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ABSTRACT

Unbonded Pre-tensioned Bridge Columns with SteekiRtg Shells

JEFFREY SCHAEFER

CHAIR OF THE SUPERVISORY COMMITTEE:

PROFESSOR MARC O. EBERHARD

CIVIL ENGINEERING

A new pre-tensioned precast bridge system has deeioped that provides seismic
regions the means to construct high-performanaigbs that can be built quickly. The columns
are designed to rock as rigid bodies, and theis emd protected against damage by a steel shoe
detail. The precast feature of the system will cedinaffic delays by moving construction off-
site. The pretensioning feature leads to reduesidiual displacements after an earthquake. The
use of epoxy-coated strands and the quality coatrailable in a precasting plant lead to
enhanced durability.

The seismic performance of the system was evalwatbdpseudo-static tests of two
column-footing sub-assemblies. In one column-fap8ub-assembly, a ductile fiber-reinforced
concrete (HyFRC developed by Ostertag) was usétl tioe steel shoe and the region

immediately above it. This column also containestiesel dowel bar that extended down from the
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body of the column into the footing. The other eotudid not possess any ductile concrete or
dowel bar. During the tests, the columns had l@mresidual displacements and negligible

damage to the concrete, even after being subjéatedft ratios of over 10%.
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1 Introduction

This report describes the development and expetahdesting of the column-to-footing
connection for a new bridge bent system. The adwemst of this system, as compared to its
conventional counterpart, include:

e accelerated bridge construction,
e improved seismic performance through re-centering,
o forestalling of column spalling and bar bucklingda
e delayed bar fracture.
Figure 1.1. illustrates the developed system sclieatly.

TR T Cast In-place Dizphragm

b 3 ,e——1— Pre-strassad Pre-cast Girders

Pre-castCap Beam

Welded Stes! Shoe

L Pre-stressed Strands (Bonded at ends only)

Pre-stressed Pre-cast Column

Longitudinal Bsbar

e Welded Stael Shoe
st In-place Footing
Footing Stee!
Figure 1.1 Elevation of pre-stressed concrete colum  n system.

The most significant differences between this keibgnt system and a conventional, cast-in-
place reinforced concrete bent system are:

¢ The columns and beams are precast to acceleras&wction
(Section 1.1).
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e The system uses a wet socket connection (Haraldgsan2011)
between the column and the cast-in-place footimgtén 1.2).

e The system combines a grouted-duct connection leettree column and
the precast crossbeam (Pang et al. 2008) and ee@dolumn section
that extends into the cap beam (Dauvis et al. 2(84¢tion 1.2).

e Unbonded pre-stressing tendons run through theHesfghe column to
encourage post-earthquake re-centering (Davis 204ll) (Section 1.3).

e A steel shoe encases the concrete in each plasgie-hregion to
concentrate earthquake-induced rotations at aesinghtion
(Section 1.4).

e One version of the system includes Hybrid FibemReced Concrete
(HyFRC) in the regions of expected deformation emiated
(Section 1.5).

1.1 PRECASTING COMPONENTS TO ACCELERATE BRIDGE CONS TRUCTION

A precast bridge system has many advantages oeethanis cast in-place to the economy, the
environment and public safety. In precast bridgastmiction, the structural components are
fabricated off-site. This feature reduces the amofitime workers need to spend on-site, which
decreases the duration of road and lane closufiége resulting increased traffic flow due to the
shortened on-site construction time will decreas@route times and gas consumption, resulting
in additional savings, and will also reduce harmdémhissions released into the atmosphere
(Khaleghi et al. 2012). Lastly, fabrication witrenmanufacturing facility leads to better quality
control.

Despite the advantages of precast bridge systemnse sigencies in seismically active
regions have been reluctant to adopt them. Staitts sgismic hazards, such as Washington
State, have used precast bridge girders for mae ftifity years (Khaleghi et al., 2012), but
rarely have such agencies used precast bridge oslemcap beams. The reluctance to use the
latter is driven by the high-performance demandghef beam-to-column connection and by
traditional contractor preference. During an eartdig, these connections experience the highest
deformations and forces. Designing a connectionwithstand such loading is a difficult
challenge, particularly if the bridge elements precast and inherently separate. Additionally,
contractors generally are more experienced and atatie with cast-in-place systems, causing
them to hesitate before using a precast system.

To demonstrate the constuctibility of the new gystehe State of Washington
Department of Transportation (with the supportha Eederal Highway Administration) worked
with a contractor to implement non-prestressed gaebents in a bridge over Interstate 5
(Khaleghi et al., 2012). A pre-tensioned versiontltd system would use similar connection
details and so be equally constructible.
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1.2 SOCKET CONNECTIONS

A bridge column-to-footing socket connection wasealeped at the University of Washington in
collaboration with Berger/ABAM Engineers, Concrelechnology Corporation, Tri-State
Construction and the Washington State Departmeitrarisportation (WSDOT) (Haraldsson et
al.,, 2011). It contained no prestressing, but itsveabsequently adapted for use with pre-
tensioned columns (Davis et al, 2012). In a cotigaal cast in-place column, the longitudinal
reinforcement at the base of the column is bentaodt anchored into the cast-in-place footing.
In a precast system, three alternatives are availab

e Construct the precast column with steel protrudatgrally outwards at its base,
and embed it in a cast-in-place footing.

e Construct the column with holes through which fogtsteel can pass, then cast
the footing in place around the column.

e Construct the footing first, with protruding vesdilcstarter bars that connect to the
column’s longitudinal reinforcement via groutedesie connectors.

The first option would make transportation of thelucnn to the jobsite extremely
difficult, as the protruding steel would be awkwaodstack and would pose a safety hazard. The
second option would require very tight toleranced avould lead to a cumbersome erection
process . The third option also requires small rémlees and constructability challenges.
Additionally, the third option results in undesihathigh strain concentrations in the footing
reinforcement due to the high stiffness of thecgpBleeve connectors. While industry uses the
third option often, researchers sought a bettetisol.

As a result, researchers developed a new connethieriwet socket” connection. In this
connection, the precast column is set in the exmavathe footing steel is placed, and then the
footing concrete is cast. The column has straighgitudinal reinforcement, developed using
anchor heads at the end of the reinforcing bars iSha variant on the “dry socket” connection,
in which the column is aligned and inserted intaaening in the previously cast footing. Grout
is then introduced to fill the gap between the owiuand footing faces. This dry connection is
currently used in parts of Europe, Japan and Newladd (Osanai 1996). The wet socket
connection differs in that the footing is cast lage after the column has been placed, and its use
eliminates the need to form an opening in the fgptand grout it later.  Additionally, the
surface of the precast column is mechanically rengkd where it is in contact with the cast-in-
place concrete of the footing. . This roughenmgeases the friction between the two interfaces
enough that the column forces are adequately eamsf into the footing.

The construction process of the wet socket coluommection is straightforward (Figure
1.2). First, contractors excavate the ground. Tthery place the footing rebar and erect the
column. Since the column contains only straighgladinal rebar with nothing protruding, the
column fits easily into the opening in the footirepar. Once the column is erected, the footing
concrete is cast and allowed to gain strength.rAtte footing gains sufficient strength, the
precast cap beam is lowered onto the column, anduhbts are grouted.
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Figure 1.2 The process of using socket connectiont 0 accelerate construction.

A variation of the dry socket connection is usedhat top of the column (Figure 1.3).
Instead of the entire column extending into thecasé cap beam, which would greatly decrease
the cross beam area and strength, a reduced poiftithe column is roughened and protruded
upwards (Davis et al., 2011) supplemented by thension of the longitudinal reinforcement
into grouted ducts (Pang et al., 2009).
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Cap Beam
Reinforcement bar grouted in duct

O
jm i
O
—Duct for concrete octagon to be grouted
QOctagon (part of column) with roughened
surface for shear friction connection
Figure 1.3 Main parts of column to cap beam socket connection.

1.3 UNBONDED PRESTRESSING TO REDUCE RESIDUAL DISPLA CEMENTS

Residual displacements of bridges can hinder regaiorts in seismically active regions. It is
uneconomical to design a conventional structuresinain elastic throughout the duration of a
severe earthquake; however, when a structure yigldscomes permanently deformed, meaning
that it typically will not return to its initial pgition after the loading is removed. This behaisor
characteristic of conventional reinforced concrststems (Figure 1.4a). This permanent
deformation (residual displacement) is undesirabézause it can cause loss of function in the
structure, particularly in bridges where a defornsedface (or joint interface) could make the
road impassable. Furthermore, repairing bridgel misidual displacements can be costly.

As a result, researchers have sought out methadsnfiroving structural performance
under intense cyclic loading and reducing residiisghlacements. One such method is the use of
unbonded pre-stressing tendons (e.g., Cohagen, &08B). In this method, strands are stressed
so that they provide a restoring force that re-enthe column after loading is removed (Figure
1.4b). For this strategy to be effective, howewvbg strands themselves must remain elastic
throughout the loading. To achieve this, the sa@sstrands must be debonded so that the
elongation caused by rocking can be distributed aveufficient length to keep the stress in the
strands below their yield stress.
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Figure 1.4 Theoretical cyclic load-deflection curve s for both traditional reinforced
concrete system (a) and unbonded prestressed concre te system (b)
(adapted from Stanton et al., 1997).

The strands can be stressed either before or adtging the concrete. In pre-tensioned
systems, the strands are stressed prior to concastang and transfer their load to the concrete
through bond alone. Conversely, in post-tensiongstems, the strands are stressed after
concrete casting and transfer their load via mechimnchors, rendering concrete bond
unnecessary.

University of Washington researchers have experatewith both methods: Cohagen et
al. (2008) tested a post-tensioned system, andsD&wal. (2011) tested a pre-tensioned one. In
Cohagen’s system, the reinforced concrete colunmtagzed a single, unbonded, post-tensioned
bar in its middle with a mechanical anchor at eaot. The column was connected to a cap-
beam using the large-bar-to-duct connection presdrin Pang et al. (2008). Cohagen’s system
re-centered better than a conventional reinforaettiete system (Figure 1.5). Similarly, Davis’
pre-tensioned system also improved the re-centgra@rfprmance (Figure 1.6). In fact, Davis’
system re-centered even better than Cohagen’snsygtside from the increased re-centering,
pre-tensioning enables the stressing process &pkice in a precast plant, which reduces on-
site construction time. Furthermore, since preitarexd columns do not have mechanical
anchors, they are viewed as more resistant to siomo Pre-tensioned bridge girders have been
used since the 1950s and have shown almost nosaamrproblems.
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Figure 1.6 Effective lateral force versus lateral d  isplacement, Davis et al. (2011).

1.4 STEEL SHOE ROCKING COLUMN

Confinement can increase the compressive strendthcamcrete. Concrete, having a
comparatively high compressive strength (compamdtkttensile strength), generally fails along
a shear plane, even when subjected to pure conmume¥8hen confined, concrete will not slip
along this shear plane unless higher than normalpoessive loads are applied. This material
property is exploited in structural systems suclea@gcrete filled tubes (CFTs), in which a steel
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shell confines the concrete, preventing it fromlirigi in shear, while the concrete provides
stability to the steel shell, preventing it fromchling (Fam et al. 2004, Roeder et al. 2010).

In the system developed here, the concept of wenfent is used to improve upon the
performance and constructability of the columnsefigyed in Davis et al. (2011) and Finnsson
et al. (2013). In this study, the columns haveealsthoe (consisting of a thin-walled tube welded
to an annular plate) that encases the potentiatiplainge region (Figures 1.7 and 1.8). The
confinement provided by the steel shoe was addgdeteent the concrete at the column-footing
interface from spalling.

Two sets of longitudinal bars are used. The fietf Bere called “through-bars”, extend
over the entire length of the column. They aanch the same way as bars in a conventional
column, and they yield alternately in tension amsnpression to provide both strength and
energy dissipation. They pass through holes inatireular plate and are debonded locally near
the footing-column interface to reduce the straomaentration there.  Additional, shorter,
reinforcing bars are also welded to the shoe. Thdégnd upwards into the column, resulting in
an increased moment capacity in the region immelgiatbove the interface, which forces the
crack to occur at the interface. The confined negfeerefore acts rigidly, causing the column to
rock rather than to deform inelastically. As a feghe total energy dissipation is concentrated in
the plastic deformation of the reinforcing througgurs.

One potential problem with this design is the shsi@ength at the column-footing
interface. To investigate whether the column nesfditional resistance to sliding shear, one
column in this study (the one containing HyFRC)taeared a dowel bar at its center, extending 8
inches above and 3 inches below the column-foatitgyface (Figures 1.7 and 1.8). The dowel
bar was short in length so that it would not bend @eform during loading, which would
counteract the re-centering ability of the presirgg strands. To prevent deformation due to
bending further, the dowel was placed inside a sogket that inhibits translation but allows
rotation. The other column, which contained the elobhar, acquired its shear capacity from
friction and longitudinal reinforcing bars alone.

Figure 1.7 Plan view of Steel Shoe feature and Dowe | Bar.
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Figure 1.8 Elevation view of Steel Shoe feature and  Dowel Bar.

1.5 HYBRID FIBER REINFORCED CONCRETE

One potential disadvantage of pre-tensioned and-tposioned systems is that the column
typically experiences damage states (column sgglliar buckling and bar fracture) at lower
drifts than is the case in non-stressed systemsDalis’ columns, the concrete in the plastic
hinge region experienced spalling earlier than ipted by conventional concrete models (Berry
et al., 2004).

To reduce this premature spalling, Finnsson e{28113) added hybrid fiber reinforced
concrete (HyFRC) to the regions in his column whire greatest moment was expected to
occur: the column-footing interface and the colucap-beam interface.

HyFRC is a fiber-reinforced concrete that has adéigensile strength and more ductile
compressive behavior than conventional concreteseldped by Ostertag et al (2012), HyFRC
achieves its increased performance through theisiarh of large quantities of both steel and
polymer fibers

Finnsson’s columns demonstrated that the additioHy$-RC to the plastic hinge and
surrounding region did delay concrete spalling, i column eventually suffered major
damage. Furthermore, this addition did not sigaiftly delay bar buckling or bar fracture.
Figure 1.9 shows the effective lateral force veidf$ of his specimen containing HyFRC.
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Figure 1.9 Effective lateral force versus drift, co  lumn with HyFRC, Finnsson et al.
(2013).

The addition of HYFRC also complicated the congiouc process because the two
concretes (HyFRC and conventional concrete) hdzbetoast separately (Figure 1.10). Since the
columns were cast horizontally, a practical comstraf the pre-tensioning process, gravity could
not provide the necessary separation. As a reBuifsson first cast a HyFRC “shell” in a
separate form, and then inserted it into the ofdenwork. In practice, the two-stage casting
process would increase labor costs.

Since the steel shoe was designed to delay conspetking, the same function the
HyFRC served in Finnsson’s columns, the inclusibthe steel shoe and HyFRC was thought to
be redundant. To determine whether the tube alamddaprovide sufficient confinement, the
two columns tested here were identical except dinat contained HyFRC in the plastic hinge
region and the other used conventional concretagimout.

The column in this study that included HyFRC hadiféerent method of construction
from that of Finnsson’s columns (Figure 1.10). Rathhan having two separate forms,
researchers poured the HyFRC and conventional etsanto one single form, separating the
two pours with a wire mesh dam. While this methpgdeared less time-consuming and allowed
for greater tolerances than the method employedribgpsson, it still added complexity and
increased the time of construction.
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Figure 1.10 Plan view of HyFRC section for Finnsson et al. 2013 (Left) and this thesis
(Right).

1.6 RESEARCH MOTIVATION, OBJECTIVES AND SCOPE

As discussed in the previous sections, laboratestst have shown that the non-
prestressed versions of the column-footing sockenection (Haraldsson et al. 2011) and the
column-crossbeam grouted connection (Pang et @l2)2provide good resistance to cyclic
loading and are easy to construct. The State ohigon has used these two connections in the
field, validating their constructability in praci¢Khaleghi et al., 2012).

Experimental tests by Cohagen (2008) and Davial.e2011) demonstrated that the
prestressed version of the column achieves theeadese-centering effect. However, the tests
also revealed that the prestressing leads to sgaind bar buckling in the plastic hinge region
that occur at lower drifts than in a comparable-pagstressed column (Davis et al., 2011). To
increase the ductility of the prestressed colummngson et al. (2013) introduced high-
performance materials (fiber reinforced concretd atainless steel bars) in the plastic-hinge
region. Tests on these columns yielded mixed restiie fiber reinforced concrete (HyFRC)
delayed spalling and, to a lesser extent, bar img:kivhile the stainless steel had minimal effect
on performance. Bar fracture still occured eathamn desired.

The two tests described in this report were coretlita:

e determine whether the inclusion of a steel shoé&atplastic-hinge region would
improve column performance compared to that ofsiiecimens created by Davis el
at. (2011), PreT-SF-CONC, and Finnsson et al. (RO1BreT-SF-HyFRC.
Specifically, the steel shoe feature was desigmedidiay bar buckling and bar
fracture while maintaining low residual displacertsesind ease of construction.

e determine whether the use of HyFRC and a dowel dvauprove the performance
over that of a rocking shoe specimen constructati wonventional concrete and
without a dowel, and

e help guide the development of design procedurethfsmew system.

The two specimens discussed in this thesis haddhee geometry as both preceeding
specimens. Specimen PreT-SF-ROCK was identicatd®-BF-CONC except that it included a
steel shoe with additional welded reinforcementsaplastic-hinge region. Similarly, Specimen
PreT-SF-ROCK-HyFRC was identical to PreT-SF-ROCKegt for two differences. PreT-SF-

www.manaraa.com



ROCK-HyFRC contained HyFRC in its plastic-hinge ioegwhile PreT-SF-ROCK contained
only conventional concrete. Also, PreT-SF-ROCK-H¢FReatured a steel dowel bar that
extended from its plastic-hinge region into thetilog whereas PreT-SF-ROCK did not.

Chapter 2 discusses the design of the two expetahepecimens, and Chapter 3
describes the experimental set up. Chapter 4 dissuthe observed damage, and Chapter 5
presents the measured data. Chapter 6 cont&@math analysis. Finally, Chapter 7 summarizes
the research findings, and provides recommendat@mr®actice and further research.
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2 Design of Test Specimens

The research described in this report is part Grger University of Washington program to
develop bridge bent systems for seismically aategions. The primary goal of this program is
to develop systems that allows for accelerated toactton, lower residual displacements,
reduced damage, and easy implementation into peacti

The specimens described in this chapter were degdlbased on the results of previous
tests of column-to-footing and column-to-cap beaomnections. Haraldsson et al. (2011)
developed a column-to-footing connection to achithee first goal (rapid construction). They
showed that a socket connection could be consttugteckly and perform similarly as a
conventional cast-in-place connection. This cotioecwas implemented in a bridge in
Washington State (Khaleghi et al. 2012).

