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Abstract

Externally bonded fibereinforced polymer (FRP) jacketing has become a widely used technique
for strengthening reinforced concrete (RC) columns due to its ease of applicdberever, its
effectiveness is limited when applied ¢olumns withrectangularcrosssections To address this

issue, this research project investigated two potential approaches to enhance the performance
of FRP jacketing for rectangular columns: FRP amghand innovative FRP profiling. An
experimental program was conducted, involving six groups of columns. The results indicated that
the FRP anchoring system provided limited effectiveness, whereas the FRP profiling system
showed promising potential, aldugh further experimental validation is needed to confirm its
performance. Additionally, a comprehensive database was compiled from the literature,
encompassing 24 studies and 406 column tests on square and rectangular columns with FRP
confinement relevanto this study. This database will serve as a reference for further analysis of
the experimental results.



DEVELOPMENT AND TESTING OF A NOVEL -ANCHO
PROFILED FRP JACKET SYSTEM FOR EFFECT
CONFINEMENT OF RECTANGULAR CONCRETE COLUMR

Executive Summary

Ths research project investigated the effectiveness of externally bonded -féweforced
polymer (FRP) jacketing for strengthening rectangular reinforced concrete (RC) columns,
addressing the known limitations of FRP confinement in-ciocular geometriesWhile FRP
jacketing is highly effective for circular columas a result of theuniform confinement, its
performance in rectangular columns is hindered by uneven stress distribution and premature FRP
rupture at corners.

To enhance the confinement for rectangular columns, two strategies were explored: FRP
anchoring and innovative FRIRofiling. The experimental program included six groups of scaled
concrete columns subjected to uniaxial compression tests. Results indicated that FRP anchoring
systems, including both pathrough and througkanchor configurations, provided minimal
capaciy improvement beyond direct FRP jacketing. Similarly, the geofoam profiling system did
not yield significant performance gains due to the material's low stiffness, which was insufficient
to supportthe FRP confinement.

Conversely, the steel tube profiling system demonstrated more promising results, with one
specimen achieving a 16.6% increasexxial capacity. However, performance variability was
observed, primarily due to inconsistencies in FRP jacket installatioh,aguslack and lack of
surface flatness. These findings highlight the critical role of installation qualichreving
confinement effectiveness.

Based on the experimental data, it is recommended that future research focus on developing a
hybrid profiling system that combines the flat surface of geofoam with the structural stiffness of
steel tubes. A comprehensive experimental program should be designed to evaluate this hybrid
system, considering parameters such as support stiffness, profile dimensiods,FRP
configurations.

This study provides valuable insights into the limitations and potential improvements of FRP
confinement for rectangular RC columns. The proposed hybrid system offers a promising
direction for enhancing structural performance, withplications for more effective and reliable
retrofitting solutions in structural engineering applications.



Introduction

Externally bonded fibereinforced polymer (FRP) jacketing has become a widsdy technique

for strengthening reinforced concrete (RC) columns due to its ease of application, often
eliminating the need for more labantensive methods such as casting additional concrete or
installing heavy steel jacketing While highly effective focircular columns, FRP jacketimgy
significantly less effective for rectangular concrete columns. This limitation primarily stems from
the nonuniform confinement provided by the FRP. In circular columns, confinemenbssly
uniform due to mainly tensd stresses being generated in the FRRducing predictable and
enhanced structural performance. In rectangular columns, however, confinement is uneven: the
flat sides of the column receive very low confinement, while the corners experience significantly
KAIKSNI O2yFAYSYSyildod 1a | NBadz G2 -sectionredaBi®s LJ2 NI
inadequately confined by the FR&RIditionally, issues arise such as the premature rupture of the
FRP around the corners due to high strain concentrations.

To address this issue, igresearchproject explored two potential approaches to impravthe
effectiveness of FRP jacketing for rectangular colurRRPanchoring systems and innovative
FRProfiling systems. Both methods are designed to enhance confinealeng the flat surfaces

of the column. These enhancements were evaluated through scaled concrete asdubjacted

to uniaxial compression testimga wellestablished technique for assessing the performance of
various confining systems. By examining tasults from different groups, the study shed light

on the effectiveness of the anchoring and profiling strategies in enhancing the performance of
FRP jacketing for rectangular concrete columns.

