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ABSTRACT ARTICLEINFORMATION

In recent years, fiber-reinforced polymer-polyvinyl chloride (FRP-PVC) tubular columns have been used increas- Article history:

ingly in civil engineering applications. Concrete-filled RP-PVC tubes possess high durability, high strengthening Received 25 May 2020

performance, satisfactory bond strength, and compressive behavior. It has been observed that these cost-effec- Received in revised form 07 July 2020
tive tubular columns are promising materials for enhancing strain capacities, strength, and stiffness of structures Accepted 26 September 2020
containing reinforced concrete (RC). These composite tubular columns are composed of FRP and PVC and are

used for strengthening concrete. FRP enhances strength capacity while PVC improves the corrosion resistance of Keywords:

concrete piles in harsh environments. This review focuses on the properties of FRP-PVC tubular columns, their Reinforced concrete

application in civil engineering, and the recent advancements in this field. FRP-PVC
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that in harsh environments, such as scawater and acidic areas, due to the
L. Introduction high amount of chloride and chemical attacks, corrosion of traditional

o ) . ) carbon steel reinforcement will be a serious issue if the concrete is re-
Since its emergence in 1850, concrete has fulfilled various needs in

construction technology. Concrete is extensively used in the construc-
tion of bridges, buildings, roads, dams, walls, etc. [1, 2]. It is known

inforced with such reinforcement [3, 4]. Therefore, using corrosion-re-
sistant materials, especially in coastal areas, such as FRP and PVC has
been recently proposed to be used together with concrete to address the
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Fig. 1. Stress-strain relationship in concrete confined with FRP.

corrosion problem of traditional steel reinforcement [5-7].

It has been reported that the lateral active or passive confinement by
a confining jacket can enhance the mechanical performance and dura-
bility of concrete structures [8, 9]. Different confining jackets in terms
of forms and material have been widely investigated to strengthen/reha-
bilitate new constructions or existing structures [10-12]. These include
steel spirals, steel stirrups, pre-stressing strands, hollow tubes/prisms,
pre/post-tensioned FRP shells, FRP tubes, FRP composite stirrups, FRP
rings, composite ropes, shape memory alloy wraps, and hybrid confining
jackets (passive and active) [13-16].

Polymer and polymer composites are gaining increasing attention
in various applications [9, 17-22]. This is due to the possibility to ben-
efit from the combination of properties related to contributing constit-
uents [23-28]. Due to high stiffness, full usage of materials and high
strength composite columns have been increasingly used recently [29-
31]. However, the durability of large sophisticated structures in special
environments such as acidic environments and seawater conditions have
attracted more attention. Numerous studies in the field of confined con-
crete columns using different materials showed that using composite
material confinement could enhance the ultimate strength by 3 times and
the ultimate strain by 15 times. Over the last decades, the replacement
of steel bars with FRP rods has been shown to yield better corrosion
resistance for structural concrete [5, 32-34].

There are many applications, in which FRP composites can be used in
construction and specifically in corrosive environments. Concrete-filled
FRP tubes can be used as drilling platforms, bridge, piers, etc. [35-37].
In this regard, many studies have focused on concrete-filled FRP tubes,
and mainly on their short-term mechanical properties [38-54].

As a result of stable service performance, low price, and high pro-
duction volume, PVC has also been used as concrete molds or pipes in
the construction industry [55-57]. PVC materials exhibit some advan-
tages such a low creep deformation, low diffusion for humidity, high
electrical insulation, large ultimate strain, excellent corrosion resistance
and durability, smooth surface, good mechanical stability, great consis-
tency with other materials such as water, acids, and concrete, and easy
machining, gluing, and cutting for fabrication versatility [58-60]. There-

Table 1.
Common characteristics of FRP materials
Fiber Laminate  Laminated Young’s  Strength to
Material strength density Strength modulus weight
(MPa) (g/ce) (MPa) (GPa) ratio
Epoxy - 1-1.15 12-40 3 28
CFRP 4127 1.9-2.1 1600 125-181 1013
BFRP 3792 2.6-2.8 1100 70-90 1000
GFRP 3450 2.4-2.5 1500 30-40 564
AFRP .5-
2757 1.44 1430 705 993
(Kevlar) 1124

fore, FRP-PVC composite members offer both corrosion resistance of
PVC and high strength capacity of FRP and they are promising materials
for the application in special environments [5, 61-63].

