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Abstract: This paper presents the experimental and numerical investigations of concrete-filled
cold-formed high strength steel (CFHSS) circular stub columns. Firstly, a series of tests was
conducted on CFHSS circular tubular sections infilled with three different concrete grades, i.e.,
C40, C80 and C120. The CFHSS circular tubular sections had the nominal 0.2% proof stress
(yield stress) up to 1100 MPa. The test specimens were subjected to uniform axial compression
The ultimate loads and failure modes of the specimens were obtained and reported in this paper.
Secondly, an extensive numerical study accounting for the confinement effect, as well as the
non-linearities of materials, geometry and contacts was performed. Upon validation against the
test results, a parametric investigation was conducted. A wide range of the cross-section
dimensions and section slenderness of CFHSS circular tubular sections infilled with different
grades of concrete were considered. The structural behaviour of concrete-filled CFHSS stub
columns was investigated, including the ultimate load, end shortening, strength enhancement
index and ductility index. Finally, the experimental and numerical results were used to assess
the suitability of the design equations specified in the existing American Specifications (AISC
and ACI), European Code (EC4) and Japanese Code (AlJ) for the compressive strength of the
concrete-filled CFHSS circular stub columns. It was found that the predictions from the existing
international design specifications were generally conservative, except for EC4. The predictions
by the AlJ are the least conservative and least scattered. However, by using the effective section
area of steel tubes for slender cross sections, EC4 provided the most accurate and consistent

predictions than the other design specifications.
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1. Introduction

Applications of concrete-filled steel tubular members have covered a wide area in civil
and structural engineering industry for their excellent structural performance. They have been
used as mega columns in super high-rise buildings, chord members in long-span composite
bridges, piles in floodwall structures, bridge piers and transmission towers [ 1]. The applications
could be further extended in submarine pipeline structures, as show in the recent works by Wang
et al. [2] and Wang and Han [3]. Their excellent structural performance is mainly benefited
from the interactions between the inner concrete and outer steel tube, for example, the steel tube
provides confinement to the infilled concrete while the infilled concrete prevents the inward
buckling and delays the local buckling of the steel tube [4]. These contribute to the structural
behaviour of the concrete-filled members, e.g., increased bearing capacity and ductility for
concrete-filled steel columns under axial loading condition. Hence, concrete-filled steel
columns may provide economic efficiency than structural steel or reinforced concrete columns

due to the reduced column size and increased effective space in buildings.

Concrete-filled circular steel tubes are one of the most popular composite columns used
in the structures. Research works on concrete-filled steel tubes conducted by Schneider [5]
showed that compared to square and rectangular columns, circular ones offer substantial post-
yield strength and stiffness. In the last few decades, experimental, numerical and analytical
investigations have been carried out on the structural behaviour of concrete-filled steel circular
columns under various loading conditions, as summarized in literature [6-11]. Commonly, there
are two methods for increasing the resistance of concrete-filled steel columns [1]. The first
method is by increasing the area of the cross sections. However, this might be impractical or
uneconomic, as the increased area will induce larger structural weight with less usable area and
subsequently increase the cost of foundation. Alternatively, using high strength materials such
as high strength steel and concrete could be an effective way.

A great number of investigations on the structural behaviour of concrete-filled circular
steel stub columns have been conducted. These may be clarified as three types as discussed in
Wei et al. [1], 1.e., conventional strength steel infilled with high strength concrete, high strength
steel infilled with conventional strength concrete and high strength steel infilled with high
strength concrete, where the high strength steel is set as the yield stress not less than 525 MPa
(fy =525 MPa), while the high strength concrete refers to the compressive cylinder strength (fcx)
not less than 70 MPa (fx > 70 MPa), as per specified in the American Specification for
Structural Steel Buildings (AISC) [12].

A recent review on the experimental investigation of concrete-filled steel circular stub
columns [1] showed that most of the tests were conducted on conventional strength steel infilled
with high strength concrete (f, <525 MPa with fox > 70 MPa) [ 13-26] with a few on high strength
steel infilled with conventional strength concrete (f, > 525 MPa with fix <70 MPa) [17, 26-28].
However, there was very limit experimental investigation on concrete-filled steel circular stub
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columns, where high strength steel (f, > 525 MPa) infilled with high strength concrete (fox > 70
MPa) were designed. Four tests were conducted by Sakino ef al. [17], where the stub columns
were designed by steel tubes with yield stresses of f, = 525 MPa and f, = 843 MPa infilled by
concretes with cylinder strengths of f.x = 77 MPa and f.« = 85 MPa. Eight tests were conducted
by Wei et al. [1], where steel (Grade Q900) circular tubes with nominal yield strength of 900
MPa and concrete with nominal cubic strength of 140 MPa were used. Nonetheless, up to date,
investigation of high strength steel circular tubes infilled with high strength concretes is limited.

