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Abstract: In this study, an experiment on compressive strength of the hybrid concrete-filled fiber-
reinforced polymer (FRP) tube (CFFT) confined by filament winding was conducted to improve the
longitudinal strength while considering the thickness of filament winding as a variable. A maximum
error of 17% was observed when the results of performing the finite element analysis (FEA) by
applying the mechanical properties of the fiber-reinforced polymer (FRP) materials suggested in
previous studies were compared to those of the compressive strength experiment on the hybrid-CFFT.
Moreover, a maximum error of 15% was exhibited when the results derived from the strength equation
proposed by analyzing the compressive strength experiment were compared. Furthermore, the
compressive strength of the hybrid-CFFT increased by up to 14% when the longitudinal compressive
strength of the pre-tensioned spun high strength concrete (PHC) pile and concrete-filled tube (CFT)
were compared.

Keywords: compressive strength; hybrid-CFFT; FEA; mechanical properties; FRP

1. Introduction

Structural steel and concrete are used as major construction materials owing to their
excellent economic feasibility and durability. However, over time, concrete becomes neu-
tralized, and the structural steel corrodes due to exposure to various harmful environments.
Thus, structural durability is significantly reduced, causing significant economic losses
in terms of repair and reinforcement of piles. When structural steel or concrete piles are
exposed to high-humidity and high-salinity environments, such as in harbors, enormous
economic losses from maintenance are incurred for improving the durability. In a study
conducted in the United States, Lampo et al. [1] reported that more than USD 1 billion is
spent annually on repair and reinforcement of piles [2].

Fiber-reinforced polymer (FRP), which is a type of construction material, has been
manufactured and used as a repair and reinforcement material since the 1970s in the United
States, Canada, Japan, and Europe; bridges have been constructed with FRP since the 1990s.
In Korea, the FRP manufacturing technology has also rapidly advanced along with an
increased utilization of FRP in the construction industry since the 1990s. However, the
application of FRP members in these areas is limited due to the lack of design standards as
well as structural behavior prediction and analytical methods. Certain design formulas
for the FRP members devised under specific loads and boundary conditions have not
undergone sufficient experimental verification due to many different variables of design
and analysis. Thus, FRP members are subjected to independent experiments for verifying
the performance before applying to structures with limitations.

FRP piles developed by protecting the exterior of concrete with FRP have recently been
studied extensively to improve the durability and axial load performance. A concrete-filled
tube (CFT) in which a circular or angular steel pipe is filled with concrete has outstanding
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properties in terms of rigidity, strength, fire resistance, and constructability of the entire
member because the concrete is confined by the steel pipe. The first application of the
CFT in the construction industry was the pier of the Severn Railway Bridge in England,
which was completed in 1879. Later in 1901, Sewell verified that the rigidity increases
if steel pipes are filled with concrete for preventing internal corrosion [3]. Richart et al.
developed an equation for predicting the increase in axial compressive strength of concrete
confined by a cylinder through an experiment using a concrete test piece [4]. Morales et al.
conducted an experiment on the compressive strength of concrete confined by spiral
reinforcements per concrete strength, and confirmed that the ratio of longitudinal to axial
strain decreases as the confinement effect increases [5]. Iyengar et al. conducted an
experiment on compressive strength by adjusting the distance among spiral reinforcements,
which is a concrete reinforcement material, from 30 to 118 mm [6]. The confinement
effectiveness coefficient, which signifies the confinement characteristics, was obtained from
experimental results. It was confirmed that the increase in compressive strength is due to
the confinement of the spiral reinforcements. Wei et al. [7] examined 491 previous studies
on the compressive strength of CFT and proposed a hoop stress model of CFT.

Moreover, extensive research is being conducted on concrete-filled FRP tubes (CFFTs)
in which FRP is used as a material for confining concrete by expanding the CFT structure.