Due to the properties of FRP-PVC composites such as high dura-
bility and strength, they are expected to have a reinforcing effect on
concrete. Therefore, this paper aims to review the studies on FRP—PVC
composites as tubular columns and their potential application in con-

crete structures.

2. Mechanism of concrete confinement

The ultimate compressive strength of a concrete element is remark-
ably enhanced in the third direction when it is confined in two mutually
perpendicular directions. Generally, lateral confinement to concrete is
provided by passive confinement or active confinement, e.g. hydraulic
pressure. Passive confinement, such as steel stirrups, cause compressive
stresses in the element by the imposed elongation on steel stirrups gener-
ated by the expansion of concrete. Nevertheless, the element is provided
with constant confinement and thereby active confinement after yielding
of the steel stirrups. FRP has attracted attention in various structural ap-
plications due to its promising properties. Some characteristics of FRP
materials are listed in Table 1. For concrete confined with FRP, while
the concrete lateral expansion increases, the inward radial pressure is
enhanced because of the linear elastic behavior of FRP until failure.
Therefore, it is not valid to assume that the presence of a constant con-
fining pressure, and FRP jackets are considered as passive confinement
to columns [64].

Moreover, the outer FRP jackets in the form of additional closed
hoops effectively improve the shear strength of substandard columns.
This enhancement is the result of extra shear reinforcement provided in
the jackets. Considering the flexural performance, the concrete columns
confined with FRP are provided with the lateral expansion prevention
of the core concrete and the longitudinal reinforcement support when
axial compressive loading or both lateral and axial compressive loadings
are applied on the concrete columns. As a result, compression concrete
can bear higher strains before failure, as shown in Fig. 1. Additionally,
the concrete compression strength is enhanced by concrete confinement
resulting in the improvement of post-cracking behavior i.e. the enhance-
ment of the flexural strength. The application of the external FRP jacket
can also enhance the short lap-splice reinforcement behavior. This is
caused by the bond stress increase along the splice to delay the splitting
onset and alleviate the subsequent deterioration severity and improve
the lap-splice performance of defective columns [64]. Richart et al. [65]
suggested a simple equation for the determination of hydrostatic fluid
pressure-confined concrete (active confinement) as follows:
ﬂc:ﬂo+k1~ﬁu (D

where f.. denotes the confined concrete ultimate strength and feo
represents the compressive strength of unconfined concrete under fiu

(maximum lateral pressure).

3. Concrete-filled FRP tubes

Owing to excellent anti-corrosion behavior, high durability, as well
as high strength-to-weight ratio, FRP has been increasingly utilized in
the field of civil engineering [32, 67-72]. FRP-strengthened concrete
piles and columns are able to decrease the cost remarkably compared to
concrete piles and columns reinforced by steel, particularly in harsh ma-
rine environments [36, 73-76]. It has been reported that the USA spends
more than $1 billion every year for maintaining waterfront piling sys-
tems and about $2 billion for the replacement and repairing reinforced
concrete piers because of the corrosion of steel reinforcement. The re-
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placement of steel with FRP is regarded as a promising approach for
overcoming this problem [8, 77, 78].

FRP grids, FRP helixes, FRP stirrups, FRP rings, and FRP tubes are
different forms of FRP lateral confinement for strengthening the con-
crete columns. Additionally, it has been proven that the externally bond-
ed FRP systems can effectively strengthen the concrete girders or beams.
Furthermore, owing to the higher anticorrosion ability and durability of
FRP materials, confining with these materials is superior to steel materi-
als for piles in marine environments [79-82].

