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Abstract

Concrete-filled steel tube (CFST) columns are widely used in civil engineering because of their excellent bearing
capacity; however, the reinforcement of CFST columns lacks effective measures. To strengthen CFST columns quickly
and effectively, two methods, namely, winding FRP (fiber reinforced polymer) or steel strips, were explored in this
work. Two unconfined CFST columns, eight FRP-strengthened CFST columns and four welded steel strip-strength-
ened CFST columns were manufactured and tested. The failure modes and axial load-strain curves of all specimens
under compression load were concluded and compared. The effects of the primary parameters, such as FRP layers (1,
2,3 and 4 layers) and steel strip thickness (3.0 and 6.0 mm), on the bearing capacity and deformation capacity were
also investigated. The ultimate load of CFST columns increased from 28.72 to 64.16% after being confined by FRP with
one to four layers. The ultimate load of the welded steel strip-strengthened CFST column with 3.0 mm steel strips and
6.0 mm steel strips increased by 28.46% and 49.82%, respectively, compared with the unconfined CFST column. Thus,
the increase in FRP layers and steel strip thickness can markedly improve the compressive behavior of the FRP/welded
steel strip-strengthened CFST columns. The cost performance of the two different reinforcement methods also
showed that the cost of the welded steel strip-strengthened CFST column is nearly 40% of that of the FRP-strength-
ened CFST column when the same strengthening effect was obtained, which indicated that the welded steel strip-
strengthened CFST column is more cost-efficient than CFST columns confined by FRP. Finally, six existing models for
the ultimate load of FRP-strengthened CFST columns were presented and evaluated. From the evaluation results, the
Zhang et al's model, Lu et al's model and Hu et al’s model for FRP-strengthened CFST columns were shown to provide
the best applicability and accuracy. Based on the Mander et al’s model, a model for the ultimate load of welded steel
strip-strengthened CFST columns was proposed and evaluated. The proposed model can accurately predict the ulti-
mate load of welded steel strip-strengthened CFST columns.

Keywords: Concrete-filled steel tube, Fiber reinforced polymer, Steel strip, Compression behavior, Ultimate load
model

1 Introduction
In the field of civil engineering, concrete and steel are

Journal information: ISSN 1976-0485 / eISSN2234-1315,

*Correspondence: zhangsc@isaarchitecture.com; mkt97@njfu.edu.cn; the most widely used and most demanding foundation
wy78enjfueducn engineering materials. Since the invention of Portland
! Southeast University, Nanjing 210096, China cement in 1824, concrete has begun to become the most
2 College of Civil Engineering, Nanjing Forestry University, terial i ivil . . Th hanical
Nanjing 210037, China common material in civil engineering. The mechanica
Full list of author information is available at the end of the article performance of concrete has also been studied by many

. ©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-2915-3898
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40069-022-00556-2&domain=pdf

Zhang et al. Int J Concr Struct Mater (2023) 17:1

scholars, which shows that the bearing capacity and
deformation of the structure are improved effectively
when the concrete is in the state of triaxial compression
(Ahmed et al.,, 2020; Wang et al., 2020; Wei et al., 2019a;
Zheng & Wang, 2017). Concurrently, due to the superior
tensile performance and energy dissipation of steel, the
concrete-filled steel tube (CFST) column structure began
to be investigated and applied in the middle of the nine-
teenth century (Stephens et al., 2018; Wang et al., 2022;
Wei et al.,, 2022a; Zeng et al.,, 2017; Zong et al., 2005).
The earliest engineering application of this structure was
the pier of Severn Railway Bridge built in 1879 in the UK
(Bradley & Roberts, 2010). Numerous engineering prac-
tices have shown that pouring concrete in steel tubes can
improve the bearing capacity of the structure and effec-
tively prevent the buckling and corrosion of the inner
face of steel tubes (Chin et al., 2019; Wei et al., 2019b;
Zhang et al,, 2020b). However, the CEST column struc-
ture also has disadvantages, such as poor durability and
local buckling.

In the service process of CFST column structures,
local corrosion and concrete cavitation often occur due
to external actions, such as long-term loading and envi-
ronmental corrosion, or internal action, such as concrete
shrinkage and creep. Many scholars have investigated
the influence of various defects on CFST structures (Han
et al, 2012; Hou et al., 2016; Liao et al., 2011, 2013; Xu
et al., 2017; Zhang et al., 2020a, 2021). Han et al. (2012)
conducted an experimental study on square CFST col-
umns under the conditions of long-term loading or chlo-
ride ion corrosion and concluded that the influence of
long-term loading and chloride ion corrosion on CEST
columns is high: the ductility and bearing capacity of
CEST columns decreased by 29.8% and 31.7%, respec-
tively. Liao et al. (2011) performed an experimental study
on CFST columns and CFST beams with initial concrete
imperfections, and their test results showed that the bear-
ing capacity of CEST columns decreased by 23% and 29%
when the gap ratio reached 1.1% and 2.2%, respectively.
The deformation capacity of CFST beams decreased by
13% and 34% when the gap ratio reached 1.1% and 2.2%,
respectively. Defects such as concrete cavitation and local
corrosion can thus markedly weaken the performance
and durability of CFST structures, which could lead to
serious security incidents. In addition, in reconstruc-
tion and expansion projects, the bearing capacity of the
original CFST column structure is typically insufficient to
support the new structure. In new construction, defects
in CFST structures are often found during completion
acceptance, because the construction technology level
and the project management are not standard. Thus, it
is critical to investigate the reinforcement measures of
CEST structures.
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Currently, the strengthening structural measures of
CEST columns can be divided into two categories (Zhang
& Zhang, 2015): strengthening structural measures out-
side the CFST columns (Fig. 1a) and strengthening struc-
tural measures inside the CFST columns (Fig. 1b—d). The
most common strengthening structural measures out-
side CFST columns are welding steel members, pasting
FRP and so on (Choi & Yan, 2010; Alrebeh & Ekmekya-
par, 2019; Lai & Ho, 2014a; Lai & Ho, 2015; Lai & Ho,
2014b; Na et al., 2018; Tang et al., 2020; Wang et al., 2021;
Wei et al. ; Zhang et al., 2020b). To improve the interface
bonding between the steel tube and concrete, reinforc-
ing rings and internal stiffening using reinforcing bars
strengthening CFST columns were proposed by Alrebeh
et al. (2019). The test results showed that compared with
CEST columns confined singly by external reinforcing
rings and internal reinforcing bars, this new structure
can provide better reinforcement. Wang et al. (2021)
performed a theoretical study of the performance of
CFRP-strengthened CFST columns under compression
bending—torsion loading. The test results showed that
the bearing capacity, deformation ability and ductility
improved due to the confinement provided by FRP. Lai
et al. (2014a) proposed a structure called ring-confined
CEST columns. The mechanical properties of this struc-
ture under uniaxial loading were also investigated. The
test results showed that the bearing capacity and stiftness
of CEFST columns improved, and the strength degrada-
tion rate decreased due to the existence of a ring. The
failure mode also changed from end failure to buckling
between the steel rings.