In this regard, Nanni et al. [8] and Toutanji [9] verified the increase in the strength of
FRP by conducting experiments on the compression of CFFT. Picher et al. [10] conducted
an experiment on the compression of short concrete columns confined by CFRP sheets to
predict the behavior of concrete under multi-axial loads and verified that the compressive
strength varies when the thickness of the CFRP sheet and fiber orientation are adjusted.
Chan et al. [11] conducted an experiment on a concrete compression member confined by
spiral reinforcements and verified that the axial strength and ultimate strain of the confined
concrete member increased by approximately 50% and 70%, respectively, compared to
those of unconfined concrete. Zhu et al. investigated the effect of column parameters on
the axial compression behavior of CFFT [12]. Tian et al. investigated the axial compressive
behavior of a glass FRP tube filled with ultra-high performance concrete [13]. Gao et al. [14]
presented a new concrete-filled FRP tube (CFFT) with an inner steel wire mesh (WM). By
conducting a compression test of the CFFT-WM, it was confirmed that the predicted values
for compressive strength and strain were consistent with the experimental results.

The compressive strength of CFFT can be expected to increase due to confinement
because filament winding is used in which the reinforcing fiber is arranged in a circum-
ferential direction. However, the member can also be vulnerable to bending and shear
stresses due to an eccentric compressive load. To secure the stability against flexural and
shear behavior, a reinforcement material, such as a rebar, is required in the FRP-concrete
composite member. In this study, therefore, the compressive strength of the hybrid —CFFT,
a dual-structured composite material, was tested by manufacturing a modular pultrusion
FRP member in which the reinforcing fiber was arranged in the axial and circumferential
directions, and the exterior was reinforced with filament winding FRP (FFRP). An experi-
ment on the compressive strength of the hybrid —CFFT was conducted and, based on the
thickness of FFRP, a strength equation was proposed by analyzing the experimental results.

2. Theoretical Background

The compressive strength ratio of confined concrete to unconfined concrete derived
from the experiment on concrete confined using structural steel and proposed by Richart
et al. is presented in Equation (1) [15]. Based on the experimental research by several
researchers [9,16-19], Equation (1) has been proven to be applicable for predicting the
strength of concrete confined by FRP.
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where, f. is compressive strength of confined concrete, f, is that of unconfined concrete,
k; is the confinement effective coefficient, and f; is the confining pressure.

According to Richart et al. [15], the confinement effectiveness coefficient ky is 4.1 if
concrete is sufficiently reinforced by the structural steel or when a tie bar is used. However,
k1 varies according to the experimental results of different studies when concrete is con-
fined by FRP. The confinement effectiveness coefficients proposed by various studies are
summarized in Table 1.

Table 1. Confinement effective coefficient of concrete-filled fiber-reinforced polymer tube (CFFT), k;.

Karbhari et al. [16] Samaan et al. [17]  Miyauchi et al. [18] Saafi et al. [19] Toutanji [9] Lam et al. [20]
2.10 (fy/fuo) 012 6.00 f; 02 2.98 2.20 (fy /feo) 016 350 o 2.00
(fi/fco)

From Equation (1), k; presented in Table 1 signifies that the correlation between the
strength ratio and the confinement ratio becomes linear if expressed as constants and
nonlinear if expressed as a function of the confining pressure and concrete strength. In
Table 1, the coefficients proposed by Samaan et al. and Saafi et al. [17,19] are based on
the experimental results when a cylindrical FRP tube is filled with concrete, while those
proposed by other researchers are based on the experimental results when a concrete
column is wrapped with FRP.

The axial confinement of a CFFT tube refers to the pressure generated by the confined
material when a transformation occurs in the radial direction as the material expands
in the direction orthogonal to the circumferential direction (radial direction) owing to
a compressive load. The mechanical behavior of CFFT confinement is determined by
the degree of concrete expansion and the strength and rigidity of the confining member
suppressing the expansion. When the CFFT tube is under a compressive load, the stress
in the radial direction and the confining stress due to the reinforcement become parallel
in the ultimate state, as shown in Figure 1, thus establishing the relationship defined in
Equation (2).
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Figure 1. Confinement effect of fiber-reinforced polymer (FRP).

