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Abstract 
Externally bonded fiber-reinforced polymer (FRP) jacketing has become a widely used technique 
for strengthening reinforced concrete (RC) columns due to its ease of application. However, its 
effectiveness is limited when applied to columns with rectangular cross-sections. To address this 
issue, this research project investigated two potential approaches to enhance the performance 
of FRP jacketing for rectangular columns: FRP anchoring and 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, although 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 relevant to this study. This database will serve as a reference for further analysis of 
the experimental results. 
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DEVELOPMENT AND TESTING OF A NOVEL ANCHOR-
PROFILED FRP JACKET SYSTEM FOR EFFECTIVE 
CONFINEMENT OF RECTANGULAR CONCRETE COLUMNS 

Executive Summary 
This research project investigated the effectiveness of externally bonded fiber-reinforced 
polymer (FRP) jacketing for strengthening rectangular reinforced concrete (RC) columns, 
addressing the known limitations of FRP confinement in non-circular geometries. While FRP 
jacketing is highly effective for circular columns as a result of the uniform 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 FRP profiling. The experimental program included six groups of scaled 
concrete columns subjected to uniaxial compression tests. Results indicated that FRP anchoring 
systems, including both part-through and through-anchor configurations, provided minimal 
capacity 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 support the FRP confinement. 

Conversely, the steel tube profiling system demonstrated more promising results, with one 
specimen achieving a 16.6% increase in axial capacity. However, performance variability was 
observed, primarily due to inconsistencies in FRP jacket installation, such as slack and lack of 
surface flatness. These findings highlight the critical role of installation quality in achieving 
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 dimensions, and 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, with implications for more effective and reliable 
retrofitting solutions in structural engineering applications. 
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Introduction 
Externally bonded fiber-reinforced polymer (FRP) jacketing has become a widely used technique 
for strengthening reinforced concrete (RC) columns due to its ease of application, often 
eliminating the need for more labor-intensive methods such as casting additional concrete or 
installing heavy steel jacketing. While highly effective for circular columns, FRP jacketing is 
significantly less effective for rectangular concrete columns. This limitation primarily stems from 
the non-uniform confinement provided by the FRP. In circular columns, confinement is mostly 
uniform due to mainly tensile stresses being generated in the FRP, producing 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 
ƘƛƎƘŜǊ ŎƻƴŦƛƴŜƳŜƴǘΦ !ǎ ŀ ǊŜǎǳƭǘΣ ŀ ƭŀǊƎŜ ǇƻǊǘƛƻƴ ƻŦ ǘƘŜ ǊŜŎǘŀƴƎǳƭŀǊ ŎƻƭǳƳƴΩǎ ŎǊƻǎǎ-section remains 
inadequately confined by the FRP. Additionally, issues arise such as the premature rupture of the 
FRP around the corners due to high strain concentrations. 

To address this issue, this research project explored two potential approaches to improve the 
effectiveness of FRP jacketing for rectangular columns: FRP anchoring systems and innovative 
FRP profiling systems. Both methods are designed to enhance confinement along the flat surfaces 
of the column. These enhancements were evaluated through scaled concrete columns subjected 
to uniaxial compression testingτa well-established technique for assessing the performance of 
various confining systems. By examining the results 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 of FRP anchors and profiled FRP jacket system. 

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

Task 3: Comparative analysis of test data against published data in the literature. 

Task 4: Preparation of the final report. 

This final report provides a comprehensive summary of the details and findings from Tasks 1, 2, 
and 3. 
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TASK 1: Design of FRP anchors and profiled FRP jacket system 
In this project, two innovative FRP strengthening strategies were proposed to enhance the 
confinement of rectangular columns without altering their cross-section. The first strategy 
involves using FRP anchors to provide additional bond to the flat sides of the rectangular column. 
These anchors can be either through anchors, which penetrate the entire cross-section of the 
column, or part-through anchors, which do not fully penetrate the cross-section. The second 
strategy involves profiling the FRP jacket. This approach utilizes the tensile stress in the FRP to 
generate a compressive force 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 tubes. The details of the design are explained below. 

