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Abstract: The mechanical behavior of concrete-filled glass fiber reinforced polymer (GFRP)-steel tube structures under com-
bined seismic loading is investigated in this study. Four same-sized specimens with different GFRP layout modes were tested by a
quasi-static test system. Finite element analysis (FEA) was also undertaken and the results were presented. Results of the nu-
merical simulation compared well with those from experimental tests. Parametric analysis was conducted by using the FE models
to evaluate the effects of GFRP thickness, axial compression rate, and cross sectional steel ratio. The experimental and numerical
results show that the technique of GFRP strengthening is effective in improving the seismic performance of traditional
concrete-filled steel tubes, with variations related to different GFRP layout modes.
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1 Introduction

Concrete-filled steel tube (CFT) structures have
been widely used in tall buildings and arch bridges
around the world. The steel tube and concrete work
together, to resist applied loads. The external steel
tube provides confinement for the inner concrete
which in turn delays local buckling of the tube and so
increases the stability and strength of the column as a
system. Previous studies have shown that CFT struc-
tural members have a number of distinct advantages
over equivalent steel, reinforced concrete, or
steel-reinforced concrete members, especially for
seismic resistance. These advantages include high
stiffness and strength, large energy absorption and
enhanced ductility and stability (Shams and Saa-
deghvaziri, 1997; Morino, 1998; Uy, 1998; Schneider,
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1998; Zhang and Shahrooz, 1999; Liang and Uy,
2000; Bradford et al., 2002). However, since the
Poisson’s ratio of steel is higher than that of concrete,
a separation, caused by differential expansion be-
tween the steel tube and the concrete will occur at the
early stages of loading (Roeder et al., 1999), which
will inevitably delay the activation of the confinement
mechanism. Furthermore, exposed steel is doomed to
a limited service life and high maintenance costs,
especially if it is used in harsh marine environments
(Brown and Powers, 1986; Lasa et al., 1998).
Another similar structure is the concrete-filled
fiber reinforced polymer (FRP) tube (CFFT). The
main advantage of this composite construction is the
optimal use of materials based on their mechanical
properties and corrosion resistance (Mirmiran and
Shahawy, 1996). FRP with its extremely high tensile
strength provides a more effective confinement for
concrete and its laminate structure can be controlled
to provide different proportions of strength and
stiffness in the longitudinal and transverse directions.
A FRP jacket withstands a harsh, salty environment
with high internal temperature, direct sunlight,
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moisture, vapor, and seawater (Chajes et al., 1995;
Steckel et al., 1998) indicating that CFFT overcomes
the defect of low corrosion resistance of CFT and can
be used in some extreme environments. However,
since FRP is a brittle material, if it breaks suddenly
under accidental loads, such as an earthquake or an
impact, the strength of the whole system would drop
dramatically (Fam and Rizkalla, 2001), inevitably
resulting in insufficient ductility compared with the
equivalent CFT structure.

Following extensive studies on CFT and CFFT
columns, a new CFT structure, termed concrete-filled
FRP-steel tube (FRP-CFT), has been introduced
(Wang and Zhao, 2003), which is made by filling a
steel tube with concrete and wrapping the tube with
FRP sheet. FRP wrapping enables the column to de-
velop multi mechanical properties and acts as an
anti-corrosion jacket for the steel tube, and the steel
tube, providing compensation for the brittleness of the
FRP, assures the ductility of the whole system.

Experimental and theoretical research on
concrete-filled carbon fiber reinforced polymer
(CFRP)-steel tube (CFRP-CFT) has been carried out.
(Gu and Zhao, 2007) conducted experiments on con-
crete-filled hoop CFRP-steel tube under axial com-

pression. Specimens included long and short columns.

