288 0.62 0.0022 4 ksi1
T-24-NB-12-HB Troweled NA 288 0.62 0.0022 4 Ksi2
RM-12-F-12-NR | Rough Middle®  Felt 144 0.62 0.0043 4 ksi1
RM-12-E-12-NR | Rough Middle®  Epoxy 144 0.62 0.0043 4 ksi-1
RM-12-F-6-NR | Rough Middle®  Felt 144 1.24 0.0086 4 ksi-2
RM-24-F-12-NR | Rough Middl€ Felt 288 0.62 0.0022 4 ksi-2

aSpecimen IDxonsists of five termdirst term= surface preparationR(is rough, T is troweled, RM is rough midyjle
second term specimerwidth (12 or 24 in.) third term =bond breake(NB is no bondreaker, F is roofing felt, E
is epoxy; fourth term = shear reinforcement spacing (12 in. spacing represents one pair of No. 5 bars a
represents two pairs of No. 5 bars); and fifthm = reinforcement parametefSK is normaistrengthhooked
reinforcementHR is high-strengthhooked reinforcemenHB is high-strengthheadedeinforcement)

b Area of reinforcement perpendicular to the interface divided by the interface area

¢ Two concrete mixtures were used for deck casting. More details in Section 3.1.2

d Orthogonal dents with an amplitude of approximately ¥ in. were made over the whole interface at regular
€ The middle 6 in. of the interface was roughened while the remainder of the interface was troweled smoc
breakers were applied to threweled portion of the interface

f The middle8 in. of the interface was roughened while the remainder of the interface was troweled smootl
breakers were applied to the troweled portion of the interface
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The sixtoddénspesh mens included in this stuc

speci men names include references to the majo
convention described in the -dfi rsgecfiomemso,t et Heo
variables included surface preparation of the
interface, and horizontal shear reinforcement

considered: rowmgh, atndowe®lugd (ms diddé @n. Lobfe rtehien t

interface was roughened and the remainder of
agents were considered: epoxy, which was appl
prior to placement of the second | ayer, and
breakers is provided in Section 3.1.2). The d
t hat had been trowel ed s mootbhondionrg raguegnrt ,mitdhdd
agent was only applied to the troweled portd.i
reinforcement anchorage type (hooked or heade

ar ea.

3.1.2 Materials

Concrete ompioxtturomsprusefdf fopectihnee npsusahr e | i s
(details regarding mixture constituents are |
concrete us-sdapedcpettone bad a speci fuilead ec 0o mp
a precast concrete bridge girder. The ot her
compressive strength of 4ofkfs it etsot ss iwwurlea tceo nad ubcr
with different mixtureepsgeodoirn ioacsh foar-1tehe (4r ¢
and -2) ksThe ¢ hamrgoep awna snomxattureexpected to affect

For each concrete placement, 4 by 8 in. co

prisms wer ef ocrasme atsouralmeonwt of the concrete cor

rupture. These cylinders and prisms wer-e stor
of f speci mens. The mean concrete strengths me
testing are summari zed i n Table 3. 3. The <cyl
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C39/ Cidl92va and t

C78/ Ci7flsoMe t ai | e d

he prismpowetebeeaediad

resul

ts

ar e

provided in

Tab8ZMi xtRreportioh(sSPE)yr vyd

Content 4 ksil 4 ksi-2 7 ksi (for both series)

Water (Ib) 237 274 300
Cement (Ib) 538 583 650
Fly Ash® (Ib) 0 0 150
Fine Aggregaté (Ib) 1270 1880 1160
Coarse Aggregate #1(Ib) 562 0 501
Coarse Aggregate #Z1b) 1420 0 1180

Coarse Aggregate #3lb) 0 1230 0

High Range Water Redung Admixture? (0z) 0 17.0 0

Measuredensity (pcf) 148 145 NA
aType | Portland Cement

b ClassC
¢Kansas River sand
4 Pea gravel, maximum aggregate siz

e of 3/8 in.

€ Crushedgranite, maximum aggregate size of 3/4 in.
f Crushed limestone, maximum aggregate size of 3/4 in.
9 ADVA 195 (compliant withASTM C494/C494M16)

Tab8xrMeasur ed

Concrete Strengths

. . First Series Second Series
Material Properties - -
Girder Part DeckPart Girder Part Deck Part
) 28-day 75 5.0 6.6 5.6
fem (Ksi) _
Testing Day 75 51 6.6 5.6
Modulus of Rupture (psi) 548 417 572 434

For each rei
tested under di

3.4 and sampl e

undarccbo g

Appenc

nuf soerdc itnog fbaabrr igcraatdee t he speci mer

rect tension.
plots of stress
B). The

are provesteal Appealli x
strength (ASTIM AGr&d A 64tGNIVE rogt AL (BRBTME M Gr ade

120) reinforcing

bar s.
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===Grade 60 =——Grade 120 & Headed Bar

200

160

120

Stress (ksi)

\

40

0 L
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Strain

Fi gBReSt resdggain Curves for No. 5 bars Used as I nt

TabB34eLMeasured Reinforcement Properties

Material Property Gﬁg'eSGO Grac(j)(_a 5120
"Q2 (ksi) 7 140
- P 0.0@5 0.0069
Q¢ (ks) 109 184
- 0.099 0.050

2Yield stress, calculateasing theD.2% strain offset method

b Strain at yield stres calculated as eith# divided by modulus if there is a yield plateau or as the strai
which the 0.2% offset method intersects the stress versus strain plot if there is no yield plateau

¢ Maximum stress

d Strain atmaximumstress

The i nterface shear reinforcement was anch

shaped section with | ower strength concrete)
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mechani cal anchor. The headed -dnfrcehcagna lcaarl haenacdhs
which have a bearing area secappmnaxi matal pff o
headed bars was a small component of this st ui
in tei t6i oMASSHTQ hleRFDeBi gaig&p.eci fications

The two bond breakers used in this study :
epoxy. The ra oNOGASIREX4e816t9 / vDdlB & 9 My pe | organic f
with happarbtduct t hat Il sdeommgmept used asphal t
roofing process. For specimen preparation, t he

and placed (not bonded to) the surface of the
simul atedrdeek Tohe epoxy usedaismedtnieindpurmthedy
forming resin curing compound. This type of e
finished concrete to slow drying and itmher ease
epoxy was spread over the surface of the si mul
water disappeared from the concrete surface.
spray. A second coat was otfhdrheappdlmud dtprdi adre ctko
the thickness of the membrane and thereby red
products were selected from among sekKa&maas pos
Department ofKOQOemgpoeermas iand precast girder f

expected that roofing felt would be ssmpkest

3.1.3 Specimen Fabrication

Figure 3.3 shows phot os p-aatkte ns plaiaii mgn g .a bFiic
and 3.3(b) show the formwork and reinforcement
reinforcement was placed inside the for mwor k,
with polyuredhtamedrmand BHd owei nEbhapedestect oont K
representing the girder) was then placed insi:
of t he specimens was then xddlaicverned, ftpbemc ad |
for mwork from the chute of the truck, and con:
3.3(c)). The surface of the consghaepedtdadt iwon
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first troweled smooth arad et. hem urgdhegqleaned,r fwaltce
using a | I n. t hoirctkh ompoornda Is hd em tt so wriatkle an ampl i
i nty arserdetshhregnat eddmaegbédoed in Figure 3.3(d).
epoxy bondc lerpoxkerwast brushed onto the trowel ¢
t i me. Figure 3.3(e) shows that after casting,
sheets. -SThhepdd rsdctLi on was all owed tms cwere fo
prepared for casting of the second section.
Casting of the second portion of the speci
insul ation to f esrhna pgeadp ss ebcettiwenesn (tshheown i n Fi gu

pl aced (rootthebotnrdewel ed portions of the approp

used, was reapplied and allowed to dry. The re
As with -ghheepedd rssdactLi on, t he c osnpcerceitnee nfso rwatsh ed et
from a I|-micxalf acialdiyt y, placed directly into the
consolidated using an electric concrete vVvibra

for mwor k was rZ(mo))ed (Figure 3.

3.1.4 Teasnd Sletsutpr umentati on

An el evation view of the test setup and in
t he t elsdf osreeiuspeatl sogshown in Figur e -r3eabct iTnhge
frame compotseadl obfearwiong surfaces | inked togeth
rods. Each steel bearing surface was construc

along the flange tip and stiffenedlvairt it os etvheer

section webs. The result wadsi rae cstiiofnfal deyarfionrg
pusohf speci mens were placed concenamia waed hoft
gypsum cement . E totpleerad ceedd liiyant wac khkander e i nst
the specimen and the top bearing surface (two

int er flaicre)) .t AMi ck steel pl ate was placeTdo bet we
measure foonesthemppesthlmauwgpha epdasdavas pl aced on
rod between the top surface of the top plate
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A noont actbasndd a3@dposition tracking syster
|l ocationspéed2mai gdr s (placed adg hhawverstisn Hihgt
were then used to calculandedefoathatiomrecs udfin

rotation, and relative slip at the interface.