This project includes four tasks:
Task 1: Design éiRPanchos and profiled FRP jacket system.

Task 2: Fabrication and testing of scaled concrete columns with different strengthening
configurations.

Task 3Comparative analysis of test data against published data in the literature.
Task 4Preparation of the finaleport.

This final report provides a comprehensive summary of the details and findings from Tasks 1, 2,
and 3.



TASK 1Design oFRPanchos and profiled FRP jacket system

In this project, two innovative FRP strengthening strategies were proposezhitance the
confinement of rectangular columns without altering their creextion. The first strategy
involves using FRP anchors to provide additiboaldto the flat sides of the rectangular column.
These anchors can be either through anchors, whiahmepate the entire crossection of the
column, or parithrough anchors, which do not fully penetrate the cregstion.The second
strategy involves profiling the FRP jacket. This approach utilizes the tensile stress in the FRP to
generate a compressivelice component on the flat surfaces, thereby confining the concrete
more effectively. Two materials were employed for the profiling system: relatively soft geofoam
and stiffer steel tubesThe details of the design are explained below.

FRP ancher

The FRIaterials used in this project were provided by Simpson Stitiegwhose installation
team was also responsible for the FRP applicatimter the supervision of the P[Ehe same FRP
material, Simpson Strorgie CSS -Wrap C 110 HM
(https://www.strongtie.com/unidirectionalcarbon_frpfabric/ee110hm_cssfabric/p/cse
wrap-c110hn), was used across ablumrs. This highmodulus unidirectional cadn fabric has

a tensile strength of 670 ksi, a moduluseddisticity 0f37,000 ksi, and an elongation at break of
1.65%. After curing, the laminate exhibits a tensile strength of 152 ksi, a modwdiast€ity of
14,700 ksi, and an elongation at break1005%, with a nominal thickness of 0.02 All FRP
material test datavas obtained fronthe manufacturer, Simpson Strofige, based on thelCC
ES ESRI30 report The fabric hd a nominal width of 12 in.

The partthrough and through FRP anchoring systems utilized the same type of FRP anchors but
different anchor lengtls and insertion deptk. Simpson Strongie CSS-Wrap HMCA anchors
(https://www.strongtie.com/anchors_fiberreinforcedpolymer/evmca_cssfiberanchor/p/csg
wrap-hmcag) were used for these systems. These hagiength, highmodulus, unidirectional
carbon fiber anchors had a diametef 0.75 in. The dry fibenasa tensile strength of 790 ksi, a
modulus ofelasticity 0f42,000 ksi, and an elongation at break of 1.9%. After curing, the anchors
havea tensile strength of 165 ksi, a modulusetdsticity 0f15,000 ksi, and an elongatiohlareak

of 1.1%.

As illustrated irFigurel, the partthrough anchoring system incorporatéhree anchors on each

long side of the rectangular columns. The anchor locateere staggered orthe opposing sides

to ensure that the anchar penetrate only 3.75 innto the column, which h&a width of 6 in.

The anchor splay was designed to cover a full 360° with a diameter of approximately 9 in. Anchors
were spaced 9 irapart along the column height, with the total column height measu8fgn.

The through anchoring systeshown inFigure2 incorporated three anchors on each long side

of the rectangular columns. The anchor locations on opposing gidesthe same as the anchor

goes through the columnrhe anchor splay was designed to cover a full 360° with a diameter of


https://www.strongtie.com/unidirectionalcarbon_frpfabric/cv-c110hm_cssfabric/p/css-v-wrap-c110hm
https://www.strongtie.com/unidirectionalcarbon_frpfabric/cv-c110hm_cssfabric/p/css-v-wrap-c110hm
https://www.strongtie.com/anchors_fiberreinforcedpolymer/cv-hmca_cssfiberanchor/p/css-v-wrap-hmca
https://www.strongtie.com/anchors_fiberreinforcedpolymer/cv-hmca_cssfiberanchor/p/css-v-wrap-hmca

approximately 9 in. Anchors wempaced 9 inapart along the column height, with the total
column height measuring 30 in.
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FRP profiling

