ABSTRACT

FORSYTH MICHAEL BRINKLEY. Behavior of PrestressedPrecastConcrete Thin
Stemmed Members with Dapped Enfldnder the directionf Gregory W. Lucier, Ph.D.

Prestressedrecast double tee members with dapped ends have been effectively used for
decades in parking garages.dapped end is created when the web or stem of a beam is
notched at the bottom corner, relocating the bearing location higher in theseotis®. The
design and detailing of alagped end connection must consider thsevere sess
concentratiorthat developst the reentrant cornerDapped ends are often subjected to high
bearing reactions that must be safely resisted by transferring forces into the main cross
section of the beam through the reduced esession of the nib.A bearing point that is
eccentric to the dap face and the potential for additional axial loads from bearing friction
complicate the desigmesign of a dapped end can be further complicated by the presence of
prestressing strands below the nib or throtinghnib.

The primary objective of theesearch programwas to examine the effectiveness of
various selected dappemhd reinforcement details in prestressed concretesteBmmed
members. Eight reinforcement schemes were developed to examine differenétpesa
affecting the performance and strength of dapped end connections for prestressed thin
stemmed beams. The parametsitgdiedin this researchprogramwere: the inclination of
hanger reinforcement, the radius of the bend in the hanger reinforcehgeiniclusion of a
heavy mesh shear basket, passing one strand through the nib, and a held back flange. Four

full-scale prestressesingle tee beamsach 30 feet long were tested to failure. The test



beams werelesigned so that each end could be testéelp@ndently of the otheproviding
two distinct tests per beam

The research further aimed to better characterize the lap splices that are often required
between mild steel reinforcing bars and prestressing strands in dapped beams. In the dapped
end desigs investigated in this research program, force was transferred from the horizontal
extension of the hanger reinforcement todlierlappedrestressing strands within the strand
transfer lengthEight lap splicespecimens were designed, fabricated, astetBn order to
better understand the transfer of force from a mild rebar to-eepseoned strand.

The results of the full scale beam tests and thesfdipe tests wereompared to design
assumptions, and wetsed tomake preliminaryecommendationsof the design of dapped

endbeams
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1 INTRODUCTION

1.1. Background

Precaststructural members provide several advantages to ibgildesigners and
contractors especially in situationwhere the speed of construction is emphasiPedcast
manufacturing expedites the construction process by allowing large pieces of a building
project, such as beam, slabs, and-thih e mme d 0 dre ® de case affite and then
transported to the jobsitather than forming ancasting each structural element in place and
then allowing for time to cure. Prestressing thepeecaststructural elementsan further
optimize efficiency by allowing mebers to span longer distances and céigher loads
than those reinforced witimild steelalone.Precastoncretemanufacturingcanalsoprovide
betterquality control thartraditional concreteonstruction due to the repetitivegntrolled,
industrial production. Such a&ettingallows for a reduction in construction errand the
creation offavorablecasting and curing conditions.

One detailbftenusa in buildings and parking garages that is unique to precast concrete
construction is the dapped end.dapped ends created when the web or stem of a beam is
notched at the bottom corneénovingthe bearing locatiohigher in the crossection. The
notch itself is known as thidap and the portion of concrete remaining above the dap is
referred to ashte nib, as shown ikigure 1-1. A typical beardo-ledge connection using a
dapped end is shown Higure 1-2. The dapped endetail enables theverall depth of a
precast flooror roof structure to be rededby recessing the supporting corbel or ledge into
the supported beanBy allowing for a reduction in floor height, the dapped end detail can

significantly reduce the overall height of a building.
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Figure 1-1: Beamswith and without Dapped Ends

Figure 1-2: Typical Dapped Endin a Precast Concrete Beam

The design and detailing @f daged end connectionmust consider theevere stress
concentratiorthat developsat the reentrant cornerDapped endare often subjected tuigh
bearing reactions that must be safely resistgdransferring forcesnto the main cross
section of the beam through the reduced esession of the nib.A bearing point that is
eacentric to the dap face and the potential for additional axial loads from bearing fation

axial shortening due to cregmplicate the design. In thstemmed members such as



doubletee beams, this severe loading condition must be resisted by ssectiss that has
limited space for mild steel reinforcement and lacks the benefit to shear resistance normally
provided by a bearing reaction on the tension.f&ssign of a dapped end can be further
complicated by the presence pfestressingstrands blew the nib or through the nib.
Prestressed strands may transfer additional horizontal and splitting forces into the section in
the dap region. The magnitude of the forces applied to the section by prestressing can be
many times the magnitude of the pam dap reaction In addition, in prestressed beams
with dapped ends, the need may arise to transfer forces between mild steel reinforcement and
prestressing strands through lap splices

In the precast concrete industry, the design of dapped end beginalyyfollows the
provisions outlined in the PCI Design Handbo@kecast Prestressed Concrete Institute,
2010) however,dapped endeinforcing details are not standardizsctoss the industryIn
addition,few experimentaktudies of dapped ertdin-stemmed beams have been conducted,
particularly when prestressed beams are consid@tesl.thesis presents a research program
conducted at the Constructed Facilities Laboratory at North Carolina State University in
conjunction wvith the Logan Structural Research Foundatilbat aimedto investigate the
behavior of various dapped end reinforcement defailprecast prestressed doubde
beams Multiple dapped end reinforcement desavere examined foultimate and service

level performance

1.2. Objective
Theprimaryobjective of theesearclpresented here was examine the effectiveness of

various selected dappeahd reinforcement detailsn prestressed concrethin-stemmed



membes.

Theresearch further aimed to better charazeetine lap splicesthat are often

requiredbetween mild steel reinforcing bars and prestressing stnami@pped beams

1.3. Program Scope

The combination of experimental and analytical work outlined below was undertaken to

achieve the research objectives

a) A literature review was conducted in order to investigatebttekgroundand

b)

d)

behavior of dappedend in prestressethin-stem members. Industry design
methodsand procedurewerestudied

Eight full-scale, prestressediapped ensl of doubletee beamseach wih a
unique reinforcing schemevere designed toexperimentallyexamine different
parameters believed to affect the behavior of the dappedSémaits at various
locations on the interior reinforcing stegere measuredlong withthe strand

slip andtheapplied load

Eight lapsplice test specimens wetesignedfabricated testeqd andanalyzedo
examine theequired overlapgength of rebaito prestressingtrand required to
yield the mild steel reinforcement These lagsplice tests replicated the
phenanenon which occurs in the bottom of the stem of a dapped end connection
where the force in the horizontal rebar is transferred to the prestressing strand
along the ovetappediength

A StrutandTie model wasdeveloped to modehe dapped end reinforcenten
details to examine the capability of the model to accurately determine the

capacity of the design.



2 LITERATURE REVIEW

The dapped end connection has been successfully usedold numbers ofeinforced
and prestressezbncretemembersThe designof these members is often completasing the
PCI Handbook provisions for dapped end beariig other casesAppendix Aof ACI-318
on StrutandTie Models also offers acceptable method for deg@ymerican Concrete
Institute, 2008) Research owlapped end beantss been relatively limited since the first
paper was published on the topic 40 years &bere islimited literaturediscussinghe lap
splicephenomenotthat occurs in the bottom of the stem of a prestressed dapped emd bea
Recently, esearchers have proposetiut and tie modelsand techniquesto better

characterize the behaviora dapped end beam.

2.1 Current Industry Practice

The PCI Design Handbook™2dition, prescribes a design methodology which is based
on classicathear angheasfriction theory The method relies upaquilibrium offree body
diagrams acting across potential failure plans. The procedure conservatively treats the dapped
end connection as reinforced concrefgnores prestressingand proportions the
reinforcement for the nib regiom a manner that assumes the nib behavesnasverted
corbel. Reproduced herein Bgure2-1 andFigure2-2, thePCl Handbook illustrates typical
dapped end detaibind potential failure plans that have been observed in dapped double tee
beams. The bars labelesl,, are colloquially referred to aghanger reinforcemedtwith
anchorage provided by the horizontal extensi@) bent toward miespan of the beanAs

indicatedin Figure 2-1, the PCl Handbook requires ti#e and Ag, reinforcement to be



extended onéar development length past the critical diagonal cradkifaiplane indicated
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The thin stems of prestressed tee membersisuwallytoo congested to accommodate
properclosedstirrups, ag-igure2-1 suggest using Instead, Ghaped bars shown Figure
2-2 are a common alternativéhe C-shaped hanger reinforcemelgtail shownis commonly
used in industry, however, this detdibes notconfine the strut running upward from the
bearing surface toward m&pan Cracks developed ithis strut can propagate directly over
the top of the curved-Bar. At the bottom of the stem, the horizontal extension of the hanger
reinforcement musbe long enough taallow the mild steel to develop within the transfer
zone of theprestressing stran@dsopresent in that region.