]

_ _+___T.--—}rLoad-ceIIs

1(/

| —Hydaulic Jack

/% in. Steel Plate

Steel Rods~—_| | ;
\ ___-.___:;?1_____-_____-_"-I-.

e 3|4
Markers<—__| 0550 Y
(for position e 7|8 04@2in.
tracking) ° 9100 _—Specimen
e 1112 AT
2to4in) A

Gap———f= P

o L

— f

T Ty

Fi gBdeE]l evation View of the Test Setup



‘ Cameras for
®  Position Tracking
= 8
Hydraulic
Jack

Specimen

Fi gwBherest Setlupstamudnent ati on

3.1.5 Testing Process

For testing, force was monotonically appli
pumped hydrawuhi &€i gaclke 8hédwnA plot of force ver
(RMZF1NR add&-1TNR) in Figure 3.6, where force i
the four | oad cell s. Load was appliedsedetuados
observe and document speci men behavior (the |
exceed 2 .Af tkeirp sp/esaekc,) .l oading was pauseWi tpheri od
t wo exceptions, the testusr eveafe ttheer minntaetrefda cdeu es
or c¢closing of the gap between the two parts
approxi matkrdry tlhe tiwmt2)ARRBd nM2s41(NR , t he tes

was terminaappr axi matseliypy wofi n.
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RM-12-F-12-NR
120

T-

12-E-12-NR

100

80

60

Force (Kip)

40

20

0 L L
500 1000
Time (s)

Fi gwlad&or ce

3. Behavi or -oofff Pupsehci mens
3.2.1 Force versus Slip
Force is plotted vers

NBl HR, -1 RIB6-NR, RM24~1 NRar e

1500 2000

ver sus -1T2-maNRf carnldBREVI 2N R

Rel ationship

us sl i pRésul & 20fomhR

di scussed separatel

because they were influenced by unintended rot
of specimens are provi deed siln pApape rpkeiaxk G.orTchee p
in Table 3.5. The reported force is the sum of
the relative vertical displacement across the
i scaoabted as the change inlva@nd Fcgurei 8t dhnce

The specimens exhibited an approxi marélyy | |
in the tests followed by a near | y ahsormazionntaaln e
(or slightly increased) as slip increased. Th
and surface preparation, where fully roughene:t
by the rough mi ddl er osweelceidnmeannsd adnedb otnhdeend tshpee cti
with a completely debonded interface (either
troweled speci mens AENBIiE@UR abrbdN®BL DIREakerthse (Tn

|l oading br ancshl itpr avnasliuteiso

40
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horizont al l ine, where the iIimposed force was
For these specimens, the peak force waesstr eoafc h
the specimens, the I|Iinear ascending branch <co
was reached at slip valTmdd eb&8t. 8den Up.ohl raemmdc ha
sudden drop in force vwasa oshusdedrevne d nicrr ecaosrej uimc ts
drop in force, the specimens continued to sup
si mi Iltehre tboohbaswirovred i n the fully debonded spec
resi stepgdebiymeheat | arge slips (greater than aj
by reinforcement area and grade and not by ir

dominated at this stage of testing.

——R-12-NB-12-NR
200
—R-24-NB-12-NR
——R-24-NB-12-HB
160
T-12-NB-12-NR
—T-12-F-12-NR
120 —T-12-E-12-NR
—
_Q-
=) ——T-12-NB-6-NR
g
S 80 —T-12-NB-12-HR
—T.24-F-12-NR
T gy s tu““—;:'M ,;.‘,—'»»‘ I
Y ——T-24-NB-12-HB
40
——RM-12-F-12-NR
——RM-12-E-12-NR
0
0.0 0.1 0.2 0.3 0.4 0.5 RM-12-F-6-NR
Slip (in.)

Figure 3. 7: Fo¢t pec v mafsfsesc tSldi ppy Rot ation are O]
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TabB3®Speci men SSlriejm,&tahnfd ness

Specimen ID Peak Strength  Slip at Peak Stiffness #12 Stiffness #22 _Ratio of
(kip) Strength (in.) (kip/in.) (kip/in.) Stiffness #2/ #1
R-12-NB-12-NR 121 0.047 3460 1920 0.55
R-12-NB-6-NR PP PP 5750 PP [
R-12-NB-12-HR PP PP 2906 PP [
R-24-NB-12-NR 194 0.017 13300 11500 0.86
R-24-NB-12-HB 192 0.024 [ [ ie
T-12-NB-12-NR ¢ 58.3 (57.9) 1.0 (0.012) 5630 4770 0.77
T-12-F-12-NR® 50.3(15.4) 1.0(0.0094) 1690 e e
T-12-E-12-NR ¢ 61.1(39.7) 0.86(0.022) 1980 ie e
T-12-NB-6-NR 106 0.032 6720 2230 0.48
T-12-NB-12-HR ¢ 82.1 (75.8) 0.32(0.032) 4280 1720 0.40
T-24-F-12-NR ¢ 44.4(24.3) 0.53(0.015) 1590 e e
T-24-NB-12-HB 134 0.010 11700 ie ie
RM-12-F-12-NR 99.9 0.026 4660 3850 0.83
RM-12-E-12-NR 112 0.030 5120 2330 0.46
RM-12-F-6-NR 119.9 0.035 8410 5360 0.64
RM-24-F-12-NR [ PP 10100 PP PP

aFor bonded specimens, stiffness #1 and #2 were calculated before and after first cracking (Section 3.2.2
b Results were influenced by unintentional rotation near peak force

¢ Omitted because specimen was cracked prior to testing

4 The peakstrengthoccurred when slipvas large The force and slip at the end of the linear ascending bran
reported in parentheses

€ For fully debonded specimeasd T24-NB-12-HB, there was only one linegortion of the loading

Two stiffness valdlues3.a5 ebegdawrsne imosTfta spec

approxi-manehbhygl bprrecel ationship prior to peak.
3.8, a plot of -FANBICANRY eREULNRSs | iappldddREMRRp t o

a slip of Fogoéei 8.8, the circles show the t

secondary (Stiffness #2) |l oading bhanshetf hes:

and after c¢cracking at the interface (as disc

i near portions of |l oadi ng. Table 3.5 |lists

debonded interface, no slope is given for t

were effectively ficnrga cokfe dtoh ef rtoens tt haen db engoi ncnh a n ¢

was observed. The slopes of the initial and
function of interface prepatrrad iomangéhet wasmiof f
fitrsand sedondnarldrecsit for full y tfruolweyl erdo usgpheecr
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specs . melnt appears that reducti omfotfe rs tcirfafcnkeisnsg

t

r

3.

he initial stiffness i sheraerl at eidn ftoor ctelme ntar e

einforcement doubl ed, the initial stiffness

====R-12-NB-12-NR = + RM-12-F-12-NR = ===RM-12-E-12-NR
125

100

75

50 Transition Points

Force (kip)

25

0.00 0.02 0.03 0.05 0.06

Slip (in.)

Figur &€o03.c&r sszuSuppto a Slip of 0.06 in.

2.2 I nterface Slip and Crack Width
The width of interface cracks throughout t
elationships between surface preparation, cr

elative displacement (sepalrcauliaotned aas otskse tave
n horizont al di stance between two pairs of

Figure 3.4). Pr ef e rneonscte awadwo bgbitvteanm rtso otfh ematr
nter medi ate pairs swanrg swdleemctleodcawhaerdnedd ec
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compromi sed the data collected for a given ma
di spl acement for a subset of sp-&@&lmeRsandolr t
171 NR), otthteedplresults start with an approxi ma
transition to an approximately horizontal seg!
slip relationships in Figure 3idteFbaceé hentsee
roughebh®aNBL NR, -RB1INR, -RBM1INR), the relationshi
strength is clearly composed of two segments

bet ween the initial emtds siescotnidlar gameadsnd os e
relationships and coincides with cracking at

relative displacements increased with | oad at
in F83g@rethe initiall2dBlcd¢R dwaryg alrsam cdp fhrecaxriTmat

=—R-12-NB-12-NR = RM-12-F-12-NR = =RM-12-E-12-NR
==-T-12-NB-12-NR — - T-12-F-12-NR —-- T-12-E-12-NR
140
120
100
=
2 30
L
2
2 60 e
~- v e
~__ ety 0 s - A_#‘r:%““'pvraa"n -~
fﬁ.,-n\ -.-gk‘,.-..:‘_,;j;f_'::g :,I*‘x‘x;‘;m > A e Wwand
40 A:" .n.ﬂ"h')"" W'VWV
R TR
20 fi ¥ T
0 L L
0.00 0.02 0.04 0.06 0.08 0.10

Relative Horizontal Displacement (in.)

Figure 3.9 ForceHoerzost |l Bt spkacement for Sele
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For troweled specimens without a bonwWabreh@erce
than for roughened speci mens, indicating that

these speci mens.

To estimate crack width in specimens with
bonded, it was adtshmeds thatocuwmatckl wfirst <crac
cracking was equal to the calculated relative
relative horizont al di spl acement aannfelrocsundcr a

of s ttrhaaitn smi wihtt hiorc ctuhhre concrete between the mar
but It i s believed that i naccuracies due to
debonded interface, it wnaoesriasscnutmeld dihsap!| aad mnar
attributable to separation of the surfaces (a8
equal to relative horizontal displacement. Fo

the same sweacimeRrsgshe 3. 9.

