ABSTRACT

SHUROWACHARY ALEXAND&ERact of Confinement for Anchorage of Reinforcing Steel in
Relocated Plastic Hingg®nder the direction of Dr. Mervyn Kowalskyd Dr. Rudolf Seraciho

Through theémplementation of performanc® 8 SR RS&aA 3y SRZ (2RI &@Qa
expected to withstand very powerful earthquakes; even ones that may only occur every 1000
years.Butdesigning these bridges to not be damagedhinse earthquakes would require
extremely arge members with impractical costs, so instead they are designed to concentrate
the damage at praletermined locations, called plastic hing®ghen usingperformancebased
design, the designazandetermine how much damage to the plastic hinge is acceptédr any
given earthquake. So feeismichazards based on%0-year return period earthquake, a bridge
will typicallybe designed to suffer minimal or no damage, bartthe 1000yearreturn period
earthquakes, extreme damage (like fracturing of reinforcing bar@hbe acceptable as long as
the bridge does not collapse.

While there have been many studies on the repair of these plastic hinges with minor
damage, extreme damage has usually been considered umedgp@ and requiringgomplete
replacementof the bridge However recent studies have shown that a repair technique, called
plastic hinge relocation, may be capable of repairing extreme dareagds In this repair, the
original plastic hinge is strengthed so that should another large earthquake ocauaw
damage wilform above the repair in a previously undamaged sectidms helps to ensure a
predictable and ductile responsand eperimental tests have showts capabilities of
restoring force and dsplacement capacities to that of the original colom

This thesis focuses on two objectives to improve the constructability and performance
of the plastic hinge relocation repair. Firstly, prior studies have used a CFRP wrap or welded
steel sleeve to fon the jacket of the repair. While these have been effective, the availability of
skilled workers to install the jackets, as well as weather conditions and site accessibility, could
prohibit rapid deployment of this repair, so an alternative jacket isrdé$e. The second
objective of this thesis was to completely anchor fractured bars inside the repair. Previous
research has shown that bars which fracture in the original plastic hinge tend to debond from

the repair when the new plastic hinge forms, whiglS I { Sy a4 GKS NBLI A ND& N

&
Qx



To accomplish these objectivalree columns that were constructed with higitrength
steel (Grade 80) and tested as a part of a separate project were repaired using the plastic hinge
relocation method and réested. To preide an alternative jacket, a steel sleeve with bolted
connections were used. Testing showed that using this witht@msioned bolts to prevent slip
at the connection is an acceptable alternative for the repair jacketimprove the anchorage
of the fradured bars, confining pressur@gere increased by using a larger jacket thickreess
bond conditions weremproved by replacing the cracked concrete around the fractured bars.
The combination of these two methoagsshown to becapable of fully anchorinfyactured
bars inside the repaiThisimproved the seismic resilience of the repaired column, evident by
an increase in dissipation of energy and reduction in strength degradation.

Using the three experimentaépairtests, designs for the required jaskthickness and
bolted connection were proposedhichare expected to provide enough passive confinement
to the repairto preventlarge cracks from forming that cause lwlabonding. It is believed that
if these designs can ensure complete anchorage atdirad bars inside the repair that the
plastic hinge relocation design could be revised and simplified, but further testing is needed to

justify this.
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Chapter 1. YR&P I A 2 Y

1.1 Background

In recent decades, the seismic resistance of reinforced concrete bridges has been
notablyimproved through the developmertf performancebased desigiiPaulay & Priestley,
1992 Priestley et al., 1996)n this concept, instead of designing a structure to simply be strong
enough to withstand a certain load, it is designed to behave a specific way under thaTtoad.
understand this differencean example of a traditional design approach would be to design a
beam to be strong enough to carry 100 Ibsperformancebased design, the designer will
instead determine hovdamaged thebeam willbe when the 100 Ib. load is applied. They could
design it so that there will be no damagmly minor cracking, or simply nao collapse Of
course, this example is an idealization to understand the concept of perforraesed design,
and in actual desigriseams are expected to remain essentially undamagidn subjected to
gravity loads.

While it may seem difficult at first to predict the behavior of entire bridge structures
given that they can be very large and complex, capacity design principles ¢natiaemajority
2T | a i NXzO G daxdbdaragearilSotcarNidvvhaide @&led plastic hingePaulay &
Priestley, 1992Priestley et al., 1996plastic hinges occur when the moment demand exceeds
the yieldmomentat a sectiorin a structural menber, and in the case of bridges, are specifically
chosen to occur ahe top and/or bottom of the column where it connects to the cap beam or
footing. In accordance witltapacity desigprinciples,the overstrength moment capacity of the
column plastic mgeis calculated, and the design of all other actions and members are based
upon that capacity to ensure that undesirable modes of failure are avoided (i.e., column sheatr,
joint shear, cap beam flexure and shear, and footing flexure and shear).

While remaining damage free under a seismic evetiuld certainly be preferred for a
bridge systemundervery large earthquakesuch criteria are impracticalhe sizing of the
members would need to be extremely large, whigbuld not only makeconstruction costs

unrealisti but also increase inertia forces that the entire system would be designedti@n if



2
structureswere built in that manner, there is no assurance of elastic response as a larger event
than imagined is always possible. As a consequence, @detdlign ismportant, and the
concept of performancédased design provides engineers with the tools needed to achieve such
outcomes while prescribing the damage level.

In performancebased design, structures are desigrisdprescribing multipléimit
states and the corresponding hazard under which those limit states should be achfgved
example of this, would b specify that astructurewill sufferminimal damage for an
earthquake with a 50 year return period, while in the case of a 1000 rgtarn period,
extensive damage is accepted as long as the structure does not coN&pge.there has been
extensiveresearch in the repair of structures with mild damagere extreme damage, such as
buckling or rupture of reinforcing bargiasconsicered unrepairable and requirgcomplete
replacementof the bridge(Rutledge et al., 2014Pepending on the bridge, constructing a
replacement could take years. This would not only be costly in terms of material and labor
costs, but also theconomiclosses associated withe interruption of service However since
seismicdamagewill be concentrated in th@lastic hingestecent researcthas shown that
requiring complete replacement of the bridgeay not be necessary

While replacing the entire column could be an option, tois would take a long time,
be costly,and again, the damage is concentrated in plastic hingsoughthese plastic hinges
have suffered permanent damage and restoring them to their original conditidiffisult, the
section of the column just above the plastic hinge remains largely mmé@wr This has led
researchers tonvestigatea repair technique, called plastic hinge relocation, where a repair is
L F OSR I NRdzyR (KS RIYF3ISR O2fdzyyQa LX I adaAo
earthquake happen, new damage will occur above the reipaarpreviously undamaged
section(Krish, 2018; Lehman et al., 2001; Pantelides et al., 2014, Parks et al., 2016; Rutledge et
al., 2014; Wu & Pantelides, 201Fjgurel.l illustratesthis plastic hingerelocation fromthe
original column to the repaired column, aedperimentaltests have shown it can effectively

restore the columns load and displacement capesi

KA



Figurel.l: Plastic Hinge Relocation Repai€ourtesy of DrKrish

A majoradvantage of this repair technique is that it can be rapidly deployed, and
construction completed in only a couple of dgisish, 2018; Pantelides et al., 2014; Parks et
al., 2016; Rutledge et al., 2014; Wu & Pantelides, 2007 typical construction process
involves embedding reinforcing bargo the connecting membethen placing a concrete filled
jacket around the bars. In most studidise jacket is formed frona CFRP wrapmowever, a
welded steel sleeve has also been used. While both methods have been successful, actual
installation in the field could be difficult degmding on weather and accessibility of the column
and each requires specialized workers that may not be readily available should an extreme
earthquakeoccur andcause this damage. For these reasons, an alternative repair solution that
does not have thesanhitations is desirableThe research in this thesis aims to provide this by
investigating the use & steel sleeve with a mechanically bolted connection.

Aside from providing this alternative, much of this thesis is focused on understanding
and improvinghe behavior of fractured reinforcing bars inside the rep&ihile this repair
technique is intended for extreme damage levels where longitudinal wérkave fractured,
experimental tes$ usingthe repair have shown that these bars often debond in the repair tests
GKAOK ¢SI 1Sya (KS TdBdeistanthls dehad\ibr M# |&fthide ofFiguse

1.2 presents a typical configuration for a colurffeoting connection showing only two
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longitudinal bars. To ensure that the bar is anchored into the footing, there is a requirement on
how long the bars must be embeddetside of the footing, called the development length. This
length is often larger than the height of the footing, so 90° bends are used to meet this
requirementand the bar can extend as far as needed
If a large earthquake occurs that fractures thesesband this repair technique is used,
that length of the bar inside the footing no longer anchors the, ln@stead, anchorage of these
fractured bars comes from their embedment length into the repair, shown on the right of
Figurel.2. In past research studig&rish, 2018; Parks et al., 2016; Wu & Pantelides, 2@1i8)
embedment length alone hasften not been enough to anchor the bars insithe repair, so at
large displacements these bars debond and can no longer carry3uack not all the
longitudinal bars will be fractured, this does not cause failure of the repaired cobeoause
the loadcanbe transferred to the other bardhiowevertK A & ¢ S| {1 Sya GKS NBLI AN

performance, so prevention of this behavior is preferred.
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Figurel.2: Anchorage olLongitudinal Bars Before (left) and After (right) Repair

1.2 ResearclObjectives

The previous section presented a few research needs which will be addressed in this
thesis. Firstly, while repairing extreme damage states through plastic hinge relocation has
potential, research using this technique has been limited and mardiet are needed. In this

project threedamagedreinforced concrete columns were repaired with this technigihen re-
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tested tocomparetheir behavior with undamaged columnAaside from increasing the number
of studies with this repair configuration, themere two primary objectives presented in the

following sections.

