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Article Info Abstract

This research investigates the effectiveness of different CFRP confinement types
full, horizontal, and spiral and assesses the accuracy of various design codes and
Received 06 Sep 2024 stress-strain models in predicting the performance of CFRP-confined concrete.
Experimental results show that fully CFRP-confined specimens exhibit a
Accepted 05 Nov 2024 o . . . .
significant increase in compressive strength by 89.36% compared to unconfined
concrete, which had a compressive strength of 21.42 MPa, while horizontal CFRP

Article history:

Keywords: strips with 30 mm spacing provide notable improvements in both strength

(49.53% increase) and axial strain (610.78% increase). In contrast, spiral CFRP
CFRP confinement; strips demonstrated lower effectiveness. Numerical evaluations revealed that
Stress-strain models; the FIB model was accurate for horizontal confinements but overestimated
Design codes; compressive strength for spiral confinements. The ACI code offered reasonable

Concrete reinforcement  predictions with deviations between -16% and 19%. Pellegrino et al and Wang
et al. models performed well for horizontal CFRP strips but were less accurate
for spiral configurations. The model proposed by Guo et al. overestimated the
compressive strength for partially confined specimens. This study provides
insights for optimizing CFRP confinement strategies and highlights the need for
refinement in predictive models and design codes.

© 2025 MIM Research Group. All rights reserved.

1. Introduction

Civil engineers frequently confront the critical task of maintaining and rehabilitating
existing concrete structures that have sustained damage due to material degradation,
natural disasters, or inherent design deficiencies [1]. The need to enhance the durability
and load-bearing capacity of such structures has led to the increasing adoption of fiber-
reinforced polymers (FRPs) as reinforcement materials. FRPs, characterized by their
exceptional strength-to-weight ratio, high corrosion resistance [2, 3], and outstanding
ductility, have demonstrated significant potential in extending the service life of concrete
structures, particularly under adverse environmental conditions and loadings [3, 4].

The damage caused by earthquakes, particularly in reinforced concrete structures, has
further emphasized the urgent need for reinforcement, especially in buildings constructed
with low-strength concrete [5, 6]. Earthquakes generate significant lateral and vertical
forces that can severely compromise the structural integrity of these structures, leading to
cracking, spalling, and even catastrophic collapses [7, 8]. The devastating 2023 Turkey-
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Syria earthquake serves as a stark reminder of the consequences of inadequate
reinforcement and the use of substandard materials, which contributed to widespread
destruction and tragic loss of life [9]. Reinforcing low-strength concrete structures is
essential for improving their ductility, energy dissipation, and overall resilience to seismic
loads [10]. This need for reinforcement arises from concrete's inherent limitations, as it is
strong in compression but weak in tension and shear. To overcome these weaknesses,
various types of reinforcement have been developed and applied [11, 12].

Traditional steel reinforcement, such as rebar, has long been the standard in providing the
tensile strength necessary to prevent cracking and improve the structural performance of
concrete [13]. However, steel reinforcement is prone to corrosion, especially in aggressive
environments, and its weight can pose challenges in some applications [14]. As a result,
alternative reinforcement materials, such as fiber-reinforced polymers (FRPs), have
gained prominence in recent years. FRPs, which include carbon fiber-reinforced polymers
(CFRPs), glass fiber-reinforced polymers (GFRPs), and aramid fiber-reinforced polymers
(AFRPs), offer several advantages over steel, including superior corrosion resistance [15,
16], a high strength-to-weight ratio, and ease of application in retrofitting projects. These
materials are particularly effective in seismic retrofitting, where their ability to provide
confinement and tensile reinforcement helps prevent premature failure, enhance ductility,
and improve the overall earthquake resistance of structures [17]. Other types of
reinforcement include textile-reinforced concrete (TRC), which integrates high-strength
fibers into concrete matrices [18], and prestressed reinforcement, where steel or FRP
tendons are tensioned to impart compressive stresses, further enhancing the structural
capacity and reducing deflection. Together, these different types of reinforcement play a
crucial role in improving the safety, durability, and performance of concrete structures,
particularly in regions prone to seismic activity [19].