Here, f; is the confining pressure, f, is the tensile strength in the circumferential
direction of the external reinforcement constituting the exterior, ¢ is the reinforcement
thickness, and pj, is the volume ratio of the inner concrete to external reinforcement, and d
is diameter defined in Equation (3).

The confining pressure (Equation (1)) is expressed as a function of the strength and
thickness of the confining material, while the confining effect is influenced by the mechani-
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cal properties of the confined and confining materials. The compressive behavior of CFFT
is shown in Figure 2. The solid line shows the load-strain correlation of unconfined plain
concrete, dotted line the load—strain curve for the axial compressive load of an FRP tube,
and dashed line the combined effect of the FRP tube and plain concrete. However, CFFT in
which FRP tubes are filled with concrete exhibits the compressive behavior shown by the
dashed dotted line owing to the confinement effect in addition to the algebraic sum of the
load curves of two materials.
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Figure 2. Compressive behavior of CFFT [21].

3. Compressive Behavior Evaluation of the Hybrid —CFFT
3.1. Mechanical Properties of FRP Materials

A hybrid-CFFT member consists of pultruded FRP (PFRP), filament winding FRP
(FFRP), and core concrete. To investigate the structural behavior of the hybrid —CFFT
member, experiments were performed to obtain the mechanical properties of the materials
prior to the structural behavior study.

(a) Tension Test of PFRP

The tests were performed based on the ASTM D3039/D3039M [22] standard to de-
termine the tensile strength and elastic modulus of the PFRP, and the test specimens were
taken from the whole cross-section (i.e., inner arc, outer arc, and rib) of the PFRP member.
Test specimens taken from different locations had different layer thicknesses. All specimens
were tested with a loading speed of 3 mm/mm; the loads and strains were measured and
recorded automatically by the computerized data acquisition system. The test setup is
shown in Figure 3.

Figure 3. Tension test setup of pultruded FRP (PFRP).
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The test results are shown in Table 2, and they demonstrate that all test specimens
failed within a gauge length along the fiber direction. In Table 2, elastic modulus is
determined in strain rage of 1000 pe to 3000 pe, and the average ultimate strength is
calculated by eliminating the maximum and minimum values.

Table 2. Test results of PFRP tensile test.

. Tensile Strength Modulus of Elasticity . .
No. of Specimen (MPa) (GPa) Poisson Ratio
Inner arc 263.53 2247 0.44
Outer arc 216.37 28.14 0.30
Rib 394.18 30.80 0.35

(b) Tensile Test of FFRP

Tensile tests were also conducted on FERP. The test specimens were taken from the
whole cross-section of the FFRP cylinder, and the test setup is shown in Figure 4.

(a) (b)

Figure 4. Setup of the filament winding FRP (FFRP) tensile test: (a) specimen, (b) attachment of

strain gauge.

The test results are shown in Table 3, and they show that all the specimens failed
within the gauge length along the fiber direction.

Table 3. Test results of FFRP tensile test.

Tensile Strength Modulus of Elasticity

No. of Specimen Poisson Ratio

(MPa) (GPa)
F-150-28 67.53 11.48 0.33
F-150-42 63.11 11.16 0.36
F-150-56 58.59 10.01 0.35
F-300-28 63.23 9.88 0.35
F-300-42 56.27 8.77 0.36
F-300-56 50.19 9.07 0.39

(c) Split Disk Test of FFRP

The split disk test of FFRP was also conducted according to ASTM D2290 [23]. The
split disk test was conducted by using the steel test fixture as shown in Figure 5. The test
results are shown in Table 4, and they demonstrate that all the specimens failed in the
direction of the fiber distribution.
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(a) (b)

Figure 5. Setup for the split disk test: (a) specimens, and (b) test setup.

Table 4. Results of FFRP split disk test.

