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developed. This study conducts experimental investigations on FCTSSC
intermediate long columns for the first time. It investigates the failure

Keywords modes and the impact of the external CFRP layers number on the axial
CFRP, seawater-sea sand concrete, compression performance. The results reveal that the FCTSSC
axial compression, ultimate load intermediate long column specimens exhibit the failure modes of global
bearing capacity, confinement buckling and localized steel tube bulging. After CFRP restriction, the

ultimate load bearing capacity of the specimens increased from 12.51%
to 20.87%. The ultimate load bearing capacity, its enhancement
percentage, and peak lateral deformation are all positively correlated
with the external CFRP layers number. Finally, a summary and
assessment were conducted on the applicability and accuracy of the
existing load bearing capacity models, providing a reference for
subsequent research.

1. Introduction

As maritime development continues to advance worldwide, large-scale construction of offshore projects requires
substantial concrete usage. In offshore engineering construction, using local seawater and sea sand resources can
be allowed for on-site sourcing. This can significantly reduce the material transportation costs compared with the
river water and river sand [1]-[5].

Fiber-reinforced polymer (FRP) has several advantages, including lightweight, excellent strength, anti-
corrosion properties, and ease of construction [6]-[9]. In 2011, Teng et al. [10] first proposed the design concept
of combining FRP and SSC. Since then, it has been found that this combination can improve the mechanical
performance [11], [12] and durability [13]-[15] in short-term or long-term structural applications. CFST
structures are widely used in the field of civil engineering. To prevent chloride ions in SSC from corroding the steel
tube, stainless steel tubes have been used in combination with SSC and perform good mechanical properties [16],
[17]. However, stainless steel tubes are expensive and prone to outward buckling. This has become a bottleneck
for their widespread application in offshore engineering.

To overcome these drawbacks, Wei et al. [18] introduced a novel FCTSSC column structure based on the
FCFST structure. A schematic diagram of this structure is shown in Fig. 1. This structure utilizes FRP fabric pasted
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on the inner and outer walls of the steel tube. The composite tube is filled with SSC. This structure overcoming the
drawback of corrosion on the internal wall of the steel pipe. Additionally, it enhances the mechanical performance
of the component. Wei et al. [18] experimental research indicates that the internal and external FRP can
significantly improve the ultimate load bearing capacity and deformation capability. Subsequently, Wei et al. [19]
conducted experimental research on novel FCTSSC columns, which filled with high-strength seawater-sea sand
concrete. The results revealed that the CFRP composite specimens exhibited a higher ultimate load bearing
capacity compared to basalt fiber-reinforced polymer (BFRP) composite specimens. Additionally, they proposed
a stress-strain curve prediction model for that. Wang et al. [20] produced a novel FCTSSC column made of
seawater-sea sand-coral concrete. [t demonstrated that the mechanical performance of the components increased
as the number of CFRP layers increased. However, the effect of the steel tube diameter-to-thickness ratio was the
opposite. Zhang et al. [21] conducted cyclic axial compression tests on these novel FCTSSC columns. It showed
that FRP can effectively restrict the lateral expansion of SSC and proposed a more rational cyclic stress-strain
model. Huang et al. [22] tested the mechanical behavior of FCTSSC short columns made of CFRP. It studied the
effects of steel tube wall thickness, steel tube yield strength, CFRP layer number and position, and concrete
strength. They also discussed the applicability of existing models for bearing capacity calculations.

SSC

The inner FRP /
Steel tube A/’
The outer FRP ‘

Fig. 1 Structure diagram of the FCTSSC column

Evidently, the research scope of this novel FCTSSC column structure has significant limitations. Previous
research only focused on short columns. Therefore, this paper conducts experimental research on FCTSSC
intermediate long columns for the first time. The aim is to comprehend their failure modes and analyze the impact
of external CFRP layers number on their axial compression performance. This can serve as a reference for future
research and application.

2. Test Program

2.1 Specimens Design

A total of four axial compression specimens were designed for this experiment. It includes three FCTSSC columns
and one seawater-sea sand concrete filled steel tube (SFST) column. The SFST column was served as the control
specimen. The experimental parameter was the external CFRP layers number. Table 1 provides the parameters
detail for all specimens. Among these, SC24 represents the SFST column specimen with a slenderness ratio of 16.8.
CF1SC24, CF25C24, and CF3SC24 represent the FCTSSC intermediate long column specimen with a slenderness
ratio of 16.8 and contain 1, 2, and 3 external CFRP layers, respectively.

