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ABSTRACT

Due to their great structural efficiency and efficient utilization of materials, steel-reinforced
hollow-core concrete columns are often employed in utility poles, ground piles, and piers for
bridges. Based on research, these columns' performance is impacted by many design
parameters. However, corrosion can be a problem in steel-reinforced concrete structures.
This paper examines the differences between using steel and GFRP longitudinal bars in
hollow-section square concrete columns and explores the potential benefits of using GFRP
bars as an option that is economically viable and non-corrosive. According to the study
results, the computational results clearly show how an increased longitudinal GFRP
reinforcement ratio improves the columns' bearing capability, but when compared to steel
reinforcement, it provides less bearing capability. For the same reinforcement ratio (1.46 %,
3.29 %, and 4.9 %), The findings demonstrated that GFRP columns had a decrease in the axial
bearing load by 13.1%, 9.2 %, and 9.4%, respectively.
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1. INTRODUCTION

For axial loads to be transmitted inside a reinforced concrete structure, compression
elements like columns, piles, and columns supporting bridge piers are crucial. These are
crucial members, and if one fails in an important spot, the whole structure might collapse
(Abbas and Awazlli, 2017; Zakarea and Al-Baghdadi, 2020; Elmessalami et al., 2019).
Hollow cores concrete columns are chosen over solid concrete columns for utility poles,
ground piles, and the piers of high bridges because they have greater axial loads and bending
moment resistance, greater structural effectiveness, a high strength-to-mass ratio, reduced
self-weight, and more affordable styles (Ali et al., 2015; AL-Shaarbaf et al.,, 2017; Cassese
et al., 2019; Abed and Alhafiz, 2019). These elements are often strengthened with steel
bars, spirals, or ties. However, corrosion is becoming a major problem since hollow concrete
columns have thinner walls and a smaller concrete cover for the steel reinforcing than solid
concrete columns. It minimizes the axial loading capacity by damaging the steel bars of the
transverse confinements.

As a result, there is growing interest in alternatives that aren't corrosive, like GFRP bars.
According to (Rizkalla et al., 2003; El-Sallakawy et al., 2003; Benmokraune et al., 2006;
Kim et al, 2014), and other researchers, GFRP bars have several benefits over steel,
including reduced density, improved tensile strength, and resistance to corrosion even in
hostile chemical conditions. While there has been significant research, despite the
application of GFRP bars as flexural and shear reinforcements in concrete structures, the
actual performance of GFRP-reinforced concrete compressive members is not yet fully
understood. According to Standard ACI 440. R-06 (American Concrete Institute, 2006),
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there is a need for further study in this area. Testing of GFRP bars under compressive load is
complicated by the possibility of micro-buckling of fibers, due to the material's anisotropy
and nonhomogeneity, and there is currently no accepted test method for compression load
(Castro et al.,, 1995; Mirmiran et al., 2001; AlAjarmeh et al., 2019; Francis et al., 2010).
The resistance of GFRP longitudinal reinforcement in compressive concrete components is
not considered by American or the Canadian code (Canadian Standard Association, 2012).
Research revealed that the compressive strength and modulus of (FRP) bars are lower than
their tensile counterparts. Estimations suggest that the compression capacity of (GFRP) bars
is approximately 55% of their tensile capacity. Investigations into GFRP bars with diameters
of 15.9 mm, 19.1 mm, and 25.4 mm found that compressive strength often reached 77% of
the tensile strength (Mander et al., 1983; Zahn et al., 1986; Malick et al., 1988; Mohamed
and Benmokrane, 2014). In concrete prisms, GFRP bars subjected to compression forces
at the center exhibited compressive strengths ranging from 30% to 40% of their tensile
capacity. Axial load testing on 45 GFRP bars (15 mm in diameter, with unbraced lengths
between 50 mm and 380 mm) revealed a compression capacity of approximately 50%
relative to tensile capacity, with identical compressive and tension modulus (Chaallal and
Benmokrane, 1993). Additionally, concrete beam columns (220 mm x 220 mm x 1850 mm)
reinforced with GFRP were tested, showing that GFRP bars in compression members
experienced strains of only 25% to 35% of their full strength (Zadeh and Nanni, 2013).
Another study by (Deitz et al., 2003) examined small-scale square FRP-reinforced concrete
columns (250 mm x 250 mm x 850 mm) using grid-type FRP for longitudinal reinforcement.
Conservative estimates for axial load capacity were obtained by discounting GFRP bar
participation. When replacing GFRP reinforcement with steel reinforcement in column
specimens (400 mm x 200 mm x 1000 mm), the use of GFRP bars instead of longitudinal
steel bars resulted in a 13% reduction in capacity (Paultre et al., 2010). However, switching
steel ties to GFRP bars had only a 10% impact on strength, without affecting the load-
deformation curve up to 80% of the ultimate load (Kobayashi and Fujisaki, 1995).
Analytical investigations of short, thin reinforced concrete columns emphasized the
importance of a minimum reinforcing ratio greater than 0.6% to prevent brittle failure
(Alsayed et al., 1999).

