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Abstract: Using fibre-reinforced polymers (FRP) in construction avoids corrosion issues associated
with the use of traditional steel reinforcement, while seawater and sea sand concrete (SWSSC) reduces
environmental issues and resource shortages caused by the production of traditional concrete. The
paper gives an overview of the current research on the bond performance between FRP tube and
concrete with particular focus on SWSSC. The review follows a thematic broad-to-narrow approach.
It reflects on the current research around the significance and application of FRP and SWSSC and
discusses important issues around the bond strength and cyclic behaviour of tubular composites. A
review of recent studies of bond strength between FRP and concrete and steel and concrete under
static or cyclic loading using pushout tests is presented. In addition, the influence of different
parameters on the pushout test results are summarised. Finally, recommendations for future studies
are proposed.

Keywords: fibre-reinforced polymer (FRP); seawater and sea sand concrete; concrete filled FRP tube;
bond strength

1. Introduction

Fibre-reinforced polymer (FRP) concrete composites have found increasing application
in the civil engineering and construction sector over the past years [1–3]. This is mostly
attributed to their excellent mechanical properties, such as high strength-to-weight ratio and
stiffness [4–6], durability [7–9] and simple manufacturing and installation processes [8,10].
Furthermore, its high corrosion resistance makes it a highly suitable alternative to steel
in corrosive environments [10–12]. FRP concrete composites are typically manufactured
to form either FRP wraps/tubes to externally confine the concrete [2,13,14] or as FRP
reinforcement bars [15,16] similar to traditionally reinforced concrete [12]. FRP tubular
composites have the benefit of enhanced compressive strength and ductility compared
to an identical traditionally reinforced concrete section [2,17,18]. Additionally, the FRP
confinement protects the concrete core against environmental exposure, thereby increasing
durability especially in aggressive environmental conditions whilst providing structural
reinforcement through permanent lightweight formwork [12,19]. Therefore, FRP and
concrete tubular composites find popular application in marine environments [1,17], such
as bridge piers or offshore drilling platforms [8,20], or in seismic environments [3].

Another advantage of FRP encasements is their high corrosion resistance which, con-
trary to traditional concrete, make them suitable for use in conjunction with seawater and
sea sand concrete (SWSSC) [10,21,22]. Due to its high chloride content, SWSSC causes
durability and corrosion issues when applied in traditional steel reinforcement environ-
ments [20,23]. However, in conjunction with FRP it can form a more sustainable and
attractive alternative to traditional concrete tubular composites [2,12]. The production of
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traditional concrete creates some concerns regarding the availability of limited natural
resources and environmental disturbances associated with the extraction of fresh water
and river sand [10,20]. Replacing these resources with the more abundant resources of
seawater and sea sand can be a suitable solution in avoiding resource shortages and re-
ducing environmental impacts [2,20,24–28], especially since the demand for concrete is
increasing worldwide [10,12]. Furthermore, in SWSSC geopolymers such as slag and fly
ash can replace Portland cement, which is a major contributor to global CO2 emissions in
traditional concrete [12]. Despite their different production processes, SWSSC was found
to possess similar mechanical properties to traditional concrete [8], which is a significant
advantage in structural applications.

In recent years multiple studies have been conducted to investigate the mechanical
properties and durability of SWSSC filled FRP tubes under static load [2,8,18,20,29–31]
and the axial compressive behaviour and strength of concrete filled FRP tubes under both
static and cyclic loading [3,32–34]. However, very few studies were conducted on the bond
slip behaviour of FRP tubular composites. Tables 1 and 2 summarise the research plan of
previous studies on the short-term and long-term structural performance of SWSSC filled
FRP tubes.

Table 1. Research studies on short-term structural behaviour of SWSSC filled FRP tubes adopted
from [22], with permission from Elsevier, 2022.

Reference Research Type Tube Type Concrete Type Structural Member Testing Condition

[35] Experimental
and theoretical GFRP PC-SWC Fully filled circular

columns Compression test

[18] Experimental
and theoretical CFRP, BFRP SB-SWSSC

Fully filled and
double-skin circular

columns
Compression test

[2] Theoretical GFRP, BFRP, CFRP SB-SWSSC Fully filled circular
columns Compression test

[36] Experimental
and theoretical

CFRP longitudinal
and hoop bars PC-SWSSC Fully filled circular

columns Compression test

[20] Experimental
and theoretical GFRP SB-SWSSC

Fully filled and
double-skin circular

columns
Compression test

[37] Experimental
and theoretical CFRP, BFRP SB-SWSSC

Fully filled and
double-skin circular

columns
Compression test

[38]
Experimental,

theoretical, and
numerical

GFRP PC-SSC Fully filled circular
columns Compression test

[39] Experimental
and theoretical GFRP PC-SWSSC Fully filled circular

columns
Compression test and
4-point bending tests

[40] Experimental
and theoretical GFRP, BFRP, CFRP SB-SWSSC Fully filled rectangular

columns
Compression, 3-point and

4-point bending tests

[12] Experimental
and theoretical GFRP, BFRP, CFRP SB-SWSSC Fully filled circular

columns Pushout tests
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Table 2. Research studies on durability of SWSSC filled FRP tubes adopted from [22], with permission
from Elsevier, 2022.

Reference Tube Type Concrete Type Conditioning Type Structural
Member Testing Condition

[41] GFRP SB-SWSSC Indoor environment for 1
and 2.5 years

Fully filled circular
tubes Compression tests

[42] GFRP PC/SB-SWSSC

30, 90, 180 days immersion
in simulated SWSSC

(inner side) and seawater
(outer side) (25 ◦C, 40 ◦C)

Fully filled circular
tubes

Compression and
tension tests

[8] GFRP, CFRP, BFRP PC/SB-SWSSC

30, 90, 180 days immersion
in seawater (real concrete

as inner side)

Fully filled and
double-skin

circular tubes

Compression and
hoop tests

30, 90, 180 days immersion
in simulated SWSSC

(inner side) and seawater
(outer side) (23 ◦C, 40 ◦C)

Fully filled circular
tubes

Compression and
hoop tests

[43] GFRP, CFRP, BFRP SB-SWSSC 30, 90, 180 days immersion
in seawater (40 ◦C)

Fully filled and
double-skin

circular tubes

Compression and
hoop tests

[44] GFRP, CFRP, BFRP SB-SWSSC 30, 90, 180 days immersion
in seawater (25 ◦C, 40 ◦C)

Fully filled circular
tubes Pushout tests

[45] GFRP, CFRP, BFRP PC/SB-SWSSC

Up to 180 days immersion
in simulated normal and

high-performance SWSSC
(25 ◦C, 40 ◦C, 60 ◦C)

Coupon samples
cut from tubes Chemical analyses

Good bond strength along the tube and concrete interface is significant to achieving
full composite action between the FRP tube and the concrete core [12,46,47]. Without
adequate bond strength, slip between the concrete and the FRP may occur and full load
transfer between the FRP tube and the concrete core can no longer be guaranteed [17,48,49].
It is therefore significant to fully understand the interfacial bond mechanisms between the
FRP tube and the concrete core to ensure full composite action of the member and prevent
premature bond failure under static or cyclic loads.

This paper provides an overview of the current research on fibre-reinforced polymer
(FRP) and seawater and sea sand concrete (SWSSC) composites with particular focus
on their bond behaviour and bond strength under static and cyclic loading. It aims to
improve the understanding of the bond strength and behaviour of FRP-concrete tubes and
in particular the FRP-SWSSC tube, with the intent to further the application of FRP SWSSC
composites in the construction industry as a corrosion resistant and environmentally
friendly alternative to traditionally steel reinforced concrete.