—QR-12-NB-12-NR = RM-12-F-12-NR = =RM-12-E-12-NR
===T-12-NB-12-NR —-=-T-12-F-12-NR —-- T-12-E-12-NR
140
120
100
=
£ 80
o
2
4
60 - : ;"*}{t";' e itasrennsry
Pl e et by hOT Pt PO :
o A & s
40 ’ oy f\N-V." A ﬁ
A Y A
20 | e
O L
0.02 0.04 0.06 0.08 0.10

Crack Width (in.)
Figure 3.10 Force versus Crack Width
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The force at first cracking, crack width a
in Table 3. 6. The force at first cracking was
reghened speci mens having the greatest crackit
then troweled specimens. Among fully roughene
was also correlated with reinf@r cehnee nrto uagrhe ami
Sspeci mens.

Table 3.6 also shows that crack width at pe¢
increased. Among specimens with the same surf
strength were somewhatt @aerarke Ifaotrecde (wa.se.grselat e

greatest crack width at peak force).

Tabl eF8r 6eCandk WiCdtihiatal Point s

Force atFirst Cracking  Crack Width at Peak Strength Slip at Peak Strength

Specimen ID (kip) (in.) (in.)
R-12-NB-12-NR 72.9 0.019 0.047
R-12-NB-6-NR 107 Te (s
R-12-NB-12-HR 50.6 Te (s
R-24-NB-12-NR 118 0.0064 0.017
R-24-NB-12-HB [ 0.013 0.024
T-12-NB-12-NR 23.3 0.0023 0.012°¢
T-12-F-12NR id 0.11 1.02
T-12-E-12-NR id 0.073 0.86
T-12-NB-6-NR 62.2 0.0080 0.032
T-12-NB-12-HR 314 0.011° 0.032¢
T-24-F-12-NR id 0.080 0.53
T-24-NB-12-HB 134 0.0¢ 0.010
RM-12-F-12-NR 66.9 0.0085 0.026
RM-12-E-12-NR 74.6 0.013 0.030
RM-12-F-6-NR 78.5 0.013 0.035
RM-24-F-12-NR 64.5 (s Te

2 Results werénfluenced by unintentional rotation near peak force

b Omitted because specimen was cracked prior to testing

¢ Corresponds to first peak (limit of proportionality) not absolute peak
4 Unbonded specimerase effectively cracked prior to testing

€ First cracking occurred at peak strength
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——R-12-NB-12-NR = =R-24-NB-12-NR R-24-NB-12-HB
0.06

0.05

0.04

0.03

Crack Width (in.)
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Figure 3.12: Crack Width vermeamss Slip for Ro

Crack width is plotted vtrocwsdaediinmeXNB (FTi gur
I1NR,- 1 NB6-NR,-1 ZNBL1 HR a#dNBLHB) and in Hiehomeed. 1
trowel ed slpeltNRebhZE-1NR,-24&1NR). Al of the bon
specimens exhibited sl ip c(rafc ka pmr. o YAif matre lcy ak.k
four bonded t r(cIwBBEMRs-p NBG-NR,AISNBLZHR) exhi bite
t haeppr oxidnanehkyr ddksithg response typHaocvadyv erf, rtohue
sl ope ofcrtbé&i posmr eghent hwamu dheecitnehrbsy pf c a l
roughenedastgleec ithnteanrssi t i on -petiweenvepeghobmedepas:
figuQnelsy2 NIBL HBdimbtexhi bi-t i ndaarhbapcoksitng response
roughsepneecdi; i mesiseathebsaddemnsition after({t heachir
peak strength of the specimen (§.dhdcifdedewceh
obsebelkaamomg t hter dwenldeeddc ®pé i mmaE nnduea ntdo uni nt er

di f teisre stuhrecane pti on tTohewua Staicreg ¢ ditreldri ¢ @ op eo@d i me
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t hat sh-bive daocar apcoksitng response may not have be

=]

perfectly troweledo surface, the crack widttfF
similar -24Bt#HBt (oafckTi ngr and peak coincide). An
specimens, the specimemacwkiiinly shepehalaldowdet | @

reinforcement. This is l|logical, given that in
i nrtfeac e ; however, the same trend was not obse
speci mens. For the debonded troweled speci men
a very shallow slope, from thecbegehwni ngr ac¢ ke
to testing, as expected.

3.2.3 Influence of Rotation

The markers fixed to the surface of the sp
rotations bet weesnhaped amdritsiyonmme tafi ct e ss pe dhme
|l ocation of each marker was recorded based on

wher e-atnhda XYs coincide with the -axird$aice pér pdaec

to the surface. Al t hoeugWxi selwatsi weegl ogathil en i al
rotations ab-oort-aXave her otbha@asiXxonally i mportant
cal cwmlsehteedangl e change between two I maginary m
11, and thecstseagndcdac&errs 4 and 12) |l ocated on

rotations between tthandoxZamr & eaall awnledt. ad owdi r

— ohE — T PP PGS Eq -la:
™ pp O pPC T o

o 1 pPpPp PG
— 0 WE E g -1-b:
™ pp O pgC T g

Wherandare the relative rotation bet weaennd oppo
Z-axes, and the number wX-fYh éreesobdcngpeeonbtpt]l

mar ker nwimbnemsiimnal space.
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Force is plottehdyeupusorepeaki éorgce in Fig
t hat med!ingnble rot Xto bax éash ANB6-NR -1 R&8t HiRh e
and -RMM1L NR) . hFeocsre tspeci-mensst agittelkdert o i ncrease
cracking and continued to iinaonrlseeans ¢ hteo s\palcu ene ng
its peaBosthandwetrhe negl i gi bl a a)iloersrs es pheacni Me MsO.1

I n Figure 3.17, for cleNB6NRpi{l1dNBLeHIR veerrds uRBRM s |
241 NRt he specimens i Afluéehcee bpecomansoerxhib
t hat was not exhibited byuothteedspeakmenssafteFEr
| argendvalues. This unintended relative rotat.i
in practice and is believed todihanearnfplea&nce
Throughmoeaporth, sresults from these tests are r

rotation (e.g. I niti Ay srtasulintestshatf omay Rdve

rot atniodn rieported

Figure 3. 15:Sy&docerndiofda thehresi3onal Position Trackir
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Figure 3.17: Force verMuscRlByidBofatrti &peci mens
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3.2.4 Observation of Specimens after Failure

Duringstheitese was obser vesdh aapseidd es efcrtoino ns

specimen past the other. Al observable defor
reason for termination of each test, Spewhmem:
with Grade 60 interface shear reinforcement e:

reinforrcengldiasmiggninf i cantfbosengf natnemgtoi ame
bar fractures oscabheseke g laafdgel .ovfalituhe 24 i n.
60 specdelMd$R (aRZANBL NR) failed by simultaneol
interface shear reinforcing basbapedsségmagt s
SErd mens. Specimens with either hooked or heart
did not exhibit bar fracture; heencd ptRidadNBt he t e
1HB were terminated when the 1.5 in. gap bet
Figure 3.1) closed.

TabB83&Cause for Termination of Test s

Specimen ID Cause for Termination
R-12-NB-12-NR Bar Fracture
R-12-NB-6-NR Bar Fracture
R-12-NB-12-HR Closingof theGap
R-24-NB-12-NR Bars Fractur€All bars)
R-24-NB-12-HB N/A @
T-12-NB-12-NR Bar Fracture
T-12-F-12-NR Bar Fracture
T-12-E-12-NR Bar Fracture
T-12-NB-6-NR Bar Fracture
T-12-NB-12-HR Closingof theGap
T-24-F-12-NR Bars Fractur€All bars)
T-24-NB-12-HB Closingof theGap
RM-12-F-12-NR Bar Fracture
RM-12-E-12-NR Bar Fracture
RM-12-F-6-NR Bar Fracture
RM-24-F-12-NR N/A @

2 Testing wagerminatedshortlyafter reachingpeak strength
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4 ksi Sectior 7 ksi Sectior

Figund&:3lnt erRfdaek28RofafTer Testing

4 ksi Sectior 7 ksi Sectior

Figurn®:3lnt er2fddBle2N®f aRt er Testing

The condition of the interface after testi
compl etel Pheteparatethe two interface surfaces

T2 41 NR amRdNBL NR, respec24&vaANIRy. whdrc hT was ful |y

with roofing felt, bot h swadtaceacn dvietrieoeu reexh@em
breakout damage visible in the narrow region
expected, this is further evidence that the r

the | ayers of concretevahdsignifke®RpNBlyY @emakice
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NR, which was fully roughened, it appears tha

concreteTtleil e meqotfsvti e nsgter ong bond devel oped ac

t is tedenabbeetoeaxpect that removal of deck

damage to the top flange of the girder cast wi

sur face, however, appears to hameeaetr ematnevdt Wi
strength concrete. This includes a portion (c
the higher strength concrete is still visible

of f directly adwrvifeatctehes t heglrdmeed recommended

strength be used as the basis for <calculatio

nterface bet ween el ements cast with different

ot her specimens because it was not possible

without damaging the interface.