Design of concrete-filled steel circular stub columns are provided in current
international design specifications, such as the AISC [12], the “Eurocode 4: Design of
Composite Steel and Concrete Structures - Part 1.1: General Rules and Rules for Buildings”
(EC4) [29], the “Recommendations for Design and Construction of Concrete Filled Steel
Tubular Structures (AlJ)” [30] and the “Building Code Requirements for Structural Concrete
(ACI318M-14) and Commentary (ACI318RM-14)” [31]. It should be noted that limitations of
the design rules are specified in these specifications, including limits of section slenderness of
the circular steel tube, the yield stress of steel and the compressive strength of concrete.
However, it should be noted that the design of high strength circular steel tubes infilled with
high strength concrete are not explicitly specified in these design codes, e.g., for columns with
£y =900 MPa with f.x > 80 MPa. This will be discussed further in the later section of this paper.

Hence, in this study, experimental and numerical investigations were carried out on the
structural behaviour of concrete-filled cold-formed high strength steel (CFHSS) circular stub
columns. The circular steel tubes are classified as high strength steel in the present study as they
had the nominal 0.2% proof stress (f.2) greater than 525 MPa as specified in AISC [12]. Firstly,
atotal of 17 tests was conducted on CFHSS circular tubular sections infilled with three different
concrete grades, namely C40, C80 and C120. The tested CFHSS circular tubular sections had
the nominal fp> up to 1100 MPa. The test specimens were subjected to uniform axial
compression in order to obtain the ultimate loads and failure modes. Secondly, an extensive
numerical study accounting for the confinement effect, as well as the non-linearities of materials,
geometry and contacts was performed. After a successful model validation against the test
results, a parametric study was conducted by using the validated numerical model, where a wide
range of the cross-section dimensions and section slenderness of CFHSS circular tubular
sections infilled with different grades of concrete were considered. The structural behaviour of
concrete-filled CFHSS stub columns was investigated, including the ultimate load, end
shortening, strength enhancement index and ductility index. Finally, the experimental and
numerical results were used to assess the suitability of the design rules specified in the current
international specifications, i.e., AISC360-10 [12], EC4 [29], ALJ [30] and ACI [31].



2. Experimental program
2.1  Material properties

The CFHSS circular tubes were used as the outer skin of the concrete-filled steel stub
column specimens. The nominal dimensions (Dx¢) of the steel tubes were 89.0x3.0 mm,
89.0x4.0 mm, 108.0x4.0 mm and 133.0x4.0 mm, where D and ¢ are the outer diameter and
thickness of the tubes, respectively. The steel tubes of 89.0%3.0 mm had the nominal 0.2% proof
stress (fo.2) of 900 MPa, while the steel tubes of 89.0x4.0 mm, 108.0x4.0 mm and 133.0x4.0
mm had the f.> of 1100 MPa.

The curved coupons were extracted from the circular tubes at 90° angle from the weld
in the longitudinal direction of the tubes. The nominal gauge length and width of the curved
tensile coupons were 25 mm and 4 mm, respectively [32]. The coupon specimens were tested
in a 50-kN MTS testing machine. Two linear strain gauges were adhered on both faces at the
middle of the coupon. An extensometer was mounted on the coupons over a gauge length of 25
mm. Displacement control test method was used with loading rates of 0.05 mm/min and 0.5
mm/min for the elastic range and plastic range, respectively. The results from the strain gauges
were used to determine the Young’s modulus (Ey) of the coupon specimens. The rest of the
material properties were determined from the stress-strain curves that measured by the
extensometer. The results of the coupon tests are presented in , including the Ej, fo.2,
ultimate strength (f,) and the corresponding ultimate strain (ey), fracture strain (&), and the
Ramberg-Osgood parameter n calculated as n = In(0.01/0.2)/In(fo.01/f0.2), where fo.0; is the
nominal 0.01% proof stress.

