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ABSTRACT

Bridges designed with current seismic codes exhibit large displacement capacities, and the bridge total
collapse is prevented. However, damafductile memberss allowed at this performance levéh
reinforced concrete bridgexcited by ground shaki, columns ar¢he target ductile membeirs which
concrete cover, core, and reinforcement may damage, and the columotrewyrn to its original

position Minor damageare usuallyepaired but excessive damages such as core crushing, bar buckling,
and/or bar fracture are hard to repair and will usually result itahann orbridge replacement.
According to FHWA, approximately 25% of the US bridges require rehabilitation, repair, or total
replacement. Furthermore, within the next 50 years, madgdyw located in the 16 seismic prone states
of the nation will experience large earthquakes that may cause significant damage. Induced seismic
activities in formerly nofseismic states such as Oklahoma may also damage bridges with poor seismic
detailing. Even though current practice is successful in attaining treoit@pse objective, a new design
paradigm is needed to minimize bridge damage incorporatingdomo-damage techniques. The benefit
can be enhanced if those lal@amage technologies are daimed with precast techniques to accelerate
bridge construction. The main goal of gresent study wa®e developa new generation diridge
columnswhich are fully precast, low damage, and repairable through component replacement. To
achieve the projeémbjectives, 20 repairable precdstailingalternatives were developed thenkad

using a 13parameter rubritmcluding design and construction consideratioBsibsequently, top three
candidates were selected, designed at 8€8te, and prepared fasting. Thethreeprecastolumns
incorporated differenéxposeduses such astainlesssteelbarsrestrained against buckliramd steel
tendonswhich aretensiononly members. Advancedmaterials such as ulttsigh performance concrete
(UHPC)andself-centeringmechanisms weretilized to reducehe columrdamage and residual
displacementsA reference cagh-place columr(CIP)was included focomparison Therepairable
precast bridge columns were testeite underaslow cyclic loading.The columns were repaired only

by replacing the exposed fuses and retested under the same |cEtngpair of bhithree columns were
overallfeasiblebut the repair of the columns with exposed tendons were very easy, simplastashaef

to insignificant residual displacements. All precast columns exhibispthcement capacities
comparable with ohigher tharCIP. Analytical modelingnethod were developed for repairable
columns, which were reasonalagcurate.Subsequently, parametric study was conducted to better
understand the behavior of repairable columns using different fuse materials. Finally, design and
construction guidelines were proposedatcilitate the use ahis new technologyProof testing of the
repairby-replacement design concegévelopment oh newgeneration ofocking columis through
external postensioninganddevelopment ofendonto-bar mechanical splicesethe keyoutcomeof

this study.
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EXECUTI VE SUMMARY

ES.1 Introduction

Bridges designed with current seismic codes exhilgelaisplacement capacities, and the bridge total
collapse is prevented. However, damafductile memberss allowed at this performance levéh

reinforced concretRC) bridgesexcited by ground shakingolumns ar¢he target ductile membeirs

which concrete cover, core, and reinforcement may damage, and the columatmretyrn to its original
position Minor damageare usuallyepaired but excessive damages such as core crushing, bar buckling,
and/or bar fracture are hard to repair and willaliguesult in thecolumn orbridge replacement.

According to FHWA, approximately 25% of the US bridges require rehabilitation, repair, or total
replacement. Furthermore, within the next 50 years, many bridges located in the 16 seismic prone states
of the nation will experience large earthquakes that may cause significant damage. Induced seismic
activities in formerly nofseismic states such as Oklahoma may also damage bridges with poor seismic
detailing. New detailing and enhanced materials are emgrgimeduce the damage of RC bridge

columns minimizing the need for repair or replacement after an event. odcaw-damage detailing may

be attractive to bridge owners in seismic regions due to a reduced cost associated with the repair or
replacement ofhe bridge. Columns can be designed to be low damage using advanced materials and/or
novel detailing.

The present worlvas carried outo advance the statd-the-art column design with a new concept of
repairby-replacement methodology, such as thased in the car industry. The benefits can be
maximized ifaccelerated bridge constructiohBC) detailing and advanced materials are incorporated in
a repairable design.

ES.2 Objectives

The main objective of this study wasdevelop new details for RC bridge columns that are repairable
through component replacement. To achieve this goal, advanced materials and ABC detailing were
combined to develop feasible repairaaliernatives. Alrepairableprecast columalternatives were

assessd through a I-parameter evaluation method to select best details for experimental investigation.
Of the top candidates, three repairable precast columns were selected, constructed, and tested and the
results were compared with a reference-tagtiace(CIP) column. All specimens were halfale and

tested under a slow cyclic loading at the Lohr Structures Laboratory on the campus of South Dakota State
University. Each column was tested twice under the same loading. In the second test of each, specimen
the column exposed fuses were replaced to practice repair through replacemetdst Rost parametric
analyses were performed to better understand the performance of repairable c&luniesmore,

design ad construction guidelines were pasedor repairdle precast bridgeotumnsbased on the

findings of the study

ES.3 Literature Review

Novel columns may improve the bridge seis performance and lower its damage thus minimizing the
repair need after an earthquake. The enhanced performance of a novel columns can be achieved using
advanced materials and/or new detailing. Advanced materials for reinforced concrete bridges can
improve column ductility, concrete confinement, and reduce cover spalling while novel column detailing
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can minimize residual displacements and may further add to the displacement capacity. A review of past
studies on advanced materials and novel bridgeraduvas performed.

ES.4Repairable Column Alternative Development

In general, repairable columns envisioned in this project have bars that are exposed, accessible, and
detachable using mechanical bar splices. If a type of steel bar is used in this detailing, it must be

restrained against buckling to avoid lawcle fatgue. BRR is a bar that is confined in a steel tube to

minimize buckling, or a buckling restrained reinforcement. Alternative to BRR is a fuse with tension

only members such as steel tendons. Furthermore, the colameteli must be reducédthe plastic

hinge region to accommodate the exposed fuses and couplers. The sshtioeof arepairable

coumni s call ed fAneck r eg ithawibhedevetoped in this giuayi are &xpdcted c ol u m
to be momentesisting since the exposed bars are axiahbezs forming a tensiecompression couple.

The shear forces associated with the moment will be resisted with either concrete components or an

additional shear pin connection.

Any repairablecolumn utilizing BRR in the neck region mhg reinforced wh differenttypes ofbars
includingblack steelstainless steel (SS), shape memory alloy (SMA), or Martensitic Mimnmgposite
Formable Steel (MMFX)It may also be possible to use tendons (either steel, SMA, oirélrdorced
polymer, FRP) instead &RR to allow for a tensiconly connection to prevent buckling. Furthermore,
selft-consolidating concrete (SCChgineeringcementitiouscomposite (ECG)and dtra-high
performanceconcrete (UHPCjnay be used in the neck regionigu of conventional cocreteto reduce
damage

Based on the most feasible combination of advanced materials and novel column detailing, 20 new
repairable bridge column alternatives were develdpafd ES.]). The alternative development was
mainly based on the column detadliand their constitutive cementitious materials but not variations in
exposed reinforcement (either BRR or tendons). Otherwise, the total number of repairable bridge
columns would have exceeded 80.

NCHRP Report 864Saiidi et al.,2017) contains an eluation method for novel bridge columns

including plastic hinge damage, displacement capacity, residual displacement, design considerations, and
construction and other considerations. ThigpaBameter rating system was selected to assess the 20
repairatte columns and to determine the top candidates for tesfiable ES.1presents a summary of
assessment using the NCHRP methbdr simplicity, allscoresvere converted to a fivetar ratingo

determine the most viable alternativeSsome columns werated better than others. However, it should

be noted that all the proposed repairable columns will have a unique charaéteegtaabilityi which

makes them better compared with conventional columns.

Figure ES.2showsthe top four repairable column alternatives based on the above rating system. Of the
four alternatives, Column 1, which was rankétj @as tested in a previous project by the research team
(Sjursethet al., 2022 Columns 3 and 15 (respectively ranksdihand 3) were selected for further
experimental investigation in this project. Even though Column 19 rates as high as Column 15; the post
tensioning of Column 19 must be performed on site to connect the column to the footing. Nevertheless,
the posttensioning of Column 15 may be performed at the precast plant, which offers a better
constructability and quality. Therefore, Column 19 was not included in the experimental study.
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Table ES.1. Repairable Column Ratings on Five-Star Scale

Column Five-Star Rating (0-5)
1: Pipepin 3.19 ranked 2¢
2: Pipepin w/ FRP jacket 3.09
3: Pipepin w/ UHPC or ECC 3.26 ranked ¥
4: Rubber bearing 3.06
5: Large neck pipsocket 2.99
6: Pipesocket 2.92
7: Pipesocket w/ FRP jacket 2.81
8: Pipesocket w/ UHPC or ECC 2.99
9: Pipesocket w/ postensioning 2.95
10: Necksocket 2.92
11: Necksocket w/ UHPC or ECC 2.95
12: Necksocket w/ postensioning 2.95
13: Columnsocket 3.06
14: Columnsocket w/ UHPC or ECC 3.09
15: Columnsocket w/ UHPC, podensioning 3.16 ranked 3
16: Columnsocket w/ FRP jacket 2.95
17: Rocking 3.09
18: Rocking with FRP jacket 2.99
19: Rocking with UHPC or ECC 3.16ranked &
20: Segmental 2.95
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o o
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c) Column 157 Ranked 3rd
Figure ES.2. Detailing of Top-Rated Repairable Columns

d) Column 191 Ranked 3rd



ES.5 Experimental Investigation
ES.5.1 Test Matrix

To evaluate the feasibility and seismic performance of the proposed repairable bridge columns, top three
repairable columns were selected for proof testing. Furthermore, one refereringptast column was

included to serve as the benchmark modkgure ES.3shows the column details selected for testing and

Table ES.2presents the column test matrix. The four test specimens can be identified using a naming

system including the column and connection type. The referenemqaate column is identifig using

the acronym ACI Po. The name for the repairable c
with headed | ongitudinal bars/ couplerso foll owed
pipe-pin connection at the columnbase t h t he pi pe embedded-pinn the col
connection with the pipe embedded in the footing,
instead using a socket connection. L atatesthat a t hi r
the column is repaired by component replacement and retested to prove the proposbygrepair

replacement concept.