The foundational research on the application of FRPs in concrete confinement can be
traced back to the pioneering work of Wolf and Miessler [20-22]. Their studies established
the baseline understanding of how FRPs interact with concrete, providing the impetus for
extensive subsequent research aimed at optimizing these interactions [23]. Over the past
few decades, a substantial body of research has emerged, exploring the mechanical
properties, durability, and effectiveness of various FRP materials, particularly carbon
fiber-reinforced polymers (CFRPs), in strengthening concrete structures [4, 24]. The
confinement provided by CFRP has been shown to significantly enhance both the
compressive strength and ductility of concrete, primarily due to its ability to induce a
three-dimensional compressive stress state within the concrete matrix [25, 26]. This
confinement mechanism delays the onset of cracking and significantly mitigates the
propagation of micro-cracks, thereby altering the failure mode of concrete from a brittle
to a more ductile response [27, 28].

Extensive research efforts have focused predominantly on the effects of full FRP
confinement, where the concrete column is entirely encased by the FRP material [29]. This
method has been shown to yield significant improvements in key structural performance
metrics, including load-carrying capacity, ductility, energy dissipation, and failure mode
[30]. However, the practical application of full confinement is often limited by economic
factors, access constraints, and architectural considerations [31]. Consequently, partial
confinement methods have garnered increased attention as they offer a more resource-
efficient alternative while still providing substantial performance benefits. Partial
confinement typically involves the strategic application of FRP in discrete strips or bands,
spaced at intervals along the length of the column, rather than a continuous wrap [32, 33].
This approach is particularly advantageous in scenarios where full wrapping is impractical
or unnecessary.
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Recent studies have investigated a variety of partial confinement configurations, such as
horizontal strips, spiral bands, and grid patterns [34, 35]. These studies have provided
valuable insights into how different confinement patterns and configurations influence the
structural performance of concrete columns. Key findings indicate that the effectiveness of
partial confinement is highly dependent on several factors, including the spacing of the FRP
strips, the orientation of the fibers, and the overall geometry of the confinement pattern
[36]. In particular, spiral confinement has shown promise in enhancing concrete's axial
strength and ductility, with fewer issues related to debonding and void formation
compared to other methods [37]. Nonetheless, while partial confinement methods offer
notable advantages, the research remains relatively limited in scope, particularly when it
comes to comparing their performance directly with full confinement techniques.
Furthermore, existing design codes and stress-strain models have been primarily
developed for fully confined concrete, with limited provisions or guidelines for partially
confined structures. This gap in the current literature and design standards underscores
the need for further research to develop and validate predictive models that accurately
capture the behavior of partially confined concrete under various loading conditions.

The present study seeks to address these gaps by conducting a comprehensive
investigation into the effects of partial CFRP confinement on concrete columns.
Specifically, this research will examine two prevalent modes of partial confinement:
horizontal strip confinement and spiral band confinement. The study will systematically
compare the structural performance of columns subjected to these partial confinement
methods with those of unconfined and fully confined columns. Key performance indicators,
such as failure modes, stress-strain behavior, ultimate axial stress, and strain capacities,
will be meticulously analyzed. The findings are expected to contribute to a deeper
understanding of how partial CFRP confinement can be optimized to achieve maximum
structural benefits while minimizing material usage and cost. Ultimately, the insights
gained from this study will inform the development of more nuanced design guidelines and
stress-strain models, thereby enhancing the practical application of FRP reinforcement in
the retrofitting and strengthening of concrete columns in real-world scenarios.

2. Materials and Methods

The concrete mix was designed using the Dreux-Gorisse method, a well-established
procedure in concrete mix design [38]. The particle size distribution of the aggregates,
sands, and cement used in the mix was determined through particle size analysis tests,
conducted in accordance with the NF EN 933-1 standard [39]. Table 1 provides a detailed
overview of the mix design, including the proportions of each component, as well as the
principal properties of the resulting concrete. This methodical approach ensures a well-
graded mix that meets the specific requirements for both workability and strength.