The most common strengthening structural measures
inside CFST columns are setting up stirrups, inner FRP
tubes, and inner steel members (Ding et al., 2020; Ekme-
kyapar & Alhatmey, 2019; Feng et al,, 2015; Hu et al,,
2020; Wang et al., 2019; Wei et al.). Ding et al. (2020) pro-
posed strengthening CFST columns by installing stirrup
cages inside the CFST columns. The effect of the con-
tact mode between the stirrup cage and steel tube on the
structural performance was investigated with cyclic load-
ing tests on this new structure. The test results showed
that the stirrup cage markedly improves the seismic
performance of CFST columns. In addition, the square
CFST column achieves better performance than the cir-
cular CFST column. Ekmekyapar et al. (2019) investi-
gated the post fire resistance of internally ring-stiffened
high-performance concrete-filled steel tube columns.
The test results showed that the internal ring effectively
improved the carrying capacity and fire resistance of the
structure but had little impact on the failure mode. Feng
et al. (2015) conducted an axial compression test on 18
square double-skin tubular columns with concrete-filled
inner tubes. The effects of the concrete strength, number
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Fig. 1 Different strengthening methods of concrete-filled steel tube columns

of layers of FRP tubes and thickness of steel tubes on the  columns. Research on FRP, steel rings or steel sleeve
mechanical behavior of this structure were investigated.  strengthened CFST columns was only carried out on
The test results showed that the square double-skin tubu-  small members, and the implementation effectiveness of
lar columns with concrete-filled inner tubes exhibited the construction technology needs further demonstra-
better residual load-bearing capacity and ductility. tion. In view of practical CFT columns, large-scale model

In the above studies, most of the reinforcement meth- tests for the two reinforcement methods were conducted,
ods are used to strengthen new CFT columns, and the and different methods were compared in terms of cost
reinforcing parts are located inside the steel tube, so  performance and construction technology in this study.
these methods cannot be used to reinforce existing CFST ~ Fourteen CFST column specimens were made and tested,
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Fig. 2 FRP/welded steel strip-strengthened concrete-filled steel tube columns
Table 1 FRP-strengthened CFST columns
Specimens Diameter/mm Height/mm Steel tube thickness/ FRP layers FRP type Number
mm of
specimen
COCFST 159 636 4.0 0 / 2
CI1CFST 159 636 4.0 1 CFRP 2
C2CFST 159 636 40 2 CFRP 2
C3CFST 159 636 40 3 CFRP 2
C4CFST 159 636 4.0 4 CFRP 2

including two ordinary CFST column specimens, eight
FRP-strengthened CFST column specimens (Fig. 2a)
and four welded steel strip-strengthened CFST column
specimens (Fig. 2b). Based on the test results, the failure
modes and axial load—strain curves of FRP-strengthened
CFST columns and welded steel strip-strengthened CFST
columns were summarized and compared. The cost/
increase of the ultimate load of the two reinforcement
methods was also investigated to provide a reference for
the comparison and selection of reinforcement meth-
ods in engineering practice. Finally, the existing calcula-
tion model for the bearing capacity of FRP-strengthened
CFST columns was summarized and evaluated. A model
for the ultimate load of welded steel strip-strengthened
CFST columns was also proposed.

2 Experimental Program

2.1 Specimen Design

In this study, 14 concrete-filled steel tube (CFST) col-
umns were designed and manufactured in 7 groups with
different parameters (two specimens were designed for
each same parameter), two of which were unconfined
CEST columns, eight of which were FRP-strengthened
CEST columns and four of which were welded steel
strip-strengthened CFST columns. Due to the superior
ductility and bearing capacity of steel tubes, the brittle-
ness of concrete has been greatly improved, and the dif-
ference in the mechanical properties of CFST structures

Table 2 Welded steel strip-strengthened CFST columns

Specimens Diameter/ Height/ Steeltube Steelstrip Number

mm mm thickness/ thickness/ of
mm mm specimen
S3CFST 159 636 4.0 30 2
S6CFST 159 636 40 6.0 2

is rather small. Hence, two specimens were designed for
each parameter (Yu et al,, 2017; Zeng et al,, 2018). The
outer diameter of all specimens was 159 mm, the height
was 636 mm, and the thickness of the steel tubes was
4.0 mm. The primary parameters were the number of
FRP layers (1, 2, 3 and 4 layers) and the thickness of the
steel strip (3.0 mm and 6.0 mm). The specific sizes of all
specimens are shown in Tables 1 and 2 and Fig. 3. The
naming rule of the specimens is as follows: “C0” denotes
the layers of FRP, “CFST” denotes the concrete-filled steel
tube columns, and “S3” denotes the thickness of the steel
strip. For example, “C3CFST” represents a concrete-filled
steel tube column confined by three layers of FRP, and
“S3CEST” represents a concrete-filled steel tube column
confined by a steel strip with a thickness of 3.0 mm.