The CIP octagonal cross section was designed with a width of 24 in. (610 mm) and a height of 8 ft (2.44
m) from the top of the fating to the centerline of the applied lateral load resulting in an aspect ratio of 4.
The CIP column model incorporated 10, N¢@Z25mm) longitudinal bars with Na3 (@d10mm)

transverse hoops spaced @251 mm) on center. The resulting longituaireinforcement ratio and
transverse volumetric steel ratio were 1.66% and 2.0%, respectiMaiycolumn desigraxial load index

was 5% the desigrtoncrete compressive strengths6,000psi (41.4 MPa)andASTM A706 bars were
consideredor all reinforcement The column was designed to achieve a minimum displacement ductility
capacityof 7 based on AASHTO SGS (2011)

A similar cross section to that of the CIP column was used inREIHHut a pipgin connection was

devised between the precastumn and footing to allow a large rotation at the column base while

resisting plastic shear forces. In the neck region, a circular section with a reduced diameter was utilized
to accommodate exposed reinforcement and connections. Staitdekbas were used instead of
conventional black steel bars to improve the durability of the exposed components. Dowel bars matching
the number and size of the exposed bars were extended out of the footing and the octagonal column to be
connect to the exposedrba Headed Reinforcement Corp. (HRC) 500 Series couplers were used in this
precast column since they are detachable, reusable, and low profile. All bars were headed. The female
portion of the coupler (the larger piece) was placed on the column/foatimg/siand the male portion of

the couplemwas used on the exposed bar. Longitudinal bars in thePRPEblumn and footing were

oversized to No. 10032 mm) compared with the No. 825-mm) bars that were used in fuses. This was
done to ensure that tharyielding occurs within the fuses but not in the column/footing dowels. No. 8

(" 25-mm) stainlesssteel bars used as the exposed fuses were machined down from N82-hng)

bars to match the CIP longitudinal reinforcemdntinitial testing (fuses dored in yellow), thedog

bonelength was 10.25 in. (260 mm) while the reduced diameter length was 5.125 in. (130 mm) in the
second testing in which the column wapaied (fuses colored in green). Different fuse lengths were

used to investigate theaffects on the column overall ductility. A clear cover of 1 in. (25 mm) was used

in the column.
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Table ES.2. Column Test Matrix

Exposed

Specimen Reinforcement Connection Co!umn Long. Column Main Additional Remarks
Name Type Reinforcement | Material
(Fuse) Type
cIp N/A Monolithic | Black Steel Conventional Castln-plgce vertical
Concrete construction
Stainless Steel Bar Precast columseatingon
RPHPC | Confinedwith PipePin Stainless Steel| SCC footing, column tested twice
Grouted Tubes
RPHPE | Steel Tendons | V€' | glack steel | UHPC Precast columseatingon
PipePin footing, column tested twice
Grouteg column connetio footin
RPHNP | Steel Tendons Socket Black Steel UHPC . : 9
with no Pin via asocket connectign

column tested twice

Note: SCC refers to sel€onsolidating concrete, and UHPC refers to titiigh performance concrete.
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rooting DE S Footing

% S *

c £ Column
o= - Steel Bars
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¢) RPH-PF w/ Inverted Pipe-pin Connection

Il

-- BRR/Tendon

{ H

d) RPH-NP w/ Grouted Socket Connection
Figure ES.3. Connection Details for Column Test Specimens
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The detailing of RPHPFwasmostly the same as that of RFC, but with some modifications based on
lessons learned from the first repairable column testing {REH The same geometry, cross section,
and reinforcement as RPIPC were used in the precastuwon, neck region, and caist-place footing.

One major change in RPPF compared with RRRC was the use of UHPC in the column instead of
SCC, which was done to reduce tdumndamage. Furthermore, conventional black steel was used in
lieu of stainless steel since the effects of stainttssl bars were already explored in RPE. Despite
attempts to eliminate buckling of BRR in R, a major Shapebendingoccurred at high drift ratios
outside BRR within the gap between the coupler strel tube. To eliminate any type of buckling, a new
barto-steettendon coupler was designed in collaboration with Headed Reinforcement Corp. in which the
exposed fuses work in tension only in lieu of the tensmmpression mechanism of BRR. The male
portion of the HRC 500 couplers was redesigned to accommodate (L6-mm) diameter sevewire

steel tendon. Since tlaeeaof a 0.6in. (15mm) tendon is approximately ofigird that of a iin. (25

mm) diameter bar used in BRR, the number of longiaideinforcing bars in RPHPF was increased

from 10 to 14 to better match the moment thus lateral force capacity oPRPH\nother detailing
modification was that the pipe (now a solid steel shaft) in RIFHvas embedded into the footing rather
than tre column as was the case in RPB. This allowed for the steel socket to be inverted and placed
in the column neck section, eliminating durability issues such as possible water buildup in the socket.
Furthermore, the pipe cross section was changed fi@rola to a solid square to better resist column
torsion.

The crosssectional properties, reinforcement, and cementitious materials oiNFRiere the same as

those of RPHPF. UHPC was used for the entire precast column. Steel tendons were inedrpsrat
tensiononly fuses and no BRR was used. The column was fully precast and was connected to the footing
using a grouted socket (pocket) connection. To accommodate the socket connection, the height of the
footing was increased from 2 ft (610 mm) ugedll other columns to 3 ft. (914 mm). The column height

from the top of the footing to the centerline of the applied lateral load remained the same as other
specimens, 8 ft. (2.44 m). Pdshsioning requirements of this hybrid rocking column weregdesi

following recommendations from NCHRP Report 864 (Saiidi et al., 2017) in which the total tendon area
must be greater than 0.4% of the gross esessional area of the column and the initial tendon stress

after all losses should be less than 30% eftémdon yield strength. These design values ensure that steel
tendons do not yield, and that the column fails either by bar/fuse fracture or core concrete crushing. The
final design resulted in 15, Gif. (13mm) diameter grade 270 (1862Pa) severwire steel strands, each

postt ensi oned to no more than ®05kMul ¢4 p4 aMRra)AnchAr
system was incorporated to anchor the 15 unbonded tendons, which were grouped and passed through the
column cross section using ar8 (76-mm) plastic duct.

ES.5.2 Test Results

Figure ES4 shows the damage of the plastic hinge region for CIP,-REHRPHPF, and RPHNP after
the second pull dhe2.0% driftcycle CIP and RPHPC experiencedomeflexural crackswvhile no
damagevasobservedn RPHPF and RPHNP. CIP was a conméional column thus the observed
damage was typical. SCC was used in FRHthus some cracks wexgpected At the rocking face of
RPH-PC, some spalling was observedinly due tothe use of theteel shims placed between the column
andthe steel basepta at the rocking interfaceNevertheless, the apparent damage of RIFHnd RPH

NP cast with UHPGwvas minimal at 2% lrift ratios

Figure ES.5shows the damage of the four columns atdt#t ratio, just prior totherepair(for the
precast columns n&IP). CIP experienced significantspalling RPHPC exhibited both flexural and
shear cracks above the neck segtaominor Z-shape bendingf BRR, andspallingof SCCat thecolumn
base.NeverthelesdiRPHPF showed no damagadRPH-NP exhibited minor fleural craclsin the neck
section.
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Figure ES.6shows the plastic hinge damage of CIP, RREHR, RPHPFR, and RPHENP-R at their
failure. CIP exhibited extensive damage such as commmgghing.andbuckling and fracture dhe
longitudinal bars Seveal cracksspalling of SCC, andh Z-shapedeformationof BRR were observed for
RPHPCR. Nevertheless, the UHPC damage was minimal in4RRiR and RPENP-R. RPHPFR
had only a few cracks at the base of the column. -RPHR had a few more flexural cracksan RPH
PFR both on and above the neck section.