Furthermore, considering GFRP reinforcement’s contribution to compression zone strength
is essential. GFRP-reinforced concrete columns exhibited behavior similar to steel-bar-
reinforced columns, with GFRP and steel bar contributions to interior reinforcement
strength estimated at approximately 5% and 16% of the ultimate capacity, respectively (De
Luca et al., 2010). In conclusion, a study by (Tobbi et al., 2012) studied square-reinforced
concrete columns with GFRP reinforcement, suggesting that the maximum load capacity
could be approximated by assuming GFRP bar compressive capacity as 35% of the tensile
strength. Despite these results, limited research has explored the functionality of GFRP-
reinforced solid concrete columns, and the axial performance of GFRP hollow square
concrete columns remains uninvestigated (Hoshikuma and Priestley, 2000; Carolin,
2003; Darwin et al., 2016; Liang and Sritharan, 2018; Hales et al.,, 2016; Raza and
Ahmad, 2019).

This paper's goal was to study the investigation of the columns’ compressive behavior on the
square hollow-section concrete column reinforced with GFRP bar and the impact of
longitudinal GFRP reinforcement ratio settings on their maximum load, failure, crack modes,
and strain response. The study also compares the effects of the use of GFRP and steel as
longitudinal reinforcements on structural behavior.
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2. EXPERIMENTAL PROGRAM

In this work, six square hollow-section columns were created and tested by applying a
compression load that was monotonically increased. They included three columns that were
taken as references with steel bars and ties, and the other three columns with GFRP bars and
steel ties. All test specimens had an exterior dimension of 180 x 180 mm, an interior hollow
section measuring 70 x 70 mm, and a height of 900 mm. In this investigation, GFRP and steel
reinforcement ratio was the primary experimental variable, in addition to reinforcement
type (GFRP vs. steel).

2.1 Material Properties

The GFRP reinforcement had a deformed finish to improve the efficiency of the combination
of the GFRP and concrete. All of the columns were reinforced using 12mm GFRP and steel
bars to provide similar longitudinal reinforcement and 10mm steel stirrups as lateral
reinforcement. According to the factory's datasheet, GFRP tensile properties are provided in
Table 1 for all hollow column specimens. The average compressive strength of the same day-
cast column specimens made from ready-mixed concrete was 24.03 MPa. Compressive
strength was determined by averaging the results of six 100 x 200 mm concrete cylinders
tested on the same day as the column specimens.

Table 1. Properties of longitudinal and transverse reinforcement.

Material type | Diameter of bar (mm) [Elastic modulus (GPa) | Tensile strength (MPa)
GFRP 12 50 1200
Steel 12 200 530
Steel 10 200 525

2.2 Hollow Columns Specimen Preparation

The reinforcement information for the column specimens is shown in Table 2. Two codes
are used to identify each specimen. Specimens that have steel or GFRP reinforcement are
indicated by the letters S and G, respectively. The second part, which is the letters R, and the
following number refers to the longitudinal steel or GFRP reinforcement ratio. Two
categories were created from the specimens, as can be seen in Fig. 1. Group 1 includes three
control specimens: the first column SR1 with a reinforcement ratio of 1.46% by using 4 steel
bars of 12 mm longitudinally, and the two other steel column specimens, SR2 and SR3, which
used 8 and 12 steel bars of 12 mm, respectively, achieved 3.29% and 4.9% longitudinal
reinforcement ratios. 10 mm steel stirrups were used transversely with 170 mm spacing.
Group 2 includes three specimens (GR1, GR2, and GR3) that were reinforced laterally with
10 mm steel ties with a constant spacing (170 mm). The same three longitudinal
reinforcement ratios were handled, as illustrated in Table 2. The reinforcement ratios
obtained using 4, 8, and 12 of 12 mm GFRP bars were 1.46%, 3.29%, and 4.9%, respectively.
As can be seen in Fig. 2, a variety of column configurations were constructed using GFRP and
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Figure 1. Structural details of Hollow square concrete column.
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Table 2. Hollow square concrete column Specimen Details in this study.

