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To obtain the seismic behavior of glass fiber—reinforced polymer (GFRP) tube reactive
powder concrete composite columns with encased steel (GRS), a total of 17 full-scale
GRS columns were designed in this study. The parametric studies were conducted to
explore the influence of factors such as the diameter of GFRP tube (D), thickness of GFRP
tube (f), number of fiber winding layers (n), fiber winding angle (6), axial compression ratio
(A), compressive strength of reactive powder concrete (), the area of encased steel (Ag),
and strength of encased steel (f,,) on the seismic behavior of the composite columns. The
finite element models of this kind of columns were established by ABAQUS finite element
software, and the seismic behavior analysis for GRS composite columns was carried out.
The results show that all the specimens exhibit good ductility and strong deformation
ability. The stiffness degradation of specimens significantly slows down with the increase of
D, fsy, and A. The energy dissipation capacity of specimens can be improved by increasing
D and A, while the increase of Ag and f;, leads to the decrease of the energy dissipation
capacity. By observing the failure mode of such composite columns, local bulging occurs
in the foot area of the columns. Based on the statistical analysis of the calculated results,
the restoring force models for GRS composite columns are proposed, which agree well
with the simulated results. The restoring force models can provide reference for the elastic-
plastic seismic response analysis of this kind of composite columns.

Keywords: reactive powder concrete, glass fiber-reinforced polymer tube, composite columns, seismic behavior,
restoring force model

INTRODUCTION

The development of civil engineering depends largely on the development and application of novel
structures composed of new materials and new components with excellent performance. Glass
fiber-reinforced polymer (GFRP) and reactive powder concrete (RPC), as new materials, have
excellent mechanical properties. Compared with ordinary concrete, RPC has stronger load-bearing
capacity and higher compressive strength (Yazici et al., 2009; Cao et al., 2020). GFRP tube has the
advantages of good corrosion resistance, strong toughness, plasticity, and high circumferential tensile
strength (Feng et al., 2014; Ahmad et al., 2021), so it has been widely used in practical reinforcement
and reconstruction projects. Based on the above advantages, a new type of columns composed of
GFRP, RPC, and encased steel is proposed in this study, namely, GFRP tube reactive powder concrete
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composite columns with encased steel (GRS). The brittle defects
of RPC can be overcome effectively by extremely strong hooping
effect of the GFRP tube. The ductility and stability of GRS
columns can be improved by encased I-shaped steel and the
GRS column does not exhibit shear failure. Thus, it is suitable to
apply GRS columns to the frames under corrosive conditions and
earthquake-prone buildings.