Three different grades of concrete (C40, C80 and C120) with the respective nominal
cylinder strengths (fcx) of 40 MPa, 80 MPa and 120 MPa were prepared to infill the steel tubes.
Concrete cylinders were prepared to determine the concrete strengths. The concrete cylinder
had the nominal diameter of 150 mm and height of 300 mm. The cylinder tests were conducted
in accordance with the procedures in the ACI [31]. Two series of cylinder compression tests
were conducted to obtain the cylinder strength (fix), one on the 28" day after casting and the
other on the actual date of the corresponding stub column tests. The average test results of the
different concrete grades are presented in

2.2 Specimen design and labelling

A series of concrete-filled CFHSS circular stub column specimens were designed by
using the CFHSS circular tubes (see ) as the outer skin. Each series of tubes were infilled
with those three different grades of concrete (see ), 1.e., C40, C80 and C120. In addition,
to reflect the effects of infilled concrete in the same specimen series, the CFHSS circular stub
columns that without infilled concrete were also designed. Hence, there are 17 stub column
specimens in this study, including 4 series and one repeated specimen, as shown in . The



parameters of the specimens mainly included variations of D/f ranging from 22.7 to 34.0, the
two different grades of steel and the three different grades of concrete. The nominal length (L)
of each CFHSS tube was taken as 3D in order to make sure that each specimen would not fail
by overall buckling. The mean values of the measured section dimensions and lengths of the
tubular stub column specimens were summarized in . The calculated cross-sectional
areas of steel tube (45) and infilled concrete (A4c) are also included. All the steel circular tubes
were wire cut at both ends before infilling concrete. Concrete of different grades was then cast
into the steel circular tubes and vibrator was also used in the casting process.

The stub column specimens were labelled by distinguishing their nominal section
dimensions and nominal concrete cylinder strengths. For example, specimen 89x4-C40-A
indicates that the outer tube of the specimen is a CFHSS circular tubular section having the
nominal section dimensions of 89x4 (Dx¢), and the symbol following the hyphen indicates the
grade of infilled concrete, where C40 means the nominal cylinder strength of 40 MPa. It should
be noted that the symbol “C0” means there is no infilled concrete, i.e., it is a CFHSS circular
stub column specimen with hollow section. The last segment represents the nominal strengths
of the steel tubes, where “A” and “B” for the fj.> of 900 MPa and 1100 MPa, respectively. If it
is a repeated test, it is indicated by the last letter “r”. The details of the concrete-filled CFHSS
circular tubular stub column specimens are shown in

2.3 Test setup and procedure

The experimental investigation was carried out in the Structural Laboratory at The
University of Hong Kong. A 5000 kN capacity servo-controlled hydraulic testing machine was
used to apply axial compressive force to the concrete-filled CFHSS stub column specimens.
Four 50-mm range Linear Voltage Differential Transducers (LVDTs) were used to measure the
end shortening of the specimens. These four LVDTs were placed between the top and bottom
bearing plates at evenly located positions. To prevent “elephant foot” failure, end-stiffeners
(steel rings) with height of 30 mm were used near each end of the column prior to testing. Grid
lines with mesh size of 20 mm were drawn on half surfaces of the specimens to observe the
failure modes. It should be noted that, for the stub columns infilled with concrete, the top
surface of the column might not be at the same level as the end of the steel tube due to shrinkage
of the concrete. Hence, plaster materials were used to fill the small gap between the steel tube
and infilled concrete [33]. A typical test setup for the concrete-filled CFHSS circular stub

column is shown in

A special ball bearing was used at the top end of the specimen. An initial load of around
4 kN was applied to the specimens. During pre-loading, any possible gaps between the
specimen and the contacting surfaces of the testing machine were eliminated. The bearing was
then locked after pre-loading. Hence, the load was applied uniformly across the whole
composite cross-section. Compressive load was applied by displacement control to the



specimens with a constant rate of 0.2 mm/min using the servo-controlled hydraulic testing
machine. By using this test method, the tests could be continued after experiencing the peak
loads. The stub column tests were stopped when clear drops of axial loads were observed. A
data logger was used to record the readings from the LVDTs and loads at the interval of 1 second.

The load-end shortening responses of the test specimens were thus obtained.

24 Test strengths and curves

The compressive behaviour of the stub columns was observed during the tests. The
ultimate load (P;) of the test and the corresponding end-shortening (d.), as well as the end-
shortening (J.,0.85) at 0.85P; after each specimen experienced its ultimate load are shown in

. The applied load versus axial end-shortening relationship was obtained for each
column specimen (see ), where the applied load was recorded from the actuator
and the end-shortening was measured by the average readings of the LVDTs. One repeated test
was conducted on specimen 133x4-C120-B-r, and the ultimate load of the repeated test was
very close to the first test (Specimen 133x4-C120-B) result with a difference of 2.2%. This
small difference indicated the reliability of the test results. The ultimate loads of the concrete-
filled stub column specimens were normalized with those without infilled concrete for the same
series, as shown in . It is clearly shown that the ultimate loads of the tubular specimens
were significantly improved by the infilled of concrete in this study, namely, 51% to 103% for
Series 89%3, 34% to 62% for Series 89x4, 39% to 59% for Series 1084 and 50% to 202% for
Series 133x4.

