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Behaviour of Circular FRP-Steel Confined Concrete
Columns Subjected to Reversed Cyclic Loads:
Experimental Studies and FE Analysis

Yanlei Wang!, Gaochuang Cai**, Yunyu Li*, Dani¢le Waldmann®, Amir Si Larbi®,
Konstantinos Daniel Tsavdaridis®

Abstract

This paper studies experimentally the behaviour of circular FRP-steel confined concrete columns
subjected to reversed cyclic loads. The influence of main structural factors on the cyclic behaviour of
the columns is discussed. Test results show the outstanding seismic performance of FRP-steel
confined reinforced concrete (RC) and steel-reinforced concrete (SRC) columns. The lateral
confinement effectiveness of GFRP tube and GFRP-steel tube was verified and a simplified
OpenSees-based finite element method (FEM) model was developed to simulate the experimental
results of the test columns. Based on the proposed FEM model, a parametric analysis was conducted
for investigating the effects of main factors on the reversed cyclic behaviour of GFRP-steel confined
RC columns. Based on the test and numerical analyses, the study discussed the influence of variables
such as the lateral confinement on the plastic hinge region (PHR) height and peak drift ratio of the
columns under reversed cyclic loads. Results indicate that the lateral confinement significantly affects
the PHR height of the circular confined RC columns. Based on the analyses of the data from this
study and literature, a simple model was suggested to predict the peak drift ratio of the confined RC

columns.
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1. Introduction
It is generally accepted that properly confined concrete can develop adequate ductility for reinforced
concrete (RC) elements allowing sufficient lateral deformability without a significant reduction in
strength. For RC beams and columns, their confinement is usually located at the plastic hinge regions
(PHR) by using different external constraints such as steel tube (Tomii 1985a, 1985b) and fibre
reinforced polymer (FRP) sheet (Teng et al. 2002). Moreover, the confinement can further enhance
the deformability and ductility of RC columns subjected to reversed cyclic loads, which is meaningful
for concrete structures in seismic regions or for high-rise buildings. This is because that unconfined
concrete elements might fail due to damage accumulation during reversed cyclic loads, thus leading

to subsequent further damage or the collapse of whole structure.

Fig.1 shows the main confinement methods of two kinds of concrete elements: (i) RC, and (ii)
concrete-filled steel tube (CFST) elements. For the former, the addition of external steel tube
confinement was suggested to improve the ductility, deformation, and damage control of the concrete
cover of RC elements. The concept of “tubed column” was first introduced to the research community
by Tomii et al (1985a,b), which is called as steel tube confined columns. The lateral tubed
confinement at the same time significantly enhances the bearing capacity of the RC elements.
Additionally, the external steel tube can work as a part of the formwork system to quicken the
construction. Since steel tube confined concrete (STCC) elements initially were used in the
construction industry and presents excellent deformation ability and ductility, the research community
has also presented increasing concerns. This can be attributed to the fact that the STCC effectively
avoids the outward local buckling (OLB) for the local yielding of the steel tube under large loads or
at large lateral deformation (Tomii et al. 1985a, 1985b, Sakino et al. 2004), which usually occurs in
CFST elements. This is also because the steel tube is designed not to carry directly axial loads in

STCC elements via the termination of the steel tube at its two ends. Besides, the STCCs provide a
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solution to overcome the difficulty of the load transfer mechanisms and the detailing design at RC
beam-to-CFST column joint nowadays. Up-to-date, a number of studies have been conducted to
understand the constitutive behaviour (Binici 2005, Li et al. 2005) and structural behaviour of STCCs
under various loads (Aboutaha and Machado 1999). In particular, Han ef al. (2005) experimentally
investigated the monotonic and cyclic behaviours of STCC columns, thin-walled STCC column to
beam joints (Han et al. 2009), and thin-walled STCC columns subjected to axial local compression
(Han et al. 2008). Zhou and Liu (2010) experimentally studied the seismic behaviour and shear
strength of STCC short columns, the performance of STCC columns under eccentric compression
(Zhou et al. 2015, Zhou et al. 2016), the behaviour of circle STCC column-to-RC beam connections
under axial compression (Zhou ef al. 2017). In addition, Yu et al. (2010) proposed a finite element

method (FEM) analysis model to analyse the mechanisms of STCC columns under axial compression.

However, similar to the buckling of the steel tube in CFSTs at large deformation and its corrosion
under aggressive environment limit their application in civil engineering, the corrosion of the steel
tube also obstructs the application of the STCCs in an increasing deteriorative built environment.
According to literature (Wu et al. 2014, Liu et al. 2018), the FRP wrapping of the STCC solves the
durability concerns of the STCC structures. However, a few concerns regarding this kind of structural
elements still need to be addressed such as low longitudinal stiffness and relatively high construction
cost. Therefore, with consideration of these reasons, a FRP-steel confined RC element has been
developed. The first author’s research group (Ran 2014, Huang 2016) investigated the constitutive
behaviour of GFRP-STCC under monotonic and cyclic axial loads. Cao et al. (2017) experimentally
investigated the behaviour of FRP-STCC stub columns with expansive self-consolidating concrete
under axial compression. Liu et al. (2018) studied the axial behaviour of circular CFRP-STCC stub
columns. In summary, comparing with STCC and FRP-confined concrete structures, the FRP-STCC
structures are more durable and flexible because of the using of durable FRP materials and a more

effective confinement.
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On the other hand, CFST elements are popular in high-rise buildings or piers in Europe and Japan as
reinforced concrete is widely applied. This is due to the reasonable arrangement of steel and concrete
in the section, which optimizes the sectional strength and stiffness of the elements leading to an
effective use of the material properties to resist the tension and bending actions in the section.
Meanwhile, the tube can serve as a part of formwork in construction, which decreases labour and
material costs. However, the effects of the bond, confinement, and OLB on CFST’s structural
behaviour are under study to facilitate the development of design methods of the members under
lateral reversed cyclic loads. External FRP confining may be a potential solution to fix the OLB
problem of CFST elements (Xiao 2004, Hu et al. 2011) for the high strength and elastic properties of
FRP materials, but which is still under research. Xiao (2004) proposed the FRP-confined CFST
columns, who also compared and commented the FRP-STCC and CFST elements. He concluded that
a FRP-confined CFST column combines the advantages of the conventional CFST column and the
tubed column, in which additional transverse reinforcement is designed for the potential plastic hinge
regions to improve the seismic performance of the elements. In 2005, Xiao et al. (2005) performed a
study to introduce and experimentally validate FRP-confined CFST columns under axial and seismic
loads and confirmed the excellent seismic performance of these columns. Recently, several studies
were reported to examine the constitutive behaviour of FRP-confined CFST columns (Xiao et al.
2005, Liu and Lu 2010, Park et al. 2010, Tao et al. 2011, Lin 2012, Teng et al. 2013, Park and Choi
2013, Hu and Seracino 2013, Wang et al. 2015,Yu et al. 2016), but more studies are underway to

examine details of the elements.

Concerning the structural behaviour of FRP-STCC elements under various loads, up to present, there
are only limited studies available in literature. Most of the studies focused on the behaviour of the
elements under axial compressive loads (Cao et al. 2017, Liu et al. 2018). Therefore, the major
objective of this paper is to study the behaviour of circular GFRP-STCC columns under combined
constant axial loads and lateral reversed cyclic loads. Based on experimental observations and
analyses of the deformation mechanisms, this paper also proposes a FEM analysis model to simulate

the structural response under the combined loads. Moreover, this study also aims to discuss the effect
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of the main structural design factors on the behaviour of FRP-STCC columns under reversed cyclic

loads.