The geofoam useth this study was aexpanded polystyrene (EPS) with a minimum density of
2.85 Ib/ft3, a compressive strength of 50 psi, amanodulus ofelasticity of1,860 psi These
properties were provided by the manufactureAlthough its strength and stiffness are
significantly lower lhan those of concrete, EPS geofoam was selected as a filler material to
evaluate its potential role in structural confinement. The primary function of the geofoam is to
shape the FRP jacket, which ultimately provides the necessary confinement. Howevel its
extends beyond mere profiling; it must also facilitate the transfer of concrete dilation into tensile
forces within the FRP, ensuring that uneven dilation is converted into a more uniform tensile
stress distribution. While the inherent mechanical pesties of geofoam might suggest
limitations, its ability to interact with the FRP confinement system remains an open question.
Given its lightweight nature, ease of installation, and potential to influence stress transfer
mechanisms, geofoanvas considerd here aworthwhile investigaton as a viable filler material

to explore its effectiveness in this applicatidxs shown irFigure3, the geofoam wasnachined

into a triangular crossection with a central height of 4.5 ifio ensure a smooth transition and
avoid sharp corners at the top vertex of the triangle,-m.2radius was introduced, creating a
rounded edge where the FRP jacket conforms to thape. This rounding helps improve the
2 01SiQa FAd I yR NXIhedadnslengtii el 28 in., Shyhtly EhSrigrinsdd thieA 2 v & ¢
30-in. column.The FRP jacketaswrapped directly around the short side of the concrete column
and the surface othe geofoams.
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Figure3 Geofoamprofiled FRP system

Thesteel tube profilers were made &STMA36 steel. As shown iRigure4, it consiséd of a
main tube and three leg3.he main tube had aiB. outer diameter with a 0.28. wall thickness,
while the three tubular legs featured a 1.2% outer diameter and a 0256 in. wall thickness,
spaced 9 in. apart. The legs were welded to the main tWdken installing the supports, two
supports were installed on each side of the concrete column, and the FRPvesebfiled into

a trapezoi@l shape with a height of 4.5
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Figure4 Steel tubeprofiled FRP system

TASK ZFabrication and testing of scaled concrete columns with
different strengthening configurations

The testing program includesix groups, each with two identicablumns totaling 12 scaled
concrete columns, ashownin Tablel. Group 1 serw& as the control group without any
confinement. Group 2 uskdirect FRP jacketing. Groups 3 and 4 inwblaachoring systems:
Group 3 emplogd part-through anchors, while Group 4 us¢éhrough anchors. Groups 5 and 6
focused on profiling methods: Group 5 udegeofoam for FRP profiling, and Group 6 disteel
tubes for the same purpose. Alblumnswere tested under uniaxial compression until failure.



Tablel. Test matrix.

Group Confinement Number ofcolumns
Control

Direct FRP

FRP with parthrough anchors
FRP with through anchors
FRP with geofoam profiling
FRP with stediube profiling

OO ~WINIF
NINININININ

Columnfabrication

AllcolumrshadA RSY G A Ot RAYSyaAzya | yR Ntorynfeash#ddSY Sy i
15 in. x 6 in., with an aspect ratio of 2.5, and a height of 30 in., resulting in a-beigmgth

ratio of 2 and heightto-width ratio of 5 The reinforcement consisti of eight US No. 3
longitudinal rebar, each with a diameter of 0.375 in., and thtiee made from the same rebar

size All steel reinforcement is made of Grade 40 steel, with a nominal yield strengthksfiand

a yield strain of 0.14% .hetieswere spaced at 12 in., with 3 in. left at both the top and bottom

of the column Additionally, a central tie was included in the top and bottom layertsest while

no tie was usedt mid-height. Figure5 shows the drawings of the rebar cadecturesof the

rebar cagsare shown inFigure6.