Group Specimens ID | Reinforcement Longitudinal Stirrups Hollow
no. type reinforcement ratio % | spacing (mm) ratio
SR1 1.46
Group | SR2 Steel 3.29
SR3 4.9 170 0.15
GR1 1.46
Group II GR2 GFRP 3.29
GR3 4.9

Steel reinforcement cages

GFRP reinforcement cages

Figure 2. Reinforcement steel and GFRP cages.

steel cages. The distance between the concrete and the column sides was maintained at a
constant 20 mm. As seen in Fig. 3, the square hollow columns were prepared to undergo
horizontal casting in plywood molds. Then, the steel and GFRP reinforcements were put
inside the plywood molds. As shown in Fig. 4, all columns were cast horizontally. A nearby
ready-mix concrete supplier provided the concrete.

The process of
shaping the plywood |
mold to fit the hollow|"
section columns and

placing the
reinforcement cages
before starting the
casting process

Figure 3. Details of hollow column plywood mold.
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The process of
casting concrete
into the plywood

molds evenly while
installing the
reinforcement
cages and placing
wires of strain
gauges outside

Figure 4. Casting concrete process.

2.3 Test Setup and Equipment

Column specimens were put to the test until they broke. Using the compression testing
equipment at the University of Baghdad's Structural Laboratory under axial compressive
stress with pinned end supports. The column specimen surface was cleaned and painted one
day before testing. Under the column, a calibrated load cell with a 2000 kN capacity is used
to calculate the total applied load. The total vertical displacement of the examined specimens
was determined using LVDTs installed at the base of the machine that was used for testing,
which moved up during the testing process. On the other hand, the horizontal displacement
was measured using the two other LVDTs placed in the center of the specimens. Each column
specimen has two square caps of steel 100 mm in height and 8 mm thick that were connected
to the ends of the columns during the testing phase to prevent early collapse of the concrete
in those areas owing to pressure intensity. Two strain gauges were used in each specimen;
the first was attached at mid-height to measure and record the longitudinal strains, and the
second was attached to the internal reinforcement at the longitudinal bar. The compressive
loads and the resulting deformations were recorded throughout the testing period using an
automated data-acquisition system. Fig. 5 presents the configuration and equipment utilized
for this experimental research.

Figure 5. Compression machine and Test setup.
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3. RESULTS AND DISCUSSION
Table 3. concludes the experiments of the studied columns. in terms of ultimate load (Put),
axial displacement (Aaxial), lateral displacement (Alateral), concrete strain (&concrete), and strain

in the longitudinal bar (&bar).

Table 3. Concrete Columns in the Present Study's Results.

Group no. Column ID Ultimate Aagial Alateral € concrete € bar
Load (KN) | (mm) | (mm) (ue) (ue)
SR1 785.2 6.17 0.51 1701.1 2696.5
Group 1 SR2 1082.5 5.88 0.49 2107.6 2970.1
SR3 1210.3 5.47 0.45 1980.7 2553.2
GR1 682.6 5.54 0.47 1519.2 29139
Group 2 GR2 982.6 5.28 0.48 1938.6 2854.6
GR3 1096.2 5.23 0.45 2280.9 3269.3

3.1 Crack Patterns and Failure Modes

Each column specimen was put to the test until it failed. Various failure modes were
observed for the hollow concrete column, depending on the longitudinal and transverse
reinforcing ratios and materials. Failure of GFRP longitudinally reinforced hollow columns
often happened when the longitudinal bars ruptured (buckling or crushing), were explosive,
and resulted in a complete loss of bearing capacity owing to consecutive longitudinal bar
ruptures. The failure mechanism changed by longitudinally reinforcing the columns using
steel bars as opposed to GFRP bars. Failure of column specimens reinforced longitudinally
with steel bars was initiated by the observation of surface cracks in the specimens at about
65% of their ultimate capacity for the hollow columns. The concrete cover spalled as a result
of further increases in the axial stress, which caused cracks to progressively spread at
various locations on the specimens' faces. When the concrete cover began to spill, the core
began to bear the load until the longitudinal bars buckled. For specimen SR1, the position of
failure is located at the upper part of the test region, and for specimens SR2, and SR3 the
position of failure occurs near the middle height. Knowing that the failure distance decreases
with increasing longitudinal reinforcement steel ratio. The reason for the failure is the
excessive buckling of columns' longitudinal bars and a substantial decrease in load-bearing
capacity induced by minor crushing of the core.