Davis et al. (2011) developed a system to achiénee second goal (lower residual
displacements) by adding unbonded pre-tensionexhdsr to the column. Although Davis’
column reduced the residual displacements, thenwolexperienced spalling, bar buckling and
bar fracture at lower drifts than similar, convenal columns (e.g., Pang et al. 2009). To address
this issue, Finnsson et al. (2013) included Hylsibler-Reinforced Concrete (HyFRC) in his
pre-tensioned columns in the plastic hinge regidhis system also had low residual
displacements. Furthermore, the HyFRC, being a nuwetile material than conventional
concrete, delayed concrete spalling, but the systeimot delay bar buckling or bar fracture.
Additionally, the incorporation of HyFRC in the cohn poses practical constructability issues.

The system in this thesis was developed to addmssperformance issues
simultaneously. Like Davis et al. (2011) and Feorset al. (2013), the new system combines
(1) precast columns and cap beams, (2) unbondedeps®ned columns combined with
concrete, and (3) a socket connection at the besaddition, the new system was developed to
reduce damage by incorporating a steel shoe atajmeand bottom connections where the
maximum moment is expected to occur. The purposbeoteel shoe is to confine the concrete
sufficiently so that (rather than forming a pladtioge) the column acts as a rigid body rocking
about the shoe’s base. The reinforcing bars pasisinggh the shoe are bonded over most of the
height of the column and only unbonded near theaurnalfooting (or column-cap-beam)
interface. This unbonded region is included indksign to delay bar fracture. Figure 1.1 shows
this system schematically.

The seismic performance of the concept describeddveabwas investigated
experimentally. This chapter discusses the detailesign of two specimens representing
column-to-footing connections. Specimen PreT-SFERQwvas constructed with conventional
concrete and did not include any special measoresevent sliding along the rocking interface
while specimen PreT-SF-ROCK-HyFRC included HyFRCirtorease ductility and a dowel
system to prevent sliding.

21 GEOMETRY OF TEST SPECIMENS

The specimens in this study simulated the perfoomaof a 48” (4-ft) diameter column
prototype. Due to the size limitations at the Umbity of Washington’s structures lab, the
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specimens were reduced to 41.7% scale, with a dearoé 20” and a cantilever height of 60”
(measured from column-footing interface to actuatad-height). All specimen dimensions were
reduced in size to meet this scale factor as degmssible.

The columns were cast horizontally, a requiremdrihe prestressing operation. This
requirement made it difficult to cast a column wiltfe typical circular cross-section because the
top face needed to be finished with hand toolsctvlaire not curved. As a result, an octagonal
cross-section, which consisted of flat faces, wescted instead. Unlike a square cross-section,
octagonal cross-sections still allow for the usspofal transverse reinforcement, which provides
a more effective distribution of confinement stess¢han are provided by rectangular ties. The
rationale for selecting this geometry would alsplgpo the full-scale prototype.

The top portion the column had a reduced sectiogu(E 2.1). This geometric change
was a necessity because the MTS actuator that watddhlly load the column needed a flat
surface to attach to the column. As a result, rath&n having an octagonal cross-section, the
upper two feet were rectangular. This section abs four 2” diameter holes, allowing for the
easy passing of threaded rod.

Figure 2.1 Reduced geometry section to accommodate actuator connection.

2.2 REINFORCEMENT

The longitudinal reinforcement consisted of conimmdl reinforcing steel bonded to the
concrete and prestressed tendons that were unbaweéedhe clear height of the column. The
bonded reinforcement was placed as near the owddigie of the column as possible to maximize
its contribution to the column’s moment capacitycbntrast, the unbonded prestressing tendons
were placed near the column’s center; a decisiodentiue to address geometric constraints at
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the column-cap beam connection to be discussed(i¢e. 2.7). Figure 2.2 shows the strand and
rebar pattern used. The pattern of the strandsingbe@ columns was the same used by Finnsson
et al. (2013) and was a result of the prestredsenbgeometry.

The resources available at the University of Wagloin's structures lab required a
specialized standoff to be used in order to stidizidual strands. This piece of equipment, in
turn, required that the strands be spaced a dsstahaoughly 3”. The strand pattern used
accommodates this constraint while minimizing ttnargl pattern area.

Figure 2.2 Strand and rebar pattern used in the spe  cimens.

The deformed bar reinforcing steel was intendeglietd and dissipate energy, whereas
the unbonded prestressing tendons were intendesriain elastic and re-center the column after
loading was removed. To ensure the prestressimptenremained elastic within the target level
of deformation, they were encased in plastic sleewvean unbonded region that extended from
the column-footing connection to 48” up into théuron. Figure 2.3 shows an elevation view of
the column, which depicts this unbonded region. Theonded region served to distribute the
elongations in the tendons over a greater regiencéd reducing the strain to a level below the
tendon’s yield strain. The re-centering force pded by the strands is a result of two design
parameters: the strand’s cross-sectional area ladsttand’s initial stress achieved through
prestressing. The total energy dissipation capagityhe system is largely a factor of the
deformed reinforcement bar’s cross-sectional area.

The column was designed such that the prestressingnd would contribute
approximately 60% of the column flexural strenggind the deformed reinforcing bar would
contribute the remaining 40%. Due to this designigien, a smaller cross-sectional area of
deformed bars was required in the pretensionedhamduthan in a conventional column with a
similar flexural strength. Consequently, in the ledatest specimens, six No. 4 bars
(corresponding to six No. 10 bars at full-scale)oviied the necessary longitudinal
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reinforcement, resulting in a reinforcement ratioomly 0.36%. Additionally, each column
contained six epoxy-coated 3/8” diameter strandss Teinforcement was the same as that in
columns tested by Dauvis et al. (2011) and Finngsah. (2013).
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Figure 2.3 Elevation view of the specimen PreT-SF-R  OCK-HyFRC.

The specimens tested in this thesis representadtio@lbottom connection (Figure 2.4).
This modification is acceptable because the columrbke field would have an inflection point
at roughly mid-height, so the columns in the fialtd in the lab would be expected to perform
the same structurally. Furthermore, symmetry déstahat at mid-height of the column the
strands in the field would not undergo strand s#ptive to the concrete. As a result, the strands
could be bonded in the test specimen without chmntiie strand behavior in the field columns.
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However, since the strands require a finite bomgtle at the top of the column, the bond cutoff
cannot be located at the point of inflection buhea 12" below it. This decreased unbonded
length caused the strands in the test specimenetd gt lower drifts than they would in the
corresponding field columns.

Bonded

Unbonded Bonded

Unbonded
7] EEREE D=~y
—- Bonded o ———= Bonded
STl
Prototype Test specimens
Figure 2.4 Comparison of the unbonded regions in a column in the field and the test

specimens (adapted from Davis et al., 2011).

For the system to maintain its restoring force, frestressing strands need to be
anchored fully at their ends. Otherwise, the stsarduld slip, which would reduce their initial
strain and stress, and consequently lower the patea-centering force of the column. In order
to reduce this risk, the strands were bonded 24hattop and 24 9/16” at the bottom of the
column (Figure 2.3).

For strands with an effective stress of 150 ksiJ BC3-11 requires a development length
equal to 150 times the strand’s diameter. In absgm with a depth of 42” (which is common),
this requirement would limit the strand diameteratanaximum of 427/150= 0.28”. But the
smallest commercially available epoxy-coated strhad a diameter of 3/8” And even if they
were available, such small strands would not betiwa because the full-scale column would
require roughly 30 strands to provide the desieedentering forcel his many strands would not
fit into the reduced section of the column thateexis into the cap beamherefore, to satisfy
constructability requirements, the full-scale cotuneeded a strand diameter of at least %2”.

A prototype strand diameter of %2” scales to 0.2f@®the test specimens. As previously
mentioned, 3/8” is the smallest epoxy-coated stisind available. As a result, researchers used
3/8” strand realizing that an oversized strand rh#aat the bond stresses would be higher in the
test specimens than expected in the full-scalenaolurhese higher stresses caused the potential
for bond failure to occur.
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To anchor the strands during the tests, each stwasditted with a prestressing chuck at
each end. Each strand had a load cell at its tdp iarbetween the chuck and the column face
(Figure 2.5). Using 7/8" diameter ASTM A490 boltsidaa plate with welded nuts of
complimentary size (STD Plate), each end of thenstiwas stressed to four kips by turning the
bolts against the resisting chucks (Figure 2.4)imuthe tests, the load cell would detect any
slip in the strand, while the chuck would guaranteatinued anchorage. Load cells were only
placed at the top of the column, because the bemgth was shorter at the top end. Any slip that
would occur in the footing portion of the column wle occur in the actuator end, and the load
cell would detect it.

Figure 2.5 Photograph (Left) and schematic (Right) views of the system to detect
and prevent the strands from slipping.

2.3 ROCKING CONNECTION

The column had a special connection (“steel shae'the location of the column-footing
interface to encourage rocking and to minimize dganaThe rocking connection consisted
of a shoe annular plate, a shoe wall, discontinmelded bars, and through bars.

Shoe Annular Plate

The rocking was designed to occur on the annuktepf the shoe. The steel shoe had
drilled holes in a circular pattern to allow thdatened reinforcing bars to pass through it. On a
similar circular pattern (rotated by 30 degrees), 8lbars were welded to the interior side of the
shoe’s annular plate. These bars extended upwantds the column and provided extra
reinforcement (both tensile and compressive) atttipeof the shoe, reducing the chance of a
crack plane forming at this region where the colignstiffness dramatically decreases.

Shoe Wall
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To confine the concrete above the annular plate; thick shoe wall extended one half
column diameter (10”) above the column-footing ifgee. This height was selected based off
finite-element modeling conducted by Dr. Tieyi ZlgonThe height corresponded to the height at
which the unconfined concrete above the shoe wedigied to experience a strain below 0.003
in./in., at a drift ratio of 5%.

Discontinuous Welded-Bars

No. 6 bars were welded to the annular plate anenebed 43" above the column-footing
interface (Figure 2.2). This dimension was deteedimafter considering the more stringent of
two criteria: the location where the yield momehttee column after bar cutoff first exceeded
the expected observed moment, and the locationngetye HyFRC cutoff in specimen PreT-SF-
ROCK-HyFRC where the No. 6 bars would be fully deped. The development length
criterion proved to control the cutoff point. Fopnsistency purposes, both columns used the
same cutoff length for the No. 6 bars.

Through-Bars

No. 4 bars extended the full height of the columd #arough the rocking connection. To
delay bar fracture, the No. 4 reinforcing bars wemneased in 8-in. long plastic sleeves, which
extended 4” above and 4” below the interface. TUrnibonded region delayed bar fracture by
distributing the bar elongation over the debonasdyth.

Figure 2.6 Steel shoe. On leftis an elevation vie  w of the shoe while on right is a
bottom view of the shoe.

Dowel and Cup Socket

In specimen PreT-SF-ROCK, frictional resistance ah& deformed bars alone
transferred the shear forces across the colummfpatterface. In specimen PreT-SF-ROCK-
HyFRC, a 2” diameter steel dowel bar was desigoecbntribute to the shear transfer (Figure
2.7). The dowel bar was located at the center ef dblumn’s cross-section to reduce any
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deformation it might experience from bending. Tduee its deformation further, the dowel bar
was encased in a welded cup that allowed the batate but not slide.

Figure 2.7 Dowel bar and cup that provide shear rei  nforcement across the column-
footing interface in specimen PreT-SF-ROCK-HyFRC.

2.4 DUCTILITY THROUGH FIBER REINFORCED CONCRETE

It was expected that the strain demands on tharoolconcrete could met by conventional
concrete. In case this capacity was inadequatespacimen, PreT-SF-ROCK-HyFRC, did
contain HyYFRC. In specimen PreT-SF-ROCK-HyFRC, HyERC extended 24" above the
column-footing interface, the location where théuom’s yield moment (including 6 No. 4
bars and 6 No. 6 bars) first exceeded the expedbdsdrved moment during testing. The
HyFRC region used in the columns of this study wasilar to that used in Finnsson’s
columns with a few exceptions, shown in Figure Eigst, the upper bound of the HyFRC
region, 24” above column-footing interface, wasshbrter than that of Finnsson’s columns.
Second, the lower bound of the HyFRC was at thengotfooting interface whereas in
Finnsson’s columns, HyFRC extended into the footd#lg The HyFRC region was
shortened in this study because the region usédnimsson’s columns was deemed larger
than necessary. Inclusion of HyFRC in the footimgviled little benefit because the level
of confinement was so high that conventional caecwould be sufficient given the
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anticipated footing stresses. Since HyFRC is a negpensive, less workable mix, it was
replaced with conventional concrete where possible.

Figure 2.8

Figure 2.9

6

(9]

Compression Stress (ksi)

HyFRC Cutoff

/ —FRC

Plain Concrete

0 0.005 0.01

Axial Compression Strain (in/in)

Typical axial compression stress vs. str ain for HyFRC compared to

conventional concrete, Ostertag et al. (2013).

PreT-SF-HBRK PreT-SF-FIB (Finnsson et al. 2013)
o o o 5]
O 9] O O
HyFRC Cutaff
250"
4.0

Comparison of HyFRC regions between spec  imen PreT-SF-ROCK-HyFRC

and PreT-SF-HyFRC (Finnsson et al. 2013).
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2.5 DESIGN OF SOCKET CONNECTION

Haraldsson et al. (2011) developed the socket atimmeso that it is possible to precast the
columns of bridge bent systems in a fabricatiomipbnd then easily transport them to a
jobsite, reducing the time required onsite. Oncsitenthe column is erected and a footing
cast around it. Since no reinforcing bars are exgpdsom the column, the only means of
load transfer between the column and footing istibh. To enhance the friction at this
interface, the portion of the columns that extenui¢d the footing were roughened using a
saw-tooth pattern (figures 2.10 and 2.11).

Mechanical anchors were added to the bottom endkeofcolumns’ longitudinal
rebar. Normally, longitudinal rebar is anchoreaitite footing through bends, but that is not
possible in this case where the rebar does notysi®tout of the column. A strut and tie
model shows that the terminator heads help tratiséediagonal strut force in the column to
the vertical tension force in the rebar. This resud a CCC node, which is stronger and
would likely result in improved structural perforame. Haraldsson et al. (2011) showed that
this connection could be built easily and perfornedleast as well as a comparable
conventional cast-in-place connection.

Figure 2.10 Roughened surface of the portion of the column that extends into the
spread footing.
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Figure 2.11 Details of the socket connection.

2.6 DESIGN OF THE SPREAD FOOTING

The design of the spread footing in this study Wessame as used by Finnsson et al. (2013)
with a few minor exceptions. This footing was desig according to the AASHTO Load and
Resistance Factor Design Specification (2009),AASHTO Guide Specifications for LRFD
Seismic Design (2009), the WSDOT Bridge Design Ma&an@008) and the Caltrans Seismic
Design Criteria (2006) (Haraldsson et al. 2011)e Tainforcing layout of the bottom mat is
shown in Figure 2.12, and the detailed drawing$heffooting can be found in Appendix B.
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Figure 2.12 Detailed drawing of the bottom steel of  the footing.

A void was needed underneath the footing for tvasoas. First, it provided space for the
chucks and prestressing strands beneath the col8ewond, it permitted the column to fail in
punching fear should this mode of failure be caitialthough no columns using the socket
connection have shown a failure of this type. Témtihg used in Finnsson’s specimen contained
a larger void area underneath the column thanabgnigs in this thesis’ specimens. Researchers
chose to reduce the void area to improve constolitya The void height, the main parameter,
was unchanged.

Unlike previous tests, the footings in these speaisndid not contain any stirrups. Past
results showed that the stirrups experienced vany dtrains and were therefore unnecessary.
They were removed to simplify construction.

2.7 DESIGN OF CAP BEAM CONNECTION

The top portion of the column used the grouted eatian developed in Davis et al. (2011). This
thesis does not explore the structural performaridbe rocking system with this connection. In
his study, Davis had found the top connection tdopen as well as the bottom connection.
Additionally, current research at the UniversityWashington is investigating the performance
on the top, rocking connection.
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While this thesis does not investigate the perfeorweaof the cap beam connection, it is
still of interest because the cap beam connectictatds the pattern of the prestressing strands.
Since the cap beam is precast, the cast-in-plackesanethod used in the column-footing
connection is unviable. Additionally bond must ac@across the depth of the cap beam to
maximize the unbonded length of the prestressirends. This requires that a section of the
column to extend into the cap beam. If the wholeirom were to extend into the cap beam, the
void would be so great that either wider girdersuldobe needed or the cap beam would
experience excessive joint shear stress. Insteadiuged section was used so that the opening in
the cap beam could be small. To accommodate theeedsection, the prestressing strands were
placed tightly in the center of the column.

To ensure adequate moment capacity, the deformefbnang bars extend into the cap
beam, fitting into correctly sized ducts (Figurd3. Despite not meeting ACI development
length requirements, Pang et al. (2008) showedctivdinement provided by the ducts improves
the bond so that reliable anchorage is still addevhe ducts for the deformed reinforcing bars
and the reduced concrete section are grouted beaeap beam is situated.

Reduced section containing strands |~

Bars Projecting into ducts in the cap beam ~

g
B ———————

Figure 2.13 Hybrid grouted socket connection, Davis et al. (2011).

www.manaraa.com



3 Experimental Setup

The columns were subjected to a series of cycléscodasing lateral displacement and a
constant axial load. This chapter describes thtesttup (Sec. 3.1), instrumentation (Sec. 3.2)
and test protocol (Sec. 3.3)

3.1 TEST SETUP

The laboratory’s 2.4-million-kip capacity Baldwiast machine applied a constant vertical load
while a 220-kip capacity MTS Actuator applied a loydorizontal displacements as shown in
Figure 3.1. The Baldwin was self-reacting wherdesMTS Actuator was bolted to a W14x90
beam, which in turn was attached to a self-readtiaigne. The MTS actuator had a peak-to-peak
stroke of two feet.

»—{ oading head of Baldwin
Univarsal Test Maching
{ i
Low fneton channet—e P T o
—

E!I} kip MTS actuatot
= - ——b 96.5 in

' L. o=

- e i HSS GGl

(W 14x00

Spherical beanng

{ ooding device

Test column

125 in. Willams. bars

|

r———— = I T — i — =
Concrete block=

Figure 3.1 Testing rig.

Prior to testing, the specimens were placed ordherete reaction block. Once centered,
researchers poured a high-strength gypsum pladi@ir¢-stone) between the specimen footing
and the reaction block so that the entire specimasa in contact with the block. Next, the
columns were anchored using four 1.25"-diameterligivils bars stressed to 100 kips each.
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Lastly, the columns were painted with white-washtsat cracks would be more visible during
testing.