FRP anchors 
The FRP materials used in this project were provided by Simpson Strong-Tie, whose installation 
team was also responsible for the FRP application under the supervision of the PIs. The same FRP 
material, Simpson Strong-Tie CSS V-Wrap C 110 HM 
(https://www.strongtie.com/unidirectionalcarbon_frpfabric/cv-c110hm_cssfabric/p/css-v-
wrap-c110hm), was used across all columns. This high-modulus unidirectional carbon fabric has 
a tensile strength of 670 ksi, a modulus of elasticity of 37,000 ksi, and an elongation at break of 
1.65%. After curing, the laminate exhibits a tensile strength of 152 ksi, a modulus of elasticity of 
14,700 ksi, and an elongation at break of 1.05%, with a nominal thickness of 0.02 in. All FRP 
material test data was obtained from the manufacturer, Simpson Strong-Tie, based on their ICC-
ES ESR-4930 report. The fabric had a nominal width of 12 in. 

The part-through and through FRP anchoring systems utilized the same type of FRP anchors but 
different anchor lengths and insertion depths. Simpson Strong-Tie CSS V-Wrap HMCA anchors 
(https://www.strongtie.com/anchors_fiberreinforcedpolymer/cv-hmca_cssfiberanchor/p/css-v-
wrap-hmca) were used for these systems. These high-strength, high-modulus, unidirectional 
carbon fiber anchors had a diameter of 0.75 in. The dry fiber has a tensile strength of 790 ksi, a 
modulus of elasticity of 42,000 ksi, and an elongation at break of 1.9%. After curing, the anchors 
have a tensile strength of 165 ksi, a modulus of elasticity of 15,000 ksi, and an elongation at break 
of 1.1%. 

As illustrated in Figure 1, the part-through anchoring system incorporated three anchors on each 
long side of the rectangular columns. The anchor locations were staggered on the opposing sides 
to ensure that the anchors penetrate only 3.75 in. into the column, which had 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 in. apart along the column height, with the total column height measuring 30 in. 
The through anchoring system shown in Figure 2 incorporated three anchors on each long side 
of the rectangular columns. The anchor locations on opposing sides were the same as the anchor 
goes through the column. The 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
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approximately 9 in. Anchors were spaced 9 in. apart along the column height, with the total 
column height measuring 30 in. 

 

(a) Column elevation view 
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(b) S1/2 vertical cross-section view 

 

(c) S1/3 horizontal cross-section view 

Figure 1 Part-though FRP anchoring system. 
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(a) Column elevation view 
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(b) S2/2 vertical cross-section view 

 

(c) S2/3 horizontal cross-section view 

Figure 2 Though FRP anchoring system. 

FRP profiling 
The geofoam used in this study was an expanded polystyrene (EPS) with a minimum density of 
2.85 lb/ft³, a compressive strength of 50 psi, and a modulus of elasticity of 1,860 psi. These 
properties were provided by the manufacturer. Although its strength and stiffness are 
significantly lower than 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. However, its role 
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 properties 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, geofoam was considered here a worthwhile investigation as a viable filler material 
to explore its effectiveness in this application. As shown in Figure 3, the geofoam was machined 
into a triangular cross-section with a central height of 4.5 in. To ensure a smooth transition and 
avoid sharp corners at the top vertex of the triangle, a 2-in. radius was introduced, creating a 
rounded edge where the FRP jacket conforms to the shape. This rounding helps improve the 
ƧŀŎƪŜǘΩǎ Ŧƛǘ ŀƴŘ ǊŜŘǳŎŜ ǎǘǊŜǎǎ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎΦ The foam length was 28 in., slightly shorter than the 
30-in. column. The FRP jacket was wrapped directly around the short side of the concrete column 
and the surface of the geofoams.  
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Figure 3 Geofoam-profiled FRP system. 

