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Abstract: In the present paper, the monotonic axial compression test of gangue aggregate concrete
filled Fiber reinforced polymer (FRP) and thin-walled steel double tubular columns (DTCC) was
carried out, and the gangue aggregate concrete filled FRP tubular columns (CFFT) were designed
as a comparison. The main experimental factors were the confinement level of the FRP jacket, the
relative diameter ratio (the ratio of the outer diameter of the steel tube to the inner diameter of the
FRP jacket), and the different strengths of gangue aggregate concrete. The test results show that the
bearing capacity and ductility of gangue aggregate concrete in CFFT were significantly improved. As
the local buckling of thin-walled steel tube was effectively inhibited, the load bearing capacity of
DTCC was further improved compared with CFFT, but the change of dilation behavior and ductility
was insignificant. By analyzing the bi-directional stress state of the steel tube, the confinement level
of the external FRP jacket was the most sensitive factor affecting the hoop stress of the steel tube, and
the axial stress was obviously weakened under the bi-directional stress state. In addition, with the
increase of steel tube diameter, the confinement effect of steel tube in DTCC became more obvious.

Keywords: gangue aggregate concrete; thin-walled steel tube; DTCC; bi-directional stress; monotonic
axial compression

1. Introduction

Coal gangue is the major industrial waste produced during mining, accounting for
10%-20% of annual coal production in China [1]. This kind of industrial waste will cause
serious pollution to the environment in which it is piled up, and with the cumulative
increase of coal production, the treatment of this associated waste had gradually become
the focus of scholars [2,3]. The coal gangue was used as coarse aggregate to prepare coal
gangue aggregate concrete (hereinafter referred to as GAC) as the support system under
the mine or applied in the infrastructure construction of the mining area, which is the
most economical and popular practice at present [4,5]. However, due to the low stiffness,
low strength and high brittleness of GAC, it is difficult to meet the load environment
requirements in key parts such as the main tunnel under the mine and the roadside support
along the goaf. Therefore, some scholars [6-8] had adopted steel tube to confine GAC
(concrete filled steel tubular columns, CFST) as illustrated in Figure 1a. However, when
subjected to the axial load, the steel tube of CFST is generally prone to local buckling,
and when the rock stratum collapses, the internal stress of the rock stratum continues to
redistribute, especially in the environment of rock-burst and other special loads, the local
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stress concentration of the rock stratum will lead to the premature local deformation of the
steel tube, which will affect the safety of underground support [8]. If the thickness of the
steel tube is increased to avoid local buckling, it may lead to the problems of high cost and
high self-weight. In addition, the steel tube is easily eroded by prolonged exposure to the
underground environment, resulting in a decline in mechanical properties.

(c) (d)
s CFRP Jackets Steel Tube GAC
Figure 1. Different cross-section of composite columns: (a) CFST; (b) CFFT; (c) FCCFT; (d) DTCC.

Different from steel with large plastic deformation, fiber-reinforced polymer (FRP)
has the advantages of having light weight and high strength and elastic modulus and
being linear elastic brittle materials [9]. Therefore, FRP was not only widely used to
reinforce existing concrete members but also proposed to replace steel tube in CFST [10],
forming the concrete-filled FRP tubular columns (CFFT), as shown in Figure 1b. Due to
the neglect of vertical stiffness, FRP jacket will not exhibit local buckling similar to steel
tube, and the elastic modulus can be fully used to confine the concrete core. In addition,
it also has the characteristic of resisting the erosion of the external harsh environment.
Many scholars [10-19] had conducted sufficient experimental and theoretical research on
the hybrid columns and formulated reasonable design suggestions. However, the axial
stiffness of CFFT is smaller than that of CFST [20], especially for confined GAC columns.
Therefore, some scholars [21-30] also proposed the FRP-confined concrete-filled Steel
Tubular Columns (FCCFT), as shown in Figure 1c, and conducted a series of tests and
theoretical studies. Wrapping FRP directly on the outer surface of the steel tube can not
only inhibit local buckling but also make the concrete inner core in a dual-confined state,
and the corrosion of the steel tube under harsh environment can be effectively blocked.