Table 1. Mix proportions and characteristics of the concrete used

Component Quantity
Cement (kg/m?) 210

Water (kg/m?) 115.5

Coarse aggregate 3/8 (kg/m?) 218.68
Coarse aggregate 8/15 (kg/m?) 977.06
Coarse Sand 0/3 (kg/m?) 847.24

Water-to-Cement Ratio (W/C) 0.55
Compressive Strength, f., (MPa) 21.42
Ultimate Strain, €co (%) 0.761
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The mechanical properties of the carbon fiber-reinforced polymer (CFRP) composite,
comprising both the fabric and the resin, were evaluated through standardized coupon
testing.

Table 2. Properties of SikaWrap-230C/45 fabric

Property Value
Tensile Strength (MPa) 4.300
Tensile Modulus (MPa) 234.000
Ultimate Elongation (%) 1.8

Fiber Density (g/cm?) 1.76
Fabric Thickness (mm) 0.13

Table 3. Properties of Sika Dur 330 resin

Property Value
Density (kg/1) 1.30
Tensile Strength (MPa) > 30
Bond Strength to Concrete (MPa) >4
Elastic Modulus (MPa)
- Flexural 3.800
- Tensile 4.50

Table 4. Mechanical properties of CFRP composite

Property Value
Thickness of CFRP Composite tf(per layer) (mm) 1
Elastic Modulus Ef(MPa) 34900
Tensile Strength f,r (MPa) 480
Ultimate Strain e 2%

The results, detailed in Table 4, provide a comprehensive assessment of the composite's
performance characteristics, including tensile strength, elasticity, and overall durability,
crucial for understanding its behavior under various loading conditions. A total of
cylindrical concrete specimens, each with a height of 320 mm and a diameter of 160 mm,
were prepared and divided into eight distinct groups. Each configuration was tested three
times to ensure statistical reliability. The confinement methods investigated included both
full and partial confinement, employing horizontal and spiral bands. For partial
confinement, the study evaluated parameters such as band spacing, the orientation of the
bands relative to the horizontal, and the quantity of CFRP material used. In the
experimental program, a consistent band width of 30 mm of unidirectional CFRP was used
across all specimens, with the band spacing set at 30 mm, 45 mm, and 65 mm for both
horizontal and spiral confinement methods. For specimens subjected to spiral partial
confinement, additional reinforcement was applied at the specimen ends using a
supplementary layer of unidirectional CFRP bands, each 20 mm wide, to improve end
confinement and prevent premature failure. The labeling of the specimens followed a
systematic convention: the first letter indicates the type of confinement (e.g., partial or

1618



Douadi et al. / Research on Engineering Structures & Materials 11(4) (2025) 1615-1632

full), the second letter specifies the confinement method (horizontal or spiral), the third
letter refers to the mode of confinement (e.g., uniform or partial), and the final numeral
denotes the band spacing in millimeters. This standardized labeling ensured clear
identification of each test configuration and its corresponding mechanical performance
results.
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Fig. 1. Aspect of different confined configurations

For example, CPH45 denotes specimens partially confined with horizontal bands spaced
45 mm apart. Detailed confinement arrangements are illustrated in Figure 1. Compression
tests were conducted using a universal testing machine (MCC8) with a capacity of 3000 kN,
applying a controlled load increase rate of 0.5 MPa/s, as depicted in Figure 2. The positions
of the bands on the specimens were marked using adhesive tape on the concrete surface
(Figure 2). To ensure optimal contact between the load cell and the specimen, high-
strength sulfur was used (Figure 2). Axial displacement measurements were recorded
using three linear variable differential transformers (LVDTs) placed at mid-height (Figure
2). All confined specimens were overlapped by 150 mm according to the technical
specifications of the SikaWrap-230C/45 fabric. They were cured at ambient laboratory
conditions for 7 days to allow the epoxy resin to achieve full strength before testing. The
abbreviations used to identify the specimen series are as follows:

NC: Non-confined cylinders.

CT: Cylinders fully confined with a single layer of CFRP.