1.2.1Develop an Alternative Repair Jacket

To provide an alternative repair solution with an easier construc@omechanically
bolted steel sleeve was used for each of the repairs in thigeptoGiven that both CFRP wesp
and welded steel sleegaequire specialized workers for construction, a more constructible
option could be useful. With this repair configuration, rapid construction is still possible and

would no longer be limited to thavailability of those specialized workers.

1.2.2 Completely Anchor Fractured Bars Inside the Repair

While research using this plastic hinge relocation repair method has been capable of
restoring the load and displacement capacities of the column, bars that fwvactured in the
original plastic hinge have been shown to lose their bond inside the repair which wethleens
NB LJ- A NI alt isMFpatheldizgditit if this behavior can be prevented, by improving the
FYOK2NI 3S 2F GKSa$S ailndbEegrade kKABhougiBlddbr ntddise a G NSy 3
methodsexist that could accomplish this (e.g. splicing and headed studs), these will not be used

as they would lead to longeepairtimes.

1.3 ThesiLLontents

Chapterl: Introduction¢ This chapter began by presenting a brief background on plastic

hinge relocation repair and how modern design principles have led to its effectiveness. With
this understanding, the research objectives for this thesis are defined. Mainly, this project seeks
to develop a more constructible repair solution and improve its performance thréedfer
anchorage of fractured bars. Lastly this chapter provides a brief description of each of the

chapters in this thesis.



6

Chapter 2Background andlotivation ¢ In this chapter, previous experimental repair

tests using plastic hinge relocation are presented. Each column repaired was severely damaged,
and it is shown that if a bar is fractured during the initial test it tended to debond during the

repair test which led to a weakened repair performance. Later in this chapter, the various

factors that influence the anchorage of these bars is discussed, and it will be seen that
improving bond and confinement will improve the anchorage of the bars. A meghod

improving the bond is discussed, followed by a thorough description of a steel jacket retrofit
desigred which was mimicked fahe repair configuratiorused in this thesis and ainis

provide enough confinement to fully anchor the fractured bars ingigerepair.

Chapter3: Experimental Setup This chapter wilbriefly describe the laboratory setup

used for the column tests, as well as the methods of loading and loading protocol. Next, each of
the materials used in the repair are described, alontpmaterial properties when relevant.
This leads into a detailed stdyy-step explanation of the repair construction process, followed

by information about the various instruments used for the experimental tests.

Chapter4: Test Summaries Here, the thee experimental repair tests will each be

thoroughly discussed. Since each repair aimed to improve the performance compared to the
last test, this chapter ipresentedin a fairly chronological ordelt begins by describing the
objective for Repair #1, flowed by a description of the test and the results of data analysis.
Using this, conclusions are then drawn that lead into a new objective for Repair #2 and the
process is repeated. After the three tests have been described, the final section of therchapt
compares their results to further demonstrate the improvements and effectiveness of each

repair.

Chapters: Repair and Steel Sleeve Desigris this chapter, the design processes for

the implementation of the repair presented in this research wildsrussed. The first section
will outline the resultasvhenT 2 € t 2 Ay 3 YNRAKQa LI FAGAO0O KAy3aAS

repairs in this projectThe next section will propose additional requirements to the required

NI



7
sleeve thickness based off the expeental tests inChapter 4 The proposed design requires a
much thicker sleeve thicknesgich aims to provide enough confinement to prevent fractured
bars from debonding inside the repaifhe final two sections of this chapter then present the
design asumptions used for the bolts and their ptensioningfor the experimental tests this

project.

Chapter6: Conclusion and Future WodKT his chapter presents the key findings and

conclusions of the work in this thesis relating to the two objectives presented in Sécfion

Through experimental testhe use of a steel jacket with a ptensioned bolted connection

was shown to be an effective alternative to a welded connection or CFRP wrap. It was also

shown that improving the bond and confinement for fractured bars inside the repair can fully

anchor KSY3> gKAOK AYLINR@Sa GKS.LasilyLflltuie XSdarcheetisdzY y Q &
were defined such ashe need toverify the designs presented in Chapter 5 aodnalytically

determine the necessity of fully anchoring the bars.

AppendixA: Repair Bar Strains. Force HistoriesIn the experimental repair tests,

strain gauges were applied to the newly embedded repair bars. This data was not presented
elsewhere in the thesis but is essential in ensuring that the repair remains elastic aratgapa

protected.
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While much research has been done on the repair of reinforced concrete bridge
columns, extreme damage statesch adractured longitudinal bars have received little
attention. Suchdamageevels havdongbeenconsidered urrepairable and requiring
replacement however,recentlymultiple studies have shown that plastic hinge relocation can
be used tceffectively restore the load and displacement capacity of the damaged column to
that of the original columnin addition, manyepair techniqus have a veryshortdeployment
time, making it ideal for rapid repairs.

This chapter aims to provide background, context, and motivation for the work
presented in this thesigresented are three examples of plastic l@nglocation repair of
extremely damaged columns containing fractured bars. It will be shown that these fractured
bars often do not have sufficient anchorage inside the repair, which leads to the bar debonding
and consequentlya loss of load carrying capiéity. This is followed by a softened and pinched
behavior in the global response, which likely indicates reduced seismic resistaniceprove
this repair, this project aims to fully anchor the fractured bars inside of the repair, which is
expected to aminate the pinching and softening of the global response.

This debonding behavior is akin to a reinforcing bar having a shorter embedment length
than its development length, which leads to a pullout or splitting failure instead of bar fracture.
Unfortunaely, increasing the embedment length of tfracturedbarsin this repairequires an
increase in the repair height, which is undesirable as this also increases the shear demand to
other components of the bridge that may not be capable of sustainingntreased load.
Because of this, it @dvantageouso improve the anchorage of these bars through other
avenues besides increasing embedment length. To understand how this could be done, the
second section of this literature review discusses the varioci®ffa thataffectthe anchorage
of embedded bars. It will be shown that confinement and bond conditions both play an
important role in the anchorage of the fractured bars and increasing these may completely

anchor these bars.



This leadgo the third sectio, where aretrofit design with a similar geometric
configuration as the repairs in this projastpresented. This design aims to ensure ample
confinement is provided by a steel jacket so that adgpced columrcan sustairdarge inelastic
deformationswithout failure. This methodology was adapted for the repair technique in this

project and is the foundation of the sleeve thickness design of SeBtibn

2.1 PlastidHinge RelocatioRepair

This research is the third in a series of studies on plastic hinge relo¢gtish, 2018;
Rutledge et al., 2014%iven its relevance to the study at hgradthorough review othe study
by Krish(2018)is recounted first in this sectioimllowed by two other similar repair projects. Of
the fourtestsby Krish with fractured bargverybar that wasracturedduring the original
column test debonded during the repagdt except for one where a headed stud was attached.
The headed stud was not pursuédther in this project because it is labor intensiteeinstall
In the next study byParks €al. (2016)all four columnsvere connected to the support through
a GSS connection aedntained either one fractured bar or had multiple GSS pullouts. In one
test, a fractured bar wasompletelyanchored and rdractured above the plastic hinge. The
debonding behavior discussedrlierwas explicitly stated as the failure mechanism for one of
the repair tests, however the other two tests each had one fractured bar that did rot re
fracture in the repair test and could have debond#tbugh this was nostated.In the final
paper byWu & Pantelide$2017) two additional repair tests were conducted with a CFRP shell
designed using FEM. While this shell performed well and was not damaged during the repair
test, the fractura longitudinal bars still debonded during the repair tests. This indicates that
confinement alone may not be enough to ensure anchorage of the fractured bars, and that

bond between the repair and damaged column must be considered.

2.1.1Krish (2018)
In the study byKrish(2018) six reinforced concrete columns were repaired using plastic

hinge relocatioron columnswith varying levels of damage, from all longitudinal bars being
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buckled tohaving 6 of 16 bars fractured. The emphasithafstudywas to develop a rapid
repair for modern, weldesigned bridge columns with severe seismic damBger to this,
little research had been done on the repair of columns containing fractured bars, and a rapid
repair for them was considerddhpractical. This consideration was challengegh where a
repairwith an estimated 4&our instillation time was developed that only useohventional
materials that are typically readily availablEhe construction process of this repaias similar
to what wasdone in this thesisyith a complete description given in Sectidr8.2 SinceY NA & KQ a
researchis the foundation for the research in this thesis, a description of each of the six tests is
provided belowAn emphasis is placed on Repair #1, 2, and 5 as they are the most relevant to

the researchdescribed in this thesis

Repair #1
The first column contained only buckled barsed was considered the lower bound of

damage where this repair would be logical. For this repair, holes were drilled into the footing
where steelreinforcing barsvere laterplaced and bonded using a twaart epoxy Next a steel
sleeve was placed around the bars and welded together which acted as a stay in place form
while also providing shear strength and confinemdrstly the steel sleeve was backfilled with
grout to bondwith the dowels.