In terms of reparabilityCIP could notbe repaired at0% drift due to the extent of the damagéne

repair of RPHPCwasdifficult due to thebending of column/footing dowel bars, tAeshape

deformationof BRR, andlargeresidual displacemensgen at high driftsRPHPF had insignificant

residual displacements with no column/footing dowels bent thwzsivery easy to repairln fact, this
column was repaired and prepared for retesting in lesdwiahours. The repair of RRNP was also
simple and quiclat 4% drift ratio however, the repair might be slightly more challenging at very large
drifts due tomoderate levalesidual displacements. Neverthelegsany residual displacementse

tendons can beut to the appropriate lengths and install&tis is a significant enhancement of the
repairability compared with RRRC where BRR lengths cannot be easily adjusted onsite (a portable
heading machie is needed to head the ends of BRR onsite) and there is a small tolerance to install each
BRR. Furthermore, tighteninthe couplerof the tendorto-barsusing simple tools (pipe wrenches) can
generata significant tensile force in tendefe.g., 10 kig (44.5 kN) in RPHPF)thussuch fusesnay

serve as botthe column longitudinal reinforcement andeaentering mechanism. Thssa novel hybrid
rocking connectioin which posttensioning is outside the column afdly accessibleThis is a

significant enhancement of durability compared to conventional rocking systems sintengasting of
rocking columns in all past studies were internal with no to minimal accessibility for the inspection and
maintenance UHPC showedh superior performance comea with conventional concrete and SCC and
is thus recommended for such repairable columns.
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a) CIP (Sjurseth et al., 2022

d) RPH-NP

, and RPH-NP Plastic Hinge Damage after 2% Drift Cycle

¢) RPH-PF
Figure ES.4. CIP, RPH-PC, RPH-PF
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e 51-5&& 155,
d) RPH-NP
Figure ES.5. CIP, RPH-PC-R, RPH-PF-R, and RPH-NP-R Plastic Hinge Damage at 4%
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d) RPH-NP-R at 8% Drift
Figure ES.6. CIP, RPH-PC-R, RPH-PF-R, and RPH-NP-R Plastic Hinge Damage at Failure State
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Figure ES.7showsthe lateral forcadrift hysteretic curves for thareerepairable columsincluding their
repaired testing superimposed on the CIP respoRE#4PC and RPHPG-R exhibiteda lower initial
stiffness comparedith that of CIP put similar force and displacement capacitiese achievedNote
that RPHPC did not fail but the test was stopped at 10% drift, where thedlibhn failed Even
though no specific sel€entering mechanism was us&PHPC and its repairegersion both with
stainlesssteel BRR, showed moderatdevel reduction(e.g.,44% at the last cyclein residual
displacementsompared with CIP However, the residual displacemeeduction at high drifts was not
sufficient to allow an easy BRR replacemenhe column/footing dowels were also bent limiting the
repairby-replacement techniqué herefore, this column needs an alternative BRR such as SMA to
minimizethe dowel damge andresidual displacementhe incorporation ofeéndon fusesight be
anotheralternative

RPH-PF and RPHPFR hada significantly lower initial stiffnessaslightly lowerlateral strength, and a
similar displacement capagitompared with CIPBoth RPHPF and RPHPFR exhibited insignificant
residual displacements throughout the entire testing allowing a simple and fast replacement of tendon
fuses. The strong recentering behavior of this column proves that the external tendons can sisiyltaneou
serve as the column longitudinal reinforcement and rocking reinforcement. Therefor®FRigthiling

is a new generatioof hybrid rocking column# which rockingreinforcement is fully accessiblé&ote

that exposing the tendons may cause durghdgues. All exposed reinforcement should be protected
against weather conditions. For example, stairdess bars must be used as column/footing dowels, and
stainlesssteel, galvanized, or epoxgpated tendons (such as those used in ¢bleed briges)should

be incorporated as tend@uses.

In RPHNP and RPHNP-R, the initial stiffnessnost closely matchetthat of CIP. Furthermore, this

repairable column showed a 3tfher lateraktrength, but a 14%wer displacement capagit

compared with @. Despite the use of an established rocking system (internalgmssbning) as well as

the external tendon fuses, this column did not show insignificant residual displacements mainly due to the
rebar hinge connection at the column base. Neverthétesspair at 4% drift ratio was relatively easy

and fast since the new tendons werteirtlength and installed even when the column had a residual drift
ratio of 1.5%.

Figure ES.7dshows the average pushover envelopes for CIP and all repairabtsolThe
displacement ductility capacities of the three repaired precast columns were all significantly lower than
that of CIP due to the reduced stiffness and delayed yielding. However, for novel columns, the drift
capacity is often a better indicatdrtbe column performance than the displacement ductility capacity.
CIP failed by the longitudinal bar fracture at 8.96%. RPER did not fail, since the test was stopped,
but the column drift capacity wassumed to b8.8%. RPHPFR failed bythetendon rupture at 8.9%
drift ratio. RPHNP-R failed bythe neck bar rupturat7.7%drift ratio. Therefore, the displacement
capacity of RPHPGR was 9% higher than that of Ciadthe displacement capacities of RIPH-R and
RPHNP-R were 0.6% and 14% lower thtrat of CIP, respectively Figure ES.7dalso includsthe

design level drift demand based on the AASHTO spectrum for Downtown Los Angeles, CA using the
period of the CIRolumn. While all repairable columns wgneshed well past the drift demand before
repair and retesting, it may be noted that their reduced stiffness irsttegis@eriod and thus likely
increasetheir drift demand under the same design level earthquakeher study such as shake table
testing is needed to better understand the dynamic behavior of the proposed repairable columns.

Overall, all precast columns were repairable, especially those with tendon fuses, and were retested after
being pushed well past the displacement demand of thedlifin withminimal damage.
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d) Backbone for All Columns

Figure ES.7. Measured Force-Drift Hysteretic and Envelope Responses

Figure ES.8shows the measured residuatsuspeak drift relationships for the CIP and repairable

columns. All columns had a negligible residual displacement wifotdrift. Furthermore, RPRC and

RPHPF exhibited insignificant residual drifts up to 4.0% pedit. dThe residuapeak drift relationships

for RPHPFR and RPHNP-R closely match those of their initial testing while RPB-R experienced
smaller residual drifts compared with its initial testing (RIPE)). After their initial plateaus, it can be

seenthat the residugbeak drift response for RPPIGR and RPHNP-R follows the same slope as CIP,
while the response for RPPIFR increases at a much smaller rate.

Residual drifs lessthan 1% may be assumawignificant after an earthquakCHRP 864).Overall,

RPHPFR experienced the smallest residual dafisong all columna n d

drifto

stayed bel

closeto-plumb positiomallows fora quick and easy replacementtbé fuse.
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Figure ES.8. Measured CIP and Repairable Column Residual Drifts

ES6 Analytical Investigation of Column Test Specimens

A general modeling methodology was developed forghairable columns and was slightly modifiger
column specimeto accommodate differegblumndetals. A threedimensional finite element model

utilizing six degrees of freedom (DOFs) and a fibection was used to analyze @, RPHPC, RPH
PF, and RPHNP columns.Figure ES. 9shows the CIPnodelandthe generaimodeldevelopedor the

repairable columns.
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Figure ES.9. Cast-in-Place and Repairable Bridge Column Models
Thefuseswere simulatedusgfit r uss o0 el ement s spread radi al

Af orceBeamCol Uhatruss eleientmiead theslength sectional areaf thefuses. The

truss elements were connected to the column sectionfistng a st i ¢ Be a mC oTheucore 0
concrete properties were used to determine the modulus of elasticity used in trepheamelements
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while it was found that the cross section used to determine the area and moment of inertia could best be
approximated using a rectangith awidth equal to ongenth of the circumference of the column core
and an arbitrary height.

Figure ES.10ashows the calculated and measured falisplacement relationships for the CIP column
The intial stiffness of the calculated and measured pushover curves matche&uwétermorethere
was only a 5.4% difference between the calculééd® kips or 276 kNand measure(b5.4 kips or 291
kN) lateral strength ahe column The calculatedirift capacity ofCIP was7.64% which wasl4.7%
lower than the measureliift capacity of 8.96%The model predicted that CIP fedby bar fracture
which was also observed in thelumntesing.

Figure ES.10b shows he calculated and measured fodrét relationshipg for RPHPC withthe long
BRR (Lfof 11.25 in (286 mm) used in the first testhe initial calculated stiffness is slightly higihthan
the measured stiffnes3he calculated pealateralforcewas 64.0 kips (285 kN) while thmeasured
lateral strength was.6%higher(67.8 kipsor 302 kN). Thefirst test of RPHPC was stopped at a drift
ratio of 5% to perfornthe fuse replaceménNeverthelesghe analytical model predithatthefailureis
at 13.2%drift ratio due to a strengttiegradation Overall, the analytical model for RPPIC using the
long fusegeasonabyl reproducedhe behavior oRPHPCup to 5% drift.