Each rebaragehadeight strain gauges positioned at ran@ight. Four gauges were attached to
the longitudinal rebar: two on the corner bars, one on the center bar of the short side, and one
on the center bar of the long side. Additional four strain gauges were glandheties, located

at the midside positionsFigure7 shows the locations of the strain gauges.
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Figure6 Rebar cageof the scaled columa

Figure7 Rebar cag strain gauges
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All columrs were cast at the same time using a single batch of concrete, with a design strength
of 4500 psi. The formwork for the columns is showrfigure8. To create rounded corners, a
Sika chamfer stripwitha0.7%6y ® N} RAdza ¢l & F LILX ASR 4 GKS F2N

Figure8 Formworkfor columns

Confinement
The controlcolumnsare shown inFigure9. No further preparation was done for the two control
columns

N\ ;: kL

Figure9 Control columns prior to testing.
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For Group 2 FRébnfined columns with no anchagrthe column surfaces were first primed, and
FRP sheets were then applied using a wet layup technique, as illustrafeglire10. The fibes
werealigned inthe circumferential direction of the columns. Atlumnswere reinforced with a
single layer of FRRith a 6-in. overlap.

Figurel0 Priming and wet layup of FRBcketed columns with no anchors.

For the Groups 3 and 4 anchoring configurations, anchor holes were first drilled into the columns,
followed by priming of the column surfaces. FRP sheets were then applied directly using a wet
layup technique. Afterward,dies were cut into the FRP sheets at the locations corresponding to
the anchor holes in the columns, as showrFigurell. A photograph of the anch@repared

with resin is shown ifrigurel2. Next,the preparedFRP anchors were inserted into these holes,

as illustrated irFigurel3.

13



Figurell Drilling anchor holes and wet layup ¢fRP over the holes

Figurel2 Preparing FRP anchor with resin

14
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Figurel3inserting FRP anchars

For Group 5 geofoarrofiling configuration, the column surface was first primed in the same
manner aghat for Group 2 columnsGeofoam was theplacedon both sides of the column, as
illustrated inFigurel4. After priming the geofoam surface, FRP sheets were wrapped around
the column short sides and the geofoam surface using a wet layup technique, as sHegure

14. The length of the FRP sheet allowed foria.@®verlap. The final geofoaprofiled columnis
shown inFigurelbs.

Figurel4 Preparing geofoanprofiled FRP jacket

15
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Figurel5 Columnswith geofoam-profiled FRP jacket

For Group 6 steel tubprofiled columns individual steel tube supports were fabricated, as
illustrated inFigurel6. Prior toinstallation, 2.12%. diameter holes were drilled into the concrete
columrs, spaced 9 in. aparséeFigurel6). After the holes were drilled, theotumn surface was
primed, and the holes were filled with structural adhesive, as shovagarel7. The tubswere

then inserted into the holes. Twimbeswere installed on each side of the column to shape the
FRP jacket. Once inserted, the legs extended 4.5 in. above the concrete surface, matching the
height of the geofoam configuration. Next, the tubes were primed, as showigurel8. Finally,

an FRP sheet was wrapped directly around the column on the short side and over the tube
supports, as seen iRigurel8.

In addition to the eight rebar strain gaugeéwo strain gauges were also installed on the surface
of the FRP jacket in the hoop direction &drcolumnsexcept for the controtolumns. The strain
gauge locations are shown kigurel9.

16
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Groups 2,3 and 4 Group 5

Figurel9 Strain gaugdocations on the FRP jacket.

Test setup

The test setup is illustrated iRigure20. Allcolumnswere tested in a hydraulic loading frame
with a 600kip capacity. Eac 2 f dzvagewas placed directly on the loading frame, while the
top was fitted with a leveling sandwich plate to ensure uniform compression distribution and
prevent local concrete damage. Above the sandwich platenathick steel plée was positioned

to cover the entire crossection. The loading framead a spherical loading platen that allowed
for 360 degrees swivébr axialload application.

