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Abstract: This study investigates the axial compression performance and theoretical analysis of
macro-synthetic-fiber-reinforced concrete (MSFRC) columns reinforced with carbon-fiber-reinforced
polymer (CFRP) bars. A comprehensive testing program was developed to assess and compare the
structural behavior of columns made with both traditional and advanced materials. Key variables
included plain concrete (PC), macro-synthetic-reinforced concrete (MSRC), longitudinal steel/CFRP
bars, and variations in the steel spiral/hoop bar pitch. Sixteen specimens were fabricated in four
groups (CRPC, CRMSP, SRPC, and SRMSP) to capture these variations. The results showed
consistent failure modes across all specimens, with good alignment between experimental outcomes
and theoretical predictions. Axial compression strengths for CRPC and CRMSP specimens reached,
on average, 89.57% and 91.83% of the strengths observed in SRPC and SRFC specimens, respectively.
The ductility index (DI) of CRCC and CRMSP columns was 8.54% and 12.14% higher than that of
their SRPC and SRMSP counterparts. Furthermore, the CRMSP and SRMSP columns demonstrated
higher axial strain than their CRCC and SRPC equivalents, with average increases of 19% and 11%
under peak compression loads, respectively. Although North American codes currently do not
propose the use of CFRP bars as compressive elements in reinforced concrete (RC) and do not provide
specific design guidelines [5-8], the proposed theoretical model accurately predicted the performance
of the tested columns. The test result of compression strength was close to proposed equations
considering the axial contribution of CFRP longitudinal bars and integrated additional factors such
as steel spiral/hoop reinforcement, volumetric reinforcement ratios, and concrete type after concrete
cover spalling.

Keywords: CFRP bars; Steel spiral/hoop bars; Macro-Synthetic Concrete (MSP); axial compressive
strength and ductility index (DI); Load-Strain curves

1. Introduction

Concrete structures inevitably degrade over time as a result of exposure to environmental
factors. Reinforced-concrete components subjected to axial loads, such as structural columns, piles,
and bridge piers, are utilized to transfer compression forces from upper surfaces to lower ones.
Typically, these compressive elements are the most significant members of the structure [1-3].
Polymer bars are viable alternatives in reinforced columns subjected to bending and shear loads,
owing to their physical and mechanical properties, as well as their resistance to corrosion and
electromagnetic interference [4].

In recent years, significant research has been conducted on various uses of FRP bars as flexural
and shear reinforcement for reinforced concrete [5-8]. say synonym: Nevertheless, the axial
compression behavior of FRP-RC elements has not been determined yet [9]. International codes
acknowledged the use of CFRP bars in compressive elements, like concrete columns, without any
contribution to load-bearing capacity. In contrast, there is no Australian standard governing CFRP-
reinforced concrete, and the Chinese technical code GB50608-2010 only provides guidelines for the
design of FRP-reinforced flexural concrete elements [10,11]. Previous studies indicated that the
contribution of CFRP bars to the capacity of columns ranged from 4% to 16% of the total capacity of
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the columns [12] in comparison with 7 and 18% when CFRP bars were used [13,14] and between 11
and 17% when steel bars were applied [1,15]. Some studies have shown that the contribution of FRP
bars to the capacity of eccentrically loaded RC columns can be disregarded [16], while others
portrayed that their contribution is considerable, such as Hadhood et al. considered an averagely
contribution of 27% in column’s capacity [3], and Guérin et al. indicated that CFRP bars in short RC
columns contributed to carrying eccentric loads by 3%, 5%, and 13% at eccentricities of 10%, 20%, and
40%, respectively [17]. The ductility of columns is influenced by various factors, including the
longitudinal reinforcement ratio, the spacing and type of transverse reinforcement, and the loading
conditions [18,19]. It was reported that increasing the longitudinal reinforcement ratio improved the
ductility of CFRP-RC and CFRP-RC columns under axial loading [20,21]. Transverse bars with a
closer spacing provide greater confinement to the concrete core of RC columns and prevent the
buckling of longitudinal reinforcement bars [16,20,22]. FRP transverse bars showed a significant
impact on ductility, increasing by 60% to 205%, as the spiral bar spacing was reduced from 100 mm
to 35 mm, while their effect on capacity was less pronounced [23]. ACI 440.1R-15 and CSA-5806-12
set identical provisions and requirements for FRP and steel transverse bars; however, these standards
may need revision because FRP bars have a lower elasticity modulus than steel reinforcement [24,25].
Research has shown that CFRP/CFRP spirals provide greater confinement for column ductility
compared to CFRP/CFRP ties [20].