According to the PCI Design Handbooky autward tension force is developed at the
bearing when properly designed bearing pads are used. The PCI Design Handbook
recommends applying a horizontal forcekken as 0.2 timesélsustained load portion of
the ultimate load () (PCI Design HandbooKth Ed., 201Q)The vertical load is due to the
typical first order effects from dead and live loading. The addition of horizontal load arises
from the influence of volume change, teangture change, and second order effects which
loads the beam axially and should be accounted for in deBgnratio of normal force to
vertical load has been debated in design of bearing connections as researchers have proposed
different values(Raths, 1984)In addition to the load and material factors, an additional
overload safety factor is sometimes used in precast connection design, as described by
Section 6.22 in the PCI Design Handbodk Edition. The magnitude of thadditional
overl oad factor for a particular connection
uniform throughout the precast industry. The general purpose of such a factor is to guarantee

that failure does not occur in the critical connectionpretast concrete elements. There is



debate within the industry as to whether a connection factor should be applied to dapped end
design.

A Strut and TieModel (STM) is also acceptable for design of any region of geometric or
force discontinuity per ACB18 Appendix A. The dapped end connectican be designed
usinga STM due to thelarge reaction force at the nib atite geometry change a short
distanceaway from the bearingoint. The ACI provisions do not account for prestressing
force in the creationf a STM.Theprestressing force is not fully transferredhe region so
designing without considering prestregs is usually considered by the industry as
conservativeWhen using a STM to design dapped end bearing, the ties should coincide with
the location the mild reinforcement, in the form of the hanger, nib flexure, and nib shear
reinforcement. The struts then should coincide with the logical flow of force. Reproduced
hereinasFigure2-3 from ACI 31811, Struts will typcally be located parallel to two inclined
cracks. Thiscracking phenomenoallows examination of the cracking patterns of dapped

end beams to determine the orientation and width of the struts that form the truss action.

. ) TR I T R

T \L Cracks \— Strut T

(a) Struts in a beam web with inclined
cracks parallel to struts - Section A.3.2.4

Figure 2-3: Struts Formed Parallel to Inclined Cracking (Reproducedfrom Fig. RA.3.2in ACI 318-11)




2.2 Early Research

Werner and Dilgepublishedresearch n 1973 on prestressoed con

known today as dapped end beafWgerner & Dilger, 1973)Werner and Dilger studied
beams 9wt squa rrgss sectiotisat were prestressed using péshsioning rods

Two rods wereinstalledthrough themember:one through the nib and another through the
dgp face. Both postensioning rods were drapped at mjghn Werner and Dilger also
examined the effect ohcludingtensile forcest the bearingpplied in conjunctionvith the
vertical loadby using a plate inclined at 30° with a roller at one end obézen and a pinned
reaction at the otheihis inclination resulted in an applied outward tensile force equal to
50% of the vertical dap reactioBome of their test specimeeshibited prematuréilures at

the anchorage regions of the ptatsioning bas and had to be externally reinforcechose
regiors. They also investigated inclinectinforcementverses verticaktirrups and found

them to be equally efficient in resisting shear. Werner and Dilger recommended that
horizontal bars at midepth (A steel in Figure 2-1) should be extended at least a distance
equal to the beam depth beyond the reentrant corner and be provided with down hooks to
ensure anchorage.

Hamoudi, Phag, and Bierweiler conducted reseanghblishedin 19750n 30 ft. long
prestresseteebeam memberwith various dap reinforcement schengeleamoudi, Phang, &
Bierweiler, 1975) They also investigated inclined reinforcement fkithout an outward
bearing force. They also investigatth@ use of gosttensioned rodnstalled verticallyfrom
the top flange of the tee through the stem to prowdditional sheastrength near the +e

entrant corner.



2.3 Research Referenced by Current Practice

Building on the work of previous researchers, tdek directedresearch that woulléter
form the core of thedesign procedureurrently recommended by thRCl Handbook
Mattock and Charproposedan invertedcorbel analogy to analyze dapped end beams
(Mattock & Chan, 197p The nib of a dapped end redalss an inverted corbel but instead
of the compressive force in the corbel being resisted by the co{&mgare 2-4a), the
compressive force in the nib must be resisted byteheile force in the vertical hanger

reinforcement comonly referred to as the hanger si@eture2-4b).

Balancing compression
force in column

~E—A T Inclined compression
] force
Inclined / \
compression f
force
vt -
7 N g
N |epdi- <=

-3 = b .fy
:/i}) Balancing _,.—//ﬁ

stirrup tension
. - - force Ay

(a) (b)

Figure 2-4: Comparison of Internal force systems: (a) in corbel on a column and (b) in a dappezhd
beam (Reproduced from Matbck & Chan, 1979)

Mattock and Chan recognized that the critical failure planes were a diagonal crack

originating from the reentrant corner (crack 3 iRigure2-1) or a diagonal crack originating

10



from the bottom corner of the fudlepth beam (crack 5 iRigure2-1) and assumed a 45

crack angle. Mattock and Chan investigated the design method for dapped end beams by
fabricating test specimens with varying amount of hanger steel and examined the effect of
combined vertical and horizontal load acting at the end of the dapped Bkdtock and

C h a n 6 stup irevaved testing both endf four differentreinforced concrete dapped end

tee beamseach end having a different reinforcement detail than ther.otlineir test
specimens were small scale 10 ft. long beams, with a 5 in. by 24 in.sexism.After each

test, damage was confined to the region of the dapped end so it was possible to turn the beam
aroundand test the other dapped end. Their testgdeallowed for shear andngitudinal
tensionto be applied independently of one anothdaittock and Chaillustrated how critical
themain dappeendflexural reinforcement (labeleds in Figure2-1) is by notingthatii n al |
cases, the dappeeind main reinforcement yieldédfore maximum load was reachid.

Mattock and Theryoresearchd on dapped thirstem memberwith a stateof-the-art
research project on dapped dmemspublishedby PCI (Mattock & Theryo, 1986)This
projectinvestigated dapped end reinforcement sclsefoethin stemmegrecasiprestressed
concrete member usiri ft. full scale specimens subjected to a combined load of shear and
outward tension at the bearing platrior to this study, only Hamoudi, Phangnd
Bierweiler had examined full scale beam specimémglve specimens were tested with an
induced outward tensile force equal to twenty percent of the vertical sheaMiatdck &

Theryo tested five different hanger reinforcement details, includingicakand inclined

hanger detadvery similar to thosstudied in this thesis.
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In investigatng the inclined reinforcementMattock and They/o concluded that the
concrete must contributsignificantly to the shear strengthas they achieved higher
capacites than theeinforcementalone could reasonably provide. This conclusion was also
verified by the orientation of the cracks above the inclined Bdrs. calculated nominal
shear strength of the beamasequal to the vertical component of the yield stthngf the
inclined (hanger)bars plus the shear which would cause cracking at teatrant corner.
Mattock and Theryo concluded tHabping the hanger steel with a 180° bend transverse to
the axis of the membevas effective at anchoring the hanganforcement

Mattock and Theryo also examined the effect of placing prestressing strand in the nib of
the dapped end. They tested specimens with half of the prestressing strands located in the nib
and specimens with no strands in the hibcating strandsigher in section, such as in the
nib, is not appealing to producers because it decreases the bending strength and flexural
efficiency at midspan. This could bevercomeby harping strands near ragppan but this
requires additional hardware andcan be ahazardous operation t@erform on strands
tensioned in the formwork. After completion of testing, Mattock and Theoyeluded that
the specimens which had some strands located in the nib perfbatted(carried high loads
with less cracking)than did speemens with all strands located in the stem. They
recommended that not less than half the prestressing strands should pass through the nib.
Specimens with all strands located in thegpped regiomlisplayed more severe cracking at
the reentrant corner as ogpared to specimens with some strands located in the nib. They
also noted that the stresses in the dapped end flexural reinforcement were much greater in

specimens with no strands passing through theMaditock and Theryo suggested that the
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shear strengtof a dapped end connection couldch&ulatedusing V;;andV, at a distance
of h/2 from the end of the full depth web while taking into account the buildup of prestress

along the beam and the effect of the tension force acting on the dapped end.