Teng [31] proposed double-tube concrete columns (DTCC) based on the FCCFT as
shown in Figure 1d. Different from FCCFT, the concrete in DTCC is divided into two parts
by steel tube: concrete ring (sandwich concrete between steel tube and FRP jacket) and
concrete core (concrete inside steel tube). This change can not only ensure the bearing
capacity and stiffness of the column but also reduce the self-weight and steel consumption.
Subsequent scholars had conducted different series of studies by replacing steel tubes
with high-strength steel tubes in DTCC [31], square sections [32-34], and different filled
concrete [35,36], respectively. In view of the characteristics of low strength, low stiffness,
and high brittleness of GAC, combined with the thin-walled steel tube with lightweight
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and convenient underground transportation, the DTCC hybrid form can not only improve
the strength and ductility of GAC through confinement but also effectively restrain the local
buckling of thin-walled steel tube. Thus far, there are not yet reports about the application
of GAC and thin-walled steel tube in DTCC. Therefore, it is meaningful to carry out a
systematic experimental study, analyze the interaction mechanism among its components,
and provide some design suggestions for the application of GAC under the mine.

When this kind of composite column is applied in the foundation construction of
mining area, especially as roadway side support or permanent support under the mine, its
specific implementation scheme is a problem worthy of attention. Since composite columns
do not need to be connected with beams and other components when they are used in
mines, they can be prefabricated in advance in the ground precast site. The external FRP
jacket can be used as a mold for gangue concrete casting if tubular profiles are used. If the
external FRP jacket is formed by the method of manual winding, a mold of corresponding
size is required to temporarily replace the FRP jacket during concrete pouring, and the
FRP cloth shall be pasted by wet wet-layup process after 21 days of curing. After the
prefabricated column is transported to the support position, the connection material is
placed between the composite column and the supported position for support assembly
adjustment. It is worth noting that when the support requirement is given deformation,
the connecting material should have a large deformation capacity; when the support
requirement is limited deformation, the connecting material should have sufficient strength
and stiffness. In the present paper, the monotonic axial compression test of the hybrid
column was carried out considering different Carbon fiber reinforced polymer (CFRP)
jacket thicknesses, plain strengths of GAC and relative diameter ratios ¢. At the same
time, a comparative analysis of GAC in CFFT and DTCC specimens was carried out, and
the stress states of thin-walled steel tubes and the combined effects of each component in
DTCC were also discussed.

2. Experimental Program
2.1. Material Properties
2.1.1. Gangue Aggregate Concrete

Gangue aggregate concrete (labeled as GAC hereafter) was mainly composed of
gangue coarse aggregate (labeled as GA hereafter), desalinated marine sand, cement, water
and water reducing agent. In order to research the effects of different GAC strengths on
the mechanical properties of the composite columns, and considering the low strength of
gangue coarse aggregate, three standard cylinder ($300 mm x 150 mm) strength types
with target values of 30, 35, and 40 MPa were designed as variables in the test. The
detailed mix ratio and mechanical properties are summarized in Table 1, and the final
axial strength of plain concrete was calculated by the average of the experimental results
of three nominally identical columns. The gangue coarse aggregate used in the test is
sandstone gangue (Figure 2), which has a bulk density of 1222 Kg/m?, the cylindrical
strength is 7.2 MPa, and the water absorption is 1.34%. After two crushing procedures of
manual and crusher, the particle size was mainly distributed within 5-20 mm. In addition,
the water absorption rate of gangue coarse aggregate was marginally higher than that of
nature coarse aggregate (about 0.4%) [37], so the water absorption amount of GA was not
considered in the preparation of GAC, resulting in the actual compressive strength of the
cylinder was slightly higher than the designed target value (Table 1).

Table 1. The mixes and mechanical properties of concrete.

Water  Cement Sand GA WRD o
WIC g (gimd) (gm®) Gghmd) ) oo MPO) o (%) Ec(GPa)
0.536 238.5 445 670 995 0 32.6 0.211 17.3
0.43 2279 530 615 1000 0.2 37.5 0.203 20.2

0.349 2129 610 565 1020 0.3 43.2 0.209 21
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Natural coal gangue | Manual < 50 mm | Crusher 520 mm

Figure 2. The production process of gangue coarse aggregate (GA).

2.1.2. Steel Tube

In this test, thin-walled steel tubes with outer diameters of 111, 74, and 47 mm,
respectively, were used, and all of them had diameters of 1.8 mm. According to ASTM
E8/E8M-13a [38], three steel standard tensile coupons were taken from the same batch of
steel tubes respectively for tensile test. In addition, the monotonic axial compression test
was carried out on two nominally identical hollow steel tubes, respectively. In order to
avoid the unevenness of the end, all the hollow steel tubes were cut accurately by laser on
the base metal of the same batch. As shown in Figure 3, after the axial compression, all
specimens exhibited end-buckling failure (“elephant foot failure”), and the key results of
mechanical properties of steel tubes were summarized in Table 2.