2. Experimental program

2.1 Test overview

In this experiment, eight circular sectional concrete columns were designed and prepared, including
one reinforced concrete (RC) column, one steel tube-confined RC column, one steel tube-confined
steel reinforced concrete (SRC) column, one CFRP-steel confined RC column, two GFRP-steel
confined RC columns and two GFRP-steel confined SRC columns. The core concrete diameter of all
specimens was 300 mm and the thickness of the concrete cover was 30 mm. The height of the columns
was 1350 mm with a 300 mm high column head. The dimension details and steel arrangement of the
specimens are presented in Fig. 2. The volumetric ratio of longitudinal steel bar of all specimens was
1.71%, and the stirrup volumetric ratio was 0.6%. For the steel tubes confined specimens, the
thickness of the steel tubes was 3.0 mm. In order to prevent the direct axial compression of the steel
tubes, 20 mm gaps were set at both ends of the columns. In FRP confined specimens, FRP was used
to confine the hinge zone of 500 mm with different layers depending on the test design, while the
remaining parts of the columns were wrapped by 2-layers same-type FRP sheet. For the confined
SRC columns, a standard H-section steel (150mmx150mmx10mmx7mm) was set from underneath

the base beam to the top of the column. Table 1 and Fig.2 (a) show the details of test specimens.

2.2 Specimen manufacture

All steel tubes in the study were manufactured from 3.0 mm steel plates by welding at their lap zone.
The tested specimens were prepared following the steps: (1) setting of the reinforcement cage of
columns and base beam; (2) setting of the steel tube (its welding line was placed on the plane oriented
parallel to the column's axis of symmetry); (3) setting of the reinforcement cage and module of the
stigma (column head); (4) curing of the specimens; and (5) removing steel tube for concrete columns
or wrapping FRP sheet for FRP-steel confined concrete columns. The key steps of FRP wrapping

were as follows: (1) polishing their surface with an angle grinder to enhance its surface roughness;
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(2) clearing the surface of the steel tubes such as wiping them with alcohol; and (3) setting of FRP
sheet. The overlap length of FRP wrapping was about 300 mm and the welding line of the steel tube
was located in the middle of the overlap zone of FRP wrapping to prevent the cracking of welding
line. Fig. 2(b) shows a completely GFRP-steel confined column specimen.

2.3 Materials’ properties

Two kinds of unidirectional FRP sheets were used, i.e. GFRP sheet L900 (900 g/m?) and CFRP sheet
UT70-30 (300 g/m?). A construction impregnation adhesive for structural application, an epoxy
adhesive Lica-100 was used, whose properties are listed in Table 2. Ready-mixed concretes were
used, which contained 5-10mm aggregates with a target compressive strength of 40 MPa. According
to the test results of six standard concrete cubes (150mmx150mmx150mm), the cube compressive
strength of concrete was 41.2 MPa, which is approximately transferred as a concrete cylinder’
compressive strength via multiplying by 0.8 for normal strength concrete. The transverse and
longitudinal reinforcements of the columns are 8mm plain (smooth) steel rebars and 16mm deformed
steel rebars, respectively. Q235 steel tube (3.0 mm thickness) was used to confine the columns, whose
properties are listed in Table 2 obtained by the standard test method, GB/T228-2010 (2009). As shown
in Fig. 2, a standard H-section steel (150mmx150mmx10mmx7mm) was used in the tested SRC

columns.

2.4 Test setup and measurement

The details of the test setup are illustrated in Fig. 3. The bottom base beam of each specimen was
firstly anchored on a strong RC floor through several high strength steel bolts. At the ends of the
beam, two linear variable differential transducers (LVDTSs) were used to record its possible slipping
during the test. The constant axial loads were applied on the top of the columns by a hydraulic jack
with a maximum capacity of 1000 kN, as shown in Fig. 3. The reversed lateral cyclic load was applied
at the column head using a hydraulic jack with a maximum capacity of 1000 kN with a one-way steel
hinge device that can rotate around the vertical and horizontal loading directions. The applied axial

load in each column was designed as 978 kN for RC columns and 1242 kN for SRC columns - about
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35% of the nominal axial load capacity (N) of the columns obtained as per the Chinese standards (GB

50010-2010 2015, TGJ3-2002 2002).

During the tests, the lateral load and displacement of the columns were monitored by using one load
cell and several LVDTs (450 mm, 600 mm, and 750 mm from the top of the base beam), while the
strains of the longitudinal reinforcement, the stirrup, FRP-steel tube and steel tube during the loading
were investigated through several gauges. Four strain gauges (L1~L4) and three hoop strain gauges
(H1~H3) were installed on the longitudinal rebars and on the stirrups at a distance of about 10mm
from the top of the base beam, respectively. Two hoop strain gauges (HN, HS) and three vertical
strain gauges (LN, LS, and LM) were arranged respectively on the surface of the steel tube or the
FRP tube at the distances of 70 mm, 220 mm, and 370 mm from the top of the base beam, in order to

measure the horizontal and vertical strains of the steel tube or the FRP tube.

2.5 Loading methods

It is necessary to establish a reasonable loading history to capture the critical issues of the resistance
and deformation on structural elements during the quasi-static cyclic loading tests. After the
application of a constant axial load on top of the columns, a multiple reversed cyclic lateral loading
was performed in each column. In the reference column, a deformation-controlled reversed cyclic
lateral loading was applied with an increment of 4.0 mm. The target deformation of the first cyclic
loading was 4.0 mm. When the lateral displacement arrived at 12mm, the lateral loading was repeated
twice at each target cycle of lateral loading. A similar loading method was performed at the confined
concrete columns, except for that the increment of lateral deformation was set as 8.0 mm after the
lateral displacement of the columns excessed 16mm. For the security, the tests were finished if the
lateral resistance force of the specimen reduced to 60% of its maximum measured value or the lateral
displacement of the columns is too large such as over 100mm. Fig. 4 presents the loading procedure

applied in the columns.

3. Test observations

3.1 Cracking evolution and damages



179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

(1) RC column and steel tube confined RC column (G0S0T0 and G0S1T0)

In Specimen GOSOTO, the first horizontal crack occurred at the north side of the column about 100
mm from the top of the base beam. Then, a semi-circular horizontal crack appeared on the south side
with a height of 100 mm. At the same time, a second crack appeared at a north side of the column, at
a height of 200 mm. Meanwhile, horizontal cracks began to appear in the upper part and in the middle
of the south side and began to develop to the north side of the column. Next, new horizontal cracks
appeared in the columns about 400 mm and 600 mm from the top of the base beam. With the increase
of the lateral displacements, the cracks below the south side developed, while the horizontal cracks
continued to develop, and crushing of the concrete at the south side of columns occurred. At this time,
the first vertical crack was confirmed in the south side concrete along with the crushing of the concrete
on the north side. Next, at the north side of the concrete first vertical cracks appeared. When the lateral
displacement was about 24 mm, the concrete cover on the north side shows a large area of spalling
but a buckling of the longitudinal reinforcing bar could not be observed. All the damages and cracks
in the column were mainly caused by the plastic deformation of concrete and internal damage
surrounding the deformed reinforcements. The final failure morphology of the specimen is shown in

Fig. 5.