The repair successfully relocated the plastic hinge and restored the strength and
displacement capacitiesf the column The global forcelisplacement response of the column
in both the X and Y direction are shown belowigure2.1 where Load Path Test 4 refers to an
original column test with the same steel detailing and loadi@godnight et al., 2017f
particular interestis that Repair #1 shosd no sign of strength degradation or pinchingich

was observed in evemther test by Krish thatontaired fractured bars
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Figure2.1: Repair #1 Global Response in the X (left) and Y (right) Directfinish, 2018)

Repair #2
With Repair #1as a baseline for this repair techniguegpair #Zought to see the

effects of repaiing a column with fractured bars. This was done by repairisigndarcolumn
exactly the same as Repair #1, but wétbf the 16 longitudinal bars fracturedrom the initial
testing While nost other studies orcolumn repairswvith fractured bars used patching or
splicing, this is not practical for a rapid repaird the fractured bars were lefinchangedaside
from removal of loose concrete

The repair performed similarly to the first column, and successfully relocated alséql
hinge and restored the strength and displacement capacities. The global response is shown
below inFigure2.2, again with Load Path Test 4 for comparison. Thgdsgdifference
between this repair and Repair #1 can be seen in td@éttion, which had the 3 extreme bars
in each loading direction fracture during the initial test. The softening and pinching behaviors
are both indicative of a weakened repair respertiie to the fractured bars. Peptocessing
AaK2gSR OGKFG FEf ¢ TN OGAZNBR 61 NAE RS02yRSR I yR
which is evident from the strain history of the barkigure2.3. Where tensile strains in the bars
typically increase with larger displacements, after a peak strain around 0.01 the bars debonded

and its anchorage inside the repair rapidly degraded, leading to the bar being incafpable
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sustainingoad. This debonding behavior is the primary topic of study for the research in this

thesis and is hypothesized to result in the softened and pinched response of the column.

100 100
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Figure2.2: Repair #2 Global Response in the X (left) and Y (rightections(Krish, 2018)
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Figure2.3: Repair #2 Strain vs. Displacement of the extreme south (left) and north (right) bars

Repair #3

(Krish, 2018)

The Repair #3 aimed to address capacity design concerns from the previous tests.

Especially in the first repair, the repaired columrdtaalarger strength capacity due to the

AK2NISNI STFFSOGAPS KSAIKI

27
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strength, it would be possible for the increased demand from the column plastic hinge to lead
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to failure in the footirg which is clearly undesirable. A potential solution, was to cut 4 of the
longitudinal bars above the repair to purposely weaken the relocated plastic hinge to match the
AONBY3IGK 2F GKS 2NAIAYILE O2fdzyyd 2KAES (KA& &
displacement capacity and should not be done unless the footing is incapable of supporting the

increased demand.

Repair #4
The fourthrepair test used traditionalreinforced concreteepairto provide an

alternative solutionlnstead of theweldedsteel sleeve, rebar hoops were tied around the
repair barsand instead of grout a flowableoncretepump mix was usedhe column also only
contained one fractured bar to determine if reducing thember of fractured bars effects their
anchorageWhile this repair successfully relocated the plastic hinge along with restoring the
strength and displacement capacitjghe only fractured bar still debonded around the same

peak strain of 0.01.

Repair #5
For the fifth repair, two methodsf anchoring the fractured bars inside the repair were

investigated On one fractured bathe concrete surrounding it was completalfipped out so

that when the repair concrete was poured it surrowttthe fractured bars throughout the

entire height of the repairThis was based on the recommendation in &@l Guide to

Concrete RepalfACI Committee 546, 201d4hdwas expected to improve the bond conditions

of the bar. On a separate fractured bar, a mechanically fastened headed stud was applied to the
base. The purpose of the stud was to provadbearing surface which pvidesadditional

anchorage for the bar, however attaching it required a significant amount of work to clear out
the concrete and cut both the buckled section of the bar and transverse Jtieete two

additions to the repair are shown Figure2.4.



Figure2.4: New Anchorage Mechanisms in Repair @&ish, 2018)

While this test started off well, the repair suffered an early faildve torupture ofthe
weldin the steel sleevewhich is shown irigure2.5. This failurded to conclusions that the use
of a welded connection requires careful cutting and surface preparations for the thin sleeve.
This was one reason that a mechanically bolted connection was investigated in this thesis.
Despite the weld rupture, which was tiated during ductility 3, an analysis of the repair was
conducted up to that point. For the two new anchorage mechanisms, the bar with the headed
stud showed no signs of debonding. Although it was believed that this would have continued if
the weld had noruptured, the headed stud required so much labor for installation it was
recommended only if complete bar anchorage was absolutely necessary. As for the bars that
had the surrounding concrete removed, the strain histories were similar to the other fiexttu
bars that debonded with only a slight improvement in peak strain and it was concluded that this

alone had little improvement on anchorage of the bar.
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Figure2.5: Weld Failure during Repair #XKiish, 2018)

Repair #6
The final repairalso aimed to fully anchor fractured bars inside the repair, this time by

placing acorrugated pipanside the repair to act as a shear key and improve the bond
conditions inside the repair. It wdselieved that this would lead to a flexural response of the
repair instead of the columsocket like action that had been observed sa #ris only slightly
improved the anchorage of the bar, and ultimately the fractured bars still debonded inside the

repair.

2.1.2Parks et al(2016)

In this paper, four hexagonal columns with grouted splice sleeve connections (GSS) were
repaired using plastic hinge relocation. Three of the dandaggumns had 1 of 6 longitudinal
bar fractured, and the final column suffered GSS pullout of multiple bars. The repair was similar
G2 YNAR&AKQa SEOSLII GKFG F /cwt akKStt 61 & dzaSR
headed to ensure suffice development. Additionally, 2 of the repairs used expansive
concrete to provide active confinement to the repdirwas not mentioned ithis wasdoneto
better anchor the fractured barer not.

Both repairs with normal concrete performed well, complgtor closely restoring force

and displacement capacities to the original column test and ending with longitudinal bar
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fracture in the relocated plastic hinge. In one case, a bar which fractured during the original
column test fractured again above thepar indicaingthat the bar was fully anchored inside
the repair and did not debond.

Neither repair tests that used the expansive concrete ended with failure in the relocated
plastic hinge. One column suffering an early fracture of the extreme westlaligal bar due
to embrittlement from a welded instrument; however, it still performed well in the other
direction of loading throughout the remainder of the test. It is not mentioned if the extreme
east bar, which was fractured during the original tesipwed any evidence of debonding.
Failure of the other column was due to the longitudinal bars that pulled out of the GSS
connection in the original test debonding in the repair test, followed by rupture of the CFRP
shell. This failure was attributed to aarter plastic hinge in the GSS pullout and stronger
material properties of this column causing more demand on the repair.

The authors conclude that the repair can restore displacement and load capacities to
the original column, along wittheir energy dssipation and stiffness. They also indicated that
the expansive concrete provides active confinement to the repair, which increased the tensile
capacity of the concrete and reduced the demand to the repair bars, but the too much

expansion will reduce theapacity of the CFRP shell.

2.1.3Wu & Pantelideg2017)

More recently Wu built on the research by Parks, performing two additional repair
tests, this time with a more typical connection to the footing and cap beam and onlg usin
normal concrete. Additionally, a finite element analysis was used to design the CFRP shell to
prevent any cracking. Both original column tests led to 2 of the 6 longitudinal bar fractures, one
on each side. While both repairs succeeded in restoringdhd &nd displacement capacities,
they exhibited softening and pinching in the global response and ended with concrete crushing
and no additional bar fractures. During the tests, a gap was noticed between the column and
repair which was attributed to the wak bond due to thereviouslyfractured bars. It was
concluded that bond between the repair and the damaged column is essential and that

methods of doing this need to be studied, however no suggestions of how to do this were
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given. This separation of repand column was also observed in the tests by Krish and is
believed to be evidence that the fractured bars have debonded. A method of improving the
bond between the repair and column is investigated in Repair #3 of the research described in
this thesis.

Ofinterestfor the researchinthisthesis gt & GKIF G ySAGKSNI NBLJI A N&
any signs of damage or excessive loading. This would imply that the shell provided continuous
and large confining pressures inside the repair and it is unlikalyatiditional confinement

would have sufficiently anchored the fractured longitudinal bars.