=l
=i
—
]
—

Figure 3. Failure mode of hollow steel tube under axial compression.

Table 2. Properties of steel tube.

Series Dg (mm) ts (mm) Es (GPa) fy (MPa) fu,Cou (MPa)  f, yor (MPa)
D47 47 1.8 203 254 336 341
D74 74 1.8 210 261 339 343

D111 111 1.8 206 267 345 356
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2.1.3. CFRP Jacket

The CFPR jackets were manufactured by wet-layup process using carbon fiber sheet
which has a thickness of 0.167 mm and corresponding epoxy resin adhesive. The flat coupon
tensile test was conducted according to ASTM-D3039/D3039M-08 [39], the tensile strength
and elastic modulus in fiber bundle direction were 242 GPa and 3512 MPa, respectively.
The epoxy adhesive supplied by the manufacturer had a tensile strength of 48 MPa and
tensile elastic modulus of 2.93 GPa.

2.2. Specimens Design

A total of 25 columns with a height of 300 mm and a diameter of 150 mm were
designed for the monotonic axial compression test. Among them, there are 5 gangue
aggregate concrete filled CFRP tube columns (CFFT) and 20 coal gangue aggregate concrete
filled FRP-steel double tubular columns (DTCC), as shown in Figure 4. FRP confinement
strength, relative diameter ratio, and concrete strength are the main variables considered
in this test. The FRP confinement strength was mainly achieved by using 1-ply, 2-ply, and
3-ply of CFRP jacket; the relative diameter ratio refers to the ratio of the outer diameter of
the steel tube to the inner diameter of the CFRP jacket (i.e., ¢ = Ds/ Dy, where Dy, is
the inner diameter of the CFRP jacket, D is the outer diameter of the built-in steel tube).
In order to investigate the effect of the built-in steel pipes on the mechanical properties
of the composite columns, four types of relative diameter ratios of 0, 0.31, 0.49, and 0.74
were adopted in this test. For convenience of reference, each test specimen was assigned a
label, taking M111F1-2 as an example, M represents a plain concrete strength of 37.5 MPa,
111 represents that the outer diameter of steel tube is 111 mm (i.e., a relative diameter ratio
of 0.74), F1 means that the specimen was confined by 1-ply of CFRP jacket, and the Arabic
number 2 is the second of the two identical specimens. The details of all specimens are
summarized in Table 3.

(b) (c)

CFRP Jackets
Steel Tube

GAC

(d)

Figure 4. Schematic diagram of the cross-section of the test specimens: (a) ¢ = 0.74; (b) ¢ = 0.49;
(c) p=0.32;(d) ¢ =0.
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Table 3. Details of test specimens.

FRP Jacket Steel Tube
. f‘w Number of
Specimens Inner Diameter Thickness Outer Diameter Thickness Dt (MPa) Specimens
(mm) (mm) (mm) (mm) s

LOF1 150 0.167 / / / 32.6 1
MOF1 150 0.167 / / / 375 1
MOF2 150 0.334 / / / 37.5 1
HOF2 150 0.334 / / / 43.2 1
HOF3 150 0.501 / / / 432 1
L74F1-1,2 150 0.167 74 1.8 41.1 32.6 2
L111F1-1,2 150 0.167 111 1.8 61.7 32.6 2
M47F1-1,2 150 0.167 47 1.8 26.1 37.5 2
M74F1-1,2 150 0.167 74 1.8 41.1 37.5 2
M74F2-1,2 150 0.334 74 1.8 411 37.5 2
M111F1-1,2 150 0.167 111 1.8 61.7 37.5 2
M111F2-1,2 150 0.334 111 1.8 61.7 37.5 2
H74F3-1,2 150 0.501 74 1.8 411 43.2 2
H111F2-1,2 150 0.334 111 1.8 61.7 43.2 2
H111F3-1,2 150 0.501 111 1.8 61.7 43.2 2