The effects of concrete types on FRP-RC columns are different. Steel fiber reinforced concrete
(SFRC) and macro-synthetic fiber are highly practical and effective for crack control, offering
increased crack resistance and enhanced ductility [26]. The fiber volume fraction (Vy) plays a critical
role in the compressive strength of concrete. A low fiber content is mainly effective for crack control
without significantly enhancing compressive capacity, while a Vs of 0.5%-1.5% can increase
compressive strength by 3.5%-18%. [27]. Additionally, the fiber length-to-diameter ratio (l/d)
positively influenced the compressive strength of SFRC [28], However, if the ratio exceeded a certain
threshold, it resulted in the opposite effect. [29]. Reported that if we use hybrid fibers in concrete
columns, it would result in improvements of the strength, confinement, and ductility in different
loadings [30-35].

This research involved experimental investigations into the behavior of MSFRC-RC columns
reinforced with CFRP and steel bars as longitudinal and transverse reinforcements, respectively,
under axial compression loads. Macro-synthetic fibers were incorporated into the concrete to enhance
both ductility and strength. Another objective was to substitute steel with CFRP to assess the
structural response of CFRP-RC columns. Consequently, various types of specimens were fabricated
based on parameters such as plain and modern materials, as well as different configurations. The
results from the compressive loading tests were analyzed and compared with various design
formulas available in the literature and international codes. Additionally, a theoretical model was
selected for MSFRC-RC columns, considering CFRP bars as longitudinal reinforcement and steel bars
as transverse reinforcement, along with varying spiral and hoop spacings. This study aimed to
understand the structural behavior of MSFRC-RC columns and their potential application in the
construction industry.

2. Experimental Program
2.1. Sample Design
2.1.1. Concretes

Based on requirements of ASTM/C150 [36], the Ordinary Portland Cement (OPC) type-II with
maximum crashed aggregates size by 12 mm were used for PC and MSP in this study. As shown in
Figure 1, fibers type of macro-synthetic was POLYTAR-GT600. Table 1 presented physical and
mechanical properties of MS. To obtain a homogeneous concrete mixture, Plastit®SPC218 was used
as a superplasticizer for FC. The reduced water ratio to cement was 30% for PC and MSP. In
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accordance with ASTM/C143 [10], slump values of 80 mm and 70 mm were obtained for the fresh PC
and MSP, respectively. As given in Table 2, Three cylinders by the dimension of 150 mm x 300 mm
and ingredients were fabricated for each batch of PC and FC. It was induced under a standard
compression loading rate of 0.28 MPa/s according to ASTM/C39 [12] to obtain the average strength
of samples at the age of 28 days. For PC and MSP, test results were amounts of 31.2 MPa and 34.5
MPa with standard deviations of 2.07 and 2.23, respectively. When testing the corresponding concrete

columns, these tests were performed.

600mm

section A-A

Figure 1. Configuration of specimens reinforced by spirals/hoops.

Table 1. Physical/mechanical properties of macro-synthetic fiber.

Length Diameter Area Tensile Elongation Elasticity
(mm) (mm) (mm?2)  Strength (MPa) (%) Modulus

8 ° (GPa)

40 0.25 0.05 238 8 200
Table 2. Mixture design of concretes (kg/m3).
Cement Sand Gravel Water  MS fibers Superplasticizer
PC 432.8 870.3 841.6 197.5 - -
MSP 492.8 870.3 841.6 197.5 31.26 25

2.1.2. Reinforcement

Steel and CFRP bars with a diameter of 9.7 mm were used as longitudinal reinforcement, while
steel bar with a diameter of 6.4 mm was applied transversely in the circular column sections. The
CFRP bars were impregnated with thermosetting polyester resin, and included fillers and additives
to achieve a fiber volume content of 86%. Table 3 presents the physical and mechanical properties of
both the steel and CFRP bars.

Table 3. Physical and mechanical properties of the steel/CFRP bars.