2.4 Deformed Rebar to Prestressed Strand LagSplices

The force required to yield the hogimhzont al
Figure 2-1) is developed from the anchoring provided by the adjagedtressing strands.
Mattock andTheryo proposed multiple reinforcement design and detailing recommendations,
including a minimum rebato-strand lagsplice length to ensure that the yield strength of the
hanger reinforcement is develop@diattock & Theryo, 1986)They found thathe horizontal
extension of the hanger reinforcement should extend not less than 1.7 times the specified
development length to develop yield strenditattock and Abdigfurther investigated this
topic by testingeleven specimens examining the transfefoofe between reinforcing bars
andapretensioned strar@lattock & Abdie, 1988)

Mattock and Abdie tested slender prestressed prisms with two reinforcing bars of equal
length protruding out one end of the prestressed prism. Tension was applied tortlorgyot
bars while restraining the concrete prism away from the lapped length of the rebars with an
embedded steel fixture. Mattock and Abdie-faesioned each strand to 50% of yield prior to
casting and transferred the prestressing force gradually tcotierete. Their experimental
programtested eleven specimens cast in pairs with variatiotheokize of the reinforcing
steeland the lap lengtlof the reinforcing barso thestrand. Mattock and Abdie concluded
that as the embedment length of the lnacseasedso doeghe ultimate load. Thegieveloped

Equation 1to calculate the lap length required () to reach at particular logddiPa given
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area of steel reinforcement YA A safety factor of 4/3 was alsmcorporated into the

equation(Mattock & Abdie, 1988)

de o
pH T T 0O  “j¢ 1)

Using this equation, Mattock ambdie concluded that the required lap length to yield
two grade 60 #4 bars to ohed -wite Grade270 pretensioned strand is 56ches, much

longer than the development length recommended in the ACI guidelines.

2.5 Recent Research

Typical dapped end beam dessganchor the hanger steel {Aby bending it at the
bottom to create t hg whicb runszparallel ad th peestiessings i 0 n
tendons (refer té-igure 2-2). This detailis a cheaper alternative to separate anchorage ties
which would be required to develop the vertical hanger steel and the horizontal hanger steel
extension This mheweéd dmaarfiic needs to be able to
steel through the bend to the horizontal extenggary Klein proposed design guidelines to
establisha minimum bend radius when using a curled node in a STM2008) A curved
bar node wald be appropriate in th@TM of a dapped end beam to repredbkistbend in the
hanger steelThe proposed approach would require a minimum bend radius for the hanger
reinforcement to ensure that the yield force could be transferred around theKiede.
developecdEquation 2o calculate a minimum bend radius)(for the inside bar based of the
total area of steel (4, the yield strength of the stegj)(fthe width of the strut transverse (b),

and a specified gompressive strength (f6o
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NagrodzkaGodycka & Piotrkowski(2012) recently conducted research osmall
prestressed reinforced concrete dapped end beams with inclined and vertical hanger
reinforcement to better understand the state of stressekjngaand load capacity dhe
dapped ensl The researchers also examined the effect of inclined forces on the performance
of a dapped end connectidorheytested specimens in pairs, one with only a vertical reaction
and the other an additional outwardrirontal reaction equal to 50% of vertical. The
researchers concluded that the application of the horizontal force was a critical situation
which caused a significant decrease in load capafitgir test results also showed that the
inclined hanger orieation performed better thahe vertical hanger orientation

Nanni and Huang (2002) proposed an alternative reinforcement detail that satisfies the
provisions in the PCI Design Handbook. Their reinforcement detail, described-barai&
shown inFigure 2-5. Their test specimens consisted of prestressed double tee beams with
threeprestressing strands located below the nibfandstrands located above the nib. They
found that this alternative reinforcement detail was suitableuse in a dapped end

connection
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Figure 2-5: Alternative Z-bar Reinforcement Detail (Nanni & Huang, 2002)

Mattock recently suggested a simplifiethig andtie truss mode(STM) that is more
consistent with the actual behavior of the dapged as compared to other mod@sattock,
2012) Mattock examined th&TM in a design exampléor a dapped end beapmovided in
ACI SP-208 (Reineck, 2002)which used a modéby Cook and Mitchel(1988) shown in
Figure2-6, and concluded that this model predicted forces in the hanger reinforcement that
were inconsistent with tests he has witneskhsihg this model would lead to the ualistic
situation where the predicted hanger steel forces are greatly in excess of the vertical bearing
reaction. He noted that the assumption of the presence of compression Strut BD was
inconsistent with the diagonal tension cracking behavior at tleatrant corner observed in

many tests of beams with dapped ends.
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Figure 2-6: STM Model proposed by Cook and Mitchell (1988)and Referenced in ACI SP208

Mattock examined a secomntsign exampleised in ACI $-208, whichused a model
provided by FIP, shown ifrigure 2-7 (FIP Commission 3 "Practical Design", 1998his
model implies that the total tension in Tie AD must be resisted at Node D by the kadrizon
component of Strut CD acting with Tie DF as a trdss. this to be true, Tie AD must be
terminated at Node D with some form of positive anchorbgactuality, Tie AD continues
past node D by a sufficient length to develop the yield strength of DieTAe force in Tie
AD builds up over this development length instead of suddenly at Node D as the model in
Figure 2-7 would indicate.Mattock concluded thathere is no need for Tie DF to act in
conjunction with &ut CD to resist Tie Aland that Tie AD was in equilibrium by the force
provided by the development of the extension of Tie AP validatedhis conclusion from
observations of prior tests, which did not provide Tie DF in their design yet no tensile

distress occurred due to the omission of the tie.
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Figure 2-7: Strut and Tie Model presented in theFIP Recommendationsand Referenced in ACI SP208

Mattock suggested instead a simplifietlut andtie model withan anchorage force {P
resisting Tie AD and an inclined compressive forcg (Bsisting Strut CD shown iRigure
2-8 below. Mattock assumed that the inclined compressive forgeidPart of the overall
truss a&tion in the full depth beam consisting of the concrete at the top of the stem and in the
flange of the tee beam. The anchorage forggigprovided by the extension the reinforcing
steel of Tie AD through node D. This model is the basis fosthe aml tie model presented

in Chaptel6.2 of this thesis.
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Figure 2-8: Simplified Strut and Tie Model presented by Alan Mattock(2012)
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3 FULL SCALE BEAM TEST S

The experimental progna included four fulscale singldee beams. The four beams
enabled study ofight reinforcingschemeshatwere developed to examinarious selected
parameters affecting the performance and strength of dappegresicessedhin-stemmed
beams The selected configurationswere representative oflesigns seen in industriput the
specimens were configured to studgriablesbelievedto have a sigfiicant effect on
performance. The samestprocedurewvas applied to eacfpecimenanda comprehensive
test asign was conceived toclude cyclic loading and &nsileforce due to bearing friction

in addition tothe mainvertical reaction.

3.1 Thin-Stemmed Bears

Thetestspecimens studied in this program were-fdhle singldee beams, eadhirty
feetlong. The beams were designed such that afésting one end of a beam, it could be
flipped around andthe other end tested. The tests at each end of the same beam were
independent because the damage from each test was confined to the end Téggons.

specimens werdesigned using therosssection andlap dimensionshown inFigure3-1.

1 —t 7y 1
| I

~
o ¢
6 x 0.6" Strands B

=

Figure 3-1: Typical Specimen CrossSection and Dapped End Elevation
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3.2 Parameters to bestudied

The experirental program is summarized ihable 3-1. The tableindicates the
reinforcement schemes used and $pecial characteristicstudied ineach specimerFive
parameters were choséor study including the inclination of hanger neforcement, the
radius of the bend in the hanger reinforcemé#, inclusion of eheavymesh shear basket
(ALogan , paastid ene &thand through the nib, and a held back flarfggeh
parameter is discussed in detail in the following section. dulshbe noted that the test
specimen designs were completed with extensive impat fwo advisors to the projedon
Logan of Logan Structural Research Foundation and Alan Mattockiniversity of

Washington.

Table 3-1: Test Matrix for Beam Tests

Steel Reinforcement Detall
- Hanger IR T(I)c?cittirjl: ‘ Reduced
SPEEIET Hanger_Bar Bar Bend EST Relative to Nib
Detall Radius Logan Nib

Basket
L3A 40 Below No
L3B inclined Present Below No
L3C 1. 53 Present Above No
L3D Present Below Yes
M4A 40 Below No
M4B Vertical Below No
M4C 1.50 Above No
M4D Present Below No

3.2.1 Inclination of Hanger Reinforcement

The hanger reinforcement is the primary p&ih transferring shear force through a

dapped end connection after cracking compromises the concrete shear strength. As shown in
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Figure2-1, the PCI Handbook suggests the use of vertical hanger reinforcement to resist the
vertical shear force. Researchdipers includingMattock and Theyo suggested that the use

of inclined hanger reinforcement may prove superioretdical reinforcement with the same

area of stee(1986) In the currentexperimental program, test specimens with inclined

hanger reinforcemerdreidentifie d wi t h t he | etter ALO and spe
reinforcement ar e i dérhettwof harget dewmils texamireth i@ theé et t e

experimental program are shownFigure3-2.