2.3. Preparation of Specimens

For the GAC filled CFRP tubular columns (CFFT), the standard cylindrical plastic
molds with a size of @150 mm x 300 mm were used for plain concrete casting, and after
curing for 21 days, the carbon fiber sheets were wrapped around the surface of the plain
concrete column along the fiber bundle direction by wet-layup process. In addition, for
DTCCs with built-in steel tubes, three sets of bolts with each at an angle of 120° apart were
used to fix the steel tube to the standard cylindrical mold on the same axis (Figure 5a).
In order to prevent the bolts from loosening during the concrete vibrating process, the
fixed bolts and the plastic mold were reinforced with strong adhesive. The bolts were
removed at the end of the concrete pouring process, and the CFRP jacket was also wrapped
after 21 days of maintenance. In order to avoid the debonding failure of CFRP jacket,
an overlapping zone of 150 mm was set for all confined specimens. Due to the large
stress concentration at the ends of the column during the loading process, two layers of
CFRP strips with a width of 25 mm were wrapped at the both ends of each specimen for
reinforcement. Before the monotonic axial compression test, all CFRP jackets were cured for
7 days to meet the bonding strength requirements of the epoxy resin as shown in Figure 5b.

@ (b)

Figure 5. The process of preparing test specimens: (a) arrangement of internal steel tubes; (b) maintenance of CFRP jackets.
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2.4. Test Setup and Instrumentation

The axial compression process was carried out using a 7000 KN servo hydraulic testing
machine with a displacement control rate of 0.5 mm/min. The applied load was collected
by a force sensor installed in at the upper end of the columns, and each specimen was
preloaded and adjusted to minimize the influence of eccentric compression; the loading
device was illustrated in Figure 6¢.

H3 & A3
.
LVDT2

H3 & A3
+
LVDT2

(b) (c)

Figure 6. Test setup and instrumentation. (a) Instrumentation of CFFT; (b) instrumentation of DTCC; (c) test setup.

As shown in Figure 6a,b, for all the confined specimens, four 20 mm lateral strain
gauges were uniformly arranged in the mid-height of each column along the hoop direction
to measure the lateral strain, and another two 20 mm axial strain gauges were symmetrically
arranged in the mid-height of the specimen. Since the axial strain gauges may experience
bending effects during loading process and coupled with its relatively small detectable scale
distance, the axial deformation was mainly measured by two linear variable displacement
transducers (LVDTs) set on the symmetry plane using a high-strength aluminum alloy
frame in the middle height of column within 180 mm, and the axial strain gauges were
mainly used to verify the accuracy of LVDTs at the initial loading stage. In addition, another
two LVDTs were also installed to monitor the vertical displacement control of the testing
machine. All experimental data were simultaneously recorded and saved by the same
data logger.
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3. Experimental Results
3.1. Failure Modes

Figure 7 shows the typical failure modes of the test columns, where all CFFT and DTCC
had similar damage forms, mostly appearing as external CFRP jackets being ruptured at
mid-height positions. Due to insufficient reinforcement and stress concentration at the ends
of the confined columns, similar to Figure 7e, H111F2-1, H111F2-2, and H111F3 exhibited a
ruptured of the FRP jacket at the upper end (which means that the predetermined ultimate
load bearing capacity has not been reached). As thin-walled steel tubes were used in DTCC
components, local buckling of steel tubes with outer diameters of 111 and 74 mm occurred
immediately after the failure of CFRP jacket as shown in Figure 7f. Therefore, similar to
CFFT, the axial compression test of DTCC components was considered to be finished when
the CFRP jacket was ruptured.

¢ |
#
.“!'-

s

D=7 mm

D,
-~

(d) (e) ()

Figure 7. Typical failure modes of experimental specimens: (a) HOF2; (b) M47F1-1; (c) M74F2-1;
(d) M111E2-2; (e) H111F2-2; (f) inner steel tube in DTCC.

As shown in Figure 7a, for the CFFT, the GAC core mainly underwent oblique shear
“conical failure” when the external CFRP jacket was ruptured. For DTCC, the GAC ring
(GAC between CFRP jacket and steel tube) exhibited oblique shear and peel failure mainly
in the CFRP fracture zone. When the relative diameter ratio was ¢ = 0.31 (i.e., Dg = 47 mm),
the failure mode tended to be more like that of the CFFT specimens, and as the relative
diameter ratio reached 0.74 (i.e., Ds = 111 mm), the oblique shear failure of the GAC ring
was not obvious and tended to be more of a peeling failure mode due to the steel tube
taking more of the shear load (Figure 7d).
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3.2. Load-Axial Strain Behavior