No. of Specimen Tensile Strength (MPa) Modulus of Elasticity (GPa)
FFRP-150-28 321.21 21.69
FFRP-150-42 349.75 23.85
FFRP-150-56 335.19 23.24
FFRP-300-28 275.19 2212
FFRP-300-42 300.52 2247
FFRP-300-56 302.12 21.71

3.2. Composition and Characteristics of the Hybrid-CFFT

The hybrid-CFFT proposed in this study is a dual-structure composite material in
which a modular pultruded FRP (PFRP) member is manufactured wherein reinforcing
fibers are arranged in axial and circumferential directions. Then, the exterior of the member
is reinforced with FFRP. Figure 6 shows the cross—section of this structure.

300

Figure 6. Cross-section of the hybrid-FRP.

Furthermore, the hybrid-FRP can be produced continuously as there is no limitation
in length. Once the exterior is reinforced with FFRP, PFRP resists against bending and
shear stress, while the FFRP confines the concrete for improving the axial strength.

As shown in Figure 7a, PFRP modules are manufactured with a pultrusion process
and then combined to form a tube. Then, the FRP pile is manufactured by wrapping the
tube surface with FFRP using a mandrel, as shown in Figure 7b, which is then transported
to the site where concrete is placed.
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Figure 7. Manufacturing process of the hybrid —FRP member: (a) pultrusion process; (b) filament
winding process.

3.3. Compressive Strength Testing of PFRP-FFRP

To examine the compressive strength of PFRP-FFRP, which affects the compres-
sive strength of the hybrid—CFFT in addition to concrete, the experimental variables
of PFRP—FFRP in terms of thickness of FFRP are shown in Table 5. A testing machine
that evaluates fatigue durability and can be loaded up to 30,000 kN vertically and 5000 kN
horizontally was used. A vertical load of 30,000 kN was applied for the compressive test.
A strain gauge was attached to each specimen center in the longitudinal and orthogonal
directions, and a displacement gauge with a capacity of 100 mm was installed to measure
the compressive displacement in the longitudinal direction. A compression tester with
a capacity of 30,000 kN was used to apply the load. The compressive strength test, as
shown in Figure 8, was performed according to KS F 2405 [24]. The load was applied at
150 kN/min using a load-controlled method.

Figure 8. Compressive strength experiment of PFRP—FFRP. (a) Compression tester with a capacity
of 30,000 kN. (b) Experimental PFRP-FFRP specimen of ¢300 x 600. (c) Experimental test setup.
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Table 5. Experimental variables of the PFRP—FFRP specimen.
Diameter Height (L, mm) FFRP Thickness PFRP Thickness Number of
(D, mm) & ’ (tf, mm) (tp) Specimens (EA)
2.8 1.0t 5
300 600 4.2 1.0ty 5
5.6 1.0ty 5

The experimental results showed that PFPR—FFPR exhibited three types of fractures:
local fracture of the protrusion that connects the PFRP material, interfacial fracture between
each FRP member, and simultaneous fractures of PFRP and FFRP. The PFRP-FFRP fractures
are presented in Figure 9; the results of compressive strength testing of PFRP—FFRP are also
presented in Table 6. Furthermore, the load—displacement and stress—strain relationships
obtained from the data measured by the linear variable differential transformer (LVDT)
and strain gauge, respectively, are shown in Figures 10 and 11, respectively.

Figure 9. Fracture mode of PFRP—FFRP.

Table 6. Compressive strength testing result of PFRP—FFRP.