Inclined Hanger
Detail

Vertical Hanger
Detail

f -1

Figure 3-2: Vertical vs. Inclined Hanger Detall

3.2.2 Bend radius of the Horizontal Extension of the Hanger Reinforcement
It has been proposed that the radius of the bend connecting the hanger reinforcement to
the horizontal extension can affect performance of that node in transferring force around
the bend, shown iRigure3-3 (Klein, 2008) Equation 2suggests that for a design strength of
f&& 5000 psi, a dept h 2e0#4 Grade 6Q defarmed reinfarcdng bassy e r s

each which form this curved bar nodlee bend radius should be limited to a minimum 3
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in. to provide sufficient anchorage. Therefore, bendi raid4 in. and 1% inwereexamined

in this study.

/ Hanger Reinforcement

Hanger Bend Radius Z

Y\Horizontal Extension
& \.

Figure 3-3: Hanger Reinforcement with Bend creating the Horizontal Extension

3.2.3 Inclusion of Heavy Mesh Steel Basket

The effect ofincluding a custom fabricated steel mesh basiesupplementary hanger
and shear steelhas of interest to the test sponsor, Don Logan of the Logan Structural
Research Foundation.ogan designed thsteel baskess a series othree W10 steel wires
spaced at 2n. andbent into a Ushape,asshown inFigure 3-4. Transvese welded wires
enabled th&Vv10wires to develop in the concrefehe steel baskevas sized tdit around all

typical end reinforcementithin the narrow width of a typical tee stem.
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Figure 3-4: Custom Fébricated Steel Basket

3.24 Passing one strand through the Nib

Previous research has recommended passing strands throughaba wiay to improve
the performance of a dapped end connec{plattock & Chan, 1979)The presence of a
strand in the nib imssumedo reduce cracking at the-emtrant corner by providingre-
compression to that region. To study the effect of locating a strand in th@enifop strand
in a group of six was located either in the nilbegion or the dapped regioof alternate

specimensn this experimental program, as showrigure3-5.

1 strand above Nib All six strands
5 below Nib below Nib

AR A A
2 4 222

Figure 3-5: Location of Prestressing Strands in Experimental Program
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3.25 Reduced Nib with Recessed Flange

In someapplications the topflangeof the nib may beecessedo enable thastem of the
nib to easily slide into a pocket. Furthermore, itreéommendedoy the PCIlDesign
Handbook(PCI Design Handbookth Ed., 2010}hat the height of the dap catut should
not be more thaB0% of the overall beam depfthhis parameter was studied in this program,
as shown irFigure3-6. It is important to notéhatthe total amount of the dap eotit above
and below the nib is approximately equal to 60% of theldepthe beamhowever, the dap
cutout below the nib does not exceed 50% of the beam depth. This severe condition was

specifically selected for study in this research program

| |
Full Nib - Reduced Nib

'| I_3II

2'-4"
\
\

Figure 3-6: Full Depth Nib vs. ReducedNib

3.3 SpecimenDesign
All test specimens were supported on the nib bearing at one end and on a pin through the
web at the opposite end. The details of the supports are distiedsed Equal loads were

applied to each specimentwo locations. The location of the applied test loads, (§)own

25



in Figure3-7, were chosen such that the application of those loads would replicate the shear
and moment distribution that would be fouatltheend region of aypical sixty foot long
doubletee beam under a uniformly distributed lpatiown inFigure 3-9 and Figure 3-9
(Logan, private correspondence, 2Q1Zje location of the effective centroid of the inclined
reaction was 2 inaway from the end of the beam. This replicates the most severe situation

that could arise idesignwhere the bearing is located at the tip of the nib

6-4" LAy 19'-7"
P P
! ! |
O AT
Inclined Reaction 251" Support Reaction

Figure 3-7: Location of Applied Test Loads and Reation Forces for all Specimens
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Figure 3-8: Shear Distributions in the End Regions of Test Specimens and $0Equivalent Tee
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Figure 3-9: Moment Distribution s in the End Regions of Test Specimemd 60-ft Equivalent Tee

It should be noted that theaction at thdeft-hand side ofigure 3-7 was inclined to
simulate conditions imposed by the PCI Design Handbook. The handbook recdsnmen
applying a horizontal force (Ntaken as 0.2 times the sustained load portion of the ultimate
load (M). The ratio of normal force to vertical load has been debated in design of bearing
connections as researchers have proposed different (Rlatis, 1984)however, a constant
value of 20% was selected for all tests in this proga@lowing the PCI recommendations.

3.3.1 Design Loads

The applied loaslwerebased on loadg that would be expected at each connection of a
60 ft. long x 30 in deep x 6 ft wide pretopped doublee beam with section properties
conforming to the PCI Design Handbo(ikage 26 in PCI Design HandbooK"7Edition).

A 30 Ib/f? snow load and 40 Ib/fé live load distributed uniformly across the top s
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werechosen as the design loatlsad factors ofl.2 times the dead load.,.0 times the live
load, andl.6 times the snow load werdetermined to be the controlling load casee
design of theends of the test specimens includestr@ngthreduction &ctor (phi factor) of
0.75as required by the PCI Design Handbook for shear design.

In addition to the load amstrengthfactors, a additional overload safety factmasused
to design the test specimems described by Section 6.22 in the PCI Designdthook 7
Edition. The magnitude of the additional overload factor for a particular connection depends
on the engineerods judgment and i.sForrihcstestuni f o1
program, an additionalverload factor of 1.1%as applid to the design adll membes, per
guidance from the test sponsor

During testing, load was applied several stepgorrespondingto relevant design
values A loading scheduledescribed inTable 3-2 and Figure 3-10, was formulated to
representmportant load stepg&ach load step corresponds to a particular resultant of loading
which arises from different steps of the design prod&stveen each step, the load was held
so that crack vdths and lengths could be systematically measured and photographed

throughout the experimental program.
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Table 3-2: Loading Schedule

Vertical Dap
Step Description Reaction
(kips)
1 | Dead load induced byé 30 foot long test specimen 5.1
2 | Simulated Dead load representing a 60 foot long specimen 14
3 | Simulated Unfactored Service Load (DL + Parkldg+ Snow) 26.6
4 | Unload back to Simulated 60 foot Dead Load 14
5 Cyclic Loading to Simulated UnfactoreckiSice Load for 36( 14-96.6
cycles at 9 cycles/min '
6 | Reload to Simulated Unfactored Service Load 26.6
7 Loaded to Simulated Factored Service Legd.2 x DL + 1.0 x 326
ParkingLL + 1.6 x Snow) '
8 | Unload back to Simulated 60 foot Dead Load 14
Loaded to Simulated Factored Service Load times Over
9 37.5
Factor of 1.15
10 | Unload back to Simulated 60 foot Dead Load 14
Three cycles to Simulated Factored Service Load ti
| overload Factor of 1.15 14-37.5
12 | From 37.5k, gradual loading to S5(kiat a rate of 2.5 kips/mirt  37.5- 50
13 Simulat_ed Factored Service Load times Overload Factor of 50
and Phi Factor of 0.75
14 | Gradually Load to failure at a rate of 0.5 kip/min 50+

.5 kips/min until failure —_—

Step 13
50

2.5 kips/min to 50 kips
B Step 12
Step 11

Step 9

Calculated Vertical Dap Reaction (kips)
2
[]
k-]
o

14 """ Tetens "7 L - - - -
Step 2 Step 4 360 Cycles

Step 10

Test Progression

Figure 3-10: Loading Schedule
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3.3.2 SpecimenReinforcement Details

Each test specimen was designedler the guidancef Alan Mattock and Don Logan.
Four thirty footlong beams were cast withumnique reinforcement detaat each end of the
beam The testbeamswere designedosthateach end can bedied independently of the
other making eight tests in totaEach test specimen was desigmediccordance with the
specifications in the PCI HandbooK Edition andto have the same shear capadcifyV, =
50 kips. The horizontalextension of the hanger steel in each reinforcement detail was kept
constahad, al. 6t i mes t he dev eb00@psieomdretdachn gt h s
specimen had sixGrade 270 ow r el ax at i o +wire p@stréssingtiands thatt e r ,
conformed to ASTM A416. The strands in the formwork were arranged in a vertical line
aligned in the center of the forspacedas shownin Figure 3-5. Each strand was pre
tensioned to 41 kips, which correlates to seventy percenttofe st r andgréngth ul t i m
Each specimenontained astandardV3 x W3 stem meshmeasuring28 in. tall x 5 ft. long.
In the following sectionsthe aspecs of the eight reinforcement detailsre described
specimen by specimen

3.3.2.1 Specimen M4A
Specimen M4A contaired two sets of vertical hanger reinforcemenor four #4

reinforcingb ar s i n tOodset ofve(tidaldhanpey reinforcemenshown inFigure

3-11, consistsof a single reinforcindar with a 180° 2 in. radiusberd at the top oriented
transverse to the axis of the beand another 90° berat the bottonto create the horizontal
extensioninto the beamThe legs of the hanger reinforcemevdre detailed tstraddle the

column of prestressingfrand in the stem, oreg on either side of the stranithe continuous
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loop at the top of the hanger reinforcement helps to develop the hanger reinforcentent and

confine the concrete at the top of the dapped end.