. Tensile Elastic . Type of

. Diameter Tensile .
Material (mm) Area (mm?)  strength  modulus strain (%) reinforceme
(MPa) (GPa) 7 nt
CFRP 95 70.85 115.7 350 025 -Onitudina

1y
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4
Steel 9.5 70.9 375.3 200 0.26 Longltudllrll;
Transversall
Steel 6.4 32.15 273.2 200 0.17 y

2.2. Specimen Fabrication

For this study, 16 circular columns were prepared, divided into four sets: Group I included four
CFRP-reinforced plain concrete (CRCC) samples, Group II contained four CFRP-reinforced fiber
concrete (CRFC) samples, Group III consisted of four steel-reinforced plain concrete (SRPC) samples,
and Group IV comprised four steel-reinforced fiber concrete (SRFC) samples. Each column was
laterally reinforced with steel bars configured as ties (hoops) and spirals, spaced at 40 mm and 75
mm, respectively. Table 4 outlines the specifications of each test specimen. Column designations used
letters and numbers: the first letter, either G or S, indicated the type of longitudinal bars as CFRP or
steel, while the second letter, P or F, specified the concrete type as plain or fiber concrete, respectively.
The third letters, T and P, represented the type of transverse reinforcement, indicating tied bars and
spiral bars, respectively. The number specified the spacing of the transverse reinforcement. These
columns were tested to assess the influence of macro-synthetic fibers, longitudinal bars, confinement
type, and pitch spacing on the structural response of the specimens under concentric loading. Each
specimen had a diameter of 150 mm and a height of 600 mm. The concrete cover was set at 50 mm.
Figures 1 illustrate the configurations of two columns reinforced with spiral and tie bars, spaced at
75 mm. The spacing of the spiral/tie steel bars served to prevent elastic buckling in CFRP bars and
inelastic buckling in steel bars [10].

Table 4. Details of test specimens.

Type of Type of

Specimen Label Longitudinal bar Transverse bar
bars concrete
Diamete Re%nforc Diamete . Type of Re}nforc
No.of ing Spacing i ing
r X r confine ;
(mm) bars Ratio (mm) (mm) ment Ratio
(%) (%)
CP-T75 75  hoop 1.71[37]
CP-P75 . 75 Spiral 1.71 [37]
I: CRPC CP-T40 Plain 9.5 6 267 64 40  hoop 3.22[37]
CP-P40 40 Spiral 3.22 [37]
FRP
CF-T75 C 75 hoop 1.71
CE-P75 . 75 Spiral 1.71
II: CRFC CF-T40 Fiber 45 6 267 64 40  hoop 322
CF-P40 40 Spiral 3.22
SP-T75 75 hoop 1.71
SP-P75 . 75 Spiral 1.71
SII{III).C SP-T40 Plain 9.5 6 2.67 6.4 40 hoop 390
SP-P40 Steel 40 Spiral 3.22
SF-T75 T 75  hoop 171
SF-P75 . 75 Spiral 1.71
SE;C SE-T40 Fiber 9.5 6 2.67 6.4 40 hoop 390
SF-P40 40 Spiral 3.22

2.3. columns’ Testing Setup and Instrument
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Internal instrumentation included two strain gauges-A (TML®PFL-20-11) mounted at the
midpoint of the CFRP/steel longitudinal bars and one strain gauges-B attached to the steel spirals and
hoop bars, as shown in Figure 2. Strain data from all bars was recorded via an electronic data logger
connected to a computer. To ensure even load distribution across the column cross-section, sulfur
capping was applied to the top and bottom surfaces of the columns prior to testing, Figure 3 shows
the fabricated columns prior to the axial compression tests. The columns were then tested under a
loading rate of 10 kN/s using a compression machine with a 5,000 kN capacity. In the testing machine,
the lower hydraulic jaw was movable, while the upper jaw was fixed. A concentric compressive load
was applied to the top surface of each column. Two LVDTs were positioned on sides of each column
to measure concentric compressive deformation. Both the applied load and column deflection were
recorded through a data acquisition system connected to the compression testing machine, as shown
in Figure 4.

Figure 2. Place of installation of longitudinal and transverse strain gauges on the peripheral surface of the

columns.

Figure 3. Overview of some fabricated specimens.
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Figure 4. Testing set up of specimen.