A system was needed to keep the column alignethencorrect vertical plane as it
underwent cyclic loading. The system consisted stieal encasing tube, spherical bearing head,
greased PTFE plate and stainless steel channahgad in accordance with Figure 3.2. This
steel encasing tube was necessary because spacequasd above the column for the chucks
that anchored the prestressing strands and thecdeiéslthat detected potential slip. The steel
tube had an inside diameter of 12" and wall thidenef 0.5”. The square steel plate welded atop
the tube had length of 16" and thickness of 7/83o0%e the steel plate was a spherical bearing on
which rested a greased PTFE pad. When the colutatetbduring the test, the PTFE plate slid
against a stainless steel channel fixed to the loéathe Baldwin and the spherical bearing
adjusted for the relative rotation.

Figure 3.2 Actual (Left) and Schematic (Right) view s for the system that transfers
load from the Baldwin to the specimen while safely covering prestressing
load cells and chucks.

The MTS actuator was fixed to the reduced seatiaihe column using four 1” diameter
threaded rods (Figure 2.1). The rods were stretss&8 kips each so that the column was firmly
fixed to the actuator.

3.2 INSTRUMENTATION
Both specimens were instrumented in the same fash® outlined in this chapter. For

comparison purposes, the instrumentation was keirailar to that in Finnsson’s thesis as
possible. Table 3.1 provides the instrumentationifaat used in each column.
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Table 3.1 Instrumentation manifest for one column.

Instrument Measured response Quantity used
Strand load cell Detect slip in strands 6
MTS load cell Horizontal load 1
Baldwin load cell Axial load 1
Linear potentiometer Horizontal and vertical 13
movement
String potentiometer Horizontal displacements 6
Linear variable differential Deflection of testing rig 1
transformer (LVDT)
Inclinometer Rotation 4
3-wire strain gauge Strain in reinforcement steel 4 2
2-wire strain gauge Strain in pre-stressing stangds 12

Figure 3.3 details the location of the exteriortiments on the column for all instruments,
except for strain gauges.
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Testmg Macting heod

friction sliding
channel
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A1 Lineat Patentismatdr
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23! Lead Cafly [inzide Londing
j= TH=
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Figure 3.3 Instrumentation setup.

3.2.1 APPLIED LOADS

Internal load cells in both the MTS actuator anddBén testing machine measured the
respective horizontal and axial loads applied dutesting.

3.2.2 STRAIN GAUGES

Two-wire and three-wire strain gauges measuredsttaens in the longitudinal and transverse
reinforcement as well as in the prestressing sfamtiree-wire gauges were used as often as
possible because they have the ability to compeniet measured readings for temperature
effects. As a result, all of the longitudinal amdnisverse reinforcement strain gauges were 3-
wire. Figures 3.4 and 3.5 illustrate the placema&inthese 3-wire strain gauges. Researchers
could not use 3-wire gauges on the prestressiagddrbecause the strand diameter was not wide
enough for their insertion. Therefore, the presires strands were instrumented with 2-wire
gauges.

The strain gauge pattern used was the same amtlkinsson’s specimens with one
exception. For this research, the specimens indliMie 6 bars welded to the rocking shoe. It
was of interest to discover the level of strainssthbars experienced under loading. As a result,
two pairs of strain gauges, one at the shoe’s aadeone 7” above the shoe’s base, were placed
on the Northwest and Southwest bars. These steigeglocations made it possible to compare
these strains with those of the No. 4 bars, whiad ktrain gauges at the column-footing
interface, 7" above the interface and 7” below iterface. Two pairs of strain gauges were
installed on the transverse reinforcement, onehenniorth end and one on the south, both 3”
above the column-footing interface.

/Top of Steel Shoe
]
2 pairs on NW o e 2 pairs on N
and SE #6 Bars and S #4 Bars
7.00" 7.00"
" i
1.00 i i
Top of " . i 3'90 2 pairs on N
Footing 2 pairs on NW 2 pairs on N and S #4 Bars
and SE #6 Bars and S Spiral ;
7.00
o 2 pairson N
and S #4 Bars
] ___,_,—"f_'-- o
Figure 3.4 Column elevation view of 3-wire straing  auge placements.
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Red Circles= Strain Gage
Locations

Figure 3.5 Column cross-section view of 3-wire stra  in gauge placements.

A single pair of 2-wire gauges was placed on e#dhe six prestressing strands of each
column. These strain gauges were located in thadst unbonded region and not only measured
the strain in the strands during the test but &sditated reaching the target stress during the
prestressing operation. The strain across the wdgbregion was assumed to be constant.

3.2.3 CURVATURE ROD SYSTEM

The “curvature rod” system depicted in Figure 3.8swused to measure relative rotations
between column cross-sections. As the column mbtdkes linear potentiometers measured the
change in distance between the threaded rods hatkfére, could be used to compute the
relative rotation of each segment. If the columimadwed as a rigid body, then the relative
rotations would be zero.

The system consisted of a series of linear poterdiers attached to metal plates. These
metal plates, in turn, were connected to a sehi@aded rods that protruded from the column.
The threaded rods were located on both the nodhsanth face at 2.57, 97, 127, 18” and 24.5”
above the column-to-footing interface. The lowése¢adr potentiometer measured the change in
height between the footing and the lowest threaddd
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Figure 3.6 Photograph (Left) and schematic (Right) views of the curvature rod system used
on the north face.

At the column-footing interface, the column wasdcted to rock as a rigid body. The
lowest potentiometer, therefore, was expected dordethe largest change in displacement. The
next two potentiometers detected the relative caluatation due to any deformation, including
cracking, between the concrete confined by thel ssbee and the unconfined concrete
immediately above the shoe. Similarly, the high®gh potentiometers recorded the relative
column rotations at the HyFRC-conventional concheterface.

3.2.4 MOTION CAPTURE SYSTEM

In both tests, an motion-capture system (Optotraeasured the three-dimensional motion of
targets attached to the column. Figure 3.7 showsL#D configuration on the column. From
these measurements, column displacement, rotatidncarvature could be calculated. The
system consisted of two fixed cameras that mordt@eseries of LED sensors placed on the
column. The arrangement of LED sensors on the colwas similar to that in Finnsson’s study
with one exception. One row each was placed omdingn, west and south column faces whereas
in Finnsson’s study there were three rows on thst feee and one row on the north and south
faces. Due to a limit on the amount of LEDs avddakthe additional two rows on the west face
were not possible. The LEDs in each row were spaoenty 2” for the first 24” above the
column-footing interface and 4” after that untihaight of 34”. The LEDs were concentrated
more heavily at the lower region of the column mder to best capture the change in rotation,
which was expected to be greatest at the columass.b
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Figure 3.7 Optotrac sensor configuration on the tes  t specimen. On left is a view of north and
west sensors. On right is a view of south sensors.

3.2.5 INCLINOMETERS

Four inclinometers were placed on the east fadeeotolumn at 47, 127, 24” and 34" above the
column-footing interface. These instruments meakstine column’s absolute rotation directly.
The placement of the inclinometers was the santbasn Finnsson’s study. Figure 3.8 shows

an inclinometer installed on the column.

Figure 3.8 Typical inclinometer attached to the col  umn’s east face.
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3.2.6 STRAND LOAD CELLS

Six load cells atop each column measured any sigereenced by the prestressing strands
(Figure 2.5). No load cells were placed at thedotbf the columns because the strand bond
length was longer in the footing than it was at tiye of the column. As a result, if the strands
slipped in the footing they would also slip at thp of the column. The instruments were seated
on the prestressing strands and anchored with ekclter release, the strands were reloaded
using the method described in Section 2.2 so thelh éoad cell measured approximately five
kips. If a load cell registered a reduction in timeasured force, then researchers could conclude
that the monitored strand had slipped.

3.2.7 HORIZONTAL DEFLECTION OF THE SYSTEM

During the test, six string potentiometers meastiechorizontal deflection of the column while
one linear potentiometer measured the horizontaistation (slip) of the footing. Figure 3.3
shows the string potentiometer setup. The strinderqimmeters were clamped to an
instrumentation tower and were spaced at the fafigvintervals: 2.57, 9”7, 127, 18", 24.5” and
60" above the column-footing interface. Figure 8n@ws a typical string potentiometer attached
to the instrument tower. To ensure that the insémtation tower did not move during the test,
researchers wrench-tightened the tower to the etsceaction block using Williams Bars. Since
the string potentiometers had a finite stroke, piauire was used to extend the instrument from
the tower to the threaded rods.

Figure 3.9 A string potentiometer attached to thei  nstrumentation tower.

The single linear potentiometer was placed orstheheast side of the concrete reaction
block on a metal plate. By placing the instrumeantis manner, it was out of the way during the
test so that researchers would have a lowered ehahstepping on it as they mounted the
column for observation. A small metal sheet wa® @kied to the footing to create an even
surface for the instrument to bear against.

In addition, A single linear variable differentiaansformer (LVDT) measured the distance
between the actuator beam and fixed reference tdwem this measurement, researchers could
detect any deflection in the actuator beam. Itsgat@ent is shown in Figure 3.3.
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An LVDT was chosen as opposed to a simple linetgmmmeter because the LVDT is
more capable of capturing small deflections. Stheeflanges of the actuator beam were
reinforced with stiffeners, the deflections in thes|am were expected to be small; hence, the
LVDT seemed an attractive option. Figure 3.10 tHates the LVDT placement on the actuator
beam. Ideally, the combination of the actuatopldisement and beam deflection would sum to
the displacement of the column measured relatitbdweference tower.

3.2.8 ROCKING OF THE FOOTING

Two linear potentiometers, one on the northeastagadone on the southeast end, were placed at
the base of the footing facing downwards so thal tbame into contact with the concrete
reaction block. Thin metal sheets were placed uredh the instrument heads so that they
rested against a flat surface. The combinatiomeftivo potentiometers allowed for detection of
any rocking that the footing might experience.

Figure 3.10 The LVDT used to measure the actuator b eam deflection during testing.

3.3 TESTING PROTOCOL

During the test, both specimens were subjectedtiadntal (lateral) and vertical (axial) loading.
The axial load, 159 kips, represented the un-factalead load of a prototype bridge according
to the AASHTO LFRD 2009 Specification scaled dowr2% (AASHTO, 2009). This load was
applied first. The lateral displacement history wasmodified version of the NEHRP
recommendations for precast structural walls and avét controlled (Building Seismic Safety
Council, 2004). This same loading protocol was uggdrinnsson et al. (2013), Davis et al.
(2011), and Haraldsson et al. (2011).

The lateral displacement history consisted of tasyele sets. The lateral displacement
history is shown numerically in Table 3.2 and giaply in Figure 3.11. Each set had target
peak values of 1.2X, 1.44X, 1.44X and 0.48X, wh¥res the maximum target drift from the
previous set. Researchers manually selected tikemam target drift of the first set so that the
column would remain elastic throughout the duratdrihe first four cycles. The last cycle in
every set was purposely reduced in order to olitencolumn’s residual stiffness after greater
loading.
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During the test, the lateral load was applied & Korth-South direction. In each cycle,
the actuator first pulled the column to the Soutd then pushed the column to the North before
finally returning the column to its initial posiio As a result, this thesis refers to loading i@ th
South as positive and loading in the North as negatAdditionally, this thesis refers to
maximum loading in the southern direction as thakpand maximum loading in the northern
direction as the valley. In each set, the colums l@aded both continuously and intermittently.
During the first two cycles, researchers held #terhl load at both the peaks and valleys so that
they could mark cracks and document the columnfeadge progression. During the third and
fourth cycles, the loading was applied continuowgynout stopping at the peaks or valleys.

Additionally, the load rate was kept as constanp@ssible. To achieve this, the earlier
sets, having lower maximum target drifts, reacheeirtmaximum displacement in a shorter
interval than the later sets. For example, the aotureached the maximum displacement in
twenty seconds during sets one through six, tlsetyonds during sets seven through nine, and
sixty seconds during set ten.

The day before the test, researchers conductedtacyele to verify that all of the
instruments were operating properly. In this tgstie; the axial load applied was reduced to 90
kips and the target drift was only 0.05%. The redulwading ensured that the column suffered
no damage prior to the actual test yet the instnisn@ere engaged sufficiently enough to verify
that they were working.
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Table 3.2

Target displacement history.

Drift Displacement Drift Displacement
Set | Cycle | [%] [in.] Set | Cycle [%0] [in.]
1 +0.33 +0.20 1 +2.06 +1.24
2 +0.40 +0.24 +2.48 +1.49
! 3 +0.40 +0.24 ° +2.48 +1.49
4 +0.13 +0.08 +0.83 +0.50
1 +0.48 +0.29 1 +2.97 +1.78
2 +0.58 +0.35 + 3.57 +2.14
: 3 +0.58 +0.35 ! + 3.57 +2.14
4 +0.19 +0.11 +1.19 +0.71
1 +0.69 +0.41 1 +4.28 +2.57
2 +0.83 +0.50 +5.14 +3.08
3 3 +0.83 +0.50 8 +5.14 +3.08
4 +0.28 +0.17 +1.71 +1.03
1 +1.00 +0.60 1 +6.16 +3.70
2 +1.19 +0.71 + 7.40 +4.44
4 3 +1.19 +0.71 ? +7.40 +4.44
4 +0.40 +0.24 +2.47 +1.48
1 +1.43 +0.86 1 + 8.87 +5.32
2 +1.72 +1.03 +10.6b +6.39
> 3 +1.72 +1.03 10 +10.6p +6.39
4 +0.57 +0.34 4 + 3.55 +2.13
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4 Observed Damage Progression

During both tests, researchers documented the osurdamage progression by taking
photographs, marking crack formation and propagatmd measuring crack widths. One goal
of this design was to reduce the amount of damage do the column. This chapter analyzes
how proficiently the columns met this design gddlis chapter contains selected images of the
columns in a damaged state; the majority of dampggression photos are located in
Appendix C.

41 DAMAGE STATES DEFINITIONS

In each test, researchers monitored the colummselgi®o identify key damage states defined by
the UW/PEER Structural Performance Database (Bang Eberhard 2004). Previous
experiments at the University of Washington usexldame damage state milestones making it
easier to compare damage observations in thissthggh those in previous studies. Table 4.1
outlines the used damage states.
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Table 4.1 Damage states used to characterize damage  progression in the columns.

Damage state Description/observation
First significant horizontal crack Crack widtt0.5 mm
First significant diagonal crack Crack widtt0.5 mm and crack extends 1/4|of
column diameter
First open residual crack Residual crack widi®25 mm
First yield of longitudinal rebar First strain gautpat reaches yield strain

—*

First yield of transverse reinforcemer First strgauge that reached yield strain

First spalling in footing Observed spalling on siod
First spalling in column Observed flaking, minoaling
Significant spalling in column Spalled heightl/4 of column diameter
Fully spalled Spalling height no longer increasés w
increasing deformation
Exposure of longitudinal reinforcement First obsgion of column longitudinal
reinforcement
Buckling of longitudinal reinforcement First obsation of buckling of longitudinal
reinforcement bars
Large cracks in concrete core Crack wigtB.0 mm
Fracture of transverse reinforcemenF Observatigoand
Fracture of longitudinal reinforcemen|t Observatorsound
Loss of axial capacity Instability of member (colim

42 DAMAGE PROGRESSION

The day prior to each test, researchers appliedhal doading cycle (0.05% drift) to the
instrumented column as previously described ini&e@&.3. The small loading cycle allowed the
researchers to confirm that all instruments werekug properly. The deformation was not
large enough to cause any visible cracking in tieran.

In the actual test, researchers recorded the sietyate number as well as the drift ratio
at which each of the aforementioned damage stat@sr@d. The only damage states that were
not visibly apparent were first yield of longitudinrebar and first yield of transverse
reinforcement. These damage states were deterraterdfrom the strain gauge measurements
in. Table 4.2 summarizes these results. Itemsdliste N/A indicate a damage state that was
never observed. As can be seen, most of the séatesciated with concrete damage never
occurred.

Figure 4.1 graphically compares the drift levelswdtich each column reached key
damage states. Furthermore, Figure 4.2 graphicaigpares the damage progression of the
columns in this thesis with those of Finnsson e(28l13), PreT-SF-HyFRC, and Davis et al
(2011), PreT-SF-CONC. This comparison illustratieat tthe rocking columns in this thesis
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suffered much less cracking and spalling than tpeadecessors. Damage states that never
occurred are left blank in these plots.

Table 4.2 Summary of damage state progression forb  oth specimens.
PreT-SF-ROCK-HyFRC PreT-SF-ROCK
Damage state
Set | Cycle| Drift[%] | Set | Cycle | Drift [%]
First significant horizontal crack n/a n/a n/a n/an/a n/a
First significant diagonal crack n/a n/a n/a na an n/a
First open residual crack nfa n/a n/a n/a nj/a n/a
First yield of longitudinal rebar 2 2 0.41/-0.35 1 2 0.26/-0.30
First yield of transverse n/a n/a n/a n/g n/a n/a
reinforcement
First spalling in footing n/a n/a n/a nfa n/a n/a
First spalling in column n/a n/a n/a 3 4 1.58/-1.54
Significant spalling in column n/a n/a n/a 3] 4 1:5&%4
Fully spalled n/a n/a n/a n/a n/a n/a
Exposure of longitudinal 6 2 2.25/-2.30 6 1 1.86/-1.84
reinforcement
Buckling of longitudinal n/a n/a n/a n/g n/a n/a
reinforcement
Large cracks in concrete core n/a nfa n/a n/a n/a /la n
Fracture of transverse reinforcemgnt  n/a nja n/a a |n/nfa n/a
Fracture of longitudinal 9 1 5.96/-5.83 1 5.94/-5.74
reinforcement
Loss of axial capacity n/qi n/a n/a n/a nfa n/a
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Figure 4.2 Comparison of damage states vs. drift|  evels occurred between the
specimens in this thesis and those of Finnsson et a | (2013).

4.2.1 Concrete Cracking

Both columns experienced very little cracking, ewtrhigh drift levels. As the columns were
loaded horizontally, they rocked on the bottomelait the steel shoe as opposed to developing a
plastic hinge in the concrete region above thel sieee. Throughout the test, neither column
developed cracks in the concrete that exceededrinbavidth. Researchers did not treat the
separation of the footing concrete with the botfage of the steel shoe as a conventional crack,
so this separation was not considered in determithe drift ratio at which the damage states
were reached. Figure 4.3 and Figure 4.4 illustthéelimited amount of cracking observed in
both PreT-SF-ROCK-HYFRC and PreT-SF-ROCK at a daifio of 6.0% drift. In these images,
blue lines drawn on the column indicate the forncemtks. Both columns had little cracking.
The HyFRC in PreT-SF-ROCK-HyFRC appeared to redheeamount of hairline cracking as
compared with its solely conventional concrete poilcounterpart.
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Figure 4.3 South view of PreT-SF-ROCK-HyFRC after cycle 9-1 (6% max drift)
showing hairline cracking in the column.

