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Abstract: This paper presents the results of an experimental study involving 20 tests performed on el-
liptical concrete columns confined with externally bonded carbon fiber-reinforced polymer (EB-CFRP)
laminates. The study aimed to evaluate the effects of elliptical aspect ratio (A/B) as well as confine-
ment rigidity (number of EB-FRP layers) on confinement effectiveness. The experimental program
consisted of one series of control concrete columns (unstrengthened) and three additional series, each
one strengthened with one, two and three layers of EB-CFRP sheets, respectively. Furthermore, each
series considered five elliptical aspect ratios (A/B) ranging from 1.0 to 1.6. Following compressive
concentric tests until failure, the results were analyzed to characterize the confinement level with an
increasing number of EB-CFRP layers as a function of the elliptical aspect ratio. The results show
considerable enhancements in compressive strength and in the ductility of the confined columns.
Furthermore, this improvement is amplified as the number of EB-CFRP layers increases, indicating
a proportional relationship between the compressive strength and the number of CFRP layers. It
is found that the ultimate strength of EB-CFRP-confined columns with three layers reached up to
130% compared to the control specimens. However, increasing the elliptical aspect ratio reduced the
compressive strength and ductility of confined columns. This study investigated the relation between
the CFRP hoop and axial strains and the elliptical aspect ratios. Moreover, through comparison, the
results reveal that the prediction models proposed by the Canadian standards S806-12 and S6-19 do
not capture the negative effect of the elliptical aspect ratio in confined concrete columns.

Keywords: elliptical concrete column; aspect ratio; confinement; strengthening; EB-CFRP; number of
layers; compressive strength; stress—strain

1. Introduction

Exposed reinforced concrete (RC) structures and, in particular, bridge elements suffer
serious deterioration under severe climatic conditions due to the gradual increase in the
regulatory loads of heavy trucks and the increasing frequency of their passage. Strength-
ening techniques using externally bonded fiber-reinforced polymer (EB-FRP) composites
are increasingly used because of their efficiency, cost-effectiveness, speed, and ease of
application compared to conventional techniques using steel plates. Confining concrete
columns with EB-FRP to enhance their compressive strength and seismic performance are
examples of this evolving technique.

Numerous experimental studies have been carried out on the confinement of concrete
columns using various techniques. Concrete-filled steel tubes [1], concrete-filled FRP
tubes [2-6], concrete-filled both FRP and steel tubes [7], prefabricated textile-reinforced
concrete [8-10], EB-FRP composites using wet lay-up [11-23], and FRP ropes [24] are

Symmetry 2024, 16, 1595. https:/ /doi.org/10.3390/sym16121595

https://www.mdpi.com/journal /symmetry


https://doi.org/10.3390/sym16121595
https://doi.org/10.3390/sym16121595
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0003-1672-548X
https://orcid.org/0000-0001-7349-6367
https://orcid.org/0000-0002-0184-6732
https://doi.org/10.3390/sym16121595
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym16121595?type=check_update&version=1

Symmetry 2024, 16, 1595

2 0f 22

examples of such strengthening techniques. In addition, many numerical studies simulating
confined concrete columns have also been carried out [1,17,25-29].

The use of elliptical tube-confined concrete columns is a technique for obtaining an
elliptical column section using an FRP elliptical tube as formwork. In addition to concrete,
expanding cement is also used, which will create a post-tensioning action with the old
concrete during column jacketing [3]. This technique replaces steel with FRP tubes to take
advantage of the light weight of the FRP material and its resistance properties in severe
environments, such as corrosion resistance. The FRP has excellent ductility when used in
seismic retrofitting [6]. The second ovalization technique for the EB-FRP confinement of
concrete columns involves, firstly, full reshaping of the concrete cross-section from square to
circular (Figure 1a) or from rectangular to elliptical (Figure 1b) by jacketing the old concrete.
The newly prepared columns can then be confined using wet lay-up EB-FRP laminates.
This technique is the most widely used in practice for existing concrete structural elements.
Another technique, which is rarely used, consists of slightly curving the four flat sides of
the concrete column and rounding the corners with a given radius (r) instead of modifying
the full cross-section (Figure 1c). This technique was implemented in some experimental
research studies [30-32]. In this technique, the new concrete or mortar used must have
a compressive strength at least equal to that of the existing column to avoid premature
failure of the FRP/concrete interfacial layer, which may lead to crushing of the columns.
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Figure 1. Section ovalization for EB-FRP confinement of rectangular or square concrete column:
(a) square to circular cross-section; (b) rectangular to elliptical cross-section, and (c) rounding corners
of cross-section.

Teng and Lam [12] carried out an experimental study on 20 specimens with four
aspect ratios of major to minor axes (A/B from 1.0 to 2.5) confined with EB-CFRP laminates
of different rigidities. The results of the study revealed that the compressive strength of
confined concrete is proportional to CFRP rigidity, but inversely proportional to aspect ratio.
In addition, they also showed that the effectiveness of confinement decreases as the aspect
ratio A/B increases. To avoid the phenomenon of decreasing compressive strength with
increasing aspect ratio A /B, the authors suggested consideration of an effective confinement
pressure (fir) using a reduction factor that accommodates the elliptical aspect ratio effect.