2.2 Specimen Manufacture

As shown in Figs. 4, 5 and 6, the production process of
FRP-strengthened CFST columns primarily includes the
following three steps: treatment of the steel tube, pasting
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Fig. 3 Specific size of all specimens (unit: mm)

FRP, and pouring concrete. The production process of
welded steel strip-strengthened CFST columns primar-
ily includes the following two steps: welding the steel
strip and pouring the concrete. The specific steps are as
follows:

(1) Treating the steel tube

All steel tubes used in this study are circular seam-
less steel tubes that were cut from the same batch
by the manufacturer. Before pasting FRP and weld-
ing the steel strip, the steel tube should be polished
by a grinder to clean the rust to ensure that the FRP
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or steel strip is pasted tightly to the steel tube, as
shown in Fig. 4a.

(2) Pasting the FRP/welding steel strip

FRP was pasted by the following steps: (a) FRP was
cut to the corresponding length and width accord-
ing to the layers of FRP; and (b) alcohol solution was
used to wipe the steel tube to remove impurities
on the surface of the steel tube. Then, epoxy resin
adhesive was evenly applied on the outer wall of
the steel tube (Fig. 4b). (c) Epoxy resin adhesive was
applied evenly on both sides of the FRP and pressed
repeatedly with a roller brush to fully impregnate it.
Then, FRP was pasted onto the steel tube. First, one
end of FRP was fixed on the steel tube. Then, the
roller brush was used to repeatedly apply pressure
to make the FRP fit. Concurrently, air bubbles were
squeezed out along the winding direction (Fig. 4c).
(d) After the epoxy resin adhesive cured, FRP past-
ing was completed (Fig. 4d). Because the width of
the FRP is smaller than the height of the specimen,
the FRP sheet was lap-wrapped.

The steel strip was welded by the following steps: (a)
one end of the prepared steel strip was welded to the
steel tube by the spot welding method (Fig. 5a); (b) a steel
bar was welded to the other end of the steel strip to make
it easier to bend (Fig. 5b); (c) the steel strip was bent with
a steel bar and struck with a hammer to ensure that it was
attached to the steel tube closely, and the welding gun
was used for spot welding (Fig. 5¢, d); and (d) when the
steel strip was completely attached to the steel tube, the

(a) Polish steel tube
Fig. 4 Production process of pasting FRP

(b) Apply epoxy resin adhesive

(c) Paste FRP (d) CFSTcolumns confined FRP
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(a) Weld one end of the steel strip (b) Weld steel bar to the other end of the steel strip

(e) Overall welding of steel strip (f) CFST columns confined by steel strip

Fig.5 Production process of welded steel strip-strengthened CFST columns

welding gun was used for overall welding, so that the steel hot melt adhesive, and the gap between the steel
strip was completely welded to the steel tube (Fig. 5e, f). tube and bottom formwork was sealed with glass
adhesive to prevent leakage of concrete during

(3) Pouring concrete pouring, as shown in Fig. 6a. The concrete was
prepared according to the proportion in advance

The steel tube confined by FRP or steel strip was and poured into the steel tube twice. A vibrat-

temporarily fixed to the bottom formwork through ing bar is used for artificial tamping (Fig. 6b, c).
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(c) Pour and vibrate concrete

Fig. 6 Process of pouring concrete

(d) Level the surface of concrete

Concurrently, a spatula or steel bar was inserted
along the steel tube internal face many times to
ensure that the interface between the steel tube
and concrete was dense. Finally, a drawknife was
used to level the surface of the concrete (Fig. 6d).

2.3 Material Properties

Three standard concrete cubes (150 mm x 150 mm x 150 mm)
and three standard concrete prisms (0150 mm x 300 mm) were
made to investigate the strength of the concrete used in this test.
The average compressive strength of the concrete cube and con-
crete prisms was 32.4 MPa and 29.4 MPa, respectively.

The thickness of the steel tube used in this test was
4.0 mm, the FRP used in this test was carbon fiber
reinforced polymer, and the thickness of the steel strip
was 3.0 mm and 6.0 mm. According to the Chinese
code(GB/T 228.1-2010; GB/T 3354—2014), the mate-
rial properties of the steel tube, FRP and steel strips
were obtained by tensile testing on standard speci-
mens. The average yield strengths of the steel tubes
were 466.5 MPa. The average yield strengths of the steel

strips with thicknesses of 3.0 mm and 6.0 mm were
489.9 and 472.3 MPa. The ultimate tensile strength,
ultimate tensile strain and elastic modulus of the FRP
were 3406.4 MPa, 0.013 and 269.4 GPa.

2.4 Test Setup and Instrumentation
A microcomputer-controlled electrohydraulic servo
pressure testing machine (YAWS5000F), shown in
Fig. 7a, was used to perform the axial compression test.
One electrical displacement meter was placed on the
bottom plate of the test machine to measure the over-
all deformation of the specimen. Two laser displace-
ment meters were symmetrically placed on the middle
of both sides of the specimens to measure the middle
deformation of the specimens. Four pairs of longitu-
dinal strain gauges and transverse strain gauges were
installed on the middle of the specimens to measure
the longitudinal strain and transverse strain of the
specimens.