Figure 4.4 South view of PreT-SF-ROCK after cycle  9-1 (6% max drift) showing
hairline cracking in the column.
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4.2.2 Initial Yielding

Strain gauges on the longitudinal and transvernsdoreement allowed researchers to determine
the point at which those bars first yielded. Thegitudinal reinforcement in PreT-SF-ROCK-
HyFRC first yielded at -0.35% drift, whereas theddudinal reinforcement in PreT-SF-ROCK
first yielded at 0.26% drift. The drifts at initigield observed in this thesis were lower than ¢hos
reported by Finnsson et al. (2013) and the sameldeas those in Davis et al. (2011), which
experienced initial yielding at 0.54% and -0.28%t despectively.

As expected, initial first yield occurred at thdwun-footing interface where the moment
was highest. The longitudinal reinforcement wasamaed 8" with PVC sleeves, 4" above and
4” below interface. This debonded region distriloutiee bar elongation over an extended length,
reducing the strain for a given drift. Consideritige drift level at first yield, researchers
concluded that the 8” debonded region is essentable 4.3 shows the extent to which the
initial yield in this thesis compares to that oéyious experiments.

Table 4.3 Comparison of drift levels at initial yie  Id
Drift at Initial Percent change from PreT-SFt Percent change from PreT-SF-
Yield HyFRC (Finnsson et al 2013) CONC (Davis et al 2011)
PreT-SF- -0.35% -35% 25%
ROCK-
HyFRC
PreT-SF- 0.26% -52% -7.1%
ROCK

In both columns, the transverse reinforcement ne@dbelastic throughout the duration of
the test. The absence of yielding was likely atiigible to the heavy confinement provided by
the footing and the steel shoe. The concrete ih Huse regions was so heavily confined that
the transverse reinforcement engaged only to adarextent.

4.2.3 Concrete Spalling

The columns described in this thesis underwentfsigntly less spalling than those in previous
experiments. In fact, PreT-SF-ROCK-HyFRC experiemee spalling in the column while PreT-
SF-ROCK arguably experienced only architecturallsga Spalling did not occur in PreT-SF-
ROCK until after a drift ratio of 5.1% (Cycle 8-4j the test. The spalling was located on the
south face immediately above the top of the sthekesFigure 4.5 depicts this architectural
spalling in PreT-SF-ROCK.

There are two reasons why one could dismiss thadlisg as architectural damage as
opposed to structural damage. First, the crosseseof the column in the steel shoe region is
circular whereas it is octagonal immediately abdwes change in geometry causes the interface
between the steel shoe and concrete above to berfenp The concrete above the steel shoe
protrudes over the steel edge much like a cantiléM@s makes it highly prone to breaking off
under loading because at the cantilever edge theret® must have zero stress whereas a short
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distance higher the concrete will experience cosgive stress. The inverted V-shaped cracks at
the top of the steel shoe shown in Figure 4.4 ceflee shear stresses that must act between these
two locations. These cracks resulted in the obsespalling. They could be eliminated in the
future with the use of a tapered finish, if desir€hce the cantilevered portion of concrete
spalled away, the spalling ceased to progress.n8gcahe spalling initiated at an insert of a
curvature rod, an instrument that would not be gme# the column in practice. The curvature
rod, which was cast into the column, creates aodiscuity in the concrete, making this location
more susceptible to spalling.

The higher tensile strength of HyFRC prevented dnihitectural spalling from occurring
in PreT-SF-ROCK-HyFRC.

’

Figure 4.5 South view of PreT-SF-ROCK after cycle  8-4 showing spalling damage
above the steel shoe.

Minor spalling also occurred in the footing conerehmediately surrounding the steel shoe.
Despite the laborers best efforts, concrete rosghly half an inch above of the steel shoe
during the footing casting. This created a fill¢ttlae base of the shoe, which was prone to
spalling when the steel shoe underwent rockingpadauring loading. Researchers observed this
spalling in both PreT-SF-ROCK and PreT-SF-ROCK-H@FRigures 4.6 and 4.7 depict this
occurrence. In both specimens, the spalling cetsedtend once the fillet portion of concrete
spalled off leaving a flush surface. This behawias purely cosmetic and had no effect on the
columns’ structural response.

As expected, no conventional spalling was obseiwmeithe footing. This observation was
consistent with previous tests by Finnsson g28l13), Davis et al. (2011) and Haraldsson et al.
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(2011), in which no footing spalling occurred eith&he footings were capacity-designed,
forcing all damage to occur in the columns.

Figure 4.6 South view of PreT-SF-ROCK showing the fillet spalling of the footing
induced by the rocking action of the steel shoe.

Figure 4.7 South view of PreT-SF-ROCK-HyFRC showin g the fillet spalling of the
footing induced by the rocking action of the steel shoe.

Crushing also occurred in the concrete beneatktte shoe as it rocked about its base. The
rubble created by the rocking prevented the colénom closing perfectly when it returned to its
initial position. Researchers witnessed this bedragnly in specimen PreT-SF-ROCK-HyFRC.
In specimen PreT-SF-ROCK, the interface betweenbtittom of the shoe and the top of the
footing portion of the column was very smooth. Tikely cause of this difference stems from
the method used to pour the HyFRC. During castairgjeel-wire mesh was placed to prevent the
HyFRC from flowing into the footing portion of thelumn. However, the steel mesh was not
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perfectly rigid or impermeable. As a result, a dnaahount of HyFRC seeped underneath the
bottom of the steel shoe, forming a jagged surfBeging the test, this portion of HyFRC was

crushed between the base of the steel shoe abdwheonventional concrete beneath it. After
both tests were complete, researchers detachecbttman from the footing in specimen PreT-

SF-ROCK-HyFRC for closer observation of the colufoating interface (Figure 4.8).

Figure 4.8 Jagged portion of HYyFRC that seeped thr  ough steel-wire mesh (Left).
Column-footing interface after top portion of colum n was removed (Right).

4.2.4 Damage to Longitudinal Reinforcement

Table 4.1 (Section 4.2.2) outlines three damagdesstgertaining to the longitudinal
reinforcement other than yielding: exposure, buxkiand fracture. Both reinforcement exposure
and fracture occurred at later cycles in the tediereas reinforcement buckling was not
observed at all. Longitudinal reinforcement expesbiappened first in cycles 6-1 (PreT-SF-
ROCK) and 6-2 (PreT-SF-ROCK-HyFRC). Due to the matof the rocking column, the
reinforcement became completely exposed without actjon on behalf of the researchers
whereas in previous tests, complete exposure of réneforcement only happened after
researchers pulled away spalled portions of thansol In fact, not only did the longitudinal
rebar become fully exposed but also the prestrgsstiirands were also visible, an observation
that did not happen in previous tests. Researabrggsally conceived this particular damage
state as a measure of how much concrete area wiashtwever, in these two tests, the bars
became visible through a different mechanism, rangéehis damage state irrelevant.

The longitudinal reinforcement fractured at drétio of approximately 6.0% (Cycle 9-1)
in both PreT-SF-ROCK-HYFRC and PreT-SF-ROCK. Thetiure is depicted in Figures 4.9-
4.11. This drift level at fracture was only slightlower than the drift level observed in
Finnsson’s PreT-SF-HYFRC-SS column, which fractus#d7.2% drift. The fact that the
difference is small was not surprising, becausen$son’s PreT-SF-HyFRC-SS column
contained stainless steel, which is more ductiganttihe conventional “black steel” used in both
PreT-SF-ROCK and PreT-SF-ROCK-HyFRC. Finnsson’sTF8E-HyFRC column, which also
contained black steel, fractured at a drift rafid 4%, indicating that the rocking behavior of the
steel shoe paired with the 8" debonding of the itmgnal reinforcement provided added
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ductility to the columns in this thesis. Table 4Hows the extent to which bar fracture in this
thesis compares to that of two previous experiments

Table 4.4 Comparison of drift levels at bar fractur e
Drift at Bar Percent increase from PreT-SKE- Percent increase from PreT
Fracture HyFRC (Finnsson et al 2013)| SF-CONC (Dauvis et al 2011
PreT-SF- 5.96% 31% 33%
ROCK-
HyFRC
PreT-SF- 5.94% 30% 33%
ROCK

One unexpected occurrence was the fracture ofrpssng strands in specimen PreT-SF-
ROCK-HyFRC. During testing, specimen PreT-SF-ROCYRC lost three of its prestressing
strands while specimen PreT-SF-ROCK lost none. &ebkers visibly observed the first
fractured strand in Cycle 10-1 (Figure 4.12); homrethe strand may have fractured as early as
Cycle 9-2 when researchers heard a loud noisendise was likely caused by the fracture of a
prestressing strand as opposed to a longitudihalr yébecause the noise appeared to come from
the top of the column. Additionally, the load caltached to the southeast strand lost all load at
7.27% drift which is roughly the drift level assatgd with Cycle 9-2. The dowel bar placed at
the column-footing interface may have caused thignd fracture as it was one of only two
differing factors between specimens PreT-SF-ROCKRE@ and PreT-SF-ROCK. As the
column rotated, the cup feature in the footingva#ld the dowel bar to rotate while the strands
resisted rotation. Furthermore, only the east facstrands fractured. It is possible that a
misaligned dowel bar pressed against the eastdstraxausing them to kink and subsequently
fracture.

Researchers did not observe any buckling in thgitodinal reinforcement in either test
although the steel shoe largely concealed the tiodigial reinforcement for the majority of the
test making observation of buckling difficult. Hove, if the longitudinal reinforcement did
buckle, it would likely have failed shortly theréat In both tests, the longitudinal reinforcement
did not fracture until approximately 6% drift. Thikigh drift level indicates that the
reinforcement roughly reached its maximum tensdpacity, supporting the observation that the
reinforcement did not buckle.

In earlier tests (Finnsson et al. 2013, Davisle@l1 and Haraldsson et al. 2011), the
base of the column was not confined externally bjeal shoe. As the cover spalled, the bars lost
lateral support and consequently buckled. Conwersel bars ever buckled in the footing due to
the large quantity of concrete that provided sigaiit lateral support. Thus, the steel shoe
appears to offer an effective means of lateral sttghat consequently prevented bar buckling.
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Figure 4.9 Exposed north bar of PreT-SF-ROCK.

Location of Fractured Rebar

N |

Figure 4.10 Fractured northwest bar of PreT-SF-ROC  K-HyFRC (fractured in footing).
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Figure 4.11 Fractured north bar of PreT-SF-ROCK.

Figure 4.12 Northwest view of PreT-SF-ROCK-HyFRC sh  owing location of missing
strand (fractured).

4.2.5 Loss of Axial-Load Capacity

Neither column ever lost its axial capacity. Thiaswexpected because, in previous tests by
Finnsson et al. (2013), Davis et al. (2011) andalimson et al. (2011), the axial capacity was
never lost either. In fact, Haraldsson showed tih&t true axial capacity of the columns
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significantly greatly exceeded their factored desigad. After completing the 40 cycles of
lateral loading, Haraldsson increased the appliedl doad until failure. At that time, the
longitudinal bars had buckled, the spiral had freed, and the concrete core was partially
crushed. Nonetheless, the columns did not explmdié the applied axial load was three and a
half times the factored design load. This resutiusth not be surprising considering the design
axial load for a bridge column is typically in trenge of 0.03fA4 to 0.10f:Ag.
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5 Measured Response

5.1 MATERIAL PROPERTIES

Researchers constructed the columns and footindpeiStructural Engineering Laboratory at the
University of Washington. The casting and curingboth the columns and footings also took
place in the university’s structures lab. A looahdy mix company (CalPortland) provided the
conventional concrete, whereas researchers mixedHyFRC themselves using the lab’s
facilities. Concrete cylinders were taken from edaich of concrete, using 4 in. by 8 in.
cylinders for the HyFRC and 6 in. by 12 in. cylingiéor the conventional concrete. Researchers
stored the cylinders in a fog room at the Univgrsit Washington where they kept the relative
humidity at 100% and the temperature at 70°F. Fath Ispecimens, researchers performed
material tests on the conventional concrete andR@;Fas well as on the longitudinal and
transverse reinforcement.

5.1.1 Conventional Concrete

To build the two specimens, researchers used amybatches of conventional concrete, one for
both columns and another for both footings. Théndgdrs of each batch were tested at 7 days, 14
days, 28 days and on both specimen test days. yiinel@rs were also tested on the day that the
prestressing strands were released. Table 5.1thstscompressive strengths of the concrete
batches on the two specimen test days; AppendixvAsgthe batches’ complete compressive
strength histories. The measured column concretguessive strength decreased by 3.7% as it
aged from 79 days to 90 days. This decrease ily lét&zibutable to random variations among the
strengths of individual cylinders.

Table 5.1 Conventional concrete compressive strengt  hs on test days
Column Footing
Specimen Compressive Compressive
Strength Age Strength Age
[psi] [days] sl [days]
PreT-SF-ROCK 10,273 79 9022 35
PreT-SF-ROCK- 9894 90 9326 46
HyFRC

Modulus of elasticity tests were also performedidoth the column and footing concrete
at 28 days and the two specimen test days. Aniadditcolumn concrete test was done on the
day of release. Table 5.2 lists the measured medflelasticity for the concrete batches on the
two specimen test days; Appendix A documents thiatvan in modulus of elasticity over time.
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Table 5.2 Conventional concrete elastic modulus on test days

_ Elastic Modulus Age
Specimen :
[ksi] [days]
PreT-SF-ROCK 3747 79
PreT-SF-ROCK- 3881 90
HyFRC

Split-cylinder tests were performed to measurectirecretes’ tensile strengths on the day
Specimen PreT-SF-ROCK-HyFRC was tested. Researcheuntd have gathered more data
points for this strength parameter, but the nundfeconcrete cylinders available limited this
ability. The PreT-SF-ROCK-HyFRC test day was deeredmost important date to measure
this parameter, because PreT-SF-ROCK-HyFRC cormtahigFRC, and a major difference
between HyFRC and conventional concrete is thdierdince in tensile strengths. The tensile
strength was computed as:

2P

fer = % (5.1)

where P is the maximum load applied in the teistthe length of the specimen (12 in. for 6x12
in. cylinders) and d the diameter of the specinteim(for 6x12 in. cylinders). Table 5.3 lists the
measured tensile strengths for both the columnfaating concretes on the PreT-SF-ROCK-

HyFRC test day.

Table 5.3 Conventional concrete tensile strength on PreT-SF-ROCK-HyFRC test day
Column Footing
Tensile . Tensile .
Tensile Age Tensile
Age [days] Strength : Strength :
[psi] Strength/f ¢ [days] [psi] Strength/f .
90 673 6.8% 46 646 6.9%
5.1.2 HyFRC

The HyFRC were mixed in four equal-sized batchessdarchers then combined and vibrated
the batches together to achieve uniformity. Theesprocess was followed to make the HyFRC
for the cylinders. Researchers conducted compressiengths on the HyFRC cylinders at 7
days, 14 days, 28 days, release and the PreT-SEKRGERC test day. No tests were done on
PreT-SF-ROCK test day, because that specimen didcomtain any HyFRC. Additionally,
researchers tested the elastic modulus of the Hy&RX8 days and the PreT-SF-ROCK-HyFRC
test day. Lastly, split-cylinder tests were doneRyerT-SF-ROCK-HyFRC test day. Table 5.4
shows the HyFRC material properties at PreT-SF-RYKRC test day while the Appendix A
lists the complete strength progression of the HYFR
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Table 5.4 HyFRC material properties on PreT-SF-ROCK -HyFRC test day
Specimen| Age | Compressive | Elastic Modulus | Tensile Strength| Tensile Strength/f,
[days] | Strength [psi] [ksi] [psi]
PreT-SF- o
ROCK- 92 10,203 4496 1452 14.2%
HyFRC

5.1.3 Steel Reinforcement

Both columns had four types of steel reinforcem8rdauge smooth wire spiral, No. 4 and No. 6
deformed reinforcing bars, and the welded steeksResearchers conducted tension tests on
two samples of each the No. 4 and No. 6 bar sikable 5.5 lists the key properties of the
reinforcing steel used in the two columns.

The 3-gauge smooth wire used was from the samé hbisted by Finnsson et al. (2013).
As a result, this thesis repeats the tension esbifained by Finnsson. Prior to this material, test
Finnsson had to straighten the wire since it wapksed in coils. This measure induced reverse
plastic bending and likely caused the absence wkld plateau in the resulting stress-strain
curve. Researchers did not conduct any tests owétded steel shoe. Researchers did not test
any samples of the footing steel either becausé@que tests on similar footings had shown that
the footing steel did not yield. Appendix A docurtgethe full stress-strain curves.

Table 5.5 Measured properties of reinforcing steel
Yield Tensile Elastic
Type Stress | Strength Modulus
fy [ksi] fu [Ksi] E-mod [ksi]
#4 67.5 89.9 29100
#6 67.0 89.6 26300
3-gauge spira 86.3 96.0 30500

5.2 MOMENT-DRIFT RESPONSE

The moment at the base of the each column, inaduBidelta effects, was calculated using
Equation 5.2

h
M=H-h1+P-h—2-A1—F-A2 (5.2)

1

where M is the base moment, H is the lateral lopolied by the MTS Actuator, ;his the
distance from the column-footing interface to tleater of the MTS actuator (60”), P is the axial
load applied by the Baldwinls the distance from the column-footing interfa@éhe spherical
bearing (96.5”)A; is the measured lateral displacement of the colaimglevation ky F is the
estimated friction force between the stainless steeet and the greased PTFE pad, &nd the
lateral displacement at lestimated as () - A;. Figure 5.1 graphically depicts these variables
in reference to the test setup.
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Figure 5.1 Definitions of variables for Equation 5. 2.

Although researchers greased the PTFE pad andlestsisteel sheet to minimize
resistance, the two components nonetheless gedesatmall friction force as they slipped
against each other throughout the test. The frcfarce (F) was calculated using the model
developed by Brown et al. (2008), illustrated igu¥ie 5.2.

Friction Force

7 7 Displacement
i

Figure 5.2 Friction correction model, Brown et al. (2008).
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The approximated friction had two components: oeeved from the sliding in the
channel and the other derived from the rotatiothefspherical bearing. The effective coefficient
of friction was determined using Equation 5.3:

R
Heff = Hflat + Hcurv L (5-3)
total

In this model sy represents the sliding within the channel, whereas represents the
rotation of the spherical bearing. R is the raditithe spherical bearing. andyl is the total
height from the top of the footing to the top of tpherical bearing. The maximum friction force
was calculated ages- P where P is the applied axial load (159 kips).vBrcet al. (2008)
determineduer to be 1.6%, resulting in a maximum friction foree2.54 kips or 4.2% of the
maximum expected lateral load from the MTS Actuatéigure 5.3 illustrates the friction
coefficients associated with the sliding channel.

Figure 5.3 Schematic drawing of the sliding channel and its friction components.