Figure ES.10c shows he calculated and measured fordsft relationshigs for both RPHPF and RPH
PFR. The same analytical model was used for both columns since no chamgfiseproperties and
geometriesvasmadebetween th two tests The average fuse lendtlky) was B in. (330 mm) but
differed slightly betweetendongdue toa minor slipping of some wedges during installatasda minor
difference in thecolumn/footing dowel lengthsThecalculated and measuraiitial stiffnessesvere
similar up to 5 kips (22 kNafter which the stiffness of thest specimensoftered Thecalculated peak
lateralforcewas56.8kips (53 kN) while themeasuredateral strength was slightly higher at 57.9 kips
(258 kN), al.9% difference. The analytical model predictbdfailuredrift at8.03% due tatherupture
of thetendonfuses. RPHPFR failed at 8.91% drift ratio in the test, whictRi€% higher than the
calculated failure drift Overall, the analytical mode¢producedhe behavior of the RRRFand RPH
PFR columnswith a reasonable accuracy

The calculated and measured fodrét relationshi for bothRPHNP and RPHNP-R areshownin Fig.
ES5.10d. Similar to RPHPF, ro changevas madéo the fuseproperties angeometiesbetween the two
tests thushe same modevas utilized for both columnsThe average fuse lengthy) was again 3in.
(330 mm) withaslight differencebetweertendons It can be seen thate measurednitial stiffness of
the RPHNP column matched well that of the analysiBheinitial stiffness of RPFNP-R wasdegraded
between the two tests, mainly due to the UHIP@ nek bardamage, which was not included in the
analysis The calculategeaklateralforcewas83.0kips (369 kN) while the measured lateral strength
was 83.5 kips (371 kN), only a83% difference.While thecalculatedstiffness and lateral load capacity
of RPHPF matchel thoseof the testingthecalculateddrift capacitywas 9.5%, which was25% higher
than the measured drift capacity’68%. The model predictisat the columtails by atendonfuse
rupture however, the actual column failed by #teength degradation caused by baefracture in the
rebar hinge connectionThis is likely due tahe large cracking of UHPC at the colwfuoting interface
resulting in ehigh strain concentratiost the rebar hinge, which would be very hard to siteula
software that assumes plane sections remain plane

Overall,the models were able to replicate the fedigplacement relationship tfe columns with a

reasonable accuracyurther analyss are needetb include thematerial degradatiobnetweermultiple
testng of the same specimen
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Figure ES.10. Calculated vs Measured Force-Drift Responses

ES.7 Parametric Investigation of Repairable Precast Columns
A parametric study was performed to investghe effecs of differentvariableson theforce-

displacemenbehaviorof repairable columnsFour key variables were included iretharametric study
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including (a) three damn aspect ratios (4, 6, and 8), (b) three column axial load indices (5%, 10%, and
15%), (c) three fuse types (stainksteel bars, shape memory alloy bars, and steel tendons), and (d) three
fuse lengths of 0.25, 0.9, and 0.7%,, wherel,; is the anaftical plastic hinge length of a

corresponding CIP calculated according to AASHTO SGS (204 1dtal of 81 repairablprecasbridge

columns weréncluded in the studyFurthermore, €CIP columns with three AR&f 4, 6, and Band
three ALls(of 5%, 10%, and 15%all with a displacement ductility capacity gfiwere adopted from

Sjursethet al. (2022) and were included the reference models. Oty CIP columns with the highest
ductility were included since any repairable column matching or exceeding its corresponding CIP
di spl acement Opeeqea(R(16) was wilizédlthe anfalges Mhe

col umnos

modeling methods for the repairable columns were the satheseused in thgosttest model

validation discussed earlier

Figure ES 11 showssamplepushoverresultsfor CIP andrepairable columnstilizing different fuse
materials and lengthverall, he parametric study indicat¢éhat all three materidpes (SS, SMA,
tendon) can be used as external fuses. The designer has the option to match d@hebordisplacement

capacity of RPH with its corresponding CIP column. The forces can be adjusted by the number or
diameter of the fuses. Further, the displacementodgpzan be adjusted by changing the fuse length.
For example, a designer can increase the number of tie. @18-mm) diameter steel tendons with a

fuse length of 0.75, to match the CIP force and displacement capacities.
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ES.8Design and Construction Recommendations

General desigand constructioguidelineswere proposed for repairable precast bridge columassd on
the findings of the experimental and analytical stuthdacilitate the use ahesecolumnsin future
studies offield applications

ES.9 Conclusions

The following conclusions were drawn based on the experimental and aalahgestigations:

1 The NCHRP 13arameter rating system was found viable in identifying the best repairable
bridge column detailing alternatives for testing. This rating system may be used for the
development and evaluation of any new repairable coldtematives.

1 CIP failed by the longitudinal bar fracture after extensive concrete spalling. The lateral strength
of CIP was 65.4 kips (291 kN) with a drift capacity of 8.96%.

9 Testing of RPHPGR was stopped at 10% drift to avoid setup damage, whichigrgsefore
reaching the 15%rop-in-force limit (as the failure point). SCC spalling was observed above the
neck section mainly caused by compressive forces of BRR pressing clamping collars to SCC.
Furthermore, a Zhape bending of BRR was seen, wHictited their replacement. The lateral
strength of RPHPGR was 74.7 kips (332.3 kN), which was 14.2% higher than that of CIP. The
drift capacity of RPHPGR was 9.80%, which was 9.3% higher than that of CIP.

1 RPHPFR failed by the rupture of multipleridon fuses with minimal UHPC damage. The
lateral load capacity of RRARR was 59.8 kips (266 kN), which was 8.6% less than that of CIP.
The drift capacity was 8.91%, which was very close to that of CIP.
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1 RPHNP-R failed by the strength degradation mgidue to the rupture of neck bars at the rebar
hinge. Minor UHPC spalling at the base of the column was observed. The lateral load capacity
of RPHNP-R was 86.9 kips (387 kN), which was 32.9% higher than that of CIP. The drift
capacity of this column vea7.68%, which was 14.3% less than the CIP drift capacity.

1 The Zshape buckling of stainlesteel BRR used in the RPPIC column made the repair by
replacement very difficult. Furthermore, the column/footing dowels of-REBHvere bent, and
the column hadome residual displacements which further complicated the placement of new
BRR. Nevertheless, the incorporation of the steel tendons as the tenkiduses in RPHPF
and PPHNP eliminated any column/footing dowel damage and further helped with the
recentering of the columns. Tendon fuse replacement was relatively quick and simple.

1 No to minimal residual displacements are desired in any repairable column since the column
should be close to its original positiafter the eveng¢asing the fuse replacement. All rephle
columns showed smaller residual displacements compared with CIP. However, the residual
displacement of RPHPF was insignificant throughout the entire testing.

1 Atendon fuse can double serve both as typical longitudinal reinforcement andrgeling
reinforcement with an additional benefit of accessibility for inspection since they are exposed.

Use of UHPC greatly reduced apparent cracking and spalling a¢viea fuse failure.

Overall, the proposed modeling methods for repairable columns can predict the column force
displacement relationship with a reasonable accuracy.

1 Based on the 90 pushover parametric analyses, for a repairable column to surpass the
displacement capacity of its corresponding CIP, the fuse length should be at least 25%, 50%, and
75% of the CIP analytical plastic hinge length using stairdtsss BRR, shape memory alloy
BRR, and steel tendon fuse, respectively.

Overall, the proposed d#ling alternatives for the three repairable columns were feasible since all
columns were successfully repaired by fuse replacement and were retested. However, i fuegeair
replacement is simple and easy if tensioy members are used as the exaéfuses. Furthermore, the
three repairable columns exhibited comparable seismic performance compared with CIP with smaller
residual displacements. Nevertheless, all repairable columns had lower initial stiffness compared with
CIP and exhibited stiffnesdegradation between the two tests.
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CHAPTER 1. | NTRODUCTI ON

1.1 Introduction

Bridges designed with current seismic codes exhibit large displacement capacities, and the bridge total
collapse is prevented. However, damafductile memberss allowed at this performance levéh
reinforced concretRC) bridgesexcited by groundhaking columns ar¢he target ductile membeirs

which concrete cover, core, and reinforcement may damage, and the columatmetyrn to its original
position Minor damageare usuallyepaired but excessive damages such as core crushing, bandpuckili
and/or bar fracture are hard to repair and will usually result inglenn orbridge replacement.

According to FHWA, approximately 25% of the US bridges require rehabilitation, repair, or total
replacement. Furthermore, within the next 50 yearsyrbaidges located in the 16 seismic prone states
of the nation will experience large earthquakes that may cause significant damage. Induced seismic
activities in formerly nofseismic states such as Oklahoma may also damage bridges with poor seismic
detaling. New detailing and enhanced materials are emerging to reduce the damage of RC bridge
columns minimizing the need for repair or replacement after an event. odcaw-damage detailing may

be attractive to bridge owners in seismic regions due touzeddost associated with the repair or
replacement of the bridge&Columns can be designed to be low damage using advanced materiads and
novel detailing.

Advanced materials such as ullrigh performance concrete (UHPC) and engineered cementitious
composites (ECC) may be used in place of conventional concrete to provide some tensile capacity and to
reduce cracking and spalling of concrete. Incorporation of different reinforcement such as stainless steel
(SS) or nicro-compositanulti-structuralformeble (MMFX) steel may increase the strength and overall
stiffness of the RC column while reducing reinforcement corrosion. The use of shape memory alloy
(SMA) bars may eliminate residual displacements by providing recentering. Furthermore, fiber

reinforcad polymer (FRP) wraps can reduce concrete damage by providing a significant confinement.