At present, many researches on steel-reinforced concrete
(SRC) columns, GFRP-confined concrete columns, and RPC
columns have been conducted by domestic and foreign
scholars. The low cyclic loading tests on 26 SRC columns were
carried out by Chen et al., and the influence regularity of axial
compression ratio, stirrup ratio, section shape of steel, and
embedded depth of steel on the seismic performance of SRC
columns could be obtained. It was found that SRC columns
displayed bending failure mode under seismic load (Chen et al.,
2014). Li et al. performed tests on 20 steel-reinforced high-
strength concrete (SRHSC) columns under low cyclic reversed
loading, and the calculation formula for displacement ductility
coefficient of SRHSC columns was proposed. The results showed
that compared with reinforced concrete columns, SRHSC
columns had significantly stronger energy dissipation capacity
and excellent seismic performance (Li et al., 2007). The behavior
of tubed SRC columns was studied by Zhou et al. through the tests
on two circular tubed SRC (CTSRC) columns, two square tubed
SRC (STSRC) columns, and two common SRC columns under
combined axial constant compression and lateral cyclic load. It
was found that the ductility and energy dissipation capacity of
CTSRC columns and STSRC columns were significantly higher
than those of SRC columns. The seismic behavior of CTSRC
columns and STSRC columns could be gradually improved with
the increase of the axial compression ratio (Zhou et al., 2010a;
Zhou et al., 2010b). To enhance the structural bearing capacity
and constructability of conventional concrete-encased steel (CES)
columns, a prefabricated angle steel-reinforced concrete (PSRC)
column was developed by Hwang et al., and the tests on PSRC
columns under axial compression and lateral cyclic loading were
conducted. It was found that PSRC columns were more
susceptible to early concrete spalling and angle steel buckling
under cyclic lateral loading (Hwang et al., 2016). As FRP has been
verified to be widely used in confined concrete structures, the
mechanical properties of FRP-confined concrete columns have
become a hot issue. Eight reinforced concrete columns
strengthened with FRP were designed by Shan et al., and the
residual performance of FRP-retrofitted columns damaged after
simulated seismic loading was studied. The deformation of this
type of columns depended on the previous damage intensity and
the elastic modulus of FRP (Shan et al., 2006). Based on the stress
and strain model and the hysteretic moment-rotation model of
FRP-confined concrete, three FRP-jacketed reinforced concrete
(RC) columns were established by Teng et al. through OpenSees
finite element software. The calculation results were shown to be
in close agreement with the test results, which could verify the
rationality of the proposed model (Teng et al., 2015). Six recycled
concrete-filled GFRP tube (RCFF) columns was designed by Xiao
et al,, and the influence of recycled coarse aggregate replacement
percentage and the strength of core concrete on the seismic
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behavior of RCFF columns were investigated. Finally, a
normalization damage assessment method was developed for
the RCFF columns (Xiao and Huang, 2012). The cyclic
behavior of hybrid columns made of ultra-high performance
concrete and fiber-reinforced polymers (UHPCFFT) was
studied by Zohrevand et al, and the results showed
UHPCFFT had significantly higher strength, lower residual
drift, and energy dissipation (Zohrevand and Mirmiran, 2012).
At present, there exist few studies on the seismic behavior of RPC
columns. The quasi-static tests of 18 RPC columns were carried
out by Ju et al, and the influence of axial compression ratio,
longitudinal reinforcement ratio, stirrup ratio, and steel fiber
volume content on the seismic behavior of RPC columns were
studied. The results showed that the bearing capacity of RPC
columns increased with the increase of the axial compression
ratio, longitudinal reinforcement ratio, and stirrup ratio, but the
ductility of RPC columns decreased with the increase of the axial
compression ratio (Ju et al., 2013). Four concrete-filled RPC tube
(CFRT) columns and one ordinary hoops-confined concrete
column were tested under cyclic and constant axial load by
Shan et al, and it was found CFRT columns exhibited
bending failure with well distributed fine cracks, without RPC
cover spalling or crushing (Shan et al., 2020).

Although the studies on the seismic behavior of RPC columns,
steel-reinforced concrete (SRC) columns, and GFRP-confined
concrete columns have been carried out widely, the research on
seismic behavior of GRS columns has not been reported yet.
Therefore, in order to apply GRS columns to building structures
in seismic fortification areas, it is necessary to study the seismic
behavior of GRS columns under low cyclic loading. In accordance
with the results of previous studies, the seismic behavior of the
composite columns is related to some main factors, such as the
diameter and thickness of GFRP tube, number and angle of fiber
winding layers, axial compression ratio, compressive strength of
reactive powder concrete, and the area and strength of encased
steel. A total of 17 GRS columns are designed to investigate the
seismic behavior based on ABAQUS finite element software in
this study, and the hysteresis curve, skeleton curve, and failure
mode of the GRS column can be obtained. The seismic behavior
indexes such as stiffness degradation and energy dissipation
capacity of GRS columns are analyzed, and then the restoring
force models for GRS columns are proposed, which can provide
reference for the elastic-plastic seismic response analysis of this
kind of composite columns.

SPECIMEN DESIGN

In order to investigate the seismic behavior of GRS composite
columns, a total of 17 GRS columns are designed in this study.
The main controlled parameters include the diameter of GFRP
tube (D), thickness of GFRP tube (f), number of fiber winding
layers (n), fiber winding angle (6), axial compression ratio (\),
compressive strength of reactive powder concrete (f.), the area of
encased steel (A;), and strength of encased steel (f;,). The sketch
of specimens is shown in Figure 1, and the specific parameters are
shown in Table 1. According to the failure mechanism of
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FIGURE 1 | Sketch of specimens: (A) the whole GRS columns; (B) cross-section of GRS columns.

GFRP tube

Reactive powder concrete

Encased steel

TABLE 1 | Specific parameters of GRS specimens.

Specimen Dxtxl "] A
/mm?® 10)
GRS-1 600 x 12 x 1800 +80 0.4
GRS-2 500 x 12 x 1800 +80 0.4
GRS-3 700 x 12 x 1800 +80 0.4
GRS-4 600 x 10 x 1800 +80 0.4
GRS-5 600 x 14 x 1800 +80 0.4
GRS-6 600 x 12 x 1800 +70 0.4
GRS-7 600 x 12 x 1800 +60 0.4
GRS-8 600 x 12 x 1800 +80 0.4
GRS-9 600 x 12 x 1800 +80 0.4
GRS-10 600 x 12 x 1800 +80 0.4
GRS-11 600 x 12 x 1800 +80 0.4
GRS-12 600 x 12 x 1800 +80 0.4
GRS-13 600 x 12 x 1800 +80 0.4
GRS-14 600 x 12 x 1800 +80 0.4
GRS-15 600 x 12 x 1800 +80 0.4
GRS-16 600 x 12 x 1800 +80 0.2
GRS-17 600 x 12 x 1800 +80 0.6

concrete-filled steel tube columns (Jiang et al., 2021), RPC is
continuously and effectively constrained by the GFRP tube,
which is expressed by the constraint effect coefficient. The
constraint effect coefficient can be calculated by Eq. 1.