Researchers used a spring stiffness, k, of 5ikipghen correcting the moment and
effective force plots for friction. This value isffdrent from the 60 kips/in. Brown used in his
study; however, both previous tests, Finnsson.ef2@l13) and Davis et al. (2011), discovered
that a spring stiffness of 60 kips/in. is too stdhd causes unlikely force-deformation
relationships. Figures 5.4 and 5.5 depict the uected moment-drift responses, whereas figures
5.6 and 5.7 depict the corrected moment-drift raspe of PreT-SF-ROCK-HyFRC and PreT-
SF-ROCK respectively.
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Corrected moment-drift plot for Specimen

Figure 5.6
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Corrected moment-drift plot for Specimen

Figure 5.7

The main differences between the uncorrected ameaed moment-drift plots are a
slight reduction in maximum moment and an increaghe amount of pinching of the hysteresis
loops. The overall shape of the two plots, howevwerthe same. Force and moment data

presented in the rest of this thesis corresporidditon-corrected values. Table 5.6 summarizes

the maximum corrected moments and the corresporttifidgevels.
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The moment-drift responses of the two specimense ve@milar to each other. The
flexural strength of PreT-SF-ROCK-HyFRC was only #8gher than that of PreT-SF-ROCK.
Additionally, both specimens continued to gain refitb even after the first bar fractured at
approximately 6% drift (Table 4.2). The maximum nerhin PreT-SF-ROCK-HyFRC and
PreT-SF-ROCK did not occur until 6.8% drift and%.8rift respectively.

Another measure of performance is strength degoadaOne common definition of
“failure” is the point at which moment resistancecckases to 80% of its maximum value.
Similar to the specimens in Finnsson et al. (20R8)T-SF-ROCK-HYyFRC and PreT-SF-ROCK
maintained this level of moment resistance to deftels beyond 10% with the exception of
PreT-SF-ROCK-HyYFRC in the north direction. This ebsition suggests that the inclusion of
HyFRC in the rocking shoe column is not neededbtaia highly ductile behavior.

Table 5.6 Summary of moment-drift response.
PreT-SF-ROCK-HyFRC PreT-SF-ROCK
Point of Interest North
North Direction | South Direction . . South Direction
Direction
Maximum Moment 3617 3885 -3619 3731
[kip-in.]
Drift Ratio at Maximum
Moment [%6] -4 .55 6.78 -4 .52 8.53
0 .
80% of Maximum 2031 3150 -2955 3169
Moment [kip-in.]
Drift Ratio of 80% of
Maximum Moment [%)] 8.24 N/A N/A N/A

5.3 EFFECTIVE FORCE ACTING ON SPECIMENS

The effective force acting on the column was catad by dividing the base moment, M, hy h
the distance from the column-footing interfacette mid-point of the MTS actuator.

M

Fefr = I (5.4)

Figures 5-8 and 5-9 illustrate the effective fouegsus displacement plots, whereas Table 5.7
lists the maximum effective forces observed andctireesponding drift levels.
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Table 5.7 Summary of effective forces.

PreT-SF-ROCK-HyFRC PreT-SF-ROCK
Point of Interest North South North South
Direction Direction Direction Direction
Maximum Effective 60.3 64.7 60.3 62.2
Force [Kkips]
Drift Ratio at Maximum
Effective Force [%] -4.55 6.78 -4.52 8.53
80% of Maximum
Effective Force [kips] -48.9 2.5 -49.3 52.8
Drift Ratio of 80% of
Maximum Effective -8.24 N/A N/A N/A
Force [%]

5.4 COLUMN ROTATIONS

Researchers measured column rotations using thetkeods: the “curvature rod” system,
inclinometers and the Optotrac LED tracking sys{&mction 3.1.2.4). The relative rotation
between two adjacent cross-sections was calculesied Equation 5.5:

g. = din ~ Bis (5.5)
1 Ll

whereb; is the rotation at a specified column heidht, is the displacement measured by the
north potentiometer; s is the displacement measured by the south poteatar and Lis the
horizontal distance between the north and soutenpioimeters. The absolute rotation at each
cross-section was determined by summing the relattations beneath the height of interest.

Figures 5.10 and 5.11 show the absolute columnioataderived from the curvature rod
measurements at the following drift levels: £0.320,7%, +1.2%, +2.0%, +3.0% and +4.0%.
These drift levels are the same that levels forcitinnsson et al. (2013) reported rotations,
which allows for easy comparison of performance.
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Figure 5.11

One of the potentiometers reached the end of ritdkestas the column transitioned

from +4% drift to -4%

drift in test PreT-SF-ROCK-HRC. As a result, it provided

erroneous measurements for the rotations at -4f% sloi rotations at this drift level are not

shown.
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Inclinometers were the second method used to measalumn rotation. Figures

5.12 and 5.13 show the absolute column rotatioresored with these instruments.

' Rotation [radj

[rul] @oeueiu| anoge 1ybiaH

Rotations of PreT-SF-ROCK-HyFRC as meas ured from Inclinometers.

Figure 5.12

Rotation [radj

[ui] aoepalu] anoge 1yblaH

Rotations of PreT-SF-ROCK as measured f rom Inclinometers.

Figure 5.13

The detailed rotation pattern in PreT-SF-ROCK-HyFsg&&ms implausible, because

it indicates that the column straightened betwdensecond and third inclinometers (12"
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and 24”). Researchers did not observe such steaigig behavior. Researchers attributed
this effect to the instruments’ tolerances. Addititly, the top inclinometer (34”) did not

take any measurements throughout the entire PreREK test.

An LED motion capture system (Optotrac System) wees third method used to
measure column rotation. Figures 5.14 and 5.15 shwavabsolute column rotations

measured with this system.

[u1] @oepaul anoge ybiaH

' Rotation [rad]

Rotations of PreT-SF-ROCK-HyFRC as meas ured with Optotrac system.

Figure 5.14

Rotation [rad]

ith Optotrac system.

Rotations of PreT-SF-ROCK as measured w

Figure 5.15
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Of the three methods, the Optotrac data wais thst mansistent. It also showed a
slight jJump in rotation at the top of the steelshahich wais consistent with observation of
hairline cracks there. Both of these facets impat the Opototrac data is the most reliable.

The Optotrac data, however, does show one pedylidn specimen PreT-SF-
ROCK-HyFRC, the Optotrac data indicates that aft datios +3.0% and +4.0% the
rotations were not symmetric. This asymmetry is omgistent with researchers’
expectations. Additionally, this asymmetry doesauxur in the Optotrac data for specimen
PreT-SF-ROCK. The asymmetry in Optotrac rotations $pecimen PreT-SF-ROCK-
HyFRC could be a result of column sliding; howevkthis were the case, the Optotrac data
should report rotations in the positive directiaowér than what would be expected
nominally, which it does not. As a result, researshare unsure what caused this
asymmetry.

The three methods used to determine column rotatiercompared at +2% drift in
figures 5.16 and 5.17 below.

35
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=25 s B A Ml R
() | | | |
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b I I I I
= 20 it Bt e il el
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8 \ | | | |
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Figure 5.16 Comparison of measured rotations for Pr  eT-SF-ROCK-HyFRC.
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Figure 5.17 Comparison of measured rotations for Pr  eT-SF-ROCK.

The plots above show that the three rotation methack mainly consistent,
especially in the PreT-SF-ROCK-HYFRC test, for whibe values fall within 5% of each
other for positive drifts and 16% for negative tifThe three methods agree less in the
PreT-SF-ROCK test where the values fall within 2dfeach other for positive drifts and
13% for negative drifts. Once again, the Optotrataceems the most reliable followed by
the curvature rod system. The inclinometer manufact(Spectron) reports an accuracy of
+0.5° for the instrument. This is 13% of the peatation, suggesting that the instrument’s
accuracy could inhibit its performance relativete other two methods.

Regardless of small discrepancies, all of the dpfsears to suggest the same thing;
the columns acted as nearly rigid bodies with thegonity of rotation occuring at the
column-footing interface. These results are coastsivith what researchers observed during
both tests. This behavior was expected due to tieel shoe rocking feature. A smaller
portion of rotation also formed at a column heightl0”, the interface between the top of
the steel shoe and the remainder of the columns Bhght relative rotation was also
expected since the column stiffness in the reglmove the steel shoe is much lower than
that within the steel shoe. PreT-SF-ROCK experidrstightly more rotation gain at the 10”
elevation than did PreT-SF-ROCK-HyFRC, best illattd in figures 5.13 and 5.14. This
result is consistent with the observations thatTF8E-ROCK suffered more hairline
cracking than did PreT-SF-ROCK-HyFRC.

5.5 COLUMN CURVATURES

Researchers calculated column curvatures using fdata the curvature rod system and the
Optotrac LED tracking system. The inclinometer tiota data was not converted to curvatures,
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because it appeared to be insufficiently accurdteerage curvatures were calculated using the
previously found rotations and Equation 5.6:
8in — Bis
P = %/Hi
1

where @; is the average curvature over the monitored he@MN andg;,S are the measured
displacements on the column’s respective north smdh faces, Lis the horizontal distance
between the north and south potentiometers, ands Hhe initial vertical distance between
adjacent curvature rods.

Figures 5.18 and 5.19 show the average curvatuteeaivo columns as measured by the
curvature-rod system at the same drift levels teplofor rotations: +0.3%, +0.7%, +1.2%,

+2.0%, +3.0% and +4.0%.

(5.6)
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Figure 5.18 Average curvatures of PreT-SF-ROCK-HyFR C, calculated from curvature
rod system.
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Figure 5.19 Average curvatures of PreT-SF-ROCK, cal culated from curvature rod
system.

The two plots above that the majority of averagevature occurred at the base of the
column with a secondary region of curvature ocogrit the top of the steel shoe. The average
curvature of PreT-SF-ROCK was nearly identical hattof PreT-SF-ROCK-HyFRC at the
column’s base; however, it was larger near thedtfofhe steel shoe. Researchers expected this
result because PreT-SF-ROCK experienced more taicliacking in this region than did PreT-
SF-ROCK-HyFRC.

Figures 5.20 and 5.21 document the average cugevdistribution of the two columns as
measured by the Optotrac LED tracking system.
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Figure 5.20
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Average curvatures of PreT-SF-ROCK, cal

Figure 5.21

The curvatures derived from the Optotrac data am@ilas to those from the
curvature-rod system. Again, the two plots showt ttkee columns experienced high
curvatures at the column-footing interface andlelitturvature elsewhere, except for
immediately above the steel shoe where the columdengoes a change in stiffness. As



expected, specimen PreT-SF-ROCK had a higher auevabove the steel shoe region than
did PreT-SF-ROCK-HyFRC.

5.6 STRAIN IN LONGITUDINAL REINFORCEMENT

5.6.1 No. 4 Bars

Figures 5.22-5.24 show the strain profiles of tleed\reinforcing bars for both tests. The strains
are plotted at the three measured locations: Bvio¢he interface, at the interface and 7” above
the interface. In these plots, the origin for etevais taken at the column-footing interface;
therefore, positive elevations refer to locatiobs\a& the interface whereas negative elevations
refer to locations below the interface. During thset, the majority of strain gauges ceased to
work at large drifts. For this reason, the plotsvglihe strain profiles at only three drift levels:
+0.3%, £0.7%, and £1.2%. Only one strain gaugédainterface functioned during the PreT-SF-
ROCK-HyFRC test. Consequently, only one plot isvemdor that test (south bar).

> -1.2%
””” \Kfj""""""’”********************** -0.7%
— 0.3%
—+—0.3%
7777777777777777777 0.7%
— 1.2%
— — yield

Column Height [in.]

0.025

Strain [in./in.]

Figure 5.22 Strain profiles for South No 4 Bar, Pre  T-SF-ROCK-HyFRC.
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Figure 5.23
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For all three plots, the measured compressive ansilé strains are approximately
symmetric (about the zero strain axis) at 7” abamd 7” below the interface. In contrast,
this is not the case for the strains measuredeaintierface, where the tensile strains greatly
exceed any compressive strains.. One feature bfdmtimns was the steel shoe. During the
test, researchers noticed that the column rockedtahe shoe’s outer edges as the column
was laterally loaded. This rocking behavior wouddige tension in both the North and South
bars at the same drift level if the column’s ndutras was located the column edge. If this
were the case, then the bar opposite the diredidoading would experience high tensile
strains while the bar in the direction of loadinguld experience small tensile strains. The
above plots show such a pattern. Additionally,oat drift levels (e.g., £0.3%) the bars in
the direction of loading show compressive straiftgs occurrence could correspond to the
steel shoe not yet lifting off and rocking abostauter edge. In such a case, the neutral axis
would not bet at the outer edge, and thereforep#lran the direction of loading should be
in compression.

To understand the bars’ strain behavior bettegamehers created strain vs. drift
histories for each pair of working strain gaugesated on the No. 4 longitudinal bars.
Figures 5.25-5.28 show these results. Since mo#teottrain gauges broke at some point
during the test, each plot only contains data uh#l respective gauge’s point of breaking.
Note that the plots for the strain gauge pairs abawd below the interface have a different
scale than the plots for the strain gauge paiistatface. The scales are different because
the strains measured at the interface were an afderagnitude higher than the strains
measured above and below the interface.

x10° South Bar Strain 7 in. below interface South Bar Strain at interface

O

Strain [in./in.]

| | | | |

| | | | |

1 1 L 1 L

-3 -2 -1 0 1
Drift [%]

Strain [in./in.]
o = N

KN

N

Figure 5.25 Strain vs. drift in South No 4 Bar, Pre  T-SF-ROCK-HyFRC.

www.manaraa.com



North Bar Strain 7 in. above interface

North Bar Strain 7 in. below interface

_x10°

Drift [%]

Drift [%]

Strain vs. drift in North No 4 Bar, Pre  T-SF-ROCK-HyFRC.

Figure 5.26

South Bar Strain at interface

South Bar Strain 7 in. below interface

_x10°

| |
| |
L |
- o — nd_ o

Drift [%]

Drift [%]

South Bar Strain 7 in. above interface

Drift [%]

Strain vs. drift in South No 4 Bar, Pre  T-SF-ROCK.

Figure 5.27
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Figure 5.28 Strain vs. drift in North No 4 Bar, Pre  T-SF-ROCK.

The strain histories are consistent between thespezimens and between the north
and south bars. The strains are generally sliglatlger when the bar is in tension as
opposed to compression, which is consistent wigvipus results from Finnsson et al.
(2013). This difference is also consistent with titeserved vertical displacements (Sec.
5.20). When the bar was in tension, the crack atbdise was wide. Conversely, when the
bar was in compression, no visible downward movenoérthe steel plate at its base was
apparent. Additionally, the strains measured 70Wethe interface are comparable to those
measured 7" above the interface.

5.6.2 No. 6 Bars

Figures 5.29-5.32 show the strain profiles of the B reinforcing bars for both column
tests. The strains are plotted at the two monittwedtions, 1” and 7” above the interface. In
addition to the three drift levels considered ie thlots for the No. 4 bar strain profiles:
+0.3%, £0.7%, and £1.2%, the profiles for the NdaBs are also reported for a drift ratio of
2.0%.
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Figure 5.32

Additionally, the measured tensile strains wergeéar7” above interface while the
compressive strain appears larger at 1" abovefater This difference was expected. The

compressive stress is more concentrated at loweagbns, hence requiring the No. 6 bars

to distribute that stress to the surrounding caeci€onversely, cracking near the top of the



steel shoe would cause a loss of tensile capatitigd concrete, hence requiring the No. 6
bars to compensate this loss by carrying addititeradile stress. The strain profile for the
Northwest bar in specimen PreT-SF-ROCK appearsalistie. At +0.3% drift the bar
exhibits tensile strain while at +0.7%, +1.2% an@%2 drift the bar exhibits compressive
strain. In the similar directions of loading, thar lshould experience the same type of stress,
either compressive or tensile. This could be tlsaltef faulty strain gauge installation.

Figures 5.33-5.36 show the strain vs. drift platisthe No. 6 bars. Unlike the No. 4
bars, the No. 6 bars did not yield in either tést. a result, all working strain gauges
functioned throughout the entire duration of basbt$. Consequently, the plots were able to
depict the bars’ strain levels at extreme drifelev

10° Southeast Bar Strain 1 in. above interface 10° Southeast Bar Strain 7 in. above interface
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Figure 5.33 Strain vs. drift in Southeast No 6 Bar,  PreT-SF-ROCK-HyFRC.
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Figure 5.34 Strain vs. drift in Northwest No 6 Bar, PreT-SF-ROCK-HyFRC.
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10° Southeast Bar Strain 1 in. above interface 10° Southeast Bar Strain 7 in. above interface
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Figure 5.36 Strain vs. drift in Northwest No 6 Bar, PreT-SF-ROCK.

The above plots provide interesting results. First, relatively low strain values in
Figure 5.34 compared to the other three plots sitgpat the strain gauge malfunctioned. If
the results from Figure 5.34 are omitted, the bedraaf the No. 6 bars in PreT-SF-ROCK-
HyFRC and PreT-SF-ROCK are nearly identical. Thethweest bar in PreT-SF-ROCK
appears to have experienced slightly higher strdias the No. 6 bars in PreT-SF-ROCK-
HyFRC, but the shapes are similar.

The bars’ hysteretic behavior 7” above the columatihg interface is symmetric,
reaching strains approximately a quarter to halfthe yield strain. The bars hysteretic
behavior 1” above the interface, on the other hadpt symmetric. In the expected tensile
direction, the plots’ shapes resemble typical hgsie behavior; in the expected
compressive direction, however, the bars gain cesgive strain until approximately 2%
drift where they experience decreasing compressira@n and eventually (in two of four
plots) tension. This measured behavior is condistgtth the measured behavior of No. 4
bars (previous section). The North and South appeared to be in tension simultaneously.

5.7 STRAIN IN TRANSVERSE REINFORCEMENT

Figures 5.37 and 5.38 illustrate the transversg#aaiement strain vs. drift in both columns
at the single measured location: 3" above the colmoting interface. The transverse
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reinforcement did not yield during either test. #&sesult, the plots include data at high drift
levels.

Strain [in/in]

Drift [%]
Figure 5.37 Strain vs. drift of transverse reinforc ~ ement in PreT-SF-ROCK-HyFRC.

Strain [in/in]

Drift [%]

Figure 5.38 Strain vs. drift of transverse reinforc ~ ement in PreT-SF-ROCK.

The plots above show that the transverse reinfoeoémn specimen PreT-SF-ROCK
experienced similar strains as the transverse aement in specimen PreT-SF-ROCK-
HyFRC. The maximum measured strain in both spetémes only 10% of the yield strain.
These results indicate that the transverse reiaefent inside the steel shoe provides little
benefit.

To evaluate this conclusion, researchers convehedpiral volumetric ratio to an
equivalent steel tube, which resulted in an eqenalube wall thickness 0‘2:—” = 0.0328".