(‘

A Y

Figure 3-11: Sketch of Vertical Looped Hanger Reinforcement

All six prestressing strandsere located within the stenmn specimen M4A, and the
hanger steel bend radiuss4 in. A sketch of the reinforcement detail for this specimen with
annotations showing the bazes is shown irFigure 3-12 with a photograph of the actual
reinforcement shown iigure3-13. The axial tension reinforcememty) consised of 2 #3

reinforcingbars bent in a hairpin.

31



2 - #4 looped at top PL 3'x8"x8"
2 - #3 hairpin o #4

T/
Aﬁ ______________________ \l_ T —
\ oleo
‘ «@
2-45 , \ a
= \ &
8 N 1 o o
o & — — — — — &
70 Y )
+< — — — — |—-=
[ _ _ - _ 0N
4" RADIUS (8" PIN} ; m:'\lm
2 I — fZ o
-~
4l
2.7 2 3
3.
4

Figure 3-13: Specimen M4A Dapped End Reinforcement Detail
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3.3.2.2 Specimen M4B
Specimen M4Bwas identical to specimen M4A&xceptthat the bend radius ofhe

hanger reinforcementas 1%zin. The tails of the hanger steel were bent so they ran parallel
to the strand that shared the same depth within the stem of the bkeanbehavior of
specimenM4B can be directly compared to specimen M4& examine the effect of
decreasing the bend radius of the hanger reinforcenitiet.size of the rebar usedas
consistent throughout the-bkries as described ikigure3-12, and is left off ofFigure3-14

for clarity. A photograph of the actual reinforcement $pecimen M4B is shown ifigure

3-15.
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Figure 3-14: Specimen M4B Reinforcement Detail
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Figure 3-15: Specimen M4B Dap End Reinforcement Detalil

3.3.2.3 Specimen M4C
Specimen M4Ccontained a vertical hanger bar withl® in. bend radius, similar to

specimen M4B, but the tails of the hangerwarebent such that the bend of the top Was
concentric with the bottom bar @dhe tails extendeidto the sten at an angle. The top strand
waslocated?2 in. higher than in the other ¥deries specimersuch that it passed througie

nib instead of the dapped erab shown irFigure 3-5. The behavior of this specimen can be
directly compared to specimen M4B to examine the effect running a strand through the nib.
The size of the rebar usedas consistent throughout the -Beries as described ifrigure

3-12, and is left off ofFigure3-16 for clarity. A photograph of the actual reinforcement for

specimen M4C is shown iRigure3-17.
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Figure 3-17: Specimen M4C Dap End Reinforcement Detail
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3.3.2.4 Specimen M4D
Specimen M4D hathe same vertical hanger detail with sphtensiortails as pecimen

MA4C, but hadall six prestressing strands locateglowthenib. This specimen also contained
a custom fabricatedsteel basket that is described $ection3.2.3 The behavior of this

specimen can be directly compared to specimen M4B tmieeathe effect of the steel
basket.The size of the rebar usewdhs consistent throughout the -Bkries as described in
Figure 3-12 and is left off of Figure 3-18 for clarity. A photograph of the actual

reinforcement forspecimen M4D is shown iRigure3-19.
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Figure 3-18 Specimen M4D Reinforcement Detail
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Figure 3-19: Specimen M4D DapEnd Reinforcement Detail

3.3.2.5 Specimen L3A
The L-series specimensontaired two sets ofinclined hanger barsnstead of vertical

hanger barsconnected by a continuous loop at the top of the ba&amtar to thevertical
hanger bars in th®l-series specimeng/nlike the Mseries specimens, the nib flexure steel
(As steel)was2 #4 bars instead of 2 #5 baBpecimenL3A hadall six prestressing strands
located within the stem and a hanger steel bend radiughoPdsketch of the reiforcement
detail for speciran L3A with annotations showing the bar sizes is showhigure 3-20, and

a photograph of the actual reinforcemaatshown inFigure 3-21. The behavior of this
specimen can be directly compared to speci M4AA to examine the effect ahclined

hanger reinforcement.
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Figure 3-20: Specimen L3AReinforcement Detall

Figure 3-21: Specimen L3A Dap End Reinforcerent Detail

3.3.2.6 Specimen L3B
Specimen L3Bwvassimilar to specimen L3A expect that the bend radius of the hanger

reinforcementvas 1% in, the custom fabricated steel basket describe8ewtion3.2.3was

used and the tails of theamger reinforcememweresplit in a fashionsimilar tothat used for
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specimes M4C and M4D.The behavior of this specimen can be compared to specimen L3A
to examine the effect of decreasing the bend radius of the hanger reinforeethetite
additional ofthe steel baskefhe size of the rebar usedhs consistent throughout the- L
series as described Figure 3-20 and is left off ofFigure 3-22 for clarity. A photograph ©

the actual reinforcement fopescimen L3B is shown ifigure3-23.
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Figure 3-22 Specimen L3B Reinforcement Detail
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Figure 3-23: Specimen L3B Dap End ReinforcemenbDetail

3.3.2.7 Specimen L3C
Specimen L3Gvasidentical to specimen L3B eapt that the top strandiaslocated?2

in. higher such that it passed througle nib of this specimen instead of the dapped €hd.
behavior of this specimen can be directly comparedeaoispen L3B to examine the effect of
running a strand through the nibhe size of the rebar use@sconsistent throughout the L
series as described Fgure3-20 and is left off ofFigure 3-24 for clarity. A photograph b

the actual reinforcement fopscimen L3C is shown iRigure3-25.
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Figure 3-24: Specimen L3C Reinforcement Detail

Figure 3-25:. Specimen L3C Dap End Reinforcement Detail
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3.3.2.8 Specimen L3D
Specimen L3Dwasidentical to specimen IBexceptthat theflangewasheld backhree

inchesfrom the end the beanthe top flange of the tee does not continue to the end of the
nib bu stops eight incleeaway from thend This situationtypically occurs incasesvhere it

is desirable to recess the nib into the pocket of a girder or spandrel lbe&eges. proposed

that he absence of the flange at the support of the beam may redwsteetigth of the nib.

The behavior of this specimen can be directly compared to specimen L3B to examine the
effect of reducing the nib heighhe size of the rebar useasconsistent throughout the L
series as described Figure 3-20 and is left off ofFigure 3-26 for clarity. A photograph o

the actual reinforcement fopecimen L® is shown inFigure3-27.
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Figure 3-26. Specimen L3D Reinforcement Detall
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Figure 3-27: Specimen L3D Dap End Reinforcement Detail

3.4 Specimen Fabrication, Casting and Release

The test beams were fabricated in a precast pising industry quality controland in
accordance with industry standardtressconCorporation inColorado Spring CO was
chosen to produce the test beams due to the large amount of historical data aatailable
planton the bond quality between concrete and the prestressing. samesscon also has a
close relationship with the test sponsor, and their production team was willing to
accommodate all test requiremerisr the test specimenswas desired to have a relatively
low concrete strength at the time of release andvactincrete strength at the time of testing
to ensure conservative test resblysstudyingthe most severe situation which could occur in
precast manufacturing.

The prestressing strand usedhe experimental program wasdsoprequalified for bond
prior to casting A Large Block Pullout Test, shown iRigure 3-28, was performed at

Stresscoron samples of the strand used to fabricate the tee belhm&s desired to have

43



strand with bond qualities meeting but not drastically egceg minimum industry standards

to further ensure a severe test condition.