&= Agrp - fGFRP/AC e (1)

where Agrrp and A, are the area of GFRP tube and RPC,
respectively. fgrrp and f. are the circumferential strength of
GFRP tube and yield strength of RPC, respectively.

FINITE ELEMENT MODEL OF GRS
COLUMNS

Materials Constitutive Models

Steel

Based on the mechanical properties of steel under low cyclic
loading, a bilinear strengthening elastoplastic model (Han, 2007)
is adopted as the constitutive model of steel in this study. As

n £ A, foy f.
/mm? /MPa /MPa
4 0.5180 9070 345 80
4 0.6225 9070 345 80
4 0.4442 9070 345 80
4 0.4360 9070 345 80
4 0.5984 9070 345 80
4 0.5180 9070 345 80
4 0.5180 9070 345 80
2 0.5180 9070 345 80
6 0.5180 9070 345 80
4 0.5161 7995 345 80
4 0.5200 10200 345 80
4 0.5180 9070 235 80
4 0.5180 9070 490 80
4 0.5920 9070 345 70
4 0.4605 9070 345 90
4 0.5180 9070 345 80
4 0.5180 9070 345 80

shown in Supplementary Figure S1, the stress and strain curve of
steel can be divided into two stages, including elastic stage (OA
stage) and strengthening stage (AB stage). The constitutive
relation of steel can be expressed by Eq. 2.

B Ee (OSsgay)
o= fy+0.01ES(s—a/) (s>a/)

where E; is the elastic modulus of steel, and the modulus of
strengthening stage is taken the value as 0.01E;. f, is the yield
strength of steel and ¢, is the strain corresponding to f,.

2

GFRP Tube
GFRP tube is a type of fiber-reinforced composite materials with
anisotropic mechanical properties, as shown in Table 2.

RPC

Multiple constitutive models for concrete based on a large
number of experiments were proposed by scholars in China
and abroad, including Mander et al. (1988), Teng et al. (2007),
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TABLE 2 | Mechanical properties of the GFRP material.

E4/MPa E>/MPa Viz G12/MPa

52000 8000 0.35 3000

Seismic Behavior of GRS Columns

Xt1/MPa Xc1/MPa Xr2/MPa Xc2/MPa

795 533 43 187

Note: E; and E, represent the elastic modulus of GFRP in the tangential and normal direction, respectively. v, is the Poisson’s ratio and G represents the shear modulus. Xr; and Xz, are
longitudinal tensile strength and compressive strength, respectively. Xr» and Xco are transverse tensile strength and compressive strength, respectively.

Pagoulatou et al. (2014), Han (2007), and Code for Design of
Concrete Structures (GB 50010-2010, 2010), as shown in
Supplementary Figure S2. In this study, constitutive model of
confined concrete proposed by Han is selected as the RPC
constitutive model, and the plastic damage model for concrete
is selected during the modeling process by ABAQUS software.

The stress and strain relationship of RPC under uniaxial
compression can be seen in Eq. 3.

2x — x? (x<1)
y = a (x>1), 3)
B (x— 1)(1'&?) +x
x=-, @)
&o
o
y= U_o’ (5)
g = (1300 +12.5- f.)- 10 + 800 - &** . 10°¢, (6)
0p = fc, (7)

where f is axial compressive strength of concrete. 0y is the peak
compressive stress and ¢ is the strain corresponding to . f3
represents the ductility and energy absorbed by concrete and the
calculated expression is shown in Eq. 8.

B = (236 x 107%) [0 E0I] gos, (8)

The stress and strain relationship of RPC under uniaxial
tension can be seen in Eq. 9.

1.2x — 0.2x° (x<1)
y= X S 1) )
0310, - (x - 1) +x (x>1)
x=2, (10)
€
o
-2 11
y 5 (11)

where o0, is the peak tensile stress and ¢, is the strain
corresponding to .