This thickness is roughly one seventh that of tt#’0Owall thickness use in the specimen.
Therefore, researchers expect the real tube toigeothe majority of the confinement,

especially near the base, where the welded cirquiate stiffens it. The data above is
consistent with this expectation.

5.8 STRAIN IN PRESTRESSING STRANDS
Strain gauges, placed in pairs in the strands’ nded region, measured the strain history of

the prestressing strands during both tests. FigBu&% and 3.40 show the strand strain vs.
drift histories. These plots also include a hortabiine that denotes the nominal yield strain
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of the strand, 0.0087 in./in. (based on a yieleésstrf,=250 ksi and an elastic modulus,
E,=28600 ksi). In specimen PreT-SF-ROCK-HyFRC, nofmehe strain gauges on the
Northeast strand functioned during the test. Agsult, the strains for that strand are not

reported.
0.03 Strain vs. drift of Southeast Strand Strain vs. drift of Southwest Strand
A 0.03]
0.025 0.025
StraiPr% /in.] Streﬂr?fin./in.]
0.015 0.015
0.01 ////// 0.01
~
0.005 0.005
LT 0 10 BT 5 0 5 10
Drift [%)] Drift [%]
0.03 Strain vs. drift of Northwest Strand
0.025]
Strz?lﬂz[ n./in.
0.015
0.01
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0o 0 10
Drift [%]
Strain vs. drift of East Strand Strain vs. drift of West Strand
0.03 0.03 -
0.025 0.025
Stracllfr??[ n./in.] Str&iﬂz[ n./in.
0.015 \ 0.015
0.01 AN / 0.01
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Figure 5.39 Strand strain gauge data versus drift (  blue) and estimated yield strain
(red) for PreT-SF-ROCK-HyFRC.
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Strain vs. drift of Southeast Strand
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In all cases, the strand-drift histories form ah&se. As the drift increases in the
positive or negative direction, the tension strisicreases. For the strands about the east-
west axis (near the center of the column), the apshis symmetric. This is not the case for
the off-centered strands, which exhibit asymmeiahbavior. In particular, the northwest and
northeast strands experience higher tensile stetip®sitive drifts, whereas the southwest
and southeast strands experience higher tensden st negative drifts. This behavior is
consistent with the strands’ locations with respgeatdge of the column, about which point

it rocks.
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The northwest and southwest strands in specimen-$FeROCK-HyFRC fractured
at a drift ratio above 6% drift, whereas none fneed in specimen PreT-SF-ROCK. The
fracture was not ductile as depicted by the sharp o strain in Figure 5.39. Additionally,
the brittle failure occurred before any of the stla yielded. This observed failure is
consistent with the theory that the dowel bar mayehbeen misaligned and caused the
strands to kink. Since a perfectly aligned dowelwauld be difficult to ensure in the field,
future columns of this design should not include diowel bar.

Aside from the three strands that fractured, timeaiaing strands in both columns all
exceeded their yield strain. The strands offsé¢onorth and south yielded much earlier (3-
4% drift) than those along the east-west axis (58f),das expected. Additionally, the north
and south strands reached strains up to 2.4 tineegi¢ld strain, whereas the east and west
strands only reached strains equal to 1.6 times tlmminal yield strain. These results
suggest that the outer strands contributed moteeg@olumn re-centering, since they were
subjected to higher strains at lower drift levels.

Lastly, as the strands cycled back and forth, émsite strain at 0% drift steadily
increased. This increase was far more pronounceth&outer (north and south) strands
than it was for the center (east and west) straimdfact, by the end of the test, the outer
strands had measured strains above the yield &v@}o drift. The increase in strain at 0%
drift was the result of intense cyclic yielding. Wé¢hstrands in previous tests experienced
these zero drift changes, the changes were nolyresidramatic as observed in PreT-SF-
ROCK-HyFRC and PreT-SF-ROCK. This difference sutgésat the strands in these two
specimens underwent significantly more yieldingd @aonsequently more strain hardening,
than in previous tests.

5.9 STRAND SLIP

Load cells were placed at the top of the columreach strand to detect any slip that might
occur during the tests. Due to the shorter bondtleat the top of the column, researchers
assumed that, if the strand slipped in the footlmn it would also slip at the top of the
column, hence load cells were not installed onstih@nds beneath the column. Researchers
stressed each load cell to an initial load (appnately 5 kips) prior to testing by backing
out the screw thread device after the strand chueke set. During the test, any increase in
that initial load would be a sign of anchorage .shgures 5.41 and 5.42 show the force in
each load cell throughout the test. For compar@aposes, researchers zeroed each load
cell so that their initial load was zero kips. Imesimen PreT-SF-ROCK-HyFRC, the load
cell on the southeast strand did not function dutime test. As a result, that load cell is
omitted from the plots.
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Figure 5.42 Load vs. drift on strand load cells for specimen PreT-SF-ROCK.

The plots above show that some slip occurred irostke eleven strands containing
functioning load cells. Three of the strands thigiped also fractured, considering the
drastic loss of load these strands experienced stlimgtantaneously. The three slipped
strands, all located on specimen PreT-SF-ROCK, rbégsing load at approximately 5%
drift and continued to lose load the remainderhef test. The maximum measured load loss
at the load cell (5.4 kips) occurred on the soustwe&rand of specimen PreT-SF-ROCK.

Prior to losing their entire load, the strain gaiga the three fractured strands on
Specimen PreT-SF-ROCK-HyFRC detected an increastraim. Researchers expected this
behavior because, prior to fracture, the strankfgegence some slip.
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Since no slip or fracture occurred before 5% dinifthe specimen, it is likely that tt
anchorage in the prototype would be adequate. Aftethe strand diameter in the -scale
column would be proportiofig smaller than it is in these two specimens. Aesult, the
bond strength will be higher, further reducing thance of slippage. The bond strengtl
relation to ACI requirements is discussed furthrerSection 7.6 of the Comparison w

Calculations Chapter.

5.10 AXIAL ELONGATION

Researchers estimatdtie column’saxial elongationusing the Optotrac systt measures,

combined with Equation 5.7:
(5.7)

wheresd is the axial elongatioat a specified column height, is the initial length betwee
two LED chord lines at their centeiand L is the changed length between two LED ct
lines at their centers during loading. Figure Sgé&phically depicts these variables. FigL
5.44 and 5.45 show the axial elongatof both columns.

LEDy, , . LEDg LEDy; $———5%—— 4 71FD.
1 Lo 1 1 Li | 1

LEDy, « LEDy, LEDy, ‘_# D

i s1

Figure 5.43 Definitions of variables for Equation 5.7.
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Figure 5.44 Axial elongation in PreT-SF-ROCK-HyFRC.
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Figure 5.45 Axial elongation in PreT-SF-ROCK.

The axial elongation plot of PreT-SF-ROCK-HyFRC whobehavior that is
consistent with researcher's expectations. PreROEK-HyFRC appears to have
elongated as it cycled back and forth. The majaritihe elongation was concentrated at the
base of the column, with a minor blip of elongaticmange above the steel shoe. This
behavior was consistent with the concept of a samathunt of rubble in the crack at the base
of the column that would inhibit perfect crack alos.

www.manaraa.com



The axial elongation plot of PreT-SF-ROCK showsiféeent behavior. While a
good portion of the axial strain occurs at integfathere is also a sizeable amount of axial
change at 12” and 24” above interface. Resear@reransure what caused this discrepancy
as the Optotrac data yielded reasonable resultsb@h rotation and curvature. The
inconsistency, however, appears at only two locati@he other data points reflect an axial
elongation similar to that of specimen PreT-SF-ROEQK-RC. As PreT-SF-ROCK cycled
back and forth, the specimen appeared to elongatelamse.
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6 Comparison with Previous Tests

This chapter analyzes the measured responses afmgres PreT-SF-ROCK-HYFRC and PreT-
SF-ROCK and compares them with the responses ahutd tested by Finnsson et al. (2013)
and Davis et al. (2011). These previous tests lotitained the same quantity of unbonded
prestressing strands and longitudinal reinforcemeantd had the same cross-sectional
dimensions. The specimen constructed by FinnssomHg&RC in the plastic hinge region above
and below interface, whereas the Davis specimenaoweastructed with conventional concrete
throughout. Neither Finnsson’s nor Davis subassesiblad a steel shoe.

6.1 PEAK STRENGTH AND STRENGTH DEGRADATION

The envelope to the cyclic moment-drift curves joles a compact measure of column
resistance. Figure 6.1 shows the moment envelapdbd positive and negative peaks of PreT-
SF-ROCK-HyFRC, PreT-SF-ROCK, PreT-SF-HyFRC and FB&ICONC. The moment
envelopes are similar for the two rocking specimdise measured moment for the PreT-SF-
ROCK-HyFRC specimen was slightly larger in the pesidirection but nearly identical in the
negative direction up to a drift ratio of approxieigt -7%.

4000 I

——PreT-SF-ROCK-HyFRC

3000 PreT-SF-ROCK

— ' PreT-SF-HyFRC
PreT-SF-CONC

2000+

1000}~ - - -

Moment (kip-in.)

S T

010 e i
-2000f----f----------=-

e
-3000 -~ - R e

"
-4000 |

-10
Drift [%]
Figure 6.1 Moment vs. drift envelopes.
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Despite having the same cross-sectional area el &tédging the crack plane, the
moment capacities of the two rocking specimens veggaificantly higher than those of the
specimens tested by Finnsson et al. (2013) andsCnal. (2011). The moment capacities of the
columns in the two previous studies fell withinaage of 2533-3083 kip-in. In comparison, the
PreT-SF-ROCK-HyFRC and PreT-SF-ROCK’s maximum masi@xceeded the largest value
(3093 k-in.) by 20.6% and 17.3%, respectivelysltikely that this increased moment capacity
resulted from the added confinement provided bysteel shoe, which caused the center of the
compression face to shift nearer to the columngeedreating a larger lever arm.

Figure 6.2 shows the effective force envelopesnatized by the peak effective force for
all four columns. The normalized envelopes areveaient for evaluating strength degradation.
The strength of the two rocking columns degradételiTo the contrary, the two columns
continued to gain strength until they reached & datio of approximately 5%. At the highest
drift ratios (~10%) the strength of PreT-SF-ROCK rdelgd less than that of PreT-SF-ROCK-
HyFRC in both the positive and negative directiofss difference may have been the result of
the fracture of strands in specimen PreT-SF-ROCIKRY (starting at a drift ratio of 7.3%) that
did not occur in PreT-SF-ROCK. It is possible tkia¢ dowel bar placed in the center of the
prestressing strand pattern in Specimen PreT-SFKHRBEYFRC caused three strands to kink and
then fracture. Regardless of these small diffezenboth rocking specimens retained over 80%
of their peak strength with the exception of speginfPreT-SF-ROCK-HyFRC in the negative
direction, whose strength had decayed to 71% qfetk strength.

T T

17—+ PreT-SF-ROCK-HyFRC
—+—PreT-SF-ROCK

—+— PreT-SF-HyFRC

06k PreT-SF-CONC

0.8F

Normalized Effective Force

Drift [%6]

Figure 6.2 Normalized strength degradation comparis  ons.
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The specimens without the rocking detail (PreT-SFHRIC and PreT-SF-CONC)
reached their peak strength at approximately +2%wlhile specimens PreT-SF-ROCK-HyFRC
and PreT-SF-ROCK reached their peak strength abappately £5% drift. This difference is
likely the result of the steel shoe feature. In phevious specimens, a steel shoe did not confine
the columns at interface, resulting in the concoeteshing in the plastic hinge region. In PreT-
SF-ROCK-HyFRC and PreT-SF-ROCK, the confinementhef steel shoe prevented crushing
and allowed the concrete to withstand more compessress as the columns underwent higher
drift levels.

With the exception of Davis’ column, the other #hreolumns retained the majority of
their strength even at extreme drift levels. SpetirRreT-SF-CONC retained its peak strength
only until approximately 4% drift. Afterwards, hewer, PreT-SF-CONC experienced a sharp
loss in strength. Specimen PreT-SF-ROCK-HyFRC henather hand, retained its strength until
approximately 10% where it decreased roughly 20%gleavior likely caused by the fracture of
the prestressing strands. Specimens PreT-SF-ROGK PaaT-SF-HYFRC maintained their
strength even better, maintaining their strengtst 48%. In the positive direction, the strength
retention was nearly identical whereas in the negatirection PreT-SF-ROCK retained slightly
more strength than PreT-SF-HyFRC. These enveldp®s that the rocking column provides as
much ductility as the HyFRC column in Finnsson’pesment. Furthermore, these envelopes
show that the absence of HyFRC in the rocking colussted here did not adversely affect
ductility.

Researchers designed all of the compared colummgedbr use in bridge systems. In
such systems, the design-level earthquakes woulkkeadrift ratios in the range of 1-2% whereas
the maximum expected earthquake might induce iibs of maybe 3%. In all circumstances,
the four above columns would not undergo any stretags. If the columns experienced drift
higher than 4%, PreT-SF-CONC would likely signifitlg lose strength but the remaining three
columns would not.

6.2 ENERGY DISSIPATION

Structures in earthquake-prone regions dissipatrggnwhen they undergo cyclic,
inelastic deformations. Researchers calculatedettezgy dissipation for both columns (which
corresponds to the area enclosed by each forcé&despent loading cycle). Figure 6.3 shows
the energy dissipated in each cycle while Figure shows the cumulative energy dissipation
throughout the whole test for both PreT-SF-ROCK-R¢Fand PreT-SF-ROCK.
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As shown in Figure 6.3, the energy dissipationdach set of cycles followed the same
pattern: the second cycle dissipated the most gnehge the fourth cycle dissipated the least.
This pattern is the result of the imposed deforamahistory, which had a displacement ratio of
1.0, 1.2, 1.2 and 0.4. The fourth cycle in eachveet small in comparison to the others. As a
result, it is not surprising that this cycle disggd the least energy in each set. While the third
cycle and second cycle had the same loading rdi#othird cycle consistently dissipated less
energy than did the second. This behavior is liketgause the second cycle caused some
damage.

The two plots above show that the PreT-SF-ROCK-HYFBnd PreT-SF-ROCK
specimens dissipated nearly exactly the same en&hyy similarity was expected, because bar
yielding is the primary contributor to this perfaante parameter. Therefore, the inclusion or
absence of HYFRC should make little difference.

The only other difference between the two columas the inclusion of the dowel bar in
PreT-SF-ROCK-HyFRC. The dowel bar should not coote to the column’s energy dissipation
either because it was placed in such a way (usiegvelded cup) to allow rotation. If the dowel
bar had deformed inelastically, then it would hawereased the energy dissipation. Since PreT-
SF-ROCK-HyFRC dissipated slightly less cumulatinergy (7.4%) than PreT-SF-ROCK did, it
appears likely that the dowel bar did not deforedastically.

Researchers also compared the energy dissipateceint SF-ROCK-HyFRC and PreT-
SF-ROCK to that of specimens PreT-SF-HyFRC and &€ ICONC. Researchers normalized
the energy dissipated in all of the columns usingethod found in Pang et al. (2008). In this
method, the cumulative dissipated energy per cy@s divided by the area of a rectangle
defined by the maximum {f) and minimum forces @) for the entire test, and the maximum
(Amax@y) and minimum displacementaing). Figure 6.5 depicts this normalization technique
while Figure 6.5 shows the dissipated energy corsgaurof all four specimens.

Figure 6.5 Normalization method for energy dissipat  ion, Pang et al. (2008).
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Figure 6.6 Comparison of normalized cumulative diss ipated energy.

The four specimens showed similar energy dissipati@racteristics until approximately
Cycle 35, at which point Specimen PreT-SF-CONC heta dissipate less energy, and
Specimen PreT-SF-ROCK began to dissipate more erieagp the others. Specimens PreT-SF-
ROCK-HyFRC and PreT-SF-HyFRC dissipated a simitaoant of energy throughout the entire
test. However, even as the specimens deviatedtet dgicles, the highest normalized energy
dissipation (PreT-SF-ROCK) and the lowest normdlizmergy dissipation (PreT-SF-CONC)
differed by a maximum of only 24.0%. The relativelgse energy dissipation results make sense
considering the fact that all four specimens comdiprestressing. The prestressing re-centers
the column, creating a pinching effect in the motyaiit response (demonstrated by Figures 5.5
and 5.6), which reduces the area enclosed by eack-flisplacement cycle.

6.3 EQUIVALENT VISCOUS DAMPING

Equivalent Viscous Damping (EVD) is a parameterselp related to energy dissipation.
Researchers determined the EVD of each specimag Esjuation 6.1:

g =2 ler (6.1)

where Ao is the area enclosed by each loading cycle apg i8 the area enclosed by the
rectangles circumscribing each loading cycle. Fegui7 compares all four specimens’ EVD with
respect to load cycle, and Figure 6.8 comparespkeimens’ EVD with respect to drift ratio. In
the plots below, researchers only calculated thB Edr the first cycle of each set.
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The calculated Equivalent Viscous Damping was simdmongst all four specimens.
Specimens PreT-SF-ROCK-HyFRC and PreT-SF-ROCK Bhaghktly higher EVD factors until
roughly 5% drift, at which point their EVDs becamearly identical to those of Specimen PreT-
SF-CONC. Specimen PreT-SF-HyFRC consistently hddwer EVD than the other three
specimens. These differences are very small:ah@Bpecimens had an EVD in the range of 10-
15%.

6.4 RE-CENTERING OF COLUMNS

6.4.1 Re-Centering Ratio

Hieber et al. (2005) developed a method for charamhg a system’s tendency to re-center. The
method calculates the ratio between the nomindbrieg moments (cause by axial load and
prestressing strands) and the resisting momentwi¢fed by the longitudinal reinforcement).
Figure 6.9 shows these forces in relation to theroo.

Figure 6.9 Forces used to calculate the re-centerin g ratio, Hieber et al. (2005).

Summing the moment caused by these two sets oédoabout the centroid of the
compression block yields the re-centering and tiegignoments. The equation that calculates
the resisting moment assumes that the longitudeiaforcement (mild steel) is in tension in the
unloaded condition. The strain profiles in Seco®.1 are consistent with this assumption.

Mre—centering = (Peor + 1:"pt) -aD (6.2)
Mresisting = Fs - aD (6.3)

The re-centering ratidy, is the ratio of the two moments calculated ab zdnift after
peak loading. A rati@,>1.0 implies that the column will re-center.
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Mre—centering _ Pcol + l)pt _ Pcol + Ap : pr (6 4)
Ag-fy '

Are =
Mresisting Ps

Specimens PreT-SF-ROCK and PreT-SF-ROCK-HyFRC Ihad same applied axial
load, cross-sectional area of strand and longialdeinforcement, and initial strand stress. As a
result, both specimens had a design re-centeriiny o8 3.5 (based on nominal properties) and
an actual re-centering ratio of 3.1 (based on agmperties). The two ratios differ because the
longitudinal reinforcement’s yield stress exceeidethominal yield stress (Section 5.1.3).