2.5 Failure modes

All the concrete-filled CFHSS circular stub columns failed by the crushing of the
infilled concrete together with outward buckling of the steel tubes at some locations. It should
be noted that the use of steel rings at the ends of the columns was able to prevent the “elephant
foot” failure of the specimens. The local buckling failure was observed for all the specimens.
The inward and outward local buckling behaviour was found in specimens without infilled
concrete, i.e., specimens 89x3-C0-A, 89x4-C0-B, 108x4-C0-B and 133x4-C0-B, However, the
inward local buckling phenomenon was not observed in all the concrete-filled CFHSS circular
stub columns, as it was prevented by the infilled concrete in the steel tubes. illustrates
the failure modes of the tested concrete-filled CFHSS circular stub column Series 89x4. The
failure mode of specimen 89x4-CO0-B that without infilled concrete are also presented.



3. Numerical Investigation
3.1 Development of FEM

Finite element model (FEM) was developed to simulate the tests of concrete-filled CFHSS
circular stub column specimens. A commercial software ABAQUS of version 6.14 [34] was
used to develop the FEM. The measured specimen dimensions (see ), and material
properties of the steel (see ) and concrete (see ) presented in Section 2 of this
paper were used in the analysis of FEM.

3.1.1 General

The steel tube and concrete core were assigned by the S4R (four-node shell element with
reduced integration) and the C3D8R (8-node linear brick element with reduced integration and
hourglass control), respectively. Based on the mesh convergence study, the element mesh size
of D/15 for the steel tube and D/7.5 for the concrete core was used. The meshed concrete core
and CFHSS circular tube are shown in . The engineering stress-strain curves of
CFHSS measured by the coupon tests were converted to true stress-true plastic strain curves.
The true stress-true plastic strain curves were mimic by means of a piecewise linear stress-strain
model.

The interactive behaviour between the steel tube and concrete was simulated using the
interaction algorithm in ABAQUS [34]. The inner surface of the steel tube and the outer surface
of the infilled concrete were defined to be a contact pair, of which the former acted as slave
surface and the latter acted as master surface. Previous investigations [35] have shown that a
friction coefficient from 0.1 to 0.5 generally causes limited effect on the prediction of the
ultimate strength, but a smaller friction factor may induce a convergent problem with large
deformation. It should be noted that different friction coefficients have been used in literature,
for examples, coefficients of 0.25 [36], 0.3 [37] and 0.6 [38]. In the present study, the friction
factor of 0.25 in the tangential direction between the concrete and steel was used, while the
“hard contact” behaviour in the normal direction was assumed with no penetration allowed
between the surfaces.

Local imperfections were considered in the FEM of the circular tubular stub column
specimens that without infilled concrete (i.e., specimens 89x3-C0-A, 89x4-C0-B, 108x4-C0-B
and 133x4-C0-B), as those FEM for CFHSS circular tubular stub columns performed by Ma et
al. [39]. However, local imperfections of steel tubes for concrete-filled CFHSS circular stub
columns were not considered. This is because the influence of local imperfections on the
behaviour of concrete-filled steel stub columns is negligible due to the infilled concrete. This
has been proved by the sensitivity study for the effects of imperfections on the structural
behaviour of concrete-filled stainless steel and carbon steel tubular stub columns, as detailed in
Tao et al. [40-41]. Hence, unlike the FEM for CFHSS circular tubular stub columns [39], the



initial imperfections of steel tubes were not considered in the FEM for the concrete-filled
CFHSS stub columns in the present study.

A reference node located at the centroid of the cross-section for each column end was
defined. The reference node was coupled with the corresponding cross-section at each column
end in displacements and rotations. Hence, the boundary conditions of each stub column were
associated with the reference nodes at both ends. The reference nodes were restrained against
all degrees of freedom, except for the longitudinal displacement (along the length direction of
the stub column) at the loading point. A typical assembled specimen with the reference nodes
coupled with the cross-section ends is shown in . A specified axial displacement was
assigned to the reference node at the loading point. General Static analysis step was adopted.
Hence, the adopted displacement control method in the tests was simulated in the FEM
analyses. The nonlinear geometric parameter (NLGEOM) was enabled to deal with the large
displacement analysis.

3.1.2 Parameters of the confined concrete

The lateral expansion of the infilled concrete is confined by the outer steel tube when the
stub columns subjected to axial compression. This confinement helps to increase the strength
and ductility of concrete, which refers as “composite action” between the steel tube and infilled
concrete [4, 42]. In this study, the confined model of concrete that proposed by Tao et al. [43]
was adopted in the FEM.