Establishment of Finite Element

Model (FEM)
Element Type

The finite element models of GRS composite columns are
established by ABAQUS finite element software in this study.
RPC and I-shaped steel are simulated by C3D8R solid element,
while GFRP tubes are established by S4R four-node shell element

FIGURE 2 | Diagram of transverse meshing for GRS composite
columns.

(Almahakeri et al., 2016). The number and angle of fiber winding
layers can be defined by composite layers.

Meshing

In order to simplify the calculation and improve the accuracy
of simulation, 40 mm is taken as the mesh size of FEM. During
the assembly of components, the GRS composite column is cut
along the upper and lower edges of I-shaped steel, which can
make the meshing division more uniform. The mesh shape is
mainly hexahedron and the cross section of mesh division is
shown in Figure 2.

Interaction

During the process of finite element modeling, it is assumed that
there is no bond-slip between GFRP tube and RPC, which are
connected by binding (Ji et al.,, 2017). In order to realize the fix
between the end-plates and GRS column, the top and bottom of
GRS composite columns are bonded to the end-plates. Hard
contact is adopted in the normal direction of interface between
I-shaped steel and RPC. Considering the relative slip, friction
contact is used in the tangential direction of interface between
I-shaped steel and RPC, and the friction coefficient is set to 0.5
(Liu, 2005). The reference points RP1 and RP2 are set with the
distance of 10 mm away from the center between two ends of GRS
composite columns; meanwhile, RP1 and RP2 are set as coupling
contact.

Boundary Condition and Loading System

The bottom of GRS column is completely fixed, that is, restricting
the displacement in X, Y, and Z directions (U; = U, = U; = 0) and
the rotation in three directions (UR; = UR, = UR; = 0 rad/s). Two
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analysis steps are set when the GRS composite columns are
loaded. First, concentrated force is applied as the axial load.
Then after the axial load is applied, we kept the axial load constant
and applied the horizontal cyclic load. The GRS composite
columns are loaded by displacement, and the load of each
level is cycled twice until the displacement reaches three times
as the displacement corresponding to the peak load. The loading
modes are shown in Figures 3, 4. The finite element model of
GRS composite columns is shown in Figure 5.

VERIFICATION OF FINITE ELEMENT
MODEL

Based on the above modeling method, the finite element
simulation analysis for the specimen ZL3-1 (Wang, 2019) and
specimen C60SL-C (Shan et al., 2021) are conducted to compare
with the experimental results. The comparisons of skeleton curves
between simulation and experiment for specimen ZL3-1 and
specimen C60SL-C are shown in Figures 6A,B, respectively.
The comparisons of hysteretic curves between simulation and
experiment for specimen ZL3-1 and specimen C60SL-C are
shown in Figures 7A,B, respectively. It can be found from
Figures 6, 7 that the whole trends of skeleton curves and
hysteretic curves obtained by simulations are in good
agreement with those obtained by experiments. Therefore, it is
reasonable and feasible to carry out the study on seismic behavior
of GRS columns based on the above modeling method.

SIMULATION RESULTS OF GRS COLUMNS

Failure Modes

The failure modes of GRS composite columns under low cyclic
horizontal loading are almost the same. In this study, the failure
mode of specimen GRS-1 is analyzed as an example, as shown in
Figure 8. The failure mode of specimen GRS-1 presents mainly
the bulging failure at the upper part of the column base, and the
maximum strain appears at the column base. Finally, the GFRP
tube reaches the ultimate strain, and the column is overall
damaged.

The stress distribution of specimen GRS-1 can be seen from
Figure 9. As shown in Figure 9A, the maximum stress of GFRP
occurs at a distance above the column base. As shown in Figures
9B,C, the maximum stress of RPC and steel occurs at the
column base.

Hysteretic Response

The lateral displacement-load hysteresis curve is a basis of
seismic analysis, which can be used to predict the seismic
performance. The hysteresis curves of designed specimens
obtained by finite element software ABAQUS are shown in
Figure 10. It can be seen from Figure 10 that the hysteretic
curves of 17 GRS composite columns show a relatively full shuttle
shape, indicating that GRS composite columns have excellent
seismic behavior. At the initial stage of loading, the GRS
composite columns remain in the elastic state, and the

Seismic Behavior of GRS Columns

Axial load

Time

FIGURE 3 | Loading system of axial load.

w
>
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Displacement/mm
[
C el o

5

FIGURE 4 | Loading system of horizontal cyclic load.

>  GFRP tube
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& v~ RP>

Sa .S
’ = I-shaped steel

FIGURE 5 | Finite element models of GRS composite columns.