Yan and Pantelides [3] evaluated large-scale columns of almost 1.0 m height confined
with elliptical FRP tubes using carbon and glass fibers. Two concrete types, expansive
cement concrete and non-shrink cement concrete, were used to modify three types of
cross-sectional column shapes from square to circle and from rectangle to ellipse with two
aspect ratios, A/B =2 and 3. Note that to confirm confinement activation before loading,
FRP deformation was measured after cement expansion in the FRP formwork. The axial
strain reached around 0.002, 0.0018, and 0.0015 mm/mm for the circular (A/B = 1.0), elliptic
with A/B = 2.0, and elliptic with A/B = 3.0 specimens, respectively. The authors concluded
that the confinement effect of non-bonded FRP laminates combined with expansive cement
concrete is superior to that with no-shrink cement concrete and a bonded FRP jacket. They
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also confirmed that the optimal cross-sectional shape for FRP confinement is the circular
cross-section.

The experimental investigation of Zeng et al. [19] considered 33 EB-CFRP-confined
columns. FRP rigidity as well as confinement schemes (full and partial wrapping) were the
study parameters. The results showed a considerable increase in deformation and compres-
sive strength capacity in the elliptical confined columns compared to the square ones. As
the partial wrapping confinement schemes and the spacing of the FRP strips increased, the
ultimate capacity decreased. The results also revealed that the combination of ovalization
with partial wrapping schemes, which saves 50% of the EB-CFRP material, is comparable
and even more effective than confined square columns with full wrapping schemes.

The effect of high concrete strength (72.4 MPa) on the confinement of concrete columns
with the elliptical FRP tube technique was examined by Chen et al. [4]. The elliptical aspect
ratio A/B was also considered as a parameter, ranging from 1.0 to 2.0, as well as the FRP
rigidity considering carbon and glass materials. The authors concluded that the stress
capacities of elliptical confined concrete columns were enhanced by increasing the FRP
rigidity (number of layers). The axial behavior of the columns was negatively impacted by
the rising sectional aspect ratio and the usage of high-strength concrete due to the irregular
distribution of FRP confining pressure.

On the other hand, a comparison of experimental test results with the predictions of
current codes of practice and design guidelines to assess their accuracy seems to indicate
that the current guidelines do not capture the effect of the elliptical aspect ratio. It has been
found that they use the same models for predicting the axial compressive strength of both
circular and elliptical columns. As reported by Zeng et al. [19], the CNR-DT200R1 [33]
design equation overestimates the ultimate axial stress of confined specimens, and the
fib-TG9.3-19 [34] prediction model exaggerates the ultimate axial strain of concrete partially
confined with FRPs.

In the present study, the authors carried out an experimental investigation using con-
fined concrete columns with the wet lay-up EB-CFRP technique. The EB-CFRP technique
was selected because of its frequent use for existing columns requiring strengthening. As
explained above, it represents a better option for rehabilitation or seismic upgrading than
the elliptical tube-confined concrete column technique, which remains a column design
of choice. Furthermore, the present experimental study aims to evaluate the behavior of
concrete columns confined with EB-CFRP as a function of the following varied aspects:
(1) elliptical aspect ratio (A/B) and (2) EB-CFRP rigidity (number of layers). In addition,
a comparison of the obtained experimental results with the predictions of current design
codes is also presented in this study. The confinement of elliptical columns develops
non-uniform CFRP stress distribution across the cross-section due to the varying curvature
along the major and minor axes. This introduces unique symmetry-related challenges to
understand the behavior of confinement effectiveness. Furthermore, experimental tests on
CFRP-confined elliptical columns involve symmetrical loading conditions (e.g., concentric
loading), which require evaluating symmetrical wrapping patterns around the elliptical
shape to optimize the structural performance of CFRP-confined columns.

2. Research Significance

Research studies on confined concrete columns using the EB-FRP technique with vari-
ous elliptical aspect ratios are very few and of limited scope. The most studied parameters
in the literature are the modification of a square cross-section into a circular one using
different circularization methods, as well as the use of various strengthening configurations
(continuous vs. discontinuous). However, confinement depends mainly on the elliptical
aspect ratio because its effectiveness is related to the FRP pressure distribution around the
elliptical shape and also to the rigidity of EB-FRP sheet (number of layers). The present
study is an attempt to understand the phenomenon of the non-uniform pressure distribu-
tion of EB-FRP around the cross-section with respect to the elliptical aspect ratio (A/B).
It also provides additional experimental data and recommendations for researchers and
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practical engineers to express the relationship between variation in compressive strength
and elliptical aspect ratio.

3. Confinement Mechanism

The confinement of concrete columns is required to (1) repair damage (cracking or
steel corrosion); (2) increase load-bearing capacity (change in initial purpose); or (3) increase
ductility (seismic upgrading). It is also useful to confine an existing concrete column to
favor a sequence of failure modes, such as the concept of a beam yielding before a column,
known as the strong column-weak beam concept. The confinement mechanism for concrete
columns consists of applying lateral pressure around the section with FRP laminates to
restrain the lateral expansion of concrete (Figure 2).

Figure 2. Confinement mechanism with FRP in circular column.

Concrete column cross-sections are square, rectangular, or circular, but rarely oval or
elliptical. Confinement depends mainly on the geometry of the column cross-section and is
more effective when the cross-section is circular. The confinement pressure is uniform for a
circular column, while it is much higher at the corners than on the flat sides of a rectangular
section, resulting in partial and non-uniform confinement of the section and favoring the
premature rupture of EB-FRP (Figure 3). The limited confinement performance of square
or rectangular columns is attributed to non-uniform confinement around the section, in
contrast to the circular section, where it is uniformly distributed and most effective.

= Parabolic

4 Corner rounding ()
EB-FRP
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- h-2 }E, >
- h >

Figure 3. Confinement with FRP in rectangular column.

