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This study was conducted to evaluate the applicability of concrete-filled steel tube (CFT) columns made from high-performance
construction materials. KBC2016, South Korea’s current building code, limits the maximum compressive strength of concrete at
70MPa and the maximum yield strength of steel at 650MPa. Similar restrictions to material properties are imposed on major
composite structural design parameters in other countries worldwide. With the recent acceleration of the pace of development in
the field of material technology, the compressive strength of commercial concrete has been greatly improved and the problem of
low tensile strength, known to be the major limitation of concrete, is being successfully addressed by adding fiber reinforcement to
concrete. Therefore, the focus of this study was to experimentally determine the strength and ductility enhancement effects, which
depend on material composition. To this end, we performed concentric axial loading tests on CFT stub columns made from steel
with a yield strength of 800MPa and steel fiber-reinforced high-strength concrete. By measuring the strain at the yield point of
CFT steel during the test, we could determine whether steel yields earlier than ultimate failure load of the member, which is a key
design concept of composite structures. The analysis results revealed that the yield point of steel preceded that of concrete on the
stress-strain curve by the concurrent action of the strain increase at the maximum strength, attributable to the high compressive
strength and steel fiber reinforcement, and the strain increase induced by the confining stress of the steel tube. Additionally, we
performed parametric study using ABAQUS to establish the broad applications of CFT using high-performance materials, with the
width-to-thickness ratio as the main parameter. Parametric study was undertaken as experimental investigation was not feasible,
and we reviewed the criteria for limiting the width-to-thickness ratio as specified in the current building code.

1. Introduction

In line with the continuous trend toward high-rise buildings
and long-span structures, it is becoming increasingly nec-
essary to develop high-strength and high-performance
materials. Development of high-performance construction
materials is an essential factor enabling the construction
industry to build ultrahigh buildings and ultra-long-span

structures and can contribute to fundamentally solving
the issue of securing usable floor space, caused by
increased member sizes. In particular, for ultrahigh build-
ings requiring vertical members with large cross-sections,
high-performance materials can allow this cross-section
to be reduced. This is reflected in the recent trend of
column cross-section design for large-scale structures based
on the use of high-performance materials and increasing
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demand for composite cross-sections designed to maximize
material performance.

However, current design codes [1–4] prescribe the upper
and lower limits of material strength in the design of com-
posite members, as well as systems combining structural steel
and streel-reinforced concrete. This can be ascribed to the
conservatism of design codes, which basically apply conser-
vative requirements and criteria on the basis of various
research reports when evaluating untested design elements
[5–10]. The reason for such restrictions on material strengths
is the change in strain at the maximum strength when the
compressive strength of concrete exceeds 70MPa in the ulti-
mate strength calculation, according to existing research
results. Furthermore, a maximum allowable yield strength
is applied to members subjected to compressive loads to
reflect the difficulty of inducing the yield of steel before that
of concrete at a design yield strength exceeding 650MPa. In
cases where the material strength levels deviate from those
of the test results from previous studies as reviewed by the
building code, it is recommended to ensure security through
separate testing or to reduce the design yield strength and
compressive strength to the imposed limits. To err on the
side of safety, it is general practice to opt for the latter
method; however, this approach is tantamount to losing the
advantages gained by using high-performance materials as
described above. In order to leverage the advantages of
high-performance materials, it is therefore of paramount
importance to perform experiments to test the actual
effects of high-performance materials when their strengths
exceed the maximum strength allowed by the building
code. This is especially important for high-strength steel,
given the necessity to use it along with high-strength concrete
(HSC) to enhance the performance of the compressive
strength of concrete.

The major problem associated with the use of high-
strength steel for rectangular CFT is the strain capacity of
concrete. In general, the strain capacity of concrete in CFT
is greatly enhanced owing to the enlarged confinement zone
in concrete compared with steel-reinforced concrete.
According to EC2 [11], however, as the compressive strength
of concrete increases, the local strain in specific sections
decreases during maximum strength development, which
may make it difficult to apply CFT to HSC.