2.2 Factors thatnfluence Rebar Anchorage

One of the goals of thithesiswas toprovide enough anchorage for any fractured
longitudinal bars so that that they will fieactured during the repair testor new desigs, this
could be done by increasing the anchorage length of the bar or by adding bends orthooks
meet the required deglopment length Most development length equations take similar forms
with bar size, concrete strength, and rebar strength being the primary variables. As an example,
ACI 3188 defines the development length usigguation2.1 (ACI Committee 318, 20Q7)
GKSNE (GKS . FI O( 2 Ndad chnOitibBsdzgséd ofcatid, ddatifgFabd\s&e/ U
of the reinforcement, and (g K)/dp accounts for the amount of confinement provided and is
limited to 2.5. This limit of 2.Blustratesthat when enough confinement is provided, the bar
will suffer a pullout failure instead @f splitting failure. At this point, additional confining
pressures will not increase the bond strength of concrete to reinforcing Bais.development
length is often required to be increased for lap splices, which the repair bars and fractured
longitudinal bars form; however, lap splices are typically not permitted in or near a plastic

hinge, which is unavoidable in this repair.

-

[ 0 Equation2.1
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The Imitation of no lap splices in the plastic hinggiscisely because of the debonding
behavior that has been observed in the repair tests. Despite this, the develoderegth
equation still serves to show how anchorage can be improved for the fractured®&en that
the bar size and yield strength of the fractured bars cannot be controlled in this repair, and that
concrete strength may be limited in rapid deployments, band confinement are the
remaining variable thawill affectanchorage.

A method of improving the bond of the fractured bars was investigated in Repair #3 of
the research described in thesis which involved removing the concrete surrounding the bar
within the height of the repair. This concrete was then replaced by the repair grout when the
repair was cast. This was done because even though a majority of the damage in the original
column was concentrated in the plastic hinge, small flexural cracks stilltFsoaghout the
entire height of the column. In a study Besnerck et af2015) the bond behavior of
reinforcing bars in cracked concrete was investigated, and from experimental tests the authors
showed that the bond strength can bedeced by more than 50% in cracked concrete, even
when the cracks are less than 0.04 mm. By replacing the cracked column concrete with a fresh,
uncracked repair grout the bond strength is therefore expected to be improved. If enough
confinement is providedhere should only be minimal new cracks forming during the repair
test, which will maintain the high bond strength to anchor the bars. This is precisely what
Priestley et al(1996)aimed toaccomplishusing the desigprocessdiscussedn the following

section.

2.3 Sleeve Thickness Requirements

SincePriestley et al(1996)retrofit design process became the foundation for the sleeve
thickness design in this repdpresented in Sectiob.2) the philosophywill be thoroughly
described here. Much of the work by Priestley et al(1996)stems from the fact that most
columns built before the 1970s were inadequately designed in terms of flexural ductility, shear
capacity, and&onfinement. This led Priestl et al. (1996)to include the retrofit design process
developed byChai et al(199]) for these cdumns using steel jacketdn example of when this

retrofit was needed due to a lap splice in the plastic hinge is showigire2.6. Priestey
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stated that lap spliceshould not be placed in plastic hinge regions because insufficiently
confined lap splices were shown to be progressively damaged by cyclic loading which led to a
rapid loss in load capacitit.is believed that this is the mechanism that caused debonding
the fractured bars in the repair tests, though it does not cause failure of the column since other

longitudinal bars are still intact.

N
—=
|

Figure2.6: Deficient Column Construction Requiring RetrofRriestley et al., 1996)

The configuration in the above figure will be used to illustrate the retrofit design. In this
example, the footing would have been cast with starter bars extending out of the footing,
which would havehen been tied to the column cage and the column cast. With the maximum
moment occurring at the base of a cantilever column, this could be the location of the plastic
hinge, and would likely require retrofit due to insufficient confinement. In this rétrofstead
of relocating the plastic hinge above the lap splice, a steel jacket that is slightly bigger than the
column would be placed around the column along the splice. To ensure proper behavior of the
retrofitted column, three potential failure mech@@ms need addressing which are discussed in

the following sections.

2.3.1Confinement to Prevent LaBplice Failure

The first check described here aims to prevent thedpfice failure by providing enough
confinement to prohibit large splitting cracks fronrfieing. To perform this design, the crack
shape is estimated, and the tensile capacity of the concrete along that crack is compared with

the load applied to the bar. If the load on the bar is greater than the capacity of the concrete,
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then lap splice failug is expected to occur. For the above configuration, Priestley presents two
potential crack shapes, shovumFigure2.7, which lead to perimeter lengths &guation2.2.

With this assumed crack shape extending along the height of the splice, the confining stress
expected to prevent lap splice failurejdfound assuming a simple siatfriction relationship,

shown inEquation2.3.

/ \ / \
/ \ ¢ / \ C\
p
Prom i Lude S
Figure2.7: Assumed Crack Shape in Circular Colurfiigestley et al., 1996)
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e 80 Equation2.3

For a circular jacket, the confining pressure can be found Wgugtion2.4 where §;
cannot be larger than the stress astaain of 0.0015THsdilation strainlimitation is used to
ensure that cracking within the concrete is kept to a minimum which ensures high bond
stresses wher¢he coefficient of friction>, can be assumed to be 1.4. By combiridggiation
2.3 with Equation2.4 and assuming thatE 1.7*§F YR > [ wm®n I tBydada it Sa
2.5to determine the required volumetric ratio of confining steel, which relates to the required

jacketthickness througlEquation2.6.

0 T O Equation2.4
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” E Equation2.6
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2.3.2 Confinement for Ductility

Since inadequately confined columns are incapable of sustaining large flexural
deformations, the next design considation in this retrofit aims to increase the ductility
capacity of the columrilo do this, the strakenergy capacity relationship shownHuguation
2.7 is used to engre that the confining steel can withstand the large compressive strains
required to reach higher ductilities. When insufficient confinement is provided, the ultimate
compressive strain will be limited by yielding of the transverse steel, which alsotlimits
deformation capacity of the colum®y substitutingequation2.6 into Equation2.7, Priestley

formulated Equation2.8 to determine the required jacket thickness to reach the desired

RAZOUGAEtAGED 2KAES tNASadf Se RS@OSt 2 LISRgivenK | NI &

that it is dependent on the adining steel, the approach suggested for the designs in this repair
use conservative values to eliminate ti@s will be shown laterso that process is not

discussed here.

pg8” "Q - E :

) quation2.7
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2.3.3Shear Capacity

The final design consideration in this retrofirégardingthe shear capaty. The
columns requiring this retrofit had very little transverse steel, whithylead to shear failures.
The steel jacket retrofit was useful to increase the shear strength of the column and ensure a
flexural failure. In the retrofit, the shear force tife concrete and existing transverse steel was
calculated and subtracted from the overstrength shear demand to determine the additional
required shear resistance. With thisguation2.9 would be used to determine an acceptable
jacket geometryBy assumingy  A°&andeqglving for the jacket thicknegsgquation2.10 can
then be used to determine the required jacket thickness for a given shear fbinceequation

shows that even a thin steel jacket can resist very large shear forces.

CI
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For the largescale laboratory tests in this research, thrgecular reinforced concrete
columns were repaired using the plastic hinge relocation method developédrish, 2018)
Thedamagedcolumns were obtained from a separate ongoing research study at the NC State
Constructed Facilities Laboratoryathis investigating the use of higitrength (Grade 80) steel
in seismic desigManhard, 2019)This project was a continuation of the workBgrcley &
Kowalsky2020)and aims to evaluate if Grade 80 reinforcing steel can be reliably used in the
plastic hinge region of reinforced concrete columns. The test matrix of the column detailing for
these two projects are included ifable3.1. Eactcircularcolumn was constructed with a
diameter of24 inches, a height 08 feet and longitudinal steel consisting of 16 #6 barsi
1.6%).

Table3.1: Test Matrix of Grade 80 Column Tests

Column | Transverse Steel | Axial Load
Number (Spirals) Ratio
- 1 |l o X HE 5%
2 2 l o ¥ HE 10%
g 3 l o X HODT| 5%
4 l o X M®p 5%
© 1 #3@u®Ppé o 5%
8 2 l o X Mop 5%
S 3 l o X HE 10%
= 4 l o X HE 10%

3.1 Laboratory Setup

The experimental tests were conducted using the exact same laboratory setup as
(Manhard, 2019)Figure3.1 and Figure3.2 belowshow the conceptual and actual laboratory
setup that was used for the original and repaired column te$tss sectiosummarizethe
application of the lateral and axial loading along with the loagirgocol; however,a

complete description of the seip is given by Manhard (20)L
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Figure3.1: Laboratory Setup (Manhard, 2019)
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Figure3.2: Actual Laboratory Setip.

3.1.1Loading Application

On the lefthand side ofigure3.1 andFigure3.2, the 110-kip actuatorthat applied the
lateral loading can be seen. Thlisplacemenicontrolledactuator has &20-inch strokeandwas
connected to the columifrom the strong wall. While the lateral force applied to the column
was measured by the actuator, the lateral displacement of the columndivastly measured
by two string pots on the opposite side.