The steel tube profilers were made of ASTM A36 steel. As shown in Figure 4, it consisted of a 
main tube and three legs. The main tube had a 2 in. outer diameter with a 0.25 in. wall thickness, 
while the three tubular legs featured a 1.25 in. outer diameter and a 0.125 in. wall thickness, 
spaced 9 in. apart. The legs were welded to the main tube. When installing the supports, two 
supports were installed on each side of the concrete column, and the FRP jacket was profiled into 
a trapezoidal shape with a height of 4.5 in. 
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Figure 4 Steel tube-profiled FRP system. 

TASK 2: Fabrication and testing of scaled concrete columns with 
different strengthening configurations 
The testing program included six groups, each with two identical columns, totaling 12 scaled 
concrete columns, as shown in Table 1. Group 1 served as the control group without any 
confinement. Group 2 used direct FRP jacketing. Groups 3 and 4 involved anchoring systems: 
Group 3 employed part-through anchors, while Group 4 used through anchors. Groups 5 and 6 
focused on profiling methods: Group 5 used geofoam for FRP profiling, and Group 6 used steel 
tubes for the same purpose. All columns were tested under uniaxial compression until failure. 

 



 

9 
 

Table 1. Test matrix. 

Group Confinement Number of columns 

1 Control 2 

2 Direct FRP 2 

3 FRP with part-through anchors 2 

4 FRP with through anchors 2 

5 FRP with geofoam profiling 2 

6 FRP with steel-tube profiling 2 

 

Column fabrication 
All columns had ƛŘŜƴǘƛŎŀƭ ŘƛƳŜƴǎƛƻƴǎ ŀƴŘ ǊŜƛƴŦƻǊŎŜƳŜƴǘΦ 9ŀŎƘ ŎƻƭǳƳƴΩǎ ŎǊƻǎǎ-section measured 
15 in. × 6 in., with an aspect ratio of 2.5, and a height of 30 in., resulting in a height-to-length 
ratio of 2 and height-to-width ratio of 5. The reinforcement consisted of eight US No. 3 
longitudinal rebar, each with a diameter of 0.375 in., and three ties made from the same rebar 
size. All steel reinforcement is made of Grade 40 steel, with a nominal yield strength of 40 ksi and 
a yield strain of 0.14%. The ties were 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 layers of ties, while 
no tie was used at mid-height. Figure 5 shows the drawings of the rebar cage. Pictures of the 
rebar cages are shown in Figure 6. 

Each rebar cage had eight strain gauges positioned at mid-height. 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 placed on the ties, located 
at the mid-side positions. Figure 7 shows the locations of the strain gauges. 
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Figure 5 Rebar cage design 
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Figure 6 Rebar cages of the scaled columns. 

 

Figure 7 Rebar cage strain gauges. 



 

12 
 

All columns were cast at the same time using a single batch of concrete, with a design strength 
of 4,500 psi. The formwork for the columns is shown in Figure 8. To create rounded corners, a 
Sika chamfer strip with a 0.75-ƛƴΦ ǊŀŘƛǳǎ ǿŀǎ ŀǇǇƭƛŜŘ ŀǘ ǘƘŜ ŦƻǊƳǿƻǊƪΩǎ ŎƻǊƴŜǊǎΦ 

 

Figure 8 Formwork for columns. 

Confinement 
The control columns are shown in Figure 9. No further preparation was done for the two control 
columns. 

 

Figure 9 Control columns prior to testing. 
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For Group 2 FRP confined columns with no anchors, the column surfaces were first primed, and 
FRP sheets were then applied using a wet layup technique, as illustrated in Figure 10. The fibers 
were aligned in the circumferential direction of the columns. All columns were reinforced with a 
single layer of FRP with a 6 -in. overlap. 

  

Figure 10 Priming and wet layup of FRP jacketed 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, holes were cut into the FRP sheets at the locations corresponding to 
the anchor holes in the columns, as shown in Figure 11. A photograph of the anchor prepared 
with resin is shown in Figure 12. Next, the prepared FRP anchors were inserted into these holes, 
as illustrated in Figure 13.  
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Figure 11 Drilling anchor holes and wet layup of FRP over the holes. 

 

Figure 12 Preparing FRP anchor with resin. 
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Figure 13 Inserting FRP anchors. 