There has been continuous research into steel-reinforced
concrete since its development in the 1960s [12], and it is
now a common construction material. The ultimate failure
of concrete subjected to uniaxial compression is caused not
only by compressive stress but also by cracks triggered by lat-
eral expansion under compressive loads. In this process, steel
fiber-reinforced concrete contributes to increasing the initial
strength of crack generation by tensile force, whereas HSC
contributes to preventing spalling through high density
owing to the crosslinking effect of steel fiber [13–16].

With this background, this study was conducted to
investigate the applicability of HSC for high-strength steel
rectangular CFT. The study aimed to evaluate the possible
contribution of steel fiber reinforcement to solving the prob-
lem of insufficient strain capacity of concrete that may result
from the use of HSC. To this end, we performed experiments

on rectangular CFT stub columns made from high-
performance materials. Additionally, finite element analysis
was performed to investigate the effect of CFT using high-
performance materials depending on the width-to-thickness
ratio, which is one of the important factors by which the yield
strength is influenced in the design standards.

2. Limitation of Material Strength and Axial
Strength according to Code Provisions

According to South Korea’s current building code (KBC
2016) [1], the compressive strength of CFT columns can be
calculated from the flexural buckling limit state depending
on the slenderness ratio. Specification for Structural Steel
Buildings of the American National Standards Institute
(ANSI/AISC 360-16) [3] also sets forth an approach to
calculating the strength of members taking account of the
slenderness ratio. Specifically, when the ratio of the strength
of section to the elastic critical buckling load, which repre-
sents the slenderness ratio of the member, is less than or
equal to 2.25, (2) is used to calculate the compressive
strength, and if it exceeds 2.25, (3) is to be used. This is
identical to the calculation method presented in KBC 2016.
For noncompact sections, the compressive strength of
composite columns is to be calculated in two categories
of local buckling and its absence. For slender members,
since the slenderness of steel is determined by the width-
to-thickness ratio, the compressive strength of the section
is to be calculated according to the slenderness ratio of
each component part.

The strength of compact sections, whose width-to-
thickness ratio is smaller than 2 26 E/Fy, is to be
calculated using

Pn0 = Pp = AsFy + AsrFyr + 0 85Ac f ck, 1

where Pn0 is the nominal axial compressive strength of the
section (N), Pp is the superimposed strength of the section
(N), Fy is the yield strength of steel (MPa), As is the area of
steel cross section (mm2), f ck is the compressive strength of
concrete (MPa), Ac is the area of concrete cross section
(mm2), Asr is the area of continuous rebar (mm2), and Fyr
is the yield strength of the rebar (MPa).

The strength of the noncompact section, whose width-to-
thickness ratio falls within the range of 3 00 E/Fy and
5 00 E/Fy, is to be calculated using

Pn0 = Pp −
Pp − Py
λr − λp

λ − λp
2, 2

where λ is the slenderness ratio of the element, λp is the
limiting width-to-thickness parameter for compact element
2 26 E/Fy , λr is the limiting width-to-thickness param-
eter for noncompact element 3 00 E/Fy . Py denotes the
axial yield strength of the column (N) and is to be
calculated using
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Py = FyAs + 0 7f c′ Ac + Asr
Es
Ec

, 3

where Es and Ec denote the moduli of elasticity (MPa) of steel
and concrete, respectively.

The nominal strength of the slender section, whose
width-to-thickness ratio exceeds 3 00 E/Fy (lower limit)

and smaller than or equal to 5 00 E/Fy (upper limit), is to
be calculated using

Pn0 = FcrAs + 0 7f c′
Es
Ec

, 4

where Fcr is the critical stress, which is determined as follows
in case of a rectangular cross-section:

Fcr =
9Es
b/t 2 , 5

where b is the width of element exposed to compression
(mm) and t is the thickness of plate (mm).

A strength reduction factor of 0.75 is to be applied and
the percentage of steel in the total cross-sectional area must
exceed 1%.