2.2 Material Properties

In this experiment, the material properties of the steel tube were tested. Its yield strength is 313.2 MPa, ultimate
tensile strength is 485.5 MPa, and elastic modulus is 200.4 GPa. The mechanical properties of the CFRP fabric used
in this study were provided by the manufacturer. It has an ultimate tensile strength of 3216.0 MPa, elastic modulus
of 210.0 MPa, and ultimate tensile strain of 0.017. The SSC mix proportions listed in Table 2 for this experiment
were designed in accordance with the standard JGJ55-2011 [23]. Ordinary Portland cement with a strength grade
of 42.5 MPa was used, along with fine aggregate consisting of well-graded sea sand from Rizhao, Shandong, China.
Crushed granite with a nominal size of 20 mm is used as coarse aggregates. The composition of seawater is
tabulated in Table 3 in accordance with ASTM D1141-98 [24]. The compressive strength test measured the
compressive strength and elastic modulus of the SSC cylinder as 33.1 MPa and 27.9 GPa, respectively.
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Table 1 Parameters of all specimens
Specimen Specimen Outer Diameter Thickness Of Concrete Strength, Layers of Outer
Identification Height, of Steel Tube, Steel Tube, fc (MPa) CFRP Fabric,
H (mm) Ds (mm) ts (mm) ng
SC24 960 159 4.5 C40 -
CF1SC24 960 159 4.5 C40 1
CF25C24 960 159 4.5 C40 2
CF35C24 960 159 4.5 C40 3
Table 2 Mix proportions of C40 SSC
Cement Seawater SeaSand Coarse Aggregate
(kg/m3)  (kg/m3)  (kg/m?) (kg/m?3)
501 220 566 1123
Table 3 Composition of seawater
NaCl MgClz Na2504 CaClz KCl NaHCOs
(kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3)
24.53 5.20 4.09 1.16 0.695 0.201

2.3 Test Loading and Measurement Program

In this experiment, the specimen fabrication followed the process outlined in Wei et al. [18]. First, use a plastic
tube to guide the CFRP fabric to adhere to the inner wall of the steel tube coated with epoxy resin adhesive. Then,
roll the steel tube with its outer wall coated with epoxy resin adhesive over the end of the CFRP fabric. It is not
proper until the outer wall of the steel tube is completely wrapped. Finally, attach strain gauges, weld wires, and
perform concrete casting and curing. The experiment was conducted using a 5000 kN electro-hydraulic servo long
column compression testing machine illustrated in Fig. 2(a). The upper loading platen was connected via a ball
joint, while the lower loading platen was connected to the hydraulic device. Before the formal testing, the
specimens underwent three repeated preloading cycles. During the formal loading stage, displacement-controlled
loading was applied with a speed of 0.5 mm/min. The test was terminated when a significant buckling deformation
was observed.

The measurement setup for this experiment is shown in Fig. 2(b). Longitudinal and transverse strain gauges
are placed on the upper, middle, and lower sections of the outer CFRP layer surface at 90° intervals in the
circumferential direction. At the 1/4, 1/2, and 3/4 heights of the specimen, six mutually perpendicular lateral
displacement transducers are placed at 90° intervals in the circumferential direction to monitor the lateral
deformation. Finally, two longitudinal displacement gauges were symmetrically positioned on each side of the
specimen to monitor axial deformation.

3. Results and Discussions

3.1 Failure Mode

Fig. 3(a) illustrates the failure mode of the SC24 specimen. The experiment revealed that SC24 experienced global
buckling failure without noticeable bulging on the steel tube surface. As the observed phenomena of FCTSSC
specimens were consistent, CF3SC24 was selected to show the failure mode as shown in Fig. 3(b).