The review follows a thematic broad-to-narrow approach. Section 2 reflects on the
current research around the significance and application of FRP and SWSSC and discusses
important issues around the bond strength of tubular composites. Section 3 presents a
review of recent studies relevant to this paper. Due to the limited research conducted on
FRP and SWSSC tubular composites under pushout-tests, this review includes studies
on FRP or steel and traditional concrete composites for comparison. Section 4 examines
the results obtained by studies presented in Section 3, with particular focus on their load–
displacement behaviour. Section 5 analyses the influence of different parameters on the
results presented in Section 4. Finally, Section 6 presents suggestions for further studies.

2. Significance of FRP and SWSSC and Their Bond Strength in Construction
2.1. Fibre-Reinforced Polymers

Due to their favourable mechanical properties, such as high strength-to-weight ratio,
high stiffness and high corrosion resistance [10,28,32], FRP composites have attracted
increasing attention in the research and construction sector in recent years [3,11,50]. These
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properties have made them popular for a wide range of application particularly in the
marine engineering sector, such as for example in bridge piers, high-rise buildings and
drilling platforms [1,8,20]. Especially in corrosive environments, FRP composites form
an attractive alternative to traditional steel reinforcement, owing to their high corrosion
resistance [10,51–53]. Furthermore, fibres can be oriented [54] to give desirable mechanical
properties in circumferential and longitudinal directions in FRP composites [2,55]. It is
worth mentioning that vulnerability to elevated temperatures [56–58], low shear strength
and ductility [1] are some of the FRP drawbacks that hinder their wide usage in specific
applications.

A popular application of FRP concrete composites is in the form of tubular columns [18].
These tubular columns have the advantage of higher compressive and bending strength
compared to an identical reinforced concrete section, as the confinement effect of the tube
delays buckling failure of the columns [2,17,18]. The FRP tube serves as permanent form-
work, which not only provides structural reinforcement, but also increases the durability of
the column, by covering the concrete against environmental exposure and delaying deterio-
ration caused by exposure to the elements [17,19]. Tubular FRP concrete columns therefore
have the economic advantage of allowing comparatively smaller and more lightweight
sections and eliminating the need for additional formwork [17,19]. The tubular confinement
also causes an increase in stiffness and ductility, which has significant advantages in seismic
applications [19].

Due to their advantageous properties, concrete filled FRP columns are being increas-
ingly used in seismic environments, as either refurbishment of existing columns or for new
columns, or in marine environments for example as poles or bride columns [3].

2.2. Seawater and Sea sand Concrete

In SWSSC, seawater and sea sand replace fresh water and river sand to improve
the sustainability of the concrete. Using seawater and sea sand preserves the limited
freshwater and river sand resources [28] and reduces environmental impacts caused by
the extraction of said resources [2,10,12]. Furthermore, CO2 emissions can be significantly
reduced by replacing Portland cement with geopolymers such as slag and fly ash [7,20].
The production of traditional concrete and particularly Portland cement is a significant
contributor to global greenhouse gas emissions [59,60]. Considering current global climate
debates and continuing population growth related to an inevitable increase in demand for
concrete [20,61], it is of global significance to find a more sustainable alternative to replace
traditional concrete in the building and construction sector.

Research into the compressive behaviour and workability of SWSSC has found that
SWSSC possesses similar mechanical properties to traditional concrete [2,10,62], which is a
significant advantage in terms of replacing traditional concrete with SWSSC in construction.
Furthermore, geopolymers (slag and fly ash) used in the SWSSC mix have been shown
to reduce shrinkage cracking, which is problematic in traditional concrete in aggressive
environments [8].

There is concern about the use of SWSSC, which is mostly related to its application in
conjunction with traditional steel reinforcement, as the high chloride content in the SWSSC
mix causes durability problems associated with steel corrosion [8,23]. To avoid this issue,
research suggests the use of FRP instead of traditional steel, which has the advantage of
high corrosion resistance [23,44]. Figure 1 schematically shows some of the current typical
applications of FRP–SWSSC hybrid structures.
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Figure 1. Hybrid FRP–SWSSC structural members: (a) FRP-wrapped SWSSC member; (b) FRP rein-
forced SWSSC member with reinforcing bars or needles; (c) SWSSC filled FRP tube; (d) SWSSC 
member strengthened with FRP strip or sheet. Reproduced from [22], with permission from Else-
vier, 2022. 

2.3. Bond Strength in Composite Materials 
Bond strength defines the interfacial adhesion between two materials [47]. This ad-

hesion causes both materials to experience identical strain under loading and thereby al-
lows them to act as a composite material [47]. Therefore, good bond strength is essential 
to facilitate stress transfer between the FRP and concrete to achieve the desired composite 
action between the two materials [12,17]. 

This phenomenon is of particular significance in construction. When FRP tubular 
composites are used as columns, connection details are often designed to transfer loads 
from a superior element directly to the outer tube. Adequate force transfer between the 
tube and the filling is therefore required to ensure full composite action. This force transfer 
occurs through the natural bond between the outer tube and inner concrete core and can 
be enhanced by the use of shear connectors [17,46]. 

Johansson and Gylltoft [63] found that the bond strength only influences the mechan-
ical properties of the composite if the load is only applied to one part of the composite (for 
example the concrete core). If load is shared equally between the tube and the core, the 
bond strength has no influence on the performance of the composite [63]. This appears 
logical, as in the latter case the load is already shared between the two components and 
bond strength is not required to be engaged to facilitate load sharing to enable composite 
action. However, Aly et al. [46] note that ensuring simultaneous loading of the tube and 
core is often challenging to accomplish in practice. Therefore, a good understanding of the 
bond behaviour and bond strength is required to ensure full composite action and ade-
quate performance and prevent premature bond failure under static and dynamic loads. 

2.4. Cyclic Behaviour and Bond Strength 
Knowledge of the bond behaviour under cyclic loading is especially relevant for ap-

plication in seismic areas [64]. Previous research on tubular concrete composites has 

Figure 1. Hybrid FRP–SWSSC structural members: (a) FRP-wrapped SWSSC member; (b) FRP
reinforced SWSSC member with reinforcing bars or needles; (c) SWSSC filled FRP tube; (d) SWSSC
member strengthened with FRP strip or sheet. Reproduced from [22], with permission from Else-
vier, 2022.

2.3. Bond Strength in Composite Materials

Bond strength defines the interfacial adhesion between two materials [47]. This
adhesion causes both materials to experience identical strain under loading and thereby
allows them to act as a composite material [47]. Therefore, good bond strength is essential
to facilitate stress transfer between the FRP and concrete to achieve the desired composite
action between the two materials [12,17].

This phenomenon is of particular significance in construction. When FRP tubular
composites are used as columns, connection details are often designed to transfer loads
from a superior element directly to the outer tube. Adequate force transfer between the
tube and the filling is therefore required to ensure full composite action. This force transfer
occurs through the natural bond between the outer tube and inner concrete core and can be
enhanced by the use of shear connectors [17,46].

Johansson and Gylltoft [63] found that the bond strength only influences the mechani-
cal properties of the composite if the load is only applied to one part of the composite (for
example the concrete core). If load is shared equally between the tube and the core, the
bond strength has no influence on the performance of the composite [63]. This appears
logical, as in the latter case the load is already shared between the two components and
bond strength is not required to be engaged to facilitate load sharing to enable composite
action. However, Aly et al. [46] note that ensuring simultaneous loading of the tube and
core is often challenging to accomplish in practice. Therefore, a good understanding of the
bond behaviour and bond strength is required to ensure full composite action and adequate
performance and prevent premature bond failure under static and dynamic loads.