Concrete filled tubular (CFT) columns, especially the so-called
tubed concrete columns are mainly used in construction industries. In
these columns, steel bars act as longitudinal reinforcement for the core
concrete, and the tube is used for transverse reinforcement. There exists
a gap at the end of the tube column to suppress the axial stress transfer
into the tube. In typical CFT columns, the tubes are mainly utilized as
both longitudinal and transverse reinforcements to bear bending mo-
ment and axial forces. The “tubed column” concept was primarily pre-
sented by Tomii et al. [83, 84]. They showed the capabilities of steel tube
concrete columns by experiments. The definition concept of FRP-tubed
and steel-tubed columns concrete is the same. Similar to the results of
steel-tubed columns, the excellent properties of FRP-tubed columns
have been demonstrated in some studies [85, 86].

4. Mechanical properties of Concrete-filled FRP tubes
4.1. Compressive strength

Ozbakkaloglu et al. [87] studied the axial compressive property of 83
monotonically-loaded high-strength circular concrete-filled FRP tubes
(CFFTs) experimentally. The height-to-diameter ratio of the samples
was 2. The parameters affecting the compressive behavior of CFFTs in-
cluding manufacturing method, concrete strength, fiber type, and speci-
men size were also investigated. According to the results, the compres-
sive behavior of CFFTs was not noticeably affected by the specimen
size. The confinement strength ratio (f.. /ﬂo) was obtained in the range
of 1.01-2.44. In addition, the strength enhancement ratio (f,, fro) de-
creased at a specific nominal confinement ratio (f;,, / f+) OWing to an in-
crement in concrete compressive strength (f5,). Li et al. [88] reported the
ratio of the confined concrete strength to unconfined concrete strength (
fee/ fo) of sea sand and seawater concrete (SWSSC)-filled carbon/glass /
basalt-FRP (CFRP/GFRP/BFRP) tubes in the range of 2.08 to 6.86.

4.2. Ductility

Ozbakkaloglu et al. [87] found a correlation between the ultimate
axial strain (€cy) of CFFTs and the ultimate tensile strain (gru) of the
fibers. The strain enhancement ratio (&, /€.,) Was obtained in the range
of 1.34 to 15.31 depending on the manufacturing method, specimen size,
concrete strength, and fiber type. They explained that highly ductile be-
havior was obtained by sufficiently confined high-strength CFFTs. It
can be deduced that the level of confinement significantly influences
the behavior of the CFFTs, and after the initial peak of strengths, the
load-carrying capacity may not be preserved in lightly confined CFFTs.

4.3. Durability

The durability is defined as the ability to resist a specific loading or
environmental condition for a specific time under a suitable load and
environmental condition [89]. Li et al. [88] studied the durability of
SWSSC-filled GFRP/CFRP/BFRP tubes during six months by exposing
the specimens to artificial seawater containing 3.5% salt solution at the
temperature of 40 “C. Based on the results, the SWSSC compressive
strength showed no changes after exposure to seawater, however, in

BFRP and GFRP, an evident hoop strength degradation was exhibited.
Mechanical properties of SWSSC-filled FRP tubes, such as ultimate
axial strain and strength decreased as a result of environmental aging
and the hoop strength deterioration of FRP was considered as the major
mechanism. The ratio of fee/fe was obtained for exposed and unex-
posed samples and exposed-to-unexposed ratios of fec/f; ranged from
0.47 to 0.77.

5. Concrete-filled PVC tubes

The aims of using PVC tubes in concrete columns are the improve-
ment of the deformation capacity of concrete and accommodation of
the electrical wiring, wastewater, and rain. Kurt [90] experimentally and
theoretically studied commercial PVC tubes filled with a concrete core.
The results exhibited that the PVC tubes enhanced the concrete core
strength to approximately 3.2 times the pipe burst pressure. The encase-
ment holds the circular shape of the flexible tube and also supports most
of the external loads [8]. It can be mentioned that tube ring compression
stress should be below the yield strength. PVC inner-steel outer tubes
as well as double-skin tubes filled with concrete were analyzed under
axial load. As the results demonstrated, under moderate load conditions,
the PVC tube can be considered as a good alternative material for steel
one [91]. Xue et al. [92] investigated seismic performance as well as
the deformation capacity of PVC tube-filled high-strength concrete short
columns (PVC-RHC) under quasi-static loadings and test variables in-
cluding shear span ratio, axial compression ratio, and PVC tube diam-
eter. The ductility factor between 3.35 and 4.61 was obtained for PVC-
RHC columns, in comparison with 1.94 for RHC. With an increase in
the diameter/height ratio of PVC tube, ultimate capacity, and ductility
increase.