The key parameters in determining the “concrete damaged plasticity” of the confined
concrete model were summarized in the following. These included the dilation angle (), flow
potential eccentricity, the ratio of the compressive strength under biaxial loading to uniaxial
compressive strength (foo/fek), the ratio of the second stress invariant on the tensile meridian to
that on the compressive meridian (K), viscosity parameter, compressive behaviour and fracture
energy (Gr).

The dilation angle was assumed to be a function of the “confinement factor, &” for
concrete filled steel stub column specimens with circular cross-section [43], as given by
Equation (1):

{56.3(1 —-&) foré. < 0.5
= 7.4 (1)
6.672e464+éc foré&. > 05

in which the confinement factor & is determined by Equation (2):

Asfo.2
— AsJo.2 2
fc ACka ( )

where As and A¢ are cross-sectional areas of steel tube and infilled concrete, respectively.



The flow potential eccentricity and viscosity parameters were taken as -0.1 and O,
respectively. The ratio of foo/fex was determined by 1.5f%%75, as suggested by Papanikolaou
and Kappos [44]. Hence, in the validation of the FEM, the actual ratios of fyo/fck for concretes
C40, C80 and C120 were taken as 1.148, 1.074 and 1.051, respectively, based on the respective
measured strengths of 35.5 MPa, 85.7 MPa and 114.9 MPa, as shown in Table 2.

The ratio of K is one of the important parameters for determining the yield surface of
concrete plasticity model. It is commonly taken from 0.5 to 1.0 by the researchers while the
default value is 2/3 in ABAQUS [34]. In this study, the equation proposed by Yu et al. [45] was
used to calculate the ratio of K. Thus, the values of K were 0.72, 0.71 and 0.70 for concrete
grades of C40, C80 and C120, respectively. In addition, the fracture energy (Gr) was
determined based on the reference [46, 47], which are 0.068, 0.11 and 0.143 for concrete grades
of C40, C80 and C120, respectively.

3.2 Stress-strain of the confined concrete model

As mentioned previously, the stress-strain model (three stages) of the infilled concrete
that considering the strain hardening/softening rule of concrete core as proposed by Tao et al.
[43], employing the developed models [48, 49], was used in this study, as illustrated in the
following.

The initial stage (0 < ¢ < &) of the curve was determined by Equation (3) [48]:

o _ A-X+B-X?
fek 1+(4-2)X+(B+1)X2

0<e< ey 3)

in which X = eleco; A = Ececolfek; B = (A-1)%/0.55 — 1; Ec is the Young’s modulus of the
infilled concrete; eco is the strain at peak stress under uniaxial compression determined by using
Equation (4) [49].

£c0 = 0.00076 + /(0.626f,, — 4.33) x 10~/ (4)

In the second stage (eco < & < &cc) Of the curve, the relationship of stress-strain was
determined by the following Equations (5) and (6):

=k 5)

€co

k = (29224 — 0.00367fck)(;—3)0-3124+0-002fck 6)
ck

where fg represents the confining stress in concrete at strain of ... The confining stress
of fg was determined by Equation (7):

D
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The last stage (ecc < €), i.e., descending branch, of the stress-strain curve was determined
by Equation (8):

o= f+ (e~ lewpl— (222) ez e, ®)

where f, is the residual stress as determined by Equation (9). The parameters a and S
are the factors that influence the shape of curve.

fr =07(1 — e 138c)f, < 0.25f, ©)

The parameter « is calculated as:

0.036
1+¢6.088§c—3.49

a = 0.04— (10)

The parameter S is taken as 1.2 for concrete-filled circular steel stub columns [43].

3.3 Validation of FEM

Based on the developed FEM by using the measured dimensions and material
properties, the modelling parameters as well as the confined concrete model, the analysis of the
FE were performed. The developed FEM was validated by comparing the FE results with the
test results in terms of the ultimate loads, failure modes and the load-end shortening curves.
The comparison of the ultimate loads (P:) from tests with those (Prea) predicted from the FE
analysis are shown in . The mean value of the Pi/Prea is 1.01 with the corresponding
coefficient of variation (COV) of 0.050. It is shown that the developed FEM can successfully
replicate the ultimate capacities of the concrete-filled CFHSS circular stub columns.
illustrates the comparison of load-end shortening curves and failure modes obtained from the
test and FEA for specimen 89x4-C80-B.