During the test, a sharp explosive sound was heard when the load reached its ultimate load bearing capacity.
At this point, localized fiber fabric instantaneously ruptured, exhibiting filamentous or banded ruptures. Visible
signs of slight bending appeared in the upper part of the specimen, and a sudden drop in the axial load-
deformation curve occurred. This abrupt change was due to the instantaneous brittle rupture of the CFRP fabric,
leading to the sudden loss of partial restriction. As the loading continued, the area and location of CFRP fabric
ruptures gradually increased. After cutting open the CFRP fabric, it was observed that the rupture positions were
mostly accompanied by bulging on the steel tube. This phenomenon occurred because these areas lost external
CFRP fabric confinement. It caused stress concentration and deformation release. Eventually, the lateral
deformation of the specimen became more pronounced. The specimen displayed a failure mode of global buckling
accompanied by localized bulging of the steel tube as shown in Fig. 3(c).
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Fig. 2 Loading device and measuring program
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Fig. 3 Failure mode of specimens

(a) SC24

3.2 Axial Load-Deformation Curve

Fig. 4 illustrates the impact of the external CFRP fabric layers number on the axial load-deformation curve of the
FCTSSC columns. It can be found that the external CFRP fabric layers number has minimal impact on the initial
axial stiffness of the FCTSSC columns. Conversely, the post-elastic stiffness enhances as the external CFRP fabric
layers number increases. This implies that the confinement provided by the external CFRP fabric increases. It also
makes the ultimate load bearing capacity increase.

Fig. 5(a) presents the impact of the external CFRP fabric layers number on the ultimate load bearing capacity
of FCTSSC columns. It is evident that when the external CFRP layers number increases, the enhancement
percentage in the ultimate load bearing capacity decreases. For instance, the ultimate load bearing capacity of
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CF2SC24 is 5.86% higher than that of CF1SC24, while CF3SC24 is only 1.49% higher than CF2SC24. Fig. 5(b)
depicts the impact of the external CFRP layers number on the enhancement percentage of the ultimate load
bearing capacity. This percentage is compared between the FCTSSC columns and the SFST column. This reflects
the impact of changes in the size of external CFRP fabric confinement on the lifting of ultimate load bearing
capacity. It is evident that the enhancement percentage in ultimate load bearing capacity increases when the
external CFRP layers number increases. Specimens with 1, 2, and 3 layers show improvements of 12.51%, 19.1%,
and 20.87%, respectively. Furthermore, the increase magnitude of the enhancement percentage decreases as the
external CFRP layers number increases. For instance, CF2SC24 exhibits an enhancement percentage in ultimate
load bearing capacity that is 6.29% higher than CF15C24, whereas CF3SC24 is only 1.77% higher than CF2SC24.
This implies an efficiency limitation of external CFRP fabric usage. That is the effectiveness of CFRP confinement
displays a negative correlation trend with the CFRP fabric layers number. In summary, it is recommended that in
practical engineering applications, employing 2 layers of external CFRP fabric for FCTSSC intermediate long
columns is more economically reasonable.
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Fig. 4 Impact of the external CFRP layers number on axial load-deformation curves
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Fig. 5 Impact of external CFRP layer numbers

3.3 Axial Load-Lateral Deformation Curve

Fig. 6 depicts the axial load-lateral deformation curves under different numbers of external CFRP fabric layers. It
is evident that the lateral deformation variation curves at 2/4 and 3/4 heights for all specimens are quite similar.
Additionally, the lateral deformation at 3/4 height is consistently larger than those at 2/4 height. This pattern
aligns with the main failure mode occurring in the upper-middle portion of the specimens. Notably, due to the
relatively low lateral stiffness of the specimens, lateral deformation developed less than 2 mm during the elastic
phase. For all specimens, it is observed that lateral deformation starts to increase gradually when the load reaches
approximately 80%. This indicates the start of overall instability. As the load increases, the lateral deformation
increases rapidly. The FCTSSC columns show good ductility throughout this process. Moreover, the external CFRP
fabric layers number has a negligible impact on the initial lateral stiffness of the specimens, whether at 2/4 or 3/4
height.

Fig. 7 quantitatively illustrates the impact of the external CFRP layers number on peak lateral deformation,
where 6u represents the peak lateral deformation. It can be seen that both at 2/4 and 3/4 height, peak lateral
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deformation increases as the external CFRP fabric layers number increases. This indicates the confinement effect
of the external CFRP fabric enhances the deformation capacity. Specifically, at 2/4 and 3/4 height, the range of
peak lateral deformation is 5.62 mm to 6.31 mm and 6.21 mm to 7.75 mm, respectively. Furthermore, the
magnitude of increase in peak lateral deformation at 3/4 height is consistently greater than that at 2/4 height. For
instance, when the CFRP layers range from 1 to 3, the percentage increase in peak lateral deformation at 2/4
height is 7.1% and 4.82%. However, it is 11.11% and 12.24% at 3/4 height. This is consistent with the primary
occurrence of the final failure mode at the 3/4 height of the specimen.
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Fig. 6 Impact of external CFRP layer numbers on axial load-lateral deformation curves
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Fig. 7 Impact of external CFRP layer numbers on peak lateral deformation