18



The applied compression load was recorded using the load cell integrated into the |y

which also had a 60Kip capacityColumndisplacement under compression was measured with

a springloaded string potentiometer. To set up the potentiometer, a wooden block was bonded

to the top of the column, and a wooden base was fixed to the dratbf the loading frame. The

string potentiometer was anchored between the wooden block and the base, measuring the
coummMa AK2NILISYyAy3a 20SNIHT Ayd ¢KS AGNIAYy 3l dz3S:
system, which also captured data from tlead cell and the string potentiometer.

Displacementontrolled monotonic loading waapplied on all columns the loading rate was
0.01 in./min., alcolumnswere loaded to failure.

Figure20 Test setup.

Group Iresults

The failure of the two controtolumnsis shown inFigure21. Bothcolumnsexhibited concrete
crushing failure, characterized by an inclined fractsweface running through the column. The
load versusshortening curves for the contra@olumns presented inFigure22, reveal a nearly
linear loading pase that continued up to the peak load. At this point, a sudden drop in load
occurred, corresponding to the concrete crushing failure.
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Figure21 Failure mode of controtolumns

600 ‘ ‘ ‘ ‘Con‘trol1 '

500 -

400 -

kips)

~—300F

Load

200 -

100

0 1 L L 1
I N < BT - TN SN R
o O N 07 o7 7o ¥ o

Q

Shortening (in.)

Load (kips)
w
8

600

Control2

500 -

400+

200+

100 ¢

LS ,\1—3
Q-

Vv o D P
of ¥ o7 P
Shortening (in.)

Figure22 Axial lbad versus axiakhortening curves for controtolumns

Therebarstrain data for the controtolumnsis presented inFigure23 and Figure24. The strain
data for the longitudinal rebar shoed that yieldingdid not occurup to the point ofcolumn
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failure. The hoop strain measurements indicate that thes yielded at the migboint location
along the long side of the column, while no obvious yielding occurred along the short side.
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Figure23 Rebar srainsfor control column 1.
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Figure24 Rebar srainsfor control column2.

Group 2Zresults
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The failure of the Group 2olumnsis illustrated inFigure25. Both columnsexhibiteda similar

failure. Upon reaching the peak load, concrete crushing occurred with an audible noise, followed
by a sudden drop in load. However, thelumnswere able tocontinue carrying load witimo
immediate FRP rupture. With continued loading and shortening, significant dilation of the
concrete was observed, accompanied by cracking noises from the FRP jacket. Eventually, FRP
rupture occurred at the corners, as showrFigure25, leading to complete failure.

The loadshortening curves for the Group®lumnsare presented irFigure26, along with the
curves for the controtolumnsfor comparison. After the initial load drop, the Groug@&@umns
demonstrated ahigherdeformation capacity compared to the controblumns attributed to the
confinement provided by the FRP jacket. However, the sharp drop indicates that the FRP
confinement was insufficient to provide a ductile enough seclmadiingbranch. Furthermore,

both Group2 columnsexhibited an increase in peak load compared to the cordotlimns
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Figure26 Axial load versus axiakhortening curves for Group 2olumns

Therebarstrain data for theGroup 2 columnare shown irFigure27 and Figure28. In Figure27,

the strain gauges at Hodpng-1, Hoopshort-2, and Rebamidlong did not record any data,
likely due to damagéo the gauge or wireduring concrete castindgn both columns yielding of

the longitudinal rebar was observed after the peak loatijch isattributed to the increased
column shortening facilitated by the FRP jacket. The hoop strain measurements reveal that the
ties yielded at the migboint locations along both the long and shaitles of the column.
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Figure27 Rebar srainsfor Group 2Columnl.

600 Rebar-midshort 600 Rebar-corner-1

Load (kips)
N w e [}
[=3 (=] (=3 (=3
o o o o
Load (kips)
N w o (4.}
8 8 8 8

-
[=3
o

-

8

0 0
0 1 2 3 4 5 0 1 2 3 4 5
Strain (in./in.) %107 Strain (in./in.) %107
600 Rebar-midlong 600 Rebar-corner-2
500 500