The load-axial strain curves for all confined columns as well as the load-hoop strain
curves are illustrated in Figure 8, and the key results are summarized in Table 4. In addition,
P, and g, represent peak load and corresponding axial strain of plain concrete cylinder,
respectively; P, and ¢, respectively, mean the ultimate load and the corresponding axial
strain of the confined specimens without internal steel tube; P, and e, respectively,
represent the ultimate load and corresponding axial strain of confined specimens with
the built-in steel tube, P../ P and e../€co represent the improvement of the ultimate load
of the CFFT relative to the plain concrete columns and the corresponding improvement
of the ultimate axial strain, respectively. P,/ P.c and €., /€. represent the increase in the
ultimate load of the DTCC relative to the CFFT with the same plain concrete strength
and the corresponding enhancement of the ultimate axial strain, respectively. The axial
strain was calculated by dividing the LVDTs reading in the middle of each specimen by
180 mm, while the hoop strain was taken as the average value of three hoop strain gauges
outside the overlapping zone. Unless otherwise specified, the convention that the axial
stress and the corresponding strain were determined as positive values and the hoop strain
as negative values was observed.

2500 2500
2000 1 2000+ %, S
1500 o o %1500 e
3 “ e 2 - —o— MOF1
e 2 --o:- MOF2
i 1000 4 a -0 -%’1000 _ M74F1-1
" M74F1-2
. --o+-LOF1
M74F2-1
L74FL-1 M74F2-2
500 4 L74F1-2 500 + -
—o—MI1iF1-1
--o<-L111F1-1
--4--L111F1-2 e
--o-- MI11F2-2
0 T T T T T T T 0 T T T T T T T
-0.010-0.005 0.000 0.005 0.010 0.015 0.020 0.025 0.030 -0.010 -0.005 0.000 0.005 0.010 0.015 0.020 0.025 0.030
Hoop strain Axial strain Hoop strain Axial strain
(a) (b)
2500 2500
)
2000 ~ 2000
:’i -
215004 - £ 1500
9 2 - =
g 3 ;5 --o--HOF2
= = ——HOF3
:% 1000 e MOF1 Z 1000 ~ H74F3-1
-+ o= MATF1-1 H74F3-2
-~ 4e--MATF1-2 —o—HI111F2-1
500 1 M74F1-1 5004 —o—HI111F2-2
M74F1-2 --o--H111F3-1
----MI11F1-1 --e--H111F3-2
0 T T T T T T T 0 T T 1 T T T T T
-0.010-0.005 0.000 0.005 0.010 0.015 0.020 0.025 0.030 -0.010-0.005 0.000 0.005 0.010 0,015 0.020 0.025 0.030
Hoop strain Axial strain Hoop strain Axial strain
(c) (d)

Figure 8. Axial load—axial strain curves of all test specimens: (a) series L; (b) series M with different confinement strength;
(c) series M with different relative diameter ratios; (d) series H.



Coatings 2021, 11, 1404

10 of 18

Table 4. Key results of all test specimens.

Specimens P, (kN) P (kN) P, (kN) Pc/P,, Pey/Pec £co (%) (i/c:) (Soj:) &ccleco eaulece
LOF1 576 1031 / 1.79 / 0.211 1.367 / 6.48 /
MOF1 662 1170 / 1.77 / 0.203 1.217 / 6.00 /
MOF2 662 1659 / 2.51 / 0.203 2.29 / 11.28 /
HOF2 763 1661 / 2.18 / 0.209 1.748 / 8.36 /
HOF3 763 1871 / 2.45 / 0.209 2.012 / 9.63 /

L74F1-1 576 / 1503 / 1.46 0.211 / 1.353 / 0.99
L74F1-2 576 / 1293 / 1.25 0.211 / 1.136 / 0.83
L111F1-1 576 / 1393 / 1.35 0.211 / 1.424 / 1.04
L111F1-2 576 / 1486 / 1.44 0.211 / 1.461 / 1.07
M47F1-1 662 / 1409 / 1.20 0.203 / 1.543 / 1.27
M47F1-2 662 / 1240 / 1.06 0.203 / 1.366 / 1.12
M74F1-1 662 / 1493 / 1.28 0.203 / 1.445 / 1.19
M74F1-2 662 / 1356 / 1.16 0.203 / 1.284 / 1.06
M74F2-1 662 / 1908 / 1.15 0.203 / 2.266 / 0.99
M74F2-2 662 / 1823 / 1.10 0.203 / 2.096 / 0.92