33l nterpretation ahdT&€osmpRes sloins

.3.1 InterpretatSiop €uUrVvepi cal Force

Figure 3.20 shows a schematic representat.
oth bonded and unbonded specimens. These are
n Table 3. 8. As shown in Figiutrhe a3.[2dnod ehdh ec or
nterface were composed of four segments sepa
ntil trreaclhimigt of proporttcoaa&lidmgg wih@actihndcern f
l i p bet ween 0.cOrOa5c kainndg ,0 .a0d2h)e.s ilbpn tios under st oo
hear resistance (Zilch and Reinecke, 2012) .

elationship reduced but the force contomued |

f the interface that was roughened. 't is un
f behavior because crack width increases wi
einforcement causing i ndmeasddhceomparhes ssieocno r
orresponds to the peak strength, where slip
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reviCevap)ent2is

common f

or peak strength to be
and shear sf(EQt.i 8n term
W ® 606Q Eq -2
Wheoe is the pemk atceh@bboa tleinmiptalmdg ec b s d
sectional area ofoni mda eirrfta&yefsards,enffanydiceim#Emts t r e s
——Bonded Specimen  — Unbonded Specimen
\
\
\
‘\
\
\
— \\
) \
g N
1 \ Point #3 (bonded)
= | Point #1 (bonded) | A /
®
Ikl Point #1 (unbonded) |
]
I
0 0.15 0.3 0.45 0.6
Slip (in.)
FigureS8hematHocr coef ver sus Slip for Bonded and Un
After peak strength there is a rapid reduct
(shown as a dashed | ine ienndFinggu rber a3n c2h0 )i.s Tnhoet s
it is more strongly related to test setup sti
3 in Figure 3.20, the shear strength stabili ze
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Tr owel edd sbpoencdiemens exhi bited behavior similar
Figurael 8h@ogh Points #2 a(nedx c#e3p2 dMddodN Br,Te Iwehti icvhe |
had coincident peakAfatnedr cpeaackk | s1fgr esn ghtahh,g tsithte air -

resistance is primarily due to dowed).action o
W 00 Q Eq -3
Whewe i s t hpee apko sstetr@einsgtahn empi ri cal constant

TabB3&Summary of Force and Slip Values

Force at gy at First Slip at Peak  ostPeak
Specimen ID Cracking patmr PeakForce (kip) patr Strength ?
. Cracking (in.) Force (in.) !
(kip) (kip)

R-12-NB-12-NR 72.9 0.017 121 0.047 62
R-12-NB-6-NR 107 0.018 [ PP 94
R-12-NB-12-HR 50.6 0.012 iPb PP 80
R-24-NB-12-NR 118 0.0084 194 0.017 60
R-24-NB-12-HB Te [ 192 0.024 78
T-12-NB-12-NR 233 0.0043 57.94 0.0124 48
T-12-F-12-NR e ie 15.4¢ 0.0094¢ 32
T-12-E-12-NR e ie 39.7¢ 0.0022¢ 47
T-12-NB-6-NR 622 0.012 106 0.032 82
T-12-NB-12-HR 314 0.0079 75.8¢ 0.0324 79
T-24-F-12-NR e ie 24.3¢ 0.015¢ 35
T-24-NB-12-HB 134f 0.010 14 0.010 87
RM-12-F-12-NR 66.9 0.015 100 0.026 49
RM-12-E-12-NR 74.6 0.014 112 0.030 57
RM-12-F-6-NR 67.2 0.0075 120 0.035 83
RM-24-F-12-NR 64.5 0.0059 iP iP 57

a Strength of specimens at slip of 0.25 in.

b Results were influenced by unintentional rotation near peak force

¢ Omitted because specimen was cracked prior to testing

4 Forceat peak correspomsdo thelimit of proportionality

€ Forceat crackings not applicable talebonded troweled specimens

f Forceat crackingcoincided with force apeak for F24-NB-12-HB

The schematic representation in Figure 3.2

of ¢$ege nseenptasr at ed Dbyt lae kleiymiptoi eoff hpr ompott t iad n &l io
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|l ess than for bonded specimens because it re

bet ween concrete surfaces. Further mor e, bece:e
reinforcement tensile strai nmrseigdd.duAdrtear froeaa cshh
slip between 0.01 and 0.03 in. the response o0

portion o$f$pebembondedponse.

Compashestomeenx pehd e nted tr me m ¢ tidea lamwdIt ateendy t h
dertrei ned wit h v arsihoouwsn pirnofvdi ashiloencs® Targeec amea of
calculated to experimental tshea emsgthrheseabitshu g av e d
foerach spacemE@lonrnB48 AASHHTO flantMoadr | pCode si ons
Al of the cal culwatee dl emsosmitntad n stthree ngda thrse s po nd
someti mes by | arge matrhgei npsr. o vIiasAISDHTSE. €O¢ i stthiro@nast i tc
resulted in the momgt hasc,c untidtishe &ckgll @, a taendd s7tlr%
measuredroabbhe foowel edpeaendPremwigdA QBils®B ddried
t heMdddl weéamdbaec® ns e v actatitcemnloanti evch| siveendtdhs ot b6&1
of t he anerashugeeMbidle | w@dethe oonnel yof t he specificat
t hat provi dest igmateiamg eehgt h of fhyl gatebbatded

dowel action of)shdae rcailiotbrantedeentodne mamh d esdt
speci mens were, on average, 53% of the measur
As summarized in Table 3.10, an attempt wa:

2 afd fF om the testowasueéstsi maTthed cipyeadkiawitdiemg t
at 0.25 in. of slip, when dowel 0 ®cTthiisn rdad mion :
|l isted in column (5) ofo0oWabkld.3. T0r Blpecawmems
strength reinforcement -andeOg©9B fernkpeceéement.
of cohesion to peak for ce -2wafsa ntdh esnu bé tadit nuat ti endg
(either 1. subst Dt @8 dvaieptemdEgqag ®n t he specin
as s umedsa nahaarte equal. Although approxi mate, thi
that the debonded specimens had enterebdy i nto
dowel action) at slip values that were typic

speci mens. The resulting estimate of cohesi on

58



i hnspeaq

zero

cul at ec

As expected, cohesion wasns,jgemhbhi tant
partially roughened interface, and near
TabB8®Compari son of Experimental and Cal
Calculated Strength
. Measured Peak Force kip (% of experimental value
Specimen ID Kip ACl| 318-14 . AASHTO fib Model
Shear Composite | (2012) | Code(2010)
Friction Flexural #
R-12-NB-12-NR 121 44.6 (37%)° 64.2 (53%) | 85.0(70%) 72.8(60%)
R-12-NB-6-NR ic 89.3(i ©) 72.0(i ©) 129.6(i ©) 96.3(i ©)
R-12-NB-12-HR ic 86.8(i ©) 72.0(i ©) 127§ © 91.2(i ©)
R-24-NB-12-NR 194 44.6(23%) 102 (52%) | 125 (65%)| 122 (63%)
R-24-NB-12-HB 192 86.8(45%) 127 (66%) | 167 (87%) 140 (73%)
T-12-NB-12-NR 58.3 (57.9¥ 26.8(46%) 11.5 (20%) | 37.6(65%) 21.7(38%)
T-12-F-12NR 50.3 (15.4¢ Te Te Te 12.0(78%)
T-12-E-12-NR 61.1 (39.7¢ Te Te Te 12.0(30%)
T-12-NB-6-NR 106 53.6(51%) 11.5 (11%) | 64.4(61%)| 43.5(41%)
T-12-NB-12-HR 82.1 (75.8Y 52.1(69%) 11.5 (15%) | 62.9(83%) 37.3(49%)
T-24-F-12NR 44.4 (24.3% ie ie ie 12.0 (49%)
T-24-NB-12-HB 134 52.1 (39%) 11.5 (9%) | 73.7(55%)| 37.3(28%)
RM-12-F-12-NR 100 44.6 (45%) 36.0(36%) | 64.8(65%) 481 (48%)
RM-12-E-12-NR 112 44.6 (40%) 36.0(32%) | 64.8(58%) 66.0 (59%)
RM-12-F-6-NR 120 89 (74%) 36.0(30%) | 108 (90%)| 71.7(60%)
RM-24-F-12-NR ic 44.6(i ©) 64.2 { ° 85.0(i 9 96.3(i 9
Mean of Rough: 35% 57% 74% 65%
Mean of Troweled: 51% 14% 66% 39%
Mean of Rough Middle: 53% 33% 71% 56%

a@Method for calculating stress from composite action in flexural members can be used only if interface sh
stress is no larger than 500 psi, otherwise the method of shear friction shall be used. The bolded value in
instance when the method wowdply if this were a composite girder
b The value in the parentheses is the ratio between calculated strdgteasuredtrength
¢ Results were influenced by unintentional rotation near peak force
4 The peak strength occurred when slip was large, the force at the end of the linear ascending branch is r
parentheses and used to calculate the strength ratio
€ ACI and AASHTO do not provide equati®to calculatehe strength of fully debonded specingen
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Tabl e:R3.11a0t i onship pbeawe&hr Pagth and Rei
P k Estimated
Specimen ID Pea(1||(<iForce S(;f;rrw)ggw =‘.l ) (3)/(4) Cohesion 3x(kip)
P) (kip) (ki) ()1 F 4)"
(1) (2) (3) (4) (5) (6)
R-12-NB-12-NR 121 62.0 45 14 72
R-12-NB-6-NR Te 94.2 89 1.1 Te
R-12-NB-12-HR Te 799 87 0.9 Te
R-24-NB-12-NR 1% 597 45 1.3 140
R-24-NB-12-HB 192 78.1 87 0.9 110
T-12-NB-12-NR 57.9¢ 47.9 45 1.1 10
T-12-F-12-NR 15.44 317 45 0.7 -33
T-12-E-12-NR 39.7¢ 47.2 45 1.1 -8.0
T-12-NB-6-NR 106 823 89 0.9 14
T-12-NB-12-HR 75.8¢ 78.7 87 0.9 -5.0
T-24-F-12NR 24,34 34.6 45 0.8 -24
T-24-NB-12-HB 134 87.2 87 1.0 49
RM-12-F-12-NR 100 49.4 45 1.1 52
RM-12-E-12-NR 112 571 45 1.3 62
RM-12-F-6-NR 120 82.6 89 0.9 24
RM-24-F-12-NR Te 56.8 45 1.3 [
Mean of NR specimen® ): 1.1
Mean of HR and HB specimef ): 0.93

a2The product of total area and measured yield stress of interface shear reinforcement
b§ istaken as 1.1 for specimens with nons@ength reinforcement and 0.93 for specimens with-siggngth
reinforcement