2.4. Cyclic Behaviour and Bond Strength

Knowledge of the bond behaviour under cyclic loading is especially relevant for appli-
cation in seismic areas [64]. Previous research on tubular concrete composites has shown
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that confining concrete in circular tubes leads to a significant increase in strength, ductility
and cyclic load carrying capacity compared to unconfined concrete [20], thereby increasing
its suitability for seismic applications. Therefore, FRP is often used as confinement ma-
terial for existing or newly constructed concrete columns or other tubular members [64],
especially in seismic applications [3].

Furthermore, even outside of seismic zones, the common applications of FRP concrete
composite columns inevitably subject the member to dynamic loading conditions, such as
pile driving loads, tidal influences or moving traffic loads on bridge piers, throughout their
lifetime. Under cyclic load condition the composite element is subjected to continuously
changing loading and unloading cycles [47]. The interface bond is therefore subjected
to a rapid change in load, which causes substantial accumulated damage to the bonding
surface [65]. Research has shown that this can lead to a significant reduction in bond
strength for steel and concrete composites [46,47]. Furthermore, studies conducted on
the bond behaviour of concrete reinforced with FRP bars have shown that cyclic load can
cause significant bond deterioration, increase in slip and reduction in energy dissipation
compared to an identical monotonically loaded sample [66–68].

It is therefore obvious that it is significant to fully understand the effects of cyclic load
on the bond performance of concrete filled FRP tubes. However, no comprehensive studies
have been conducted to date to investigate such behaviour in concrete filled FRP tubes
under cyclic loading.

3. Overview of Recent Bond-Slip Studies under Pushout Loads

Table 3 shows a summary of some of the most relevant studies reviewed to investigate
the bond performance in pushout tests. It is worth mentioning that, due to limited studies
involving FRP and SWSSC, pushout test studies of concrete-filled steel tube and concrete
filled FRP tubes were also presented in Table 3 for comparison.

Table 3. Overview of relevant recent bond-strength studies.

Reference [12] [17] [46] [47]

Summary

Push out test to investigate
chemical and mechanical bond
strength and bond slip
behaviour of FRP tubes and
SWSSC with different fibre
orientations, fibre types and
diameter to thickness ratios

Push out test to investigate
bond strength of pultruded
FRP tubes filled with
traditional concrete with and
without interior sand coating.
Analytical and finite element
models were also developed

Pushout test of concrete
filled steel tubes under
static and variable
repeated loading using
varying strength and age
of concrete.

Bond strength of recycled
aggregate concrete reinforced
with H-shaped steel column
under reversed cyclic load

Concrete

SWSSC

• Alkali activated slag
concrete with seawater
and sea sand

• Aggregates: 2.95 specific
gravity and 14 mm
maximum size

• Slump 164 mm
• Compressive strength

45 MPa

Traditional Concrete:

• Ready mix concrete
• Aggregate size 5–20 mm
• Compression strength

35 MPa

Traditional concrete

• 7 different mixes,
from normal to high
strength concrete

Compressive strength
between 40 and 80 MPa

Recycled aggregate concrete

Tube

Filament wound (epoxy resin)
and pultruded FRP
(viylester resin)

• Basalt (70% fibre, 30%
resin), Carbon and Glass
(60% fibre, 40% resin)
Fibre

• Fibre orientation: Mixed:
15, 40 and 75 deg and
Uniform: all in 89 deg

• 100 mm diameter

Pultruded FRP (viylester resin)

• 305 mm and 406 mm
diameter

• Constant thickness of
12.7 mm

Tensile and compression test
conducted to obtain
mechanical properties

Steel

• Outer diameter
114.3 mm, thickness
3.2 mm

• Grade 350
cold-formed
structural stee

No tube—H-shaped steel
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Table 3. Cont.

Reference [12] [17] [46] [47]

Materials,
Parameters

and Test

• CFRP, GFRP and
BFRP tubes filled 3/4
height with SWSSC

• FRP type, fibre
orientation, D/t ratio

• Push out test,
analytical analysis

• GFRP with Portland
cement concrete

• Tube Diameter and
sand coating of inner
surface vs. natural
bond

• Pushout test,
analytical and FE
analysis

• Steel and concrete
• Concrete strength

and age and
loading regime

• Push out
test—static and
cyclic

• Steel and
concrete—steel
embedded in concrete

• Recycled aggregate
percentage, thickness
of concrete cover,
concrete strength,
load regime

• Pushout-test static
and cyclic

Number
and Size of

Samples

• 36 filament wound
tubes (and 6
pultruded GFRP
tubes)

• 12 different series (2
different fibre
orientations for three
different materials
each with 2 different
thicknesses)—3
identical samples per
series

• 200 mm high, 102 mm
outer diameter, 2 or
4 mm thickness

• 12 specimens
• 4 different series: 6

specimen
sand-coated, 6 were
naturally bonded, 2
different
diameters—3
identical samples per
series

• 200 mm high, 305 and
406 mm diameter,
12.7 mm thickness

• 14 samples
• 14 different series

(7 different
concrete mixes
and 2 different
loading regimes)

• 450 mm high,
400 mm filled
with concrete,
114 mm diameter,
3.2 mm diameter
35.72 mm
diameter to
thickness ratio

14 samples—13 under
cyclic load and 1 under
static load each with
different parameters

Test set-up

• Loading rate
0.5 mm/min

• Steel plate with
slightly smaller
diameter than tube
used to push the
concrete through the
tube

• Each sample tested 4
times by turning the
sample after pushing
the concrete through
and repeating the test

• FRP supported on the
bottom by steel tubes
which was held by
stiffeners. Steel tubes
outside diameter is
aligned with the FRP
diameter to allow free
movement of the
concrete core
downwards.

• Vertical axial load
directly applied to the
concrete core

• Static test
performed first.
Maximum static
pushout load was
used to obtain the
load ranges for
the variable load
test.

• Steel block with
diameter slightly
smaller than the
tube and height
slightly higher
than the air gap
was placed
underneath the
sample to
facilitate slip by
pushing the
concrete core
upward

• Same setup for
static and cyclic
test

• Static load rate
0.25 mm/min

• Cyclic load rate:
100 kN/min

• Displacement
controlled cycles at
loading rate of
0.1 mm/s

• Similar to the tubular
tests, the steel was
supported on the
bottom end and the
load was applied to
the concrete at the
other end to facilitate
the bond slip
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Table 3. Cont.

Reference [12] [17] [46] [47]

Collected
Results

• Failure Modes
• Surface

Roughness/Friction
coefficient—
measured before and
after each cycle

• Push out test results
• (maximum bond

stress, applied load
and displacement
curves)

• Analytical bond
strength model

• Load–slip and
bond–stress slip
curves

• Analytical bond
strength model

Numerical bond slip model

• Pushout test
results—slip vs.
load, bond stress
calculated from
load curve

• Static: stress–slip
curves

• Cyclic: Slip at 3
sec intervals
during each cycle,
slip vs. number of
cycle curves,
Shakedown limit
and incremental
collapse limit

• Load–displacement
curves for static and
cyclic load tests

• Bond strength
degradation under
cyclic load

• Slip distribution
analysis

Energy dissipation vs. slip
curves

Cyclic Load
Pattern - -

• Maximum slip out
load determined
from static test.
Load was
increased in 20%
steps from 5% of
maximum load to
40% and then in
10% steps until
the maximum
load was reached.
At each step the
number of
repeated cycles
was between 15
and 50 depending
on the sample
type and
maximum slip
load.