6. Mechanical properties of concrete-filled PVC tubes
6.1. Compressive strength

The concrete confinement with PVC tubes improves the damage
characteristics and the bearing capacity of the concrete core. According
to Xue et al. [92], the average of confinement strength ratios for con-
crete-filled PVC tubes with an h/D ratio of 2 was obtained in the range
of 1.0-3.04 [8, 93]. Different parameters contribute to the variation of the
two values such as testing conditions, concrete infill strength, PVC tube
geometry, and the size of specimens. Furthermore, the analyses showed
that at the D/t ratio in the range of 2035, optimum fe¢/ fuc values were
obtained.

6.2. Ductility

The PVC tube is described through a combination of two contradic-
tions; a ductile plastic or a type of rigid elastic material. Some studies
showed that the variation of the confined to the unconfined strain ra-
tio was between 1.415 and 5.54 for concrete-filled PVC tubes with the
h/D ratio of 2 (Table 2). In addition, the range of 2000-3945 kJ/m3 was
reported for the energy absorption capacity [94, 95]. Generally, PVC
tubular specimens with low wall thicknesses showed the improvement
of the deformation capacity and energy dissipating of concrete columns
and as the thickness of PVC tube increases, ductility improvement is
obtained [92, 94].

6.3. Durability
Commercially available thermoplastic pipes, like PVC pipes, have

shown the ability to enhance the durability of reinforced concrete (RC)
structures [90, 94, 96, 97]. No deterioration was observed in PVC pipes
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(a) FRP wrapped (b) Concrete filled PVC tube

(¢) Concrete filled PVC-FRP tube

Fig. 2. Concrete pile confined with a) FRP wrap, b) PVC tube, and ¢) PVC-FRP
composite tube.

buried in the soil after 60 years and they showed extended life of 50
years [98]. The thermal conductivity of PVC is around 0.45~0.6% of
steel tubes providing a stable condition for core concrete curing, which
leads to high durability together with high performance [97]. A study by
Gupta et al. [99] indicated that there is no strength degradation ductility
for RC-filled PVC specimens exposed to harsh environments. Based on
the test results, no significant changes in the chemical composition and
microstructure of the PVC jackets were observed after 6 months for RC-
filled-PVC tubes immersed in saturated seawater. The improvement of
PVC durability provides a system with potential applications for many
different structures that are exposed to saline and marine environmental
conditions.

A study on natural aging and accelerated aging of PVC by Jakubo-
wicz et al. [100] revealed no evident changes in elongation at fracture
and mechanical properties of PVC material after eight weeks of aging in
the air at 80°C. Due to the PVC great anti-corrosion behavior, FRP jack-
ets can compensate the relatively poor confining effect of PVC tubes and
provide significant durability and mechanical strength for the confined
concrete-filled PVC tubes.

7. FRP-PVC confinement

There are many research works on applying plastic pipes such as
PVC to overcome the relative low ultimate strain and ductility of FPR
[102]. It is a widely used polymer in various products including medical
devices, pipes, flooring, and profiles for windows and doors. As a result
of excellent physical, mechanical, and chemical properties, PVC is con-
sidered a “natural” fire-resistant material [103]. A hybrid column system
for new constructions is proposed by Toutanji et al. [104], in which PVC
tubes are filled with concrete and the external confinement is provided
by continuous impregnated FRP hoops that may have various spacing.
It has been proposed that FRP-PVC tubes are effective confinements for
improving both failure strains and the strength of concrete. Fakharifar et
al. [8] studied the mechanical behavior of concrete confined with PVC,
FRP, and FRP-PVC. The FRP-PVC confined concrete indicated higher
ultimate strain and strength compared to the FRP and PVC ones [77].