CP: Partially confined cylinders, where the second part of the code indicates either
H for horizontal bands or I for spiral bands, and the third part specifies the spacing
between bands (30 mm, 45 mm, or 65 mm). For instance, CPH45 refers to cylinders
partially confined with horizontal bands spaced 45 mm apart.
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Preparation of the lateral
surface of the specimens
(cleaning and dust removal)

Marking and positioning of Adhesive application, mixing,
CFRP strips and impregnation

Confinement techniques for

specimens using CFRP Sulfur surfacing of specimens Installation of LVDTs

Fig. 2. Methodology of CFRP application

3. Results and Discussion
3.1. Stress-Strain Behavior

Figure 3 presents the stress-strain behavior of all studied groups. Axial strains were
determined using LVDTs, with the measurements obtained from three LVDTs placed at
mid-height, as recommended by various researchers [40].

50

——CN —CT1 ——CPH30
40 ——CPH45 ——CPH65 ——CPI30
=
30 /
= . ——
§ 20
b3
10
0
0 0,01 0,02 0,03 0,04 0,05
Axial Strain

Fig. 3. Stress-Strain curves of all groups

Figure 3 displays the stress-strain curves for fully confined cylinders using CFRP
composites. These curves reveal an initial ascending phase followed by a stress-softening
branch. Conversely, the stress-strain behavior of partially confined concrete, shown in
Figure 4, typically follows a bilinear pattern with hardening until failure (CFRP rupture).
Initially, the curves exhibit linear behavior, dominated by the unconfined concrete's
strength, indicating minimal activation of the CFRP confinement due to negligible lateral
expansion. As the concrete experiences lateral expansion and increased axial strains, the
response transitions to nonlinear. CFRP confinement becomes effective after the
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unconfined concrete reaches its ultimate strength (fco= 21.42 MPa), resulting in additional
cracking and a reduction in concrete stiffness.

For specimens with horizontal CFRP strips spaced 30 mm apart, the stress continued to
rise linearly with a gradual slope until failure (fe.= 32.03 MPa), as shown in Figure 4. At this
point, the concrete was fully cracked, and CFRP confinement was fully engaged, leading to
enhanced load capacity, increased compressive strength, and significantly improved
ductility. Specimens partially confined with horizontal CFRP strips spaced 45 mm apart
exhibited a bilinear stress-strain response with significant ductility, maintaining a
consistent slope until failure at 27.4 MPa, as illustrated in Figure 4. The final stress at
failure was substantially higher than the unconfined concrete strength, indicating effective
confinement.

For specimens with strips spaced 65 mm apart (Figure 4), the stress-strain curves
displayed a descending branch characterized by stress softening up to failure. The concrete
sustained a portion of the axial load after reaching a peak strength of 24.71 MPa, but the
strength gradually decreased until failure occurred at 23.84 MPa, slightly above the
unconfined concrete strength (fco = 21.42 MPa). Therefore, the confinement level was still
deemed adequate.

45

= CN CT1 — CPH30

—— CPHA45 —— CPHo65

0 0.01 0,02 0,03 0,04 0.05
Axial Strain

Fig. 4. Stress-Strain curves of horizontally confined groups

Figure 5 compares the stress-strain curves of partially confined cylinders with CFRP strips
inclined at various angles to the horizontal. Each group has different spacings between the
CFRP strips, resulting in different inclination angles, enabling a direct comparison between
the series. As depicted in Figure 5, the stress-strain behavior of these specimens initially
followed a linear path, similar to that of unconfined samples. For specimens with 30 mm
and 45 mm spacings, the stress-strain curves exhibited a bilinear pattern with notable axial
strain softening up to failure. The final stress at failure slightly exceeded the ultimate
strength of the unconfined concrete.