It was found that the same limits are applied to concrete
compressive strength in KBC2016 [1] and ANSI/AISC 360-
16 [3]: the lower and upper limits are 21MPa and 70MPa,
respectively, for normal-weight concrete, and the upper limit
for lightweight concrete is 42MPa. As for the yield strength
of steel, however, the two codes set forth different upper
limits: KBC2016 [1] prescribes the design yield strength of
structural steel used for calculating the strength of composite
columns not to exceed 650MPa and ANSI/AISC 360-16 [3]
limits the maximum yield strength of structural steel and
steel reinforcement to 525MPa and 550MPa, respectively.

3. Compression Test of Rectangular CFT Stub
Columns Using High-Performance Materials

3.1. Experiment Design. To determine the applicability of
rectangular CFT made from high-performance materials in
view of the provisions of the design codes as reviewed above,
compression testing was performed on rectangular CFT col-
umns made from high-performance materials. A total of
eight experiments were performed, with the compressive
strength of concrete, type of steel, and content level of steel
fiber as independent variables. The specifications of the spec-
imens are shown in Figure 1, and those of each variable are
outlined in Table 1.

Two types of steel that differed in yield strength, SM490
and HSB800, were used to evaluate the effect of enhanced
yield strength on the compressive strength development.
The design compressive strength of HSC was set at
100MPa, and ultra-high-strength concrete (UHSC) imple-
menting the concept of reactive powder concrete (RPC)
was fabricated in an attempt to induce a compressive
strength development exceeding 100MPa [17]. Table 2 pre-
sents the concrete blending ratios for fabricating the test
specimens. As steel fiber reinforcement, we used straight

brass-coated fibers (13mm length and 0.2mm diameter)
with a tensile strength of 2600MPa, mixing them at a 2% vol-
ume ratio normally applied to UHSC. A hollow rectangular
steel tube specimen was additionally fabricated for each steel
type in order to determine the effect of concrete filling on
strength enhancement. We applied additional reinforcement
to the end parts of the specimens to prevent early failure at
both ends during buckling. For the HSB800 steel, specially
designed welding rods were used.

3.2. Material Test. The main objective of this study was to
evaluate the applicability of high-performance materials.
Therefore, it is important to define the properties of the
high-performance materials used. To this end, we performed
tests on each of the steel and concrete materials to be used for
the compression test. The experiments on the mechanical
properties of steel were carried out in compliance with KS
B 0801 and 0802 [18, 19]. Specifically, in order to investigate
the increase in compressive strength and tensile strength
induced by mixing steel fibers into HSC, we measured
experimentally the compressive strength, splitting tensile
strength, and flexural tensile strength among the mechanical
properties of concrete, in compliance with the test methods
stipulated in KS F 2405 [20], KS F 2423 [21], and JCI-S-001
[22], respectively.
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Figure 1: Details of test specimens.

Table 1: Variables and details of test specimens.

Specimen b/t f c′(MPa) Fy (MPa)
Partial concrete
strength (χ)

Pcal

HS-800 6.7 0 879 NA 5472

CS-800-3 6.7 30 879 0.05 5725

CS-800-10 6.7 102 879 0.14 6328

CS-800-F10 6.7 102 879 0.14 6328

HS-490 6.7 0 360 NA 2165

CS-490-3 6.7 30 360 0.11 2418

CS-490-10 6.7 102 360 0.29 3024

CS-490-F10 6.7 102 360 0.29 3024

b: width of column section; t: thickness of steel; f c′: compressive strength of
concrete; Fy : yield strength of steel; χ = Ac f c′ / AsFy ; Ac: sectional area of
concrete; As: sectional area of steel; Pcal: calculated strength of test
specimen based on KBC2016.
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The results of the tests on steel types used in the experi-
ments are outlined in Table 3. The stress-strain relationship
of the high-strength steel HSB800 was compared with that
of SM490 and SM570TMC, and the results are plotted in
Figure 2. As shown in Figure 2, steel HSB800 is no-yield-
point steel, that is, it does not show any clear yield point as
does SM570TMC steel, and has a higher yield ratio than
SM490. Consequently, its yield strength was calculated using
the 0.2% offset method used for defining the yield strength of
typical high-strength steel.