Load (kips)
N w B
8 8 8

Load (kips)
N w e
8 8 8

-
[=]
o

-

8

: 0 =

0 1 2 3 4 5 0 1 2 3 4 5
Strain (in./in.) 107 Strain (in./in.) %102

25



600 Hoop-short-1 600 Hoop-long-1
500 500
. 400 f . 400 /
g 2]
e o
=z z
= 300 / 300
© ©
Sl g
200 J 200
100 {{ 100
0 0
0 1 2 3 4 5 0 1 2 3 4 5
Strain (in./in.) %102 Strain (in.fin.) %1072
&0 Hoop-long-2 800 Hoop-short-2
500 500
—~ 400 —~ 400
0 7]
2 o
= £
s 300 o 300
o ©
S S
200 200
100 100
0 0
0 1 2 3 4 5 0 1 2 3 4 5

Strain (in./in.) %1073

Strain (in./in.) %107

Figure28 Rebar srainsfor Group 2Column2.

The strains measured by the strain gaugesdsahto the surface of the FRP jacket are presented

in Figure29. It is seen that for eacbolumn on one side of the columrhe FRP strain reached
over 0.004 prior toFRRupture.
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(@) Columnl (b) Column2

Figure29 FRP straiafor Group 2columns

Group 3results

The failure process of the Groupc8lumnsis shownin Figure30. Both specimens exhibited
failure behavior similar to that of the GroupcBlumns At peak load, concrete crushing occurred
with an audible noise, followed by a sudden drop in load. Howexwdike the Group Zolumns
the FRP rupture occurredt the cornersshortly after the load drop, as shown Figure 30,
resulting in complete failureTheload drop stage for Group 8olumnswas shorter than that
observed for the Group @olumns

The loadshortening curves for Groupcdlumnsare presented ifFigure31, alongside the curves

for the controlcolumnsfor comparison. After the initial load drop, Groug8lumnsexhibited a
sharp decline, indicating that the FRP confinement was insufficient to provide a ductile second
branch. Nevertheless, both Groupc8lumnsshowed an increase itlhe peak load compared to

the control specimens.
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Figure30 Failure mode of Group 8olumns
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Figure31 Axial load versus axiakhortening curves for Group 8olumns

Therebarstrain data for Group 8olumnsare presented irfFigure32 and Figure33. In Figure32,

the strain gauges at Rebaornerl, Hoopshort-1, and Hooplong-2 did not record any data,
likely due to damage during concrete castinhe longitudinal rebar strain measurements
indicate minimal yieldig, attributed to the relatively rapid FRP rupture upon reaching the peak

load. Similarly, the hoop strain measurements show no significant evideneeyidlding.
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Figure32 Rebar srainsfor Group 3Columnl.
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Figure33 Rebar srainsfor Group 3Column2.

The FRP strains are showrFigure34. ForColumnl, the FRP strain on one sifeRF2 as shown
in Figure34) of the columnexceeded 0.002 before the final rupture. In contraGplumn2

exhibited no significant increase in FRP strain after reaching the peak load. This suggests that the
FRP did not effectively engage in confining the concrete beyond the peak load. InsteB&Rhe
confinement primarilyincreasedthe capacity of the column. A comparison with the FRP strains

of Group 2columnshown inFigure29 suggests that art-through anchors may not enhantee

FRP confinement.

30



600 'FRP-1 . 600 'FRP-1 .
500 500
400 400
w w
=3 =3
== =
= 300 = 300
®© ®©
9 9
200 200
100 100
0 0
0 1 2 3 4 5 0 1 2 3 4 5
Strain (in./in.) %1073 Strain (in./in.) %1073
600 FRP-2 600 FRP-2
500 500
400 400
(%2} (%2}
Q Q
2 =
< 300 = 300
® ®©
S S
200 200
100 100
0 0
0 1 2 3 4 5 0 1 2 3 4 5
Strain (in./in.) %1073 Strain (in./in.) %1073
(a) Columnl (b) Column2

Figure34 FRP straiafor Group 3columns

Group 4results

The failure of Group 4olumnsis illustrated inFigure35. Bothcolumns in Group 4xhibiteda
failure similar tathat of the Group 2columns At peak load, concrete crushing occurred with an
audiblenoise, followed by a sudden drop the load. FRP rupture did not occur immediately,
allowing thecolumnsto continuecarryingload as shorteningccurred Eventually, FRP rupture
occurred at the corners, as shownkigure35, leading to failure.