3. Results of Experiments

The axial compressive strength for SRPC and SRFC specimens ranged from 560 kN to 717 kN,
while the CRPC and CRFC columns exhibited strengths between 505 kN and 610 kN. The CP-T75
column recorded the lowest axial strength at 505 kN, whereas the SF-P40 column achieved the highest
axial strength at 717 kN. Columns with spiral/hoop bars at a 40 mm pitch showed an average of 10%
higher axial strength than those with a 75 mm pitch. The axial strengths of columns with spirals were,
on average, 4.5%, 3.9%, 8.7%, and 5.5% further, respectively, than those of their counterparts with
hoops. The addition of macro-synthetic fibers to plain concrete increased axial strength, with CRFC
and SRFC columns showing strengths 7.8% and 6% higher, respectively, than those of CRPC and
SRPC columns. Table 5 presents the experimental results based on the LVDT data outputs.

Table 5. Experimental results based on LVDTs data.

Specimens Pu (KN) Deflection at Pu (mm)
CP-T75 505 3.1
CP-P75 537 3.6
CP-T40 544 3.7
CP-P40 558 4.0
CF-T75 536 3.2
CF-P75 568 4.2
CF-T40 599 49
CF-P40 610 53
SP-T75 560 3.3
SP-P75 635 3.8
SP-T40 649 4.0
SP-P40 675 4.8
SF-T75 628 3.3
SF-P75 645 4.3
SF-T40 662 5.1
SF-P40 717 5.5

In SRPC and SRFC specimens, the axial compression strengths were observed higher than their
CRPC and CRFC counterparts. Compression strengths and corresponding deflections of SRPC and
SREC specimens — reinforced longitudinally by steel bars — were obtained averagely 18% and 6.7%,
respectively, further compared with CRPC and CRFC specimens — reinforced longitudinally by CFRP
bars. Also, the compression strength of CRPC columns was averagely received by 85.1% of SRPC
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columns’ strength and values of 536 kN versus 630 kN, respectively. CRFC columns, on average,
showed a compression strength of 578 kN, which was 13% less than their counterpart columns in
SREC. The corresponding deflection at the maximum compression strength of CRPC columns was
averagely 10% lower than SRPC columns, which presented the value of 3.6 mm versus 4.0 mm,
respectively.

4. Ductility Index of the Column

The structural member’s capacity of the energy absorption after reaching the maximum axial
compression strength is identified as “ductility” presented based on different types of parameters
like strain, deflection, rotation, members’ dissipated or absorbed energy [12]. In this study, based on
the proposed equations of Elchalakani & Ma and Saffarian [12,38-40] the ductility index (DI) of the
columns containing PC and FC, respectively, were determined.

where A7 and Ay, are total areas of the under load—-deflection curves up to 75% of columns’
maximum axial strength called P. and P; for PC and FC, respectively, which are related to the
corresponding deflections called D,so, and D;gq, at axial compression strengths called P,;s54, and
P} 5y, in elastic regions. Also, Ass% and Ags,, are total areas of the under load-deflection curves up
to 85% of columns’ maximum axial strengths, which are related to the corresponding deflections
called Dgsy, and Dggo, at axial compression strengths called P,gse, and Pygse, in post-peak regions
of the curves for CC and FC, respectively, as graphically represented for PC and FC in Figure 8.

Based on experimental results, the ductility indices of CRPC columns were higher than their
SRPC counterparts, as observed in the previous research [20,40]. The DI of CRPC columns was
averagely 109.5% of that of SRPC specimens. Similarly, the DI of CRFC specimens than SRFC
counterparts was higher, and it was observed averagely 137.3%, which was due to using fiber content
in the improvement of the post-peak behavior and a more expanded softening branch of the load-
deflection curve [38,39]. As the pitch of spiral or tied bar decreases, the DI of the columns increases
because of the well-confined CFRP and steel bars and confining the affective transversal of the
concrete core for absorbing more energy [2,41]. The DI of CRPC and CRFC columns increased
averagely 131.7% and 125.7%, respectively, due to the decrease of the spiral and tied bars pitch from
75 mm to 40 mm. Similarly, the DI of SRPC and SRFC columns improved averagely 122% and 119%,
respectively, with the decrease of the spiral and tied bars pitch from 75 mm to 40 mm. The
confinement of spiral bars was higher than hoop bars in circular columns [10,42], and their ductility
indices were gained by averagely115.6%. Ductility indices columns of CP-T75, CF-T75, SP-T75, and
SF-T75 were obtained 4.1, 4.6, 3.9, and 4.2, respectively, while the ductility indices columns of CP-
P75, CE-P75, SP-P75, and SF-P75 were received 4.3, 4.6, 4.1 and 4.3, respectively. The ductility index
parameter for columns basis on the axial compression loading and the corresponding axial deflection
was given in Table.6.