Table 4 outlines the measurement results of the compres-
sive strength, splitting tensile strength, and flexural tensile
strength of concrete. Specifically, the results of compression

test are expressed by the stress-strain relationship as plotted
in Figure 3. Three matrices were used in total. In the concrete
matrix with a compressive strength of 30MPa, generally clas-
sified as ordinary strength concrete, the load supporting
capacity was found to decrease slowly without occurrence
of any sudden decrease in load supporting capacity after the
maximum strength development. In contrast, HSC was
observed to lose the entire load supporting capacity due
to spalling which occurred concurrently with the maximum
strength development. However, no spalling appeared when

Table 2: Mix proportions of concrete.

ID
W/B (HSC)
W/C (NSC)

C W SF S F G SP StlF

(%) Unit weight (kg/m3)

3 0.25 809 222 80 1052 162 3.01

10/F10 63.2 348 220 1065 666 2.85 157 (100F)

W/B: water binder ratio;W/C: water cement ratio; C: cement;W: water; SF: silica fume; S: fine aggregated; F: filler; G: coarse aggregate; SP: super plasticizer; StlF:
steel fiber (volume fraction %).

Table 3: Mechanical properties of steel.

Steel Fy (MPa) Fu (MPa) Fy/Fu Elongation (%)

HSB800 879 944 0.93 22

SM490 360 506 0.70 26

Fy : yield strength of steel; Fu: ultimate strength of steel.
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Figure 2: Stress-strain relation of steel.

Table 4: Mechanical properties of concrete.

ID
Ec f c′ f sp f r Remarks

(MPa)

3 29041 33.02 5.02 7.62 No fiber

10 36233 102.38 7.86 11.54 No fiber

F10 38099 104.87 10.50 16.50 V f = 2 0%
f c′: compressive strength tested according to KS F 2405; f sp: splitting
strength tested according to KS F 2423; f t: flexural tensile strength tested
according to JCI-S-001-2003.
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Figure 3: Stress-strain relation of concrete.
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HSC was reinforced by steel fibers; although the load sup-
porting capacity was considerably reduced after the maxi-
mum strength was reached, a complete loss did not occur.
It was also found that the steel fiber reinforcement con-
tributed to increasing the splitting tensile strength and
flexural tensile strength by a factor of 1.33 and 1.42,
respectively, when compared with the specimens not rein-
forced by steel fiber.

3.3. Test Setup and Measurement Plan. For the experiments,
we used a universal testing machine (UTM) with a capacity
of 10000 kN, taking account the axial strength of the speci-
mens. Experiments were carried out in the form of uniaxial
compression testing of each specimen. Figure 4 shows the test
setup of the specimens. The load acting on the specimen was
obtained with the load cell of the UTM, and the values of the
vertical displacement at the top of the specimen and the lat-
eral expansion at the center were obtained using linear vari-
able differential transformer (LVDT) sensors. Strain gauges
were installed at the center part to obtain the strain of the
steel. The measurement plan is outlined in Figure 5.

4. Test Results and Discussion

Figure 6 illustrates the failure modes of the specimens at each
load increment. All specimens (HS-800, HS-490, CS-800
series, and CS-490 series) went through the same pattern of
failure modes. The load increased from the initial elastic slope
up to the postyielding strain hardening zone and then
decreased with the onset of local buckling. Ultimately, the
load on the specimen decreased sharply with the onset of weld
fracture. In all four specimens, no weld fracture was observed
until the ultimate strength was reached. Figure 6 shows the
specimens after the completion of the experiments [23].

The composite section of the HSB800 CFT stub col-
umn tested does not undergo fracture unlike brittle mate-
rials due to the effect of its perfectly plastic stress-strain
behavior b/t = 6 7 < λp,HSB800 = 17 . Accordingly, the yield
strength was determined by the 1/3 stiffness method, tan-
gential method, and 0.2% offset method for the efficient
analysis of the test results. The three yield strength deter-
mination methods are presented in Figure 7. Of them,
the 1/3 stiffness method was regarded as being most
appropriate from the safety point of view and was used
for calculating the yield strength of the members and

the analysis of the experimental results. Table 5 outlines
the yield strengths of the specimens obtained using these
three methods.