Table 2.
Confinement ratio (f_/f ) and ductility of concrete-filled PVC tubes

cc’ uc

Ref. (:lfr[;) f /A, € /€. t (mm)
Kurt [90] 2 1.718 - 6.4
Wang and Yang [94] 2 1.011-2.345  1.415-5.540  3.7-8.5
Saadoon [101] 2 1.118-1.688  1.686-2.473  3.2-5.3
Fakharifar and Chen [8] 1.8 0.966-1.050  1.81-4.07 7.1
Oyawa et al. [93] 2 1.180-3.040 - 2.5-3.0

PVC tube PVC tube PVC tube

Concrete Concrete

Concrete FRP helical
FRP strip wrapping

FRP tube

Strip spacing
Hoop spacing

Fig. 3. Schematic of the placement of FRP-PVC tube

The FRP-PVC-confined concrete system is shown in Fig. 2 and different
FRP-PVC-confined concrete systems are shown in Fig. 3.

8. Mechanical properties of concrete-filled FRP-PVC
tubes

8.1. Compressive strength

There are numerous studies conducted regarding the compressive
properties of FRP-PVC tubular columns. Several parameters, including
the concrete characteristics and FRP-PVC properties, were investigated
[8, 56, 58-62, 104-114]. In a study by Toutanji and Saafi [96], it was
reported that the strength of PVC—FRP confined concrete (with h/D of
3) was high. The FRP-PVC tubes provided lateral confinement and cre-
ated triaxial stress in the concrete, which constrained concrete during
dilation and consequently, enhanced its capacity of load bearing. The
compressive strength enhancement ratio ((foy — fe0)/feo) Was reported
to range from 0 to 1.9 depending on the fiber type and hoop spacing. In
a study by Mammen and Antony [109], concrete-filled PVC tubes (h/
D=2.1) with various thicknesses were wrapped with GFRP and CFRP.
They confined concrete with two different patterns of circular and heli-
cal wrapping with two different hoop spacing in a way to decrease the
amount of required FRP. Higher-strength was achieved for carbon fiber
circular wrapping and larger PVC thickness (ultimate strength of 33.5
MPa).

Fakharifar et al. [115] provided confinement using a PVC tube (with
h/D of 2) and FRP wrappings or FRP containing a layer of foam to re-
duce impact energy resulting from the potential rupture of FRP and frac-
ture of PVC. The results showed that the contribution of the PVC tube
to the axial strength of concrete was insignificant, however, the strength
of the columns enhanced more significantly when FRP wraps in which
fibers oriented in hoop direction were used. The strength enhancement
ratios (fzy/fzo) Were obtained between 1.08 and 2.29 for the samples.

The improvement of the ductility as well as the strength of FRP-
PVC tube-confined recycled aggregate concrete was studied by Gao et
al. [58]. As the results demonstrated, the compressive strength enhance-
ment of the samples confined with the FRP-PVC hybrid system ranged
from 4.5% to 39.6%. Moreover, a thicker FRP tube or strip led to a
higher improvement in deformation and strength.

8.2. Ductility

Toutanji and Saafi [96] also reported the ductility enhancement of
PVC-FRP confined concrete. The ductility increase (€., — €c0)/Eco)
for the samples with different fiber types and hoop spacing was between
0-9. In the research by Fakharifar et al. [115], it was stated that the addi-
tion of FRP wraps with hoop-directed fibers around PVC tubes increased
the ductility of the columns significantly. The strain enhancement ratios
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Table 3.
Confinement ratio (f /f ) and ductility of concrete-filled FRP-PVC tubes
Ref. h/D (mm) f /g, LWL
Fakharifar [8] 2 1.08-2.29  2.14-12.21
Gao [58] 2 0.2-1.13 3.95-14.2
Toutanji [111] 3 1.31-2.81 1.55-9

(ecu/€co) of the specimens were obtained from 2.14 to 12.21. After the
rupture of the FRP wraps, the interior PVC tube fractured immediately
leading to an instant drop in load-carrying capacity. The authors pro-
posed that by placing a layer of foam between the FRP wraps and PVC
tube as an energy absorber, this brittle failure mode could be avoided.
The use of this layer causes a gradual reduction of the strength in steps.
Therefore, the foam layer proved to have a significant effect on the re-
duction of brittleness providing a relatively ductile response upon the
rupture of FRP.