Steps were determined
from the ultimate
pushout force from the
static load test, and
each step represented
one loading and
unloading cycle
(measurements
recorded after each
loading and after each
unloading cycle)

• Reversed cyclic load
under controlled
displacements

• Each cycle consisted
of a full loading cycle
up to the predefined
displacement after
which the load was
reversed until the
same displacement
was reached in the
other direction. The
sample was then
reloaded in the
original direction.

Multiple cycles were
repeated at the same
predefined displacement
until the load was
increased to reach greater
displacements in the next
cycle.
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Table 3. Cont.

Reference [19] [69] [44] [70]

Summary

FRP confined concrete
columns subjected to
various tests including
compression, bending and
pushout tests using
concrete of various
strengths.

Stainless steel SHS of
varying geometry
subjected to static pushout
loads to study the
bond–slip behaviour along
the tube and concrete
interface

Pushout test of FRP
concrete filled tubes of
different FRP material
under prolonged
seawater exposure to
investigate bond
durability and changes
in frictional and
chemical bond
resistance

Bond strength of circular
and square concrete filled
steel tubes under different
parameters using a
pushout test

Concrete

Traditional Portland
cement-based concrete
with 35, 50 and 80 MPa
28-day compressive
strength

Traditional Portland
cement-based concrete
with compressive strengths
between 32.3 and 51.7 MPa

SWSSC

• Alkali activated
slag concrete with
seawater and sea
sand and
compressive
strength of
45 MPa

Traditional concrete and
recycled aggregate concrete
with concrete strength
between 40.4 and 81.8 MPa

Tube

GFRP tube (viylester resin)

• Fibre orientation at
+/− 54 degrees with
respect to the
longitudinal direction

101.6 mm inner diameter
and 5 mm thickness

Stainless steel SHS tubes

• Yield stress of
420 MPa

Filament wound (epoxy
resin) and pultruded
FRP (viylester resin)

• Basalt (70% fibre,
30% resin),
Carbon and Glass
(60% fibre, 40%
resin) Fibre

• Mixed fibre
orientation: 15, 40
and 75 deg with
respect to
longitudinal axis

102 mm diameter for
filament wound tubes
(94 mm for pultruded
tubes)

Steel:

• Cold-formed stainless
steel, Gr. 304 and
carbon steel, Gr. 350

Materials,
Parameters

and Test

• GFRP and traditional
concrete

• Concrete strength
• Four Point Bending,

Static Compression
and pushout tests

• Concrete filled
stainless steel SHS
sections

• Height-to-width ratio,
width-to-thickness
ratio and concrete
strength

• Static pushout test

• CFRP, GFRP and
BFRP with
SWSSC

• Fibre material,
seawater exposure
time and seawater
temperature

• Static pushout test
and analytical
bond strength
model

• Stainless steel and
carbon steel with
traditional concrete or
recycled aggregate
concrete

• Dimensions, steel and
concrete material, age
of concrete, natural
bond vs. use of shear
connectors

• Static pushout test
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Table 3. Cont.

Reference [19] [69] [44] [70]

Number
and Size of

Samples

• 27 samples, 3
identical samples per
concrete strength and
test

• 101.6 mm inner
diameter and 5 mm
thickness, 304.8 mm
tube length

• 32 samples, 1
identical sample per
test with different
H/B-ratio, B/t-ratio
and concrete strength

• Outer width 50 mm,
height and thickness
varied from
300–750 mm and
0.6–1.1 mm,
respectively

• 54 filament
wound tubes (18
pultruded GFRP
tubes)

• 18 different series
for filament
wound tubes
(3 different
materials,
2 different
exposure
temperatures and
3 different
exposure
times)—3
identical samples
per series

• 200 mm high,
102 mm outer
diameter, 4 mm
thickness

• 24 samples, 1 test per
sample.

• 11 SHS and 13 CHS
samples

• Each sample with a
different steel type,
concrete type and
dimensions

Test set-up

• 286 kN FORNEY
machine

• Stress controlled load
at 0.23 MPa/s

• Pushout test was
conducted using a
100 mm height and
diameter steel block
to push out the
sample, which is
placed on a hollow
steel cylinder lined up
with the FRP tube
outer diameter to
allow for the concrete
to be pushed out.

Similar test set-up to [12] Similar test set-up
to [12]

• Sample was placed on
a steel tube at the
bottom, which had a
diameter slightly
greater than the
concrete core to allow
for free pushout of
the concrete. The load
was applied to the
concrete core via a
steel block at the top
similar to [12]).

• Loading rate of
0.3 mm/min was
used up until bond
slip and increased to
0.6 mm/min
thereafter

Strain gauges were placed
on the sample at regular
intervals

Collected
Results

• Axial load vs.
Displacement curves

• Bond strength

• Load–displacement
curves

• Bond strength
• Frictional and

chemical resistance
values

• Strain distribution
curves along the outer
tube surface

• Failure Modes
• Pushout test

results (Bond
strength, load–
displacement
curves)

• Frictional
coefficient and
chemical bond
strength values

• Internal surface
roughness

• Failure modes
• Stress vs. slip curves

The studies are summarised with respect to their testing methodology to evaluate
different testing methods that have been proven to be reliable and functional for the given
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purpose. As seen in Table 3, all studies investigated the bond strength between concrete
and FRP or steel composites using a pushout test. It can be seen that very few studies
investigating the bond strength of FRP and concrete composites are available and that none
of these studies have conducted pushout tests under cyclic load, which must be considered
for future studies.

3.1. Materials and Samples

Bazli et al. [12,44] conducted studies on filament wound CFRP, GFRP and BFRP tubes.
Other studies used pultruded [17] or filament wound [19] FRP tubes of varying thicknesses.
Multiple studies were performed with either stainless steel or carbon steel tubes, typically
using cold-formed steel of Grade 350 or 450 [46,69,70]. It should be noted that multiple
other studies conducting pushout tests of tubular steel concrete composites have been
performed in the past (for example by Liu et al. [48] using recycled aggregate concrete and
by Chen et al. [49] using stainless steel CHS tubes), with a similar set-up to the one used by
Tao et al. [70]. These are slightly less relevant to this paper, but still offer interesting insight
into the bond slip behaviour of confined concrete tubes. Different concrete types were used,
such as traditional concrete by [17,19,46,69,70], recycled aggregate concrete by [47] and
SWSSC by [12,44].

Sample size was generally small with diameters ranging between 130 mm and 400 mm
and sample height between 200 mm and 450 mm [12,17,19,44,46].

3.2. Type of Test

Most studies conducted pushout tests only under monotonic loads [12,17,19,44,69,70].
Solely Aly et al. [46] and Xue et al. [47] investigated pushout tests under cyclic loading.
Both studies conducted a baseline compression test for each sample to obtain a load–
displacement diagram and ultimate bond strength under monotonic load, followed by a
single or multiple cyclic pushout test. Aly et al. [46] used a load-controlled cyclic loading
pattern as shown in Figure 2a, which slowly increases the applied load by a percentage
of the ultimate load obtained from the static pushout test. Xue et al. [47] applied reversed
cyclic loads under controlled displacements to the specimen (refer Figure 2b). These
displacements were predefined and based on the load–displacement curve obtained under
static loading. This approach is similar to the typical test set-up for FRP concrete tubes
subjected to cyclic compression tests [32,33,71].
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3.3. Parameters

Varying parameters were chosen to investigate the difference in bond slip behaviour
under those parameters when subjected to pushout loading. A common parameter chosen
by [12,17,47,69,70] was the effect of varying tube geometry, such as diameter and thickness
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and tube material on the results. The authors of [19,46,69,70] also investigated various
concrete compositions as an additional parameter. Some results were also obtained using
different types of shear connectors to enhance bond strength [17,70]. Another parameter
adopted is the effect of cyclic load on the bond strength, which was studied by [46,47].