The results on short columns showed a significant
improvement in the loading capacity compared with
the equivalent CFT structure; however, with the in-
crease in the slenderness ratio, the strengthening ef-
fect of CFRP declined. When the slenderness ratio
reached a certain value, there was no strengthening
effect of CFRP. Gu et al. (2006) deduced formulas for
the loading capacity under axial compression of
concrete-filled CFRP-steel tubes of different slen-
derness, which showed good agreement with ex-
perimental results. Wang et al. (2008) reported on
torsion and bending experiments with concrete-filled
CFRP-steel tube. The results showed that both
circumferential and longitudinal CFRPs can enhance
the ultimate torsion capacity of the specimens. Lon-
gitudinal CFRP enhances the ultimate moment and
flexural stiffness of the composite members signifi-
cantly. Tao and Yu (2006) treated CFRP as a retrofit-
ting technique for repairing CFT structures damaged
by fire. A number of tests for compression and
bending were conducted. The results proved that

CFRP strengthening can effectively improve the
mechanical properties of a damaged CFT structure.

2 Aim and scope

Another FRP, GFRP, which is being widely used
for strengthening old or damaged infrastructure, can
also be used in combination with a CFT column.
Compared with CFRP, GFRP has notable advantages
(Nishizaki and Meiarashi, 2002; Bousias et al., 2004;
Huang et al., 2005a; 2005b; Gadve et al., 2009).

1. The ultimate elongation rate of GFRP is
higher than that of CFRP. By using this property,
GFRP combined structures should have more de-
formable capacity than CFRP ones.

2. GFRP is an electronic isolation material and
so, when combined with steel, it can protect it from
the electrochemical corrosion which readily occurs on
steel or steel reinforced concrete structures in marine
environments.

3. The thermal expansion coefficient of GFRP is
similar to that of steel, which eliminates thermal
stress at the interface with the steel surface.

4. The cost of GFRP is lower and its production
process is well-established.

By using these characteristics of GFRP, a new
FRP-CFT, termed concrete-filled GFRP-steel tube
(GFRP-CFT), is proposed. In this paper, we describe
an investigation of the mechanical properties of a
GFRP-CFT structure member under cyclic loading. A
quasi-static test was developed and the influence of
different GFRP layout modes was analyzed. Finite
element models were applied based on the experi-
mental process and the seismic performance of GFRP-
CFT was studied at varying GFRP thicknesses, axial
compression ratios, and cross sectional steel ratios.

As anovel combining structure, GFRP-CFT is a
three-phase composite structure. Investigations of
the failure modes and the GFRP strengthening
mechanisms under cyclic loading are essential when
using. A GFRP-steel composite jacket can also be
used as a retrofitting tool for old or damaged con-
crete structures. It might also be used as an
anti-corrosion jacket for structures in marine envi-
ronments, and that will be investigated in future
study based on this research.
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3 Experimental
3.1 Specimens and apparatus

Four same-sized CFT or GFRP-CFT specimens
were prepared as listed in Table 1, where K-0 is or-
dinary CFT as reference. H-1G, L-1G, and B-2G are
circumferential, longitudinal, and bi-directional
GFRP wrapping specimens, respectively. For all
specimens, the lengths are 1700 mm and the outer
diameters and thickness of the steel tubes are 114 mm
and 3.5 mm, respectively.

Table 1 Parameters of specimens
Serial GFRP GFRP Axial com-
number layers/thickness wrapping mode pression ratio
K-0 - -

H-1G 1/0.354 mm  Circumferential 0.14
L-1G  1/0.354mm  Longitudinal '
B-2G*  2/0.708 mm  Bi-direction

* Bi-direction wrapping mode is longitudinal wrapping inside
and circumferential wrapping outside

Commercial C40 concrete is used with an av-
erage compressive strength of 38.70 MPa for 150 mm
cubic specimens and a compressive initial elastic
modulus of 32500 MPa. Yield stress of the seamless
steel tube is 245 MPa, and the elastic modulus is
206000 MPa. The parameters of the glass fiber are
described in Table 2.

Table 2 Mechanical properties of glass fiber

Thick- Massper  Tensile Tensile Limit elon-
ness unit area  strength ~ modulus gation
(mm)  (gm)  (MPa)  (MPa) (%)
0.354 900 >1500 >72000 >2.0

Specimens were constructed as follows. Seam-
less steel tubes were cut to the designed length, en-
suring that the cross-sections of the two ends were
perpendicular to the axis. A steel plate was then
welded onto one end of the tube and the tube was
filled with concrete. After 28 d the redundant concrete
expanded from the tube was cut off and another steel
plate was welded to the free end. Lastly, the surfaces
of the steel tubes were polished before affixing the
GFRP sheets by daubing the surface of the tubes with
resinous glue and wrapping the GFRP sheets around
them, scraping the surface of the sheets to squeeze out
air between them and the steel tubes. To assure that
the GFRP sheets were immersed in resinous glue.