End-plate
Ur=Ua=Us™0;

UR1=UR>=UR3=0 rad/s

hysteresis curve is nearly a straight line. The main
deformation of the specimens can be basically restored after
unloading. With the increase of loading, the hysteresis loop
path of the specimens gradually deviates from the straight line.
The slope of the curve is smaller, indicating the stiffness of
specimens begin to degrade under cyclic load. When
specimens enter in the elastic-plastic stage, the specimens have
residual deformation after the unloading process, and the bearing
capacity of GRS columns begin to decline after reaching the
ultimate load.

By observing the hysteresis curves shown in Figure 10, it can
be found that the axial compression ratio has a great influence on
the hysteresis curves of GRS composite columns. The bearing
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FIGURE 6 | Comparisons of skeleton curves between test and simulation: (A) specimen ZL3-1; (B) specimen C60SL-C.
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FIGURE 7 | Comparisons of hysteretic curves between test and simulation: (A) specimen ZL3-1; (B) specimen C60SL-C.
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capacity and ultimate displacement of GRS composite columns
increase with the increase of axial compression ratio, and the
ability of plastic deformation is strengthened. The hysteresis
curve of GRS composite column is fuller with a lager axial
compression ratio, that is, the energy dissipation capacity of
the specimen is stronger.

Skeleton Curves

The destruction of a specimen can be divided into three stages,
including the initial cracking stage, crack development and yield
stage, and failure stage (Zhang et al., 2019). Skeleton curves refer
to the envelope obtained by connecting the peak points on the
hysteresis curve loops of each loading cycle, which is an
important basis for determining the characteristic points in
the restoring force model. The comparisons of the skeleton

curves for GRS composite columns with different controlled
parameters are shown in Figure 11.

It can be seen from Figure 11 that the skeleton curve trends of
17 GRS composite columns under low cyclic horizontal loading
are basically similar. At the elastic stage, the ascending branch of
the curve is nearly a straight line, and the skeleton curves of each
specimen are basically coincident. The deformation of GRS
composite columns can be completely restored after canceling
the displacement loading. At the elastic-plastic stage, the slopes of
the curves decrease continuously, and the irreversible plastic
damage of RPC occurs and accumulates continuously, which
indicates that the irreversible plastic deformations of the
composite columns begin to occur. After entering the plastic
stage, the steel and RPC reach the ultimate strength, and the
GFRP tube begins to play a constraint role. Therefore, the
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/ Local bulge

FIGURE 8 | The failure mode of specimen GRS-1.

skeleton curves of the GRS composite columns appear at the
descending branch, but the decline magnitude is relatively small,
which results in large displacements. All specimens show
excellent loading capacity and ductility.

It can be seen from Figure 11 that the peak load of the skeleton
curve increases with the increase of the diameter of GFRP tube (D),
thickness of GFRP tube (f), number of fiber winding layers (), the
area and yield strength of encased steel (As, f;,), axial compression
ratio (1), and compressive strength of RPC (f.). Among them, the
diameter of GFRP tube (D), compressive strength of RPC (f.) and
axial compression ratio (1) have more significant effects on the
peak load of skeleton curves of GRS composite columns.

Degradation of Stiffness for GRS Columns
In this study, the stiffness of GRS columns (Kj) is represented by
secant stiffness, which is defined in Eq. 12 (JGJ 101-96, 1997).

akila

=TT (12)
|AT] + |47 ]

1
where |P/| and |P; | are positive and negative peak loads at first
level under the ith controlled displacement, respectively, and |A] |
and |A;| are the horizontal displacements corresponding to |P;|
and |P; |, respectively.

Seismic Behavior of GRS Columns

With the increase of horizontal displacement, the secant
stiffness of specimens decreases, which is called stiffness
degradation. When the stiffness degradation is more
obvious, the plastic damage accumulated by GRS columns
is more serious, which indicates that the seismic behavior of
GRS columns is poor. The relationship curves of K; and
horizontal displacement of GRS columns under different
parameters are shown in Figure 12. It can be seen from
Figure 12 that the stiffness degradation trends of 17 GRS
columns are similar, and the secant stiffness decreases
with the increase of horizontal displacement. What is
more, the trend gradually slows down, namely, the slope of
the curves decreases gradually. The results show that the
diameter of GFRP tube (D), the yield strength of encased
steel (fy), and axial compression ratio (1) have a significant
effect on the secant stiffness of specimens. With the increase
of D, fi, and A, the stiffness degradation phenomenon
slows down.