3.4. Test Set-Up

Figure 3 shows the two most common pushout test set-ups used in the literature. Bazli
et al. [12] prepared the samples with a small airgap at the bottom and used a steel plate
with a slightly smaller diameter than the tube used to push the concrete through the sample.
This test set-up is shown as Type A in Figure 3 and was also used by [44,46,69]. Type B
was used by [17,19,70]. The tube is lined up on another tube or steel support of diameter
slightly larger than the inner tube diameter. The concrete core is then pushed into the
support tube underneath the sample.
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4. Discussion on Findings from Previous Pushout Test Results
4.1. Bond Mechanisms

Yuan and Hadi [72,73] found that, primarily, three different bond mechanisms consti-
tute the bond strength of FRP and concrete composites:

(i) Mechanical Interlocking, which occurs due to variations in the surface structure
of the material. In FRP tubes this effect is considered insignificant due to the inherent
smoothness of the material; (ii) Chemical adhesion between FRP and concrete, and (iii)
Frictional resistance caused by the roughness of the FRP along the concrete interface.

By comparing the load–displacement curves of the first pushout cycle to subsequent
cycles, Bazli et al. [12] showed that, prior to the first slip, bond strength is determined by
chemical adhesion between concrete and tube and frictional resistance. Once the chemical
bond is broken during the initial slip, bond resistance is only caused by friction along
the interface between tube and concrete. This conclusion was based on the observation
that the maximum axial force and bond stress did not change significantly between the
cycles, apart from a small initial spike in bond strength during the first cycle caused by the
additional presence of a chemical bond between the tube and the concrete. Bazli et al. [44]
also reported that, during the initial phase of the pushout test prior to reaching the ultimate
bond strength, the frictional resistance is determined by the static friction coefficient. Once
ultimate bond strength is reached and a significant slip occurs, the kinetic friction coefficient
is active.

Bazli et al. [12] conducted an investigation into the frictional resistance of the FRP
tubes prior to and after the pushout tests were conducted. By measuring the surface
roughness of the same sample before casting and after each push cycle, the study found
that the roughness of the inner tube surface remains essentially unchanged after bond slip.
Bazli et al. [12] concluded that this means that the frictional coefficient remains relatively
constant irrespective of the number of times the pushout test is repeated. The frictional
factor was found to be almost the same for all tubes with values between 0.17 and 0.26 and
the frictional resistance was shown to vary with the confining pressure. Bazli et al. [12] also
showed that the chemical bond was almost identical for all filament wound samples tested
with a value of around 0.1 MPa. Furthermore, the chemical resistance was found to have
minor influence on the bond strength.

The same bond mechanisms as reported above were found to be present in concrete
filled steel tubes [46,69]. Similar to the FRP tubular composites, the smoothness of the steel
surface causes minimal mechanical interlocking resistance and is therefore negligible. As
the chemical bond breaks after the initial slip regardless of the material, frictional resistance
along the interface was found to be the main contributor to bond strength after the initial
slip for steel columns. The chemical adhesion was found to contribute to less than 30% of
the overall bond strength [49,69]. Aly et al. [46] note that the ultimate bond strength based
on the chemical and frictional resistance should not be used for design purposes, as the
chemical bond is inherently unstable and diminishes after the initial slip.

It can therefore be concluded that, provided the inner interface of the tube is reasonably
smooth, frictional resistance between the inner tube surface and outer core surface is the
major factor in determining the interfacial bond strength of a tubular composite.

4.2. Failure Modes

In their study of bond strength of SWSSC filled FRP tubes, three failure modes were
observed by Bazli et al. [12] in their pushout test: concrete slip; tube failure before slip
occurred; and a combination of both (slip-initiated tube failure). These failure modes are
shown in Figure 4.
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Bond slip interface failure occurred for all samples with mixed fibre orientation, as
compressive strength exceeded bond strength for said samples [12].

All Basalt FRP (BFRP) samples with 89◦ fibre orientation experienced premature tube
failure due to their comparatively low compressive strength. Tube failure was also observed
for both Carbon FRP (CFRP) samples, although this failure mode occurred simultaneously
to bond slip failure for the 2 mm sample. Interestingly all except one Glass FRP (GFRP)
sample exhibited bond slip failure rather than tube failure, despite their similar compressive
strength to the carbon fibre samples. This indicates that GFRP tubes possess inherently
lower bond strength than CFRP tubes, which was also reflected by the pushout test results.
These results can give some significant insights on the expected failure modes during
pushout tests. It should be noted that, if the samples fail in tube compressive failure mode,
the recorded bond stress might lie well below the actual bond strength and the test results
may not provide reliable or useful information [12].

4.3. Bond Strength Test Results

The bond strength was generally obtained from the maximum pushout force, by
dividing the force recorded at ultimate slip by the interface area. Although the variation
in surface irregularities causes a variation in bond strength along the interface, the bond
stress distribution may be considered uniform in order to determine the bond strength of
the composites [12,17,46].

In the study of Bazli et al. [12] it was shown that BFRP has the lowest bond strength
with average slip initiation forces ranging from 10.65 kN to 40.02 kN and average bond
strengths of 0.26 MPa to 0.99 MPa for the different D/t ratios and fibre orientations. The
lowest and highest values correspond to measurements taken for the 2 mm mixed fibre
orientation tube and the 4 mm 89◦ fibre orientation tubes, respectively. Intermediate values
of 13.55 kN and 0.35 MPa and 28 kN and 0.82 MPa were obtained for the 2 mm 89◦ fibre
orientation and the 4 mm mixed fibre orientation tubes, respectively. However, it should
be noted that, since tube failure occurred prior to bond slip for both 89◦ fibre orientation
tubes, the actual bond strength likely exceeds the above-mentioned bond stress measured
at failure.

It was also reported that CFRP possessed the highest bond strengths, with average
bond strength and slip initiation forces ranging from 0.64 MPa and 23.6 kN for the 2 mm
mixed fibre orientation tube to 2.44 MPa and 108 kN for the 4 mm 89◦ fibre orientation.
The results for the 2 mm 89◦ fibre orientation tube and the 4 mm mixed fibre orientation
tube were 40.7 kN and 1.12 MPa and 57.1 kN and 1.71 MPa, respectively. Similar to the
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BFRP samples with 89◦ fibre orientation, it is expected that the real bond strength of the
CFRP 89◦ fibre orientation tubes lies somewhat above the bond stress measured at failure,
as premature tube failure occurred.

Finally, they showed that, for GFRP, the minimum and maximum values for bond
strength and slip load only slightly exceeded the values obtained for their corresponding
BFRP samples with 12.1 kN and 0.29 MPa for the 2 mm mixed fibre orientation tube and
45.9 kN and 1.21 MPa for the 4 mm tube with fibres orientated in 89 deg. However, the
values for bond strength and slip load measured for the 4 mm mixed orientation tube and
the 2 mm 89◦ orientation tubes were located more in between the Basalt and Carbon FRP
results rather than close to the Basalt FRP values with 0.65 MPa and 27.7 kN and 1.18 MPa
and 38.8 kN, respectively.