M111F1-1 662 / 1597 / 1.36 0.203 / 1.389 / 1.14

M111F1-2® 662 / / / / 0.203 / / / /

M111F2-1 662 / 2057 / 1.24 0.203 / 2173 / 0.95

M111F2-2 662 / 2079 / 1.25 0.203 / 2.425 / 1.06

H74F3-1 763 / 2212 / 1.18 0.209 / 2.104 / 1.05
H74F3-2 763 / 2244 / 1.20 0.209 / 1.983 / 0.99
H111F2-1 763 / 1605 2 / 0.97 0.209 / 0.917 / 0.52
H111F2-2 763 / 17052 / 1.03 0.209 / 1.129 / 0.65
H111F3-1 763 / 2304 / 1.23 0.209 / 2.214 / 1.10
H111F3-2 763 / 18772 / 1.00 0.209 / 1.336 / 0.66

Note: The superscript “a” indicates that stress concentration failure occurred at the upper end of the column, and the ultimate load was
not reached; the superscript “b” means that the pressure test machine is malfunctioning during the test, and the test piece cannot be
loaded normally.

As summarized in Table 4, the ultimate bearing capacity of CFFT showed an increasing
trend with the improvement of peak load of plain concrete under the same confinement
strength, but the relative improvement factor slightly decreased; the bearing capacity
and axial strain of CFFT specimens were significantly improved with the increase of the
thickness of the CFRP jacket. Due to the axial bearing capacity and hoop stress provided
by the internal steel tube, the DTCC specimens had a certain increase in load bearing
capacity compared to the CFFT specimens. The improvement range was 1.16-1.44 times
for one-layer CFRP jacket, and enhancement range was 1.1-1.25 times for the two-layer
and three-layer CFRP jacket, which indicated that with the increase of thickness of CFRP
jacket, the relative increase rate of the load bearing capacity of DTCC exhibited a decreasing
trend. As shown in Figure 8, the load-axial strain as well as the load—hoop strain curves
of all columns showed a bilinear relationship with a second hardened stage. Under the
same plain concrete strength and CFRP jacket thickness (Figure 8a,c), the second portion
of the load-axial strain curves exhibited a more excellent hardening behavior with the
increase of relative diameter ratio (i.e., the increase of outer diameter of built-in steel
tube), and the load carrying capacity also had an increasing trend, but the difference in
the axial strain was insignificant. Under the same plain concrete strength and relative
diameter ratio ¢ (Figure 8b), the load bearing capacity and axial strain of DTCC specimens
were significantly improved with the increase of CFRP jacket thickness. In addition, the
specimens H111F2-1, H111F2-2, and H111F3-2 did not reach the ultimate load bearing
capacity due to the end stress concentration failure during the test (Figure 8d), but they
exhibited similar mechanical behavior to that of normal specimens before the end damage.

3.3. Axial Strain-Hoop Strain Behavior

The dilatation behavior of the confined specimens was characterized by the axial
strain—hoop strain relationship, and corresponding curves of the confined columns were
illustrated in Figure 9. As shown in Figure 9b,d, for CFFT and DTCC, with the increase of
CFRP jacket thickness, their corresponding hoop strain tended to increase (i.e., the absolute
value decreased) under the same axial strain. It is indicated that the lateral dilatation of
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all the confined specimens became more insignificant with the increase of the external
confinement level. When the steel tube was built into the confined column, the difference
in lateral dilatation was not significant compared to the CFFT, but the DTCC also exhibited
a slightly smaller hoop strain for a given axial strain, indicating that the steel tube had
a certain confinement effect on the concrete core. However, an insignificant difference
was observed in the dilation behavior of DTCC specimens with the change of steel tube
diameter in present test.

0.000 s . 0.000 . :
o —o—MOF1
L74F1-1 T MoR2
-0.002 S 0 M74F1-1
oz --L111F1-1 WA
--<--L111F1-2 Wl
g -0.004 & o004 M74F2-2
= LA « "YU
2 Z B
) o )
=N i o
§'-0.006 8 0006 --o--MI11F2-2
-0.008 (y ‘
-0.008
-0.010 W
. ; ; . . -0.010 . . . ; .
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Figure 9. Axial load-axial strain curves of all test specimens: (a) series L; (b) series M with different confinement strengths;

(c) series M with different relative diameter ratios; (d) series H.