A few accelerated bridge construction (AB@gtailshave been proof tested in labor&siand found

suitable for bridge columns located in higdismic regions ohie nation: pocket connections, mechanical

bar splice connections, and grouted duct connections. In a pocket connection, also known as socket
connection, a fully precast column can be secured in a large void in the column adjoining member and
then be growd. A type of mechanical bar splice, e.g., grouted, is used in mechanically spliced columns.
In a grouted duct connection, column longitudinal bars are extended out of the column, are placed in
individual ducts, and then are grouted. Columns can b#yagia-stressed gposttensioned to reduce
residual displacements, which is called a rocking mechanism. When another type of reinforcement is
used in addition to the tensioning reinforcement, the combined system is called a hybrid rocking column.

It is feasible tacombinetheinnovative detailinguch as ABC wittadvanced materials txpedite
constructionprovide additional ductility to RC columpnand reduce column damage. For exanple,
precast column utilizing pocket connection andibber karing in the plastic hinge regienll exhibit no
damage andill have higherdisplacement capacity.

The present work is to advance the stdtéhe-art column design with a new concept of refisi
replacement methodology, such as those ustteicer industry. t might also be possible to expose

column bars fom quick replacement after an event. The benefits can be maximized if ABC detailing and
advanced materials are incorporated in a repaicdsegn.



1.2 Objective and Scope

The main objective of this studlyto develop new details for RC bridge columns that are repairable
through component replacement. To achieve this goal, advanced materials and ABC detailing
combined to develop feasible repairable alternatives. All repaipabdast columalternativesare

assessd through a I-parameter evaluation method to select best details for experimental investigation.
Of the top candidates, three repairable precast coluntiise selected, constructed, and tested and the
resultsarecompared with a reference castplace(CIP) column. All specimensill be half-scale and
tested under a slow cyclic loading at the Lohr Structures Laboratory on the campus of South Dakota State
University. Each columis tested twice under the same loading. In the second test of each spélcemen
column exposed fusesereplaced to practice repair through replacement. -teesand parametric
analysewvill be performed to better understand the performance of repairable colmisermore,

design ad construction guidelinesreproposedfor repairdle precast bridgeotumnsbased on the

findings of the study

1.3 Document Outline

Chapter 1the present chaptarpnsiss of an introduction, scope of work, and a document outlfe.
literature review is included in Chapter 2 including studies on both advanced materials -aladriage
bridge columns Chapter 3 discugsthe development of 20 repairable column alternatives and a rating
system to evaluate them for further investigation. Experimental investigation of the fowwgdlalf

bridge columns is discussed in Chapter 4. Furthermore, Chaiptdu&es the analytical investigation of
therepairable precasblumn test specimen®\ parametric study was carried out in ChapteChapter7
provides design and construction recommendations for repairable columns. Chapter 7 provides a
summary andanclusiors of the experimental and analytical investigasifor the project.



CHAPTER 2. LI TERATURE REVI EW

2.1 Introduction

Novel colums mayimprove thebridgeseismicperformanceandlower its damagehus minimizingthe
repairneedafter an earthgpke. The enhanced performance of as@locolumns can bachieved using
advancednateriab and/omew detailing Advanced materiaf®r reinforced concrete bridgean
improve column ductility, concrete confinement, and reduce cover spallingnelviéécolumn detailing
canminimizeresidual displacemesiatndmayfurther add to the displacement capacity.isTdapter
presents a kgew of paststudies oradvancednaterials anehovel bridgecolumrs.

2.2 Advanced Materials

Advanced materials can be utilized in the design of concrete bridge colummése performance, to
reduce damagandor to increase concrete confinemertdvancedmaterials include in this revieware
ultra-high performanceconcrete (UHPC)engineerd cementitiouscomposite (ECC)fiberreinforced
polymer (FRP), andhapememoryalloy (SMA).

2.2.1 Study b¥’ruz Noguezand Saiidi (2012)

CruzNoguez and Saiidi (2012) teste@%0%4-scale four span bridge constructed with advanced materials
under shakéable. A two-column bentvas built withnickektitanium (NiTi) SMA as longitudinabars

and ECC in the plastic hinge regidfid. 2.19. The secontivo-column bentvasconstructed with
conventional concrete ardrocking mechanism. Thikird bentincomporated an elastomeric pad in the
plastic hinge In these columnse longitudinal bargvereextended through theibberpad which was
shimmed to prevent bucklingA steel pipe was includdd the pado take shear forces. Concrete blocks
and leadpallets totaling 180 kips were placed on the ftessioned bridge deck to provide an axial load
and the bridge was subjedtto increasing amplitudes of the 1994 Northridge earthquake record in the
longitudinal direction.
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Figure 2.1. Column Detailing and Damage (Noguez and Saiidi, 2012)

Results of the testing indicated that all three brioigrets had high displacement capasiand negligible
residual displacemesnt The bent incorporating the elastomeric pads reached the highest displacement
andaminimal damage wagportedn the plastic hinge region of either the elastomeric pad bent or the
bent incorporating SMA bars ancCE (Fig. 2.1b. All three columns exhibited high levels of damage in
the hinge region at the colurmap beam interface, indicating the need to use the dasign and

materials at both the top and bottom of the columns. The@asibned bent without éhrubber pad had
low residual displacement due to its seditering capability buhe conventional concretef this column
exhibited asignificant damag@cluding hoop fracture Overall,the testesults showed that the
incorporation of thedvanced materialn two out of the three benitsmproved the bridge performance by
allowing for the bridge to remain in service after the design level earthquake.

2.2.2 Study by Finnsson (2013)

Finnsson (2013) studied the use of tigliber-reinforced concrete (HyFRC) shells to aid in the seismic
capacity of unbonded pitensioned bridge columns. Two specimens were constructed and tested under
cyclic loading with a 20&ip (890-kN) horizontal actuator and a constant axial load5® Rips(707 kN)

The columns were constructed with precast HyFRC shells within the plastic hinge region which were then
filled with conventional concrete and pretensioned usigtsteel strandsHig. 2.2). The strands were



unbonded over the center%®0f the column length using plastic sleeves and prestressed to
approximately 14.4 kip&64 kN). Columns were connected to the footings using grouted socket
connections In onecolumn gainless steel (SS) mwvere useds longitudinal reinforcement lieu of

conventional steel bars.
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Figure 2.2. Column Detailing by Finnsson (2013)

The results of cyclic testing indicated that HyFRCthe plastic hinge region delayed both spalling and
bar buckling when compareadth columns withsimilar detaiing butwithout HyFRC tested by Davis et

al (2012). Both columns were more ductile than the reference columns with limited strength degradati
and damage at higher driftSi§. 2.3. No residual displacement was recordethacolumrs up to a drift
ratio of 5% at which the prestressing strayigéded,and bond slip beganas significant The column
constructed with stainless steel longihad bas slightly dissipated more energy than the conventional

steel columrandbar fracture was delayed



o %3

Figu 2.3. Column Performance by Finnsson (2013)

2.2.3 Study by Motaref et al. (2014)

Motaref(2014) studied the use of different advanced materials in the plastic hinge region of segmental
bridge columns. Five orhird scale columns were constructed, each with a base segment attached to the
footing with normal basto providea higherenergy désipation capacity. A conventional concrete

column was used as reference while other columns included a rubber elastomeric bearing pad, ECC, and a
carbon fiber reinforced polymer (CFRP) wrap. The reference column was repaired with a CFRP wrap

after the irst test and resubjected to the same loading. All the columns werpsisined to create a
recentering effect and to provide continuity between the column segmedtzere then subjecteddn

increasing amplitudes of the Sylmar earthquake red¢agd 2.49 on shake tables at the University of
Nevada, Reno.
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Figure 2.4. Earthquake Time History and Column Damage by Motaref et al. (2014)

It wasfound thatresidual drifts were minimal in atiolumns due to the unbonded ptatsioning system.

All columns incorporating advanced materials outperformed the reference column in terms of damage
(Fig. 2.4b), energy dissipation, and displacemeapacity The primary form of damage was cover

spalling which was reduced in the ECC column when compared to the others. Use of CFRP jacketing
significantly improved confinement in the plastic hinge area and the rubber bearing increased the natural
period of the column while reducing damage. Overall, edlghypes of advanced materials significantly
improved theseismicperformance of the columns.



2.2.4 Study by Nakashoji and Saiidi (2014)

Nakashoji and Saiidi (2014) tested thr@@%-scale square bridge columinswhich mmewas areference
castin-place(CIP) columnand twowerenovel columns. The novel columns incorporated SMA bars in
the plastic hinge region coupled to the main longituditet! bargFig. 2.59 using headed couple@nd
ECCwas used othe entire column length. The columns were tested wardecreasing cglic lateral
loadng using a 22kip (979-kN) actuator and 140 k§(623 kN)axial loadwere applied ECC was
removed after testing to determine if any damage occurred to the couplers or SMA bars.

—
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Figure 2.5. SMA Coupled Rebar and Force-Displacement Relationship (Nakashoji and Saiidi, 2014)

Flexural cracks were observed and comparable for all three columosift ratio of 2%. Spalling of

the CIP column occurred from 4% drift onward while use of ECC in the two novel columns significantly
reduced cover damagd® large crack athebase of eacBECC columnwas seen, whictvas repairable.