In the steel tube confined RC column, GOS1TO, the early stage cracks cannot be visually observed
due to the external steel tube. When the lateral displacement was 48mm, the cracking and the
extrusion exfoliation of concrete were found at the bottom of the column. After removing the steel
tube at the end of the column, the concrete at the bottom of the confined zone was crushed, but due
to the constraints of the steel tube, it did not fall off. Several slipped shear cracks were also found at
the foot of the column. All of damages and cracks were still caused by the plastic deformation of the
elements, however, the confinement of steel tube effectively reduces the crushing of the concrete
which indicates the failure of the column will be difference with that of RC columns in which the

sectional concrete crushing is one of main reasons of structural failure.

(2) FRP-steel confined RC columns (G5S1T0, G7S1T0 and C7S1T0)
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Specimen G5S1TO presented a large residual displacement after testing. At the surface of GFRP tube
wrapped in the column foot, the resin slightly cracked. After removing of the GFRP wrapping and
steel tube, several cracks were found at the column foot and the south side of the column. This can
be explained by the fact that the compression from the upper part of the north side GFRP-steel
confined concrete promotes the crushing to the below concrete (about 50 mm from the top of the base
beam). However, the damage of the outermost layer of GFRP tube did not appear during testing.
Compared to Specimen G5S1TO0, two more layers of GFRP sheets were applied in Specimen G7S1TO,
but the failure mode of the two specimens is similar. When the lateral displacement was too large, the
concrete at the top of the base beam was disintegrated. By removing the GFRP tube and steel tube
after testing, several horizontal and diagonal cracks were observed at the distance of 100 mm from
the top of the base beam. However, the confinement of the GFRP was able to protect the core concrete
in a satisfactory manner. Comparing with Specimen G7S1T0, when GFRP was replaced by CFRP,
similar failure mode, cracking pattern, and damages were found in Specimen C7S1TO, so that it can
be stated that the confinement of the columns were performant. In summary, the main damages and
cracks of FRP-steel confined RC columns concentrated on the critical section between the column

and the base beam, which were expressed as crushing and slipped cracks, respectively.

(3) FRP-steel confined SRC columns (G0S1T1, G5S1T1 and G7S1T1)

The cracks and damages of the steel tube confined SRC column GOS1T1 were similar to that of the
steel tube confined RC column GOS1T0. When the lateral displacement increased to about 48mm, the
parts of the concrete on the top of the base beam and the column foot were cracked and damaged as
the steel tube deformation and stretched continuously. At the end of the test, there was no apparent
buckling or other failure characteristics visible on the steel tube. When removing the steel tube later,
a horizontal crack was observed at about 80 mm near the column foot but no other damages to the
column body. When the steel tube was confined by GFRP tube such as Specimen G5S1T1, the cracks
appeared on the south side of the column above the base beam when the lateral displacement of the

column was 25mm. These cracks developed further into compressive damage of the concrete cover.
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At the end of the experiment, however, the confined concrete is still almost intact. Comparing with
the case of Specimen G5S1T1, the cracks and damages were controlled well when using more layers
of GFRP sheets in G7S1T1. However, the failure mode of this specimen was similar to that of
Specimen G5S1T1. In the case of large displacement, the concrete at the top of the base beam was
initially disintegrated, before being damaged near the top of the column. At last, the concrete was
damaged at around 10 mm over the base beam, while the confined concrete remained protected
without visual horizontal or diagonal cracks. In summary, the damages and cracks in the confined
SRC columns were much smaller than those of the other columns, which is attributed to the

reinforcement of the strong H-sectional steel inside.

3.2 Hysteresis behaviour

(1) RC and steel tube confined RC columns (GOS0TO0 and G0S1TO0)
Regarding the RC column, the lateral load-displacement curve is almost linear at the initial stage of
loading. At the second cycle of the same target deformation, the stiffness and lateral load-bearing
capacity of the specimen hardly degraded. However, the residual deformation became larger and the
unloading stiffness and bearing capacity decreased with the increase of the lateral displacement, but
the pinch contraction phenomenon of the hysteresis hoops was not obvious. When the displacement
was 24 mm, the test was stopped due to the large area of concrete spalling. At this moment, the lateral
load was 73.4% of the axial peak load of the column. For specimen GOS1TO, the residual deformation
during unloading was small at the beginning. The stiffness and the bearing capacity of the specimen
at the early stage are not significantly decreased at the same deformation level. As shown in Fig. 6,
the hysteretic pinch phenomenon was also not obvious in this column showing that it has a strong
energy dissipation capacity. When the lateral displacement was 72mm, the lateral load decreased to

62% of its peak load.

(2) FRP-steel confined RC columns (G5S1T0, G7S1T0 and C7S1T0)

Regarding specimen G5S1TO, the lateral load and stiffness of the specimen have not changed and its

residual deformation was small at the initial stage. However, as shown in Fig. 6, with the increase of
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lateral displacement, the hysteresis loop appears an obvious pinch and shrink phenomenon, but the
shape of the loop is still fat. The bearing capacity of the column did not decrease rapidly after reaching
the peak load indicating that the ductility of the column was satisfactory. For specimen G7S1TO, the
shape and variation of the hysteresis curve were very similar to that of G5S1TO, however, the
hysteresis loop of the G7S1TO was fatter. For specimen C7S1TO, its residual deformation was small
while the stiffness and bearing capacity had almost no degradation when the displacement was small.
As the displacement increased, the residual deformation of the specimen increased, and the stiffness

and bearing capacity decreased obviously.

(3) FRP-steel confined SRC columns (GOS1T1, G5S1T1 and G7S1T1)

As it can be seen from Fig. 6, GOS1T1 specimen shows a fusiform hysteresis loop at the initial stage,
while the hysteresis curve is gradually getting fatter with the increase of the displacement and shows
no sign for the pinch-and-shrink phenomenon. This demonstrates that the column possesses an
excellent energy dissipation ability. For specimen G5S1T1, its bearing capacity and stiffness did not
significantly change under the same displacement. With the increase of loading, the shape of the
hysteresis loop tended to become fatter. The degradation rate of the lateral load was small after the
column reached its peak load meaning that the column has a satisfactory ductility. For specimen
G7S1T1, the residual deformation of the column during the initial loading was quite small. Similar
to that of G5S1T1, no obvious degradation occurred in the stiffness and lateral load of the specimen
at the same level of lateral displacement. With the increase of lateral displacement largely, the
hysteresis curve of the specimen become fatter showing its strong energy dissipation capacity.
Comparing between G7S1T1 and G5SITI1, no significant difference was observed in G7S1T1
indicating that increasing the number of GFRP layers has no influence on the seismic performance of

the SRC columns.

3.3 Strain evolution of reinforcing rebars and steel tube

Fig. 7 demonstrates that when the lateral load increases, the strain of the steel rebars increases as the

lateral displacement of RC column and steel tube confined RC columns. When the displacement was
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32 mm, the longitudinal reinforcement in L2 has a strain of higher than its yielding strain, i.e. 2000p.e.
With the increase of the lateral displacement, the longitudinal reinforcement begins to yield. However,
the maximum compression strain of the longitudinal reinforcement reached 2500pe at the later
loading stage indicating that it did not undergo significant plastic deformation. The figure shows that

the stirrups can confine the concrete well in the circular RC column.