For Group 5 geofoam-profiling configuration, the column surface was first primed in the same 
manner as that for Group 2 columns. Geofoam was then placed on both sides of the column, as 
illustrated in Figure 14.  After priming the geofoam surface, FRP sheets were wrapped around 
the column short sides and the geofoam surface using a wet layup technique, as shown in Figure 
14. The length of the FRP sheet allowed for a 6 in. overlap. The final geofoam-profiled column is 
shown in Figure 15. 

  

Figure 14 Preparing geofoam-profiled FRP jacket. 
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Figure 15 Columns with geofoam-profiled FRP jacket. 

For Group 6 steel tube-profiled columns, individual steel tube supports were fabricated, as 
illustrated in Figure 16. Prior to installation, 2.125 n. diameter holes were drilled into the concrete 
columns, spaced 9 in. apart (see Figure 16). After the holes were drilled, the column surface was 
primed, and the holes were filled with structural adhesive, as shown in Figure 17. The tubes were 
then inserted into the holes. Two tubes were 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 shown in Figure 18. Finally, 
an FRP sheet was wrapped directly around the column on the short side and over the tube 
supports, as seen in Figure 18. 

In addition to the eight rebar strain gauges, two strain gauges were also installed on the surface 
of the FRP jacket in the hoop direction for all columns except for the control columns. The strain 
gauge locations are shown in Figure 19. 
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Figure 16 Steel-tube and preparation of columns. 

   

Figure 17 Installation of tubes on columns. 
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Figure 18 Wrapping of FRP sheets on the steel tubes and concrete. 

 

Figure 19 Strain gauge locations on the FRP jacket. 

Test setup 
The test setup is illustrated in Figure 20. All columns were tested in a hydraulic loading frame 
with a 600-kip capacity. Each ŎƻƭǳƳƴΩǎ base was 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 plate, a 1-in.-thick steel plate was positioned 
to cover the entire cross-section. The loading frame had a spherical loading platen that allowed 
for 360 degrees swivel for axial load application. 
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The applied compression load was recorded using the load cell integrated into the loading frame, 
which also had a 600-kip capacity. Column displacement under compression was measured with 
a spring-loaded 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 bottom of the loading frame. The 
string potentiometer was anchored between the wooden block and the base, measuring the 
columnΩǎ ǎƘƻǊǘŜƴƛƴƎ ƻǾŜǊ нт ƛƴΦ ¢ƘŜ ǎǘǊŀƛƴ ƎŀǳƎŜǎ ǿŜǊŜ ŘƛǊŜŎǘƭȅ ŎƻƴƴŜŎǘŜŘ ǘƻ ǘƘŜ Řŀǘŀ ŀŎǉǳƛǎƛǘƛƻƴ 
system, which also captured data from the load cell and the string potentiometer. 

Displacement-controlled monotonic loading was applied on all columns, the loading rate was 
0.01 in./min., all columns were loaded to failure. 

 

Figure 20 Test setup. 

Group 1 results 
The failure of the two control columns is shown in Figure 21. Both columns exhibited concrete 
crushing failure, characterized by an inclined fracture surface running through the column. The 
load versus shortening curves for the control columns, presented in Figure 22, reveal a nearly 
linear loading phase 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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Figure 21 Failure mode of control columns. 

 

Figure 22 Axial load versus axial shortening curves for control columns. 

The rebar strain data for the control columns is presented in Figure 23 and Figure 24. The strain 
data for the longitudinal rebar showed that yielding did not occur up to the point of column 
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failure. The hoop strain measurements indicate that the ties yielded at the mid-point location 
along the long side of the column, while no obvious yielding occurred along the short side.  

 

 

Figure 23 Rebar strains for control column 1. 
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Figure 24 Rebar strains for control column 2. 

Group 2 results 
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The failure of the Group 2 columns is illustrated in Figure 25. Both columns exhibited a similar 
failure. Upon reaching the peak load, concrete crushing occurred with an audible noise, followed 
by a sudden drop in load. However, the columns were able to continue carrying load with no 
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 shown in Figure 25, leading to complete failure. 