In all column specimens, there was no transverse reinforcement rupture failure. Failure in
the GFRP longitudinally reinforced hollow columns showed nearly the same failure behavior
and was sudden, more explosive, and relatively brittle than that of the hollow steel-
reinforced columns. Limited vertical cracks began to show during testing at about 90% of
the peak stresses on the columns. Before that, there were no visible fissures in the concrete
cover. The cracks developed in the vertical direction enlarged and became bigger as the
column stress increased until they reached the maximum load of the column. The GFRP
columns showed a quick, explosive fracture and buckling without any transverse
reinforcement rupture, and the concrete core was ultimately crushed. Each of the examined
columns had a different mechanism and degree of longitudinal GFRP reinforcement rupture.
According to the reinforcement ratio, group 2 specimens' inner concrete core damage levels
varied; specimen GR1 has Cracks that have propagated. The specimen's concrete cover
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spalled at around mid-height, and the failure occurred due to all GFRP longitudinal bar
rupture, which was reinforced with 4 bars of 12mm diameter with large damage in the
concrete core. GR2 also has cracking of the concrete overlaying the specimens' upper
midsection, and the failure occurred due to all GFRP longitudinal bar rupture with massive
damage in the concrete core. The GFRP longitudinal bar buckled and partially broke, causing
GR3 failure in addition to significant and loud cracking of the concrete core. All specimens'
failure propagation is shown in Fig. 6.

Figure 6. Modes of failure for the tested specimens.

3.2 Effect of Variables on The Ultimate Load Capacity
3.2.1 Longitudinal Steel Reinforcement Ratio

Fig.7 clearly illustrates how longitudinal steel reinforcement affects the reinforced hollow
square concrete's ability to bear loads. Three hollow column specimens of group 1 (SR1,
SR2, and SR3) with reinforcement ratios of 1.46%, 3.29%, and 4.9%, respectively. As
described previously, the specimen SR1 shows an axial load capacity equal to 845.2kN.
When increasing the longitudinal steel reinforcement ratios in the two other specimens (SR2
and SR3), axial load capacities were 1082.5kN and 1210.3kN, respectively. There was an
increase in the axial-bearing capacity by 28.07% and 43.1% concerning specimen SR1, and
this increase is expected as a result of the increase in the area of the reinforcing steel and its
participation in bearing the axial forces of the section.

3.2.2 Longitudinal GFRP Reinforcement Ratio

The reinforcement ratio had a significant impact on the behavior of the hollow concrete
column that was reinforced with GFRP bars. The hollow concrete columns' ability to support
an axial load improved when the reinforcement ratio increased. By comparing the ultimate
load of group 2 column specimens (GR1, GR2, and GR3), the effect of the GFRP reinforcement
ratio was determined. The concrete cross-section area of these columns was the same, but
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they had various reinforcing ratios of (1.46%, 3.29%, and 4.9%), respectively. The first
specimen GR1 shows an axial load capacity equal to 682.6 KN, and for GR2, and GR3, the
results showed an increase in axial load capacity of 43.9%, and 60.5%, respectively. Fig. 8
shows the difference in load capacity between group 2 column specimens.

1500 1500

1200 - 1200 -
= )
g g
=~ 900 - = 900
e~ o~
: :
- 600 - - 600 -
= =
< 300 - % 300 -

0 - 0 -
®SR1 mSR2 SR3 = GR1 M GR2 DGR3
Figure 7. The effect of Longitudinal Figure 8. The effect of Longitudinal
steel reinforcement ratio on total Load. GFRP reinforcement ratio on total Load.