The specimen was preloaded before the formal loading.
Preloading was performed three times. In each preloading
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process, the axial load was increased to 50 kN and main-
tained for 3 min to eliminate the gap between the speci-
men and the test machine. In the formal test, displacement
control was used, and the speed was 0.6 mm/min.

3 Results and Discussion

3.1 Test Process and Failure Modes

3.1.1 Unconfined Concrete-Filled Steel Tube Columns

The test process and failure modes of unconfined con-
crete-filled steel tube columns (COCFST series) are
shown in Fig. 8. Considering specimen COCFST-1 as an
example, in the early stage of the test, the specimen was
in an elastic state, and there was no marked phenomenon
on the surface of the specimen. When the load reached
1346.2 kN, the rate of increase in the load began to

decrease, and the rust on the specimen surface began to
fall off. After the axial load reached 1793.9 kN (i.e., the
ultimate load), the axial load began to decline, and there
was marginal buckling in the middle of the specimen. As
the load continued to increase, buckling in the middle
of the specimen became more pronounced, but the load
nearly did not decrease.

3.1.2 FRP-Strengthened Concrete-Filled Steel Tube Columns

The test process and failure modes of FRP-strengthened
CEST columns are shown in Fig. 9. Considering speci-
men C2CFST-1 as an example, similar to the uncon-
fined CFST columns, no marked phenomenon appeared
on the surface of the specimen. When the axial load
reached 1999.4 kN, the rate of increase in the load began

(a) Test process of COCFST -1

Fig. 8 Failure mode of unconfined concrete-filled steel tube columns

(b) Failure modes of COCFST-1
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(a) C2CFST-1
Fig. 9 Failure mode of FRP-strengthened CFST columns

(b) C2CFST-2

' (c) C4CFST-1

to decrease. There was a slight cracking sound of epoxy
resin adhesive when the load reached 2286.2 kN. When
the load reached 2392.5 kN, 2450.6 kN and 2545.8 kN,
the FRP at the overlaps of the specimen broke several
times. After the axial load reached the ultimate load
(2600.6 kN), the load decreased markedly to 1999.4 kN,
and the FRP fractured across a large area. As the speci-
men continued to be loaded, the FRP fracture became
more serious and spread to the full height range of the
specimen.

3.1.3 Welded Steel Strip-Strengthened Concrete-Filled Steel
Tube Columns

The test process and failure modes of the welded steel
strip-strengthened CFST columns are shown in Fig. 10.
At the initial stage of loading, similar to the other two
different structures, there is no marked phenomenon on
the surface of the welded steel strip-strengthened CEST
columns. As the load continued to increase, the rate of
increase in the load began to decrease, and the rust on
the surface of the specimens began to fall off. Then, the
load increased linearly until it reached the ultimate load.
In this process, the part of the specimen that was not
reinforced by the steel strip began to bulge and gradually
increased in size. Notably, the steel strip did not change
during the whole loading process.

3.2 Axial Load-Strain Curves

The axial load—strain curves of all specimens are shown
in Figs. 11 and 12. The longitudinal strain of the specimen
is measured and corrected by the data from the electric
displacement meter arranged at the lower edge of the test

machine, the displacement data of the testing machine
itself and the longitudinal strain gauges set on the mid-
dle of the specimens. The hoop strain of the specimen is
measured and corrected by the data from the transverse
strain gauges set on the middle of the specimens.

Fig. 11 shows that the axial load—strain curves of the
unconfined CFST column can be divided into three
stages: elastic, yield and residual. In the elastic stage, the
load increased linearly with increasing strain. Under the
same load, the hoop strain of the specimen is smaller
than the longitudinal strain. When the load increased to
a certain value, the axial load—strain curves entered the
yield stage, and the slope of the curve began to decrease
slowly, which means that the steel tube began to yield.
After the load reached the ultimate load, the curve began
to show a downward trend and entered the residual stage.
In the residual stage, the load did not decrease mark-
edly, which demonstrates the superior ductility of CFST
columns.

As shown in Fig. 12a—d, the axial load—strain curves
of FRP-strengthened concrete-filled steel tube columns
can be divided into four stages: elastic, elastic—plas-
tic, strengthening, and residual. In the elastic stage,
the load has a linear relationship with the longitudi-
nal strain, and the stiffness of the specimen remains
unchanged. Similar to the axial load—strain curves of
unconfined CFST columns, the hoop strain is much
smaller than the longitudinal strain of FRP-strength-
ened concrete-filled steel tube columns when the axial
load is the same. After entering the elastic—plastic
stage, the steel tube began to yield, the growth of the
axial load tended to be slower than that in the elastic
stage, and the longitudinal strain began to increase
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(c) S6CFST -1

Fig. 10 Failure mode of welded steel strip-strengthened CFST columns

(d) S6CFST -2

markedly. Then, the axial load-longitudinal strain curve
enters the second linear growth stage. In the strength-
ening stage, the slope of the curve increases marginally
until the FRP cracks, which indicates that FRP begins to
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Fig. 11 Axial load-strain curves of unconfined CFST columns

play a role in confining the core concrete in this stage.
After the FRP breaks and the load reaches the ultimate
load, the axial load decreases markedly. In the residual
stage, each FRP fracture was accompanied by a marked
decrease in load. However, the load remained at a cer-
tain value due to the constraint provided by the steel
tube.