4.1. Load-Displacement Relation. The load-displacement
relations are plotted in Figure 8. The load-displacement
curves were used for calculating the maximum strength. All
three specimens with composite sections (CS-800-3, CS-
800-10, and CS-800-F10) showed an approximately 10%
increase in strength when compared with the hollow steel
tube specimen (HS-800). However, they showed no signifi-
cant intergroup differences in the load-displacement rela-
tions. This is assumed to be the result of the small ratio of
contribution of the steel-governed composite section to
strength due to the width-to-thickness ratio and material
strength. However, with regard to the material strength com-
position, it was found that the high-strength steel section did
not show any significant differences in strength at a width-to-
thickness ratio of 6.7 regardless of whether filled with low-
strength concrete (LSC) or HSC. In other words, in the case
of high-strength steel CFT, it is not necessary to fill the tube
with HSC because it demonstrates the same strength
enhancement effect when filled with LSC. This finding is
based on a small width-to-thickness ratio and is not enough
for drawing general conclusions.

CS-490 series specimens showed different patterns of
load-displacement relations depending on the concrete
strength. The CS-490-F10 specimen exhibited superior
values compared with other specimens in both strength and
strain, demonstrating that the strength of the steel fibers
mixed into concrete contributes to enhancing its strength
and strain. These results lead to the assumption that the ratio
of contribution of concrete to the strength is higher than that
of CS-800 series specimens in such a way that concrete con-
tributed to the strength enhancement. Table 5 outlines the
initial stiffness, yield strength, and ultimate strength of each
specimen and their respective displacements.

4.2. Effect of High-Strength Concrete.As a result of comparing
the yield strength and ultimate strength increase rates among
all specimens depending on the concrete type, as presented in
Table 5 and based on the load-displacement relations, the
combination of HSB800 and HSC showed a higher increase
rate in the yield strength in comparison with the combina-
tion of HSB800 and LSC. The same result was obtained when
SM490 was used. In the ultimate strength, however, a higher
strength increase rate was demonstrated by the combination
of HSB800 and LSC compared with the combination of
HSB800 and HSC. This is assumed to be ascribable to the
decrease in the effect of confinement with the increase in con-
crete compressive strength, as demonstrated by earlier stud-
ies on the confinement effect of HSC [23–26]. In both steel
types, HSC800 and SM490, the increase rate of strain capac-
ity from the onset of yield of the member to the ultimate state
was found to be similar regardless of whether the steel was
combined with LSC or HSC.

4.3. Effect of Steel Fiber. In an attempt to solve the problems
of HSC-inherent brittle fracture behavior and strain

Figure 4: Test setup.
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decrease at the maximum strength, we performed experi-
ments on steel fiber-reinforced specimens. As shown in
Figure 3, the strain was found to increase at the maximum
strength. HSC specimens did not show any significant
strength enhancement in both steel types despite the steel
fiber reinforcement. In the case of the ultimate strength,
however, SM490 exhibited a higher increase rate after the
steel fiber reinforcement. On the other hand, the displace-
ment ratio of the ultimate strength to the yield strength
was found to increase after steel fiber reinforcement.

4.4. Change of Failure Pattern. The steel tube used for the
specimen fabrication was a 15mm-thick panel with a small
cross-sectional area (130mm); that is, the composite section
of the CFT stub column tends to show steel-governed behav-
ior. Drawing on this, on the assumption that the steel tube
part hardly undergoes any change in strength regardless of
whether it is filled with concrete or not on the composite sec-
tion of steel tube and concrete, the value obtained by sub-
tracting the pure strength of the steel tube from the
strength of the composite section was defined as the strength
under concrete confinement.