Before confining square or rectangular sections with the EB-FRP technique, the stan-
dards recommend rounding the four corners of the column to attenuate stress concentra-
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tions and delay premature fiber rupture in these areas. To that end, a minimum radius
(chamfer radius) is specified (. > 20 mm for CSA-5806-21 [35] and 7. > 35 mm for CSA-56-
19 [36] (Figure 3). According to Teng and Lam (2002) [12], the effectiveness of square or
rectangular cross-section confinement is proportional to the rounding radius .. However,
the rounding radius can be limited by the presence of longitudinal reinforcing bars at
the four corners. It can be deduced that section ovalization remains the most efficient

alternative for optimizing EB-FRP-confined concrete columns.

4. Experimental Program

The experimental program involved 20 tests performed on an elliptical section to study
the behavior of confined columns with EB-CFRP laminates. The investigated parameters
included (1) the influence of the elliptical aspect ratio (A/B) and (2) the influence of
EB-CFRP rigidity (number of CFRP layers). This section presents the following details:
(a) specimen details; (b) materials used; (c) strengthening procedure; and (d) test setup
and instrumentation.

4.1. Specimen Details

Figure 4 presents a typical cross-section of a confined specimen. The specimen cross-
section is defined according to elliptical properties. The major vertices of the specimen
lie along the major axis with length A (A = 2a), and the minor vertices occur along the
minor axis with length B (B = 2b). It can be mentioned that the cross-section area was
kept identical for all elliptical-shape specimens. In addition, the cross-section area for
circular-section (A = 212 mm?) specimens was approximately equal to the elliptical-section
(A =208 mm?) specimens.

A=2a

Figure 4. Typical cross-section of elliptical specimen.

The details of all specimens and the test setup are presented in Figure 5 and Table 1.
The 20 column specimens are divided into four series: unstrengthened (control) and those
strengthened with one, two, or three layers of EB-CFRP laminates, respectively. They were
prepared from five different batches of concrete, as provided in Table 1. Note that the
concrete columns were not reinforced with internal steel. The objective of the present study
was to evaluate confinement effectiveness as influenced by (1) the elliptical shape aspect
ratio and (2) the axial rigidity of the EB-FRP (number of layers). To that end, each series
included one circular specimen (A/B = 1.0) and four elliptical ones with aspect ratios A/B
of 1.3, 1.4, 1.5, and 1.6, respectively. Dimensional details of each specimen, including major
and minor vertices, number of CFRP layers, thickness of CFRP laminates, and concrete
compressive strength, are detailed in Table 1.
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Figure 5. Details of tested specimens.
Table 1. Test matrix.

. . A B Aspect h CFRP tERP fc cul
4

Specimen Series (mm) (mm) Ratio A/B (mm) Layers (mm) (MPa)
Con-1.0 212 212 1 624 - - 35.8
Con-1.3 Serie 1 233 179 1.3 623 - - 35.8
Con-1.4 Unstrengthened 240 173 14 627 - - 35.8
Con-1.5 (Control) 246 167 15 625 - - 35.8
Con-1.6 251 157 1.6 626 - - 30.2
STR-1L-1.0 212 212 1 624 1 0.13 37.5
STR-1L-1.3 Serie 2 233 179 1.3 623 1 0.13 37.5
STR-1L-1.4 Strengthened 240 173 14 627 1 0.13 37.5
STR-1L-1.5 1 layer 246 167 15 625 1 0.13 37.5
STR-1L-1.6 251 157 1.6 626 1 0.13 30.2
STR-2L-1.0 212 212 1 624 2 0.26 40.2
STR-2L-1.3 Serie 3 233 179 1.3 623 2 0.26 40.2
STR-2L-1.4 Strengthened 240 173 1.4 627 2 0.26 40.2
STR-2L-1.5 2 layers 246 167 1.5 625 2 0.26 40.2
STR-2L-1.6 251 157 1.6 626 2 0.26 30.2
STR-3L-1.0 212 212 1 624 3 0.39 36.8
STR-3L-1.3 Serie 4 233 179 1.3 623 3 0.39 36.8
STR-3L-1.4 Strengthened 240 173 14 627 3 0.39 36.8
STR-3L-1.5 3 layers 246 167 15 625 3 0.39 36.8
STR-3L-1.6 251 157 1.6 626 3 0.39 30.2

In Table 1, the specimens are designated and labeled as follows: Con for a control
specimen; STR for a strengthened (confined) specimen followed by 1L, 2L, and 3L for,
respectively, one, two, and three layers of EB-CFRP. The last term in the nomenclature
indicates the value of the aspect ratio A/B (1.0, 1.3, 1.4, 1.5, or 1.6). For instance, specimen
STR-2L-1.5 is a confined column with two layers of CFRP laminates and has an aspect ratio
of 1.5.
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4.2. Materials

The same concrete mix design was used for all specimens, and it was fabricated in
the laboratory. The average concrete compressive strength (f/ Cyl), presented in Table 1,
was obtained by performing three tests on cylinders according to the ASTM-C39/39-21
(2021) [37] standard on the test day. Unidirectional CFRP sheets were used to confine all
specimens. Table 2 presents the mechanical properties of the CFRP sheets as well as the
epoxy matrix used to impregnate and bond the sheet, as provided by the manufacturer.

Table 2. Mechanical properties of CFRP fabric and epoxy matrix.