The axial load-strain curves of the welded steel
strip-strengthened CFST columns are shown in
Fig. 12e—f. Similar to the axial load-strain curves of the
unconfined CFST columns, the axial load—strain curves
of the welded steel strip-strengthened CFST column can
also be divided into three stages: elastic, yield and resid-
ual. However, the primary difference between the axial
load—strain curves of the welded steel strip-strengthened
CFST column and unconfined CFST columns is that
there is a longer linear growth stage that appears in the
load-longitudinal strain curves of the welded steel strip-
strengthened CFST column. However, the slope of this
linear growth stage is markedly smaller than that of the
strengthening stage of FRP-strengthened concrete-filled
steel tube columns.
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Fig. 12 Axial load-strain curves of FRP/steel strip strengthened concrete-filled steel tube columns
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The axial load-strain curves measured by the laser
displacement meter are shown in Fig. 13. The Y-axis of
the curve is the load value, and the X-axis is the longitu-
dinal strain measured by the laser displacement meter
or strain gauge, in which the strain measured by the
laser displacement meter was obtained by dividing the
deformation measured by the laser displacement meter
by the distance (318 mm). The data measured by the
laser displacement meter were interrupted when part
of the specimen was damaged locally. Therefore, only
some relatively complete axial load—strain curves were
present in this paper. As seen from Fig. 13, the trends of
the curves measured by the two different methods are
almost identical. For the FRP-strengthened concrete-
filled steel tube columns, the axial load—strain curves

were divided into four stages: elastic, elastic—plastic,
strengthening, and residual. For the welded steel strip-
strengthened CFST columns, the axial load-strain
curves were divided into three stages: elastic, yield and
residual.

3.3 Influence of Different Specimen Parameters

3.3.1 Effect of FRP Layers

The influence of the number of FRP layers on the com-
pression behavior of FRP-strengthened concrete-filled
steel tube columns is shown in Fig. 14. Specimens
COCEFEST, C1CEST, C2CFST, C3CEST and C4CEST are
concrete-filled steel tube columns confined by 0 layers, 1
layer, 2 layers, 3 layers and 4 layers of CFRD, respectively.
As shown in Fig. 144, the influence of FRP layers on the
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axial load—deformation curves of FRP-strengthened con-
crete-filled steel tube columns is primarily shown in the
strengthening stage. The slope of the strengthening stage
increases with the increase in the number of FRP layers,
because a stronger constraint can be provided by more
layers of FRP.

Fig. 14b, c shows that FRP can effectively improve the
bearing capacity of concrete-filled steel tube columns.
Compared with unconfined concrete-filled steel tube
columns, the ultimate load of FRP-strengthened con-
crete-filled steel tube columns with one layer, two layers,
three layers and four layers increases by 28.72%, 42.44%,
52.11% and 64.16%, respectively. The ultimate load and
ultimate deformation also increased with more FRP lay-
ers. As the number of FRP layers increases from one to

four, the load-carrying capacity of FRP-strengthened
concrete-filled steel tube columns increases by 9.67% to
13.72%, and the deformation capacity increases by 0.72%
to 20.56%.

3.3.2 Effect of Thickness of Steel Strip

The influence of the thickness of the steel strip on the
compression behavior of the welded steel strip-strength-
ened CFST columns is shown in Fig. 15. Specimens
COCEST, S3CFST, and S6CFST are unconfined concrete-
filled steel tube columns, concrete-filled steel tube col-
umns confined by steel strips with thicknesses of 3.0 mm
and concrete-filled steel tube columns confined by steel
strips with thicknesses of 6.0 mm.
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Fig. 15 Effect of thickness of steel strip

Fig. 15a shows that the setting of steel strips improves
the stiffness of the structure, which is indicated by the
slope of the initial stage of axial load—deformation curves
of welded steel strip-strengthened CFST columns being
larger than that of unconfined CFST columns. After the
steel tube yielded, the curve of the welded steel strip-
strengthened CFST columns showed a long linear growth
stage, while the curve of unconfined CFST columns
showed a downward trend earlier.

As shown in Fig. 15b, ¢, the bearing capacity and
deformation capacity of the concrete-filled steel tube
columns improved after being confined by the steel
strip. The ultimate load of the welded steel strip-
strengthened CFST columns increased by 28.46%
and 49.82% when the thickness of the steel strip was
3.0 mm and 6.0 mm, respectively, compared with the
unconfined CFST columns. The ultimate deformation

of the welded steel strip-strengthened CFST columns
increased by 116.80% ~148.01% compared with the
unconfined CFST columns. The ultimate load and ulti-
mate deformation of the welded steel strip-strength-
ened CFST columns also improved with increasing
thickness of the steel strip.

3.4 Comparison Between the CFRP and Steel Strip
Strengthening Methods Based on the Consideration
of Cost/Increase of Ultimate Load
To provide a reference for engineering practice, the cost
performance of two different strengthening methods was
compared by considering the cost/increase of ultimate
load in this test.
The cost discussed in this section ignores labor costs,
because labor costs vary markedly between different
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Table 3 Cost analysis of two different strengthening methods
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Specimens Increase of ultimate load/kN Total cost of reinforcement/CNY Cost/increase of
ultimate load
C1CFST 519.80 (80+56) x 048 =64.81 0.12
C2CFST 839.35 (804 56) x 0.95=129.62 0.25
C3CFST 1095.65 (80+56) x 1.43=194.43 0.18
C4CFST 1446.00 (80+56) x 1.91=259.24 0.18
S3CFST 514.06 49.66 x 048=23.84 0.05
S6CFST 1009.98 92.50 x 0.48=44.40 0.04

locations. Based on the local market, the costs of FRP,
epoxy resin adhesive and 3.0/6.0 mm steel strips are 80
CNY, 56 CNY and 49.66/92.50 CNY per square meter.
The costs of all FRP-strengthened CFST columns and
welded steel strip-strengthened CFST columns in this
test are listed in Table 3. The cost/increase of the ultimate
load of CFST columns confined by FRP is lower than that
of CFST columns confined by steel strips. Among the
specimens in this test, CFST columns confined by steel
strips with a 6.0 mm thickness are the most cost-efficient,
with a cost/increase of ultimate load of 0.04. To achieve
the same strengthening effect, the cost of the welded steel
strip-strengthened CFST column is nearly 40% of that of
the FRP-strengthened CFST column. Thus, welded steel
strip-strengthened CFST columns are more cost-efficient
than CFST columns confined by FRP.