Figure 3-28: Large Block Pullout Test performed at Stresscon

For all test specimens, internal weldabi@is gaugesvereinstalled onthe dapped end
reinforcementand prestressing straadl various locationand were monitored throughout the
experimental programncluding during casting, release, and stordgemost cases,t®in
gauges were attached prior to placing the reinfoss# into the formworkThe location and
numbering of the strain gauges is described in Se@&iénApplying the gauges to the
prestressing strands was done while the strand was fully tensioned to ensure the strain gauge
was i the correct locatiorA strain gauge attached to a fiemsioned prestressing strand in

the formwork is shown ifrigure3-29.
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Figure 3-29: Strain Gauge Welded to PreTensioned $rand in Formwork

To form the singleéee beamshe casting bed of a doukiee form was separated down
the middleof the top flange using plywood. The test specimens were arranged according to
Figure 3-30 with a dummy section located at either end of the casting bétbte that
specimens M4C and L3C were formed adjacent to one another because the strand pattern at
this location is different from the other specimefke dummysections weraecessary to
ensure that the face of easpecimen would be shocked equally upon relesisen the
strands were flame cuthe strands in the formwork were first tensioned to 41 kips followed
by the placement of the unique specimen reinforcement details along with the stem mesh.
Finally, a mesh caisting of W1.4 x W2.Qised to control cracking as is typical of precast
fabricationwasplaced in the deck of the teBwo #6 steel réarswere also placed at the top
of the form, above the stem mesh outside the plane of the stem, to enhance thedtteagth
compression region of the flangéhe test beams withesh mesh, and flange reinforcemhe

prior to casting are shown Figure3-31.
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Figure 3-30: Test Specimen Orientationin Casting Bed
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Figure 3-31: Test Beams Prior to Casting

Production and asting of the test specimens waerformedby a professional precast
fabrication crewat StressconThe dummy sections were pouredsfims shown irFigure
3-32, followed in order by the Mseries and then-Beries specimens, shownkigure 3-33.
Strain gauge wires were held out of the concrete surface at each end of each beamt and grea
care was taken to avoid damaging the strain gauges during casting and vibration. After
casting and finishing, thepecimens were ceved with a tarp, shown iRigure 3-34 and

cured for 12 hours.
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Figure 3-33: Casting of L-Series Specimens
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Figure 3-34: Beams covered in Tarp for Curing

Great caravas taken in planning the cutting sequence so that the face of each specimen
was equal |l y thesshddemdteasd of the gyestressing foréesudden release is
a critical situation which occurs in a prestressing plant in which a concrete pisduct
shocked by the force released when the first cut is made in a line of concrete products. This
force release can have the undesirable effect of increasing the transfer length of the
prestressing strand due to the damage that corresponds to the skhoitkwea desired that
the face of each specimeras shockediponreleaseThe dummysectionsformedat either
end of the casting bedhown inFigure 3-30, ensuredhe strandemainedensioneetween

the test specimen€uttingthe strands progressed in the following order:

1. Cut the excess strand at the far outside edges of the dummy sections

simultaneously at four locations
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2. Cut the strand adjoining the dummy section to the test beamstaneously at
four locations
3. Cut the stands adjoining the Meries and iseries in the middle of the line

simultaneously atwo locations

Each set of concrete members \ha#d separate by &ixed steel bulkheado ensurdhe
strand remainetensioned between the specimelusing the cuttingorocessCutting of the
strands at the ends of the specimen was done using a torch. The topastsand first,
followed by the second and so on. Both ends of the same strand were cut in unison for each
line of strand requiring four torches in totalsshown inFigure3-35 for steps 1 and 2 listed
above Four cuts were made at once fieeventdamagethat could occumresulting from
eccentric precompressionf one side were cut before the othefhrough this meticulous

process,he face of each specimen was shocked upon release.

o

Figure 3-35: Cutting Both Ends of Each Line of Strand in Unisonwith Four Torches
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3.5 Test Setup

The setupused to test alspecimensn this programis show in Figure 3-36. The
specimen was supported by a pinned support in the foreground and an inclined link support
(hidden by the beam flange) at the far endrmfure 3-36. The location of the loads and

supports areindicated byFigure3-7.

Figure 3-36: Overall View of Test Setup

Load was applied to the specimen by varying the hydraulic pressure in four hydraulic
jacks, forcing thegcks to retract to apply load to the specimen or extend to reduce load on
the specimen. All four hydraulic jacks shared the same pressure source which ensured a

uniform applied load by each jacklhe jacks were operated in a clodedp mode with a
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load feedback for a portion of each test (initial and cyclic loads) and were operated manually
with an electric pump and valve for higHewrel load cyclesThe four hydraulic jacks were
connected to two large hollow steel box sections which &sengedacrossthe top of the
specimen as shown iRigure 3-37. The steel box sections pressed against two large steel
plates which in turn pressed against the deck of the test specimen. A layer of industrial
gypsum was cast between the platd the deck of the tee tvoid stress concentrations and

provide aflat bearing surface.

Figure 3-37: Top and Side View of the Test Setup

An inclined link supportwas conceived for these testsintroduce a horizontal force
component to the beam end as vertical load was applied during eadrhtsstclined link,
shown inFigure 3-38, was used at the tested end to resist vertical loads and allow rotation,
while inducing a horizontal force at the reaction. In order to replicate desigmditions
imposed by the PCI Design Handbo@010) the inclined link supponvasintendedto exert

a constant twenty percent of the vertical reaction in the horizontal direction away from the
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dgpped end in addition to the normal forddis twenty percent horizontal forecepresents
thebearing frictionwhich occurs under normal loading conditiofi$ie angle of théink was
monitored by two clinometers thi a target inclination of 11.3b achiee a twenty percent
horizontal force componenthe steelpin at the top of the inclined linkwaswelded to the
bearing plate cast intthe nib ofeach specimeto connecthe inclined linksupportto the
specimenThe middle of thesteelpin was milled fla so that the bearing plate would sit level

on the pinand provide a large area to welthe top pin was allowed to rotate within the link
and the link itself was allowed to rotate about the base to allow the beam to deform freely in
the horizontal directin and to rotate about the top piAfter the conclusion of each test, the

pin was cut away from thieearingplate and the inclined linketupwas reused for all eight

tests.

Figure 3-38: Inclined Link S upport
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The other end of theeam opposite the inclined link, was held in place by a pinned
connection located #&. - 4 in. away from the endvhich restrainedvertical and horizontal
movement but allowed rotation of the specimen. To facilitatepthisannection each end of
a test specimen was cast with a steel sleeve located in the steanofFor testing, darge
steel rod was insertedto the sleeveand held in place by a support at the pinned &nd
shown inFigure 3-39. This configuration allowed the connection to act as a rotational pin,
providetorsionalstability throughout the test, and isolate the-tested end during the test.

The design of the pin support enabled the pin to be adjusted to accommodaligmmiert
of the sleeve in any direction. In general, sleeve alignment for all specimens was excellent

and minimal adjustment was needed.

Figure 3-39: Left-side and Rightside View ofFixed Pin Isolation Suppat

3.6 Instrumentation
For all eight tests, dataerecollectedat a rate of 1 Hfrom electronic instrumentation

The electronic data complimentgthotographsof crackingand detailed measurements of
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crack width taken after each step of loadi8ging potertiometers were used to measure the
deflection at various points along the specimas shown inFigure 3-40. The test sefp
prevented string gtentiometers SP4 and SP5 from being placed directly underneath the
applied loagsoSP4and SP5 were placed as close as practicable underneath the applied load
(about 5in. away, as shown in the figuteClinometers were fixed to the inclined link to
monitorthe initial link angle from vertical and amgtationrelative to the desired incltion

of 11.3°. Slip of the bottom and seconffom-bottom prestressing strasmdvere monitored

using snall displacement sensodairing testing(excludingspecimen MA). The topmost

strand in specimen M4C was also monitdi@dslip during testing.

| 1 i P
2" - 6-15 41
P1
& O
SP2 SP3 SP4 p
vl
.ol . ad « 113
4 Lms 315 4115

Figure 3-40: Locations of String Potentiometersand Load Points

Weldable strain gauges were attached to each specimen prior to casting at various
locations on thamild steel reinforcemenand prestressing tendoasd were monitored at
intervals during casting, shipping, and throughout testWgldable strain gauges are
preferable because they do not reqthe surface to be covered with polyurethand other

protective materialaifter installation and therefqrdo not interfere with bond behavior of
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steel reinforcing bars or prestressed tend®he. $rain gaugesvereplacedon the underside

of the reinforcing steel to protect them during the casting process as pouring concrete into the
formwork could damage theensitive gauges. Small sections of the steel reinforcement were
ground smootho remove miltscale and t@rovide asuitablesurfacefor attaching gauge#\

typical strain gauge attachedaoeinforcingbaris shown inFigure3-41.