Theaxial force was applied by two hydraulic jacksreested with a spreader beam

across the cap of the column. Becausesthiacks are not capable of maintaining a constant
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load on the column as it is displaced, the two jacks were connected to a third jack that was
placed in an MTS machine. With all threelig.connected in a closed loop, it was possible to
apply a specific force on the jack in the MTS machine which woulanrapply the same load
to each of the jacks. The MTS machine was ttegmble of maintainnga constant axial force

on the column evems it was subjected to lateral displacement

3.1.2 LateralLoading Protocol

Each of thecolumns wereoriginallysubjected to the loading history shown kingure3.3.
For the early stages of thests, the loading was baseghonthe analytical first yieldorce6 C.e Q0
C2NJ GKAa>X GKS O2fdzyy ¢l a adzoneSOGSR (2 2yS 0eo
CeQ> IyR CéQd ¢KS FF@PSNr3IS 2F GKS o6az2ftdziS RAA
displacementji@d Q0 ® ¢ KS S| dzA GdbfaiBedhy: na&itn$ &/R o owhsre MiiK Sy
the analytical nominal moment capacity. Following first yjéthe three-cycle set loadingegan
G RA&LI I OSY &yl 1, R6z0 3 M fandbe 06 >

In order to evaluate the effectiveness of the repaicomparison with original column
datais desirable For Repairs #1 &,2he exactdisplacementoadingasa I Y KI NRQ& /[ 2 dzYy
was usedand for Repair #8he Column #loading was usedrhis meant that rather than using

an analytical first yield force for thigst cycles, quartemcrements othe samen«vas used,

followed by the threecycle set at thesameductility levels.
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Figure3.3: Lateral Loading Protocol
3.1.3 Axial Loading Protocol
For the axial load, thiitial plan was to use the same axial load as the original column
tests, however whilg@reparingfor the first repair test there were concerns that the axial load
bars could have yieldedhen using 10% axial load rati®ince theséars could not be easily
switched out, it was decided to use 5% axial loalthough this limits the comparison between
the original and repaired columns, other column test data is available with the same steel

detailing and axial loadatio (Barcley & Kowalsky, 2020)
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Table3.2 below clarifieghe following parameter$or each of the repairs: which
damaged column was repaired, the lateral load path that vegeated and which of the
available column data serves as the best comparison between the original and repaired
columns. To reiterate, the columns for Repairs #2 &ere originally tested at 10% ALR,
K26SOSNI p2 ' [w gl a dzaSR F2NJ GKS NBLI AN GSadax
detailing and ALR serves as a better comparioonontrast, the column for Repair #3 was
tested at 5% axial load ratio for dothe original and repaired tests, thus it serves as the

optimum comparison column.



Table3.2: Repair and comparison columns

Repair Column Displacement| Axial Load Comparison
Number| Repaired Path Used Ratio Column
1 Manhard #4| Manhard #4 5% Barcley #1
2 Manhard #3| Manhard #4 5% Barcley #1
3 Manhard #1| Manhard #1 5% Manhard #1
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Initially it may seem improper to use the same displacement path loading for the repair
test since the applied axial load is different; howeveis well established that the yield
curvature of a concrete section is proportional to the yield sti&ithe longitudinal steeland
diameterof the section(Priestley et al., 2007This means that a change in axial load will have
little effect on the yield displacemenp (& Since the displacements for the thregcle set
loading are displacement ductilitieshich areY dzt (i A LJ{ itSdn b& ohcluged that even if
the original column test was done at 5% axial load ratio the load path would have been

approximately the same.

3.2 Materials

The following sections describe the materials used to construct the plastic hinge
relocation repair developed by Krish (2018). Aside from the structural bolts in S8Qidn
each of the materials remained largely the same as what was used by Kaiald in keeping
this repair suitable for rapid application, only conventional materials that are likdbg readily
accessible are used for the repalv complete &planation on how each of these materials were

chosencan be found irKrish (2018).

3.2.1Longitudinal Repair Bars

Relocating the plastic hinge above the colufonting interface increases the flexural
demand. To account for this, additional longitudinal reinforcement is needed within the repair
that must be connected to the footing'his was done usirgjeel reinforcng bars ashey are

readily accessible arfthve well knowrstructural properties.
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In the research described this thess, #8 ASTM A706 Grade 80 steel reinforcing bars
were used. It is worth noting that while grade 80 steel has been usedllfibre repar bars by
Krishas well,any grade steel or other material could be used as long as it can be designed to
remain elastic. This is necessary to ensure capacity protection of the repaired specimen.
Material properties for the steel used in this project al@wn inTable3.3.

Table3.3: Longitudinal Repair Bar Mechanical Properties

Sample Yield S_tress Yielq Straip Elastic _
(ksi) 0 > 0 | Modulus (ksi)

1 84.2 3572 23578

2 84.1 4001 21016

3 83.7 3006 27854

4 83.6 3549 23556

5 83.6 3909 21392

6 84.5 3266 25860

Average: 84.0 3551 23876

3.2.2Bonded Anchor

The longitudinal bars need to be anchored into the footing in order to contribute to the
flexural capacity of the repair. This is done by hammer drilling holes into the footing and then
anchoring the bars with grout or epoxy.

Krish(2018)found that grouting would require larger holes and have a longer set time,
so epoxy was used. ITW Redhead Acrylic 7 epoxy was selected as it is compatible with rebar,

has a quick set time, and hasceptable temperature boundsr curing inthe Alaskan climate

3.2.3 Steel Sleeve

Encasing the longitudinal bars in grout requires transverse steel to achieve the required
O2 Yy FAY SYSy i o(2a18jtests {ekpeckid Repaidié vihi@raused rebar hoops) this
was achieved by cold rolling an-fjAugeA36 steel sheet into two sergircles which were
welded together around the columior the repairs in thithesis the weld has been replaced

with a mechanic#dy bolted connection. To do this, the steel sheet was cut to be slightly larger
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than a semuircle. Consequentlywhen the two pieces were placed around the column they
overlapped on both ends, leaving room for the pieces to be bolted together.
To aide in decreasing the likelihood of a bearing failure at the bolts, a slightly thi@ker
gauge steel sheet was used for the first two repairs in this project, which is the largest thickness
that could be cold rolled by the NC State machine slkap.the third test the sleeve thickness

was increased to ¥ incAdiscussion omvhy this was dne can be found isectior4.2.6

3.2.4 Structural Bolts
A new technique deployed in the research described in this tivessssthe use of
structural bolts to mechanicalfasten the two steel sheets togethefor Repair #1gy €
diameter ASTM A325 boltgere usedwhich is the smallest size of that standard and was felt to
be most appropriate for the thin steel sleeveor Repairs #2 &,pky ¢ RAF YSGSNI ! { ¢ a
bolts were sed insteado allow for a greater preensioning force An explanation for why this
was donecan befound in Sectiord.1.6 Additionally, recommendations for theieggn ofthis

bolted connection can be found in Sectsth3and5.4.

3.2.5Backfll Grout

¢KS flrad adSLI 2F GKS NBLI ANI A& G2 oF Ol FACL
cross section and allow forces to transfer from the column to the repair bars. In the previous
research by Kris{2018) this was primarily done with a higgtirength grout, although a
flowable pea gravel concrete mix was also used to investigate a costeffectivealternative.
Forthe tests in thigesearch the same high strength grout (BASF Masterflow® 928) was gsed a
it has worked well for various experiments at NC State for the Alaska DOT.

The grout was poured in three lifts using fivelb%ags for each lift. Per the grout
YIydzFlF OGdzNBNDR&a RANBOGAZ2Yyas | LILINRPEA Ydagi St e odpdp
powereddrum mixer. The grout was then slowly added into the mixer and left to mix until a
GYAL |-BKT$S O2yaraidSyoe ¢gla 20GFAySR®

The previous research by Krish found that testing 2x2 cubes per ASTM C109 gave

inconsistent material strengths vs. using 84ylinder tested per ASTM C39. Because of this,
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only cylinder samples were taken from the grout mixes inihis S & A & QFor tHeJik® 2 S O
tests, six samples were taken from each lift and two were tested 7 days after casting, on test
day, and around 28ays.The plan for the second repair was to do the same, however, due to
spillage only 3 samples could be taken from the final lift. To avoid thieithird test, only four
samplesvere takenfrom each lift all of whichwere tested on test day. Theselts of each of

these sample tests are shownTiable3.4 to Table3.6.

Table3.4: Grout Material Properties for Repair #1

fc (psi)

Lift Sample 7 Day |15/TestDay 36 Day
1 1 8194 8028 9452
2 7819 8068 9344
5 1 7526 7776 8941
2 7227 7987 9434
3 1 7558 7812 8964
2 7585 N/A 9405
Average: 7651 7934 9257

Table3.5: Grout Material Properties for Repair #2

fc (psi)
Lift Sample 7 Day |12/TestDay 28 Day
1 1 7591 8419 9142
2 7693 7794 9047
5 1 8080 9058 10017
2 8404 9182 9976
3 1 9092 9850 N/A
2 N/A 8642
Average: 8172 8824 9546
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Table3.6: Grout Material Properties for Repair #3

fc (psi) on test day (26 days)
Sample 1 2 3 4 Average
Lift 1 9261 10667 9925 9634 9872
Lift 2 9468 8806 8894 9308 9119
Lift 3 9126 8737 9405 8752 9005
3.3 Construction

3.3.10riginal ColumnConstruction

As mentioned at the beginning of this chapter, the damaged columns were obtained
from a separate research study on the use of ksgiength (Grade 80) steel in seismic design
(Manhard, 2019)These columns were constructed at the Constructed Facilities Lab at NC State,
and a complete description of this process tenfound inManhard(2019). To aide in
instrumentation, the bottom 4 feet of the column was cast with no cover concrete so titat b
the longitudinal and transverse steel was exposed and Optotrak sensors (discussed in Section

3.4.]) could be placed directly onto the steel.