Material Properties Value
Tensile strength, frrp, (MPa) 3450

Modulus of elasticity, Ergp (GPa) 230

Laminate Elongation at break, ergrp;, (%) 1.5
Thickness, tpgp (mm) 0.13

Tensile strength, frrp, (MPa) 30

Epoxy Modulus of elasticity, Epgp (GPa) 4.5

Elongation at break, ergp,, (%) 2.0

4.3. Strengthening Procedure

The concrete surface was first sandblasted to remove irregular surfaces and to clean
off particles and impurities to achieve an adequate surface profile index before the appli-
cation of EB-CFRP laminates. Its length was prepared, including the number of layers
(circumference of the elliptical specimen times the number of layers) and an additional
300 mm length for overlapping, as recommended by the manufacturer. An epoxy resin
coating was applied directly onto the concrete surface using a trowel and a paint roller.
The CFRP sheets (one, two, or three layers) were then bonded around the specimen section
to confine the column. At the same time, the epoxy was squeezed throughout the roving
of the CFRP sheets with a special roller to saturate the fibers and to remove trapped air
pockets and excess epoxy at the concrete/epoxy and epoxy/CFRP sheet interfaces. A thin
layer of epoxy resin was left at the end of the last CFRP layer to act as a protective screen
for the fibers. Note that the unidirectional carbon fibers were applied perpendicularly to
the longitudinal axis of the specimen.

4.4. Test Setup and Instrumentation

The specimens were subjected to monotonic concentric compression loading under
displacement control conditions at a rate of 0.4 mm/min until failure in conformity with
ASTM-C39/39-21 [37]. A comprehensive and carefully engineered measuring device was
mounted to instrument 5 mm long strain gauges around the specimen circumference at the
columns’ mid-height, as shown in Figure 6. The figure shows the instrumentation on the
confined specimens, where the horizontal orientation is represented by (H), which measures
the strain in the circumferential direction in both the control and confined specimens. The
vertical orientation is represented by (V), which measures the vertical strain along the
column axis direction. However, there are neither strain gauges H3 and H4 in the circular
control specimens (unconfined column), nor gauges H3, H4, H5, H6, H7, and HS8 in
the elliptical control specimens. Changes in the overall height of the columns were also
measured with linear-variable differential transducers (LVDTs). It should be mentioned
that the non-uniform (top-end) face of all specimens was leveled with a high-strength
self-leveling compound (dry stone) to achieve a uniformly distributed applied axial load
during the test.
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Figure 6. Strain gauges’ locations around the specimen section: (a) circular specimen, (b) elliptical
specimen, and (c) strain gauges’ orientation.

5. Experimental Test Results

Table 3 presents the experimental test results. The obtained test results include the
compressive strength of the concrete cylinders (f! Cyl), the maximum attained loading
capacity (Puuyx), the gain in load capacity due to EB-CFRP confinement (load gain), the
compressive concrete strength (f/), the compressive confined concrete strength (f/.), the
gain in compressive strength (f/./ f!), the axial maximum displacement (AL), the maximum
horizontal hoop strain (ey), the maximum vertical strain (ey), and the specimen failure
mode. The following sections present relevant results in terms of (1) failure mode by visual
inspection; (2) load-carrying capacity, (3) displacement response, (4) concrete compressive
strength, and (5) vertical and horizontal strain response curves.

Table 3. Summary of test results.

. cyl Piax Load AL &H ey Failure

Specimen (flé[l}’/a) (kN) Gain (%) (Mf’a) fec (MPa) feclfe (mm) (um/m) (um/m) Mode

Con-1.0 35.8 1059 - 30.1 - - 1.9 402 2711

Con-1.3 35.8 1016 - 31.1 - - 2.1 918 2306

Con-14 35.8 1039 - 319 - - 2.1 741 2904 CC

Con-1.5 35.8 1023 - 31.6 - - 2 734 1289

Con-1.6 30.2 820 - 26.5 - - 2.3 6586 3958
STR-1L-1.0 37.5 1433 35 30.1 40.7 1.35 9 13,811 8139
STR-1L-1.3 375 1252 23 31.1 38.3 1.23 7.6 12,482 9969 CFRP
STR-1L-1.4 37.5 1150 11 31.9 35.3 1.11 55 11,756 5361 rupture/
STR-1L-1.5 375 1061 4 31.6 32.8 1.04 25 1397 3058 CC
STR-1L-1.6 30.2 1099 34 26.5 35.5 1.34 9.2 13,849 17,268
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. foeyl Piyax Load f . .y AL &H % Failure
Specimen (I\C/[Pa) (kN) Gain (%) (Mf’a) fec (MPa) fedfe (mm) (um/m) (um/m) Mode
STR-2L-1.0 40.2 1999 89 30.1 56.8 1.89 15.3 15,515 29,740
STR-2L-1.3 40.2 1696 67 31.1 51.9 1.67 12.7 13,239 21,330 CFRP
STR-2L-1.4 40.2 1682 62 319 51.6 1.62 13.8 17,530 15,655 rupture/
STR-2L-1.5 40.2 1553 52 31.6 48 1.52 13.7 16,324 22,234 CC
STR-2L-1.6 30.2 1340 63 26.5 43.3 1.63 11.8 12,177 16,937
STR-3L-1.0 36.8 2513 137 30.1 714 2.37 22.4 15,760 31,313
STR-3L-1.3 36.8 1974 94 31.1 60.4 1.94 16.9 15,732 15,432 CFRP
STR-3L-1.4 36.8 1832 76 319 56.2 1.76 14.3 15,915 15,440 rupture/
STR-3L-1.5 36.8 1661 62 31.6 51.4 1.62 13.5 15,910 15,431 CC
STR-3L-1.6 30.2 1582 93 26.5 51.1 1.93 174 17,800 13,092

ft ol = cylinder compressive strength of concrete. AL = Change in the overall height of column (specimen’s

shortening). ey - maximum circumferential hoop column strain (horizontal). ey - maximum axial column strain
(vertical). CC = concrete crushing.