¢ Results were influenced by unintentional rotation near peak force

4 Forceat peak correspomsdo theproportionality limit
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3.31X7hfluence of Surface Preparation and Bond
When stress 1 sn ctaoltcaull aitnetde rbfaasceed aor e a, cracl
greatest for specimens with a fully roughened

the troweled specimens,Tadhd .B8hdé1l de bosn dael ds os psehce
3.21¢9t aofplshear stress calculated over the to
specimens with a 12 by 12 1in. i nterface. I n
hi ghest shear strength (830 psfie)l,t rhoaug bhs | migdndt ]
strengths of 760 psi and 690 psi, and the tro
Tabl e:Summary of I nterface Shear Stresse
Specimen ID Area u§ed 1"or2 Strgss at PeakStress S_tres;: at0.25 Estimaged _
Calculation (in.”)  Cracking (psi) (psi) in. slip (psi) Cohesion?® (psi)
R-12-NB-12-NR 144 510 830 430 500
R-12-NB-6-NR 144 740 [ 650 [
R-12-NB-12-HR 144 350 [ 560 PP
R-24-NB-12-NR 288 410 660 210 490
R-24-NB-12-HB 288 e 660 270 380
T-12-NB-12-NR 144 160 400¢ 330 70
T-12-F-12-NR 144 e 100¢ 220 -230
T-12-E-12-NR 144 Te 280¢ 330 -56
T-12-NB-6-NR 144 430 760 570 97
T-12-NB-12-HR 144 220 5301 550 -35
T-24-F-12NR 288 ie 83¢ 120 -83
T-24-NB-12-HB 288 470" 470 300 170
RM-12-F-12-NR ¢ 144(72) 470 (930) 690 (1400) 340 (690) 360 (720)
RM-12-E-12-NR ¢ 144(72) 520 (1000) 760 (1500) 400 (790) 430 (860)
RM-12-F-6-NR ¢ 144(72) 550 (1100) 830 (1700) 570 (1100) 170 (330)
RM-24-F-12-NR ¢ 288 (144) 220 (450) iP 200 (400) PP
Mean for RouglSpecimens: 500 720 420 460
Mean for RougkMiddle Specimens: 440 (880) 760 (1530) 380 (760) 320 (640)
Mean for Bonded Troweled Specimer 320 540 440 76
Mean for Debonded Specimen e 160¢ 220 -120

aColumn (6) inTable 3.1Qivided by area

b Resultswere influenced by unintentional rotation near peak force

¢ Omitted because specimen was cracked prior to testing

d Forceat peak corresposdo theproportionality limit

€ Unbonded specimerase effectively cracked prior to testing

f First crackingoccurred at peak strength

9 For partially bonded specimgrstress outside thgarenthesewas calculated based on the full interface area
while stress inside the parentheses was calculated using the roughened area
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Figure 3.22: Average Shear Stress versus Slip

Among specimens with partial lupgepodfciompl £¢éek
resulted in a more complete disruption of bon

stress is plotted versus slip for troweled spe
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oofing felt devi atreld efrr otnh atnh eo tihreirt isaple csi Inoemes
ower strength. This iIis evidence that the coni
he gliecdken nterface covered with roofing felt
| f ctomag ri bution to shear strength of debond
in design, then shear stresses for rough midd
red hedughenedTa bnltessrifaadsle .t hat  wbhaesne dc ad nc utl lae¢ e a |
oughened concret e, specimens with RMlrZsBughene
NRanRM1LZEZ1NR had much greater first cracking
i mes greater peak stressohhapReltBie MBI hysroug
t r entghteh roofugh mi ddl e specimens is still great
orrection is made for t hpestid.n&l @ixshie d72¢ ei®in.7 or C «
psi, whsi cthhains LIbe3sOt psi ¢f ore conservative t o ne

n interface in design.

.21 Nhfluence of Reinforcement Par ameters

Theeries-obf peshs also included several S
nterfaeensbeaement. These variables included
20) , reinforcement amount (either 1 dor &ndai

hear reinforcement anchorage type (hooked an

As shdwbl eann3d. 1IFli gan3#.s2 43,. 2w3hi ch show plots of
ersus slip for fully troweled and rough mi d:
einforcement tended to resultpo-petaki ghét hsupgea
ffect was somewhat inconsistent. When the in
racking increased by 416B6oBGENR arvbdiNgh ANl speci
or rough middi&6NRe@ainmle A RBMNRRM and 170% for
peci mMeANAB-NRIT aldNBL NR) . For the same pairs of
increased by 4.9% for roughened speci mens, 2

rowel ed specimens whenedpepeoblbrsemess aAanemae ava

o

ughened speci mens, 67% for rough middle spe
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reinforcement Rorat wase doaimeée eddau b tsh eogf a nsopuencti ma
interface reinsfedcementnit sal istrtefiness for r
mi ddl e speci mens by 80 %, and for bonded trowe
effect of increased bar area varied so much
prepaoas.
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|l ncreasing the yield strength of tcleearnter
effect on the cracking stress and increased pe¢
on comparisons between twlNBIHRaFLNBIRghened
NRas we2INBASHBR amdNBL 2NR) and ornoeweplaesid sSpif@ cti me n s
NBl1 HRan@l1 NB1NR . Among roughened speci mens, t
reinforcement grade had a 30% | ower <cracking
strength steel) and ap.prfmxoinmgatted e terquvad | epde askp
Straensds peak stress i, nareesgseaihicne Is3mBe cairsae m3singvti i h
st welcempared to specimens with an incrRased a
1NBl1ZHR and-1 RB6-NR, whietrdgereaare ei nf or cement area v
relative RODNBOE&8NR oinnacgrodasing reinforcement are
of increasing interface shear strengdad darhawmeriy
' imited data, this finding i|IsgrommBy aih#ano with
201lRt is possible this is attributable to the
all owed for t he hidewvweal ogpr atdhee ibrarcsa ptaoc i ft yl. | yAd c

necessasyriehghihgkt eel is to be used in shear

——R-24-NB-12-NR ===R-24-NB-12-HB — T-24-NB-12-HB
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Headed bars were onl y24NBledBi afRdNBL HBpe ci me |
both of which had a 12 by 24 in. I nterface. /
specimens in Figure 3.25 al-2daBlMR.h Actlcer de sgl
Table 3.11, stmeesfsMBERIR akRd\SBL2\WR, siampl ying th
anchorage type (hooked or headed) did not aff
reinforcement may therefore be a viable optio

noi rfm conclusion can be dr awn.

3.3 0Xf3 uence of I nterface Area

The influence of iIinterface area was explor
interface shear reinforcement: troweled specit
wi thnoe bond breaker. Average shear stress is p

speci mens wi tl-IrNBf alRdF-1f2dBt GSTresd2&40 MNRrak fo
i's about A4 NRatThifs Tis under stsamcealyglt dr hvaca uns
due to dowel action in troweled specimens, anc
With regar d-1#4 NsRt iafr@ddi-&¢ NSRhad approxi mately equ
terms of force pe3. 5)n.024&h Dt a veicntgi oann (i Tnatbel ref a c

t hat-1&0 NR. I n terms of stress per I n. of de
interface exhibited the | arger stiffness. The
d eobn dterdowel ed i nterfaces being a function of i

Average shear stress is plotted versus sl if

roughenedRIANBeENRaae2d{BRL NR.) AccoMdbhg Goaltless
cracking ®&®RdANBieNaRweftr @r bot h appr oxRlnddBle2NR 80 % t
Tabl esBawst both specimens had effectively the
whole interface was simi-sactyobkbopagmentnegat d:d
di fference i n RiledBl NRarnkl2 efNBieNRwasnt herefore at-t
to the difference in reinforcement ratio bet we
reinforcement buts.)Oihéfleaegeéer inhteef a@aee aara@aa a
in stiffness .of 280% (Table 3.5)
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34Concl udiroms Ppddh Test s

The following concl uosfifontse satr er edsrualwins :f r om p
1. Surface preparation has a | arge influence oI
Stiffness, stresses at ceatkifrog, spredci meak
roughened surface followed by those with a
fully debonded speci mens. After peak, sur f e

strength, as behavi ome wtasdadweani nadteidom.y rei nf

2. Use of an interface that i s partially roughe
viable connection detail for horizont al s he
roughened interface, ugpeanemenstwrtfhca pasi st
force at first cracking and at peak, as exp:¢

calculated based on t hendarceoa refctedudlmenerdeia

speci mens witghheamepgartnitaelrif\amceolhad greater f
than comp-avoalghentd!| speci mens.