The load-shortening curves for the Group 2 columns are presented in Figure 26, along with the 
curves for the control columns for comparison. After the initial load drop, the Group 2 columns 
demonstrated a higher deformation capacity compared to the control columns, 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 second loading branch. Furthermore, 
both Group 2 columns exhibited an increase in peak load compared to the control columns. 

  

Figure 25 Failure mode of Group 2 columns. 
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Figure 26 Axial load versus axial shortening curves for Group 2 columns. 

The rebar strain data for the Group 2 columns are shown in Figure 27 and Figure 28. In Figure 27, 
the strain gauges at Hoop-long-1, Hoop-short-2, and Rebar-midlong did not record any data, 
likely due to damage to the gauge or wires during concrete casting. In both columns, yielding of 
the longitudinal rebar was observed after the peak load, which is attributed to the increased 
column shortening facilitated by the FRP jacket. The hoop strain measurements reveal that the 
ties yielded at the mid-point locations along both the long and short sides of the column. 
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Figure 27 Rebar strains for Group 2 Column 1. 

 



 

26 
 

 

Figure 28 Rebar strains for Group 2 Column 2. 

The strains measured by the strain gauges bonded to the surface of the FRP jacket are presented 
in Figure 29. It is seen that for each column, on one side of the column, the FRP strain reached 
over 0.004 prior to FRP rupture.  

   



 

27 
 

 (a) Column 1 (b) Column 2 

Figure 29 FRP strains for Group 2 columns. 

Group 3 results 
The failure process of the Group 3 columns is shown in Figure 30. Both specimens exhibited 
failure behavior similar to that of the Group 2 columns. At peak load, concrete crushing occurred 
with an audible noise, followed by a sudden drop in load. However, unlike the Group 2 columns, 
the FRP rupture occurred at the corners shortly after the load drop, as shown in Figure 30, 
resulting in complete failure. The load drop stage for Group 3 columns was shorter than that 
observed for the Group 2 columns. 

The load-shortening curves for Group 3 columns are presented in Figure 31, alongside the curves 
for the control columns for comparison. After the initial load drop, Group 3 columns exhibited a 
sharp decline, indicating that the FRP confinement was insufficient to provide a ductile second-
branch. Nevertheless, both Group 3 columns showed an increase in the peak load compared to 
the control specimens. 

  

Figure 30 Failure mode of Group 3 columns. 
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Figure 31 Axial load versus axial shortening curves for Group 3 columns. 

The rebar strain data for Group 3 columns are presented in Figure 32 and Figure 33. In Figure 32, 
the strain gauges at Rebar-corner-1, Hoop-short-1, and Hoop-long-2 did not record any data, 
likely due to damage during concrete casting.  The longitudinal rebar strain measurements 
indicate minimal yielding, attributed to the relatively rapid FRP rupture upon reaching the peak 
load. Similarly, the hoop strain measurements show no significant evidence of tie yielding. 
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Figure 32 Rebar strains for Group 3 Column 1. 
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Figure 33 Rebar strains for Group 3 Column 2. 

The FRP strains are shown in Figure 34. For Column 1, the FRP strain on one side (FRP-2 as shown 
in Figure 34) of the column exceeded 0.002 before the final rupture. In contrast, Column 2 
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. Instead, the FRP 
confinement primarily increased the capacity of the column. A comparison with the FRP strains 
of Group 2 column shown in Figure 29 suggests that part-through anchors may not enhance the 
FRP confinement.  
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 (a) Column 1 (b) Column 2 

Figure 34 FRP strains for Group 3 columns. 

Group 4 results 
The failure of Group 4 columns is illustrated in Figure 35. Both columns in Group 4 exhibited a 
failure similar to that of the Group 2 columns. At peak load, concrete crushing occurred with an 
audible noise, followed by a sudden drop in the load. FRP rupture did not occur immediately, 
allowing the columns to continue carrying load as shortening occurred. Eventually, FRP rupture 
occurred at the corners, as shown in Figure 35, leading to failure. 