6.4.2 Normalized Cross-over Displacement

The Normalized Crossover Displacement (NCOD), pbbtin Figure 6.10, is a parameter that
measures a column’s tendency to re-center its&df afyclic loading. Haraldsson et al. (2011)
defines the crossover displacement as the dispmeat which the effective force returns to
zero after reaching a larger displacement. To nlzmahis value, the range of crossover
displacements was divided by the range of peakatisments. Under this definition, a NCOD
value of zero corresponds to perfect re-centeringena NCOD value of one corresponds to no
re-centering. Figure 6.11 compares the re-centeratips of the four specimens. To avoid
clutter, this plot only includes points from thestiand second cycles of each set.

Acrossl - AcrossZ

Normalized Crossover Displacement =
Apeakl - ApeakZ (65)

Efectivd Fares N

Y B // LT ™

e el Wrem1!
-+ L
/ I""""T-' ad :"T'"I.-
I

v

Piayphn e mem ok g

Figure 6.10 Definition of the crossover displacemen  t, Haraldsson et al. (2011).
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The NCOD values at small drifts are likely unrelefor two reasons. First, at low drifts
none of the columns have experienced significaaldinig, allowing the friction between the
PTFE plate and stainless steel channel in theritpsd have a greater influence. Secondly, the
residual displacements are so small that everghtslariation would reflect large differences in
NCOD values. Researchers

Specimens PreT-SF-ROCK-HyFRC and PreT-SF-ROCK heatly identical NCOD
values, remaining within a range of approximatel. This suggests that added complexity of
specimen PreT-SF-ROCK-HyFRC would not improve neteeng performance. Specimen
PreT-SF-ROCK-HyYFRC included a dowel bar to redute diding that might have occurred in
PreT-SF-ROCK; however, specimen PreT-SF-ROCK doéegppear to have had larger residual
displacements than PreT-SF-ROCK-HyFRC.

Specimen PreT-SF-CONC had the highest NCOD vaineeasing markedly after 3.5%
drift. The gradual increase is likely a causedh®/d¢olumn’s degradation, which was accelerated
relative to the other three specimens, since itnditlinclude HyFRC or the steel shoe rocking
feature.

Specimen PreT-SF-HyFRC displayed slightly smalle€QD values to the two
specimens in this thesis. This suggests that Hy&lRGe provides similar re-centering capability
as that of the steel shoe feature if not minimakyter. Furthermore, including HyFRC in the
steel shoe had little to no effect in terms of eatering.
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7 Comparison with Calculated Response

This chapter compares the measured and observeidngpebehavior with analytical estimates.

7.1 COLUMN STIFFNESS

Researchers calculated the columns’ secant stffaesrst yield using Eq. (7.1)

1:"eff,y
A, (7.1)

Initial Secant Stiffness =

In Eq. (7-1), Gy is the measured lateral force at first yield afdis the corresponding
displacement at first yield. Researchers definex yileld point, as prescribed by Elwood and
Eberhard (2009), as the point where the longitudeiaforcement first yielded in tension or the
concrete reached a strain of 0.002, whichever oeduirst. Table 7.1 shows the initial secant
stiffness of the four columns in both the North @wluth directions. The secant stiffness of
specimen PreT-SF-ROCK-HYFRC in the South directeas estimated, because no strain
gauges functioned on the north bar at the inteyfdmelocation of highest strain. Without such
measurements, researchers could not determineagh/gxinstead they used moment-curvature
analysis to estimate a yield force and then foumsl displacement at which that force first
occurred

Table 7.1 Column secant stiffness at first yield.

North Direction

South Direction

Average Stiffness

Specimen Stiffness [kip/in.] | Stiffness [kip/in.] [kip/in.]
PreT-SF-ROCK- *

HyFRC 188 212 -
PreT-SF-ROCK 220 233 227
PreT-SF-HyFRC 128 116 122
PreT-SF-CONC 180 175 178

*Note= values with an asterisk used moment-curvatur
displacement at first yield since strain measuremen

e analysis to estimate the
ts were not available.

The columns’ modulus of rigidity was then calcuthés follows:

3
Fefry - 1

T (7.2)

EIeff,meas =
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where FEy is the effective force at yield, | is the cantdevength, and\, is the corresponding
displacement at first yield. These values were twmnpared to the recommendations of Elwood
and Eberhard (2009), repeated in Equation 7.3:

P
045+ 2.5 - +——
Eleff,calc — Ag fe (73)
Elg 1+110-%.2
D a

In Equation 7.3, P is the column’s axial load, i# the column’s cross-sectional area,i$’ the
concrete compressive strength, igl the bar diameter, ais the cantilever lengtid Bnis the
column diameter. For the purpose of this equatiba, column’s axial load was taken as the
vertical load applied by the Baldwin plus the ialtrestoring force in the prestressing strands.
Using the initial force in the strands is not exbetause the force in the prestressing strands
increases as the column displaces; however, thencotlisplacement at yield is so small that the
change in the axial load was negligible. Tableca@pares the measured and calculated moduli
of rigidity of the four columns. The measured fasses were lower than the calculated
stiffnesses by 2-25%.

Table 7.2 Comparison of measured and calculated El.
Specimen Ebtmead El 4 [Kip-in 7] Eleca/El g [Kip-in?] | Calc/measured]
PreT-SF-ROCK-

HYFRC 0.27 0.33 1.22
PreT-SF-ROCK 0.32 0.33 1.03
PreT-SF-HyFRC 0.30 0.34 1.13
PreT-SF-CONC 0.31 0.39 1.26

7.2 FLEXURAL STRENGTH OF COLUMNS

Researchers calculated the flexural strength ottthemns and compared the expected moments
to those observed during the tests. To calculage nioments, researchers used a moment-
curvature program and sectional analysis. The @@®shg strands’ modulus of elasticity was
manually reduced by a factor of three to simulageunbonded region. Researchers used a Kent-
Park model for the concrete and a tri-linear steetlel for the longitudinal reinforcement. The
points along the steel model were defined by theforcement’s modulus of elasticity, yield
stress, strain hardening onset strain, ultimagersand ultimate strength.

Researchers accounted for the steel shoe featurteebiing the concrete as heavily
confined using a model created by Galeota et &9Z) This model (Equation 7.4) required
researchers to convert the thickness of the stea wall to an equivalent spiral. They did so by
setting A/s=tya=0.25".

2 'fy As (7.4)
'?)

f'cc=f'c+3.25< 7
c
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The variables of Equation 7.4 are defined as=tonfined concrete compressive
strength, £=nominal concrete compressive strengghsteel shoe wall tensile strength=auter
diameter of steel shoe, and/#+steel shoe wall thickness. According to this etpdhe
properties of the steel shoe increase the concogtgressive strength through confinement by a
factor of 1.48.

Using a moment-curvature program and a concretepoesmive strength of 1.48,
researchers estimated the columns’ flexural stretybe 3302 kip-in. This value underestimates
the measured flexural strength of both columns. dlfect of the confinement may have been
larger than an increase in strength of 48%, bec#husebase plate was not included in the
analysis. To evaluate the effect of accounting tfoe increased confinement, researchers
conducted two additional analyses, one where cenfent allowed the concrete to reach 4 times
its unconfined compressive stress and a secondevdosfinement allowed the concrete to reach
40 times its unconfined compressive stress, angaoad the results. The computed values from
all three analyses are presented in Table 7.3.

Table 7.3 Calculated moment and observed moment str  engths
_ : Concrete , M calcutated
SpeC|men M)bserved [k'm-] Confinement M calculated [k'm-] M observed
1.48x f,
PreT-SF- (Equation 6.13) 3302 0.85
ROCK- 3885 x
HYFRC 4x f‘c 3689 0.97
40x f. 3905 1.03
1.48x f,
(Equation 6.13) 3302 0.89
PreT-SF- 3731 ‘
ROCK ax f. 3689 0.99
40x f, 3905 1.05

In both columns, the observed flexural strengtls hethin the narrow range of the
calculated flexural strengths where the confinedcoete compressive strength was taken as
4.0f . and 40.6F .. These results suggest that a moment-curvaturgrgro using a concrete
compressive strength of 4£Q gives a lower bound to the column’s flexural sgn This is
useful for future designers because it provideseams for accurately calculating the flexural
strength of the rocking column.

7.3 SHEAR STRENGTH OF COLUMNS

Researchers estimated the shear strength of thiennel using equations 7.5-7.7, which came
from ACI 318-11.

- _ MY E (7.5)
V=2 <1+2000.Ag> JFe by d
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=Av'fyt'd (76)

\'A .

V, =V, +V, (7.7)

In the above equations,,¥6 the nominal shear strength; i¥ the concrete contribution,
Vs is the steel contribution, Ns the axial load, fis the gross cross-sectional area,id the
concrete compressive strength, is the column diameter, d is the depth from th&esxe
compression face to the centroid of the tensilels#s, is the cross-sectional area of the spiral
reinforcement, f is the spiral yield strength, and s is the sps@acing. N was taken as the
applied axial load from the Baldwin plus the foméhe prestressing strands.

Table 7.4 shows the nominal shear strengths ofwtbecolumns at onset and at the point
where the strands yielded. In all cases,.¥Vn<0.35 because the load was limited by the
column’s flexural strength, so only about one tlofdhe calculated shear strength capacity was
needed. The result is consistent with the fact tltashear damage was observed in any of the
columns.

Table 7.4 Results for shear strength calculations.
V. [kips] Vs[kips] | Vn[Kips] | Vmeas[Kips] V meas/Vn
PreT-SF-ROCK- 33.8%
HyFRC —initial 102.0 1914
89.4 64.7 32 9%
PreT-SF-ROCK- 70
HYFRC —yield 107.4 196.8
-SE- _ 32.4%
PreT-SF-ROCK 102.4 191.8
initial
89.4 62.2 315
PreT-SF-ROCK —| 1978 197.2 o7
yield

7.4  DRIFT RATIO AT BAR FRACTURE

Researchers compared the drift ratio at which bactdired occurred in the four specimens
(PreT-SF-ROCK-HyFRC, PreT-SF-ROCK, PreT-SF-HyFR@d &reT-SF-CONC) with the
damage progression model proposed by Berry anch&te{2004 and 2005). In previous tests,
researchers compared column spalling and bar buckio Berry and Eberhard’s model;
however, since neither column spalling nor bar bogkoccurred in PreT-SF-ROCK-HyFRC or
PreT-SF-ROCK, such comparisons were not relevdrg.damage model proposed by Berry and
Eberhard estimates the drift value at which basténe occurs, as follows:

(7.8)

Acalc,bf o _ ( db) p ( L )

where L is the cantilever length, @ the bar diameter, D is the column diameters theé axial
load, Ay is the cross-sectional area, i the concrete compressive strength, pgdis a ratio
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given asps*fJf c. In this ratio,ps is the transverse reinforcement ratio apdsf the transverse
reinforcement’s yield stress. The above model (E®) does not include the effects of
prestressing. To accommodate this, researchersl dddeprestressing force to the applied axial
load. Two series of comparisons were done, one thhnitial force in the strands and another
with the yield force. Table 7.5 shows the comparisetween the predicted and observed values.

Table 7.5 Comparison between predicted and observed drift values at bar fracture
Specimen PreT-SF- | PreT-SF-
PreT-SF-ROCK-HyFRC PreT-SF-ROCK HYERC CONC

Drift ratio at Obs/Pred Obs/Pred | Obs/Pred| Obs/Pred
bar fracture Pred. | Obs. Pred. | Obs.

[%]
Initial Force 5.24 | 5.96 1.14 5.26 5.94 1.13 0.77 0.77
Yield Force 5.14 | 5.96 1.16 5.14 5.94 1.16 0.72 0.77

The tables above show that the model by Berry doerltard underestimates the drift
values of bar fracture for both PreT-SF-ROCK-HyFR@ PreT-SF-ROCK. This is expected
because the longitudinal reinforcement is debor@led both specimens and the model by Berry
and Eberhard does not account for the effects bbmiging. Compared with PreT-SF-HyFRC
and PreT-SF-CONC, the two specimens in this thieaige delayed bar fracture—one of the
goals of this design—suggesting that debondingldhgitudinal reinforcement had beneficial
effects. The difference between PreT-SF-ROCK-HyF&@ PreT-SF-ROCK was minimal,
suggesting that HyFRC and the dowel bar do not tielay bar fracture.

7.5 COLUMN ROTATION AND VERTICAL DISPLACEMENT

The researchers sought to develop a method te rélatmeasured strain in the No. 4 bars to the
observed column rotation. The development of amrate methodology would be beneficial to
future practice because designers could estimatexpected reinforcing strain a column would
experience given an expected rotation or driftoratising measured bar strains, the total bar
elongation was estimated with Equation 7.9.

hB_Lu hB_Lu

&t — &m €p — &m

(7.9)

8=O.5*(Lu+2*h3— *EB)*SM

The variables of Equation 7.9 are illustrated igufe 7.1 and defined as:

d=the bar’s total elongation
L,=the unbonded length of the bar
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hg=the distance from the interface to the locatiothefstrain gauges in the bonded
region.

er=the strain measured from the strain gauge in tmeléd region above interface
eg=the strain measured from the strain gauge in ¢imeléd region below interface
em=the strain measured from the strain gauge atfager

In Equation 7.9, researchers assumed that the st constant in the unbonded region and
linearly varying in the bonded region.

Researchers could only compute the bar deformdtipispecimen PreT-SF-CONC-CON-
RK since none of the strain gauges at interfacetiomed during the PreT-SF-CONC-FIB-RK
test. Figure 7.2 compares the bar deformations thi¢hexpected deformations based on the
rotations derived from the measurements of theature rod system at 2.5” above interface, and
the Optotrac system at 2” above interface, anckardtically rigid body. Since the y-intercept of
the slope for the rigid body was unascertainalilayas fitted to pass through the same y-
intercept of the expected deformations slope fer@ptotrac rotations. This method allowed for
an easy comparison of the slopes. All four slopesevealculated for the following drifts: £0.3%,
+0.7%, and £1.2%.

T
Area Enclosed= Total Deformation
hg
Column-Footing P
Interface o
Em
hg
‘g
Figure 7.1 Definition of variables for Equation 7. 9.
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Figure 7.2 Comparison of vertical displacement and column rotation computed from

different sensors.

The slopes derived from the reinforcing bar stiategration are very similar to the
slopes derived from the curvature rod system antbt@ye rotations. Furthermore, these
three slopes are all slightly lower than the slopthe theoretically rigid body. This result is
consistent with the researchers’ expectations,usscahile the column behaved nearly like
a rigid body, some deformation nonetheless occlatéacations other than at the interface.

The change in height lines derived from the stiategration, while having similar
slopes, are translated slightly upwards comparedhtise derived from the rotation
mechanisms. This observation is more apparentgiehidrift levels (x1.2% and +0.7%)
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than lower ones (x0.3%). One possible explanatoritis discrepancy is that the measured
strain at the interface is higher due to the metbbglacing the instrumentation. When
researchers installed the strain gauges, the bars wrepped by grinding away some
material. This reduction in material inevitably ared a strain concentration at the measured
location, which is not found at other locationstive unbonded region. Consequently, the
real strain distribution might more closely reseentilat shown in Figure 7.3. Accounting
for the strain concentration would lead to a smgtieedicted vertical displacement and
rotation. Researchers, however, have no meanstrofaotively determining the extent to
which this strain concentration overestimates the strain.

While the bar strains appear to overestimate thel weformation relative to the
rotation mechanisms, both methods are still reddgnelose. This result suggests that
designers could use anticipated drift ratios t@wake the strain demand in the reinforcing
bars.

Ignoring Strain Concentration
hg
Column-Footing sl
Interface Ty

hg

- Accounting for

Strain Concentration
Figure 7.3 Comparison of assumed and measured bar  strain concentrations.

7.6 STRAND BOND STRENGTH

Based on the drift ratio at which the load celdicated strand slip and the strain gauge readings
on the strand, researchers could compare the avdragd strength between the strand and
concrete with the calculated bond strength from EGQuation 12-4:

1:se fs_ﬁse
Ld:(?* = )"db (7.10)

where Ly is the development lengthefs the effective prestressing stress.id the maximum
stress carried by the strand, apdstthe strand diameter.
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Both columns used 3/8” diameter strand. Additionathe strands had an average
effective prestressing stress of 156.9 ksi and wieneloped 24” into the top of the column.
Given these values, the ACI Equation dictates thatbond should fail when the stress in the
strands exceed 168.6 ksi. In order to carry thends’ full capacity, 250 ksi, the strands would
need a development length of 56.25” (13 @able 7.6 lists the stress in each strand sit $irp
for each of the six strands (out of eleven) thigipsd.

According to these results, the slipped strandsmecimen PreT-SF-ROCK reached a
stress of at least 220 ksi before any load was |@s$te slipped strands on specimen PreT-SF-
ROCK-HyFRC had much lower stresses; however, rekees believe that this occurrence was
an anomaly. After all, the majority of the strarffisof 11) either did not slip or slipped only after
experiencing stresses greater than 220 ksi. Thaligned dowel bar is one possible reason the
three strands in specimen PreT-SF-ROCK-HyFRC dpl whder much lower stresses. These
strands eventually fractured, unlike the othemgisa so it is likely that the dowel bar caused the
strands to kink, slip prematurely and ultimatelycture.

The majority of the strands exhibited bond strerigt was significantly higher than that
given in ACI 318-11. That behavior is attributedtihe configuration. The strands were placed
near the center of the column. At the bottom @& tolumn, a significant volume of column
concrete surrounded the strands. Hoop tensioncitgphat inhibited splitting was therefore
provided by the column concrete, the column s@ral the surrounding footing concrete. At
the top, the concrete surrounding the strands wadined by a significant amount of
reinforcement, and by the tensioned bolts thatla#d the actuator to the specimen.

Table 7.6 Stress in prestressing strands at firsts  lip
Stress in Strand (ksi)
Specimen | Southeast | Southwest East West Northeast | Northwest
Strand Strand Strand Strand Strand strand
PreT-SF- N/A 160* N/A 120* N/A 149*
ROCK- (2.25%) (2.25%) (1.48%)
HyFRC
PreT-SF- N/A 250 N/A 229 N/A 220
ROCK (5.85%) (6.23%) (4.87%)

*Note: strands that fractured are indicated with an
are indicated with N/A. The number in parenthesis i

occurred.

asterisk while strands that did not slip

s the drift ratio at which first slip
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8 Summary and Conclusions

8.1 SUMMARY

This thesis describes the development and testingvo unbonded, pre-tensioned bridge
column-footing subassemblies with a rocking detaite work forms part of a larger study at the
University of Washington with goals to develop atsyn that contains three advantages over the
current conventional bridge bent design: (1) desgdaon-site construction time, (2) improved
re-centering capability, and (3) reduced damagetaogclic lateral loading.