As shown in Fig. 7, taking specimen G7S1TO as an example with the FRP-steel confined RC columns,
the maximum strains of the steel tube occurred at the top of the base beam in both sides are 6602p.e
and 3543pe - both exceeding the yielding strain of the tube. The hoop strain on the outside tube
confirmed that the steel tube were in tensile. Similar to the variation law of longitudinal strain, the
amplitudes of HN50 and HS50 close to the top of the base beam were 4883ue and 4883pe,
respectively. Specimen GOS1T1 shown a similar strain evolution to Specimen G7S1T0. For FRP-
steel confined SRC column G5S1T1, the strains of LN50 and LS50 near the base beam were 6823 e
and 5949pe, respectively. All the results of strain gauges indicated the steel hoop were under tension.
This is due to the expansion of the core concrete after multiple lateral reserved loads leading to an
increase in the deformation of steel tube confined by GFRP sheet. At the same time, HN50 and HS50
located on the south and north sides were 6755 and 47991, respectively which reached its yielding
status. In summary, in the FRP-steel confined SRC columns, at the same section of the column foot,
the strain on the north side, the south side, and the neutral axis were all different, which means that
the hoop strain distribution was not uniform. The strain of the steel tube in the confined SRC columns
was smaller than that of other specimens because the sectional rigidity of the SRC column is quite

large for the using of H-section steel.

4. Comparison and analyses

4.1 Comparison of hysteresis behaviour

Fig. 8 compares the hysteresis curves of all the tested specimens. Results show that the bearing

capacity and ductility behaviour of specimen GOS1TO was better than that of the specimen GOSOTO



308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

owing to the external lateral confinement of steel tube. Comparing to Specimen GOS1TO, an overall
improved bearing capacity, ductility, and energy dissipation capacity of the steel tube confined RC
column was obtained by the GFRP wrapping, such as the specimens G5S1T0 and G7S1TO.
Furthermore, with the increase of the number of layers of FRP sheet, the enhancement effect of GFRP

wrapping was more obvious.

Examining the case of the specimens G5S1T0 and G7S1TO0, the seismic performance of the FRP-steel
confined RC columns was improved with the number of layers of FRP sheet, but the enhancement
effectiveness became lower with the number of FRP layers. For the specimens G7S1T0 and C7S1TO,
although the lateral confinement (both the lateral confinement stiffness and strength) of the CFRP
was stronger than that of the GFRP, the load-carrying of the specimen G7S1TO is slightly better than
the specimen C7S1T0. This can be explained as follows: (a) the failure mode of the confined RC
columns was controlled by the damages and cracks in the confined RC, but not controlled by the
rupture of the FRP wrapping usually occurred in axial compressive columns, which indicated that the
FRP material were not fully utilized; (b) this little abnormal case may be induced by the manufacture

error of the specimens, and testing error etc.

For GFRP-steel confined RC/SRC columns, it was observed that the bearing and deformation
capacities of the specimen G5S1T1 (or G5S1T0) were improved when using GFRP to confine steel
tube, comparing with the ones of specimen GOS1T1 (or GOS1TO). This indicates that the FRP-steel
composite tube can improve the seismic performance of the RC/SRC columns in an effective manner.
However, when the used amount of steel reinforcement (H-section steel, steel reinforcing bars, and
steel tube) was high, the improvement caused by FRP wrapping became not obvious. For the
specimens G5S1T1 and G7S1T1, the increase of the number of layers of FRP did not improve
significantly the shear-resistance and the deformation capacity of the confined SRC columns. This
could be explained by the fact that the confined columns using H-section steel already have a high
seismic performance indicating that the confinement effectiveness from FRP sheets was not

developed.
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4.2 Skeleton curves-deformation and ductility

Skeleton curves can clearly reflect the bearing capacity and ductility of RC members which are the
main considerations of the seismic design of the members. Generally, a skeleton curve mainly
includes three characteristic points: yield strength point, peak strength point, and ultimate strength
point. The peak point is the peak load of the columns, Py For the FRP-steel confined RC columns,
the ultimate point is the point at 85% of the peak load (85% Piax), Pu. The deformability of FRP-steel
confined SRC columns was excellent; however, the ultimate deformation was large when the lateral
load drop is not obvious. Due to safety reasons, all tests were stopped before reaching the ultimate
state of the columns. For a comparative analysis, the ultimate strength points of two FRP-steel
confined SRC columns (Specimens G5S1T1 and G7S1T1) were considered as a point when the lateral
load drops to 90% of its peak load in this study.

There is no uniform the calculation method to adjust the yield point of the concrete element. In this
paper, the equivalent elastoplastic energy absorption method (Park 1988) was applied to define the
yielding point by introducing an additional line in the load-deformation curve such as to define an
equivalent elastoplastic displacement with the same energy dissipating, as shown in Fig. 9: the
trapezoidal OABC area is equal to the area encircled by the curve ODBCO. In this figure, 4, and P,
represent the ultimate displacement and the ultimate load, respectively; P, and 4, are the yield load
and displacement, respectively. Py is the peak load and 4,4, is the corresponding displacement. P,
is taken as 85%Puau or 90%Pq depending on columns with/without H-section steel with the

exception of Specimen GOS1T1 (85%Pmax)- R is the drift angle of the columns.

Fig. 10 shows the comparison of the skeleton curves of all the tested specimens and Table 3 presents
a summary of all test results. The yield loads of FRP-steel confined RC columns without H-section
steel increased slightly with the number of layers of FRP wrapping. The yield displacement for the
steel tube confined or FRP-steel confined RC columns was larger than that of RC columns. Compared
to Specimen GOS1TO0, G5S1T0 and G7S1TO have a larger yield load which increased by 5.6% and
11.0%, respectively. The peak loads of the specimens G5S1T0 and G7S1TO increased by 10.2% and

16.0%, respectively, while their peak displacements increased by 14.9% and 28.4%, respectively, and
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their ductility coefficients increased by only 0.5% and 3.1%, respectively. This indicates that the
ultimate shear capacity and deformation capacity of the steel tube confined RC column were
significantly improved after confinement by FRP wrapping, while no significant improvement was
achieved for its ductility. On the other hand, CFRP-steel confined specimen (C7S1T0) had a better
ductile coefficient which was higher than that of GFRP-steel confined specimen (G7S1T0) because
the confinement of the CFRP was stronger than that of the GFRP, as the same number of layers of
FRP was used.

With regard to the specimens using H-section steel, similar results were obtained. Comparing to the
specimens GOS1T1, with an increase of the number of GFRP layers, the yielding load of the
specimens G5S1T1 and G7S1T1 increased slightly by 0.3% and 10.2%, their peak load increased by
8.8% and 17.9% and their ultimate displacement increased by 7.1% and 12.9%, respectively.
Meanwhile, the ductility coefficients of the G5S1T1 and the G7S1T1 also increased slightly with

increasing the number of GFRP layers.