For specimens with inclined CFRP strips spaced 65 mm apart (CPI65), the stress-strain
curves displayed a short descending branch leading up to failure, with observable axial
strain softening. These curves closely resemble those of specimens with horizontal CFRP
strips spaced 65 mm apart (CPH65). Figures 3 to 5 demonstrate that the stress-strain
curves for CFRP-confined concrete generally consist of two distinct segments, with the
second segment either ascending or descending. In most specimens, the axial stresses
increase monotonically until failure.
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Fig. 5. Stress-Strain curves of spirally confined groups

However, only the stress-strain curves of the specimens with horizontal and inclined CFRP
strips spaced 65 mm apart (CPH65 and CPI65) exhibit a descending branch. The relatively
low volumetric ratios of CFRP applied in these two series are insufficient to produce a
monotonically ascending stress-strain behavior. The volumetric ratio of CFRP is defined
as:

py = AfT[D _ 4bf7’ltf (1)
I~ (@D?/4)~ DS
Where: by, ny, tr represent the width of the FRP bands, the number of FRP layers, and the

thickness of the FRP used for the confinement of the cylinder, respectively. D and S refers
to the diameter and cross-sectional area of the column.

For specimens with a 65 mm spacing, the level of confinement approaches the threshold
of inadequacy, leading to a reduced strength gain. In contrast, specimens with sufficient
confinement, achieved through smaller spacings of 30 mm and 45 mm, exhibit significantly
enhanced compressive strength and ultimate axial strain due to the more effective
confinement.

3.2, Failure Mode
The groups exhibited distinct failure modes, as illustrated in Figure 6:

¢ Non-confined cylinders (NC): Failure initiation occurred through inclined cracking
within the concrete, ultimately leading to concrete crushing as the primary failure
mode (Figure 6-a).

e Fully confined cylinders (CT): The CFRP failed locally at mid-height due to
concentrated lateral confinement, resulting in a sudden CFRP rupture accompanied
by a significant explosion (Figure 6-b).

e Partially confined cylinders with 65 mm spacing (CPH65 and CPI65): These
specimens predominantly failed through concrete crushing. Cracks formed
between adjacent CFRP strips as the axial stress approached the strength of
unconfined concrete, with the failure mode being characterized by diagonal shear
cracking (Figures 6-c and 6-d).

e Partially confined cylinders with horizontal or spiral CFRP strips (CPH30, CPI30,
CPH45, and CPI45): These specimens experienced CFRP strip rupture at mid-height
due to tensile stress. The failure was marked by the disintegration of the concrete
core, resulting in a conical cracking mode (Figures 6-e to 6-h).
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e Cylinders subjected to compression: Failure occurred suddenly and explosively
following CFRP composite rupture. The concrete adhered to the CFRP composite,
indicating strong adhesion between the two materials (Figure 6). Post-explosion,
intact CFRP strips were observed in several specimens.

Fig. 6. Failure modes of specimens

Additionally, CFRP rupture did not occur at the cylinder ends due to the increased friction
from the loading platens near both ends, as noted by Teng et al. (2015b). This expanded
explanation provides a clearer understanding of the failure mechanisms across different
confinement scenarios, highlighting the influence of CFRP strip spacing and orientation on
the overall structural behavior. The observations underscore the critical role of adequate
confinement in enhancing the load-bearing capacity and failure resistance of concrete
cylinders.

3.3. Effect of Strip Spacing on Partial Confinement

Figure 7 provides a summary of the average compressive strength values and axial strains
for all studied samples. It is evident that both partial and full CFRP confinement
significantly enhance the ultimate compressive strength of the specimens compared to
unconfined samples. The fully CFRP-confined cylinders demonstrated the highest strength
improvement, with an increase of 89.36%. Among the partially confined specimens, those
with horizontal CFRP strips spaced 30 mm apart showed the most substantial strength
improvement, with a 49.53% increase over unconfined samples. This result indicates that
the compressive strength of partially confined CFRP samples is approximately 21.03%
lower than that of fully confined samples. However, this difference is relatively minor
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considering the material savings achieved. Additionally, this configuration exhibited a
610.78% increase in axial strain compared to unconfined samples, although this is 43.56%
lower than the axial strain observed in fully confined CFRP specimens. The effect of
increased horizontal spacing on maximum axial strain was also apparent. Specimens with
45 mm and 65 mm spacing showed increases in displacement of approximately 556.48%
and 106.40%, respectively.
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Fig. 7. Summary of experimental results compared to unconfined cylinders