4. Load Bearing Capacity Model Evaluation

Currently, only a limited number of studies have been conducted on FCTSSC short columns, and this paper
conducted the first research on immediate long columns. FRP-confined concrete-filled steel tube (FCFST) columns
have undergone extensive research. It has structural similarities with FCTSSC, and the key difference lies in the
attachment of FRP fabric to the inner surface of FCTSSC columns. Therefore, this paper summarizes the load
bearing capacity models for FCFST immediate long columns proposed by various scholars in recent years,
followed by analysis and evaluation.

Liu et al. [25] referenced the calculation method for the stable load bearing capacity of concrete-filled steel
tube (CFST) columns. They introduced a reduction stability coefficient into the load bearing capacity formula of
short column, as shown below:

NulZQ)Nus (1)
¢=1-0.1337{L/D-5.7, 57<L/D<18 (2)

where Nu is the axial-compressed ultimate load bearing capacity of FCFST immediate long columns; ¢ is the
stability coefficient; L is the column length; D is the cross-sectional diameter of the component; Nus is the axial-
compressed ultimate load bearing capacity of FCFST short columns. The specific calculation method is detailed in
literature [25].
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Yu et al. [26] proposed that the stability coefficient for the load bearing capacity of FCFST immediate long
columns is determined by the stability coefficients of CFST columns and FRP-confined concrete columns.
Therefore, they introduced the following formula for calculating the stability load bearing capacity of FCFST
immediate long columns.

Nu = (pst + (ﬂfo (3)
0:=0.115JL/ D4 )

L, L
pr =0.0013(:)" ~0.067()+1.08 (5)

where Nu is the axial-compressed ultimate load bearing capacity of FCFST immediate long columns; ¢s is the
stability coefficient for CFST columns; ¢r is the stability coefficient for FRP-confined concrete columns; Ns is the
ultimate load bearing capacity of CFST short columns; Nt is the ultimate load bearing capacity of FRP-confined
concrete short columns; L is the column length; D is the cross-sectional diameter of the component. The specific
calculation method is detailed in literature [26].

Wang et al. [27] defined slenderness ratio limit values for FCFST short, immediate long and long columns.
They proposed stability coefficient calculation formulas as follows:

Nulz(pNus (6)
1 A< Ao
p={aA* +bl+c A<A<Ap (7

d/(A+357  A>A

where Nu is the axial-compressed ultimate load bearing capacity of FCFST columns; ¢ is the stability coefficient;
Ao is the slenderness ratio limit for short and immediate long columns; A, is the slenderness ratio limit for
immediate long columns and long columns; g, b, ¢, and d are respective calculation parameters; Nus is the axial-
compressed ultimate load bearing capacity of FCFST short columns. The specific calculation method is detailed in
literature [27].

Shen et al. [28] derived the formula for calculating the ultimate load bearing capacity of FCFST short columns
based on literature [29]. Combining it with the stability coefficient method, they obtained the formula for
calculating the axial-compressed ultimate load bearing capacity of FCFST immediate long columns as follows:

Nu= Q)Nus (8)

1 [— — \/ — —, -
Q= p— Aesc +(1+0.25ﬂ.csc)— (ﬂ,csc +(1+0.25ﬂ.csc)) —4 L esc (9)
2 A esc

where Nu is the axial-compressed ultimate load bearing capacity of FCFST immediate long columns; ¢ is the
stability coefficient; Nus is the axial-compressed ultimate load bearing capacity of FCFST short columns; A« is the
normalized slenderness ratio of the component. The specific calculation method is detailed in literature [28].