3. The ascending branch of the force versus sl

roughened interface wanchemp oeepd esfentt wom gd ibstl
after cracking of the interface. |l nterface ¢
specimens with a fully boodgiperradneinst ercfrace.i

aver age st rieaspsp roofx e3nPa0a éppsgia)k t Ber engt h. As ex

p

debosgpedi mens behaved as though cracked fror

4. Assuming shear strength can be expressed as

t he contri biuan oamrsd orf eicrofhcerscement t o peak st

results, WbhbhebBiwas sensitivewhase val ibabiahietdy t
aver age, 46012P320,f o6 ,r oamgddedd eed , trrougeh e d, a
speens. These values are approximately doubl

the AASHTO Specification for roughermence and

negative cohesion value for debondedf slpleyi me

effective when the edthereonntréebibacenwad debo
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te strength should hrpar usdedengt hta( whe
ssive strength is considered). This is
occurs primarily in the | ower strength
sing the amount o f i nt erifaalc es tsihfefanre srse
tion, i nterface shear speakgshrangthac

proportion to the increase in reinfor

ofst hegbth steel as interface dkredr omei

ess or <cracking strengt h, and-paak ess
th than a comparable increase in rein
strength respectivel ¥y Iteod 9t0d0 iamadr ela ste
onal study is needed however, as the n
headed bars as interface shear reinfo
headed or hooked babpsabxbBithbhdyedsshnmiet

number of speci mens was small
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Chapter -Gli:rd\elr ITesting

The second phase of the experimental progr
t hr eesclalreg@NUder s desi gnedi ftfoerodowhe alkeeacnb hneet |
details in terms of constructability, fatigue
which were designed! dii taicccAASHATNA leleRAFiDX hB rti hdeg e6

Speci fiweati drabrachoedl| aprecast concrete facil

of Kansas | aboratory. Once at the | aboratory,
girder s, removed after approximately 28 idnays
the field, and then recast. The composite girdc

to 9%dydles of simulated traffic |load at midsp.
21 §iddycles of |l oad, eacht wmsds$padednimohot ainli crat¢

4. NU-Gli rder Speci mens

As shown schematically in Figure 4.1, the
had a 170 in. l ong 7 in. thick deck cast at m
were set on simpl-8 snppaptstaspad adtsppaathe f tThe d
shorter than the beam span to make the horizo

more critical and thereby allow for study of

Cast-in-place Deck- | 170 | R
- ﬂ | 7||
Y
Precast Girder 35"
Roller Support’ | 20"-3" I 'Pin Support
‘ 27" ‘

Fi gun:&El evation View of Composite NU35 Gi
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4. 1.deGi Reinforcement
Figure 4.2 showseetevatloni awdGordeshse MHMU3E
#2vere desighedfbBexthat and transversewsrmhear s
| arge enoughheohensgman @thlasd-edtelc & t giomncelcd | me
eval WGdtredder #3 was instead designed to fail in
design it to fail at the interface without fi
(i . e@.irtdlee would | ikely exhibit a web compress
5#5-A@12" (for G #182 19 T#5-B@12" (for G #1&2)
- " -B@12" (for
11#5-A@2" '1n:];ia!sg‘l:}i\ug_jgrs.L ?fror G #3) ) 6" T#5-B@12" & 6#5-;\\@?2" (for G #3) 6"
A — B
LA L8 T
ELEVATION VIEW OF NU35
‘ /WRS _74-5"
I‘\______L 4'r ,‘L______/". I\______ “______/I
\\E ; -\\‘Bmfﬁ/
| VA #5-8
o ‘_ #5-A ‘4,,/
RN L
] [T o | #5C
. f— T A#5-C P —— _2___,_,__:::\
2r—ffezasseszal == Trm|
L ] L ] L )
.3Spa .. 3Spa ,3,
4 o 8 a4
SECTION A-A SECTION B-B
Figure&El evati on Sedtadvineswf NU35 Girder Speci men

71



Each specimen had 18 swirraergéhldaxOa t6i oinn .s tdriaann
Ad416/ A1&a66Gr ade 1576 r awmidtsh di stri buted within t
placed 5 in. below the top of the girder (Fi g
were included to ensure that the tenrsearmai rstr e
belomw al |l owabd@ oot @epsi ) fr-bs, A@hiesBh@eB mpr essi ve
strength ©oftecnoencorfetienidti al prestress. For desi
to be 75% of thegttl,tiomat2d 3t ksdon Thter @ mi nal f
cal cul abOkd-fpt oe xboceeeded t he moment required to e
of t he dgicrkdecroes ¢ ctmiad esl b aosfefd toens tt hree spuil stth® . i n (

Transverse reinforcement -&6nEGirsatded 6dDf NOST]
spaced at 12 in. for Girders #1 and #2 and at
beam that had an interface wi2 hin.heweroenceaetten
above the top flange as horizont al shear rei
terminated with a standard 90 degree hook 1t
l ongit-odi eat €g deck waesi nlfaotrecri npgl abcaed wunder t hi
the deck concrete was placed. This standard hc
Specification Section 15.11.2.6 for transver s:

Design for wvertusiang sthlear siwapl idfoineed AASHTC
design procedures with the aim of ensuring th
girtdeteck connection before the transverse shee
contriodfutcioonncr et e t o me mbewass hceaarc ud tach eyidg tahseg t |
concrete r esisshteaanrc ec rtaet kfj IbsgxufrBagt. cdoncr et-e r esi
shear cra2kinghéEqgon#dri but inoennto ft ot rsahmesavne asster err

calcul ated. with Eq. 4

T8t @ Q0 'Q Eq -1
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wéo0p o—= p& A o hi OEA QGxeEOOR Eq -4

Wher(i:s the concrete (&sunps eshevefbedeinsgethhvee b
effectivewsbBeahedespmtelmr force due to unfactore
Yois the factored shear force due t ¥ dxtdrhreal |
moment in excess of the dead | oad moment that
tensile fiber afMd issecthenmawinmucmedfa@adt ored ben
externall yatapphe ede¢ o@ads tnbcerseidadee reeampr essi ve
centroid -soecttihoben cwhoesns subjectedi sotkhet eompbheg
prestressing force i niitshet hdei rsepcaciiomng oo f atprpd n se
0is the mgwear soef rterianf or ci nigQisst eteHe wyiitenlidch sat rdei
transverse re+Hng otrice ngnglteedf iamdl ination of t
44 was usedoétobheahocmi aal wabkelaifpost Géemgehs #1 ar
44 &k ifpor Gi r derf w3l ya schoenipaonsgi otre

As shown in Figure 4.2, the end zones of t
bars spaced at 2 in. The requir emdesarwas ocfa ltcrual
usi ng-5Efr odbetdied i OANADHTSA? heB8pedi f(ilcwIXEG)o,n as cit
Naaman .(2012)

0
0 T8 Eq -5
1?2 q

Whemei:s the required area of stirrups in the

d stance of 0.2 tQmedrbmetper c@ids ¥ hethhteotgalr d
prestressifigs ftohrecedesaingln all owable stress in
AASHTO Specificatiomwasd tr empuwsi oc abdectulliadt evdn itnh.a t
end of the besdampebDheastNaorsr upsUspadléwidt Titinn2 ionf. tpt

end of the beam, or approximately 30% more th
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stirrups wdy cecxnezardwedat itvehafpprbei mads!| yfO.the
el i mt hpeotteent i @lel @at eblofédi |l ures. These additione
|l ocation of the supports in both the fatigue

Mi |l d sdedclwiwed fabric (WWR5) was provided i
topmost bars (Awireso) were oriented G.rahmsver
in.and were spaced at 6 in. These were wel ded
girder. The six W8 wires, which had a nominal

2 in. from the flange tipss deanvinlge agi2il0dem. we

4. 1.2 Top Flange Detailing for Composite Acti

The top flange of each girder was finished
in Figure 4.3: Girder #1 had a fullfyrt raanwel ad
wide strip over the web that was roughened, a
a fully roughened surface except fdadri.pThese wi
details were selectédthe effewtanfexamseprpadi d6h
on the constructabil ity -daencdk csoynsptoesmst er ebleahtaivvie
roughened top flange detail typical i n pract.i

Reinforcement consisting of Mas plhoeHleadc!l
gi rr-ddleack i nterface in all/l three speci mens. Thi

inft) exceeds the miflifmy) mB®BrHTdDerSpeiciy rfad &%t d Dne

mini mum area of temenface chkauibatedfwrt h Eq.

T8t
)

Eq-6

Whermeis t he aretae(t@aken as the product of top

shear reinforcemébits stphaec iynige,| dl 2stirne.s)s aonfd t he s
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Horizontal Shear
Reinforcement \

Girder #1 ﬁ

1
/Troweled over flanges

nond

Girder #2 ﬁ
Rough
6 ougn .

Troweled

Girder #3 ﬁw

FiguBe&€onnection Details for NU35 Girder

Troweled

—
~
(8]

X

Rough over web

g

.