Table 6 displays the effectiveness of confining of spirals and hoops on the core concrete’s
strength enhancement, which was presented by the ratio fi./fi, and ff../ffc, for PC and FC,
respectively, where fz, and f;,, were the confined concrete compressive strength for PC and FC,
respectively and f;, was the unconfined concrete compressive strength (0.85f_). It was observed that
the increase of the volumetric ratio from 1.71% to 3.22%, ratio f./f.., averagely raised by 5.6%; As
ratio fi./feco of the CP-T40, CP-P40, CF-T40, CF-P40, SP-T40, SP-P40, SF-T40, and SF-P40 columns
were 1.06,1.03,1.06,1.02, 1.13, 1.04, 1.03, and 1.08 higher than their counterpart columns, respectively.
Also, the ratio f../f.;, of columns were averagely enhanced by 8.7% from spirals to hoops; As the
ratios of CP-P75, CP-P40, CE-P75, CE-P40, SP-P75, SP-P40, SF-P75, and SF-P40 columns were 1.077,
1.039,1.118,1.074, 1.159, 1.063, 1.054, and 1.112 further than their counterpart specimens, respectively.
In conclusion, the piths of lateral bars were more effective on columns’ confinement than the type of
transversal reinforcements.

5. Load-Strain Relationship in Columns
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The RC columns load-strain curves that reinforced by CFRP and steel as longitudinal bars and
confined by steel spiral and hoop bars, respectively, were presented in Figure 5 (a and b). The
behavior of all columns was initially relatively linear in the pre-peak branch, up to the ultimate loads;
This stiffness was because of compressive strength of PC and FC. The maximum concentric load (Pu)
of CFRP RC columns varied from 505 to 610 kN, and the steel RC columns ranged from 560 to 717kN.
The higher loads were corresponded to specimens’ confinement due to the type of their
configurations. The CRPC, CRFC, SRPC, and SRFC columns with spirals had higher compression
strengths by 5%, 4.3%, 9.7%, and 6% than their counterpart columns. The lateral strains were
measured averagely at the peak load for the CP-P75, CP-P40, CF-P75, and CF-P40 columns by values
of 374, 585, 442, and 809 ue, respectively, which were further as compared with the CP-T75, CF-T40,
SP-T75, and SE-T40 columns by amounts of 306, 518, 324, and 698 ue, respectively (Table 6).

600
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o
o

Axial Load, (KN)
N w
o o
o o

-
o
o

5000 Axial Strain, (ue)
<+

(a) Load-Strain curves of CRPC and CRFC columns
700

600
500

400 SP-T75
SP-P75

300

SP-T40

Axial Load, (KN)

SP-P40
SF-T75
SF-P75
SF-T40

SF-P40
0 5000

- Axial Strain, (ue)

(b) Load-Strain curves of SRPC and SRFC columns

Figure 5. The RC columns load-strain curves: (a) CRPC and CRFC columns; (b) SRPC and SRFC columns.

Table 6. Test results based on strain gauges data.

Colum  pu(KN)  ec€(ue etCpe Stomg(HE Cutcrathe PionsKN) Prysg \ Pu~Puong (O SeOIPO fo e
— (% " o, - -