The first goal, decreased on-site constructioretim achieved through using a “wet
socket” connection at the column-footing connecteomd a “dry socket” connection at the
column-cap beam connection. The “wet socket” cotioe was developed and tested by
Haraldsson et al. (2011) for a precast concreteneolthat contained no prestressing. The wet
socket connection allows the column to be pre-tast fabrication plant and then delivered to
the site. The column is then erected in the exaavathe footing steel is placed around it, and
the footing concrete is cast in place. The surfi#dbe precast column is roughened to increase
the shear transfer between the column and foofifige longitudinal reinforcing bars are
anchored in the column concrete using mechanicaia@as, which obviate the need to bend the
bars outward into the footing and facilitate tramation. Khaleghi et al. (2013) documented the
use of this connection in the field. The same eation concept was used in the tests described
in this thesis, but here the columns were pre-teresl.

Davis et al. (2011) addressed the second goatefneering) by including prestressing
strands in addition to the mild reinforcing stdehvis’ test specimens represented the top and
bottom connections in a column in which the strandse bonded at the ends of the column and
unbonded over the free height between the topeofdbting and the underside of the cap beam.
The unbonded prestressing strands were placedhmeaolumns’ centers and caused the column
to re-center after the lateral load was releaséé. debonded region distributed the strain in the
strands so that they remained elastic up to thigmesift ratio. Each strand was also coated in
epoxy to reduce the succeptibility to corrosion.

Davis’ specimens had low residual displacemergtsni@nded, but spalling, bar bucking
and bar fracture occurred at lower drift levelsntht@served in comparable non-prestressed
columns (e.g. Haraldsson et al., 2011). The easlset of damage was attributed to the added
axial load caused by the prestressing strands wridebshort length over which the strength of
the small bars were developed.

Finnsson et al. (2013) tested two columns thatewasssigned to delay the onset of
damage through the use of ductile materials: hyfikdr reinforced concrete (HyFRC) and
stainless steel reinforcing bars. The HyFRC wasgaanly in the plastic hinge region, because
it is more expensive than conventional concreteothBof Finnsson’s specimens contained
HyFRC, but only one specimen contained stainle=s seinforcement; the other specimen used
conventional “black” steel. The HyFRC delayed ootu spalling, but the stainless steel
provided little benefit.. Bar bucking and bar fraet still occurred earlier than desired.

The two columns tested for this thesis represal@velopment beyond those investigated
by Finnsson and Davis. They contained unbondestnessing strands identical to those used by
Davis et al. (2011) and a socket connection idahta that of Haraldsson et al. (2011), but they
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used a different strategy to minimize damage. lth lspecimens, a steel shoe confined column
concrete at the column-footing interface. It cetesi of a short length of steel pipe with an
annular plate welded to it. The intent was thatabkeimn would undergo rigid body rocking on
the foundation, and would be protected against danbg the confining effects of the steel shoe.
Above the steel shoe, the axial stress caused éynibment and vertical load would be low
enough that the unconfined concrete would not spidi further inhibit such spalling, No.6 bars
were welded to the annular base-plate of the shdesatended upward 2.15 column diameters
(43"). These bars did not cross the rocking infand so did not contribute to the flexural
strength of the column.

Since the steel shoe provided such a high dedreenfinement, the need for HyFRC in
this region was unclear. To answer this questior specimen contained purely conventional
concrete (PreT-SF-CON-RK) while the second specirnentained a mix of conventional
concrete and HyFRC (PreT-SF-FIB-RK). The regiort tentained HyFRC in specimen PreT-
SF-FIB-RK began at the column-footing interface artended 24” up into the column. A dowel
and cup feature at the center of the column-fooimeyrface of specimen PreT-SF-FIB-RK was
also included to inhibit possible shear slidingret column’s base. The dowel and cup system
was designed so that it provided shear resistantadbending resistance. Specimen PreT-SF-
CON-RK did not have this feature.

Another feature included in both specimens deedribere but absent in previous
specimens was the partial debonding of the mildfoetement. In both specimens, the mild
reinforcing was bonded to the concrete except atcblumn-footing interface where it was
unbonded 4” above and 4” below. This unbonded redistributed the elongation caused over a
longer length and reduced the resulting strain,sequently allowing the specimens to reach
higher drifts before bar buckling and bar fractaceurred.

Once constructed, the two specimens were subj¢éateahstant axial loading paired with
cyclic transverse loading. The experimental ressh®wed that the steel confining shoe
combined with the partial debonding of mild reirdement eliminated both column spalling and
bar buckling, and delayed bar fracture. The stitejtthe two specimens was also higher than
that of the previous pre-tensioned specimens, tespntaining an identical amount of
reinforcement, both prestressed and deformed ltanss the column-footing interface. This
higher strength was attributed to the longer learen made possible by the smaller compressed
area, which in turn was the result of the confinshge.

8.2 CONCLUSIONS

8.2.1 Overall Conclusions

1. The two specimens tested here, both containind steee features but one with and one
without HYFRC, achieved their main design objectivd excellent re-centering behavior
accompanied by low damage. The residual drifbsaivere approximately 0.5% (i.e. 0.005)
even after peak drift ratios of over 10%.

2. In both specimens, concrete spalling and bar bagkliere eliminated by the rocking detail.

3. Debonding the reinforcing bars locally with a plastibe at the rocking interface delayed bar
fracture. The first bar fracture occurred nedriti ratio of 6%, as compared with 4% with
the column-footing subassemblies tested by Finnesah and Davis et al.
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8.2.2 Detailed Conclusions

1.

The steel shoe effectively confined the concreteatocking interface. It led to
minimal damage, and represents a great improveaventother means to limit
damage, such as the use of HyFRC alone.

The flexural strengths of both rocking specimene{FPSF-FIB-RK and PreT-SF-
CON-RK) were significantly higher than the strerggtti similar specimens without
the steel shoe detail. The increase in strengghattabuted to the longer lever arm
that resulted from the smaller compression regidnich was in turn caused by the
higher contact stresses.

Both specimens also demonstrated flexural strengitién 3% of that calculated by
moment curvature analysis in which the influencéhefsteel shoe was accounted for
by changing the concrete strength tq.4f

The performances of both PreT-SF-FIB-RK and PreTC&MN-RK were nearly
identical in terms of strength, re-centering andrgy dissipation. This suggests that
the HyFRC and dowel bar in specimen PreT-SF-FIBgR®vided negligible

benefits.

The No. 6 reinforcing bars welded to the shoe agpeed compressive stresses at the
base of the shoe and tensile stresses at theltmaximum tensile and
compressive stresses lay in the range Q50.50§. This implies that they were
effective in distributing the concentrated forceha interface into the concrete,
which might otherwise have caused local crushiegehand in minimizing the width
of the crack that inevitably started at the tophef shoe due to the discontinuity there.
As in previous tests, the wet socket connectiofopaed well, and suffered no
visible damage throughout the tests.

In both specimens, only 50% of the strands sufféi@d bond slip, and they slipped
only after drift ratios greater than 5%. The slipsssmall, thanks to the back-up
anchorage system that had been implemented foptinpbse. The strands were
larger in diameter than the model scale demandeaiuse smaller epoxy-coated
strands could not be obtained commercially. Thedbdemand on them was thus
unduly high, and the fact that some of them slipipetie tests does not imply that
they would slip in a full-scale prototype.

In Specimen PreT-SF-FIB-RK, the three strandsghaped also fractured. This
fracture was attributed to misalignment of the dicavel cup feature, which is
believed to have come into contact with the straamdkkinked them when the
column was at a peak drift of 7.0%. Space linviagiat the center of the column
meant that the strands were very close to the cup.

The transverse reinforcement (spiral) within treeekshoe region experienced strains
no greater than 10% of the yield strain, suggestiagit is not necessary for
confinement within that region.
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8.3 RECOMMENDATIONS
8.3.1 Practice and Design Recommendations

1. The steel shoe feature provides enough confinethahthe use of HyFRC is
unnecessary, and its use is discouraged becauseatkeal is expensive, the casting
procedure is difficult, and the uneven fracturdqratat the interface might have
contributed to the slightly worse re-centeringpecimen PreT-SF-ROCK-HyFRC .

2. The dowel and cup detail should not be used. Kigeml no noticeable improvement in
performance, because friction was sufficient torpre slip, and it contributed to
congestion in the column.

3. The mild reinforcement that is continuous acrossititerface should have an unbonded
length there no shorter than 18" in these tests.)

4. The detailing of the concrete at the top of theetsbould be changed to minimize the
cosmetic damage that occurred there. This coeilgchieved by a tapered transition
from a hexadecagonal shape at the top of the stieel to an octagonal shape a few
inches above the steel shoe.

8.3.2 Recommendations for Future Research

1. The addition of the steel shoe rocking featureltedun minimal damage to the concrete,
even at 10% drift ratio. However, both specimeescdbed in this thesis represented
column-footing connections. It is essential to depend investigate experimentally the
behavior of a comparable rocking detail for theuomh-cap beam connection.

2. Future tests should also investigate the possilafidelaying bar fracture by further
increasing the unbonded length at the interface.
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Appendix A: Materials

This appendix includes extra information about sheictural materials (conventional concrete,
HyFRC and longitudinal reinforcing steel) usedhiststudy.

Concrete

Two concretes were used in the test specimens:ectional concrete and HyFRC.
Specimen PreT-SF-ROCK contained only conventiomaicrete whereas specimen PreT-SF-
ROCK-HyFRC contained both conventional concrete AgBERC. HYFRC is a referred to as a
hybrid concrete, because it contains two typesilwdr$: steel, which increase the concrete’s
tensile strength, and polymer, which increase tbeckete’s ductility by minimizing crack
opening. The steel fibers used in the mix were Dxad® 305, which have a length of 1.18",
diameter of 0.02”, tensile strength of 195 ksi afwing’s modulus of 30,500 ksi (Bekaert 2010).
A hook at each end improves the steel fibers’ latkrwith the rest of the concrete. The polymer
fibers used in the mix were Kuralon RECS 15x8mmjctvthave a length of 0.31", tensile
strength of 190 ksi, and Young’s modules of 5,88D(Kuraray 2012). The HyFRC was mixed
at the University of Washington’s structures lalfanr equal batches. The mix proportions per
batch are given in Table A.1. CalPortland, a ld8ahttle ready mix company, provided the
conventional concrete.

The same mix design, outlined in Table A.2, wasidse both the columns and footings,
although batched on separate days; Finnsson useshthe mix design for his specimens. The
conventional concrete had two design goals: wotkglaind early strength gain. The workability
requirement stemmed from the horizontal castinthefcolumn; gravity alone could not ensure
that every space was filled.

The steel shoe feature compounded this problemubeca limited visibility to verify
whether the concrete did in fact fill every voidthwn the shoe. It was important, however, to
ensure that concrete did fill the steel shoe irertrety for it to function properly. To achieve
consolidation the concrete had a 9” slump on drava a small hole was also drilled at the top
of the shoe. When concrete paste flowed out of Huke during casting, researchers felt
confident that the concrete completely filled thee The early strength criterion derived from
the prestressing operation and schedule. In oadebtain the proper bond, the concrete needed
to acquire a compressive strength of 5,000 psirbafeleasing the prestressed tendons without
risking any slip. Due to the strict schedule, resiears wanted to release the strands as quickly as
this requirement would allow. At the time of releathe concrete compressive strength exceeded
7,000 psi, well above the 5,000 psi criterion. Apgli® A describes the strength gains of all
concretes in more detail.
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Design mix for one batch of HyFRC used ispecimen PreT-SF-ROCK-

Table A.1
HyFRC.
Material Design Quanity
Fine Aggregate 104.3 Ib
Pea Gravel 41.01b
Cement Type I/l 38.61b
Fly Ash 12.7 Ib
ZP305 Steel Fiber 9.91Ib
RECS15 1145¢g
Water 16.9 b
Viscosity-Modifying Admixture 0.4 0z
Superplasticizer 92.1 mL
Table A.2 Design mix for one cubic yard of concretased for both column and footings.
Material Design Quanity
Fine Aggregate 1240 Ib
Pea Gravel 1940 Ib
Cement Type I/ll 752 b
Water 240 Ib
RECS15 30.0 oz
Water 30.0 0z

Concrete strength

This study contained three different concrete castdumn conventional concrete, column
HyFRC, and footing conventional concrete. The gjtferhistory is provided, in tabular and
graphical form, for all three of these casts.

Column concrete
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Column conventional concrete compressivarength history.

Table A.3
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HyFRC compressive strength history.

Table A.6
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Footing conventional concrete compressivatrength history

Table A.9
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Day Strength [psi] | Strength/f.

92 1452 14.2%

Steel

In both columns, all longitudinal mild reinforcemdwars satisfied ASTM A706 Gr. 60
per seismic design requirements. The footing, h@wedid contain some A615 steel, an
unavoidable circumstance, because No. 3 bars weded but unavailable in A706. Although
A615 is less ductile that A706, its use was deeategptable since the No. 3 bars were expected
to remain elastic. Furthermore, the No. 3 bars Wecated at the top of the footing where they
would experience minimal compression and couldeskia load with the surrounding concrete.
The prestressing strand in this study was the sa®é in Finnsson et al. (2013) and Dauvis et al.
(2011). The strand was 3/8” in diameter and coate@&poxy to improve its resistance to
corrosion. Jimenez (2012) showed that the low-blymd strength of epoxy-coated strand is
nearly identical to that of black (i.e.,, uncoatsttand.

Spiral made from No. 3 gauge smooth steel wire idex/ the columns’ transverse
reinforcement. The spiral had a cross-sectiona afe0.041in.2, pitch of 1.25” and an outer
diameter of 18 5/16”. This meant the cover in @& specimens was 13/16”, corresponding to a
typical 2” cover at full scale. Due to the steebshthe spiral was discontinuous at the column-
footing interface. The spiral terminations on eittede of this location adhered to ACI
requirements, consisting of three closely spaceustiollowed by a bend that extended into the
columns’ core. The same method was used for thaldprminations at the top and bottom of
the columns. Spiral reinforcement also confinedgtestressing strands at the top of the column
where they were bonded. The spiral used in thisfesement had the same specifications as
that used for the longitudinal reinforcement exd@gt its spun diameter was 8”.

A36 steel was used for all components of the stbeé and dowel cup, whereas higher
strength steel, Gr. 80, was used for the dowetdarinimize its required size.

Reinforcing Steel
Below are the stress-strain relations plots forstleel reinforcement used in both specimens.
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Appendix B: Specimen Drawings
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Figure B.1  Column elevation.
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Figure B.2  Column cross-sectional views.
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Figure B.3  Steel schedule for both specimens.
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Figure B.4  Footing dimensions, profile view.
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Figure B.5 Footing dimensions, tr
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Figure B.6  Footing top mat.
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Figure B.7  Footing bottom mat.
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Appendix C: Test photos

PreT-SF-ROCK-HyFRC

Figure C.1  South view after 6% drift, cycle 9-1.
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Figure C.2  Footing fillet-spalling.

-
Location of Fractured Rebar

Figure C.3  Fractured Rebar, cycle 9-1.
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Figure C.4  Fractured Strand, cycle 9-2.

Figure C.5 End of test.
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Figure C.6  Bottom of shoe after testing.

Figure C.7  Top of footing after testing.
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PreT-SF-ROCK

Figure C.8 South View after 6% drift.
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Figure C.9  Cosmetic spalling at top of shoe.
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Figure C.11 Exposure of rebar.

Figure C.12 Fracture of rebar.
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Figure C.13 End of test.
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Appendix D: Construction

HyFRC Pour

Since PreT-SF-ROCK-HyFRC contained both conventiaoacrete and HyFRC, two
separate pours were required, an issue also erpedein Finnsson’s columns. Finnsson
addressed this issue by constructing two sepavatest one for a HyFRC shell and the other for
the remainder of the column. Finnsson first pouss®RC into the shell mold, and then after
curing inserted it into the greater formwork foetbonventional concrete pour. This scheme
resulted in a cross-section at the HyFRC regionctiegh by Figure D.1.

This solution, however, was deemed inadequate Becawvas very labor-intensive and
demanded low tolerances to achieve a proper fihefconcrete shell into the main form. As a
result, this study used a new approach. Ratherdbastruct two separate forms, workers created
a single form and inserted a dividing mesh at phyara@priate HyFRC cutoff levels (Figure D.2).
Before implementing this method, researchers caedua test pour on a foot-length section of
equal geometry as the test specimen. The concesrthaaduring vibration the mesh would leak
an unacceptable amount of cement paste; howevemdsh proved fine enough that it withheld
the HyFRC even after vibration. Some cement pasteseep through the mesh but it was not
excessive. Prior to pouring the conventional comcriaborers quickly chiseled out the overflow
of paste. Figure D.3 shows specimen PreT-SF-ROCRR{y after the HyFRC pour but before
the conventional concrete pour.

HyFRC

—— 1 Regular Concrete

Figure D.1  Section through the column at the levedf the HyFRC shell,
Finnsson et al. (2013).
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Figure D.2  Dividing mesh used to separate the HyFR@&nd conventional
concrete pours (Image before casting).

Figure D.3  Dividing mesh used to separate the HyFR&nd conventional
concrete pours. (Image after casting).
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Effective Prestressing force

All twelve strands were stressed on the same diang @100 kip hydraulic ram powered
by an electric pump. Each strand was stressedithdilly in a star pattern in order to equalize
the stress on the rig. The target stress was lifOvkgch corresponds to 14.45 kips per strand.
This is the same stress used by Finnsson in hisimpas. The strands were monitored
continuously after stressing. The following day #trands had an average force of 13.05 kips or
an average stress of 153.5 ksi. To correct forsthess loss, the strands were re-stressed to the
appropriate level. After casting, the strands weoé released until the concrete compressive
strength had exceeded 5,000 psi to prevent anydstig. Prior to release, the strands displayed
an average force of 14.66 kips (172.5 ksi). Thisttea total compressive force of 87.96 kips on
each column.

Using the measured modulus of elasticity of both ¢bnventional concrete and HyFRC
at release (3464 ksi and 3535 ksi respectivelyy, ithtial elastic loss in each strand was
calculated as 2.2 ksi. Next, the creep loss wamatdd as twice the elastic loss or 4.4 ksi per
strand. Lastly, a 300 micro-strain was assumegpocximate the losses due to shrinkage, which
equated to an additional loss of 9.0 ksi per strémall, the total losses were estimated at 15.6
ksi, yielding an effective stress of 156.9 ksi pgand and an effective stress of 241 psi in the
concrete. These results are summarized in Table D.1

Table D.1 A summary of prestressing losses upon rel ease and the resultant effective
stresses.
Type Stress Loss [ksi] Stress in Strand
[ksi]

Initial Jacking 1725
Elastic shortening loss 2.2 170.3
Creep loss 4.4 165.9
Shrinkage loss 9.0 156.9
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