Energy Dissipation Capacity
The equivalent viscous damping coefficient(E), an index to
evaluate the seismic behavior of GRS columns, can indicate
energy dissipation capacity, and the calculation formula is
shown in Eq. 13 (JGJ101-96, 1997). The specific physical
meaning can be shown in Supplementary Figure S3. The
curves of relationship between equivalent viscous damping
coefficient and horizontal displacement of GRS columns
under different parameters are shown in Figure 13.

B S(aBC+cDA)

= X (13)
S (AOBE+AODF)

It can be seen from Figure 13 that the trend of relationship
curves between the equivalent viscous damping coefficient and
the horizontal displacement of specimens are basically the
same, and the equivalent viscous damping coefficient is
positively correlated with the horizontal displacement. At
elastic stage, the equivalent viscous damping coefficient of
GRS column is small. When the specimens enter in the plastic
stage, the growth trend of equivalent viscous damping
coefficient slows down, but it still increases steadily. The

A B

S, Mises
(F45: 75%)

S, Mises
+6.426e+01

SNEG, (fraction = -1.0), Layer = 1
(P43 75%)

- +1,076e+01
+9.541e+00
- +8.323e+00
+7.104e+00
+5.885e+00
+4.666e+00
+3.448e+00
- +2.229%+00
- +1.010e+00

FIGURE 9 | The stress distribution of specimen GRS-1: (A) GFRP; (B) RPC; and (C) steel.

s, Mises
(24: 75%)
+2.012e402
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FIGURE 11 | Comparisons of skeleton curves: (A) different diameters of GFRP tube; (B) different thicknesses of GFRP tube; (C) different fiber winding angles; (D)
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different axial compression ratios.

viscos damping coefficient of GFRP tube steel-encased
concrete columns can reach about 0.60 (Wang, 2019), and
the viscos damping coefficient of RPC columns can reach
about 0.15 (Shan et al, 2021). The viscous damping
coefficient of GRS columns can reach above 1.2, which is
superior to the GFRP tube steel-encased concrete columns
and RPC columns. GRS composite column has excellent
energy dissipation capacity.

It can be seen from Figure 13 that the equivalent viscous
damping coefficient of specimens increases with the increase of
the diameter of GFRP tube and axial compression ratio, and
the axial compression ratio has a significantly important effect
on improving the energy dissipation capacity of specimens.
With the increase of the area of encased steel (A;) and strength

of encased steel (fi;), the equivalent viscous damping
coefficient of GRS columns gradually decreases.

ESTABLISHMENT OF RESTORING FORCE
MODEL FOR GRS COLUMNS

The ability of structure to resist deformation under external load is
called restoring force, and the relationship between restoring force
and deformation is called restoring force characteristics. Due that the
restoring force characteristic curves under earthquake action is
complex in practice, it can be generally simplified as a restoring
force model for structural seismic research. The restoring force
model (RFM) is generally composed of skeleton curve and
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FIGURE 12 | Comparisons of secant stiffness degradations for GRS columns: (A) different diameters of GFRP tube; (B) different thicknesses of GFRP tube; (C)
different fiber winding angles; (D) different numbers of fiber winding layers; (E) different areas of encased steel; (F) different strengths of encased steel; (G) different
compressive strengths of RPC; and (H) different axial compression ratios.

hysteresis rule (Wang et al., 2015). Many different restoring force
models have been proposed by scholars through a large number of
studies, which are mainly divided into two categories, including the
polygonal hysteretic model (PHM) and smooth hysteretic model
(SHM) (Zheng and Ji, 2008a; Zheng and Ji, 2008b). In this study, the
restoring force model of GRS composite columns is established
based on PHM.

Skeleton Curve

The dimensionless trilinear model is adopted as the restoring
force model of skeleton curves in this study. The dimensionless
load and displacement of GRS specimens are summarized in
Table 3. The trilinear theoretical model of skeleton curves for
GRS composite columns is shown in Supplementary Figure S4.
Where point A, point B, and point C represent the yield point,

peak point, and ultimate point of the trilinear skeleton curve
model under positive loading (PL), respectively, and point D,
point E, and point F represent the yield point, peak point, and
ultimate point of the trilinear skeleton curve model under
negative loading (NL), respectively. The calculation formulas
of each segment for the trilinear skeleton curve model are
shown from Eq. 14 to Eq. 19, which can be linearly fitted by
Origin software.