The CIP column ahone of the novel columns experienced bar fracture at 8%kinftever, testing of



the novel column continued since there was minimal droipelateralstrength ECC seemetb increase

the column confinemeriby minimal cover spallingds there wasriitedbarbuckling in the two ECC
columns comparedith CIP. No damage was observed to the headed couplers and they proved to be a
viable optionto reduce costs by only using SMA bars in a spaidtionof the column. Overall, the two
novel columns exhibited higher drift capacityKig. 2.5b), lower residual drift, antbwer damage than

the CIP column due tihveincorporation of ECC and SMA bars.

2.2.5 Study by Panagiotou et al. (2015)

Panagiotou (2D4) tested two bridge columns constructed with highly flowable hybrid fiber reinforced
concrete (HYFRC) and novel longitudinal reinforcement. The reinforcing bars of the first column were
unbonded with tape near the bottom of the column and within thaf tbe footing to allow the column

to rock The second column was constructed with stainless steel longitudiealnosan additional

portion of HYFRC cast into the footing beneath the column to provide continuity of concrete properties
(Fig. 2.69. The specimens were tested unidirectionally uradgyclic lateral load reversal and a constant
vertical axial load ofL00 kips 445kN).
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Figure 2.6. Column Detailing and Damage (Pangiotou et al., 2014)

The two HYFRC columns were compared with a conventional reference column constructed by Terzic
and Stojadinovic (2010) withnidentical detailing except largertransverse reinforcement rati@as

used Both specimens exhibitedreduced spallingFig. 2.6b) when compared to the reference column
with anincreasen thelateral strength. Stainless steel longitudinal rebar in the second column did not
rupture until a drift ratio of 9.5% while bar fracture was reported in the first column at a driftfré%@ o

2.2.6 Study by Ibrahim et al. (2016)

Ibrahim (2016) considered the combination of steel and FRP reinforcement for square concrete bridge
columns. Two conventional reference columns, one with a lower longitudinal reinforcement ratio and an
added bsalt FRP (BFRP) jacket, were constructed as well as five FRPretefgrced concrete (FSRC)
columns. The FSRC columns were constructed with differing combinations and detailing of steel and
BFRP barsKig. 2.7), some with additional roughening to incseadond strength with the concrete, as



well as BFRP jackets. The columns were subject to a constant axial ®&ighefd0kN) and a reversed

cyclic loading sequence usind &7-kip (700-kN) actuator.
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Figure 2.7. BFRP Bars and Column Cross Sections (Ibrahim et al., 2016)

Analysis of test data indicated that FRP reinforcement and jacketing had no noticeable effect on the initial
stiffness of the column&owever theresidual displacement decreased by up to 30%. Columns with
roughened BFRP reinforcement failed through rupture of the bars at high strength while smooth BFRP
reinforced columns failed at a smaller force and ductility due to locatblgnéailure. Overl, FRP

jacketing added significantconfinemento the columns while the use of BFRP reinforcing bars needs to

be further studied.



2.2.7 Study by Zhang et al. (2019)

Zhang et al. (2019) testdldree bridge columns witholypropylene fiber reinforced EC(PRECC)

jackets withdifferentthicknesses in the plastic hinge region. TheERIEZ was limited to the cover
concrete due to the higiostof ECC as well asvidencendicatingthatECC in the core has lower

effect onthe column ductility than the ca@r. Two of the 1/8-scale columns incorporated precast PP
ECC jackets with thicknesses of B6in and 106nm up to a height of 1.33 times the width of the square
cross section while a third column was cast with a fWlBERZ plastic hinge. RECC was addionally
extended 100nm into the footing while conventional concrete was utilized for the remaining portion of
the columns and footings. All columns were tested under a constant axial loakiNo&g4ain flexure
usingacyclic loading in the horizontalirection
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Figure 2.8. Column Test Envelopes and Damage (Zhang et al., 2019)

The displacement capacity was increased in the novel columns when compared with the reference column
(Fig. 2.89 while the initial stiffness was reduced as the thickness of tHe@®Pjackets was increased.

Spalling within the plastic hinge region of the threeEREC columns was significantly reduced when
compared to a reference castplace columnKig. 2.8). Cracking was limited to the PIPCC region

while some expansion of the fHCC jackets was noted due to crushing of the conventional concrete used

in the core. Altogether, the differing thickness of theERIT jackets had little effegbn the

displacemenor ultimate strength of the columns while the volume o5 used could be decreased

up to 44% to lower construction costs.

2.2.8 Study bylian Amiri (2020)

Alian Amiri (2020) testedridge columns usinbigh strength MMFX steddars Six columns were

tested The first three columns constructed using conventi@natie 60(413MPa) steelbarswith

differing transverse reinforcement ratios and some bar debonding at the -dolting interface.Other
three columns utilized grade 10890-MPa) Chrome 9100 bars from MMFX conforming to ASTM

A1035 with identical detailing to each of the respective first three columns. The columns were shake
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table tested under both shahd longterm duration records frothe 2011 Tohoku Japaarthquakend
the 1999 Kocaeli Turkey earthquake with a constant axial load of 8q&&&skN)
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Figure 2.9. Column envelopes by Alian Amiri (2020)

Damage between the two sets of columns was similar and was confined to the plastic hinge regions of
each specimen. Higher shear stresses were recorded in the columns with MMFX steel as well as higher
number of inclined shear cracks. The conventional stéemns failedoy barbuckling followed by bar

rupture while the MMFX columns had a greater buckling resistance andtgitest fracture While

smaller tie spacing and debonding of bars at the cofamting interface increased displacement capacity

in the conventional columns, there was no appaféatt of usinghigh strength steelThe columns with

MMFX steel rebar had a higher yield displacement and similar force capacity to the conventional
columns Fig. 2.9, but they showed Bwer displacemercapacitythan reference columns.ll&Aolumns

failed under 100% of the ground motiohhe study recommends more testing with MMFX bars before

field applications in seismic regions.
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2.3Novel Bridge Columns

Novel column detailing may also be utildzéo reduce damage and residual displacement in the event of
an earthquake. The following studies incorporated advanced detailing in theiratedigrused
advanced materials tmprove column seismic performance

2.3.1 Study by EIGawady arsh a 6 | an (2011)

El Gawady and Shadélan (2011) i-cemesirgtridgeddnts constritcted s ei s
with precast concretilled fiber tubes (CFFT). Fivdgwo-column bents were constructed and tested

under cyclic loading including afexence CIP bent and four precast gesisioned (PPT) bents of CFFT

segments stacked and connected with afeostioning force 083.9 kips (51kN). The PPICFFT

columns were constructed using varying numbers of segments, steel angles at the heswbsrexgy

dissipaters, and/or neoprene pads at the ccoliomting and columscap beam interfacas shown irFig.

2.10

Ix 18l =
1143

[l
F-FRP3-S F-FRP1 F-FAPZ F-FRP3-A

Figure 2.10. Column Model s(20ly) EIl Gawady an

All four of the PPTCFFT columns showedligher driftcapacities and significantly lower residual drift
than the reference column due to the restoring force fromothéng mechanismDamage was
concentrated within the tubes and between the column and footing as rocking occurred at higher drift
ratios. Irtluding neoprene pads at the column joints greatly reduced the initial stiffness and force
capacity while increasing the displacement capacity. Differing numbers of CFFT segmaenlittliead
effect on either the force or displacement capacitiégincorporation of steel angé@as external energy
dissipatersncreased the viscous damping of the spec#henhalso resulted in higher residual strains.

2.3.2 Study by Guo et al. (2016)

Guo et al(2016) tested the combination of aluminum external enesgypaters and glass fiber

reinforced polymer (GFRP) jackets on sedintering precast concrete (SCPC) bridge piers. One

reinforced concrete (RC) reference column and thresdd® precast specimens were tested umder

cyclic loading up to 4% drift rati with an axial load 027 kips (20kN). Two of the precast columns

incorporated GFRP jackets of different lengths in the plastic hinge area while the third was not

constructed with a jackeFig. 2.119. All three columns were pegnsioned t@2.5 (L00kN) using two

basalt fibesreinforced polymer (BFRP) tendons and utilized external energy dissidaigera.1h in

the for-mootdddbégeduced diameter) aluminum bars re
tubes filled with epoxy. Aluminm bars with modified properties were used to prevent corrosion as the
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energy dissipaters were incorporated outside of the column to allow for replacement after a seismic event.
The columns were initially tested without the energy dissipaters and wighiniiffposttensioning forces.