3.3.2RepairConstructio

The plastic hinge relocation repair used in this project was developed by Krish (2018)
and the construction process remains largely the sahie repair is intended to be rapid,
capable of being done within a few days. As such, only conventional matehath are likely
readily available are use@his section will give a complete description of the recommended

repair construction based off the new findings from this research.

Step 1: Straighten Column

Ly (G0KS @g2NJ] 08 YN a&KIdoftwaswgtérmined t& & th® 2  dzY y
best indicator of reparability of the structurélsing the fragility curves he developed,
GKS Sy3aAySSN) akKz2dzZ R FANBRBG RSIGSNXYAYS AT GKS

limits. If not, the column should be straigiited as upright as possible. Exact methods
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for accomplishing this have not been studied in this progged would likelybe

dependent on whaheavy equipments availablego push or pull the bridge system

Step 2: Remove Damaged Concrete

The plastic hing region of the column will likely have substantial damage to the
cover and core concrete, and any loose concrete should be removed through a hammer
drill or other less destructive methods. Additionally, if the damaged column has any
fractured bars, the @ncrete around these bars within the height of the repair should be
removed.This ensures that the fresh repair grout will completely surround the fractured
bar and isa necessityo fully anchor the bar within the repaiAn examplebefore and
after of this step isshown inFigure3.4. On the left, the damaged column is shown with
large cracks near the base being evidence of the loose concrete that needs removed. For
this column, the three frontmost bars were fractured during the original test, so within
the height of the repair the concrete around the bars was removed, which can be seen
on the right.Although the exact depth for concrete removal around the fractusads
has not been studied in this project, it is recommended to remove at least a finger

width around the bar (shown iRigure3.5).



Figure3.5: Removal of Concrete Around the Perimeter of Fractured Bars
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Step 3: Drill Holes into Footing

The repair design will determine the number, size, and approximate locations of
the new longitudinal repair bars. The first step in placing these bars is thalel into
the footing.¢ KA 4 &AK2dzZ R 6S R2yS I O0O2NRAy3 (G2 GKS
grout or epoxy used to anchor the bars (Step 4). For the repairs in this pribject3
barsrequiredamMmky ¢ RNAff O0A0GX | YR tolKiBcheRdtlkfothd y 3 RS
footing only being 18 inches tall. This step is showrigure3.6.

As a note, finding locations where the holes can be drilled can be difficul
depending on how congested the footing is. For this project, the exact locations of
reinforcing bars in the footing were measured prior to casting of the footing, which
aided in determining where bars could be placed. Even thiélse measurements
drilling into the footing did not always go smoothly and sometimes required removal of
the cover concrete above the top mat the footing in order to find a spot where the

holes could be drilled.

ai

Figure3.6: Drilling Holes into Footing for Repair Bars
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Step 4 BEnbedLongitudinal RepaiBarsinto Footing

Next, the bars should be anchored to the footing through epoxy or grout. For
this project, epoxy has been used because & been shown to have a shorter set time
and require a smaller hole sigBurtz, 2003)To start, the drilled holes typically need to
be prepped for the epoxy to sufficiently bond with the footing concrete. For the
Redhead A7¢epoxy used in this project, the holes should be sprayed twice with
compressed air, then a wire brush is used to roughen the surface, followed by another
two bursts of compressed air. In the lab, a vacuum was also used before the compressed
air to limit the amount of airborne dust.

Once the holes have been prepped, the next step is to partially fill the holes with
the epoxy. The bar is then slowly pushed into the hole while being twistpdeteentair
bubbles and provide the best bond for the egokor this project, nothing needed to be
done to ensure the bars stayed vertical while the epoxy set due to a small hole tolerance
and a viscous epoxinjection of the epoxy into the hole, as well as a completed bar is

shown inFigure3.7.

Figure3.7: Anchorage of Repair Bars in Footing via Epoxy
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Step 5: Levdiooting Surface (if needed)

For a column plastic hinge to form the extreme level of damage this repair is
intended for, there will possibly be some amount of surface damage to the footing
concretenearthe joint. This damage can make it difficult to create a seal abtittom
of the sleeve and leveling may be needed. With the bars now in place and the epoxy set,
any rapid set grout or concrete can be poured to create a level surface of the footing.

Figure3.8. shows an example of before (left) and after (right) this step.

Figure3.8: Use of Grout to Provide a Level Base for the Steel Sleeve

Step 6:Place Steel Sleeve around Column

Once the grout used to level the footing has sufficiently set, the steel sleeve can
then be placed around the columRor a repair, this cannot be doneinig a complete
circular ring as there would be no way to get it around the coline a circular pipe
could not be placed around a colummistead, the sleeve must be comprised of two
pieces, which are placed around the column and connedtdtas beershown that this
could be done througla welded(Krish, 2018pr amechanically bolted connection (this

research). Each method is discussed below:

Welded Connection:

For this connection, the steel sleeve is comprised of two samular plates.

These plates are placed around the column, then tack welded in place with a backer bar
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to align the connection. Once this is done, the entire height of the sleeve is butt welded,
essentially creating a continuous ring around the column. This process oasiginly
studied by Krish (2018) and is showrFigure3.9.

Figure3.9: Use of tack welds (left) then butt weld (right) for welded connectigKrish, 2018)

Mechanically Bolted Connection:

Aspreviouslydiscussed, e replacement of the welded connection with a bolted
connection waghe primary objective in the early stages of this research. For this
connectionthe steel sheets cut to be slightly larger than a setircle.Consequently
when the two piecesire placed around the column they overlap on both ends, leaving
room for the pieces to be bolted togethefrom the experimental tests, using this
connectionnecessitateshe use of prestressed bolts to prevent slip at the plates. In the
lab, this was done usirgycalibrated torque wrench, however any reliable method of
bolt pre-tensioning can be used as long as slip of the plates can be preventedsd loé
the calibrated torque wrench to tighten the bolis shown inFigure3.10, and the design

for the sleeve, bolts and prensioning can be found iBhapter 5.
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Figure3.10: Pretensioning of Bolts via Calibrated Torque Wrench

Step 7: Center Sleeve around Column

Regardless of the connection type ds¢he next step is to center the sleeve
around the column. In the lab, this was doog using 2x4s cut to the same length and
placed around the column to act as spacers. With the sleeve now centeréd, 0 K NB | RS R
rods were extended through the sleeve to éhcolumn.Using nuts and washers, the
length of the rod could be adjusted so that the sleeve semured tathe column then
the 2x4swereremoved 2 i K G KS HEn &LJ} OSNA FyR o0é¢ (KNB
Figure3.11. It should be noted that therare likely other methods of accomplishing this,
but regardless of the process the sleeve should be uniformly spaced and secured so that

it will not shift throughout the remaindeof the construction process.



41

Figure3.11: Centering of Steel Sleeve around the Column

Step 8 Seal the Base of the Sleeve

Before grout can be poured into the repair, it is recommended thatger-tight
seal be made at the base of the sleeve to prevent leakage. This is easily done in the lab
using a silicone sealant caulk, however in the field any method that prevents severe
leakage of the repair grout should be sufficiefihe white siliconsealant caulk used for

this project can be seen at the base of the sleevieigure3.12.
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Figure3.12: Silicone Sealat (White) shown at the Base of the Sleeve

Step 9 Pour Grout

The final step in this repair is to fill the annular space between the column and
the steel sleeve with grout or concret€hisshould be done using an appropriaten-
shrinkgrout or concretdollowingY | y dzF I O i dzZNB NEbatheAayfy&dalblbzO G A 2 v &
laboratory tests in this report, thgrout was poured in three lifts using five Bbbags
F2NJ SIFOK ftATFTOP® t SNI GKS .5hsld waier pértbggozgré O (i dzZNS NI
initially placed into agyaspowereddrum mixer(Figue 3.13). The grout was then slowly
 RRSR Ayidz2z GKS YAESNI I iR 1{SET (O 20y2a MEadES yooei Astl
After allthe grout was added to the mix, a small (less than 1 Ib) amount of water was
added, if needed, to reach the desired flowabil@nce completely mixed, the grout
was transferred into buckets then poured into the rep&rgure3.14). Once this grout

has set, the repair is complete andn be seen ifigure3.15.