ns ID Py f"AC fcz'o ffcu

CP-T75 505 5166 - 3978 332 30 5.86 83.07 4.1 46.4 1.68

CP-P75 537 6000 - 4860 392 36 6.73 87.52 43 49.3 1.79

CP-T40 544 6166 - 6722 572 50 9.19 86.32 4.5 49.9 1.81
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CP-P40 558 6666 - 7600 618 57 10.13 87.63 4.9 51.2 1.86
CF-T75 536 - 5333 4213 351 31 5.85 88.19 4.6 49.2 - 1.63
CF-P75 568 - 7000 5740 458 43 7.52 91.79 4.8 52.1 - 1.73
CF-T40 599 - 8166 9065 761 67 11.26 92.89 5.3 55.0 - 1.83
CF-P40 610 - 8833 10512 843 78 12.82 92.93 5.5 56.0 - 1.86
SP-T75 560 5500 - 1155 97 98 17.53 80.70 3.9 51.4 1.87
SP-P75 635 6333 - 1393 114 118 18.65 90.26 4.1 58.3 211
SP-T40 649 6666 - 1533 129 130 20.09 90.63 4.3 59.6 2.16
SP-P40 675 8000 - 1880 152 160 23.68 90.02 4.7 62.0 2.25
SE-T75 628 - 5500 1172 100 100 15.86 92.34 4.2 57.7 - 1.92
SF-P75 645 - 7166 1577 126 134 20.78 89.29 4.3 59.2 - 1.97
SF-T40 662 - 8500 1828 151 155 23.47 88.53 4.6 60.8 - 2.02
SF-P40 717 - 9166 1925 154 164 22.82 96.69 4.8 65.8 - 2.19

Note: €iong, €iaterar Were measured at Pu.

In the post-peak branch of load-strain curves, confinement pressures were activated initially
with lateral cracks due to spirals and hoops. The axial strains in maximum loads of the CRPC, CRFC,
SRPC, and SRFC columns were averagely measured by values of 6000, 7333, 6625, and 7583 pue,
respectively, presented FC (CRFC and SRFC) had higher axial strains than PC in counterpart
specimens by 22% and 14%, respectively, indicating the effectiveness of SF materials and CFRP bars
in columns’ ductility. In this stage, the dilation of the core concrete occurred, and the confinement
restriction of spirals and hoops began to carry the load with increasing the lateral strains, up to
approximately 85% of the maximum axial compression strength of columns.

On the other hand, axial strains of longitudinal bars for CRPC, CRFC, SRPC, and SRFC columns
were averagely 5790, 7383, 1490, and 1625 ue, respectively, indicated 19%, 25%, 6%, and 6.5% of their
ultimate tensile strains, respectively. Also, the Py, of the CFRP bars in CRPC and CRFC columns
varied from 29.59 kN to 78.19 kN, and the Py, of the steel bars in SRPC and SRFC columns ranged
from 98.19.91 kN to 163.65 kN. The significant differences of values between CFRP and steel bars
were because of having the reinforcement ratios equally rather than equally the axial stiffness in tests.
The Piypy/P, of CRPC, CRFC, SRPC, and SRFC were averagely 7.9%, 9.4%, 19.9%, and 20.7%,
respectively, presented the CFRP bars contribution were less than steel bars contribution in ultimate
compression loads (Pu).

The failure modes were similarly displayed by four groups i.e., CRPC, CRFC, SRPC, and SRFC
columns. During the failure process, mode of failure causes of interlaminar degradation of CFRP bars
occurred with 75 mm pitch of spirals and tied bars (CP-T75, CP-P75, CE-T75 and CF-P75), while steel
was yielded because of longitudinal bars buckling (SP-T75, SP-P75, SE-T75, and SE-P75). The failure
modes caused the rupture of spirals/ties, and the crush of the columns’ concrete core with the value
spacing of 40 mm spirals/ties (CP-T40, CP-P40, CF-T40, CF-P40, SP-T40, SP-P40, SF-T40, and SF-P40).
Figure 6 represents modes and crack patterns of two columns under axial loading.


https://doi.org/10.20944/preprints202501.1760.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2025 d0i:10.20944/preprints202501.1760.v1

Figure 6. Failure of two columns under axial loading: (a) CP-P75 column; (b) SP-P75 column.

6. Axial Capacity of Columns in the Literature

The researchers proposed relationships to determine the capacity of columns reinforced with
polymer bars based on different criteria, which can be generally divided into four groups. In this part,
the experimental results of this research are compared with some existing relationships.

Saffarian et. al. [12] proposed an equation for calculating the axial compressive strength (Pu) of
CFRP-RC columns was proposed as represented by Eq. (8). This equation is presented for hybrid
reinforced columns with CFRP bar as a longitudinal reinforcement, steel bar as a transversal bar, and
steel fibers, after spalling of concrete cover.

Ppred = (Acore — Af)(alfc, + Zkapsfys) + 0-0035EftAf 8)

where ps= transverse steel reinforcement ratio, k,= effectiveness factor of spiral and hoop bars that
was taken 1 and 0.9, respectively, f,,= steel yielding stress of spiral/hoop reinforcement, Ef, =
tensile modulus of elasticity of CFRP bars, and f,= compressive strength of PC and FC.