Although welded steel strip-strengthened CEST col-
umns are more cost-efficient, both reinforcement meth-
ods have advantages and disadvantages in engineering
practice, and both can be applied to different projects.
For the FRP confined method, the self-weight of the rein-
forced structure yields little increase in the structure’s
overall weight due to the FRP’s low weight. Compared
with welding steel strips, pasting FRP is more conveni-
ent for construction. For the welded steel strip confined
method, cost performance is clearly the biggest advan-
tage of this method. Compared with the FRP confined
method, the construction technology of welded steel
strips is more mature due to their longer development
history.

4 Model for Ultimate Load of FRP/Welded Steel
Strip-Strengthened CFST Columns

4.1 FRP-Strengthened CFST Columns

4.1.1 Existing Models

(1) Zhang et al’s model (2019).

Zhang et al. (2019) collected 96 FRP-strengthened
CEST columns under axial compression loads from

~

several different studies to establish a database.
The model of the peak point and ultimate point
were proposed by modifying and validating several
researchers’ models through the database. The cal-
culation model for ultimate stress is as follows:

Jeu

Jeo

where ¢ and ¢ are the confinement factors of the
steel tube and FRP, respectively, and can be calcu-
lated as follows:

=1+ 1.27§ + 1.28% (1)

_ Ady
=7 @
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where A, Arand A_ are the cross-sectional area of
the steel tube, FRP and core concrete, respectively;
J, and f, are the yield strength of the steel tube and
the compressive strength of unconfined concrete,
respectively; and E; & t; and D are the elastic-
ity modulus, ultimate tensile strain, thickness and
diameter of FRP, respectively.

Tang et al’s model (2020).

In 2019, Tang et al. (2020) conducted an axial com-
pression test on 18 CFRP-confined concrete-filled
stainless steel tube columns. The height—diameter
ratio of all specimens is 3.5. The primary parame-
ters of this test are steel tube thickness (3.0, 5.0 and
7.0 mm) and layers of CERP (0, 1, 2, and 3 layers).
Tang et al. (2020) proposed the growth index of
bearing capacity 7, to evaluate the influence of
CERP on the improvement of the bearing capacity
of CFRP confined concrete filled stainless steel tube
columns, which can be calculated by the following
model:
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-N

Neap = x 100% (4)
where N, and N are the ultimate loads of the CFRP
confined concrete filled stainless steel tube columns
and unconfined concrete filled stainless steel tube
columns, respectively.

Further analysis showed that the ultimate bearing
capacity of CFRP-confined concrete-filled stain-
less steel tube columns increases linearly with the
increase in the confinement factor ratio (Ef /€)
between the CFRP and stainless steel tubes. The
relationship between the increasing index of bear-
ing capacity 7,, and the confinement factor ratio (§;
/€,) is obtained by regression analysis:

Neap = 0.42§—f (5)
&s
Based on the above discussion, Tang et al. (2020)
proposed a simplified calculation model for the ulti-
mate load of CFRP-confined concrete-filled stain-
less steel tube columns:

Ny = (1+ neap) (L27FA; + 0.85f0Ac)  (6)

F = min (f,,0.7f,) (7)

where £, is the ultimate tensile strength of the steel
tube.

Lu et al’s model (2014).

Lu et al. (2014) decomposed the ultimate bearing
capacity (N,) of FRP confined concrete-filled steel
tube columns into the ultimate load of steel tube N,
the ultimate load of unconfined concrete (N,,), the
ultimate load of concrete under the circumferential
constraint of steel tube (N, and the ultimate load
of concrete under the circumferential constraint of
FRP (N):

Ny = Ns + Neo + Nes + Net (8)

Based on the model for the ultimate load of con-
crete-filled steel tube columns proposed by Han
et al. (2004) and the model for ultimate load of FRP
confined concrete columns proposed by Yu et al.
(2002), Lu et al. (2014) proposed the model for the
ultimate load of FRP confined concrete-filled steel
tube columns:

Ny = (14 1.8& + 1.15&7) Acfeo )

(4)
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Ding et al’s model (2018).

Ding et al. (2018) proposed that the ultimate load
of FRP-confined concrete-filled steel tube columns
can be divided into the longitudinal bearing capac-
ity of steel tubes and the bearing capacity of con-
crete confined by FRP and steel tubes:

Ny, =fccAc + UL,SAS (10)

where f.. is the compressive strength of concrete
confined by the steel tube and FRP and oy, is the
longitudinal stress of the steel tube under axial
loading, which can be calculated as follows:

_ B (o &\ _1foe ¥
b= \/I_Esz<fco_2> _gs(fco_z)fs

(5)

(11)

where o, is the circumferential binding force of
concrete, which can be calculated as follows:

Pr1
ST s

Or,c o] fcf (12)

_ 1Y
2(1-p)
where o0y, and f; are the circumferential binding
force provided by the steel tube and the ultimate
tensile strength of FRP, respectively; p is the ratio
of the cross-sectional area of the steel tube and the
sum of the cross-sectional areas of the steel tube
and concrete; and p; is the ratio of the sum of the
cross-sectional areas of FRP and concrete and the
sum of the cross-sectional areas of the steel tube
and concrete.
By substituting Eqgs. 11 and 12 into Eq. 10 and tak-
ing its derivative, Ding et al. (2018) suggested the
following formula to predict the ultimate load of
FRP-confined concrete-filled steel tube columns:

Ny = (14 1.7& + L7&) feoAc (13)

Tao et al’s model (2007).