After 48 h, the specimens were ready for testing.

Specimens were installed horizontally and both
ends were pinned, as shown in Figs. 1 and 2. The
multiple loads included cyclic lateral load and axial
compression. Lateral load was provided by two ver-
tical hydraulic jacks and axial compression was pro-
vided by a horizontal hydraulic jack, which were both
measured by load cells. The axial compression was
applied to a pre-fixed value and kept the compression
ratio stable at 0.14 during the testing period. For
convenience of comparison, the axial compression
ratio n calculation method for CFT is used for all
specimens, defined as follows:

n=— (1)

u,cr

where N is the applied axial load, N, is the ultimate
axial loading capacity, which can be determined by

Nu,cr = (oAscf;cy ’ (2)

where ¢=0.00012>-0.2281+1.277 is the stability co-
efficient and A is the slenderness ratio. A4y is the
cross-sectional area, A,.=At+A., where A, and A are
the cross sectional areas of the concrete and steel
tubes, respectively. F,=(1.14+1.020)fcc is the
strength index of concrete, {(=A/(4fc), in which f;
and f; are the axial compressive strengths of concrete
and the yield stress of the steel tube, respectively.

Cyclic load is applied in a perpendicular direc-
tion. The force-displacement double control law is
used, with force control before yield of the specimen
and displacement control after yield. Loading and
displacing steps are 5 kN and 10 mm, respectively.
The loading law is shown in Fig. 3.
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Fig. 1 Loading schema
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Fig. 3 Loading law
(a) Load control; (b) Displacement control

3.2 Test observations

In testing, local buckling of the steel tube can be
observed in mid-span for K-0 when the deflection
reaches a maximum. The failure form is shown in
Fig. 4a. For specimen H-1G, several crannies appear
in the epoxy, accompanied by a cracking sound when
the deflection reaches about 20 mm. These crannies
occur in mid-span and surround the tube, but rupture
of the fiber was not observed in testing. The corre-
sponding broken mode after testing is shown in
Fig. 4b. The first signs of distress in specimens L-1G
and B-2G are fracture of the GFRP at the top and the
bottom. For L-1G, it is at the first peak of the 55th
cycle, that is, /=40 mm. Fracture of GFRP at the top

is followed by breaking of the GFRP at the bottom at
the second peak, accompanied with a loud and clear
cracking sound. The GFRP sheet near the ruptures
debonds with the tube surface. After that, fragmentary
cracking sounds can be heard as the deflection in-
creases. The corresponding broken mode is shown in
Fig. 4c. For specimen B-2G, the first fracture occurs
in the 62nd cycle, that is, 4=50 mm. It is later than
that of specimen L-1G, but is also accompanied with a
loud and clear cracking sound. As shown in Fig. 4d,
because of restriction by the outer circumferential
GFRP the broken GFRP sheet near the crannies does
not de-bond from the steel tube. In testing, local
buckling of the steel tube is hardly observed, indi-
cating that circumferential GFRP provides an effec-
tive confinement for the inner steel tube. The devel-
opment of local buckling of the steel tube, which
would rapidly increase the strain in attached

(d)

Fig. 4 Specimens failure forms
(a) K-0; (b) H-1G; (¢) L-1G; (d) B-2G
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longitudinal GFRP in the buckling region, is re-
strained by the circumferential GFRP; as a result, the
longitudinal GFRP of B-2G fractures later than that of
L-1G.