A

S t0A: £ 21201 (14)
egmen :—=1.291—,
& P, An
P A
Segment AB: — = 0.311-— + 0.689, (15)
P, A
P A
Segment BC: = —0.194A—+ 1.194, (16)

m m
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FIGURE 13 | Comparisons of energy dissipation capacity for GRS columns: (A) different diameters of GFRP tube; (B) different thicknesses of GFRP tube; (C)
different fiber winding angles; (D) different numbers of fiber winding layers; (E) different areas of encased steel; (F) different strengths of encased steel; (G) different
compressive strengths of RPC; and (H) different axial compression ratios.
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Unloading Stiffness

In this study, the stiffness of 17 GRS composite columns can be
analyzed by regression, and the expression of stiffness
degradation can be obtained, as shown in Eq. 20.

4;
Ki/K = 4.68645¢ 13y + (.21346, (20)
u

The regression analysis process is shown in Supplementary
Figure 5. Where, A;/A,, represents the displacement cycle grade,
and K;/K,, represents the ratio of the stiffness under displacement
cycle to failure stiffness of specimens.

Hysteretic Rule

The hysteretic rule of GRS columns is established according to the
trilinear skeleton curve and stiffness degradation regularity. The
restoring force model is shown in Supplementary Figure S6. The
description can be illustrated as follows:
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TABLE 3 | Dimensionless load and displacement of skeleton curves for specimens.

Specimens Loading direction Yield point Peak point Ultimate point
P,/P., Ayl A Po/Pm Al B Pu/Pm Dol
GRS-1 PL 0.8661 0.7500 1.0000 1.0000 0.8448 1.7500
NL 0.9301 0.7500 1.0000 1.0000 0.8693 1.7500
GRS-2 PL 0.8569 0.6000 1.0000 1.0000 0.8649 1.6000
NL 0.9259 0.7500 1.0000 1.0000 0.8849 2.0000
GRS-3 pPL 0.9142 0.7500 1.0000 1.0000 0.8526 2.0000
NL 0.9852 0.7500 1.0000 1.0000 0.8512 1.5000
GRS-4 PL 0.7731 0.6667 1.0000 1.0000 0.8377 1.8333
NL 0.7919 0.5000 1.0000 1.0000 0.8581 1.5000
GRS-5 PL 0.9692 0.7500 1.0000 1.0000 0.8575 2.0000
NL 0.7515 0.5000 1.0000 1.0000 0.8407 2.2500
GRS-6 PL 0.9785 0.7500 1.0000 1.0000 0.8480 1.7500
NL 0.7523 0.5000 1.0000 1.0000 0.8342 2.2500
GRS-7 PL 0.7920 0.5000 1.0000 1.0000 0.8517 1.5000
NL 0.8047 0.5000 1.0000 1.0000 0.9065 1.5000
GRS-8 PL 0.8213 0.6667 1.0000 1.0000 0.8325 1.8333
NL 0.8345 0.5000 1.0000 1.0000 0.8726 1.5000
GRS-9 PL 0.9593 0.7500 1.0000 1.0000 0.8714 2.0000
NL 0.9580 0.7500 1.0000 1.0000 0.8572 2.2500
GRS-10 pPL 0.9080 0.7500 1.0000 1.0000 0.8261 1.5000
NL 0.9345 0.7500 1.0000 1.0000 0.8388 1.5000
GRS-11 PL 0.9174 0.7500 1.0000 1.0000 0.8714 2.0000
NL 0.7791 0.5000 1.0000 1.0000 0.8383 2.2500
GRS-12 PL 0.9319 0.6667 1.0000 1.0000 0.8430 1.6667
NL 0.9198 0.6667 1.0000 1.0000 0.9005 1.6667
GRS-13 PL 0.9117 0.6000 1.0000 1.0000 0.8725 1.6000
NL 0.9314 0.7500 1.0000 1.0000 0.8807 2.0000
GRS-14 PL 0.9367 0.7500 1.0000 1.0000 0.8513 1.7500
NL 0.9555 0.7500 1.0000 1.0000 0.8241 2.2500
GRS-15 PL 0.9735 0.7500 1.0000 1.0000 0.8491 1.7500
NL 0.7284 0.5000 1.0000 1.0000 0.8220 2.5000
GRS-16 PL 0.9576 0.7500 1.0000 1.0000 0.8492 1.7500
NL 0.9674 0.7500 1.0000 1.0000 0.8786 2.2500
GRS-17 PL 0.9642 0.7500 1.0000 1.0000 0.8472 1.7500
NL 0.9718 0.7500 1.0000 1.0000 0.8655 2.2500
Average value pPL 0.9077 0.7029 1.0000 1.0000 0.8512 1.7667
NL 0.8778 0.6422 1.0000 1.0000 0.8602 1.9510
1) Point A and point D represent yield points under positive and from point G on the skeleton curve, it is carried out along the
negative loading, respectively. Point B and point E are peak path of G-H.
points under positive and negative loading, respectively. Point ~ 5) After it is unloaded to point H, the loading path directs from
C and point F are ultimate points under positive and negative the point H to point L (such as H-L) along the loading
loading, respectively. Segment DOA is the elastic stage. direction. When it is reversely loaded from point L, it is carried
Segment AB and DE are positive and negative yielding out along the path of L-M and then back to the point G.
segments, respectively. Segment BC and EF are positive = 6) When it is loaded again to the next displacement value, the
and negative failure segments, respectively. path directly moves from the previous maximum
2) At the elastic stage, the positive loading curve is carried out displacement value of hysteresis loop to the corresponding
along the segment OA of skeleton model, and the negative point of next displacement value on the skeleton curve,
loading curve is carried out along the segment OD of skeleton namely, the path of G-B.
model. When unloaded in OA and OD segments, the unloading ~ 7) When it is loaded beyond the peak point B, the path advances
stiffness remain unchanged, which is the initial stiffness, and along the skeleton curve B-C. The unloading stiffness can be
the curve returns to the original point along the original route. calculated according to Eq. 20. Positive loading and negative