As explained in the introduction, the reason for limiting
the material strength in the current building code is to enable
a design that induces the exterior steel tube to yield earlier
than the compression fracture of core concrete. If high-
strength steel is used, concrete failure can occur first depend-
ing on the strain rate. This is not desirable from a safety point
of view and is therefore a point that must be checked when
designing HSB800 steel composite members. Given the
nature of concrete that increased strength and confinement
bring about increase in maximum strain, the strain of the
core concrete under confinement explained in the preceding
section was indirectly measured and compared with the steel
tube strain in order to examine the yield pattern, that is,
whether the steel tube yields first. As shown in Figure 9, the
maximum strain of the core concrete was found to grow
larger than that of the HSC-filled steel tube. This result devi-
ates from the EC2 model, in which the maximum strain
decreases as the concrete compressive strength increases,
and may be explained by the comparatively low modulus of
elasticity of the HSC used in this study, which was fabricated
according to the RPC concept. This confirmed the possibility
of maintaining the pattern of earlier steel yield complying
with the conventional design concept of filling the steel tube
with RPC-based 100MPa concrete. Additionally, as could be
confirmed from steel fiber-reinforced material tests, the
strain exhibited a higher value at the maximum strength.
This is another factor conducive to inducing the earlier yield
of steel. From these findings, it may be concluded that rectan-
gular CFTs made from high-strength steel may find safe
applications in construction sites when combined with
high-strength fiber-reinforced concrete.

5. Finite Element Analysis of Test Specimens
and Parametric Study

As mentioned above in Section 4, the CFT-related effect of
concrete could not be clearly demonstrated due to the mate-
rial properties and the limitations of the test equipment [23].
Therefore, we performed numerical analysis to investigate
the width-/thickness-dependent behavior changes of the
CFT made from high-performance materials, using the com-
mercial finite element analysis (FEA) program ABAQUS
[27]. The adequacy of the FEA was tested by comparing the
numerical and experimental results obtained in this study,
followed by parametric analysis.
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Figure 5: Measurement plan.
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Figure 6: Failure of test specimens.
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5.1. Modeling and Verification. Concrete and steel modeling
was performed using 3D solid elements. It was judged to be
most efficient to model steel with solid elements to directly
reflect the changes in the width-to-thickness ratio. As solid
elements, we used the eight-node linear brick element
C3D8R element provided by ABAQUS [27]. The model
was constructed in a manner to express the deformation
due to local buckling by using a nonlinear geometry option.
As the constitutive law, it was decided to follow the isotropic
hardening rule for steel, and for the uniaxial stress-strain
relationships, we used the results of experiment performed
on each specimen, as presented in Figure 2.

As for the concrete constitutive law, we used the concrete
damaged plasticity model [28]. The concrete damaged

plasticity model is a model designed to describe the contin-
uum plasticity-based concrete damage; for the purpose of
this study, the major failure of concrete was assumed to arise
from tensile cracking and compressive fracture. The plastic
flow rule, nonassociated, can constitute an asymmetric stiff-
ness matrix and is thus known to express rock-like brittle
materials fairly well. Although it cannot express the cracks
directly, it was selected for failure modeling because cracks
do not play any significant role in this study.

Concrete material behavior can be modeled by inputting
the uniaxial loads or the stress-strain relationships in the ten-
sile state. In order to reflect the concrete strength changes, the
compressive stress-strain model of Collins and Porasz [29]
was used to enable the application of HSC. For modeling
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Figure 7: Determination method for yield strength of member.
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concrete tensile, the widely used Okamura–Maekawa [30]
model was used and the effect of steel fibers was taken from
the research results of Lok and Xiao [31]. The modulus of
elasticity of concrete was calculated according to the methods
provided in the Concrete Design Code (2012) [32], taking
account of the link to KBC2016 [1]. The concrete-steel inter-
face was modeled using the contact element. In the tangential
direction, the frictional force between concrete and steel was
modeled by inputting the friction coefficient of 0.25 proposed
by Korea Concrete Institute [33] and modeling in the normal
direction, with the mutual nodes of concrete and the steel
configured to not permeate. This enabled the modeling of
the confinement effect caused by the difference in the
Poisson’s ratio between steel and concrete. The general
displacement control method was used for loading, and the

boundary conditions of the both ends of the column analyzed
were entered as fixed ends.