3.3 Hysteresis curves

Hysteresis curves for all specimens from the
tests are shown in Fig. 5. Fig. 5a is for K-0, which is a
typical hysteresis curve for a general CFT structure.
Note that the hysteresis loops for the different load
cycles partly overlap and each summit point falls on
the next loop. The outline of the entire hysteresis
curve is smooth. There are reasonable similarities in
the form of the hysteresis curves of K-0 and H-1G,
showing that circumferential GFRP wrapping makes
little contribution to seismic performance in this test.
Since GFRP is an anisotropic material, its tensile
strength and elastic modulus in the fiber direction are
much higher than those in other directions, and
circumferential GFRP strengthening provides con-
finement in the hoop direction and restrains local
buckling of the steel tube, resulting in improved
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(c)

loading capacity. However, this strengthening effect
becomes weaker as the length of column increases. In
this test, where the slenderness ratio for all specimens
is 14.9, the strengthening effect from circumferential
GFRP is not notable. Therefore, there is no obvious
difference between the hysteresis curves for K-0 and
H-1G

However, the hysteresis curves change very ob-
viously for L-1G and B-2G compared with those for
K-0 (or H-1G). Their outlines can be described by
combining two different hysteresis loops. Since there
are reasonable similarities in form of these two hys-
teresis curves, only the hysteresis curve for L-1G is
taken for illustration here (Fig. 6). Before GFRP
failure, the hysteresis curve for L-1G is in the dark
loop and the longitudinal GFRP strengthening effect
is mainly reflected there. Two load summit points 4
and B are located outside the equivalent loop of K-0,
showing that the loading capacity for specimen L-1G
is enhanced; the area of the dark loop is much larger
than that of the K-0 counterpart, indicating that
specimen L-1G has a better energy dissipation
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Fig. 5 Experimental hysteresis curves
(a) K-0; (b) H-1G; (c) L-1G; (d) B-2G
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ability than K-0. However, as deflection develops, the
shape of the hysteresis loop reverts to that of K-0 after
the longitudinal GFRP fractures and the GFRP
strengthening effect fades away at this time.

90 | The last hyesteretic loop of L-1G before
GFRP fracture and counterpart of K-0
60 - A
= 30
=3
s Of
@
S
.30 F
-60
B The last hyesteretic
90} loops for K-0 and L-1G

-90 -60 -30 0 30 60 90
Displacement (mm)

Fig. 6 Hysteresis curves for L-1G and K-0
3.4 Loading carrying capacity

Comparison of the skeleton curve of specimen
K-0 with those of specimens H-1G, L-1G, and B-2G
shows the remarkably beneficial effect of GFRP
wrapping on the strength of columns (Fig. 7). It can
be seen that all load-displacement (P-4) curves
overlap closely at the elastic stage, showing that
GFRP strengthening cannot improve elastic stiffness
effectively for every structure. When entering the
post-plastic stage, the strengthening effect appears
gradually. Tangential stiffness for GFRP wrapping
specimens improves to different extents compared
with that for K-0. Since GFRP hoop strengthening is
not very effective for these long columns, the loading
improvement for H-1G is the lowest among the three
GFRP wrapping specimens. For L-1G, the longitudi-
nal GFRP can work with the steel tube under bending
and provides effective stress compensation for it in
the tensile zone, eventually improving post-elastic
stiffness and loading capacity effectively for the
whole structure. For B-2G, bi-directional GFRP can
both restrain local buckling and strengthen the steel
tube in the tensile direction. Thus, its ultimate
strength improvements are the highest among all the
specimens. The load summit also occurs later than in
other GFRP wrapping specimens due to the con-
finement of the steel tube by the hoop GFRP.

3.5 Equivalent rigidity degradation

Damage of the specimens can be assessed by the
degradation of the equivalent rigidity K, which is the

slope of the line joining the origin and the loading
summit point of hysteresis loop, which can be defined
as

p
K = fma 3
y 3)

C

where Py, is the loading summit value of each cyclic
loop, and 4. is the corresponding displacement.

The variation of K is shown in Fig. 8. K decreases
rapidly with increased displacement. Compared with
specimen K-0, GFRP strengthened specimens have
low equivalent rigidity degradation before GFRP
failure, especially for specimens L-1G and B-2G at the
post-clastic stage.