To assess the accuracy and applicability of the aforementioned models, experimental data from this study
were input into these models to obtain ultimate load bearing capacity theoretical values Nuc. A comparison was
made with the experimental values Nue, then using three key metrics: the average value of Nui/Nue (AV), standard
deviation (SD), and average absolute error (AAE), to evaluate data dispersion. The calculation methods for these
three metrics are as follows:

;(Nulc/Nule) (10)
AV ="
n
SD = \/li(Nulc/Nule—A) (11)
n'iz

Penerbit
UTHM



Int. Journal of Integrated Engineering Vol. 16 No. 5 (2024) p. 466-475 473

Nulc - Nule

1
AAE =— E
n Nute

(12)

Table 4 presents a comparison of the theoretical calculation values and experimental values for the ultimate
load bearing capacity of specimens in this study. From the table, it is evident that the Yu et al. [26] model has an
AV and AAE of 0.59 and 0.41, respectively. It indicates an underestimation of the ultimate load bearing capacity of
FCTSSC immediate long columns, with a significant error. Wang et al. [27] model has an AV and SD of 1.48 and
0.30, respectively. It overly considers the restraining effect of FRP, resulting in an overestimation of the ultimate
load bearing capacity of FCTSSC immediate long columns, with a high level of prediction variability. Shen et al. [28]
model predictions are slightly on the higher side, while Liu et al. [25] model exhibits higher prediction accuracy,
with an AV and AAE of only 1.01 and 0.06, respectively. It can offer better predictions for the ultimate load bearing
capacity of FCTSSC immediate long columns. There is limited existing research on FCTSSC immediate long
columns, so it lacks systematic and representative studies. Overall, the existing models are still insufficient for
accurately predicting the ultimate load bearing capacity of FCTSSC immediate long columns. Therefore, further
analysis is required to get the differences in the restraint provided by inner and outer FRP fabric layers, as well as
to discuss the impact laws of more parameters. Then proposing a more accurate and applicable theoretical model
for predicting the ultimate load bearing capacity of FCTSSC immediate long columns.

Table 4 Assessment result of previous models

Loal(\i/lggzlrmg Specimen Identification Nuic Nule Nuc/Nue AV SD  AAE
CF1SC24 1866.71 2032.53 0.92

Liu etal. [25] CF2SC24 2154.12 2151.29 1.00 1.01 0.08 0.06
CF3SC24 2417.05 2183.68 1.11
CF1SC24 995.06 2032.53 0.49

Yu et al. [26] CF2SC24 1249.97 2151.29 0.58 0.59 0.08 0.41
CF3SC24 1505.87 2183.68 0.69
CF1SC24 2269.05 2032.53 1.12

Wang et al. [27] CF2SC24 3144.75 2151.29 1.46 148 030 0.48
CF3SC24 4029.65 2183.68 1.85
CF1SC24 2161.58 2032.53 1.06

Shen et al. [28] CF2SC24 2488.38 2151.29 1.16 1.17 0.09 0.17
CF3SC24 2796.42 2183.68 1.28

5. Conclusion

A novel type of FCTSSC intermediate long column that has not been previously researched. Axial compression
tests were conducted on these columns with different numbers of external CFRP layers. The following conclusions
can be drawn:

e  When FCTSSC intermediate long column specimens reach their ultimate load bearing capacity, there is an
instantaneous rupture of the local CFRP fabric. Subsequently, the surface of the steel tube in that area
gradually bulges. Eventually, the specimens exhibit a failure mode of global buckling accompanied by local
steel tube expansion.

e Compared to SFST specimens, FCTSSC intermediate long column specimens displayed an increase in ultimate
load bearing capacity ranging from 12.51% to 20.87%. Furthermore, their ultimate load bearing capacity and
enhancement percentage were positively correlated with the external CFRP layers number.

e Asthe external CFRP layers number increases, the efficiency of CFRP confinement gradually decreases. Hence,
it is recommended that in practical engineering applications, FCTSSC intermediate long column specimens
should employ two layers of external CFRP fabric for more economical and rational usage.

e FCTSSC intermediate long column specimens exhibited good ductility. The peak lateral deformation is
positively correlated with the external CFRP layers number. The peak lateral deformation ranges at 2/4 and
3/4 heights were 5.62 mm to 6.31 mm and 6.21 mm to 7.75 mm, respectively. Notably, lateral deformations
at 3/4 height were consistently greater than those at 2/4 height.

e Inthe existing load bearing capacity models, the Yu et al. [26] model underestimates the ultimate load bearing
capacity of FCTSSC immediate long columns. Models from Wang et al. [27] and Shen et al. [28] overpredict the
values, while the Liu et al. [25] model exhibits higher prediction accuracy.

e For this study, Liu et al. [25] model can be used to predict the ultimate bearing capacity of FCTSSC
intermediate long column. However, due to the limited research and insufficient experimental data currently
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available, more studies are needed in the future to develop a more representative and comprehensive bearing
capacity model.
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