4. 1.3 Bridge Deck Reinforcement

Two months after the precast girders were ¢
concret &€ klsr iwkge denstructed on top of each sp
decks were 7 in. thick (the minimum depth of
spanned the full width of the top g7 QG Theer. f | ar
selected deck thickness tiypirceapr eébsgea rmdtgeet i dveec kosf
overlays reportedly have t hi c k(nSecshsweesn sbeent waenedn F
personal ¢ @®mbnTihcea thiroind geemednetc kw arse idnefsoirgcned bas
of the AASHTO Specification with the topmost
oriented perpendicular to the girder axis (in
reinforcements viSgred AB6Abild@&B8dsd 60 No. 5 reinfo

top |l ayers of reinforcement were spad@dd atf 2
reinforcement perpendicular and parall el to t
rienf orcement, spaced at? fi4 amd/ fA62@fnimeimddr
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perpendicular and parall el to the girder axis

cldawe the minimum required per fSeatiomf® 07T aB. 5

top reinforcé&rmeantf oandold.to7m irre.i nforcement. The
cover over the top bars and 1 in. of clear <co
48"
24"

16 No. 5@21"

16" 16" %/\24 No. 5@14"
No. 5 Reinforcing Bar

L]

Figude€oncrete BrRaigref drec&kment

4. 1.4 Materials

The mixture proportions used for the NU35
The concrete used to cast the NU35 girder h a
reported compressive strremwght todstts eofc atylrien dee
tendon release (19 hours after casting) and !
| abor(@tdaywysThe deck was cast umimgcompangt ¢ hfait
specified cempgriesef veée kKsi. The measured compr
demolition day were 4.9 and 5.2 Kksi respectiv
mi xture was used for the replacemenatidgedéd amad
monotonic test described in Section 4.4 and
compressive strength of the concrete in the r
the time of both the fattigautes amfd dnmolmpt 8ni a. t ¢

regarding mixture constituents are provided i
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The NU35 girder s Greardemi déadn sttretedt e c i wmif tolr ¢ e me
ASTM A6151&GANES Mded .2670i n. diwametr eéloawvgsaVvi on pres
strands cASBOIM Adtl 6BAABM transverse reinforce
reinforcement was epoxy <coated, as typically
provided regardpngpeheteieseel materi al

The reinforcement usedr adenf 60r isa ®ted trlee nd
compl i ABStT MwiAt6 1 5-1 8% 1shaMnp |l e pl ot of stress ver sl

4.5 and measured average reidf@rcement proper

Tab#EkConcrete Mixture PfopoNUBBNnSi pderydnd Bridge

Constituent NU35 Girder Bridge Deck
Water (Ib) 252 274
Cement (Ib) 729 583
Fine Aggregaté (Ib) 1703 1880
Coarse Aggregate(lb) 1140 1230
Air Entraining Admixture® (oz) 70 0
High Range Water Reding Admixture® (0z) 35.0-75.0f 17.0
Measured Density (pcf) NA ¢ 145

aNU35: Type Il Portland Cement; Bridge dedigpe | Portland Cement

b NU35: KSDOT FA-A compliant aggregate; Bridge det¢kansas River sand

°NU35:Mo Dot Gr a d;@8ridgeEléckcRisheddimestonénith maximum aggregate sizé 3/4 in)
9VR10 (neutralized vinselesin) compliant withASTM C260/C260M16 and AASHTO M154Vi/M154-12
€NU35: PS 1466; Bridge deck: ADVA95(both compliant witlPASTM C494/C494M16)

f Exact quantitywvasnot provided

9 Not reported

Tab4d2Z2Measured Reinforcement Properties for

Material Properties Grade 60-No0.5
"Q2 (ksi) 66
- b 0.0024
"Q¢ (ksi) 98
- d 0.13

aYield stress, calculated based on 2% strain offset method
b Strain at yield stress, calculated'@slivided by modulus

¢ Maximum stress

d Strain at maximum stress
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100

80

60

Stress (ksi)

40

20

0

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Strain
Fi gubeStr eeeg sus fSarr aBa.rlsded as Deck Reinforceme

4. Bri dge Deck Construction

Photos of the process of assembling, cast.
deck are shown in Figure 4.5. To prebpwreefor

The formwork shown onstrigatred 40 6t wafs plhywo ad

pl ywood were placed vertically between the girt
up to 7 in. above the top surface of the top
pl ywooumerd, land triangular | umber braces were
| ateral and vertical support.

As shown in Figure 4.6(a), Type | felt was

#2 top fl amge, Iwaawi nfgauotgheenxpd sedr The felt wus
0.04 in. gahtiwcrkatasdp harlgani c felt thal6coR6ébr med
first deck placement, no roofing felt was use

deck clwoomded et o a troweled concrete surface coO
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concrete cast over roofing felt. The deck reir
chairs as shown in Figure 4.6(am.x Foupimxlaisdri n
delivered with a single truck and placed intoc
crane. Concrete vibrators were then used to c

decks was troweled(bng. fAhMtshedagtFigagyredd@mB b

plastic sheets were used to cure the concrete

f

il ve days after casting. Girders with the

o ™|

(@@ Deck Rei hfandeRenD () Concrete Deck a-

’ R il

(ccConcrete Deck (dDemol ded Concr ¢
Figurd@ea.kb Casting Procedures
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43Concrete Deck Removal

The concrete bridge decks were removed frc

after casting of the decks to qualitatiyv

days
caused by, bridge deck removal . hTihceh ptuhrep opsreo pw
partially roughened detail (Girder #2 i n Figu

document the types and extent of damage cause

@WalBe hi nd Concr ¢ ()65 I b Electric

(ccvariable I mpact LC (dHammers and CFt

Figur:e&rd mary Tools Used for Deck Removal
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The deck removal met hods, descricued i ng, d
ckhammering, and chippingthéncogearetaée b dedl
eces and then removd&Nodemdlhiagh tihte piceompe by |
clude the simulated removal of bridge decks
S to investimatpearat tofmet condemiar aemomabf pt b

ck from the supporting girder.

.3.1 Deck Removal Procedur es

The primary tools used for deck remowval ar e
hind concrete saw stho winb ienl eFcitgruirce jd4a c7k(ha mmer
s operalkd8 wnt hbatl demolition hammer shown
wer out put f rpoorun3d.s7 otfo 11n8p.a5c tf oeonter gy, and v
ownFigure 4.7(d). Although the demolition h
s set t o apmmnaxei maotre |  p poroodxnidnsa t cefl yi m@Ra cftt e n
i pping around the rebar and cl| osxe tof tahel T«

molition hammer, which is typically require:

.3 .Blavwutting

The first step of thecutemohetcomcpetoe edasc kv

igure 4.8). For each dedhk, ttwom darmegi tcedirall
ear to but not interfering with the horizon
ts were made at regular intervals (lsipmraecsed ¢

re firdtopsesturdrmctehef the concrete deek to ¢
hind saw was then used to make the longitudi
d 4.8(c)). The depth of cut waepsél amgeb (Th

ickness wasu? decks @dhe sawwn in Figure 4.8
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@Chalk Lines I ndic ()Longi t udduntasl S

Sa@Wut s

() TransveCwtes Sa\y (dDecks aCuetri Ba

FiguBeawuttPmagcedur es

4. 32Remov &SlawouDeck Sections

Removal of the deck sections | ocated above
by bond and reinforcement crossing the interf,.

sectianhedlatong the wedges of the flanges th
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demolishing the edge sections, hammers, <chise
shown in Figure 4.9 to break t he dheecrke croencce sest &
demolish the deck concrete. For Girder #2, wh
the flangescutalddagee gshegctsiaoons of the deck were
chisels into thketgapsgec(de @& @adl) bprsawi ng a de mc
for 50% of the sections) to widen the gap bet
(Figure 4.9(b)) before prying them free with
sectiudmds bceo | i fted off the girder and disposed
and no roofing felt (for this part of the st uc

free in this same way. FoQi rtdheer t#wmo trheama icnoiunlgd e
and sfeawren ofedghee seecgthitons on Girder #3 that h
necessary to use the demolition hammer to dem
As a result decdmeswvalt i ohst lheer the troweled a
significantly more effort than over the flang

After removal of the edge sections of the ¢
the beam welwedwerTdher steps of the process are
Figure 4.10(a), a 65 I b jackhammer was first
| evel of t he interface reinforcement. oAl t hou

permitted by Kansas Department of Transportat

here on a | imited basis with no negative 1 mpa
wel | controlled and any cowtadtdwi tim @r ace¢earce
prudent to | imit hammer sizes to 30 I(RH,1539ds ¢

and recomiandiendg (tlh9e9 IAmearnidcan Concrete Paveme
After exposi ng itrhfeoricne neernfta,c et hseh evaar iraebl e |1 mpac
moder ate i mpact energy |l evel consistent with

remaining concrete down to the top of the gir
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@Breaking the Deck (bUse of Demol ition
Hammer s and Chisel ¢ Angle to Break De

was Pl aced Prior

; 23;4 “!gi! ’/Y;gwﬁpgvr, '
)Debonded Edge Pie (dDemolishing Edge

Where Roofing Fe Where They were Bo

Fi gur:eRedmody al of Bridge Deck Concrete
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Vg SATQ

2 M : e bl - LR WA A
@Limited use of 6! (b)Deck CoMfdtietri olhs e

Remove Concrete abo Jackhammer

Reinforcement

(c)Prior to use of (dAfter Deck Rel
Demol ition Ham
FigureRdmdavwal of Deck Concrete over
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43 .Rvaluation of Connection Detail s