40 -20 0 20 40 60 80
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-80 .
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Fig.7 Skeleton curves for different FRP wrapping modes
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Fig. 8 Stiffness degradation for different GFRP wrapping
specimens

3.6 Energy dissipation capacity

In order to evaluate the energy dissipation ca-
pacity of all specimens, a normalized energy dissipa-
tive coefficient E is calculated by

E = SABCD , ( 4)

SAOBF + SAODE
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where Sypcp is the area of the hysteresis curve (the
outlines of the whole hysteresis curve used to calculate
E are marked blue in Fig. 9), Sappr and Saope are the
areas of the corresponding triangles (marked red in
Fig. 9) (in the web version). Because GFRP strength-
ening enlarges the areas of the hysteresis curves, en-
ergy dissipation capacity for GFRP wrapping speci-
mens improves to different levels compared with that
of specimen K-0. Results for calculating £ are shown

in Table 3.
Table 3 Energy dissipation capacity for GFRP strength-
ened CFT
Serial number E Improvement (%)
K-0 2.23
H-1G 2.29 2.7
L-1G 2.47 10.8
B-2G 2.61 17.0
80

with a Young’s modulus of 60000 MPa. The fracture
of GFRP is emulated by using the Hashin damage
laws. Interface constraints between different materi-
als (GFRP, steel tube and concrete) use binding con-
straints (tie) which assume no relative sliding be-
tween interfaces.

Concrete is modeled with an eight-node linear
reduced integration with an hourglass control solid
element (C3D8R). This element has large deflection
and strain capabilities. The steel tube was modeled
with an eight-node continuum shell with a reduced
integration and hourglass control membrane element
(SC8R). For GFRP, a four-node membrane with re-
duced integration and an hourglass control element
(M3D4R) is used.

The calculated stress contours of the concrete,
steel tube and GFRP are shown in Figs. 10a, 10b, and
10c, respectively. Obvious protrusions occur on both
sides of the load-acting position on the steel tube

Outline of hyesteretic curves

60 | for K-0
40 b \ = s
20t /
oL E c|F

z
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8 o
S} .
120+ i
-40 - ’
60 F ™ Outline of hyesteretic

D

80 curves for L-1G
80 60 40 20 0 20 40 60 80
Displacement (mm)

Fig. 9 Schematic sketch of E calculation for L-1G

4 Finite element investigation
4.1 Finite element modeling

In order to study the influence of GFRP wrap-
ping on the seismic properties of the structure,
ABAQUS finite element analysis (FEA) software is
used for numerical analyses. Due to the symmetry of
loads and structure geometry, semi-structures of CFT
and GFRP-CFTs with different GFRP layout modes,
are modeled. The experimental program is com-
pletely emulated. In the modeling process, a concrete
damage plastic model provided by the ABAQUS
material library is used to realize the damage proc-
esses in the concrete and standard elastic-plastic
model, and the von Mises yield criterion is used for
the steel tube. GFRP is treated as an elastic material
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Fig. 10 Concrete longitudinal stresses distribution (a),
steel tube von Mises stresses distribution (b), and GFRP

longitudinal stresses distribution (c)
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under combined loads of axial and vertical pressures,
indicating that buckle will occur at that region.
Comparisons of hysteresis curves from experi-
ment and numerical simulations are shown in Fig. 11,
in which green and red curves (in the web version) are
the skeleton curves. From these figures, the stiffness
of hysteresis curves at both elastic and post-elastic
stages from ABAQUS simulations is a little higher
than that from experiment, with an average error of
5%. This is mainly because binding constraints be-
tween the interfaces of different materials increase the
integral rigidity of the FE models, resulting in FE
models stiffer than the real structures. In reality, rela-
tive sliding does exist between the interfaces, but if it
were perfectly simulated, the cost of calculation
would be excessive. However, the entire shapes of the
hysteresis curves from ABAQUS simulation are co-
incident with those from experiment and the trends of
two corresponding skeleton curves are nearly identi-
cal, indicating that the finite element models are rea-
sonably built and can be used for the parameter study.

80
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60 F —— FEM, hysteresis curve
40 + ’
Z 20+
=
8 or 4
S
-20
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o
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(c)

80 60 40 20 0

4.2 Parametric analysis

In order to investigate the influences of GFRP
thickness on seismic performance, FE models with
different GFRP thicknesses are built. Simulation re-
sults are shown in Fig. 12. Compared with CFT,
loading capacity for the GFRP-CFTs is improved and
the improvement is related to the GFRP wrapping
direction and thickness. Circumferential GFRP
thickness has little effect to the ultimate loading ca-
pacity, with less than a 1% improvement for the four
circumferential GFRP layers. However, the ultimate
loading capacity improves significantly with the in-
crease in the longitudinal GFRP thickness. At the
same time, the tangential stiffness of the post-elastic
stage of the skeleton curve improves correspondingly.