Height ED ED
Test of GFRP Fy Type of Energy diameter length
number Specimen jacket (mm) (kN) tendons dissipaters ED position (mmj* (mm)”
1 SC-1 500 120 BFRP NA NA MNA NA
2 220
3 220 Four aluminum bars East and west 15 100
4 220 Four aluminum bars MNarth and south 15 100
5 220 Four aluminum bars East and west 15 200
f 5C-2 300 120 BFRP NA NA NA NA
7 220
B 120 Steel strands
9 220
10 220 BFRP Four aluminum bars East and west 15 100
11 220 Four aluminum bars North and south 15 100
12 220 Four aluminum bars East and west 12 100
13 5C-3 NA 220 BFRP NA NA MNA NA
14 220 Steel strands
15 RC NA 220 NA 16 longiudinal steel rebars NA NA NA

Note: NA = not available.
“Diameter of the weakened part of the aluminum bar.
“Length of the weakened pant of the aluminum bar.

a) Column Test Matrix
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b) External Energy Dissipater Detailing
Figure 2.11. Column Matrix and Detailing (Guo et al., 2016)

Evaluation of the hysteretic results indicated that addition of the energy dissipaters changed the shape of
the plots from bilinear to flag while the initial stiffness was also increased. A small amount of slip was
recorded between the columns and thdifigowhich added to the horizontal displacemértie se of

shorter external energy dissipaters increased plastic strains in the aluminum bars and caused them to
rupture at earlier driftsThe e of GFRP jacketing eliminated cracking and spalling ofrede when
compared to the column without GFRP while the jacketing also added to the energy dissipation of the
specimens.The hgher posttensioning force was also found to increase the initial stiffness and tlogver
residual drift when compared to treference column. Overall, the SCPC piers showed desirable self
centering and energy dissipation characteristics and may be suitable for moderate to large earthquakes.

2.3.3 Study by Ichikawa et al. (2016)

Ichikawa et al(2016) tested three columns undebital bilateral cyclic loadingp investigate the use of
posttensioning combined with UHPC in the plastic hinge region. The first two square specimens were
identical and constructed with UHPC jackets in the plastic hinge region filled with conat ciimerete
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while the third column was similar in detailiegceptthat the UHPC jackets were constructed in sections,
left hollow rather than filled with concrete, and ptastsioned togetheFig. 2.12). A constant axial

load 0f19.4 86.1kN) was appkd and two of the columns were loaded in a circular orbit at increasing
drift ratios while the second of the two ntemsioned columns was loaded in a hybrid test setup to
simulate the acceleration record of the 1995 Kobe, Japan earthquake.
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Figure 2.12. Column Detailing and Damage (Ichikawa et al., 2016)

Twisting was observed in the two columns testéti thecircular orbit Fig. 2.128. However, limited
spalling or concrete crushing walsserved in either specimen. Rocking was observed between the
segments of the pegtnsioned column as well as greater levels of torsion, which resulted in residual
twisting between segments. The ptestsioning bar in the segmental column yielded atfardtio of

3.5% at which point there wassignificant loss in tension force. Less damage etervedn the
segmental column as well as lower levels of energy dissipation. The column tested under the Kobe
earthquake acceleration record reached Inidh# ratios due to the neaircular testing cyclesandthe
failure occurred in the form of crushing of UHPC in the plastic hiregeon
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2.3.4 Study by White and Palermo (2016)

White and Palermo (2016) utilizetifferentprecastonnectiosin three falf-scale concrete bridge

columns. The columito-footing connections included an emulative socket connection,-amatative

socket connection incorporating pashsioning, and a neemulative coupled connection utilizing energy
dissipators in the forrof grade 300 steel bars in the plastic hinge region covered with igu2(133.

The two noremulative columns were designed to ratkhe base The noremulative socket column

was a previously tested specimen that had been repaired using FRPhileathevcoupled column was
designed to be repaired by removing the grout and replacing the energy dissipators which were connected
to the column and footing using threaded couplers. The columns were tested quetgstatic bilateral

loading Fig. 2.13b) to a displacemerdt which the nofemulative coupled column was repaired.
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b) Biaxial Loading Protocol
Figure 2.13. Connection Detailing and Biaxial Loading Protocol (White and Palermo, 2016)

Significant damage occurred in the emulative socket connection colhitenthedamage was

significantly reduced in the two neemulative connection columns. All spalling in the coupled column
occurred in the grouted region aadhigherenergy was dissiped in the two socket connection columns.
The emulative socket connection column had comparable performance to that of a conventional cast
place column. Residual drift was limited in the two eonulative columnslue to theocking

mechanism Residubdrifts wereslightly higher than expected in the coupled column d@nto
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unintentional bonding between the column and footiRgrther, goremature failure of the energy
dissipators in the repairedlumnwas observed due todesign error as well asfiiculties with
realigning the replacement energy dissipators.

2.3.5 Study by Tazarv and Saiidi (2016)

Tazarv and Saiidi (2016) tested three {sa@lhle column models using low damage materialgaechst
connections. All three columns were precashwibllow cores which were then filled with self
consolidating concrete (SCC) after column erection. The first column was connected to the footing by
extending the column longitudinal rebar into a series of corrugated ducts which were then filled with
UHPC. The second column incorporated debonded longitudinal vétiaan unbonded length a&fLin.

(280 mm) within goedestal The column was connected to the pedestal using groatgders. The
connection details for thiird column werehe same as tHest column withUHPC filled ducts
NeverthelessSMA bars were used in the plastic hinge region and connected to the steel longitudinal bars
with headed couplersFurthermoreECC was used to construct the lowdt @14 mm)of thecolumn

shell. A 2D-kip (979-kN) actuator was used to test the columns uadéow reversed cyclic loading

with an axial load index of 10%.
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Figure 2.14. Column Test Envelopes (Tazarv and Saiidi, 2016)

Bar fracture washefailure mode for all three columns with no coluteafooting connection damage.

No bar pullout was observed in any of the couplers or UHPC filled ducts while it was found that UHPC
had up to 8 times the bond strength of conventional concrete. Thevéireblumns incorporating
conventionakteel longitudinabar, whichfailed at slightly lower drift ratios than the reference CIP
column Fig. 2.14, while the third colummith SMA and EC(had a higher displacement capacity than
the reference columandsubstantially loweresidual displacemest Overall, it was determined that
theseprecast column connectiongreviable alternatives to conventional construction mettaodithe
incorporation of advanced materials such as ECC, UHPC, and SMAigaifccantly enhancethe

seismic performance ¢fiecolumns.
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2.3.6 Study by Wang et al. (2018)

Wang et al. (2018) tested the sedintering capability of thred/3-scale precast segmental ptetsioned
bridge columns constructed witltHPC. The square coluns were constructed using three holloWPC
segments in addition to a cap beam and footing. Eight steel cables wetenpimsted to a force &0.9

kips (400kN) while eight mild steel bars unbonded near the footing were added in UHPC grout filled
ductsto promote energy dissipation in addition to the 32 longitudinal steelfigr22(15. The second
column incorporated an increased piastsioning force while the third column was constructed with
additionalenergy dissipatorsLateral cyclic loadingvas applied using a horizontal actuator in addition to
a224.8kip (1000kN) applied axial load.
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Figure 2.15. Segmental Column Detailing (Wang et al., 2018)

All three columns reached a drift ratio of at least 8% before fractureipktiergydissipators No
flexural or shear cracks were observetyPCof any of the columnsowever, spalling waseen
between the segmexdt higher drift ratios due to namiformity in the concrete surfaces. Slight sliding
and uplift were recorded at thealest joint, but this movement was reduced in the column with the
increased pogensioning force. Increawy theposttensioningforcesincreasd the overall ductility of

the columns while additionanergy dissipatordecreasethe ductility andsignificantly increasd

residual drifs.

2.3.7 Study by Mashal and Palermo (2019)

Mashal and Palermo (2019) tested a-salle bridge column specimen with dissipative controlled
rocking (DCR) connection utilizing pegtnsioning and external energy dissipatdgternal metallic
mini-dissipators of two different types were mounted to the column using steel br&ige&s19. An
initial posttensioning force 028.1 kips {25kN) was applied to the threaded pteisioning bars within
the column using hydrdia jacks. A verticaB7.7-kip (390-kN) gravity load was applied with a vertical
ram while a horizontal ram was used to displace the column laterally under a unidirectionatajicasi
cyclic loading protocol.
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Figure 2.16. Column with External Energy Dissipaters (Mashal and Palermo, 2019)

A gap was immediately noticed at the rocking interface at a drift ratio of 0.25%. No damage or strength
degradation were observed up to a drift ratio of 3.0% at which point the test was stopg@edwah
significantly less damage in the DCR connection bridge bent than a comparison bent utilizing grouted
socket and grouted duct connections. Residual displacement was also negligible in the DCR bent.