4.3 Stiffness degradation

The lateral stiffness of RC columns generally degrades under a reversed cyclic loading for several
reasons such as the decreasing of effective compression area of columns caused by concrete cracking
and the yielding of steel reinforcement etc. The stiffness in this study refers to an equivalent lateral
stiffness, which is the average value of the load-displacement ratios at the unloading points in the
positive and negative directions of the first loading hoop of each target displacement level. Fig. 11
demonstrates the stiffness degradation curve of all specimens. Results show that the initial stiffness
of the RC column (GOSOTO) is low, while the members confined by steel tube or FRP-steel tube have
a much higher stiffness. As the lateral displacement increases, the stiffness of the confined RC
columns degraded slowly. In addition, the stiffness degraded more slowly when the number of GFRP
layers increased. The initial stiffness of specimens GOS1T1, G5S1T1, and G7S1T1 are almost the

same due to all SRC columns have a strong stiffness. As the lateral displacement increased
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continuously, the degradation rates of the lateral stiffness of the SRC specimens remained an almost

identical value.

4.4 Energy dissipation capacity

The energy dissipation capacity of RC elements is an important index to evaluate their capacity to
absorb earthquake energy induced by ground shaking. The failure and collapse of RC structures could
happen due to poor energy dissipation during an earthquake. In this study, the cumulative energy
dissipation was calculated considering only the first load hoop at the corresponding displacement
level. As shown in Fig. 12, the accumulated energy dissipation of RC columns is less than that of the
confined RC columns at the same lateral displacement. As the number of GFRP layers increased, the
energy dissipation capacity of the confined columns increased. However, the accumulated energy
dissipation of the G7S1TO was only slightly higher than that of the G5S1TO. This is because the
specimen G5S1TO wrapped with 5 layers of GFRP may be already under an over-confining state.
Therefore, the effect of increasing GFRP layers on energy dissipation may be small in G7S1TO.
Similarly, the specimen C7S1TO got a greatly improved energy dissipation capacity comparing to the
specimen GOSOTO, but when comparing to the specimens G7S1TO and G5S1TO, their energy

consumption capacity was almost the same.

For the SRC columns (GOS1T1, G5S1T1, and G7S1T1), similar behaviour was obtained: (1) in the
initial stage, the accumulated energy dissipation of the specimens was similar for all the specimens;
(2) as the lateral displacement increased, the energy dissipation capacity of the columns increased and
shown a different evolution and finally the energy consumption of the G7S1T1 is highest; and (3) the
number of GFRP layers has no significant influence on the energy dissipation capacity of the SRC
columns. This again shows that the improvement of the seismic performance of the SRC columns due

to an increasing the number of layers of GFRP sheet is relatively small.

5. FEM simulation of FRP-steel confined RC columns

According to Section 4, the GFRP wrapping did not present its positive effect on the seismic

performance of the SRC columns. The main reason could be that the core SRC column possessed
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already a high stiffness to the lateral deformation under the reversed cyclic loads. Therefore, in this
section, the paper emphasizes on the simulation of FRP-steel confined RC columns. OpenSees
(Mazzoni et al. 2006), as an open source object-oriented software, is used for the analysis of the tested
RC and FRP-steel confined RC columns. The basic assumptions for the analyses of the columns
include: (a) concrete section remained a plane and normal to the neutral axis after bending, (b) the
slippage between steel rebar and concrete was neglected to simplify the simulation, and (c) the shear
effect was neglected to simplify the simulation due to the fact that the shear span ratios of all columns
in this FEM is not less than 2 (especially most case is 4), which indicated the flexural failure mode
will occur in the columns and the shear effect would be relatively small. In the following sections,

the geometric and materials models used in the program are discussed.
5.1 Material model and cross-section rule
5.1.1 Concrete and steel tube confined concrete

For the RC column, a three-line constitutive model proposed first by Kent and Park (1971) and
modified by Scoot et al. (1982) was selected as a backbone curve for concrete material. The backbone
and hysteresis model of concrete (uniaxial materials of Concrete0O1 in OpenSees) are presented in Fig.

13 (Mazzoni et al. 2006). The related equations of the model are as follows:

2
Kf., Z[i]—(iJ ],g <eg.
gCC gCC

F=1 T (. (1)
Kf |1-Z| — ||.e..<e<¢g,
L gCC
0.2Kf ,e=¢,
In the equation,
K=1+ pvfyh/fco 2
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Where, &. is the strain corresponding to the peak stress of the confined concrete, taken as 0.002K; K
is the coefficient of the increase of the peak load caused by the confinement. Z is the slope of the
strain drop curve; f., is the compressive strength of standard non-confined concrete cylinders; fyx is
the yield strength of stirrups; pv is the volumetric reinforcement ratio of stirrups; b is the width of core
concrete; s is the spacing of stirrup. For steel tube confined RC columns, the analysis of the confined
concrete of the columns adopted the constitutive model of steel tube confined concrete proposed by

Lin (2012).

5.1.2 FRP-steel confined concrete model

a. Monotonic model

An analysis-oriented stress-strain model for FRP-steel confined concrete was used in this paper.
Referring to analysis-oriented models for FRP-confined concrete (Jiang et al. 2007), a passive
confining stress-strain model for FRP confined concrete in FRP-steel confined concrete columns can
be achieved from an active confining model for concrete through an incremental approach. The model
is proposed on the assumption that the axial stress and strain of FRP confined concrete at a given
hoop strain are the same as those of the same concrete confined actively with a constant confining
pressure equalling to that provided by the FRP wrapping (Jiang et al. 2007). The following axial
stress-strain model for concrete, which was built by Popovics (1973), is adopted in this paper.
Popovics (1973) proposed a stress-strain model for the confined concrete with an active confining,
which presents a great analysis accuracy. Thus, this study suggests to use it to analyse the stress-strain

of GFRP-steel confined concrete elements, which is given as:

o, _ (8c/8cc)'r 4)
fo r=1+(g/e.)

E

r:Ec_f:c/gcc (5)
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Based on the research conducted by the research group of the first author of the paper (Lin 2012, Ran
2014, Huang 2016), the study suggests to consider the active (stirrups and steel tube) and passive
confining actions (FRP wrapping) in FRP-steel confined concrete columns to model the peak axial
stress and the corresponding axial strain of FRP-steel confined concrete. The proposed models are

expressed as:

f 1.28 0.86
Lo _yy 4.08(iJ +5.5[—f15 * ] (6)
co co ‘f‘(.'()
f 0.55
i:zm.n[i] +5.8[—f15+f1hj (7)
gL'() co co

Referring to the confining mechanism of FRP confined CFST elements proposed by Hu (2011), in
this study, the relationship between hoop strain (&) and axial strain of confined concrete is calculated

as:

0.7
&+0.66[1+8ijx {1+0.75[iﬂ —exp{—7(iﬂ =0 ®)
gCO fCO 8(70 8(70

In the equations, f.. is the compressive stress of confined concrete; fis, fir and fi; are the confining
stresses of steel tube, FRP and stirrups, respectively; f; 1s the total confining pressure; E. is the elastic
modulus of concrete, which is taken as 4736ﬁ00'5 ; & 18 the axial strain of confined concrete at its
strength; o is the axial stress of tested concrete specimen; & is the axial strain of concrete at its
strength; &_1is the unit strain of concrete corresponding to ¢, .