The relationship of the thickness of longitudinal
GFRP to equivalent stiffness and ultimate loading
capacity is shown in Fig. 13, indicating that equivalent
stiffness and ultimate loading capacity are almost
linearly related to the increase in longitudinal GFRP
thickness.
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Fig. 11 Comparison of experimental and simulation hysteresis curves of all specimens
(a) K-0; (b) H-1G; (c) L-1G; (d) B-2G
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Fig. 12 Skeleton curves for specimens with different circumferential/longitudinal GFRP thickness
(a) Circumferential GFRP; (b) Longitudinal GFRP
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Note: The longitudinal thicknesses of 0.354, 0.708, and 1.062 mm are for 1-layer, 2-layer, and 3-layer GFRPs,

respectively

Skeleton curves under different axial compres-
sion ratios n are shown in Fig. 14, in which the hys-
teresis curves under axial compression ratios of 0 and
0.28 are given. As the axial compression ratio in-
creases, the loading capacity and tangential stiffness
of the skeleton curve in the post-plastic stage degrade
significantly. The shape of the hysteresis curve under
high axial compression also changes. The load sum-
mit occurs earlier and the post strength degrades more
with each hysteresis loop as n increases.

Fig. 15 shows the relationship between equivalent
tangential stiffness in the post-plastic stage of the
skeleton curve and axial compression ratios. It indi-
cates that for the longitudinal GFRP layout specimens,
as the axial compression ratio increases, the equivalent
tangential stiffness declines almost linearly, but for the
circumferential GFRP wrapping specimens, the de-
cline is non-linear and the decreasing amplitude is low.

Varying the cross sectional steel rate of L-1G by
changing the thickness of the steel tube (keeping the
inner diameter stable and varying the outer diameter),

1 1 1 1

60 -40 -20 O 20 40 60

Displacement (mm)

Fig. 14 Skeleton curves of H-1G (a) and L-1G (b) under
different axial compression ratios
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gives the hysteresis and skeleton curves as shown in
Fig. 16. All hysteresis curves get plumper as the cross
sectional steel ratio (@) increases; elastic and post-
elastic stiffness and loading capacity also improve.
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Fig. 15 Relationship of equivalent tangential stiffness for
elastic-plastic stage of the skeleton curve and axial com-
pression ratios
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Fig. 16 Hysteresis (a) and skeleton (b) curves with differ-
ent steel rates of L-1G

5 Conclusions

1. The mechanical properties of the GFRP-CFT
are improved compared with CFT and that im-
provement is also related to the GFRP layout modes.
GFRP hoop wrapping can inhibit local buckling of the

steel tube while longitudinal wrapping inhibits bend-
ing. GFRP strengthening can also improve the initial
strength of the composite column.

2. Seismic performance for GFRP-CFT im-
proves because of the GFRP strengthening. The
equivalent rigidity degeneration rates for GFRP-CFTs,
especially for longitudinal and bi-directional GFRP
layout ones, are lower than that of CFT. The normal-
ized energy dissipation coefficients for specimens
with circumferential, longitudinal, and bi-direction
GFRPs improve by 2.7%, 10.8% and 17.0%,
respectively.

3. A plastic-damage model for concrete and the
Hashin damage laws for fiber can be used to model
GFRP-CFT which is a three-phase composite struc-
ture. The reinforcement effect of GFRP is mainly
reflected at the post-plastic stage. The longitudinal
and bi-directional GFRP layouts are more effective
than the circumferential one for improving the bend-
ing strength of a long column. As the GFRP thickness
increases, the ultimate bearing capacity and skeleton
curve tangential stiffness for the post-plastic stage
improve linearly, causing a corresponding increase in
the area of the hysteresis loop representing energy
dissipation capacity.

4. The axial compression ratio and steel rate
have obvious effects on GFRP-CFT seismic behavior:
post-elastic stiffness and post-strength degrade with
the increase of the axial compression ratio. The de-
cline for longitudinal GFRP wrapping specimens is
greater than that for circumferential GFRP wrapping
ones. The higher the steel rate, the more energy dis-
sipation capacity the structure has.
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