Validation of the proposed model is an indispensable
part of the process of FEA-based parametric analysis per-
formed for the evaluation of the applicability of high-
strength steel. This was done by analyzing the experimental
results obtained in this study as well as the experimental
results obtained in an earlier study [34] using specimens
with compressive strength exceeding 800MPa. The speci-
mens used in the earlier study were rectangular CFTs
(110× 110mm) made from HSS2 with a steel yield
strength of 750MPa, concrete compressive strength of
28MPa, and panel thickness of 5mm. The length of the
specimens was 300mm. The analysis results of the mea-
sured values obtained from the HSS2 specimens in the

Table 5: Strength of test specimens.

Specimen Pcal (kN) Py (kN) Pu (kN) dy (mm) du (mm) du/dy k (kN/mm)

HS-800 6007 6038 7632 7.00 28.88 4.13 875

CS-800-3 6261 7025 8402 7.03 31.16 4.43 1062

CS-800-10 6862 7400 8442 8.05 35.76 4.44 1120

CS-800-F10 6862 7627 8553 8.50 38.98 4.59 1125

HS-490 2473 2849 5620 3.79 57.70 15.22 880

CS-490-3 2726 3423 6127 4.50 106.50 23.67 882

CS-490-10 3332 3951 6745 4.68 112.16 23.97 960

CS-490-F10 3332 3958 7322 5.12 139.40 27.23 1040

Pcal: calculated test specimen strength based on the code provisions (KBC2016); Py : yield strength of test specimen; Pu: ultimate strength of test specimen;
dy : axial shortening of test specimen experiencing yield strength; du: axial shortening of test specimen experiencing ultimate strength; k: initial stiffness.
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Figure 8: Load-displacement relation.
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previous study and those obtained in the present study
were compared with the numerical analysis results and
presented in Figure 10. The comparison of the analysis
results between the experimental and numerical values of
all tested parameters revealed that the errors in the maxi-
mum load modeling were within the range of 10%, thus
demonstrating that FEA model can be applied when ana-
lyzing the behavior of CFTs made from high-strength
materials. The numerical and experimental results
obtained from each specimen are outlined in Table 6.

5.2. Failure Pattern with a Different b/t Ratio and
Effectiveness of Matrix Strength and Steel Fiber Inclusion.
Figure 11 shows the analysis results of two specimens per-
formed in this study, the CSS-800-10 and CSS-800-10, which
used high-strength concrete and iron fiber-reinforced high-
strength concrete for high-strength steels. Figure 11 showed
the stress distribution diagram in the state in which the spec-
imen was about to yield. It is confirmed that if it is not rein-
forced with steel fibers, as shown in Figure 11(a), the concrete
can be converted into a tensile stress without resisting expan-
sion due to compression stress. At the same time, it was
found that the compression stress was about to be converted
to tensile stress in the steel. On the other hand, it was found
that, when mixed with steel fibers, there was no tensile stress
on both concrete and steel, but only compressed stress
appeared. As can be found in the material test results, this
is judged to be the result of increased tensile strength by steel
fibers. Accordingly, it is judged that the use of steel fiber may
be delayed to buckling by the expansion force due to
increased tensile strength of concrete.

The effect of the width-to-thickness ratio of high-
strength steel panel on strength and strain was investigated,

and the load-displacement relations were normalized for
the use of LSC and that of HSC based on the design formulae
provided by the current design code; the results of which are
plotted in Figures 11(a) and 11(b). It can be confirmed that
the maximum strength point varied according to the width/
thickness change. As the latter increased, the former
occurred earlier. In the case of LSC, in particular, the maxi-
mum loads were found to fall short of the calculated values
when the width-to-thickness ratio exceeded 50. In the case
of HSC, the strength was found to be lower than the design
strength when the width-to-thickness ratio exceeded 70.
From this, it can be inferred that when high-strength steel
is used, the maximum permissible width-to-thickness ratio
needs to be reviewed to reflect different levels of concrete
compressive strength. Figure 12(c) presents the analysis
results for the steel fiber-reinforced HSC obtained to investi-
gate the effect of steel fibers. The steel fiber reinforcement was
found to increase not only the maximum load but also the
crushing strain of concrete, thus increasing the maximum
permissible width-to-thickness ratio when HSC is used. This
highlights the need to consider the effect of steel fibers as well
when reviewing the maximum permissible width-to-
thickness ratio.