Tao et al. (2007) held the view that the ultimate
bearing capacity of CERP confined concrete-filled
steel tube columns is closely related to the confine-
ment factors of the FRP and steel tube.

For concrete-filled steel tube columns, the ultimate
load of the model proposed by Han et al. (2004) was
suggested:

N, = (1.14 + 1.028)foi Asc (14)
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For FRP-confined concrete columns, the ultimate
load of the model proposed by Yu et al. (2002) was
suggested:

Ny = (1+ 1.15&)feoAc (15)

Based on these models, Tao et al. (2007) proposed
a model for the ultimate load of CFRP-confined
concrete-filled steel tube columns by the regression
analysis of experimental data:

Ny = (1 + L02&)feoAg + L156fc0Ae  (16)

where A gls the cross-sectional area of the steel tube
and concrete.

(6) Hu et al’s model (2014)

In 2014, Hu et al. (2014) believed that the ultimate
bearing capacity of FRP-confined concrete-filled
steel tube columns is the sum of the ultimate bear-
ing capacity of steel tubes, the bearing capacity of
concrete confined by steel tubes and the bearing
capacity of concrete confined by FRP.

Thus, based on the model for ultimate load of FRP
confined concrete columns proposed by Teng et al.
(2007) and the model for ultimate load of concrete-
filled steel tube columns proposed by Mander et al.
(1988), the model for the ultimate bearing capacity
of FRP confined concrete-filled steel tube column
was proposed:
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Table 4 Evaluation results of existing models for FRP-

strengthened CFST columns

Models Average Standard Average

value (AV) deviation absolute error

(SD), % (AAE), %

Zhang et al's model 1.01 3.85 3.28

Tang et al's model 0.64 3.88 35.69

Lu et al's model 1.07 4.88 737

Ding et al's model 1.04 6.85 6.48

Tao et al's model 0.86 2.85 14.33

Hu et al's model 1.02 542 4.95

accurate. The standard deviation and average absolute
error of these three models are 3.85%, 6.85%, and 5.42%
and 3.28%, 6.48%, and 4.95%, respectively, indicating
that the three models have good discreteness.

To analyze the accuracy of each model more intuitively,
the comparison between the predicted value of the ulti-
mate stress model and the experimental value is shown
in Fig. 16. The horizontal and vertical coordinates are the
experimental value and the calculated value of the ulti-
mate stress, respectively. In Fig. 16, the three lines from
top to bottom represent the error line and the ideal line,
respectively, and the enclosed interval represents the
error range.

As shown in Fig. 16, the average value, standard devia-
tion and average absolute error of the Tang et al’s model
and Tao et al’s model are 0.64, 3.88%, 35.69% and 0.86,

foo(1 + 3.5% +2254,/1+ 2% _2fs 22544, + 0,4,

(17)

cu —

A

4.1.2 Validation of Existing Models

Table 4 summarizes the three evaluation indices con-
sidered in this study—the average value (AV), the
standard deviation (SD) and the average absolute error
(AAE)—for the prediction accuracy of the above six
models for the ultimate load of FRP-confined concrete-
filled steel tube columns. As shown in Table 4, although
the standard value and average absolute error of the
Lu et al’s model are good, the average value of the Lu
et al’s model is over 1.00, indicating that the Lu et al’s
model overestimates the bearing capacity of FRP-con-
fined concrete-filled steel tube columns. The average
values of the Tang et al’'s model and Tao et al’s model
are all below 1.00, which indicates that these two mod-
els underestimate the bearing capacity of FRP-confined
concrete-filled steel tube columns. In contrast, the cal-
culated values predicted by the Zhang et al’s model,
Ding et al’'s model and Hu et al’s model are relatively

2.85%, 14.33%, respectively. The error ranges of these
two models both exceed -20%, indicating that the model
underestimates the ultimate stress of the FRP-confined
concrete-filled steel tube column. The Lu et al’s model
takes the circumferential constraint effect of the steel
tube and FRP into consideration too much. The predic-
tion results of the Zhang et al’s model, Ding et al’s model
and Hu et al’s model are thus the most satisfactory, and
the error ranges of these three models are within =+ 10%,
while the discreteness of the Ding et al’s model and Hu
et al’s model is worse than that of the Zhang et al’s model.

4.2 Welded Steel Strip-Strengthened CFST Columns

4.2.1 Proposed Model

In this study, the ultimate strength of welded steel strip-
strengthened CFST columns is considered to be the sum-
mation of the strength of core concrete confined by steel
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tubes and steel strips and the longitudinal bearing capac-
ity of the steel tube:

N = fucAc + 0,4; (18)

where ¢, is the longitudinal stress provided by the steel
tube, which can be calculated by the following equation:

1 —0.42 2
P — 4y /4f2 — 3 ———
T\ \/fy (0.42 T g0 )

f.. is the strength of the core concrete confined by the
steel tube and steel strips, which can be calculated by the
model proposed by Mander et al. (1988):

7.94
fee =feo| 14+2.2544 /1 + is 2& —2.254
Jeo feo

(20)
where f is the lateral confinement provided by the steel

tube and steel strip, which can be calculated by the fol-
lowing equations:

(19)

_ 285407 5t

2454,
fls :ﬁs,st +ﬁs,ss = + RO

D, D.s

(21)

where A is the steel strip cross-sectional area; f, i is the
yield stress of the steel strip; D, is the diameter of the
core concrete; s is the space of the steel strip; and o is
the hoop stress of the steel tube, which can be calculated
by the model proposed by Wei et al. (2019b):

—0.42 Y
O =
Lst= 0o+ 05t (22)
A
g = Aosthst (23)
Acfeo

where A,  is the cross-sectional area of the steel tube and
Jyse 1s the yield stress of the steel tube.
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4.2.2 Validation of Proposed Models

The validity of the proposed ultimate load models for
welded steel strip-strengthened CFST columns was veri-
fied by comparing the experimental results with the pre-
dicted results. The comparisons are shown in Fig. 17.
The average value of the proposed model is 0.99. The
errors of most specimens are within 5%, except for speci-
men S6CFST-1, which may be caused by test errors. The
standard deviation and average absolute error of the two
models are 3.45% and 4.21%, respectively, which indicates
that the two models can all accurately predict the ulti-
mate load of both unconfined CFST columns and welded
steel strip-strengthened CFST columns.

To the authors’ knowledge, there is currently no cal-
culation model for the bearing capacity of welded steel
strip-strengthened CFST columns. The model proposed
in this paper divides the bearing capacity of welded steel
strip-strengthened CFST columns into two parts: the
strength of core concrete confined by steel tubes and
steel strips and the longitudinal bearing capacity of the
steel tube. The strength of the core concrete confined by
the steel tube and steel strips was calculated by the model
proposed by Mander et al. (1988), while the longitudinal
bearing capacity of the steel tube was calculated by Wei
et al. (2019b). Compared with the existing models, the
proposed model can calculate not only the ultimate bear-
ing capacity of ordinary CFST columns but also the ulti-
mate bearing capacity of welded steel strip-strengthened
CEST columns, which shows the great universality of the
proposed model.

5 Conclusions

Experimental and theoretical studies were conducted
to investigate the compressive behavior of two different
strengthening methods of concrete-filled steel tubes.
FRP confined CFST and welded steel strip confined
CFST. Based on the test results, the effect of FRP layers
and steel strip thickness on the mechanical properties
of FRP/welded steel strip-strengthened CFST columns
was investigated. The cost performance of two different
strengthening methods was also compared. Finally, the
existing models for the ultimate load of FRP-strength-
ened CFST columns were concluded and evaluated.
A model for the ultimate load of welded steel strip-
strengthened CFST columns was also proposed. The fol-
lowing conclusions can be drawn:

(1) The initial stage of the axial load—strain curves
of the unconfined CFST columns, FRP-confined
CEST columns and welded steel strip-strengthened
CEST columns are nearly identical. After a yield
stage, where the growth rate of the load decreased,
the axial load-strain curves of the unconfined
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CEST columns flattened out until the ultimate
load was reached, after which the load began to
decline slowly. The axial load-strain curves of
FRP-strengthened CFST columns and welded steel
strip-strengthened CFST columns entered a second
linear strengthening stage until the ultimate load.
Then, the load of FRP-strengthened CFST columns
decreased sharply, while the load of welded steel
strip-strengthened CFST columns decreased grad-
ually.

Compared with unconfined CFST columns, the
bearing capacity of FRP-confined CFST and welded
steel strip-strengthened CFST columns markedly
improved. Specifically, the ultimate load of FRP-
strengthened CFST columns with one to four layers
and welded steel strip-strengthened CFST columns
with 3.0 mm and 6.0 mm steel strips increased by
28.72% to 64.16% and 28.46% to 49.82%, respec-
tively. The deformation capacity improved with
increasing FRP layers and steel strip thickness. Spe-
cifically, as the number of FRP layers increased from
one to four, the deformation capacity increased
by 0.72% to 20.56%. The deformation capacity
increased by 31.21% when the steel strip thickness
increased from 3.0 to 6.0 mm.

When the reinforcement effect of the two methods
is similar, the cost of the welded steel strip-strength-
ened CFST column is nearly 40% of that of the FRP-
strengthened CFST column. The cost performance
of the welded steel strip-strengthened CFST col-
umn is better than that of the FRP-strengthened
CEST column. Thus, considering only cost, welded
steel strip-strengthened CFST columns are more
suitable for engineering practice. However, con-
sidering the convenience of construction, FRP-
strengthened CFST columns are more suitable.
Models of the ultimate load of FRP-strengthened
CEST columns proposed by Zhang et al, Tang
et al,, Lu et al, Ding et al., Tao et al. and Hu et al.
were evaluated. The average values of the Tang
et al’s model and Tao et al’s model are 0.64 and 0.86,
respectively, which indicates that these two models
underestimate the restraint effect of FRP. Lu et al’s
model overestimates the bearing capacity of FRP-
confined concrete-filled steel tube columns with
an average value of 1.07. The model proposed by
Zhang et al,, Ding et al. and Hu et al. is relatively
accurate and can be applied to the prediction of the
ultimate load of FRP-strengthened CFST columns.
The ultimate load of the welded steel strip-strength-
ened CEST column is considered to be the sum of
the strength of the core concrete confined by the
steel tube and steel strips and the longitudinal bear-
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ing capacity of the steel tube. Based on the Man-
der et al’s model, a model for the ultimate load of
a welded steel strip-strengthened CFST column
was proposed and evaluated. From the evaluation
results, the proposed model can be used to pre-
cisely calculate the ultimate load of welded steel
strip-strengthened CFST columns and provide a
reference for engineering practice.
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