5.1. Failure Mode

The failure mode of all control specimens was, as expected, a well-defined fracture
pattern, as shown in Figure 7a. According to standard test methods for compressive strength
on cylindrical concrete specimens, the failure was of type 2, which means a well-formed cone
on one end with vertical cracks running through the cap and no well-defined cone on the
other end [37]. In contrast, crack development in confined specimens could not be observed
during the tests due to the presence of continuous EB-CFRP sheets. However, immediately
after the tests, the CFRP sheets were removed to observe the fracture patterns, which are
shown in Figure 7b—d. The deformation at failure was obtained at the specimen failure.

-
5
g
2
2
&
f

Figure 7. Typical failure mode of specimens: (a) cracking patterns for control specimens; (b) confined
specimens with 1 CFRP layer; (c) with 2 CFRP layers; and (d) with 3 CFRP layers.
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As predicted, the failure mode of all confined specimens, whatever the aspect ratio
A /B, was by rupture of the CFRP jacket accompanied by concrete crushing (Figure 7b—d).
Note that all confined specimens featured a failure mechanism similar to that reported by
Teng et Lam [12] and Teng et al. [17]. The failure mechanism of concrete initiates when the
concrete reaches its compressive strength; cracks expand quickly and the CFRP is unable to
prevent the concrete’s crushing. When the number of CFRP layers is increased, the column
can withstand higher applied loads because CFRP provides a restraining force and increases
ductility. As loading increases, the concrete core gradually fails, and cracks propagate
outward until the sudden rupture of CFRP layers. Here, with increasing load, the ultimate
concrete strain €., in confined specimens was reached, resulting in crushing, whereas at
the ultimate load, pulverization of the concrete occurred, leading to the separation of the
specimen into two parts. This is also true in the confined specimens with two or three
CFRP layers (Figure 7c,d). In the specimens with three CFRP layers, a sudden fracture of
the CFRP jacket followed by a loud explosive noise and random volatility of the pulverized
concrete was observed. This may indicate that CFRP contributes to ultimate strength
despite concrete crushing. During the tests of confined specimens, no signs of rupture
were observed until the sudden break. After the removal of the CFRP sheets, a thin layer
of concrete remained attached to the sheets, indicating the effectiveness of the epoxy in
bonding the CFRP to the concrete. No difference was observed in the rupture mode as the
aspect ratio A/B or the number of confinement layers increased.

5.2. Load-Carrying Capacities

Figure 8 presents the loading versus the increase in the aspect ratio (A /B) and EB-CFRP
rigidity for each series. The maximum attained load in the control specimens reached 1059
kN for circular Con-1.0 and decreased when increasing the A /B ratio by 23% in specimen
Con-1.6. In contrast, in the confined specimens, the highest recorded load was 2513 kN
in specimen STR-3L-1.0, representing a 137% increase with respect to the corresponding
control specimen. The histograms in Figure 8 show a significant increase in the maximum
attained load on each series with the same aspect ratio (A/B) as the number of EB-CFRP
layers increases. This is consistent with findings reported in the literature [6] and can
be attributed to the increase in CFRP rigidity, which enhanced the tensile force provided
by the FRP fibers and hence the confinement pressure, as also expressed by the model
code. Indeed, according to the Canadian highway bridge design code [36], the confinement

pressure (fjr) prediction model, which governs the confined compressive strength (f. C) ,
is proportional to EB-FRP rigidity, as expressed in Equation (1). Moreover, the loading
capacity (P;) is directly proportional to the compressive strength (f QC> of the confined
concrete (Equation (3)), as follows:

flp _ thgngepu (1)
8
fc/C:fc/+2f1F )
P, =0.80 [0{1®Cfclc (Ag — AS) + styAs} 3)

where tr, ¢, Er, and ef,, are the thickness, resistance factor taken as 0.75, elastic modulus,
and ultimate strain of FRP laminates, respectively; Dy is the column diameter; A¢ and A
are the gross section area of the column and longitudinal reinforcement area, respectively;
a1 is an eccentricity reduction factor; ¢, and ¢s are strength reduction factors for concrete
and reinforcing steel taken as 0.65 and 0.85, respectively.

In the other series, the gain in load decreased as the aspect ratio increased. In fact, the
increase was 137% in STR-3L-1.0 in the first series (A/B = 1.0) and decreased to 94%, 76%,
and 62% for A/B = 1.3, 1.4, and 1.5, respectively. The trend of the gain in load increased as
the CFRP rigidity increased. For instance, the gain in specimens of the first series (A/B =1.0)
was 35%, 89%, and 137% for one, two, and three layers, respectively, whereas for the series
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(A/B = 1.6), it was 34%, 63%, and 93%, respectively (Figure 8 and Table 3). This clearly
demonstrates and corroborates the observation that the aspect ratio (A/B) significantly
impacts the EB-FRP confinement effectiveness.

3000
137% \ mCon MmSTR-IL mSTR-2L mSTR-3L
2500 |,
94%
2000 [ - o
< (
- 93%
Z 1500 : : [ n (o (
=
1000 |-pui 11 . 11 .. 1 1 Sl !
500 |-HERE 11 . 1 11 .. 1 1 E-n
0
1.0 13 1.4 15 1.6
A/B

Figure 8. Maximum load versus increasing aspect ratio (A/B) and EB-CFRP rigidity.