Figure 3-41: Typical Strain Gauge attached to Reinforcing Bar

The location anddentification number of each strain gauge for all eight specimens is

shown inTable3-3. A tota of 51 internal gauges were appliéat the 8 specimens.
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Table 3-3: Strain Gauge Locations on Dapped End Reinforcindpetail

- T ]
2 L1
o

_ AN _ L —_—— s — p—
AN _ - R - —
4 5 A 2 5
Each 1 Ld from
bar end 1 Ld from bar end
ENY
N = = ff
\\\\ beem——1=
RN
ANNY
SN
\\\‘\ 1 |
2— W\, L

a = ¥ .-—/'71 —5
T = 2 T DR o e | e v
3 N S i - - _Tjé B ____
—_— . — ] \\ — o S

NS 1 1/2"RADIUS (3" PIN) _ -
14 - I — 1 1/2" RADIUS (3" PIN)
; ——
RN S —_———— -—r
5 AN —————— ]
N
g 4
r =
1 8 "[
/ Y .
i ,.li,‘_______l_ 2— ',~1
= 4 . o g (o _ - _ 7
7 1
LN 1 172" RADIUS (3" PIN) ‘ -
| o 1‘- = 11/2'RADIUS (3'PIN) .
N ¥ , - - L
S~ /
v/ - 3 3 T~
Each 1 Ld from(— 6 =3
bar end
] —
R
‘i‘(};} ]
W P
2% (1 2—. A7)

ol all el v
D f i1 I . B R il _ —— - - B . O
3 Wy o 3 ~4 0

11/2"RADIUS (3"PIN) 11/2" RADIUS (3" PIN)
—— (S| -} [
— -] - i —— - - _J_Ar;;,__,;,_;'_—,—”)—p——‘f -
[ - —_— — - = = = .

56




3.7 Material Tests

Material sample of the steel reinforcing bars and prestressing strand used to fabricate
the test specimens were collected prior to castmgl nominal 4 inx 8 in. cylinders of
concrete werenoldedat the time of castindMaterial samples were shipped to the labosator
with the test specimens, and matetests were performed on the concrete, steel reinforcing
bars and steel prestressiggrandto determinghe relevant engineeringroperties of each.
Those tests are summarized below.

3.7.1 Concrete Material Tests

Concretecylinders(4 in. x 8 in.) molded at the time of castingsshown inFigure3-42,
were tested in accordance with ASTMI39 to determine their compressive strength
Cylinders were also tested in accordance VABTM C496 to deterine their splitting
tensile strengtiand ASTM C469 to determine the concrete moduludasticity asshown in
Figure 3-43. The concrete modulus of elasticity was determined using a machined
compessometer in conjunction with d@&orney compressiontesting machine. The
compressometer wdi around the concrete cylindandthe cylinder was loadeid 40% of
ultimatecompressive strengthultiple times to determine the relationship between stress and

strain.
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Figure 3-43: Compression Test, Modulus of Elasticity Test, & Tensile Strength Test

3.7.2 Mild Reinforcement Steel Material Tests

Material samples of the steel reinforcement, welded wire mesh, and the custom
fabricated steel baskebllected prior to castingreshown inFigure 3-44. Properties of the

steel were confirmed through tension tests performed on ffexedit sizes of rebar, the
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vertical wires of the stem WW and the vertical legs of the fabricated steel basket
accordance with ASTM A370 using a 2R MTS closedloop universal testing machiraes

shown inFigure3-45.

Figure 3-45: Wire Basket, Steel Rebar, Vertical StenWWF in Test Setup
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3.7.3 Prestressing Strand Material Tests

Material tests were performed omréesamples oprestressingtrandsamplesusing a
220-kip closedloop universal testing machine. Prestressihgaks were fitted t@ach enaf
the strand and thehucks were gripped ithe jaws of thaestingmachine shown inFigure
3-46. A strain gauge was attached to the strand in a similar process to what was done in the
test specimenslThe strand wadirst tensionedto 41.0 kips (70% of 270 ksi for a Oif.
standard tendon) and the same type of weldable strain gauge which was used irstiadefull
test wasthenattached to thetrand Thetensionon thestrandwasthen reduced to 10 kips
and thencycled multiple times between 45 kips and 10 kips to deterrtherelationship
between force and straiBond tests on the strand were conducted at Stresscon prior to

shipping the test specimens.

2 e i N R R W

Figure 3-46: Strands Prior to Testing, Welded Strain Gauge, &Typical Strand in Setup
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4 BEAM TEST RESULTS AND DISCUSSION

This section presents the results of the large scale beam tests along with the results of
material tests related to the beams. The test results for all eight single tee beam specimens are
summarizedn Table4-1. Detailed test results for each of the eight reinforcing details tested
in the experimental program are summarizedAppendix A The detailed test results
presented in the appendices are summarized in the folloséetions by individually
examining the failure mode of each specimen and discussing the behavior and effects of

selected parameters.

Table 4-1: Summary of Full-Scale Single Tee Beam Test Results

Steel Reinforcement Detaiil Top Strand | PeakMain
: location Vertical
Specimen Hagger.Bar Bgfnlé;:rrld Tﬂeea}s‘vg Sele Reaction
— Radius | Basket Nib (Ibs.)
L3A 4 0 Below 63,100
L3B Inclined Present Below 67,000
L3C 1. 53 Present Above 73,000
L3D Present Below 68,000
M4A 4 0 Below 49,100
M4B Vertical Below 50,000
M4C 1.5¢9 Above 59,100
M4D Present Below 53,300

4.1 Typical Failure Modes
All eight test specimens were loaded to failure according to the loading schedule
outlined in Secbin 3.3.1 A typical loaddeflection curve for the test specimen is shown in

Figure4-1. The loaddeflectionbehaviors for all other specimens are shown in AppeAdix
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Note the two sets of cyclic load360 servicecycles between 1Mips and 26.6 kips, arttiree
additional factored cycles (including connection factor) fibfrkips to 37.5 kips The load
cycles appear in the plotted leddflection dataas tightly groupedoops Cycling at the
serviceloads causednicro-cracks to form ando propagate although cracking was not
always visible at this stage. Cycling the loads to the factored level caused visible cracking,
as discussed laterAfter the completion o#ll cycling (up t037.5 kips), each téspecimen

was loaded incrementally to failure. As seen fréigure 4-1, the stiffness of the test
specimen decreasetibstantially beyond a load of approximately 50 kiffss decrease in
stiffness can be attributed to the sigigiint amount of cracking thaleveloped in all

specimes asthe appliedoad approaokd ultimate.
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Figure 4-1: Typical MeasuredLoad-DisplacementResponse $pecimen L3AShown)
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For all tests, the first obsestt cracks always formed at the-emtrant corner and
propagated upward toward rggan at an angle of approximately’4Bs the applied load
was increased, cracks developed progressively with existing cracks lengthening and new
cracks forming generally fro lower locations in the stem. All of the-8ries specimens
developed a fuldepth diagonal crackassing througla location slightly above the bottom
corner of the dapped end, shown as the bottom most cr&tgure4-2, propagting toward
mid-span at a nearly 45° angle. Theséries specimens developed a similar cracking
behavior, shown irFigure 4-3, but the fulldepth crack in the dseriespassed througkhe
locationat the benaf the hanger reinfeements, not from the end face of the member. Prior
to the appearance of the first faiépth diagonal crack, the behavior of the specimen
appeared elastic. For all specimens, formation of this first major diagonal crack was
accompanied by a relatively & strand slip and a marked sudden increase in the strain of

the shear and hanger reinforcement.

Figure 4-2: M-Series First FullDepth Diagonal Crack
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Figure 4-3: L-Series First FulkDepth Diagonal Crack

Ultimate failure in all eight specimens occurred with the formation of a second full
depth diagonal crack, as shownhkigure4-8. This failure crack appeared very suddenly,
was loated more toward the migpan than any prior diagonal crackiaga shallower angle
than 45} approximately 30°and appeared to initiate away from the effective region of the
hanger reinforcement. This full depth crack occurred simultaneously with slieof
prestressing strands and a relatively large increase in strain in the shear reinforcement. The
formation of the failure crack was recorded using a digital video recorder. Upon examination
of thevideo footage, it was seen that the failure crack caigitat mid-depthand propagated
upward toward mid-spanand downward towasithe bottom corner of the stem. Individual
framescaptured from the vided-{gure 4-4 throughFigure 4-7), show the formation fothe
diagonal crack for Specimen M4B. A photograplspecimen M4Bafter failureis shown in
Figure 4-8. At failure, it appears that the main diagonal crack is widest atdepdh of the
stem ad almost closed at the bottom diet memberSelected frames documenting the

failure crack forall test specimesareprovidedin Appendix C.
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Figure 4-5: Formation of Diagonal Crack for Specimen M4B (Frame 2 of 4)
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Figure 4-7: Formation of Diagonal Crack for Specimen M4B (Frame 4 of 4)
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Figure 4-8: Second FullDepth (and Failure) Diagonal Crack

4.2 Individual Specimen Failure Modes

The individual failure modes of each largeale beanmspecimenare presented in this
section along with a brief discussion of each test. Detailed results from each specimen are
presented in thAppendix along witradditionalphotosof each specimen aenice load ad
ultimate loadas well asmeasurements of crack angles and platiedsurediata.

42.1 Specimen MAA( Ver t i cal Hanger Steel, 40 Bend

Specimen M4A sustainedmeak vertical end reaction of 49.1 kips prior to failuke.
service loadshown inFigure 4-9, this specimen exhibited cracking originating from the re
entrantcorner to the flangstem interfacepropagating toward midpan at a 45° from
horizontal. The first diagonal tension crack formed at a 37 kip vertical reactieailure
occurred shortly after the formation of a second diagonal crack showvagume 4-10.