2.3.8 Study by Varela and Saiidi (2019)

Varela and Saiidi (2019) performed a shake table study orsadfe, 2span bridge model designed for
disassembly. Novel materials and advanmegtastonnections were utilized to allow for quick
construction as well as sustainable disassembly at the end of the bridge life without need for conventional
demolition. Thregtwo-column bridge bents were constructedneutilizing CopperAluminum-
Manganes¢CAM) SMA bars and ECC plastic hinges (EPBie withNickel-Titanium (NiTi) SMA bars

and rubber plastic hinges (RPH), aamtbther withNiTi SMA bars with EPHFig. 2.179. The

superstructure consisted of an RC deck and beams which were connectdzbtdghesing pipgin
connections to eliminate moments and allow for disassembly. The columns were wrapped in CFRP
tubing while the SMA bawere connected to the main longitudinal reinforcement using threaded
couplers. An axial load between 40 and 4&kiy7.9 and 204.6 kNyas applied to each colunusing

RC blocks and the selfeight of the deck while the bridge was subject to increasing scaled amplitudes of
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the Rinaldi earthquake record in the transverse direction. After initial testing, the Wwedge
disassembled, inspected, and reassembled for additional testing.
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Figure 2.17. Column Detailing and Damage (Varela and Saiidi 2019)
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Minimal damage waebservedn the plastic hinges of the three beriigy( 2.17h atdrift ratios

exceeihg 6%. The columradjoining members remained elastic and damage free. Residual drifts
remained under 0.4% and overall bent hysteretic behaviors were flag shaped due tactntesait

capability of the SMA bars. Rockimggecurred athe footings and theegment®f the columns which
elongated the period of the bridge model and incredmatisplacement capacity. Disassembly and
reconstruction of the bridge bemteresuccessful in which thiaitial stiffnessincreasedand residual

drifts decreaseih the second set of testin§MA barsfracturedin two of the three bents during the last

two runs. Overall, detailing for disassembly of bridge columns in seismic areas was proved feasible but
further testing and development of design guidelimasnecessary before implementation in the field.

2.3.9 Study by Han et al. (2019)

Han et al (2019 investigated the combination of replaceable external energy dissipators and unbonded
posttensioningtendons Threg 1/3-scale double column bridge bents were desigoaustructedand

tested under ayclic lateral loathg. Anaxial load 0f194.8 kipg(866.4kN) was applied The bents

incorporated reduced cross sections in the plastic hinge region which were encased with steel tubing as

well as steel pipes as shear pin connections and steel plates at thefodtinghand columycap beam

interfaces [Fig. 2.183. The first column did not include external energy dissipators while the second and
third columns i#dhohede&d méxXtderrealnf dad-nesgrainechr s and e
plates in the plastic hinge region respectively which wenaected to the main longitudinal

reinforcement. Each column in the bents was-fagtionedisingfour unbonded steel tendowith a

total force 0f94.4 kips 420kN).
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Figure 2.18. Column Detailing and Energy Dissipater Damage (Han et al., 2019)
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Openings were recorded for all three bridge bents due to rocking at the doluting connections

however, they were closed after eagiledue to the selEenteringtendencyof the columns. Only

minor flexural cracks werseenn the specimensThe columns with external energy dissipators failed

due to bar bucklingHig. 2.180 and plate ruptureespectively. The mild steel bars were not restrained
against buckling and thus the third column bdwitterenergy dissipation and seléntering capability

than the secondolumnwhile the first bent showed the lowest energy dissipation. All three bents had low
residualdrifts less thari%, andthe columns with external energy dissipators showed a highaallater

force capacity. It was also noted that an increase intposioning force increases the lateral strength of
the bents as well as the seéintering capacity.
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2.3.10 Study by Jia et al. (2020)

Jia et al(2019) studied the use of elastomeric pads as energy dissipaters in precast bridge columns. Four
1/4-scaled bridge columns were constructed including aisgdtaice (CIP) column, a typical precast

column with a grouted duct connection, and two premaisimns using grouted duct connections and
laminated and singllyer elastomeric pads, respectivafyg( 2.199. An additional steel pipe was

included in the laminated elastomeric pad column to resist shear forces. For the three precast columns,
longitudinal reinforcement was extended into corrugated metal ducts in the footing and filled with grout.
The columns were tested un@egquasistatic cyclicloadwith a constant axial load &0.9 kips 860kN).
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Figure 2.19. Column Damage and Cross Sections (Jia et al., 2016)

Theuseof elastomeric pads in the plastic hinge region significantly reticaecrete cover cracking and
spalling(Fig. 2.19. The pads alsimcreased thenergy dissipation through yielding of the unbonded
portion of the rebars rather than concrete crushing as in the other two columns. Torsional deformation
was noted in the rubber bearings which rhaye caused ameven loaithg of the reinforcing bars,ui

no permanent damage watsservedn the rubber. While the singlayer pad column exhibited better

initial energy dissipation than laminated pad column, the pad dilated due to the alternating compressive
forces This column alsbad a lower initial sffnessand failedearlier due to a shorter debonding length

of the bars. Meanwhile, the laminated pad column exhibited fewer and shorter cover cracksaand had
smallerinitial stiffness when compared to other columns. The grouted duct column without an

elastomerigadalso proved to be a reliable alternative to the CIP column as it had similar seismic
performance.
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2.3.11 Study by Tazarv et al. (2020)

Tazarv et al. (2020) experimentally tested fdwaif-scale precast beanolumn specimens under cyclic

loading. The speci al moment resisting frame (SMRF) cont

weak beamodo met h aldrgeldisptagemeantocapaciiixposed mickling restrained
reinforcement (BRR) fuses were used as external energy dessipdiile a steel pipe and cup were
incorporated to act as a shear pin at the bealomn interfac€Fig. 2.209. BRR fuses were connected
to the main longitudinal reinforcement of the beam using headed mechanical bar splices for quick
replacement. Theolumn axial loadvas68 kips (302 kN) Both unreduced and reduced diameter {dog
bone) steel bars were used in BRRach BRR waeeplaced witha similar conventional steelr SMA
fuses after initial testing of each specimen.
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Figure 2.20. Repairable Precast Beam-Column Joint detailing and Test Results (Tazarv et al., 2020)

It was determined that all four precast specimens achieved higher displacement capacities than the
reference cast in place (CIP) connectidiig( 2.208 with only slightly lower recorded lateral load
resistances due to reduced geometry in the beam hedke first beam with minimal longitudinal bars,
the camage within the plastic hinge region veagnificant butpurely cosmetic However, in the second
beam with a higher steel reinforcement, dlamage wamsignificant andimited to the replaceable BRR.
Force displacement behavior remained relatively unchanged before and after beam repair while residual
displacement was reduced, with SMA BRR providinglthveest residual displacement€IP showed

3.6% drift capacity while the precast specimen with SMA BRR, the only specimen that was pushed to
failure, exhibited more than 6% drift capaci®@yverall, itwas concluded that a precast building
incorporating the proposed connection detailing will have significantly higher displacement capacities
than conventional CIP buildings, without the need for costly building replacefieatdamage will be
minimal andimited to the exposed BRR, which can be easily replaced after an event.

2.3.12 Study by Pantelides and Thapa (2021)

Pantelides and Thapa (202Xploredthe use of postensioning and external energy dissipators in a

42% scaled precast twoolumn bridge bent. Steel chairs were utilized to hold external energy dissipators
in the form ofeightthreaded bolts acting as stretch length anchors (SLA) betivealtumn and footing

and column and cap beaffd. 2.219. Use of the steel chairs ensures that the SLAs act only in tension.
Unbonded No. 8 (2nm) threaded bars were passed through PVC within the column cross section and
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posttensioned to provide agentering force. A 24Rip (1068kN) actuator was used to apply a lateral
cyclic quasistatic load to the bent while a 18t (605-kN) axial load was applied vertically.

a) External Energy Dissipator b) Force-Displacement Hysteresis
Figure 2.21. External Energy Dissipator and Force-Displacement Hysteresis (Pantelides and Thapa, 2021)

The bridge bent was tested up to a lateral drift ratio of 6% at which poipbshiensioningbars within

the columns yieldedr{g. 2.210. Yielding of the SLAs occurred at 1.1% drift followed the

longitudinal bar yielding and concrete spalling @&O2.drift. Limited concrete damage occurred due to

the rocking of the columns. The SLAs were easily removed after testing, proving that repair is possible.
An average residual drift of 1.05% between the positive and negative directions was obseroe¢dedue t
rocking Overall, no significant damage was observed during testing and the combination of post
tensioning and SLAs was proven to provide adequate energy dissipation and recentering capabilities.

2.4Novel Column Design Recommendations

A few natianal documents exist on tldesignand construction girecastand/ornovelbridge columns.

National Cooperative Highway Research Program (NCHRP) report 935 (Saiidi et al., 2020) proposed
seismic specifications for accelerated bridge construction (ABG2mifs. The report focuses on
pocket/socket, grouted duct, and mechanical bar coupler connections. Pocket/socket connections are
developed by inserting either exposed longitudinal rebar or a fully precast column into a pocket in the
footing or cap beam drfilling it with grout. Grouted duct connections similarly connect bridge
components by grouting exposed rebar into corrugated metal ducts that have been cast into the adjoining
member. In a mechanically spliced bridge column, the column bars are tashizethe column

adjoining member bars using a type of bar coupler. NCHRP report 864 on the seismic evaluation of
bridge columns with energy dissipating mechanisms (Saiidi et al., 2017) evaluates the use of new
materials and techniques to improve seigp@idformance of reinforced concrete bridge columns. SMA
bars, ECC, FRP, UHPC, rubber pad, and rocking mechanisms were included-nifigintypvel columns

were developed including advanced materials and/or novel techniques. New rating rubrics were
develgped to evaluate any novel bridge column. Design and construction guidelines were developed for
three of the 39 columns: SMeeinforced ECC column, SMAeinforced FRRconfined column, and
FRP-confined hybrid rocking column.
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