As an analysis-oriented stress-strain model, the generation of the axial stress-strain curves for FRP-
steel confined concrete would be achieved by an incremental process, which was introduced detailed

in literature studied by the research group of the first author of the paper (Huang 2016).
b. Multi-cycle model

The cyclic constitutive model includes mainly the skeleton model and hysteretic law. The latter has

two key unloading and reloading paths, and the calculation of plastic strain and stress degradation.
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Here, the monotonic model proposed above is used to simulate the skeleton curve of the FRP-steel
confined RC columns under cyclic loading. For the hysteretic models, considering the fact that the
strength ratio of the FRP materials to steel is fairly large, the confining effectiveness of FRP-steel
tube to the concrete is considered similar to that of the FRP-confined concrete. Meanwhile, due to the
existence of the steel tube and transverse rebars in the FRP-steel confined RC columns, the authors
suggest to use an improved model proposed by Lam and Teng (2009). The key features and related
equations are presented in Fig. 14. The details of the multi-cyclic model are reached in the reference

(Huang 2016).

5.1.3 A new material constitutive model for FRP-steel confined concrete developed with
an OpenSees Programming
An accurate material constitutive model is the base of the analysis of the RC columns subjected to
reversed cyclic loads. OpenSees is a well-known open source platform with a strong nonlinear
structural analysis and a high compatibility. FRP-steel confined concrete can significantly improve
the seismic behavior of the RC columns as demonstrated in Section 4 of the paper. However, the
existing material constitutive models for FRP-steel confined concrete are not available in the current
version of OpenSees. By the C++ programming language, a new user-defined material constitutive
model based on the monotonic and multi-cycle constitutive model proposed in Section 5.1.2 was
developed, and applied into an OpenSees platform. The developed new material constitutive model
is suitable for FRP-steel confined concrete in circular section. The material models and elements are
separate and independent in OpenSees. Therefore, all existing elements in OpenSees can be
compatible with the new material model. Compared with the existing concrete model, the new
developed material model can accurately simulate the true stress-strain relationship of FRP-steel
confined concrete, especially the unloading rules including residual strain, which would improve the

pinching effect of FRP-steel confined RC columns.

5.1.4 Steel model
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In this study, a constitutive model of steel reinforcement proposed by Menegotto and Pinto (1973)

was used considering steel reinforcement as an elastic-perfectly-plastic material, which is given as:

o =bs +——F— 9
(1+6*R)1/R ©

where, b is strain hardening coefficient; ¢* and ¢* are normalized stress and strain. R is a curvature
parameter. The detailed calculations of the parameters are available in the references (Menegotto and
Pinto 1973, Orakcal et al.2006). Fig. 15 depicts a typical hysteretic stress—strain response output for

steel reinforcement.

5.1.5 Cross-section rule

A distributed-plasticity, force-based nonlinear beam-column element was selected for the analysis of
all columns. For FRP-steel confined RC columns, two beam-column elements were used to simulate
the FRP confined hinge zone of 500 mm height and the remaining part of the column, respectively,
which was described in Section 2.1. Similarly, two beam-column elements with the same element
size were used for RC columns or steel tube confined RC columns. A cantilever half-column model
was used in this simulation, which was used to be tested in this paper. As described in Section 2.1,
the steel tubes and the FRP wrapping were terminated at their two ends to avoid the direct axial
compression. Therefore, the steel tube and the FRP wrapping in the confined RC columns mainly
provide the confining effect for the concrete core. In order to simply the simulation, the models of the
stirrup, the steel tube and the FRP wrapping in the confined RC columns were not built in this paper,
while the confining effects of the three parts on the concrete core were considered by introducing the
above proposed stress-strain relationship of FRP-steel confined RC into the element, as demonstrated
by Fig. 16. The circular cross-section of all columns was divided into 36 parts in hoop direction and
30 parts in radial direction. Therefore, 1080 fibers were used in the paper. The 1080 fibers (36*30
fibers) were determined according to the balance between computational accuracy and computational
efficiency before ensuring convergence. However, a convergence study regarding the element size

and fiber number was not conducted in this paper.
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5.2 FEM model validation

Fig. 17 presents a comparison between the simulated and tested results of RC column and FRP-steel
confined RC columns. It can be seen that the peak load of the simulated curves are very similar to
their measured values, and the corresponding lateral displacements were also consistent with the test
results. For the FRP-steel confined RC columns, the simulated curves were in good agreement with
their experimental curves. Although a new material constitutive model for FRP-steel confined
concrete, which would improve the pinching effect of the columns, was implemented in the analysis,
the pinching effect of the simulated curves is still more obvious than that of the test curves, especially
for the specimens G5S1T0, G7S1TO and C7S1TO. This may be due to the fact that the slippage of
steel rebar and concrete is not considered, which was neglected to simplify the simulation in this
paper. Overall, the simulation results were in good agreement with the experimental results. Therefore,
it is feasible to use the OpenSees-based FEM model to simulate the seismic performance of FRP-steel

confined RC columns.

5.3 Parametric study of FRP-steel confined RC columns

To proper the seismic design of FRP-steel confined RC columns, it is necessary to understand the
influence of main parameters on the seismic performance of the columns to make reliable adjustments
accordingly based on laboratorial study. In this study, a parametric study was carried out on the effects
of various parameters on the seismic preformation of FRP-Steel confined RC columns. The basic
models from the above simulation program were used. The main structural parameters studied were
axial load ratio (0.1-0.8), shear span ratio (2-10), steel tube thickness (1-6 mm), longitudinal steel
ratio (change steel diameter), the number of FRP layers (1-8 layers), and the wrapping height of FRP

sheet in the columns (0-1000 mm).

5.3.1 Effect of axial load ratio

Based on the tested specimens GOS1TO0 and G5S1TO, the axial load ratio ranges from 0.1 to 0.8, as
shown in Fig. 18, and the results demonstrate that during the increase of axial load, the bearing

capacity of the specimens under reversed cyclic loads also increases. However, the bearing capacity
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of the specimens decreased with an increased axial load more rapidly in post-peak. This shows that
the ductility got lower as the axial load ratio increased. The specimen G5S1TO confined by 5-layer

GFRP sheet showed a better ductility than that of the specimen GOS1TO confined only by steel tube.

5.3.2 Effect of shear span ratio

Fig. 19 demonstrates the impact of shear span ratio on the seismic behaviour of the specimens
GOS1TO and G5S1TO without changing the other conditions. Results show that the effect of the shear
span ratio is basically the same when different types of external lateral confinement are used. As the
shear span ratios increased, the bearing capacity of the specimens decreased in turn. The peak
displacement also increased when shear span ratio increased meaning that the flexural capacity of the

columns was stronger.

5.3.3 Effect of the thickness of steel tube

Fig. 20 shows the results when the thickness of steel tube increased from 1 mm to 6 mm in the
specimens GOS1TO and G5S1TO, respectively. It is observed that as the thickness of steel tube
increased, the ductility and load carrying capacities of the specimens were improved. Moreover,
changing the thickness of steel tube has a greater influence on the specimen GOS1TO, as its bearing
capacity and ductility have been improved more significantly, and its peak strain became higher. On
the other hand, due to the lateral confinement of five layers of GFRP sheet was considered over-
confining, the effect of the thickness of steel tube on the specimen G5S1T0 was not very significant.
It is observed that when using FRP-steel tube to confine RC columns in practice, it is not advisable
to increase the thickness of steel tube in order to get a stronger confinement. It should be considered
that the simply increasing of the tube thickness would increase the self-weight of the structures, which

is not ideal for resisting the seismic actions.

5.3.4 Effect of longitudinal steel ratio

The effect of longitudinal steel ratio on the seismic behaviour of FRP-steel confined RC columns was

examined by increasing the diameter of longitudinal reinforcement (D) of reference specimens. As
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shown in Fig. 21, the results show that the bearing capacity of the two specimens is improved when
the reinforcement ratio of longitudinal reinforcement increases, but the influence on the degradation

ratio of the lateral load of the columns in post-peak is not obvious.