Cracking initiating near the nib and reentrant corner extended upwards at an angle of
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approximately 4% Cracks initiating from thebottom of the section were shallower,
extending into the beam at an angle of approximately 8pon examination after failure, it

was observed that the end of the strands had slipped into the specimen during tests. It was
decided to instrument the bottotwo strands to monitoslip during testingfor each

subsequent test

Figure 4-10: Specimen M4A at Failure
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4.2.2 Specimen M4B (Vertical Hanger Steel 1. 50 Bgnd Radi us

Specimen M4B sustained a peak vertical end reaction of 50.0 kips prior to failure. Crack
widths of .02 in. were observed near theengrant corner after the completion of the smrv
loading cycles. Failure was marked by the formation of adegith diagonal crack, shown in
Figure4-11, originating from themid-depth of the sterand propagatingpwardtowards the
nearest load poirend downward to the boim of the dap faceThe failure crack did not
develop or propagate from previous cracking, but rather, formed suddemthe interior
of the bearmand grew and widened quickly. Failure in Specimen M4B was accompanied by

a marked slipping of thprestressingstrands.

Figure 4-11: Specimen M4B at Failure

4.2.3 Specimen M4C (Vertical Hanger SteelStrandthr ough Ni b), 1. 50

Specimen M4C sustained a peak shear reaction of 59.1 kips prior to failure. Initial

cracking includs small diagonal cracks extending upwarfdsm the reentrantcorner to the
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flangestem interfacepropagating toward midpan at a 45° fronmorizontal,as shown in

Figure4-12.

Figure 4-12 Specimen M4C at Service Load after Cycles (Step 6)

The first major diagonal tensioocrack shown inFigure 4-13, formed at a load of
approximately 50 kips, and was accompanied by strand slip in botmbsitands (shown in

Figure4-15).
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Figure 4-13: First Major Diagonal Tension Crack (50 kips)

Strain in the hanger reinforcement at the location of the bend for the horizontal
extension also increased dramatically at the 50 kip load level, as shdwgure4-14. Each
increase in load beyond 50 kips caused further slipping of the strand accompanied by similar
increases in hanger steel straline measuredtrain in the hanger reinforcement near the
bottom bend is plotted versus the main vertical end reactibigime4-14. The hanger steel
strain increased relatively slowly with increases in load through the 50 kip load levidle A
50 kip level, hanger strain increased dramatically and continued to increase with additional

applied load to failure.
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Figure 4-14: Vertical Dap Reaction vs. Strain Gauge SG3 & SG4 for Specimen M4C

The measured strand slip is plotted versus the main vertical end reackaune4-15.
As discussed above, the observed strand slip was minimal up to a load level of 50 kips. At
this level, both bottom strands slipped inwardidbpand continued slipping inwards to

failure.
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Figure 4-15: Main Vertical Dap Reaction vs. Relative Strand Slip for Specimen M4C

Failure in the specimen occurred with the sudden formation of a critiggrdihcrack,
shown in Figure 4-16, originating from theinterior the specimen propagatingpwards

toward the nearest load poertd downward toward the bottom of the dap face

Figure 4-16: Specimen M4C at Failure (59.1 kips)
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424 Specimen M4D (Vertical Hanger Steel Logan St eel )Basket,

Specimen M4D sustained a main vertical reaction of 53.5 kips. Cracking at service load
shown inFigure 4-17, was sinilar to the other specimens and includetany small cracks
originating from the reentrant corner, propagating upward at 45° towanid-span. The
largest measured crack widdh service loadvas .010in. The first diagonal tension crack
formed at a sheaeaction of approximately 52 kips and was accompanied with a relatively
large slip of the bottom prestressing strands. Increasing the load beyond 52 kips caused
additional slip of the prestressing strands, as shown in the plot of strand slip versus applied

load Figure4-18) until the formation of the failure diagonal crack, showFigure4-19.

i

Figure 4-17: Specimen M4D at Service Load afteServiceCycles(Load Step 6)
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Figure 4-19: Specimen M4D at Failure
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4.2.5 Specimen L3A (Inclined Renforcement, 40 ) Bend

Specimen L3A sustained a main vertical reaction of 63.1 kips. The first diagonal tension
crack formed at a load of 51.9 kjpss indicated omrigure 4-22, and was accompanied by
slipping of the bottom prestreisg strand, as shown iRigure 4-20. As with previous
specimens with vertical reinforcemeBpecimen L3A with inclined reinforcement exhibited
suddenincrease in strain at the bend in the hanger reinforcemetdnjunction wih the
formation of the major diagonal tension crack, as showxgare4-21. This sudden increase
in strain can be attributed to the loss of shear capacity due to diagonal cracking. Whether the
loss in shear capacity was triggdrby strand slip or whether the strand slip was triggered by

diagonal cracking resulting from the loss in shear capacity is unknown.
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Figure 4-20: Main Vertical Reaction vs. Relative Strand Slip for Specime L3A
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Figure 4-21: Main Vertical Reaction vs. Strain Gauge SG3 for Specimen L3A

Unlike previous specimens with vertical reinforcement, Specimen L3A was able to carry
significant additional load after therfoatting of a large diagonal crack. As the applied load
was increased beyond 52 kips, the initial diagonal crack in the end region widened

substantially. Failure finally occurred with the sudden formation of a diagonal crack, shown

in Figure4-22.
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Figure 4-22: Specimen L3A at Failure

4.2.6 Specimen L3B (Inclined Hanger Steel 1. 50 Bend Wi th Steel

Specimen L3B sustained a main vertical end reaction of 67.0 kips and exhibited sim
sudden increases in strain of the hanger reinforcement accompanied by strand slip at the
formation of the first major diagonal crack. The increase in strain in the hanger reinforcement
at the formation of the first diagonal tension crack, showRigure 4-23, is less than that
observed in specimen L3Akely due to the presence of shear steel reinforcement basket. As
shown in Figure 4-24 and Figure 4-25, the strain in the ertical legs of the steel
reinforcement basket increased as the prestressing strands began to slip at a load of 44.7 kips.
A second diagonal crack formed at 59 kips, as showRignre 4-26. The effectof the
formation of thiscrack on SG4 carbe seen irFigure 4-25. The failure mode of specimen
L3B was similar to that of specimen L3A, with the peak shear resistance occurring upon the
sudden formation of a diagonal crack propagating through the stemrmkthber, as shown

in Figure4-27.
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Figure 4-23: Main Vertical Reaction vs. Strain Gauge SG5 for Specimen L3B
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Figure 4-25: Main Vertical Reaction vs. Strain Gauge SG3 and SG4 for Specimen L3B

Figure 4-26: Secord Diagonal Tension Crack at 59 kips for Specimen L3B
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Figure 4-27: Specimen L3Bat Failure

4.2.7 Specimen L3C (Inclined Hanger Steel 1. 50 Bend, Basket,

Specimen L3C exhibited the best performarnfcallceight specimens in the experimental
program with a peak sustained main vertical reaction of 73.0 kips. This vertical reaction was
large enough to cause flexural cracking at the-spian of the beam during testing. Specimen
L3C did not display any sigficant slip in strand, or any noticeable change in strain behavior
until a 69 kip vertical dap reaction was reached. At a load level of 69 kips, a major diagonal
tension crack formed and was accompanied by sudden strand slip along with an increase in
strain in the legs of the hanger steel and reinforcing basket. Specimen L3C failed suddenly
with the formation of a critical diagonal crack originating from the bend in the hanger
reinforcement and propagating into the stem of the member toward the neadepbiot

shown inFigure4-28.
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Figure 4-28 Specimen L3C at Failure

4.2.8 SpecimenlL3D( | ncl i ned Hanger Steel, 1.50 Be

Specimen L3D sustained a main verticaation of 68.0 kips. The behavior of this
specimen closely mirrored that of specimen L3B with the first major diagonal tension crack
indicated inFigure 4-31, formed at 58 kips and wasccompanied by strand sliphown in
Figure 4-29, and a sudden increase in strain in the vertical and hanger reinforcing steel
shown inFigure4-30. The reduced nib height of specimen L3D did not appear to change the
behavior or failure mode frorthat observed in specimen L3B. Failure occurred with the
formation of a final, fuldepth diagonal tension crack origination from the bend of the

hanger reinforcement propagating into the specimen toward the nearest load point.
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Figure 4-29: Main Vertical Reaction vs. Relative Strand Slip for Specimen L3B

Figure 4-30: Main Vertical Reaction vs. Strain Gauge SG3 and SG4 for Specimen L3B
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