The bond strength results obtained by Li et al. [19] compare well to the results obtained
by Bazli et al. [12] for their GFRP tubes of similar diameter and concrete strength. For their
50 MPa sample of 101 mm diameter and 6 mm thickness with fibre orientation in 54◦ from
the longitudinal axial, Li et al. [19] obtained a bond strength of 0.62 MPa. The bond strength
of the mixed fibre orientation 4 mm GFRP sample was 0.65 MPa, suggesting a good fit of
both experimental results.

Ali et al. [17] conducted pushout tests of pultruded GFRP tubes with larger diameters
and thickness than the pultruded ones used by Bazli et al. [12] and obtained very small bond
strengths of 0.03 MPa for their 305 mm diameter sample and 0.025 MPa for their 406 mm
sample. These are significantly lower than the bond strengths obtained by Bazli et al. [12]
for their GFRP tubes. Since obviously using thicker tube will not reduce the bond strength,
it can be concluded that a larger diameter reduces the bond strength. However, although
both tubes were manufactured using pultruded process, the effect of the tube surface
roughness could be also considered as an effective factor when comparing two studies.

The static pushout test on tubular steel composites by Aly et al. [46] also showed
interesting results. Residual bond strength (after chemical debonding occurred) was found
to be between 0.41 MPa and 0.85 MPa depending on age and strength of the concrete for
their 114.3 mm diameter tubes with 3 mm thickness. Comparing this to the results obtained
by Bazli et al. [12] for tubes of similar diameter, the results for the steel tubes used by Aly
et al. [46] compare best to the results for Bazli et al.’s [12] GFRP tubes. Using the results
for the mixed fibre orientation (this is considered to compare best to steel, which possesses
good material properties in longitudinal and hoop direction) and averaging the results
for the 2 mm and 4 mm tubes to obtain an average estimation for the bond strength of a
3 mm tube, the bond strength of a GFRP tube of similar size is approximately 0.74 MPa.
The average bond strength of all steel tube samples tested by Aly et al. [46] is very similar
with 0.7 MPa. If only steel tube samples with similar concrete strength to Bazli et al. [12]
are considered, the average bond strength of the steel tube samples slightly exceeds the
approximated bond strength for an equivalent GFRP tube with 0.82 MPa, but still does
not achieve comparable results of an equivalent CFRP tube with 1.18 MPa bond strength
(based on results of Bazli et al. [12] and method described above). This indicates that, when
using a CFRP concrete tubular composite, superior bond strength to a traditional steel and
concrete column may be achieved. On the other hand, a tubular BFRP concrete composite
member may not be able to reach bond strength comparable to a steel concrete member.
This is a significant observation for the design of confined concrete columns for structural
applications.

Table 4 summarises the pushout test results for the various studies using FRP tubular
composites discussed above and other studies in the literature.



Fibers 2022, 10, 8 16 of 26

Table 4. Pushout test results of concrete filled FRP tubes.

Reference Materials (Tube/Core) Fibre Orientation D/t Ratio Bond Strength (MPa)

[12] GFRP/SWSSC 89◦ 49,
25.5

0.65 (D/t 49)
1.21

[12] GFRP/SWSSC Mixed (15◦, 40◦ and 75◦) 49,
25.5

0.29 (D/t 49)
1.18

[12] CFRP/SWSSC 89◦ 49,
25.5

1.12 (D/t 49)
2.44 (D/t 25.5)

[12] CFRP/SWSSC Mixed (15◦, 40◦ and 75◦) 49,
25.5

0.64 (D/t 49)
1.71 (D/t 25.5)

[12] BFRP/SWSSC 89◦ 49,
25.5

0.35 (D/t 49)
0.99 (D/t 25.5)

[12] BFRP/SWSSC Mixed (15◦, 40◦ and 75◦) 49,
25.5

0.26 (D/t 49)
0.82 (D/t 25.5)

[17] GFRP/Concrete N/A 24,
31.7

0.03 (D/t 24)
0.023 (D/t 31.7)

[19] GFRP/Normal strength
concrete (35 MPa) 54◦ 20.3 0.42

[19]
GFRP/Medium

strength concrete
(50 MPa)

54◦ 20.3 0.62

[74] GFRP/Normal strength
concrete 54◦ 13,

8.8
2.08 (D/t 13)
2.64 (D/t 8.8)

[75]
FFRP1/Coir

fibre-reinforced
concrete

0◦ and 89◦ 100 mm/(6 layers of
flax fabrics) 0.64

[13]
FFRP/Coconut
fibre-reinforced

concrete
0◦ and 89◦ 100 mm/(4 layers of

flax fabric) 0.315

4.4. Load–Displacement Curves

In their pushout test of concrete filled SHS tubes, Feng et al. [69] closely described
typical load–displacement behaviours of concrete composites under pushout loads. Figure 5
shows the three different commonly observed load–displacement behaviours. Initially,
all three curves exhibit the same behaviour with a steep linear increase in load. This
stage can be subdivided into two stages. During stage 1 no slip has occurred, and the
displacement is only due to the absolute simultaneous displacement of the tube and the
concrete core. During this stage the chemical bond is still active and contributes to the
bond resistance together with the static frictional resistance. During stage 2, the chemical
bond breaks due to a very small slip occurring and the bond strength is only determined
through the frictional resistance [44]. The frictional resistance has still not been exceeded
by the stress along the tube and concrete interface caused by the applied load and no
significant slip is occurring [44]. As discussed earlier, the chemical bond strength is quite
difficult to determine and breaks at very small displacements and possesses relatively small
resistance [44].

The curve reaches its peak point once the ultimate slip occurs. After this point the
bond strength is determined by the kinetic frictional resistance and measurable bond slip is
present [69].

As shown in Figure 5, different load–displacement behaviours may be exhibited by
the sample once bond slip is initiated. Type a is defined by a further increase in load at
a reduced slope, even after bond slip occurs. According to Feng et al. [69], this occurs
when the inner tube surface is relatively uneven, causing a high degree of interlocking
and therefore increase in friction factor during the continued pushout test. Type b remains
at a relatively steady load level after the ultimate slip is reached and exhibits continued
displacement under relatively constant load. This behaviour is typical when the friction
factor remains constant throughout the pushout test, when the tube exhibits a relatively
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uniform level of smoothness. Type c is typical for tubes that experience a decrease in
friction factor or reduction in confinement pressure after the ultimate slip, in which case the
displacement continues under exponentially decreasing load. The load typically stabilises
at a residual level after a while [69].
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The varying bond mechanisms during the different stages of slip can also be described
mathematically. As mentioned above, the bond strength between FRP and concrete is
governed by both chemical adhesion and frictional resistance prior to slip initiation. After a
very small slip occurs the chemical bond breaks, and thus only frictional resistance remains.
Considering such mechanisms, Equations (1)–(3) are used to obtain the bond strength at
the respective stage throughout the bond slip. In Equations (1)–(3), τ (MPa) is the bond
strength, µs and µk are static and kinetic frictional coefficients, respectively, q (MPa) is the
normal stress between the surfaces (confinement stress in cased of pushout test) and is C
(MPa) is the chemical bond [44].

Equation (1) is used the in early stage when the chemical bond still has not broken.
From the moment of the chemical bond breaking (very small slip) to the moment of slip
initiation (considerable slip), Equation (2) should be considered. After the slip initiation,
bond strength must be calculated using Equation (3). Figure 6 shows a schematic load–
displacement curve representing the regions for the validity of the equations [44].