5.3.5 Effect of the layer number and confining height of FRP sheet

The effect of the number of FRP layers on the load-displacement skeleton curve of the columns is
shown in Fig. 22. It was obtained that the lateral ultimate load and its corresponding displacement of
the column increased as the number of GFRP layers increased. This indicates that as the number of
GFRP layers increases, the bearing capacity and ductility of the columns is increased. On the other
hand, based on the results of the specimen G5S1TO, the increase of the confining height of GFRP
sheet (0, 300, 500, 800, and 1000 mm, respectively) has no significant effect on the bearing capacity
and ductility of the specimens after the height reaches 300 mm. The height exceeds over 1.5 times of
the diameter of the columns which is similar to the case in RC elements reported before. Therefore,
the confining height of circular FRP-steel confined RC columns is suggested as 1.5 times of the
column’s diameter, which can make the columns achieve an economical and reasonable lateral

confinement.

6. Discussions

6.1 Plastic Hinge Region (PHR) height

The predication of the lateral load—deformation behaviour of a concrete column involves an important
step, modelling the plastic hinge region (PHR) of the column (e.g. Inel and Ozmen 2006, Youssf et
al. 2015, Yuan et al. 2017). The region is defined as the deformation and damage region of elements,
which experience inelastic demands. Based on the literature, previous experimental studies on
concrete columns (unconfined or confined) assessed the PHR height by observing visually the
damage regions at both ends of the columns (e.g. Bae and Bayrak 2008, Liu and Sheikh 2013). The
damages mainly include cracks and spalling of concrete cover, which usually was considered that it

relates to the longitudinal plastic deformations of the columns. For FRP confined concrete elements,
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Ozbakkaloglu and Sattcioglu (2006, 2007) recommended using the hoop-strain profiles of the tubes
to assess the PHR height, considering an intimate relationship between the lateral expansion of FRP
tube and inside damage sustained by concrete. This means that the concrete cover may damage with
a high probability when the corresponding hoop strain of FRP tube is high at the same position.
Ozbakkaloglu and Idris (2014) suggested the PHR height can be established through a hoop-
distribution of the specimens at its final loading cycle. They assumed that the PHR terminated at a

height where the hoop strain fell below 1/3™ of the maximum-recorded strain in the cycle.

In this study, the PHR formation and propagation of the three types of tested columns, i.e. RC,
confined RC and confined SRC columns, were determined based on a combined method considering
the hoop strain evolution of the FRP-steel tube and the inside cracking formation of the specimens.
The average PHR height of RC column in the current paper was obtained from the measured height
of two sides of the column after the final load cycle. Regarding other confined RC/SRC columns, the
PHR height of steel tube confined RC/SRC columns (GOS1TO and GOS1T1) was determined by
analysing the hoop-strain distribution of steel tubes along their height. For the FRP-steel confined
RC/SRC columns, the experimental observation, and strain analyses were conducted to assess their
PHR heights. The results presented in Figs. 5 and 7 show that the difference between the unconfined
and confined columns is high which can be mainly attributed to the different lateral confinement
conditions of the columns. The lateral confinement increases the ductility and deformability of the
columns meaning their PHR heights reduce. In addition, the strain evolutions of the steel tube
confined specimens and FRP-steel confined specimen such as G7S1TO also show the difference of
the deformation capacity of the region is between 70 mm and 220 mm from the end of the columns.
The additional confinement from the FRP material increases the deformability of the confined
RC/SRC columns. The PHR height of the specimen G7S1TO should be between 70 mm to 220 mm,
but it is more near to 70 mm. The damage shown in Fig. 5 verifies that the PHR height of the column
G7S1TO0 is about 100 mm. Comparing with the specimens G7S1T0 and C7S1TO, the higher elastic
modulus and tensile strength of CFRP increases the hoop strain level at 220 mm from the end of the

columns. However, the hoop strains of the CFRP-steel tube at 70 mm and 220 mm both are quite
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small, which means its PHR height was not changed significantly being equal to that of GFRP-steel
confined RC columns. It can also be explained by the fact that CFRP and GFRP both are very strong
in tension compared with the steel tube. Within the SRC columns, there was no obvious difference
between the PHR height of steel tube confined SRC columns and FRP-steel confined SRC columns,
which both were about between 70 mm to 100 mm. As described previously, the H-section steel
already makes the RC columns be strong for the resistance of seismic action. This indicates that the
additional lateral confinement of FRP materials does not affect the deformability and ductility of the

columns.

6.2 Peak drift level of confined RC columns

As described previously, comparing with conventional RC columns, all confined RC columns of this
study presented an excellent seismic behaviour. However, the lateral load of the columns also started
to cause a degradation with an increase of the lateral displacement after reaching their peak load.
There were many researchers who had explained the reasons of the degradation (e.g. Ang 1985, Cai
et al. 2015) and indicated the degradation of RC columns with increasing lateral displacement was
very important considering safety aspects of the structures subjected to strong earthquake. To promote
the performance- or drift-based design of RC structures subjected to strong earthquake attacks, Cai et
al. (2015) proposed a complete shear design model for circular concrete columns, which was able to
predict the degradation of the lateral shear resistance of the columns under a mega-earthquake. As
shown in their model, Cai et al. (2015) pointed out that the effective lateral confinement factor (/) of
circular RC columns had a significant influence on the peak drift ratio of the columns, which was
denominated as the degradation-starting drift ratio R;,. The drift ratio is calculated by a ratio of A../L
(where, A, is the displacement corresponding to peak load point and L is the shear span of the
columns). For discussing the drift ratio of the confined RC columns, this study collected several RC
columns confined by steel tube or FRP-steel tube by existing literature (Liu et al. 2009, Zhou and Liu
2010, Gan et al. 2011, Lin 2012). Using the FEM analysis results in this paper, a data set of the

confined RC columns with shear span ratio (a/D) larger than 1.5 and axial load ratio (n) exceeding of
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0.3 was modelled and analysed. In theory, these columns have a stronger trend to fail as flexural
failure mode. Referring to the model developed by Cai et al. (2015), the effective lateral confinement

factor (I.) of FRP-steel confined RC columns is calculated by

I(; — Phs'fhs + Phst'fhst + PufrpJhfrp
feo feo feo

(10)

where ppis the volume ratio of stirrup; ppge and ppryp is the equivalent stirrup volume ratio of the

steel tube and the FRP tube, respectively; fhs and fj; are the yield strength of the stirrup and the
steel tube, respectively; fp - is the hoop stress of the FRP tube at peak point taken as about 10% of

ultimate strength of FRP according to the test results;