Theaxialload versus axiashortening curves for Group @éblumnsare presented irFigure36,
alongside the curves for the controblumnsfor comparison. Following the initial load drop, the
Group 4columnsdisplayed a sharp decline; however, the magnitude of the load drop wasesmall
compared to Groups 2 and 3. While Group 2 ammbBimnsexperienced doad drop from the
peak loadto approximately 300 kips, the Groupcélumnsdropped to around 400 kips. This
suggests that the FRP providadyreater confinement to the concrete uponitial crushing,
though it remained insufficient to enable a smooth transition to a secondary loading branch.
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Additionally,Columnl in Group 4 showed no significant increase in peak load, Walemn2
showeda slight improvement.

L 4 SNy P

Figure35 Failure mode of Group 4olumns
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Figure36 Axial load versus axiakhortening curves for Group dolumns

Therebarstrain data for Group 4olumnsare presented irFigure37 and Figure38. In Figure37,
the strain gauges at Rebaridshort, Rebarcorner1, Hoop-short-1, Rebarmidlong, andHoop
long-2 did not record any data, likely due to damage during concrete casthmylongitudinal
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rebar strain measurements indicate minimal yielding. Similarly, the hoop strain measurements
show no evidence dife yielding.
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Figure37 Rebar srainsfor Group 4Columnl.
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Figure38 Rebar srainsfor Group 4Column2.

The FRP strains are presentedrigure39. For bothcolumns the FRP strains on one sidFRF2
for Column 1 and FRPfor Column 2 as shown kfigure39) of the column exceeded 0.0@&ior
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to rupture, while the strains on the opposite side reached approximately 0.004. This indicates
that the FRP strasin Group 4were higher than those observed in Groups 2 and 3, aligning with
the observation that the FRP provided greater confinement to threccete upon reaching the
peak load. Consequently, this demonstrates that thro&gtP anchors cammprove FRP
confinement more effectively than pathrough anchors. However, the Group eblumns
demonstrateda lower average peak load compared to Groupsn2l 8 columns It remains
unclear whether this was due to intgroup specimen variabilityr the impact of the through

holes required for the througlanchors. Additionaltesting is needed to draw definitive
conclusions.
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Figure39 FRP straiafor Group 4columns

Group 5Sresults

The failure mode of the Group 5 foapmofiled columnsis illustrated inFigure40. Bothcolumns
showed andentical failure, which was markedly different from all other groups. At the peak load,
concrete crushing occurred with an audible noise, followed by a sudden diopdnHowever,
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no visible damage or deformation was observed on the surface of the FRP jacketldinas
continued to resist loading over a prolonged shortening without significant signs of damage or
deformation. At very large shortening levels, someodemation of the FRP jacket became
apparent, as shown ifigure40, due to concrete dilation. Despite éharge deformationsthe
columnswere still dle to carry load, and the test was terminated once significant deformation
of the FRP jacket was observed.

Theaxial load versukadshortening curves for the Groupcelumnsare presented irFigure4l,
alongside those for the contreblumnsfor comparison. Following the initial load drop, the Group

5 columnsdisplayed a sharp decline. F@olumn 2, the wood block to which the string
potentiometer wasattached fell off upon reaching the peak load, preventing further shortening
measurements. HoweverColumn 1 exhibited a gradual decrease capacityas loading
continued. In terms of peak loa@€olumnl exhibited a slightly lower peak load compared te th
control column whileColumn2 showed a slightly higher peak load. This variation is likely due to
specimen variability, as no significant differences were observed between thediuansin
Group 5.

Figure40 Failure mode of Group Solumns
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Figure41 Axial load versus axiakhortening curves for Group &olumns

The rebar strain data for Group Tolumnsare presented inFigure42 and Figure43. The
longitudinal rebar strain measurements indicate minimal yielding. The hoop strain
measurements show evidetie yielding on the long side but nonthe short side, similar to that

of the control group.
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Figure42 Rebar srainsfor Group 5Columnl.
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