6. Conclusion

The main purpose of this study was to evaluate the feasi-
bility of the application of rectangular CFTs made from
high-performance materials, as well as their behavior. To
this end, we performed experiments on rectangular CFT
stub columns using high-strength steel and steel fiber-
reinforced ultra-high-strength concrete and performed
numerical analysis to investigate the relationship between
the width-to-thickness ratio and high-performance con-
crete, which could not be tested experimentally. From
these experimental and numerical processes, the following
conclusions could be drawn.

(1) It was confirmed by the experimental results that
none of the specimens underwent weld fracture
until their ultimate strength was reached and were
thus shown to have sufficient strain capacity to
resist the ultimate strength of steel, demonstrating
that high-strength steel and steel fiber-reinforced
high-strength concrete may be used within the
test range.

(2) Comparison of the experimentally obtained ultimate
loads with the calculated loads led to the finding that
experimental values exceeded the values prescribed
as per design formulas. Therefore, it is considered
reasonable to apply existing design formulas to the
composite section of SB800 steel.

(3) Because of the relatively large contribution of steel
to strength, concrete filling was not found to bring
about any significant degree of strength changes. In
the case of using high-strength concrete, only the
specimen using SM490 and all specimens using
HSB800 showed yield strength enhancement rates
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Figure 9: Stress-strain relation of concrete through the test results.
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similar to those of normal strength concrete. In
strain capacity as well, no significant changes were
observed when high-strength concrete was used,
presumably because of a low confinement effect
in enhancing its strength.

(4) Steel fiber reinforcement was found to have little
influence on strength enhancement in all specimens
using HSB800 and SM490. This may be ascribable
to the negligible strength change in concrete by the

steel fiber reinforcement. By contrast, the effect of
steel fiber reinforcement was clearly demonstrated
in the strain capacity.

(5) Given the nature of concrete that increased strength
and confinement bring about increase in maximum
strain, the strain of the core concrete under confine-
ment was indirectly measured and compared with
the steel tube strain in order to examine the yield pat-
tern, that is, whether the steel tube yields first. As a
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result, it was found that the maximum strain of the
core concrete was found to grow larger than that of
the steel tube when it was filled with 100MPa con-
crete and reinforced with steel fibers.

(6) Finite element analysis was performed to investigate
the effect of the width-to-thickness ratio of steel,
which could not be investigated experimentally. As
a result of this numerical analysis, it was found that

Table 6: Comparison between analysis results and test results for CFT specimens.

Specimen Pcal−code (kN) Py−test (kN) Py−mum (kN) Pu−test (kN) Pu−mum (kN)

CS-800-3 6261 7025 6560 8402 7984

CS-800-10 6862 7400 7056 8442 8040

CS-800-F10 6862 7627 6943 8553 8386

CS-490-3 2726 3423 3277 6127 5077

CS-490-10 3332 3951 3779 6745 5402

CS-490-F10 3332 3958 3944 7322 5380

Pcal−code: code-based strength; Py−test: yield strength-test results; Py−mum: yield strength-analysis results; Pu−test: ultimate strength-test results; Pu−mum: ultimate
strength-analysis results.
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Figure 11: Failure aspect of SFRC-filled high-strength steel tube column.
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the maximum width-to-thickness ratio permissible
for the strength limit set forth by the current building
code varied depending on the concrete properties.
The maximum permissible width-to-thickness ratio
decreased as the concrete strength increased and
increased after steel fiber reinforcement.
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