Fig.23 shows the relationship between peak drift ratio R, and the effective lateral confinement factor
1. of the columns confined by the steel or FRP-steel tube, by steel tube and by FRP-steel tube. Results
show that the factor /. has a different influence on the peak drift level of circular confined RC columns
comparing with the case in circular RC columns. According to existing design codes, most of circular
RC columns have an I. factor less than 0.3 and have a peak drift varying from 0.5% to 2.5%. The
increasing of /. brings a larger increase in the peak drift ratio in Cai et al. model (Cai et al. 2015).
This can be explained by the fact that the increase of lateral confinement of RC columns has a more
significant effect on the enhancement of peak drift ratio of shear-dominant columns. In the data
established in the paper, however, all confined columns are flexural-dominant columns. Besides, the
1. factors of the RC columns confined by steel or FRP-steel tube had a larger varying region. The
peak drifts ratios of the columns increased with the /. factors. Comparing with the case of steel tube
or FRP-steel tube confined RC columns, a stronger linear relationship was found between the /. factor
and the peak drift ratio R;, of steel tube confined RC columns. However, as shown in Fig.23, the
existing data of FRP-steel tube confined columns is not enough for determining the relationship
between /. and R;, in these columns. Therefore, the paper suggests that peak drift ratio R;, of the RC

columns confined by steel tube or FRP-steel tube can be calculated simply at the beginning by
Ry =261, +08  (in%) (11)
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683 7. Concluding Remarks

684  This paper investigated the behaviour of FRP-steel confined concrete columns under reversed cyclic
685 lateral loads through a series of experiments, including RC (reference column), steel tube confined
686  RC/SRC columns, and FRP-steel confined RC/SRC columns. Flexural failures were observed for all

687  columns. The following conclusions can be made:

688 e  With the increase of the number of FRP layers, the structural behaviours (including yield load
689 and displacement, peak load and displacement, ultimate load and displacement, and ductility
690 coefficient) of the FRP-steel confined RC/SRC columns have been improved.

691 e The load-carrying capacity, ductility and energy dissipation capacity of FRP-steel confined
692 RC columns were better than those of RC columns and steel tubes confined RC columns.
693 Moreover, the improvement caused by the lateral confinement increased as the number of
694 layers of FRP increased. Similar observations occurred in FRP-steel confined SRC columns
695 when comparing with SRC column or steel tube confined SRC column.

696 e FRP wrapping has no significant effect on the initial stiffness of FRP-steel confined RC/SRC
697 columns. However, with the increase of the lateral displacement and with more layers of FRP
698 sheet confining, the stiffness degradation of the columns was reduced.

699  Based on the proposed FEM model verified by the test results in the paper, a parametric analysis has
700  been conducted to analyse main factors on the behaviour of GFRP-steel confined RC columns. The

701 main observations are as follows:

702 e With the increase of the axial load ratio and the shear span ratio, the load-bearing capacity of
703 steel tube confined and FRP-steel confined RC columns has been improved, while the ductility
704 of the columns has been significantly reduced.

705 e The load-bearing capacity of steel tube and FRP-steel confined RC columns increased as the
706 thickness of steel tube increased, while the former kind of the columns increased more
707 significantly. However, the thickness has no significant influence on the ductility of the columns.
708 e The increase of the longitudinal reinforcement ratio improved the load-bearing capacity of steel
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tube and FRP-steel confined RC columns but just has little effect on the ductility of the columns.
e The increase of the number of FRP layers enhanced the ultimate load-bearing capacity and
ductility of FRP-steel confined RC columns, but the positive effect was weakened after a
certain number of FRP layers were applied. It is need more studies to quantify this for the
FRP-steel confined RC columns. The change in the height of FRP wrapping has no significant
influence on the load-bearing capacity and ductility the columns after the height reaches 1.5

times of the column’s diameter.
On the other hand, this study discussed the influence of main variables on the plastic hinge region
(PHR) height and peak drift ratio of the confined RC columns under reversed cyclic loads and
presented that the lateral confinement condition has a significant influence on the PHR height and
peak drift ratio of the confined RC columns. Based on the existing test data, the paper suggests a

simple model to predict the peak drift ratio of the confined RC columns as well.
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Table 1 Details of test specimens
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Table 3 Summary of the test results of test specimens

Table 1 Details of test specimens

The number

Test No. Diameter Thickness Reinforcing Stirrups of layers of  FRP type Setting of
D /mm ts/mm bars H-Steel
FRP sheet
GOS0TO 300 - - - No
GOS1TO 300 3 - - No
G5S1T0 300 3 5 GFRP No
G7S1TO 300 3 7 GFRP No
C7S1T0 300 3 6®16 8@100 7 CFRP No
GOS1T1 300 3 - - Yes
G5S1T1 300 3 5 GFRP Yes
G7S1T1 300 3 7 GFRP Yes

Noted: G/Cx: x-layers GFRP or CFRP sheet; S0/S1: without/with confined steel tube; TO/T1: without/with H-

steel;

Table 2 Material properties of steel, FRP and epoxy adhesive

Materials Diameter or Young’s modulus Yielding strength Tensile strength
thickness (mm) E; /GPa fv/MPa Ju/MPa

Steel tube Q235 3 210 280 414
Stirrups Q345 8 206 400 540
Reinforcing rebar Q345 16 205 420 590
H-Steel wing/web plates 10/7 208/221 223/225 374/387

. Thickness Young’s modulus Elongation & Tensile strength f
Materials fm E /GPa 1% /MPa
CFRP 0.167 245 1.51 4077
GFRP 0.354 72 2.1 1500
Epoxy - >2.4 >1.50 >38

Table 3 Summary of the test results of test specimens
Specimens Py Aymm  Prax/kKN  Amax/mm PJ/KN A,/mm RI% LA

GO0S0TO 80.55 8.30 92.95 13.42 79.01 16.44 1.37 1.98
GOSITO 96.44 10.49 110.95 21.68 94.30 43.90 3.66 4.19
G5SI1TO 101.84 12.37 122.29 2491 103.95 52.11 4.34 421
G7S1TO 107.01 14.53 128.72 27.83 109.41 62.70 5.23 4.32
C7S1T0 103.81 11.52 122.97 24.60 104.53 51.37 4.28 4.46
GOSI1T]1 149.83 13.99 158.45 35.79 134.68 72.64 6.05 5.19
G5SIT1 150.34 14.78 172.46 36.22 155.22 77.81 6.48 5.26
G7S1T1 165.07 15.47 186.78 39.75 168.10 81.99 6.83 5.30

Noted: ux is displacement ductility coefficient, which is calculated by 4./4,.
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Fig.6 Hysteresis behavior of the specimens
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Fig. 7 Strain evolution of reinforcing bars, steel tube and FRP tube
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Fig. 8 Comparison of experimental lateral load-displacement curves
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Fig. 15 Hysteretic property of Steel02 model in OpenSees
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columns

18


https://www.editorialmanager.com/jrnsteng/download.aspx?id=493363&guid=d5e2f003-238c-4de9-b500-128999f8dfa7&scheme=1
https://www.editorialmanager.com/jrnsteng/download.aspx?id=493363&guid=d5e2f003-238c-4de9-b500-128999f8dfa7&scheme=1

Fig.18

Lateral Load (kN)

150 150
GOS1TO /0-8 G5SI1TO
1204 120
)
904 9 90
Q
—
60 [ g 60
=
304 — 30
0 T T T . |. 0 T T T T T
0 20 40 60 80 100 0 20 40 60 80 100

Lateral displacement (mm) Lateral displacement (mm)

Fig. 18 Influence of axial load ratio on FRP-steel confined RC columns
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Fig. 19 Influence of shear-span ratio on FRP-steel confined RC columns
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Fig. 20 Effects of steel tube thickness on FRP-steel confined RC columns
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Fig. 21 Effects of longitudinal bars ratio on FRP-steel confined RC columns
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Fig. 22 Effects of confining layer number and the height of GFRP on the confined columns
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