4, Parametric study
4.1 Design of specimens

The validated FEM was used to perform a further study on the behaviour of concrete-
filled CFHSS circular stub columns. The parameters that may affect the structural behaviour of
the stub columns were considered, including the cross-section dimensions, section slenderness
(ratios of D/t), 0.2% proof stress of the steel tubes (steel grades), strengths of infilled concrete
(concrete grades). A total of 32 specimens were carefully designed to cover a wide range of
parameters. The values of D and the ratios of D/t varied from 78 to 300 mm and from 26.0 to
60.0, respectively. The stress-strain curves of sections 89x3 and 133x4 having the respective
nominal fo2 of 900 MP and 1100 MPa were used. As those of the test specimens, the grades of

10



the infilled concrete were C40, C80 and C120 (i.e., the nominal fe of 40, 80 and 120 MPa), and
the length of each stub column was taken to be 3.0D. The dimensions of concrete-filled CFHSS
circular stub columns used in this parametric study are detailed in . The criterion for the
specimen labelling is the same as those described in Section 2.2 of this paper. In this sense, the
“A” and “B” represent the different steel grades by using stress-strain curves of sections 89x3
(fo2 =900 MPa) and 133x4 (fo. = 1100 MPa), respectively. The CFHSS stub columns without
infilled concrete are also included, as distinguished by the segment “C0”.

4.2  Definition of parameters

The parametric study of the concrete-filled CFHSS circular stub columns aims to study
its structural behaviour under axial compression. These included the ultimate load, end
shortening, the strength enhancement index (S7), and the section constraining factor (&) as well
as the ductility index (DI) [33]. In the calculation of the ST and the &, measured values of the
material properties (see ), the concrete cylinder strengths at the day of the stub column
tests (see ) and specimen dimensions (see ) were used.

The strength enhancement index (S1), as expressed in Equation (11), is defined by the
ratio of the ultimate compressive load (Py) of the concrete-filled steel tubular stub column to
the sum of the strengths of the individual constituent components (i.e., the concrete core and
steel tube). The parameter Sl reflects the contribution of composite action in concrete-filled
CFHSS circular stub columns. A Sl value higher than 1.0 indicates that the positive interaction
between the steel hollow section and the concrete core was achieved. The positive interaction
benefits from the confinement effect of the concrete core from the steel tube, as well as the
contribution of the concrete core to the delay or elimination of the local buckling in the steel
tubular hollow section.

SI = PB,/(fo24s + fexAc) (11)

The section constraining factor (&), as expressed in Equation (12), is defined by the ratio
of the yield strength of steel hollow section (fy.245) to the compressive strength of the concrete
core section (fx4c). The & is one of the factors that reflect the confinement of steel tube to the
concrete core, with the higher value of ¢ indicating stronger confinement effect.

§ = (fo24s)/(fekAc) (12)

The ductility index (DI), as expressed in Equation (13), is defined as the ratio of the
0u,0.85 t0 dyu; Where dy is the end-shortening at P, and d.,0.s5 is the end-shortening at 85% of the
P, after the specimen experiences the P,. The higher value of the parameter DI represents that
the better ductility of the specimens.

DI = 5u,0.85/5u (13)
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4.3  Influence of parameters

The parametric study results are presented in , including Prg4, 0, and d,,0.85 for
the concrete-filled CFHSS circular stub column specimens. The stub column specimens without
infilled concrete (specimens Dx#-C0-A and Dx¢-C0-B), which had the same nominal section
sizes as those specimens with the infilled concrete, were also included. The areas of the steel
tube (45) and concrete core (4¢) for each specimen, calculated based on the nominal section
dimensions, are presented. In addition, the ultimate loads of the concrete-filled CFHSS circular
stub column specimens were normalized by the ultimate load of the CFHSS tubular specimen
(without infilled concrete) in the same series, as indicated by “Nor” in the These
normalized column strengths were plotted against the infilled concrete strengths associated with
different grades of circular steel tubes and the ratios of D/#, as shown in ,
respectively. It was generally found that the normalized column strength increased linearly with
the increment of the infilled concrete strength for the CFHSS circular stub column specimens
with a given value of D/t ( ), where the infilled concrete strength of “0” in the
horizontal axis means the CFHSS circular stub column specimens without any infilled concrete.
Similar findings have been presented by Cai et al. [33] for concrete-filled cold-formed and hot-

finished steel elliptical tubular stub columns.

The behaviour of the concrete-filled CFHSS circular stub column specimens was
investigated in terms of the parameters of SZ, & and DI based on the results from the tests and
FEA, as shown in . presents the relationships between the strength enhancement
index (S7) and ratios of D/t for different grades of infilled concrete strength. As shown in

, under a given infilled concrete strength, the value of ST decreased regularly as the value of
D/t increased regardless of different material properties of steel used for the outer tubes. Similar
finds have been presented in Wei et al. [1]. Generally, the value of ST also decreases with the
increment of the infilled concrete strength under the same value D/¢, as illustrated in
As shown in , under a given infilled concrete strength, a smaller value of D/t (i.e., from
slender to compact) generally yielded a better strength enhancement due to the larger S7 value,
as already reflected in

The relationship between S7 and ¢ is presented in . It was found that, for the
concrete-filled CFHSS circular stub column specimens, as the value of ¢ increased, a better
strength enhancement was generally achieved (larger value of S7). However, the rate of
increment for S7 started to be maintained or even reduced when the value of & exceeded 4.0.
Further evaluation of this relationship is recommended for the value of & exceeds 4. The values
of SI were also plotted against the section slenderness limits from different design
specifications, i.e., AISC [12], EC4 [29], AlJ [30] and ACI [31] in , respectively.
These will be discussed further in the later parts of this paper.