As stated previously, some studies such as Hadhood et al. [43,44] proposed the columns’ nominal

axial capacity with FRP longitudinal bars as Eq. (3) in which the FRP bars’ contribution to the capacity
of columns is neglected.

Ppred = alfc,(Ag - Af) 3)
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where P,,.q= nominal capacity corresponding to first peak load, a;= reduction factor which was
taken 0.85, f; = compressive strength of concrete, A,=area of the concrete gross section of concrete,
As= area of FRP longitudinal reinforcement. Some researchers proposed various philosophies to
consider the contribution of FRP bars to the FRP-RC columns capacities. Some of them suggested
equations determined a reduction factor for the low axial compression strength of CFRP bars in
columns compression capacities, as presented by Afifi et al. [45] and Tobbi et al. [46] in Eq. (4)

Pprea = a1fd (Ag — Af) + apfr Af (4)

where @y = the ratio of the axial compressive strength to the tensile strength of CFRP bars which was
taken 0.35, fr,= CFRP bars tensile strength. Using Eq. (2), the nominal axial compression capacity of
columns was calculated 24% higher than the compression capacity of CFRP-RC columns was
averagely obtained in this test. Some other researchers proposed the contribution of CFRP bars based
on the compressive strain of concrete [44]. In this approach, suggested equations adopted the CFRP
bars strains, to calculate their contribution to the capacity of CFRP-RC columns. Maranan et al. [44,47]
presented Eq. (5)

Pprea = azf  (Ag — Af) + 0.002E¢ Af (5)

where a,= reduction factor which was taken 0.9, E;; = tensile modulus of elasticity of CFRP bars.
According to the strain compatibility between concrete and CFRP bars, the bars strain was taken
equal to the ultimate concrete strain, which varied between 0.2 and 0.35% [44].

Figure 7 compares experimental results with the theoretical equation suggested predictions for
the axial strength of CRPC and CRFC columns. It should be noted and used in theoretical equations
Acore instead of Ag, because the lateral bars are activated when the spalling cover of concrete has
occurred. Some equations were not considered either lateral confinement of transversal
reinforcement or spalling cover of concrete. These equations had a close result with experimental
results. The proposed equations of Saffarian et al. [12], Hadhood et al. [3], Tobbi et al. [48], and
Maranan et al. [23] than to test results were averagely calculated at 0.92, 1.11, 1.26, and 1.10,
respectively. These results showed that the relationship presented by Safarian et al. was close to
experimental results while the equation of Maranan et al. was also close to test results.

800
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Figure 7. Compared the proposed equations with experimental results.

8. Conclusions

In this research the compressive behavior of circular RC columns reinforced with CFRP/steel as
longitudinal bars, spirals/ hoops as transversal bars were investigated. Sixteen short-scale RC
columns were fabricated to study the effect of four parameters on the test: longitudinal bars type,
configuration of confinement reinforcement type, lateral bars volumetric ratio, and concrete type
(PC/FC). Based on the research, the following conclusions can be drawn:
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- The CRPC, CRFC, SRPC, and SRFC columns’ axial stains were averagely measured and
indicated that CRFC and SRFC columns had higher axial strains than CRPC and SRPC counterpart
specimens by averagely 22% and 15%, respectively, indicating the effectiveness of macro-synthetic
fibers and CFRP bars in columns’ ductility.

- The DIs of CRPC and CRFC columns were 4.7% and 12.9% higher than those of SRPC and
SREC columns, respectively, showing columns reinforced by CFRP bars were more ductile than their
columns counterparts reinforced by steel bars.

-The CRPC and CRFC specimens’ compression strength were averagely 85% and 87% of
compressive strengths of their SRPC and SRFC counterparts, respectively, portraying CFRP bars’
contribution in compression strength of columns had less in those of steel bars in columns by values
of 15% and 13%, respectively.

-The CRPC, CRFC, SRPC, and SRFC columns with spirals had averagely higher compression
strengths by 4.5%, 3.9%, 8.7%, and 5.5%, respectively, than their counterpart columns with hoops that
provides more efficiency of the spiral bar than to the hoop bar on axial compressive strength of RC
columns.

- The experimental results presented a close agreement with the equations considering the axial
involvement of polymeric longitudinal bars, steel-spiral/hoop bar, reinforcement volumetric
reinforcement, and type of the concrete, after spalling cover of concrete, like the proposed equation
by Saffarian et al.
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