τ = µsq + c (1)

τ = µsq (2)

τ = µkq (3)

A typical type c behaviour with reference to Figure 5 was observed for example by
Ali et al. [17], who reported that all FRP samples subjected to pushout loads exhibited the
same load–displacement behaviour during the test. The load exhibited the typical initial
sharp linear increase until the ultimate load/bond strength was reached, and the ultimate
slip occurred. After this the load was observed to reduce to 35–45% of the ultimate load
for the samples with natural bond, at which point it appeared to stabilise. The samples
with sand coating also reflected a decrease in load to 40–75% of the ultimate load after
the slip, however, this was observed to occur more gradually. Ali et al. [17] concluded
that this was due to the increased frictional resistance caused by the sand coating. The
initial slip was recorded at a slip value of 0.3–1 mm for the naturally bonded samples and
0.28 mm–1.64 mm for the sand-coated samples. Similar observations were made by Aly
et al. [46] for all concrete filled steel samples tested. A mostly linear increase in bond stress
was observed until the ultimate load was reached. The ultimate slip for most samples
occurred at around 1.8 mm (±0.3 mm). After this point, the displacement continued to
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increase while the bond stress was observed to decrease exponentially, stabilising at a
residual bond strength. This residual bond strength was found to be between 35 and
53% lower than the ultimate measured bond strength, which is similar to the percentage
reduction in ultimate load noted by Ali et al. [17] for FRP tubes.
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Load–displacement curves by Bazli et al. [12] exhibited a typical Type b load–
displacement behaviour. The load–displacement curves captured a relatively constant
ultimate load after the bond slip load was reached. The ultimate load was observed to
fluctuate slightly about the ultimate load but remained relatively constant throughout all
cycles. Solely the first cycle exhibited a slightly higher ultimate load due to the additional
contribution of the chemical bond throughout the first cycle. As discussed earlier, Bazli
et al. [12] attributed this load–displacement behaviour to the relatively constant friction
coefficient, which is in line with the observations made by Feng et al. [69] discussed above.
The ultimate load occurred at approximately 5 mm displacement for the first cycle and
essentially at minimum slip of 1–2 mm for all subsequent cycles (this is due to the loss
of the chemical bond providing additional resistance against slip in cycle 1), which is
quite significantly higher than the displacement corresponding to ultimate slip measured
by Aly et al. [46] for steel filled tubes. Li et al. [19] obtained curves of similar shape to
Bazli et al. [12]. A steep increase in load was noted initially until the slip occurred after
which the measured axial load fluctuated about the ultimate load. Interestingly, the load–
displacement behaviour described by the above studies for the FRP tubular composite is
quite different to the one reported by Ali et al. [17], where a high decrease in ultimate load
after slip occurrence was recorded, even though GFRP tubes were used in all studies.

A typical Type c curve was obtained by Bazli et al. [44] for their seawater exposed
samples. The load was found to increase at a shallow slope after bond slip was initiated.
The authors attributed this to the mechanical damage caused by the seawater exposure,
resulting in an increase in mechanical interlocking.

Figure 7 shows the typical behaviour of tubes with type A performance and with type
B or C behaviour.
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Another significant observation was made by Xue et al. [47], who conducted a pushout
test under cyclic load. It was found that the envelope curve of the load–displacement curves
under cyclic loading bare a close resemblance in shape to the load–displacement curves
obtained from the static test. All envelope curves exhibit the typical increase in load until
the ultimate load was reached, after which the load was observed to gradually decrease
until it stabilised at a constant level (type c behaviour). Following from this, it is important
to note that the typical load–displacement behaviour during bond slip described by [69]
is not only true for FRP or steel tubular composites under monotonic pushout tests as
discussed above, but can also be observed during bond slip of reinforcement bars under
static and cyclic load [65,76], and by the study of Xue et al. [47], which uses H-shaped steel
reinforcement. Based on these findings it appears that the envelope curve can be expected
to follow the standard shapes for most bond slip applications, at least where concrete is
the primary material. It can therefore be concluded that the load–displacement behaviour
described by Feng et al. [69] is likely to be expected for pushout tests for varying material,
geometry and loading parameters.

5. Effect of Varying Parameters on Bond Strength

Multiple factors can affect the bond strength of the composite. Some important
parameters investigated in previous studies are discussed below.

5.1. Effect of Fibre Type

Confinement pressure has a significant effect on the bond strength of the tubular
composites [12].The elastic modulus in the hoop direction directly defines the confinement
pressure, where a greater elastic modulus leads to a greater confinement pressure. Results
obtained by Bazli et al. [12] showed that, for tubes with same tube diameter and thickness
(102 mm and 4 mm, respectively) and fibre orientation (mixed), the CFRP tubes exhibited a
52% higher bond strength than the BFRP tubes and a 31% higher bond strength than the
GFRP tubes, respectively. The same phenomenon was observed for all sample groups with
different D/t-ratio and fibre orientations. It was found that CFRP tubes always exhibited
the highest bond strength followed by GFRP and then BFRP for otherwise identical samples,
irrespective of the D/t-ratio or fibre orientation.

The CFRP samples also possessed the highest elastic modulus in hoop direction of
225 MPa for the 89◦ fibre samples and 77 MPa for the mixed fibre orientation samples.
GFRP showed the second highest bond strength for all parameter combinations tested and
had an average elastic modulus in hoop direction was measured to be around 23 MPa for
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the mixed orientation samples, thereby exceeding the elastic modulus of 20 MPa for the
BFRP mixed fibre orientation samples. However, despite the 89◦ fibre orientation BFRP
sample exhibiting lower bond strength than the 89◦ fibre orientation GFRP sample, BFRP
possessed a slightly higher elastic modulus in hoop direction with approximately 71 MPa
compared to 65 MPa for GFRP. This could be attributed to inaccuracies in the testing
methodology used to determine the elastic moduli of the samples, which introduces slight
inaccuracies of measurement due to bending moments present. Furthermore, the Basalt
samples failed in premature tube failure and the real bond strength is unknown.

Nonetheless, Bazli et al. [12] concluded that the Elastic Modulus in the hoop direction
is likely the main responsible factor for the significant variations in bond strength observed
for different materials in otherwise identical samples.

5.2. Effect of Tube Dimensions

Bazli et al. [12] showed that the bond strength of the tubes with a diameter to thickness,
D/t ratio of 25.5 significantly exceeded the bond strength for the tubes with a D/t ratio
of 49. Values of exceedance ranged between 63% and 75% for the different materials with
mixed fibre orientation and 47% for the 89◦ GFRP sample (the other samples failed in tube
failure and are therefore not considered). This is due to the fact that thicker tubes provide
higher confinement and therefore increase the bond strength.

Ali et al. [17] found that the calculated bond strength was higher for the tubes with
smaller diameter. A 36% change in diameter from 406 mm to 305 mm resulted in a 33%
increase in bond strength for the non-sand coated samples. This effect may be explained by
the mathematical bond strength formula, which shows that the bond strength is inversely
proportional to the diameter. When comparing the bond strengths of these tubes with the
results obtained by Bazli et al. [12], it is also shown that a higher diameter as used by Ali
et al. [17] significantly reduces the bond strength of concrete filled FRP tubes compared to
a smaller diameter as used by Bazli et al. [12].