The axial load versus axial shortening curves for Group 4 columns are presented in Figure 36, 
alongside the curves for the control columns for comparison. Following the initial load drop, the 
Group 4 columns displayed a sharp decline; however, the magnitude of the load drop was smaller 
compared to Groups 2 and 3. While Group 2 and 3 columns experienced a load drop from the 
peak load to approximately 300 kips, the Group 4 columns dropped to around 400 kips. This 
suggests that the FRP provided a greater confinement to the concrete upon initial crushing, 
though it remained insufficient to enable a smooth transition to a secondary loading branch. 
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Additionally, Column 1 in Group 4 showed no significant increase in peak load, while Column 2 
showed a slight improvement. 

  

Figure 35 Failure mode of Group 4 columns. 

 

Figure 36 Axial load versus axial shortening curves for Group 4 columns. 

The rebar strain data for Group 4 columns are presented in Figure 37 and Figure 38. In Figure 37, 
the strain gauges at Rebar-midshort, Rebar-corner-1, Hoop-short-1, Rebar-midlong, and Hoop-
long-2 did not record any data, likely due to damage during concrete casting. The longitudinal 
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rebar strain measurements indicate minimal yielding. Similarly, the hoop strain measurements 
show no  evidence of tie yielding. 

 

 

Figure 37 Rebar strains for Group 4 Column 1. 
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Figure 38 Rebar strains for Group 4 Column 2. 

The FRP strains are presented in Figure 39. For both columns, the FRP strains on one side (FRP-2 
for Column 1 and FRP-1 for Column 2 as shown in Figure 39) of the column exceeded 0.005 prior 
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to rupture, while the strains on the opposite side reached approximately 0.004. This indicates 
that the FRP strains in Group 4 were higher than those observed in Groups 2 and 3, aligning with 
the observation that the FRP provided greater confinement to the concrete upon reaching the 
peak load. Consequently, this demonstrates that through-FRP anchors can improve FRP 
confinement more effectively than part-through anchors. However, the Group 4 columns 
demonstrated a lower average peak load compared to Groups 2 and 3 columns. It remains 
unclear whether this was due to inter-group specimen variability, or the impact of the through-
holes required for the through-anchors. Additional testing is needed to draw definitive 
conclusions.  

   

 (a) Column 1 (b) Column 2 

Figure 39 FRP strains for Group 4 columns. 

Group 5 results 
The failure mode of the Group 5 foam-profiled columns is illustrated in Figure 40. Both columns 
showed an identical failure, which was markedly different from all other groups. At the peak load, 
concrete crushing occurred with an audible noise, followed by a sudden drop in load. However, 
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no visible damage or deformation was observed on the surface of the FRP jacket. The columns 
continued to resist loading over a prolonged shortening without significant signs of damage or 
deformation. At very large shortening levels, some deformation of the FRP jacket became 
apparent, as shown in Figure 40, due to concrete dilation. Despite the large deformations, the 
columns were still able to carry load, and the test was terminated once significant deformation 
of the FRP jacket was observed. 

The axial load versus load shortening curves for the Group 5 columns are presented in Figure 41, 
alongside those for the control columns for comparison. Following the initial load drop, the Group 
5 columns displayed a sharp decline. For Column 2, the wood block to which the string 
potentiometer was attached fell off upon reaching the peak load, preventing further shortening 
measurements. However, Column 1 exhibited a gradual decrease in capacity as loading 
continued. In terms of peak load, Column 1 exhibited a slightly lower peak load compared to the 
control column, while Column 2 showed a slightly higher peak load. This variation is likely due to 
specimen variability, as no significant differences were observed between the two columns in 
Group 5. 

 

Figure 40 Failure mode of Group 5 columns. 
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Figure 41 Axial load versus axial shortening curves for Group 5 columns. 

The rebar strain data for Group 5 columns are presented in Figure 42 and Figure 43. The 
longitudinal rebar strain measurements indicate minimal yielding. The hoop strain 
measurements show evident tie yielding on the long side but not on the short side, similar to that 
of the control group.  
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Figure 42 Rebar strains for Group 5 Column 1. 

 
