The ductility indexes (DI) of the CFHSS stub columns with and without infilled
concrete are presents in . As shown in the table, the values of DI for the concrete-filled
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CFHSS circular stub column specimens were higher than those of specimens without infilled
concrete, except for specimen 108x4-C40-B. These results proofed that the ductility of the
CFHSS circular stub column specimens could be enhanced by the infilled concrete, as discussed
in the Section 1 of this paper.

5. Assessment of existing design rules
5.1 General

Design of concrete-filled steel circular stub columns are provided by the existing
international design specifications, as mentioned in Section 1 of this paper. Hence, in the
present study, these existing design rules were used to calculate the nominal strengths of
concrete-filled CFHSS circular stub columns, including design specifications of AISC [12],
EC4 [29], AlJ [30] and ACI [31]. It should be noted that limitations of the design rules are
specified in these specifications.

5.2 Eurocode 4: Design of Composite Steel and Concrete Structures (EC4)

EC4 [29] covers the design rules for encased, partially encased and concrete-filled
columns both with and without reinforcements. In the present study, no reinforcement was used
in the concrete-filled CFHHS stub columns. It should be noted that concrete grades over C60
are beyond the upper limit as stated in EC4 [29], where the strength classes of the normal weight
concrete used in composite members range from C20/C25 to C50/C60 only. The compressive
resistance of concrete-filled steel columns given in EC4 [29] accounts for not only the beneficial
confining effect of the steel tube on the concrete, but also the corresponding reduction to the
strength of the steel tube caused by those circumferential stresses arising from the restriction of
the lateral expansion of the concrete. The nominal strength of a concrete-filled steel circular
tubular column (Pec4) in this study refers to those specified in Section 6.7.3 in EC4 [29], which
can be calculated by Equation (14):

t fo.
Prca = Naofo24s + ferAcl1 + Mo Bfo_;{] (14)

The steel reduction factor n,, and the concrete enhancement factor n., for a
composite section under pure axial load are given by Equations 15(a)-(b), respectively:

Nao = 0.25(3+21) <1 (15a)
Neo = 4.9 — 1851+ 1712 >0 (15b)

where A is the relative member slenderness [29]. EC4 [29] considers the confinement
effect in circular columns when 1 does not exceed 0.5. The values of A are smaller than 0.5
for all the test and numerical specimens in the present study. It should be noted that the effective
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length factor was taken as 0.5 for all stub columns (with fixed ends) examined in the present
study.

A local slenderness limit of the outer tube, (D/t)(fo.2/235) < 90, is specified in Table 6.3
of EC4 [29], beyond which the local buckling needs to be explicitly accounted for. This limit
for concrete-filled tubes is the same as the Class 3 slenderness limit for unfilled tubes (i.e., the
beneficial effect of the infilled concrete on inhibiting the inward local buckling of the outer tube
is ignored). Thus, a further investigation was recommended to determine a more appropriate
limit for concrete-filled tubes [50]. In the present study, both the test specimens (shown in

) and numerical specimens (shown in ) exceed the above slenderness limit. Hence, in
the present calculation for the cross-section strengths of these specimens, an effective cross-
section area (Aefr) by Equation (16) was used instead of the full cross-section area. This approach
was also adopted by Wang et al. [50] to determine the cross-section strength of concrete-filled
double skin CHS tubular stub columns.

0.5
90 235] (16)

Acrr = As [D_/th_Z

5.3 Specification for Structural Steel Buildings (A1SC)

The nominal compressive strength (Paisc) of concrete-filled steel circular tubular
sections under axial loading refers to the design rules specified in Section 12.2b in AISC [12].
These design rules apply to specimens with fo2 < 525 MPa and 21 < fek < 69 MPa. For the cross-
section strengths of concrete-filled steel circular stub columns, sections are categorized as
compact, non-compact or slender according to the diameter-to-thickness (A = D/t) ratios of the
outer tubes, as specified in Section 11.4 and Table 11.1a of AISC [12]. This has been discussed
and assessed by Wang et al. [50] and Lai and VVarma [51] for composite concrete-filled circular
stub columns. The value of Paisc was determined by Equations (17)-(19):

For compact sections (4 < Ap),

Paisc = By (17a)
B, = fo2As + 0.95f A, (17b)
AP = 015Es/f02 (17C)

where Pp is the compressive strength of compact sections; /, is the slenderness limit for
determining whether a section is compact or non-compact.