4. Mechanical Behavior of Steel Tubes
4.1. Slip between Steel Tube and GAC

Since the steel tube had different axial stiffness and Poisson’s ratio relative to GAC,
there may be slippage during their joint loading process. Figure 10 illustrated the typical
relationship between external CFRP jackets and internal steel tubes of the same type of
strain (including axial strain and hoop strain). Since no debonding phenomenon was
observed in the failure modes of all the specimens, it was considered that the axial strain
of the GAC was consistent with the strain of the CFRP jacket, which was taken from the
average of two vertical LVDTs readings with a scale distance of 180 mm. As shown in
Figure 71, the built-in steel tube generally buckled outward in the middle region, indicating
that the stress of the tube was effectively transferred to the region, so the axial strain and
hoop strain were taken to be the average value of the two pairs of strain gauges attached on
the mid-height of steel tube. For columns with different relative diameter ratios, the axial



Coatings 2021, 11, 1404

12 of 18

and hoop strains between the steel tube and GAC were slightly different throughout the
loading process as shown in Figure 10. In the first portion of the corresponding load versus
axial and hoop strain bilinear curves (the axial strain was about 0-0.002), the slip between
the steel tube and GAC exhibited an aggravated tendency with the increase of strain. When
corresponding to their second portion, the slip phenomenon gradually weakened, and the
steel tube and GAC almost entered the state of cooperative deformation until the end of
the loading.

20.020 .

= First portion

3

Z 0.015 .
= Second portion

i

£ 0.010 .
=

»

< 0.005} ]
T

£ 0.000

B ——— M47F1-1
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= ——MI11F1-1

£ —y=x

“.0.010 : : -

S 7-0.010  -0.005  0.000 0.005 0.010 0015  0.020
= Hoop strain (CFRP) Axial strain (CFRP)

Figure 10. Relative slip of steel tubes and CFRP jackets.

4.2. Bi-Directional Stress State of Steel Tube

Unlike CFRP jacket with unidirectional mechanical properties, steel is a kind of
isotropic material, so the mechanical behavior of steel tube inside concrete is more complex
during axial compression. Under the constraint of GAC, axial compressive stress, lateral
tensile stress, and radial stress were mainly generated by the built-in steel tube. Since
the radial stress was very small compared with the axial stress and lateral stress it can be
ignored for the sake of simple calculation. Therefore, the stress behavior of the built-in steel
tube can be simplified to the plane bi-directional stress state (i.e., axial compressive stress
and lateral tensile stress). In the present paper, the strain state in the mid-height of the steel
tube combined with the classical J, flow theory and Mises yield criterion [27] were used to
investigate stress states of the steel tube. In order to facilitate the calculation, the Poisson’s
ratio of the steel tube was uniformly adopted as 0.3. The convention that the axial stress
were determined as positive values and the hoop stress as negative values was observed.

The mechanical behavior of the steel tube conformed to the generalized Hooke’s law at
the elastic stage, and the relationship between the stress increment and the corresponding
strain increment satisfied Equation (1). In addition, the Mises criterion (Equation (2)) was
quoted to determine whether the steel tube had reached the yield state, and the stress state
was calculated using Equation (1) before the equivalent force calculated using Equation (2)
reached the yield strength obtained from the material test of steel tube.

doi | Es 1 v del, )
dot | T 1-02| v 1 de!,

0y = £/ 02 + 02 — 040y )
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where E; is the elastic modulus; v is Poisson’s ratio; ¢, and ¢, are the axial stress and
corresponding axial strain, respectively; ;, and ¢, are the hoop stress and corresponding
hoop strain, respectively; 0, is the Mises stress.

[ daé } _ Es { 1= (f2/f) v—(fafu/fe) } { deg ] )
do} 1—02| v— (fafu/fe) 1—(fu®/fc) dej,

fa =0} + 00y, (4)

fu =0}, + vo,, ®)

fe =002+ 0%+ 200%0, (6)

o) = %(202_1 — 0';;_1> @)

o = %(20,’?1 — Uj;*l) 8)

The typical bi-directional stress-axial strain curves are illustrated in Figure 11. As
shown in Figure 11a, under the same CFRP jacket thickness, the difference of axial stress
was not obvious with the increase of steel tube diameter, which is mainly due to their
similar yield strength (Table 2). After reaching the yield strength, due to the continuous
increasing hoop stress, the axial stress experienced a small decreasing segment and then
remained almost constant with the increase of axial strain, which also revealed that the local
deformation of the steel tube in the DTCC can be effectively inhibited, thus improving the
stress transfer and the ductility. When the axial strain reached about 0.003, the hoop stress
no longer increased as the axial stress remained stable, which was close to the constant
state (the steel tube became active confinement). The development trend of hoop stress
with different steel tube diameters was similar but still exhibited a trend where the stress
decreased slightly as the diameter of steel tube increased, as shown in Figure 11a. The
axial stress state of the steel tube did not change significantly when the confining strength
increased, but it had better ductility. In addition, with the increase of the confinement level,
the hoop stress exhibited a decreasing trend (Figure 11b).
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Figure 11. Typical axial strain-bidirectional stress curves for steel tube: (a) influence of relative
diameter ratio; (b) influence of confinement strength.