Based on Figure 8, the results for aspect ratio A/B = 1.0 compared to those with
A/B = 1.6 are self-explanatory in emphasizing the difference in confinement behavior
between circular and elliptical columns, regardless of the rigidity of EB-CFRP confinement.
This contrasts with the predictive model of the Canadian standard CSA-5806-21 [35],
which specifies different prediction models for rectangular and circular sections. However,
the design standard implements an identical model for circular and elliptical sections
(Equation (5)). This may have a negative effect on the capacity of confined concrete columns
with EB-FRP calculated using the guidelines as follows:

fle = 0.85f, +kikcfir 4)

ke = 1.0 for circular and oval sect.lon for rectangular section 5)
0.4 for rectangular section

ki = 6.7(kefip) "7 ©6)

5.3. Displacement Response

The axial displacement (AL = specimen shortening) corresponding to the maximum
load P,y (Table 3) was practically the same in all control specimens regardless of aspect
ratio variation. However, it increased with (a) specimen confinement; (b) the number of
EB-CFRP layers; and (c) decreasing aspect ratio. In fact, the axial displacements increased
from 2 mm in control specimen Con-1.5 to 2.5 mm in confined specimen STR-1L-1.5 and to
13.5 mm in confined specimen STR-3L-1.5 with more EB-CFRP layers (Table 3). The axial
displacement also increased as the aspect ratio decreased. For instance, it increased from
13.5 mm in STR-3L-1.5 to 14.3, 16.9, and 22.4 mm in STR-3L-1.4, STR-3L-1.3, and STR-3L-1.0,
respectively. It can be concluded that the displacement response for confined specimens
was mainly governed by the EB-CFRP rigidity and the specimen’s elliptical aspect ratio
rather than the concrete axial resistance f;.

Figure 9 presents the response of load capacity versus axial displacement for each of
the aspect ratios (A/B) considered. The figure shows that regardless of the A/B, the control
specimens featured an elastic phase up to the ultimate load Py, followed by a brittle
rupture thereafter For the series with the same aspect ratio, the load as well as the vertical
displacement increased significantly as the confinement increased. The curves for confined
specimens show a proportional increase with the number of CFRP layers. Note that the
curves have the same tendency and feature two typical linear phases: the first is elastic
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from launching the loading until reaching P,y of the control specimen, announcing the
beginning of the second phase. This behavior reveals that in the first phase, the resistance
was governed by the concrete until the ultimate strain e, (concrete crushing) was reached,
after which, EB-CFRP confinement was effectively activated.
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Figure 9. Load versus axial displacement curves for all specimens by aspect ratio (A/B) series.

The second phase, also linear and elastic, started from concrete crushing and continued
until CFRP fracture, which corresponded to the maximum load achieved by the specimen.
Compared to the first phase, the slope of the second phase was gradual, but it featured
a considerably longer plateau up to the abrupt failure of the specimen. The change in
the slope angle of the second phase is explained by a change in specimen stiffness, which
obviously corresponds to the activation of the EB-CFRP confinement mechanism. This
corresponds perfectly to the typical linear behavior until the tensile fracture of the FRP
material. Furthermore, observation of the second phase made it possible to conclude that
confinement considerably enhances the ductility of a specimen, especially as the number of
EB-CFRP layers increases (Figure 9).

Comparing results in terms of the aspect ratio (A/B), Figure 9 shows a decrease in both
Pjax and the corresponding vertical displacement when the aspect ratio A /B increases. This
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clearly indicates that the confinement efficiency decreases from the circular to the elliptical
section. For instance, the maximum load P, and the vertical displacement, (2513 kIN)
and (22.4 mm), respectively, of the circular specimen (A/B = 1.0) STR-3L-1.0 decreased
in the elliptical specimen (A/B = 1.6) STR-3L-1.6 to 1582 kN and 17.4 mm, respectively.
Note that the influence of an increase in aspect ratio was extremely penalizing. A 37%
loss in Py from circular- to elliptical-confined specimens with aspect ratio A/B = 1.6
was observed. This can be attributed to the fact that confinement effectiveness depends
on column section shape. The distribution of confinement pressure f;r is uniform in a
circular column (A /B = 1.0), which means that this section is perfectly confined. However,
when the aspect ratio is greater than 1.0 (elliptical column), the confining pressure is not
well distributed around the section, creating unconfined zones. Nevertheless, all confined
specimens ruptured by fracture of the CFRP material, meaning that the latter reached its
ultimate limit, ergrpy. However, the non-uniform tensile force in the fibers in the elliptical
specimens explains the cause of fracture at the maximum pressure zone.

5.4. Compressive Strength Analysis

Figure 10 presents the axial stress versus axial displacement of unconfined control
column specimens. The axial stress (compressive strength) was obtained by dividing the
maximum load Pjy by the specimen cross-sectional area with the assumption that the
load was uniformly distributed. The curves of all specimens featured very similar trends
in the elastic phase until the maximum axial stress, with a slight decrease in the Con-1.6
specimens. The curves shown in Figure 10 are very similar and are typical stress—strain
curves of normal concrete in compression. This indicates that the different cross-sections
of elliptical columns do not affect the axial stress of unconfined concrete columns, as
can be seen in Table 3 and Figure 11. This can be proved by the fact that for the control
specimens, the difference was 10% in the compressive strength and around 0.4 mm in the
axial displacement (between specimens Con-1.0 and Con-1.6). In contrast, for the confined
specimens with three CFRP layers, the differences were around 30% in compressive strength
and 5 mm in axial displacement (Figures 10 and 11 and Table 3).

35
30 <y
A\
25 > N
§ 20 - \
1
Y 15 A Con-1.0
10 ----Con-1.3
\ ............. Con-1.4
S |t N, Con-1.5
—--—Con-1.6
0
0 1 3 4
Axial displacement (mm)

Figure 10. Compressive strength in control specimens.