. . Avg.
Specimen Max. Load Max. Displacement Avg. Load . .
Number (KN) (mm) (N) Displacement Failure Mode
(mm)
P-F-2.8-1 1187 3.96 Interfacial fracture
P-F-2.8-2 1357 4.69 Interfacial fracture
P-F-2.8-3 1127 3.82 1109 4.49 Interfacial fracture
Simultaneous fractures of
P-F-2.8-4 893 5.85 PFRP and FFRP
Simultaneous fractures of
P-F-2.8-5 1013 4.15 PERP and FERP
P-F-4.2-1 1243 4.50 Local fracture
P-F-4.2-2 1396 444 Local fracture
P-F-4.2-3 1330 4.03 1369 432 Local fracture
P-F-4.2-4 1547 4.05 Interfacial fracture
P-F-4.2-5 1380 4.59 Local fracture
Simultaneous fractures of
P-F-5.6-1 1277 5.92 PFRP and FFRP
P-F-5.6-2 1550 4.62 Local fracture
P-F-5.6-3 1527 451 1489 474 Local fracture
P-F-5.6-4 1290 4.65 Local fracture
P-F-5.6-5 1390 4.01 Local fracture
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3.4. Specimen Type and Variables in Compressive Strength Testing of the Hybrid—CFFT

The specimen was manufactured by considering the thickness of the FFRP and the
design strength of the inner concrete as variables. Specifically, different thicknesses of
FFRP as 2.8 mm (4 ply), 4.2 mm (6 ply), and 5.6 mm (8 ply) were used, with diameter
of 300 mm and length of 600 mm. The inner concrete was manufactured with standard
design strengths of 21, 30, and 40 MPa based on the mixing ratio in Table 7, thus producing
a total of nine specimens. In Table 7, W/b represents the water-binder, S/a the sand-to-
aggregate ratio, W the unit weight, b is the amount of additive, C the amount of cement,
F/A the amount of admixture per aggregate used, A.D the air entraining and high-range
water reducing agent, and S and G the amounts of fine and coarse aggregates, respectively.
Table 8 shows the variables of the hybrid —CFFT specimen. The purpose of using additives
is to prevent concrete from agglomerating because water-reducing agents or fluidizing
agents are added to concrete when filling in pile.

Table 7. Concrete specific mixing table.

Unit Weight of Mixing Materials (kg/m?3)

fac (MPa)  W/b (%) S/a (%)

W b C F/A S G AD
21 52.0 51.0 165 317 286 31 928 909 222 0.70%
30 40.0 48.0 168 420 378 42 827 913 3.15 0.75%
40 34.0 46.0 170 500 450 50 759 908 425 0.85%

Table 8. Type and quantity of the hybrid-CFFT specimens.

. . Concrete Strength FFRP Thickness PFRP Thickness Number of
Diameter (D, mm) Height (L, mm) (f.1, MPa) g (tf, B ) Specimens (EA)

2.8 1.0t 5

21 4.2 1.0t 5

5.6 1.0t, 5

2.8 1.0t 5

300 600 30 4.2 1.0t 5

5.6 1.0t, 5

2.8 1.0t 5

40 4.2 1.0ty 5

5.6 1.0t, 5

3.5. Compressive Strength Testing of the Hybrid-CFFT

The specimen for compressive strength testing of the hybrid-CFFT was manufactured
as shown in Figure 12. A compression tester with a capacity of 30,000 kN was used to apply
the load, as shown in Figure 13. It measured the compressive strength of hybrid-CFFT
by applying a load in the vertical direction of the cylindrical pile. The reason is that the
strain gauge was attached in the horizontal and vertical directions due to the directionality
of the FRP. A guard was manufactured and installed around the specimen to prevent the
scattering of the inner concrete during the specimen destruction, and the load was applied
at 300 kN /min only to the concrete under a load-controlled condition.

Testing results (Table 9) showed that the fracture mode was FFRP delamination at the
center and upper part of the specimen, as shown in Figure 14a, and strand separation, as
shown in Figure 14b. Furthermore, after the specimen was fractured, a portion of the FFRP
was removed to inspect the resistance of PFRP against the compressive force. The final
fracture mode of each specimen was brittle fracture due to the tensile force of FFRP in the
circumferential direction.
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(@)

Figure 13. Compressive strength testing of the hybrid-CFFT: (a) gauge installation and (b) test-
ing equipment.