Tao et al. [70], Roeder et al. [77] and Aly et al. [46] also reported that an increase in tube
diameter causes a significant reduction in bond strength in concrete filled steel tubes. They
attribute this to the increased shrinkage effect of concrete present in the larger tubes. In this
case, using SWSSC can provide a significant advantage compared to traditional concrete,
as the geopolymers used in SWSSC were found to reduce shrinkage [20,44]. SWSSC could
thereby reduce the negative effects of an increased diameter caused by concrete shrinkage.

5.3. Effect of Fibre Orientation

Samples with fibre orientation in hoop direction exhibited significantly larger bond
strengths than the samples with mixed fibre orientation [12]. These samples also contained
significantly higher ultimate hoop strengths and elastic moduli in hoop direction and
therefore higher confining pressure. It was shown that 2 mm-BFRP, -GFRP, and -CFRP,
filament wound tubes with fibres all oriented in hoop direction show, respectively, 1.33,
2.22, and 1.75 times higher bond strength compared to the corresponding tubes with fibres
oriented in three (20% at the angle of 15◦, 40% at the angle of 40◦, and 40% at the angle of
75◦) multiple directions. A similar trend was found in 4 mm tubes. These results confirm
the significant effect of fibre orientation and consequently the tube confinement strength
on the bond strength between FRP tube and concrete.

In contrast, as expected, pultruded GFRP tubes with longitudinal fibres showed
significantly lower bond strength compared to filament wound tubes with more fibres
oriented in the hoop direction. Additionally, due to the very low confinement strength,
early failure in the GFRP pultruded tube in the fibre direction was observed in some
samples before any bond slip. Figure 8 shows the premature tube failure in Pultruded
GFRP tubes tested by [44].
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Moreover, comparing the results of pultruded and filament wounded tubes revealed
that even using a much thicker pultruded tube cannot compensate for the significantly
lower bond strength of pultruded tubes compared to filament wounded tubes. This further
confirms the considerable effect of fibre orientation in the bond strength of concrete-filled
FRP tubes.

These results are therefore significant as they provide additional confirmation that the
elastic modulus (and therefore confinement pressure) is indeed a major factor in defining
bond strength.

Relating the findings to this research, it can be concluded that the bond strength
between the FRP tube and concrete can be increased by changing the fibre direction of the
FRP samples with otherwise identical parameters.

5.4. Tube Surface Roughness

It is known that the resin system or matrix has a significant influence on the surface
roughness of FRP tubes. Obtaining almost the same friction coefficients for all CFRP, BFRP,
and GFRP tubes with the same resin type (epoxy) in the study of Bazli et al. [12], confirms
the fact that the surface roughness of the FRP tubes is manly related to the fabrication
process and the resin type rather than the fibre type. However, there is no study quantifying
the effect of resin type on the surface roughness of the FRP tube and consequently on the
bond performance between the FRP tube and concrete. Therefore, studying this important
effect is recommended to better understand the bond–slip performance between FRP tubes
and SWSSC.

An increase in the inner surface roughness of the tube results in increased bond
strength. Applying sand-coating as a bond enhancer between the interface of the concrete
and the FRP tube was found to increase the bond strength by 2000% for the 406 mm samples
and 3000% for the 305 mm samples tested by [17]. Ali et al. [17] recommended the use of
bonding enhancers for any application of concrete filled FRP tubes where bending loads
can be expected. Due to the relatively low inherent bond strength between the FRP and the
concrete core they recommend the application of shear connectors such as resin ribs or the
use of sand coating to improve bond strength.

Basaran and Kalkan [78] found that FRP reinforcement bars that had mechanical
interlocking capabilities showed higher bond strength than reinforcement bars with fric-
tional interfaces under pull-out tests. Sand-coated bars exhibited the highest bond strength
compared with other samples tested, due to their ability to mechanically interlock. This is
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similar to the observation made by Ali et al. [17] in their study with sand-coated FRP tubes
subjected to pushout forces. This indicates that using sand-coating can be a natural and
simple way of increasing bond strength of FRP concrete composites.

5.5. Concrete Type and Age

Dong et al. [79] found that using sea sand instead of river sand in a traditional concrete
mix improved the bond strength of steel–FRP composite bars in a pull-out test by up
to 15%. Dong et al. [79] concluded that the higher chloride ion content was responsible
for this increase in bond strength between steel–FRP bars and sea sand mixed concrete
when compared to traditional concrete. This could be an indication that SWSSC is indeed
preferential to traditional concrete in terms of bond strength between FRP tubes and
concrete core. However, further research would be required to investigate this effect.

Basaran and Kalkan [78] found that higher concrete compressive strength increased
the bond strength in FRP bar reinforced concrete sections. This is likely due to the increased
confinement offered by the higher strength concrete. Aly et al. [46] found that the opposite
was true for steel confined concrete tubes. Tao et al. [70] and Hunaiti [80] found that lower
concrete age can also achieve a significant increase in bond strength of concrete filled steel
sections.

6. Recommendations for Future Studies

Following from the discussion in this paper it can be concluded that further research
is required to address the many challenges and knowledge gaps regarding bond–slip
performance between concrete and FRP tubes. The following research topics are therefore
proposed for future studies in order to better understand the bond–slip behaviour between
SWSSC and FRP tubes:

(1) Applying cyclic and impact loading to FRP and concrete tubular composites to
study the dynamic behaviour of bond between FRP and SWSSC. Currently, all studies have
been conducted under static loading. Similar loading regimes used in previous studies of
pushout tests between steel sections and concrete shown in Figure 2 could be considered as
an initial starting point.

(2) Improving the mechanical interlocking between SWSSC and FRP tubes by using
different methods, such as sand coating to investigate the effect of such methods on the
static and dynamic bond–slip performance.

(3) Studying the effect of resin type on the surface roughness and thus the bond
strength between FRP tube and SWSSC.

(4) Using of hybrid fibres and investigate the bond performance between SWSSC and
hybrid FRP tubes.

(5) Studying the long-term bond performance durability between FRP tubes and
SWSSC after weathering and different aggressive environments. Currently only one study
has been done for the durability of such systems under seawater environment.

(6) Using the current experimental data available to verify/calibrate numerical finite
element models and conducting numerical parametric study to investigate the effect of
different parameters, such as tube geometry, fibre orientation, and friction coefficient.

(7) Conducting an optimisation study to obtain the most optimised FRP tube for
the bond strength in terms of the cross-section geometry, fibre orientation and material
characteristics.

(8) Conducting full-scale tests to investigate the size effect and bond stress distribution
along the tube length.

7. Summary

A critical overview and discussion on the bond between FRP tube and sea water sea
sand concrete is presented. In recent years, the significance of using SWSSC filled FRP
tubes in corrosive environments, such as marine applications, has been reported by several
researchers. Although using hybrid FRP–SWSSC structural members provides several
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environmental advantages, such as corrosion and natural resource shortage prevention,
their short-term and long-term structural performance still have many unknown aspects.
In concrete filled FRP tubes, in addition to the compressive capacity, the bond performance
between the concrete and FRP plays an important role in order to achieve an appropriate
composite action between FRP and concrete. The results of previous studies have shown
that the fibre type, fibre orientation, and tube thickness have significant effects on the
bond–slip performance of concrete filled FRP tubes. Given the discussion presented in
this paper, future experimental and numerical studies are required to investigate several
other factors affecting bond strength, such as surface roughness, loading type, sample size,
environmental conditions, etc.

The presented discussion, experimental data, and information aim to contribute to
better understanding of the bond performance between FRP and concrete, and in particular
SWSSC. It also provides a fundamental insight that could be used to develop new design
codes/standards for FRP–SWSSC hybrid structures.
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