For cylinders confined with spiral CFRP strips, the compressive strength results were more
nuanced. The strength increased by 3.03% with 45 mm spacing and by 6.58% with 65 mm
spacing. Although these values were lower compared to those with horizontal CFRP strips,
a maximum strength increase of 21.90% over unconfined concrete was observed. The
relationship between spiral spacing and ultimate axial strain was also evident, with
displacement increasing as the spacing between spiral bands decreased. Specifically, axial
strains increased by 591.42% at 30 mm spacing, 572.67% at 45 mm, and 30.47% at 65 mm
spacing. Unconfined concrete had an axial strain of 0.00408, whereas the highest axial
strains recorded were 0.0514 for fully confined specimens and 0.029 for all partial
confinement configurations. This analysis underscores the significant impact of CFRP
confinement on enhancing the compressive strength and axial strain capacity of concrete
specimens, with the degree of improvement closely related to the confinement
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configuration and the spacing of the CFRP strips. In addition to their impact on
compressive strength, CFRP confinement techniques can also influence the bending and
shear performance of concrete elements. Research has shown that CFRP reinforcement not
only improves the flexural capacity of beams but also enhances shear strength, particularly
in cases where transverse reinforcement is insufficient. These improvements are
attributed to the ability of CFRPs to provide lateral confinement, reduce crack propagation,
and enhance the overall ductility of concrete members. Thus, incorporating CFRP in both
bending and shear applications presents a comprehensive solution for strengthening
concrete structures.

3.4. Comparative Analysis of Strength Performance Between Full and Partial
CFRP Confinement

Figure 8 presents a detailed comparison of the strength enhancements achieved through
full versus partial CFRP confinement. The analysis reveals a strength differential of -
21.03% between specimens confined with horizontal CFRP strips spaced at 30 mm and
those fully confined with CFRP, where the composite material used in partial confinement
represents less than half of the amount employed in full confinement. Despite the reduced
material usage, the partially confined specimens exhibited a significant level of
effectiveness in enhancing the compressive strength of the concrete cylinders.
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Fig. 8. Summary of experimental results relative to fully confined cylinders
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The results indicate that the CPI145 specimen, with a strength improvement -45.59% lower
than fully confined concrete, exhibited the least favorable performance among the partially
confined samples. Notably, partial confinement using horizontal CFRP strips consistently
outperformed spiral CFRP strip configurations in terms of strength enhancement. These
findings underscore the efficacy of partial CFRP confinement, particularly with horizontal
strips, in achieving substantial strength gains while optimizing material efficiency. The
observed performance suggests that partial confinement can be a viable alternative to full
confinement, offering a balance between structural enhancement and material economy.

3.5. Numerical Verification

Tables 5 and 6 present the ( /fi ) between the theoretical maximum compressive

ccexp

strength f...,e and the experimental maximum compressive strength f....,for three
design codes and three models of CFRP-confined concrete under axial compression (Af.. =
fec,tns — fecexp)- Most predictions related to the compressive strength of CFRP-confined
concrete appeared conservative compared to the experimental strength, with prediction
results generally varying between 19% and -2% for horizontal partial confinement, though
predictions for full confinement were somewhat less accurate. Despite these results, the
models were still able to provide the best prediction for horizontal partial confinement,
where the prediction values were closely aligned, ranging between -2% and 4%, with a
maximum difference of 1 MPa. However, predictions for fully CFRP-confined concrete were
overestimated by 20% when using the FIB model [41] .

Although the ACI code [42] does not account for partial confinement factors and fiber
orientation reduction, the CFRP horizontal and spiral strip positions were considered
using the ke coefficient from the FIB model. The predicted confinement strength for most
specimens remained within the range of -16% to 19%. Generally, the values predicted
using the ACI code were very close to those of the CSA S806 code [43] and higher than
those predicted by the FIB code for most samples. Nevertheless, the FIB model provided a
more accurate prediction of confinement strength, particularly for partially CFRP-confined
concrete, compared to the CSA S806 and ACI codes.