The process of demolishing the bridge decl
comparison between the three connection det ai

damage to the girders caused byudétmoéi afbar de

4. 3 EXfort Required for Deck Demolition

The effort required for bridge dechkodessol i
it took to complete the task within therUnive
of peosos reported is not meant to be Feprese
site, but this measure allows for relative ¢«
demol ition was per f orbnyedt hfeow os avbde ki¢ lexlareieas Ipielcii tm

caused by differences in the pace of work

Tab4#4FPer shoaur s Required for Bridge Deck Dem

Removal of ~ Removal of Total Effort /

Connection Details Sawcutiing Edge M|dc_ile Total Effort Total Effort
(personhrs) Sections Sections (personhrs) X
for Girder 8
(personhrs)  (personhrs)
Girder #1: Fully Troweled 45 21 95 35 74%
Girder #2: Partially o

Roughened withiRoofing Felt 45 3.0 95 1 36%
Girder #3: Fully Roughened 45 33 95 a7 100%

The reporhtoaud spearrsorsepar atcedtiimtgo tdemed i marn
of edge sections (over the flange tips), and ¢
over the web. As shown i ncutatygl end. I,e mohe séfi fna
sections (4.5 and 9.5 hours, respectively) wer
However, significant di fferences were documen
portions of tehre #dle,c kvehi cFhorha&i rad f u Fhloyu rtsr oweerlee
required to demolish the edge portions down t

for Girder #2, which had a roofing feln 8§l ace
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i n. section over the web, compl ete rdmauvasl of

The girder with a mostly roughemedr sufrdmaceomg

removal of the edge sectioamsefoffortther éoquidrged dfe
removal in Girders #1 and #2 was approxi mat el
respectively. Bridge deck removal for Girder

deck over Girder #1.

4. 32DAampe t o Bridge Girders Due to Bridge Deck

Alt hough the girders were generally in gooc
examples of damage were observed (Figure 4.11
4. 11(a) armd t4e.dl If(rHowmt ttiheeg s@mwocess. The first,

was damage to the interface shear reinforcemer
observed on Girder #2, was damage tthoe tshaew ¢gilradl
Neither damage type is related to the girder
damage wh ecnuetvteirngs aivs empl oyed. It shoul d, hov
damage by a) Il imiting tmae imumberutofdepuths ,t ob)0.:
deck thickness over the flange, and either <c¢)

sawutting (perhapdvaskedoughause ochhtGPR), or d)
t hroughl obet ddckver the girder web where inte

The other two types of obs droveecdk di annaegref aacree
As shown i n Fi gutrhei cdk nlets(bca)e dag st ehcrtoiuognGiorf d ¢ he f
#3 (approximately 7 1 in. long and 2 | in. wi
bet ween the variable impact demolition hammer
wire reinforcement by t Ihaeg efdlaainlgies wda maegxep ove e |
repaired to, at a minimum, protect the expose:
4.11(d) shows another type of observed damage.
t he top f | adnigsel osdugrefda cael omags wi t h t he deck concr
16 in. l ong by 10 in. wide by 0.5 in. deep cra
is effectively repaired when thegr regiprl der mewnrtt f ¢
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is an indication of the difficulty with whict
girder flange. Additional complications may

reinforcement or, wotrhsee,b odtitsd n dfgaec ec oonfc rtehtee tforp

(@Sawut Damage to R (b)Sawut Damage to t
FI ange (Girder

L
% 3.‘{:_' ‘I ¢ g B ’ o

’(.:_f.,)“ R e

(ccBroken Flange Ti (dCrater in Girder

.

i

"y P

FigureGidrdédér Damage Types Due to Deck Remc
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4. 33Cobndition of Gbudtaddep MBlrange Deck Demol i
A motivation for <careful bridge deck demol
installation of coanmewilmi ddetdheck opThlearface of
was documented and compared to the condition
observed that deck removal had an influence or
of the surface roughness after deck removal (
process of casting and removal of the bridge
For Girder #3, with an initially roughened
instahé epll ant t(to a 0.25 in. amplitude using a
concrete. I nstead, a roughened surface with a
that resulted from the peaks andbeahhgepsasscads
concrete surface during the deck removal pr o
remained affixed to the gdetheli suohaserf oual a)
gualify as roughe®e@&paccbdbrdahgonor Ag8HT ement s
free of | aitance, with surface roughened to a
For Girder #2, which originally had a roug
roofing felt over the remainder of the flange,
to the surface of Girder #3edmipgluaeed, 12he §Vih
was as smooth as it had been prior to-caofasting
damage shown in Figure 4.11(b). TFinel aome fbmigddg
deck from intedarctihgngve tdurniheg gtitme casting p
damage to the girder during deck removal.
The finished surface of Girder #1, which w
4. 14. The condition of tihrilsy saarfsaicset eanftt eav edre ct
Even though the surface was originally trowel
deck removal where either small remnants of d
process had memeved fsometdhe top surface of tl
girder surfaces achieve suifdpiacentdegkhagtd borm
the interface to make damage to the gheder wun
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FigureGdrder #3 Surface after Deck Removal (Ori

Figuna&Girder #2 Surface after Deck Removal (Origi
Roofing Felt over the Flange Tips)
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roughness of the Geedet h#l esbrtheeowher beéewe g

composite action, it would be prudent to cons

FigundGirder #1 Surface after Deck Removal ( Or |

43 . Boncl usi ok fRreano vixd

The following conclusions are drawn from the
1. The use of roofing felt over the girder f1l a
bridge deck removal-hodrns trhd cguisrteud yf, ort hler ipkg e
the girder with roofing felgti rodveerr wiheh fal afnugle
top flange and 36% of that for a girder with
2. Use of roofing felt over the girder flanges
by hammer i mpact becausel iftordruasneatoifc alhliy priend

the flanges. Damage to the girders due to ha
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the girder (Girder #1) and dislodgement o
rder #3).

ardl es

stiodn coetnai | , the girders-cwetieng.ul

der damaget tdiureg t oo slagv be minedwmged hley number

setting the maximum cut depth to ®d5 i n.

her C)

struct

ough t

|l ocating the I nstsewlaaosy pBlsear ormei
i owi Gt avs @ed sr ebar |l ocators), or d)

he deck | ocated over rtcheameqiitr der |weh

ting and removal of a bridge deck does al

possi
te wit
der fl

l eys ¢

ble to return the surfaces of all
h reasonablteocoefghonthe Faki hgstuarde,t
anges was not evident after deck r

aused by the chipping process was f

arly har triequwliattel r oughness of the top fl ar

—h

i ng f
nf oMNoe
re mple
t duri
fing f
wel ed
reased
portio
hough

k hamme

elt was easy to install over the f
memtesi ve was used between the roof
tant debonded plane is |l ocated. Ho v
ng construction, isto naieds h ersei cvoemnteon dle al ¢
elt in place during construction.

surfaceedofrethei getgessrexhi bond wi
the effort required for deck remov
ns of girders that had roofing felt
the use of | arge t ambharmmerpsosiss bh

rs, |l i ke the 65 | b jackhammer used

permitted, use of hammers | arger than 30

ectly

over thelegi hdeot wgheandr tbohan t he

reinforcement .

Recommendations for deck 6r2zmoval are provided
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4 Hatigue Tests

4. 4.1 Construction of Replacement Bridge Deck

Twemtnye days after removal bf i dbe HOecHgewd:
onto each girder. The di mensions amesrcdinbfedr c
Sectil8mMAs4described i ncoSecoteixaerur €. prob,porheons

reinforcinhbessameé fWwereboth the Forgiugienall 1&n d& hro:
surface preparation and deck reepfadeeadmdatotr ar I
Girder # Zseamnfdadte8 ,patelparsafdondead i r st dFeoack Gd adteirn
roofi ngapfpellite dwvaosnh tthhesl ed@iigees. wi de expwekdd s
over thOFEei gwerbe 4. 6(a)) . The codnucrreestee t ha&s tsianmge
descr Seedion 4. 2.
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Figure 4.15: Surface Preparatio@aanhdn®eck Rei
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4. 4.2 Description of

Experi ment al

Beginnings laf5 emonctahst i ng

subjected to 2 mill

Girder #2 and t hen Gi

4. 4. 2.1 Test Setup an

The

Cl ospe photos of

whole setup is shown

each support

reinforced concrete

pin
hydraulic

to
110
t he

serve as a
kip
beam at midspan
b etawdeuna ttore head

t he

set
was bolted to

to bear directly on

¢

West

a

i on

r

d

sever al

composed

and

der

Il nstrument at.

testi ettt upmeamtdat i on

n Fi

of a

support
(Figurreodi. viagq af)r)eevhtid er alt |
actuator

directly

| aboratory

concrete

/Fatigue Load

_-Steel Plate

t he
cycl es
#3.

component s

gur e

wa s

concrete

of si mul

on

used for t

of
4. 18.
cylindrical
bl ock. At
used to
over the
deck.
strong f|

sur face.

|‘=‘T'L1

=

=
28%”——J

281"
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Figure 4. 16:
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(b)) Rol Il er Suppo

(ccBearing of Actuat (dLVDT Bel ow Girde

(e)LVvDT at End of HStrain Gaug:

Figure 4.17: Details of Test Setup and In
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