Figure3.14: Pouring Grout into Repair
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Figure3.15. Completed Repair

3.4 Instrumentation

3.4.1Optotrak

The Optotrak Certus HD 3D position sensor system produced by Northern Digital, Inc.
has been reliably used to measure strains of longitudinal and transverse steel since 2007 at NC
{GF0SQa /2yaiaNHzOGSR CIF OAf AGASa galbmed canielaa & e &
to obtain precise threalimensional positions of the markers. For column tests like this, three
cameras are place around the column so that all sides can be Beepactof the
experimental tests in this project arourd0 LED markemsere placed directly on the steel
sleeve, longitudinal steel and transverse steel which can be seégume3.16.

With the threedimensional position of each markerjs possible to calculate an initial
length between two markers and then monitor how the length changes as the test progresses.
This information is used to calculate the strain between any two markers throughout the

entirety of thetest.



3.4.2 Strain Gauges

For steel that is not viewable from outside (i.e. within the concrete), it is impossible to
use the Optotrak system. Instead electrical resistastcain gauges must be used to measure
strains of thesteelwithin the repair.Previous researc{Krish, 2018haslearned that strain
gauges applied to the original column bars within the repair rarely provided useful data. This
was primarily dudo the bar strains exceeding the capacity of the gauges because the gauges
are typically only reliable until yielding whigtasexceeded early in the test. Because of this,
strain gauges were only applied to the longitudinal repair lzens steel sleeve hich have a
much lower strain demandexamples of the locations of these gages are shovAguare3.17,

highlighted by red arrows.



Figure3.17: Location of strain gauges on repair bars (left) and steel sleeve (right)

3.4.3 String Pots

String potentiometers were used to measure the column displacement at the center of
lateral loading. One was attaet to the center and served as the primary recorder of column
displacement, and a second was attached to the corner of the cap beam to check that the
column was not twisting due to any torsional forceeweverthis was notsignificantin any of

the tests
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In this chapter the three experimental repair tests will each be thoroughly discussed.
Since each repair aimed to improve the performance compared to the last test, this chapter is
presentedin a fairly chronological orde®. I O K N&:tidh Be®d? &with an explanation of the
objectives for that repair, followed by a description of the damaged column and the repair.
Next the progression of the repair test is recounted, after which the global and local responses
of the repairare analyzed and conclusions drawn. After the three testsdescribed, the final
section compares their results to demonstrate the improvements and effectiveness of each

repair.

4.1 Repair #1

4.1.1Primary objective

As already mentioned, the previous research by K€l 8)used a welded connection
for the steel sleeve in the repair. This was done usiv@semicircular steel sheetwhichwere
cold rolled to the appropriate diameter, placed around the coluamgthen welded together.
This method worked well fof of the 5 tests but resulted in an early failure of test #5 due to the
sleeve rupturing around the weld before the column reached its desired displacement capacity.
This led taestrictions on how the sleev&ould be cut and how the edges should be prepared
before welding can be done. A combination of this, andréd@ogntion that welding the two
steel sleeves together may not always be an option in practbether due to weather or
accessibility, led t¢he realization thatmechanically fasteninthe steel sleevenay be a more
reliable method of connecting the two steel shedB®cause of this, thebjective for this repair

was to eplacethe welded connection ofhe sleeve witha mechanically bolted corection.

4.1.2 Damaged Column and Repair
The use of a bolted connection isline with the repaimphilosophy of only using

conventional materials that are readily availabled serves to keep this a rapid repaihile
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designing this connection, it was realizéhat theforce demandfor the sleevevas notknown,
SO a conservative design was chosen to inhibit a connection failure. To do this, it was assumed
that the sleeve would yield up the entire height, which is easily equateddongentric point
load at the center of the sleeve heighthis allowed for a connection design to be found where
bolt bearing, bolt shear, and sleeve ruptu®uld havea higher capacity than sleeve yielding.
Thsdesignled to theuseofc NB ¢& YR o O2f dzYy &5 baltswhigécanRA I Y S G §
be seen inFigure4.2. The holes for these bolts were inadvertently oversited R RNAf f SR (2
Ay ail S| R Afahotethe eoosérdative desigfor this repairwas laterrefined,and the
updateddesign is dscribed in Sectiob.3.

The column repaired in this test was severely damaged, having 7 longitudinal bar
fractures dong with a substantial loss in core concretee Thpair was designed following the
steps described in Sectidnl The damage state of the column, repair cross sechott,

configuration,and important propertis are shown in the following figures.

Figure4.1: Damaged column for Repair #1 on the North (left) and South (right) sides
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Figure4.2: Repair cross section and bolt configuration for Repair. #1

Table4.1: Column and Repair Properties for Repair.#1

Original Column Comparison Column | Repair
Column Manhard Tet 4 Barcley Test 1 Repair #
Geometry Height = 8 ft Height = 8 ft Height = 22 inches
Diameter = 24 inches | Diameter = 24 inches | Diameter = 32 inches
Longitudinal mc 1=1.6%)" mc 1=1.6%)" 11#8bars
Steel fy =84.8ksi fy = 83 ksi fy =840 ksi
8 [ noomz |88 I ndudz (8@ I ndop:
fu = 106.0 ksi fu = 110 ksi
s dz ' dpdcz sdz I Mnodm:
Transverse #3 Spirals @ 2.0" {= #3 Spirals @ 2.0" {= 10-gauge A36 Steel
Steel 1%) 1%) Connected by 18 ASTN
fy = 79 ksi fy = 79 ksi A325 bolts withoy €
& [ noény’: |88 [ ndnyd: |diameter
fu =117 ksi fu =117 ksi
sdz ' T Pc: 5 dz7.6%
Concrete/Grout| f'c = 6.51 ksi fc = 5.77 ksi f'c = 7.85 ksi
Strength
Axial Load ALR =10.5% ALR = 5%% ALR = 5%
P =311 kips P =130 kips P =147 kips
Load Path NnekE 1.025inches Ne£x 0.78inches NeE 1.025inches
Ne=1.34inches Ne=1.05inches No=1.34inches
Bar Fractures | N2, N3, N4, N5, S3, S4 N3, N4, N5, S3, S4, an| S6

and S5

S5
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4.1.3Test progression

For this test, the column was subjected to the sasisplacement history as the original
column test wherqxeQ I'  nirdandnd= 1.34in. Cracking of the grout at the top of the repair
gra AYAGAFGSR G (0KS @ SHghredBAINE? UK SO O ASNEOIM k&nA ST &R
reached, this crack had already become larger than the crack width ruler (>0.060 irtéilgesg (
4.3.b). More cracks formed and all continued to widen, with minimal to no damage visible on
the column above the repair on both sides of the colurfig@re4.4.a). At the end of the cycles
at ductility 2 the loose groutwvas removed fronthe top of the repair Figure4.4.b). Since the
three most extreme bars on each side were fractured, and likely debohgedw, there was
still only minimal cracking or crushing of the concrete around these bnsever,during the
first cycles at ductility 4, concrete crushing and cracking was found at the most extreme non
fractured bars (S2, S6, N1, and N6) which can be sdeigure4.5. Notably, the crushing and
cracking primarily occurred just below the top of the repair, as opposed to above the espair
expected By thefinal cycles at ductility 4, buckling was observed for the S2, S6, N1, and N6
bars. In the 1st of the ductility 5 cycles, each ofshkars were further buckled, and on the 2nd
cycle, S6 fractured during the positive displacement, and N6 fractured onethative
displacement. At this point, the test was concludEayure4.6 shows therepairedO 2 f dzYy Q&
maximum displacement.

During the testit was obsergd thatthe plates were slipping relative to each other. This
was most noticeable at the base where the silicone was used to seal the sleeve and by the end

of the test a visible gap had formec¢hich is shown ifrigure4.7.



Figure4.3: Cracking of the top of repair groutat () %<F I Yy 60060 C

(b)

Figure4.4: Cracking of the top of repair grout (a) before removal of loose grout and (b) after
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(b)
Figure4.5: Concrete (a) cracking and (b) crushing visible during thieyicles at ductility 4

[J 4 4]

Figure4.6: Maximum displacement and final cycle of test



Figure4.7: View of silicone sealant where gap formed due to plates slipping
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4.1.4Global response
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Figure4.8: Force vs. Displacement Response of Repair #1

Although the repair test was foed to use a smaller axial load than the original column
test (discussed in Sectidhl.3, data from a column with the same axial load and detailing was
availablefor comparisonln Figure4.8, the global response of Repair #1 is compared tigh
equivalent columnFrom the figure, it can be seen that thepaired column was capable of
reaching the samdisplacements thecompari®n column,but the repaired column exhibits a
softening behavior after a displacement of 4 inches, which is not seen in the original column
test. This behavior has been observed in previous research using this repair technique and is
attributed to debondiry of fractured bars within the repair.

Aside from the softened response, another difference in the repaired response is the
pinching behavior near zero displacement. While this too was observed in prior repair tests
containing fractured bars, this repappears to be significantly more pinched thahat was
seenusing a welded connection for the steel sleeve. This is concerning because it implies that
the repaired column dissipates less enevgyich wouldindicate that ithasless seismic

resistanceSin@ bar debonding and colurmmsocket action are attributed to causing the pinched
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responsejt can be implied that the anchorage of the fractured bars was weaker in this repair.
This can be attributed to the slipping of the plates, as there would be miniomdining forces

to the repair while the plates are slipping.