Table 5. Verification of design codes against experimental results

Experimental  FIB Standard CSA 5806 ACI Standard
by s standard

(mm] (mm) fcc,exp fcc,thé Af“ fcc,thé Afo fcc,thé Affc
(Mpa) (Mpa) fcc,exp (Mpa) fcc,exp (Mpa) fcc,exp
CT / / 40.56 48.83  20% 3370 -17% 4482 11%
CPH30 30 30 32.03 32.83 2% 3136  -2% 4064  27%
CPH45 30 45 27.4 28.50 4% 3025  10% 3870 41%
CPH65 30 65 24.71 24.23 2% 2883  17%  36.28 47%
CPI30 30 30 26.11 3573  37%  33.65  29% 4476 71%
CPI45 30 45 22.07 3241  47% 3365  52% 4476 71%
CPI65 30 65 22.83 2927  28% 3365  47% 4476 71%

The models proposed by Pellegrino et al [44] and Wang et al. [45] recommend using the ke
coefficient from FIB to account for the effect of strip spacing. These two models provide
reasonable predictions for partially CFRP-confined concrete with horizontal strips, with
the ratio between experimental and theoretical results ranging from 0% to 10% and 1%
to 8%, respectively, with a maximum difference of 4 MPa and 2 MPa for the Pellegrino &
Modena (2010) and Wang et al. [45] models, respectively. However, the stress-strain
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model for CFRP-confined concrete by Guo et al. [46] did not yield accurate predictions
except for the case of full confinement. This model significantly overestimated the ultimate
compressive strength of partially CFRP-confined concrete compared to experimental data.
Although FIB differentiates the ke coefficient for horizontal and spiral CFRP strip
confinement, the difference in values for spiral strips was too minor. Considering the spiral
strip spacing, the calculated ke coefficient remained approximately equal to 1 regardless
of the strip spacing. Consequently, both the FIB and other codes and models have evidently
overestimated the ultimate axial stress.

Table 6. Verification of stress-strain models against experimental results

by s Experimental Pellegrino et al. Wang et al, Guo et al.

(mm) (mm) Jecexp fec,the Afee fecine  Bfec feetne  Bfec

(MPa) (MPa)  fecexp (MPa)  fecexp  (MPa)  focexp

CT / / 40.56 54.16 34% 47.96 18% 38.45 -5%
CPH30 30 30 32.03 28.80 -10% 32.32 1% 35.11 10%
CPH45 30 45 27.4 26.47 -3% 29.26 7% 33.57 23%
CPH65 30 65 24.71 24.66 0% 26.74 8% 31.64 28%
CPI30 30 30 26.11 30.64 17% 34.64 33% 38.38 47%
CPI45 30 45 22.07 28.55 29% 32.00 45% 38.38 74%
CPI65 30 65 22.83 26.85 18% 29.77 30% 38.38 68%

In conclusion, while the safety benefits of CFRP confinement in enhancing the structural
performance of concrete are well-documented, it is equally important to consider the
economic aspect. The initial cost of CFRP materials is typically higher than that of
conventional reinforcement methods. However, the long-term advantages associated with
CFRP, such as reduced maintenance requirements, extended service life, and the ability to
retrofit existing structures without significant downtime, can effectively offset these initial
costs. Consequently, when evaluating CFRP as a strengthening solution, it is crucial to
strike a careful balance between safety and cost-effectiveness. This comprehensive
approach ensures optimized decision-making in practical applications, ultimately leading
to more sustainable and resilient structural solutions. By acknowledging both the
immediate financial implications and the broader benefits of using CFRP, stakeholders can
make informed choices that enhance the overall integrity and longevity of concrete
structures.

4., Conclusion

e This research undertook an in-depth examination of the performance and
predictive accuracy of various design codes and stress-strain models for CFRP-
confined concrete. By evaluating different types of CFRP confinement—full,
horizontal, and spiral—along with assessing the effectiveness of multiple design
codes and models, the study aimed to provide a clearer understanding of how these
factors influence concrete strength and axial strain capacity. The findings result
shows:

e Full CFRP Confinement: Demonstrated a substantial improvement in compressive
strength, with an increase of 89.36% compared to unconfined concrete. This type
of confinement provided the highest enhancement in concrete strength and axial
strain capacity.