3.2.3 Longitudinal Reinforcement Type

Steel and glass fiber reinforced polymer (GFRP) mechanical characteristics are compared:
steel is stiffer and exhibits elastic-plastic behavior before yielding, whereas GFRP is harder
and exhibits linear elastic behavior up to failure. These differences may be seen in the
material characteristics of the two kinds of bars. To find out the difference between hollow
square concrete column specimens reinforced with steel and those reinforced with GFRP, a
comparison was made between the specimens of group 1 and three other specimens of
group 2, which have the same reinforcement ratio (1.46%, 3.29%, and 4.9%) but with a
different type of longitudinal reinforcement, where GFRP bars were used in the specimens
of group 2. The results showed that GFRP specimens (GR1, GR2, and GR3) had a decrease
in the axial bearing load by 13.1%, 9.2%, and 9.4%, respectively, as shown in Fig. 9. This
decrease in the ability to withstand compression loads is reasonable because the GFRP bars'
elasticity is less than that of reinforcing steel bars (Elchalakani et al., 2020).

1400 | ®STEEL

OGFRP
1200 -

N

[

=

=

o
1

800 -
600 -
400 -

Axial load (KN)

200 -
0

1.46 % 3.29% 4.9 %
Figure 9. The effect of changing reinforcing type on the axial load capacity.
3.3 Load-Strain Relationship

The values of the strain in longitudinal reinforcement and concrete were calculated utilizing
strain gages, as mentioned above. Curves of concrete strain versus load, longitudinal steel
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bars, and GFRP bars were displayed and discussed in this part. When the load gradually
increases, the strain begins to increase slightly in the elastic zone, with the onset of small
cracks as the load increases until the column loads up to its full capacity. The descending
curve of the relationship is not obtained due to a sudden failure of the column. For the first
group, specimens SR1, SR2, and SR3, which have steel reinforcement, the results showed
that the values of longitudinal steel strain were 2696 ug, 2970 ug, and 2553 ug, respectively.
These values represent the buckling failure in the longitudinal reinforcing steel. The value of
axial concrete strain ranged between (1701 pe to 2107 ue ) Noting that the model SR2, which
has a longitudinal reinforcing ratio of 3.29 %, recorded the highest strain values for
longitudinal steel bar and concrete. Figs. 10 and 11 illustrate Load-steel and concrete strain
curves for group 1 specimens.
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0 1000 2000 3000 0 1000 2000 3000
Strain (pe) Strain (pe)
Figure 10. Load-steel strain response Figure 11. Load-concrete strain response
for group 1. for group 1.

The compression strain calculated in the GFRP longitudinal bars of group 2 specimens was
approximately 3000 ue, this is around 17.6% of the GFRP bars' maximum tensile strain.
Columns GR1 and GR2 have measured strains of 2913 ue and 2854 pe, respectively, whereas
3269 ue were in column GR3. and the concrete's vertical strain measurements varied from
(1519 ueto 2388 ue), This is consistent with the level of strain at which cracks first appeared.
The vertical strain readings began to lose accuracy after the hairline cracks began to appear.
However, as can be seen in Figs. 12 and 13, this results in greater strains in GFRP bars.
Referring to these figures, the maximum strain values were attained by the high
reinforcement ratio GFRP bars.
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Figure 12. Load-steel strain response Figure 13. Load-concrete strain response
for group 2. for group 2.
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3.4 Load-Displacement Relationship

The axial load-displacement response of steel-reinforced columns may be defined as a linear
elastic ascending curve at the loading start. The longitudinal reinforcements and the whole
part of the section's concrete were resisting the imposed load and deforming simultaneously
up until the point at which they started to display nonlinear ascending behavior, which
caused the column to exhibit a linear elastic behavior, which was about 65% of the ultimate
applied load. The appearance of small cracks on the concrete's outside was the primary cause
of nonlinear behavior up to the ultimate strength supported by the whole concrete area and
the reinforcement running longitudinally before the outer concrete spalling in places. A
considerable loss in load capacity because of the concrete cover falling apart. At this point,
the column's gross area started to steadily decrease. and the steel bars continued to support
the load and record strain while the contribution of the concrete was eliminated. Then the
columns failed due to longitudinal steel bar buckling. For the first group, the model SR1
showed an axial bearing capacity equal to 785.2 KN and an axial deformation of 6.17 mm.
For the two other specimens (SR2 and SR3), the test result showed axial bearing capacities
of 1082.5 KN and 1210.3 KN, and there is a decrease in the axial displacement as the
percentage of longitudinal reinforcement increases. The model SR2 showed an axial
displacement of 5.88 mm, and the model SR3 showed an axial displacement of 5.47 mm. For
the lateral displacement, almost close results were shown for the three specimens, ranging
from (0.45 - 0.51) mm. The reason for the convergence of these values is that all the
examined columns are short columns that have a small value of kl/r, in addition to that all
the column specimens are loaded concentrically. Load-displacement responses for the
specimens of group 1 are shown in Figs. 14 and 15.