5. Combined Effects of Different Components

In order to further study the interaction mechanism between the different components
of the composite column, Figure 12 summarizes the load-axial strain curves for one of the
two nominally identical specimens of DTCC, as well as the other five load—strain curves:
(1) the load-axial strain curve of CFFT with the same plain concrete strength as DTCC;
(2) the load-strain curve obtained from the standard tensile test on the coupons taken from
the same batch of steel tubes; (3) the sum of (1) and (2) (i.e., CFFT + Coupon); (4) the
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2500

load-axial strain curve of steel tube obtained by calculating the bi-directional stress; (5) the
sum of (1) and (4). It is worth noting that the strains among the components obtained
through the test were not consistent, but the load-strain curves corresponding to (1), (2),
and (4) were considered as a straight line in the second segment. In order to calculate
the sum of the two curves and facilitate comparison, linear interpolation was used to
extend the second portion of some curves to make the strains of the five curves consistent.
In addition, the corresponding curves of H111F2-1, H111F2-2, and H111F3-2 were not
included in Figure 12 because of the premature end failure.
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Figure 12. Components of axial load for the specimens with built-in steel tubes: (a) L74F1-1; (b) L111F1-1; (c) M47F1-1;
(d) M74F1-1; (e) M111F1-1; (f) M74F2-1; (g) M111F2-1; (h) H74F3-1; (i) H111F3-1.

As shown in Figure 12, the load-axial strain curves of all calculated steel tubes were
obviously lower than those obtained from the standard tensile test of coupons, which
indicated that the axial bearing capacity of the steel tube inside DTCC was weakened, and
the hoop tensile stress was also generated, making the steel tubes in a state of bi-directional
stress during the loading process (Figure 11). Therefore, the curve (5) was correspondingly
lower than the curve (3). Although curve (3) did not take into account the bi-directional
stress state of steel tube (axial stress weakened), it was also lower than the load-strain
curve of the corresponding DTCC for all test specimens, and the tendency was more
obvious for the curve (5), which revealed that the internal steel tube had a pronounced
hoop confinement effect on its concrete core. With the increase of steel tube diameter,
the enhancement of load-strain curve of DTCC was more significantly compared with
corresponding curves (3) and (5), that is, with the increase of the cross-sectional area of GAC
under dual confinement, the confinement effect of steel tube in DTCC was more obvious.

6. Conclusions

In this paper, the GAC fully filled FRP tube column (CFFT) and GAC filled FRP and
thin-walled steel double tubular column (DTCC) were experimentally studied, mainly
considering the strength of GAC, the thickness of FRP jacket, and the relative diameter
ratio. The failure modes, load-strain curves, stress states of steel tubes, and combined
effects of each component were discussed, and the following conclusions were drawn:

(1) After wrapped by the CFRP jacket, the bearing capacity and ductility of GAC were
both greatly improved; when the steel tube was built-in, the bearing capacity of DTCC was
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further improved relative to CFFT, and with the increase of the steel tube diameter, this
improvement showed a more obvious trend, but the change of ductility was insignificant.

(2) The confinement level of FRP jacket was the most sensitive factor affecting the
dilation behavior of all confined specimens, and the dilation behavior of the GAC became
more insignificant as the confinement level increases. Given an axial strain, DTCC exhibited
a less pronounced dilation behavior relative to CFFT. However, the differences in dilation
behavior between DTCC specimens were not obvious as the steel tube diameter changes.

(3) The strain state of the steel tube inside the DTCC had slight hysteresis relative to
the GAC during the loading history. This hysteresis can be divided into two stages: (a) the
hysteresis increased in the first portion of the corresponding load-axial strain curve; (b) in
the second portion of the corresponding load-axial strain curve, the hysteresis decreased
continuously and almost entered the cooperative deformation state when the FRP jacket
was ruptured.

(4) After the steel tube reached yield strength, the axial compressive stress decreased
slightly with the continuous improvement of the hoop tensile stress. The axial stress and
the hoop stress remained stable and approximately constant after the axial strain reached
0.003. Under the restriction of concrete ring and concrete core, the local deformation of
steel tube was effectively restrained.

(5) The steel tube provided effective lateral confinement to the concrete core, while
the axial stress was weakened to some extent. As the cross-sectional area of the concrete
core increased, DTCC showed a more excellent strengthening segment, and the bearing
capacity was continuously improved.
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