e Horizontal CFRP Strips: Particularly effective, with specimens featuring strips
spaced 30 mm apart showing a 49.53% increase in compressive strength. This
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configuration also exhibited a 610.78% increase in axial strain compared to
unconfined samples, although this was 43.56% lower than fully confined
specimens.

e Spiral CFRP Strips: Less effective compared to horizontal strips. While the
compressive strength increased by 21.90% over unconfined concrete, the axial
strain improvements were less pronounced, with an increase of 591.42% at 30 mm
spacing, 572.67% at 45 mm, and 30.47% at 65 mm spacing.

e The FIB (2001) model was effective for horizontal CFRP confinements but
overestimated stress for spiral confinements, while the ACI (2017) code provided
reasonable predictions with deviations between -16% and 19%. Models by
Pellegrino & Modena (2010) and Wang et al. (2018) accurately predicted horizontal
CFRP strip performance, with deviations of up to 10%, but struggled with spiral
confinements. The Guo et al. (2019) model significantly overestimated strength for
partially CFRP-confined specimens, with discrepancies up to 45.59%.

e In conclusion, the findings from this study offer valuable insights for decision-
makers in the field of structural engineering and construction. The demonstrated
effectiveness of fully and horizontally CFRP-confined concrete, along with the
varying performance of spiral configurations, provides a clear basis for selecting the
most appropriate confinement strategy depending on the specific structural
requirements. Furthermore, the analysis of predictive models and design codes,
such as FIB (2001), ACI (2017), and models by Pellegrino et al., Wang et al., and Guo
et al.,, underscores the need for refinements in these tools to improve accuracy.
Decision-makers can use this research to enhance construction practices by
adopting CFRP confinement strategies that optimize strength and strain
improvements, while also aligning with reliable predictive models. This, in turn, will
contribute to more efficient and resilient concrete structures, ensuring better
performance and longevity in civil engineering projects.

This study opens new avenues for enhancing CFRP confinement techniques in concrete,
suggesting that more accurate predictive models could be developed, particularly for
partial confinements and spiral configurations. The findings also highlight the need to
revise and refine current design codes to more accurately reflect the actual behavior of
CFRP-confined concrete, especially in applications requiring high strength and durability.
Future research could focus on exploring the interaction between different confinement
types and optimizing the use of composite materials to maximize both structural efficiency
and cost-effectiveness.
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Appendix
Model Stress Strain
FIB - Ji - Ee . |1
standard [41] fee = feo| 0243 [— Eu = Eco| 2+ 1.25—¢p, |[—
feo feo 7" feo
CSA S806 Standard
fee = 0.85f., + kik.f; /
[43]
B fi Efe 0.45
ACI Standard [42] foo = foo + 3.1Kof, Eeu = €co [1'5 + 12"”2(@)
<0.01
fcu _ Py Ecu _ By
Pellegrino et al. [44] foo 1+ klE o 2+5( CO)
Wang et al., [45] e 045
Tee 1 4331, It fu _ 175+ 12 (i) ()
f;‘O fco gCD co gCD
fee Ecu _ 0.8 145
Guo et al., [46] — =14 2(pge — 0.01)p, = 1.75 + 5.5pgs ps
]CCO ‘SCO

Fe.: Compressive strength of CFRP-confined concrete, F,: Compressive strength of unconfined concrete, Fi:
Lateral confinement stress provided by the CFRP, k. Efficiency factor for the confinement type, S: Spacing
between confinement bands, D: Diameter of the concrete cylinder, ¢, : Ultimate strain of CFRP-confined
concrete, ¢, : Ultimate strain of unconfined concrete, E. : Modulus of elasticity of concrete, ¢ . Effective strain
in the CFRP material, KI: Confinement factor related to the lateral confinement stress, Kc: Geometric factor for
the section shape, Ka: Coefficient related to the axial confinement stress, Kb: Coefficient related to the
deformation, pxe: Confinement stiffness ratio, pe: Confinement strain ratio, eh,rup: Ultimate strain of the
CFRP jacket at rupture, eco: Strain of unconfined concrete under compression corresponding to fc or the
applied compression load
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