Yu et al. [116] reported that by an increase in the ratio of shear span
or axial compression, elastic-plastic displacement angles and the dis-
placement ductility coefficient of RC columns confined with CFRP-
PVC under low cyclic loading were reduced gradually. Furthermore,
the angles of elastic-plastic displacement together with the displacement
ductility coefficient of the samples were gradually enhanced by the de-
crease in the hoop spacing of FRP strips. Fang et al. [107] conducted an
experimental investigation on the concrete stub columns confined with
CFRP-PVC under the axial compression condition. They investigated
the influence of CFRP strip spacing on the mechanical properties of the
confined stub columns. The obtained values of €.,/ €., were reported
to be between 6.3 and 9.1, indicating the provision of significant con-
finement on core concrete by the CFRP-PVC tubes. Apparently, by an
increase in the spacing of CFRP strips, this ratio is gradually reduced.
The mechanical properties of concrete-filled FRP-PVC tubes are sum-
marized in Table 3.

8.3. Durability

Despite the outstanding characteristics of FRP/PVC composites,
their durability under harsh environmental conditions is still a serious
concern [117]. There are numerous studies available on the short-term
and long-term durability of different FRP/PVC composites as the main
element and reinforcing members under various environmental condi-
tions [95, 118-122]. In this regard, previous studies conducted on the
durability of the mechanical properties of FRP composites under alka-
line environment (i.e. when using FRP/PVC with concrete), have shown
that such condition is detrimental to some types of FRP/PVC composites
[119]. Therefore, the durability of composite-reinforced concrete struc-
tures in harsh environmental conditions (e.g. alkaline, acidic, and marine
environments as well as elevated temperatures) has always been a major
concern [33, 96, 118, 123-128]. The U.S. allocates more than $1 billion
annually for repairing and replacing waterfront piling systems [8].

Toutanji and Saafi [96] fabricated composite columns composed of a
hybrid FRP-PVC tube with a concrete core and studied the performance
of these concrete columns in various environmental conditions includ-
ing ambient temperature, wet and dry, as well as freezing and thawing
conditions. According to the durability results, confining concrete with
CFRP-PVC composite resulted in good performance under the severe
exposures, however, a decrease in both ductility and strength was ob-
served in the AFRP-PVC (aramid FRP) and concrete filled-GFRP-PVC
samples. Upon 400 freezing/thawing cycles, AFRP-PVC specimens
exhibited around 10% strength reduction while 10% reduction was ob-
served for the AFRP-PVC specimens.

In another study by Toutanji et al. [129], the durability performance
of concrete filled-FRP-PVC under freezing/thawing and wet/dry con-

ditions was studied. According to the results, there was an insignificant
influence on ductility as well as the strength of all samples. No reduction
of strength was observed after wet/dry cycles (200 and 400 cycles) in
PVC-CFRP confined concrete. However, due to the reduction of axial
strain after 400 wet/dry cycles, the ductility of the samples decreased.
GFRP-PVC and AFRP-PVC confined concrete underwent the reduction
of axial strain and the strength only after wet/dry cycles of 400. Addi-
tionally, a noticeable decrement in the axial strain of the AFRP-PVC
and GFRP-PVC confined samples occurred after 400 cycles of freezing/
thawing. Generally, the CFRP-PVC concrete specimens showed lower
strain reduction compared to other samples.

9. Conclusions and future insights

In recent decades, researchers have focused on using new materi-
als to confine concrete members laterally for construction applications.
The improvement of the existing knowledge along with the exploration
of other beneficial and inexpensive alternatives to confining concrete
members will provide a viable solution for sustainable construction.
This article deals with an overview of the application of FRP—PVC tubu-
lar columns strengthening method for concrete structure reinforcement.
According to previous investigations, concrete columns confined with
FRP-PVC render excellent ductility, high bearing capacity, timesaving
convenient construction, and outstanding applicability in normal con-
ditions together with aggressive environments, good durability charac-
teristics, as well as being lightweight. This system is suitable for harsh
environments and offshore marine structures due to the corrosion resis-
tance of PVC. However, further laboratory studies, field investigations,
as well as detailed information from experimental and analytical investi-
gations are needed to develop proper design guidelines. By applying the
established measures, introducing practical composite-based systems in
civil construction works will be facilitated.
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