loading keep continued until the GRS column fails.
3) There exist softening points in the hysteresis curve, which
takes 65% of the load value before unloading. In .
Supplementary Figure S6, Point M, H, P, T, U, and R COMparisons of the Results Between FEM
represent softening points. and RFM
4) After yielding, the loading path directs from yield point A to  The comparisons of the skeleton curves and hysteretic curves
peak point B along the skeleton curve. When it is unloaded  between the finite element model (FEM) and restoring force
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model (RFM) are shown in Figures14, 15, respectively. It can be
seen from Figure 14 that the calculated curves of REM are in good
agreement with the simulated curves of FEM, which proves that

the hysteretic characteristics of GRS columns can be better
reflected by the trilinear restoring force model proposed in
this study. So, the skeleton curves and hysteretic curves of
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GRS columns can be determined by the restoring force model
proposed in this study. The curves predicted by REM can also
characterize the variation trends between load and displacement
of GRS columns.

CONCLUSION

In order to study the seismic behavior of GFRP tube reactive
powder concrete composite columns with encased steel (GRS),
the numerical simulation analysis of GRS composite columns
under low cyclic loading was carried out by ABAQUS finite
element software. The main parameters include the diameter of
GFRP tube (D), thickness of GFRP tube (f), number of fiber
winding layers (n), fiber winding angle (), axial compression
ratio (1), compressive strength of reactive powder concrete (f),
the area of encased steel (A;), and strength of encased steel (f).
Based on the results of finite element models (FEM), the restoring
force models (RFM) suitable for GRS composite columns are
established. The conclusions can be drawn as follows.

1) Based on the method of displacement-graded loading, the
hysteretic curves of GRS columns show a relatively full shuttle
shape, which can indicate that GRS composite columns have
excellent seismic behavior.

By observing the failure mode of GRS columns, the local
bulging presents mainly at the upper part of the column base.
The maximum stress of GFRP occurs at a distance above the
column base, while the maximum stress of RPC and steel
occurs at the column base.

The skeleton curves of GRS columns under low cyclic loading
are mainly divided into three stages, including elastic stage,
elastic-plastic stage and plastic stage. When entering the
plastic stage, the steel and RPC reach the ultimate strength
and GFRP tube begins to play a constraint role. Therefore, the
skeleton curves appear the descending branch but the decline
magnitude is relatively small, which can result in large
displacements. All specimens show excellent loading
capacity and ductility. The peak load of the skeleton curve
increases with the increase of D, t, 1, A, f,y» A, and f.. D, £, and
A have more significant effects on the peak load of GRS
composite columns.

The diameter of GFRP tube (D), the yield strength of encased
steel (fiy), and axial compression ratio (A) have significant
influences on the stiffness degradation of specimens. With the
increase of D, f,y, and A, the stiffness degradation slows down.
The equivalent viscous damping coefficient(E) of GRS

2)

3)

4)
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columns increases with the increase of D and A, but E
gradually decreases with the increase of A, and f,,. It is
found that A has a significantly important effect on
improving the energy dissipation capacity of specimens. E
of GRS columns can reach above 1.2, which is superior to the
GFRP tube steel-encased concrete columns and RPC columns.
By comparing the skeleton curves and hysteretic curves
between FEM and RFM, it shows a good agreement, which
can verify that the restoring force model is reasonable and
feasible.
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