Figure 12 illustrates the compressive stress—strain curves for aspect ratio A/B = 1.0.
This figure clearly reveals the improvement in compressive strength due to confinement
with EB-CFRP increasing as reinforcement rigidity increases. The curves of the confined
specimens show a considerable increase in compressive strength ( f/.), in axial strain, and,
hence, in ductility. In fact, the gain due to three EB-CFRP layers in the circular specimen
STR-3L-1.0 was 137% with respect to the corresponding control specimen Con-1.0, although
the compressive strain was substantially larger in the confined specimen than in the control
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one. Moreover, the curves of the confined specimens followed almost the same trends and
were governed by their enhanced elasticity and ductility response. This was evidenced by
the considerable branch in the second phase of the three confined specimens compared
to the corresponding control one. Figure 12 also shows an increase in the rigidity of the
confined specimen as the number of layers increased. Therefore, it can be concluded that
the compressive strength of confined concrete evolves in proportion to the number of
EB-CFRP layers.

15
STR-3L
50 e
‘® el T e
& AT L :
g S L
O 2 :
BN 75 £ e STR-3L-1.0 ! ;
- A R STR3L13 | | i
// / H
: STR-3L-14 ;
/ / :
il —— = STR3L-15 !
r/ —: —: STR-3L-16 '
O H
0 6 12 18 24
Axial displacement (inm)

Figure 11. Compressive strength in confined specimens with 3 EB-CFRP layers.
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Figure 12. Compressive strength in the aspect ratio A/B = 1.0 series.

5.5. Stress—Strain Behavior

The maximum attained strain values reached at the peak of compressive strength in
the horizontal direction (hoop strain) or in the vertical one (axial strain) for all specimens
are provided in Table 3. The measured strain distribution curves are presented in Figure 13.
Note that deformation in the horizontal direction was in tension due to concrete expansion,
which explains its positive value in Figure 13. The deformation in the vertical direction
was negative due to compression and shortening of the concrete column in the axial
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direction. Table 3 indicates that the strain generally increased in both directions of the
confined specimens with the increasing rigidity of EB-CFRP (number of layers). Note that
all confined specimens had a monotonically ascending stress—strain curve, which is similar
to the results reported in the literature by Teng and Lam [12] and Teng et al. [17]. Figure 13
shows that the CFRP strain (hoop or vertical) was higher when the specimen had a circular
form (A/B = 1.0) and always decreased as the aspect ratio (A/B) increased. In addition,
strains in both directions evolved proportionally with CFRP jacket rigidity. In fact, the
average value of hoop strain in the elliptical specimen confined with one CFRP layer was
12,700 pm/m. This average strain increased to 15,000 and 16,200 pm/m in specimens with
two and three EB-CFRP layers, respectively. This result can be attributed to the high level
of pressure around the cross-section by the confinement, which is proportional to CFRP
thickness. When the latter increased, the circumferential pressure increased and prevented
lateral concrete expansion, thereby increasing the tension in the CFRP jacket and hence the

hoop strain.
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Figure 13. Stress—strain curves in all specimens’ series: (a) control series (Con); (b) confined with one
CFRP layer (STR-1L); (c) two CFRP layers (STR-2L); and (d) three CFRP layers (STR-3L).
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5.6. Hoop Strain Analysis

Figure 14 illustrates the distributions of hoop strain for different positions around the
cross-section, as mentioned earlier in the instrumentation description. This includes all
confined specimens with various aspect ratios (A /B) presented in terms of the number of
EB-CFRP layers. The distributions of the hoop strain in each specimen are presented for
several significant load levels to obtain an insightful analysis of specimen behavior with
special emphasis on the concentration of the confining pressure around the cross-section. In
these figures, the vertical axis represents the hoop strain gauge reading, and the horizontal
axis represents the position of the gauge. The latter was designated by the circumferential
angle of the elliptical cross-section with respect to the position of the strain gauge H1
corresponding to 0°, as shown in Figure 6. Note that in some specimens of Figure 14, the
load levels were not the same because they showed significant variations in hoop strain
up to the maximum load (100%). Note that results in some specimens are not shown due
to malfunctions of the corresponding strain gauges. Figure 14 shows the maximum hoop
strain attained at failure Py, in most specimens approaching the ultimate EB-CFRP strain
errpy given by the manufacturer’s property data sheet (Table 2).

Teng et al. [17] stated that when the confined column section is circular, the confining
pressure provided by a uniform EB-FRP sheet f;r is uniformly distributed around the cross-
section. However, in an elliptical column, the pressure distribution becomes asymmetric
and leads to a decrease in EB-FRP effectiveness. Note that the result from this study is
different from those observed by Teng et al. [17] and by Teng and Lam [12]. The latter
stated that the maximum strain measured on the CFRP jacket at rupture is significantly
lower than the ultimate strains measured from flat coupon tests or from the manufacturer’s
property data sheet.

In the present study, the authors believe that the location zone of the CFRP fracture in
each specimen represents the cause of the specimen failure, given that this zone coincides
with the maximum hoop strain reached around the cross-section (Figure 14). The zone
also corresponds to the maximum pressure around the cross-section, even if the fracture
occurs only on one side. There is no relation between the symmetrical cross-section and
the supposed identical pressure distribution at opposite vertices of the elliptical section.
This phenomenon can be attributed to concrete surface imperfections or uneven EB-CFRP
application, particularly for three CFRP layers, where a very highly one-sided concentration
of the hoop strain was observed (Figure 14).