Figure 14. Compressive fracture types in the hybrid-CFFT. (a) FFRP delamination and (b) strand separation.
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Table 9. Results of compressive strength testing of the hybrid-CFFT.
Concrete Design FFRP Thickness Specimen No Fracture Load (kN) Fracture Strength (MPa) Displacement (mm)
Strength (f.x, MPa) (tr, mm) P ' Experiment Average Experiment Average Experiment Average

1 3490 49.37 9.34
2 2905 41.10 13.35

2.8 3 3140 3252 + 245 44.42 46.00 &+ 3.47 12.39 11.04 £ 1.62
4 3153 44.61 10.84
5 3570 50.51 9.28
1 3845 54.40 16.45
2 4485 63.45 12.19

21 4.2 3 4330 4112 £ 252 61.26 58.17 +3.57 13.79 12.57 £ 2.61
4 3890 55.03 8.44
5 4010 56.73 11.99
1 4220 59.70 8.31
2 4330 61.26 12.99

5.6 3 4365 4202 £ 224 61.75 59.45 +3.17 12.44 11.04 £1.94
4 3765 53.26 9.09
5 4330 61.26 12.36
1 3615 51.14 9.44
2 3615 51.14 8.11

2.8 3 3805 3656 + 80 53.83 51.72 £ 1.14 12.87 9.15+2.19
4 3575 50.58 9.18
5 3670 51.92 6.17
1 4925 69.67 11.16
2 4880 69.04 11.16

30 4.2 3 4880 4899 £ 45 69.04 69.31 £+ 0.63 9.16 11.26 £2.30
4 4970 70.31 9.28
5 4840 68.47 15.52
1 4885 69.11 13.09
2 4740 67.06 11.04

5.6 3 5015 4743 £ 238 70.95 67.10 £ 3.36 10.37 13.96 £+ 4.97
4 4765 67.41 11.56
5 4310 60.97 23.73
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Table 9. Cont.
Concrete Design FFRP Thickness Specimen No Fracture Load (kN) Fracture Strength (MPa) Displacement (mm)
Strength (fc;, MPa) (tr, mm) Experiment Average Experiment Average Experiment Average

1 4050 57.30 7.85
2 3855 54.54 13.06

2.8 3 4175 4001 + 150 59.06 56.60 £2.13 12.51 11.04 £ 191
4 3795 53.69 9.97
5 4130 58.43 11.83
1 4860 68.75 11.25
2 4060 57.44 9.63

40 42 3 - 4569 + 340 - 64.64 + 4.81 - 9.81 + 1.07
4 4460 63.10 10.07
5 4895 69.25 8.27
1 5015 70.95 9.89
2 5160 73.00 15.19

5.6 3 4995 5258 + 304 70.66 74.39 + 4.30 9.95 13.05 = 4.77
4 5825 82.41 21.48
5 5295 7491 8.74
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The load—displacement and stress—strain relationships obtained from the data mea-
sured through the LVDT and strain gauge are shown in Figures 15 and 16, respectively.
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Figure 16. Stress—strain relationship of the hybrid —CFFT: (a) HC—21-2.8, (b) HC—21—-4.2, (¢c) HC—21-5.6, (d) HC—30-2.8,
(e) HC—30—4.2, (f) HC—-30-5.6, (g) HC—40—-2.8, (h) HC—40—4.2, and (i) HC—40-5.6.

4. Analysis of Experimental Results

Test results of the hybrid-CFFT showed that the compressive strength increased as
the compressive pressure increased according to the FFRP thickness and standard design
strength of concrete, while the increase range was lower when the compressive pres-
sure exceeded 3.5 MPa and the standard design strength of concrete exceeded 30 MPa.
Figures 17 and 18 show the average compressive strength of CFFT according to the stan-
dard design strength of concrete and the confining pressure of the hybrid-CFFT specimen.