4.1.5Local Response

Using Optotrak datérom LEDs on separate plates at the connectpmate slip can be
monitored throughout the duration of the tesAn example of two of these LEDs is shown on
the left of Figure4.9, and on the right is a plot of the length change between the two markers
vs. the top displacement of the column. This data shows that for thegirsh of the early
cycles would cause the plates to slip, and there was almost no rebound. Eventually (around 3
inches of displacement), enough of the bolts began to bear on the holes and there is minimal
increase in slip. While some amount of this chamgkength would be due to the strain in the
sleeve, it is believed that this would be minimal until the bolts were bearing on the holes. With
no strain developing in the sleeve, tkhenfining forces from the sleevannotexist, which
would diminish the achorage of the fractured bars within the repawhile the oversized holes
would have worsened this behavior, prevention of plate slip completely would theoretically

lead to a behavior similar to a welded connection where there would be no slip.

6 4 -2 0 2 4 6 8
Displacement [inches]

Figure4.9: Slip of Plates in Repair #1
The longitudinal bars of the column were also instrumented with LEDs and can measure
strains throughout the test. To better understand the use of this, the strains of the S6 bars are
analyzed firstThis bar was not fractured during the original columrt #asd wasone of the

next most extreme barin the repair test when ignoring bars that would have debond&sl.
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with before, the left side ofigure4.10 shows thetwo LEDs usedand this time the right side
displays the strain in the bar vs top column displacement. As a note, the bottom LED was not
used because it was hidden from the camera in the middle of the test and did not record any
data. The strain vs. displacemaesponse of S6 exhibits the behavior typical for a longitudinal
column bar that is well anchored, with increasing displacement corresponding to an increase in
strains until buckling occurs when the bar is in compression. As the bar continues to buckle
further and further, eventually it ruptures in tensionighlightedby the red x.

0.050
0.040
0.030
0.020

Strain

0.010
0.000

-0.010
8 6 4 -2 0 2 4 6 8
Displacement [inches]

Figure4.10: Strain in Longitudinal Bar S6

With an understanding of what the strain history in a longitudinal bar typically looks like,
the strains in theN4 andS4 baswill now be analyzedThese arghe most extreme baon
eachside andwere expected to debond during the repair test becaulsey had fractured
during the original column tesEromFigure4.11it can be seen that the initial behavior of the
bars is similar to the well anchored bar analypeeMously, but once the column reaches a
displacement of around 2 inches, the strains in the begin to drop off. This indicates that the bar
has debonded ani no longer sustaining any loadO2 Y i NA 6 dziAy 3 (2 GKS NBLJ
responseWhile this was exgcted, the reduction in confinemeritom slip of the platess
believed to have worsened this, causing the bars to debond earlier and at a lower strain than if

the plates had not slipped.
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Figure4.11: Strain in Longitudinal BaxN4 (eft) and S4right).

4.1.6 Canclusions
From this test, it appears that a bolted connection of the two steel sleeves is a viable
option instead of weldingThe repair successfullglocated the plastic hinge andstored the
O2ft dzvyy Qa f 2| R capsicRhdwavarltie pirdHedreSpoérise of the column could
indicate a lowered seismic resistance. With the pinching behavior being largely attributed to
longitudinal bars debonding, better anchorage for these bars is desirable. It is believetdahat
slipping of theplateswould hinder the confining forcesf the sleevdrom developinguntil the
bolts were bearing on the bolt holedf slip could be prevented, anchorage of the fractured bars
AK2dzf R 0SS AYLINRPOSR>X 6KAOK ¢g2dzf R Ay TofuliddS A Y LINR
investigate this, the next repair test will aim to prevesiip via apre-tensionedbolted
connection.If successfulthe repairis expected to bhavemore like awelded sleeve
connectiong KA OK ¢g2dzf R AYLINR @GS G(GKS LIAYOKAY3A 0SKIFGA2I

response
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4.2 Repair #2

4.2.1Primary objective

As mentioned, lte objective othis repairwas to prevenslip at the bolted connection
through a pretensioned bolt connectionlhrough pretensioned bolts, the two plates will be
clamped together which will developfactional force between then that serves taesist slip If
slip can be completely prevented, the sleeve will be capable of providing more confinement to
the repair than the pevious test and should behave as if the sleeve was welded together.
comparisorbetween this repair and Repair #1 che done to determine the effectiveness and

necessity of the préensioned connection.

4.2.2Damaged Column and Repair

A calibrated torque wrech was used to apply the ptension to the bolts. Although it is
known that this is not the most reliable method of piensioning, due to the relationship
between torque and prdension being heavily dependent on friction of the bolts, it was
deemed aceptable because any amount of ptensioning would be an improvement
compared to the previous repair. The method used for determining the size and number of
bolts to prevent slip is given in Sectibrl. Following this, it was found that keeping the same
pattern of 6 rows and 3 columnsf bolts butusing largep k' y ¢ RAF YSGSNJ ! { ¢ a
shouldprevent plate slip.

The column repaired for this test wasminally identical to the previous column aside
from the longitudinal bars coming from a different steel mill. The original column test resulted
in 5 bars being fractured and a significant amount of concrete spalled off. Although Repair #1
contained 7 fratured bars, the south sides of the columns from both tests contained 3
fractured bars and had 5 repair bars. This gives an optimal location for comparison of local
strains between the two tests. The damage state of the column prior to repair as wek as th

repaired cross section and important properties are shown in the following figures.



Positive Disp.

—

Legend
@ - Fractured Bar

Figure4.13: Repair cross section and bolt configuration for Repair. #2
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Table4.2: Column and Repair Properties for Repair.#2

Original Column ComparisonColumn Repair
Column Manhard Test 3 Barcley Test 1 Repair #2
Geometry Height = 8 ft Height = 8 ft Height = 22 inches
Diameter = 24 inches | Diameter = 24 inches | Diameter = 32 inches
Longitudinal mc 11=l.6%)’ mc 1=l.6%)’ 10#8 bars
Steel fy = 85.9 ksi fy = 83 ksi fy =840 ksi
8 [ nodoyz |88 I ndud: (8@ I ndopm:
fu =113.5 ksi fu = 110 ksi
sdz ' Mnodo’: [sdz I mMndmrE:
Transverse #3 Spirals @ 2.0" {= #3 Spirals @ 2.0" {= 10-gauge A36 Steel
Steel 1%) 1%) Connected by 18 pre
fy = 79 ksi fy =79 ksi tensioned ASTM A490
@ [ ndnyz |(s& [ ndny: | bolts with 5/&
fu =117 ksi fu = 117 ksi diameter
sdz I T dcz s dz I T dcz
Concrete/Grout| f'c = 6.87 ksi f'c =5.77 ksi f'c = 8.82 ksi
Strength
Axial Load ALR =10.0% ALR =5%% ALR = 5%
P = 311 kips P = 13kips P = 147 kips
Load Path NekF 1.065inches Ne£F 0.78inches NeF 1.025inches
Nne=1.35inches Nne=1.05inches Ne=1.34inches
Bar Fractures | N4, N5, S3, S4, and S§ N3, N4, N5, S3, S4, an{ N2, N3, N6, S2, S6
S5

4.2.3 Testprogression

This repair was subjected to the same displacement history as Repair #1. Cracking on
the top of the repair again occurred very early in the test, with a separation of the column from
the repair grout being noticed at half of first yield (1/XF§y ¢ KA OK Crigyfed.®4s. 4SSy A
More cracks formed and widened throughout the early ductility cycles, growing to larger than a
tenth of an inch after the firstycle at ductility 1 Figure4.14.b). During the cycles at ductility
1.5, tension cracks were clearly visible on the coluRigure4.15.a) which was not observed
during the first repair test. Keeping consistent with Repair #1, after the conclusion of the
ductility 2 cycles, loose concreteas removedrom the top of the repair which is shown in
Figure4.15.b.

Nearing the end of the test, the north side of the column had a large amount of

concrete crushingwhile the south side had fairly little. A comparison of the concrete crushing
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on the two sides is shown igure4.16. This is likely due to the north side having liestsal
damage than the south (2 fractured bars vs 3). Buckling was first observed in N3 during the final
cycle at ductility 4. On the first push cycle of ductility 5, N2 and N6 also buckled. When pulling
back in the opposite direction N3 fractureethd S2and S6 buckled. In the second cycle at
ductility 5 each of the buckled bars were furthmrckled but did not fracture. For the third
cycle S2, N2, and N6 fractured. Though the column had completed all three cycles at ductility 5,
the column was pushed onaore timeto fracture S6. At a displacement of 7.45 inches, S6
fractured and the test was concluded. A progression of buckling to fracture is shdwguire
4.17 for N6, with other bars showing similar damage progression. Ldsithyre4.18 shows the

A

O2f dzyYyQa RAALI I OSYSYy(d RdzNAYy3I GKS FAylLf 0Oeof s

(a) (b)y .
Figure4.14: Cracking of the top of repairgroutat (&) %<F I YR 00.0 RdzOGAf A






























































































