Figure 14 shows that the hoop strain distribution in circular specimens with an aspect
ratio of A/B = 1.0 was more uniform, regardless of the number of EB-CFRP layers, than
in elliptical specimens. Moreover, the hoop strain curves corresponding to different load
levels are almost parallel, which indicates that the EB-CFRP was perfectly bonded to the
concrete surface in circular specimens. The hoop strain distribution seemed to be uniform
for low load levels (50% and 80%) when confinement was applied with one EB-CFRP layer.
These strains then increased with increasing load levels. When the number of EB-CFRP
layers was increased, the hoop strain showed a rapid increase with applied load. At
80% of maximum load, the CFRP strain attained, approximately, half the ultimate CFRP
strain ergp,. Thereafter, the curves of each confined specimen showed an abrupt strain
increase somewhere around the specimen circumference. However, the strain increase
tended to be concentrated at the major or minor vertex in the other cases. Moreover, the
change in hoop strain from a uniform distribution around the circumference specimen to
a concentration in the highest lateral pressure zones was related to (a) an increase in the
load level and (b) an increase in the elliptical aspect ratio (Figure 14). In addition, Figure 14
shows that in specimens confined with three EB-CFRP layers, only one strain gauge reached
the maximum value ergp, corresponding to the failure zone exhibited in the specimens.
In contrast, in specimens with one and two EB-CFRP layers, the maximum hoop strain
value was always accompanied by another hoop strain zone close to the maximum. This
can explain the moment of rupture, where specifically the columns confined with three
EB-CFRP layers made a loud exploding noise as described above.
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Figure 14. Hoop strain curves around the cross-section: (a) specimens with one CFRP layer; (b) speci-
mens with two CFRP layers; and (c) specimens with three CFRP layers.

5.7. Compressive Strength Accuracy Prediction Code

To better understand the influence of the aspect ratio in an elliptical cross-section,
Figure 15 illustrates the compressive strength achieved by the confined specimens expressed
with respect to the circular specimen compressive strength (f'..a/s)/f cc(1.0))- To evaluate the
accuracy of the predictive models, Figure 15 includes the ratio of compressive strength for
all confined specimens as well as their corresponding values as predicted by the CSA-5806-
21 [35] and CSA-S6-19 [36] using Equations (2) and (4), respectively. The data for confined
series with an aspect ratio of A/B = 1.6 were not included in this sensitive comparison
with model codes because the results were inconsistent, as explained before. The curves of
the experimental test results showed a significant strength reduction when increasing the
aspect ratio. In contrast, the code curves revealed no change in compressive strength with
elliptical aspect ratio, according to the CSA-56-19 [36] prediction.
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Figure 15. Relative compressive strength in confined specimens: model codes versus experimental results.

Indeed, the compressive strength values of the circular specimens (A/B = 1.0) was
identical, in most cases, to those of the elliptical specimens, regardless of the aspect ra-
tio according to the CSA-5806-21 [35] curve. In addition, Figure 15 shows an inversely
proportional relationship between compressive strength and elliptical aspect ratio. In
other words, the decrease in compressive strength from the test results with respect to the
circular specimen was amplified as the rigidity of EB-CFRP confinement increased. It can
be concluded that the prediction models used by the standards fail to capture the effect
of the aspect ratio for elliptical-confined specimens. In fact, the impact of increasing the
elliptical aspect ratio is a reduction in EB-CFRP’s effectiveness on the confined column.
Therefore, until these important parameters are captured, these models should be used
with caution.

6. Conclusions

The external strengthening of elliptical concrete columns confined with externally
bonded carbon fiber-reinforced polymer (EB-CFRP) laminates is a technique implemented
to strengthen RC columns of buildings and bridges. This study investigated the influence
of the elliptical aspect ratio in confined concrete columns as a function of different EB-CFRP
layers. The following two parameters were considered: (1) the aspect ratio, A/B; and (2) the
number of EB-CFRP layers. The results showed that the effectiveness of EB-CFRP laminates
is directly related to the aspect ratio and to CFRP rigidity. The predictive accuracy of the
Canadian standards in terms of confinement effectiveness was also assessed. The main
findings of this study are as follows:

e Increasing the CFRP rigidity by providing additional CFRP layers considerably en-
hances the columns’ compressive strength as well as the displacement. The maximum
increase in ultimate strength was 130%. The displacement was governed by the aspect
ratio (A/B) of the specimens rather than by the compressive strength of concrete, f/.
Furthermore, the aspect ratio A/B can considerably affect the effectiveness of EB-CFRP
confinement, which decreases as the aspect ratio (A/B) increases.

e  The failure mode of all confined specimens was by fracture of the CFRP laminates.
This failure occurred after concrete crushing, which indicates that CFRP laminates can
remain operational and contribute to ultimate strength in spite of concrete crushing.

e CFRP hoop and axial strains increased in the confined specimens with respect to
the control specimens with the increase in CFRP rigidity. The strains were higher in
circular specimens (A/B = 1.0) and decreased with the increase in the aspect ratio of
elliptical specimens.
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e  The hoop strain changed from a uniform distribution around the specimen circum-
ference to non-uniform in elliptical specimens. In this case, the highest hoop strain
concentrated in the lateral pressure zones depending on (a) the increase in the load
level and (b) the increase in the aspect ratio (A/B).

e  The predictive models used by the Canadian standards did not capture the effect
of the aspect ratio for elliptical confined columns. In fact, the model codes simply
associated the circular cross-sectional behavior for the elliptical one in terms of pressure
stress distribution around the cross-section. The current design guidelines should be
modified when more experimental and numerical data are available.
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