The relationship between the strength ratio and confinement ratio (45 experimental
data) of the hybrid —CFFT specimen is plotted in Figure 19. The confinement ratio of the
hybrid —CFFT compressed specimen had the same strength ratio as that of the CFT section
proposed in the previous study [3-9]. The experimental data showed a linear distribution
from which a regression analysis was performed to obtain the linear relationship. As
explained above, the confinement ratio and strength ratio are defined from the slope of this
straight line, as expressed in Equation (4).

100

80 |

%

40 |

%

R N

—A— f,=21MPa
—0— f,=30MPa

2r —0— f,,=40MPa

Ultimate Strength of HCFFT, f, (MPa)

0 1 1 1 L 1
0 1 2 3 4 5 6

Confining Pressure, f(MPa)

Figure 17. Average compressive strength of hybrid —CFFT with respect to the increase in the confine-
ment ratio.
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Figure 19. Relationship between strength ratio and confinement ratio of the hybrid —CFFT.

The compressive strength of the hybrid —CFFT with respect to the rate of increase is
computed using Equation (5). The first term represents the compressive strength of the
concrete confined by the FFRP, while the second term is that of PFRP. The displacements
of confined concrete and PFRP are identical, and the increase in compressive strength is
10.3% of the PFRP compressive strength with respect to the parallel relationship that is
distributed to be applied [21].

PHybridfCFFT = fecAco + 1~103ffrpApfrp- ®)

Here, Pyyprid-crpr is the maximum compressive load of the hybrid —CFFT, A, is the
cross-sectional area of the confined concrete, fp is the fracture stress of PFRP, and Apg, is
the cross-sectional area of PFRP.

5. Finite Element Analysis

To compare the results of compressive strength testing of the hybrid —CFFT, ANSYS
workbench [25], which is a universal finite element analysis (FEA) software, was used to
perform the structural analysis. FEA was performed by reflecting the size of the experi-
mental member, standard design strength of concrete, and FRP thickness. The mechanical
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properties of the hybrid-CFFT obtained from a previous study [26] were applied, which
are shown in Table 10. For the boundary conditions, all the lower surfaces of the analysis
model were fixed. For the load, the maximum load obtained by the experiment was applied
by placing a loading plate on the top of the analysis model similar to the experimental
conditions. Furthermore, the analytical results were examined for the central part, which
is the farthest from the loading point and the boundary conditions. Figure 20 shows
the FEA model for the hybrid-CFFT. The overall stress distributions of the hybrid-CFFT
specimens are shown in Figure 21, while the stress distributions at the central part are
shown in Figure 22 [27]. Table 11 and Figure 23 summarize the comparison of the results of
compressive strength testing of hybrid-CFFT via experiments, FEA, and the compressive
strength equation according to each variable. When compared to the experimental results,
the FEA and the compressive strength equation results were found to have 0.13-17.96% and
—5.97-15.44% errors, respectively. Dividing the load obtained using the maximum load
estimation equation (Equation (5)) by the cross-sectional area showed a linear behavior of
the compressive strength according to the thickness of FFRP; the linearity was consistent
with the FEA and experimental results. This observation is considered to be due to the
use of a simple design equation in the regression analysis. The design equation and FEA
obtained errors that indicate the applicability of the design, and the errors were confirmed
to be within a safe range, compared with the experimental value.

Table 10. Mechanical properties of the hybrid —CFFT.

FFRP

. FFRP Concrete FFRP . PFRP . ,
. Diameter Length . . . . Tensile . . Poisson’s
Specimen (mm) (mm) Thickness Compressive Elasticity Strength Elasticity Ratio
(mm) Strength (MPa) (MPa) 8 (GPa)
(MPa)
Hybrid-
CFFT-1 300 600 2.80 40 35,592 321 30 0.2
Hybrid-
CEFT-2 300 600 4.20 40 56,123 530 40 0.2
Hybrid-
CFFT-3 300 600 5.60 40 56,990 607 50 0.2

Figure 20. Finite element analysis (FEA) model for compressive behavior of the hybrid —CFFT.
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Figure 21. FEA of the hybrid —CFFT: (a) Concrete, (b) PFRP, and (c) FFRP.