1400
SR1 1400 SR1
1200 1— —SR2 R 1200 {— —SR2 .. .
S1000 47 SR3 R =S SR3 ~
21000 R z | s
g S N g 1000 _ \
800 - e ] -
= e g 800 N
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S 600 = 600 S/
® R s o
5 400 - % % 400 1 o
1 |
200 1 2 200 { .
0 T T T 0 T T
0 2 4 6 8 0 0.2 0.4 0.6
Axial Disp. (mm) Lateral Disp. (mm)
Figure 14. Load-axial displacement Figure 15. Load-axial displacement
response for columns in group 1. response for columns in group 1.

GFRP-reinforced columns exhibited load-displacement behavior that differed from that of
the specimens with steel reinforcement. The columns showed stable loads and a linear-
elastic part could not detect cracks in the concrete surface. Nonlinear behavior was,
however, observed at approximately 90% of the ultimate applied load because hairline
cracks began to spread just before the peak load capacity. The cover of the concrete was
either totally or partly removed. Concrete spalling followed a large decrease in load brought
on by the exploding concrete core. The GFRP longitudinal reinforcement then broke, leading
to the ultimate column collapse at this point. According to the test findings, various axial-
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load behaviors were recorded due to variable longitudinal GFRP bar features. For column
specimens of group 2, GR1 began with a straight upward slope. The crack propagation then
caused a small nonlinear ascent leading up to the ultimate load of 682 kN at 5.54 mm.
Columns GR2, and GR3, showed the same behavior but with a higher ultimate load capacity
of 982 kN, and 1096 kN respectively, and as the longitudinal reinforcement ratio increases,
the axial displacement decreases. So, the axial displacement of the specimens GR2, and GR3,
was captured at 5.28 mm and 5.23 mm, respectively, at the moment of ultimate load. Load-
displacement responses for the specimens of group 2 are shown in Figs. 16 and 17.
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Figure 16. Load-axial displacement Figure 17. Load-axial displacement
response for columns in group 2. response for columns in group 2.

4. CONCLUSIONS

In this work, the behavior of a hollow square concrete column reinforced with GFRP bars
was studied and compared with the behavior of steel-reinforced columns to expand
knowledge and develop the possibility of using GFRP bars as internal reinforcement in
columns due to the advantages it possesses. Based on the results obtained, several
conclusions were noted, which can be summarized as follows:

e When the internal longitudinal reinforcement of hollow square GFRP column specimens
was increased, the load-carrying capability also increased. By raising the reinforcement
ratio from 1.46% to 3.29% and 4.9%, respectively, the axial load capacity was increased
by 43.9% and 60.5% when compared to control columns.

e In contrast to steel-reinforced hollow column specimens and with the same
reinforcement ratio (1.46%, 3.29%, and 4.9%), The findings revealed that GFRP
specimens had a decrease in the axial bearing load by 13.1%, 9.2%, and 9.4%,
respectively.

e The failure mechanism was changed by longitudinally reinforcing the columns with GFRP
bars instead of steel bars. For GFRP longitudinally reinforced hollow columns, failure
often happened after the longitudinal bars ruptured (buckling or crushing), and it was
explosive with a complete loss of bearing capacity as a result of subsequent longitudinal
bar ruptures. Failure of longitudinal steel bar columns was caused by excessive bar
buckling without any rupture of the tie.

e The GFRP bars in the columns with high reinforcement ratios reached the highest strain
values.

e Itis suggested that switching steel reinforcement by GFRP bars reduces ductility.
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NOMENCLATURE
Symbol | Description Symbol | Description
A GFRP The gross cross-sectional area | LVDT Linear Variable Differential Transducer
of the GFRP bar
Ag The gross cross-sectional area | P .. Axial load capacity of the bar
of the column
A st Total area of longitudinal steel | P . Calculated compressive capacity
reinforcement
FRP Fiber Reinforced Polymer P ue Ultimate load capacity
f'c Compressive strength of P exp The compressive capacity results from the
concrete experiments
fucrre | The ultimate tensile strength A axial Axial displacement
of the GFRP bar
fy Steel yield strength A lLateral Lateral displacement
GFRP Carbon Fiber Reinforced € bar Strain in the longitudinal reinforcements
Polymer
HCC Hollow Concrete Columns £ concrete | Corresponding concrete strain
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