Figure 22. FEA of the center of the hybrid—CFFT: (a) overall, (b) concrete, (c) PFRP, and (d) FFRP.



Appl. Sci. 2021, 11,2900 21 0f 23

Table 11. Comparative results of the hybrid —CFFT.

Concrete Ultimate Strength (MPa)
3 FFRP i
Design Thickness (¢ . FEA Compressive Error (%)
Strength (f,, mm) fr Experiment (fe,  gimylation s Strength {(@D-®@) x {(D-B®) x
MPa) @ ©)) Equation (®) 100}/ 100/(D
2.8 46.13 46.07 40.95 0.13 11.23
21 42 57.67 56.88 49.56 1.37 14.06
5.6 60.74 56.48 58.16 7.01 4.25
2.8 514 47.06 49.95 8.44 2.82
30 42 69.25 62.64 58.56 9.55 15.44
5.6 67.86 58.25 67.16 14.16 1.03
2.8 56.57 49.47 59.95 12.55 —-5.97
40 4.2 67.03 57.74 68.56 13.86 —2.28
5.6 72.95 59.85 77.16 17.96 —5.77

120

100

80 |

60 |-

a0

2} | Experiment
— — —  FE analysis

Ultimate Strength of HCFFT, f_(MPa)

—————— Strength evaluation equation

1 1 1 I i )
25 30 35 40 45 50 55 6.0

Thickness of FFRP, 7, (mm)
Figure 23. Hybrid —CFFT analysis results comparison (f,, = 40 MPa).

6. Strength Comparison of Hybrid—CFFT, CFT, and PHC Piles

The reason for the comparison of the compressive performance of the hybrid—CFFT
with other members (Table 12) is to ensure its possible use as a structural member.

Table 12. Compressive strength comparison of hybrid —CFFT, CFT, and PHC piles.

Error (%)
C(;gm}}:res.sive Hybrid-CFFT CFT(®) PHC((®) {(D-®) x {(D-®) x
ehavior (@) 100}/(D 1004/

Concrete
design
strength (f.,
MPa)
Reinforcement
thickness (¢, 5.6 6 - - -
mm)
Compressive
strength 72.95 62.50 70.18 14.32 3.80
(MPa)

40 40 40 - -

Based on previous studies on the structural performance of the concrete-filled tube
(CFT) and pre-tensioned spun high strength concrete (PHC) piles widely used in Korea, the
compressive strength of the piles with similar member sizes and design strength of concrete
to the hybrid —CFFT was compared [28,29]. As shown in Table 12, the hybrid-CFFT pile
exhibited 14.32% and 3.8% better compressive strength than those of the CFT and PHC
piles, respectively.
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7. Conclusions

In this study, we comparatively analyzed the compressive strength of the hybrid-
CFFT to evaluate its load-bearing performance. The compressive strength testing results
of PFRP-FFRP indicated that the compression performance improved as the thickness
of FFRP increased. Further, the confining pressure increased as the thickness of FFRP
increased within the experimental section of the hybrid —CFFT. The compressive strength
increased with an increase in the confining pressure and the standard design strength of
concrete. When the confining pressure was 3.5 MPa, the strength decreased when the
concrete standard design strength was 30 MPa or more. In addition, a greater increase in
strength was observed when the confining pressure was increased, rather than the strength
of concrete. Results of the experiment indicate that the thickness of FFRP decreases over a
definite dimension. The compressive strength of the hybrid —CFFT is determined by the
confining pressure according to the thickness of the FFRP and the design strength of the
concrete. The core concrete is more responsible for delivering the load than for increasing
the compressive strength of the member, which is more affected by the thickness of the
FFRP than the design strength of concrete. In terms of the fracture of the hybrid-CFFT, the
strength does not decrease even when the inner concrete is fractured, and, thus, the slope
of the stress—strain curve is reduced, and the material can continuously resist the load until
the FRP is fractured.
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