For non-compact sections (1p <1 < Ar),

Pp—Py
(lr_lp)z

Pyisc = By (4-— /1p)2 (18a)
Py = fo2dAs + 0.7f Ac (18b)
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A, = 0.19E,/f, (18¢)

where Py is the compressive strength of non-compact sections; Ar is the slenderness limit
for determining whether a section is non-compact or slender.

For slender sections (Ar < A < Aiim),

Poo = ferds + 0.7 fo Ac (19a)

= 0.72f, 5/ (2L22)02 19b
for = 07252/ 2 22) (190)
Aiim = 0.31Es/fo2 (19¢)

where fer is the compressive strength of slender sections. In the present study, all the
CFHSS specimens are categorized as compact, non-compact or slender sections based on the
above criterion except Series 300x5-B specimens in the parametric study, whose section
slenderness (1) exceeds the limit of 0.31Es/fo.2. Since the section slenderness beyond this value
is not explicitly specified in the AISC [12], the effective section area in Equation (16) is also
adopted in the calculation of the nominal strengths (Paisc) for the Series 300x5-B specimens.

54  Recommendations for Design and Construction of Concrete Filled Steel Tubular
Structures (A1J)

The Specification AlJ [30] provides Equation (20) for estimating the nominal strength
(Pa13) of concrete-filled CFHSS circular stub columns. It should be noted that a coefficient of
1.27 is applied to a steel tube to consider the increase in the strength of the concrete due to
concrete confinement. This value represents a hoop stress of 0.19fo2 and an axial stress of
0.89fo.2 in the steel tube [1]. It was obtained by evaluating the relationship between the measured
and squash strengths (Asfoo + 0.85Acf«) of circular CFST short columns using both
conventional-strength and high-strength materials [1]. It should be noted that Equation (20)
applies to specimens with fo2 < 590 MPa and 18 < fo« < 90 MPa. In addition, the section
slenderness of the outer tubes should be not greater than 0.18Es/fo2 [1]. In this study, the As
replaced by Aeft in Equation (16) is also adopted in the calculation of nominal strength (Paiy) for
those specimens with the section slenderness beyond this limit (0.18Es/fo.2).

PAI] = 1'27f0.2AS + O85kaAC (20)

5.5  Building Code Requirements for Structural Concrete and Commentary (ACI)

The Chapter 10 in the ACI [31] specifies design rules for concrete-filled tubular sections
subjected to axial loading. The ACI [31] neither differentiates among section types, nor makes
an explicit allowance for concrete confinement effects. The nominal compressive strength is
specified in Section 22.4.2.2 of ACI [31], as shown in Eq. (21):
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Pacr = fo24s + 0.85fc A, 21

Equation (21) applies to specimens with fcx > 17.2 MPa. It should be noted that the use
of the full cross-section area (As) for a steel tube requires its thickness to satisfy the condition t
> D[fo.2/(8Es)]%%, as specified in Section 10.3.1.6 of ACI [31]. The thickness of the steel tube
should be large enough to attain the longitudinal yield stress before buckling outward [31]. The
compressive design resistance of a section beyond this limit is not explicitly covered by ACI
[31]. Similarly, to allow comparisons to be made herein, the A as specified in Equation (14)
was also adopted for those specimens with section slenderness beyond the limit of
D[fo.2/(8Es)]%°.

5.6 Comparisons with nominal strength predictions

The ultimate load (Py) from experimental (P:) and numerical results (Prea) were
compared with the nominal strengths predicted by the aforementioned specification [12, 29-
31], as summarized in . Comparisons were performed with all safety factors set to unity.
In the comparisons, the specimens without infilled concrete were not included, as this study
mainly focused on the structural behaviour of concrete filled CFHSS column specimens.

In the calculation of the nominal strengths (unfactored design strengths) for the test
specimens, measured values of the material properties (see ) and specimen dimensions
(see ) were used, which enables a direct comparison between test results and
compressive strengths predicted from existing design rules. In calculating the compressive
strength of the test specimens, the concrete cylinder strength at the day of the stub column test
were used (see ). The stress-strain curves of cold-worked materials did not possess sharp
yield points. Hence, the measured 0.2% proof stress (fo2) was used as the yield strength in
calculating the compressive strength for the test specimens. For specimens generated in the
parametric study, the measured fo.> of sections 89x4 and 133x4 were used for specimen series
A and B, respectively. The nominal cylinder strengths of the concrete were used. This is
because, in the FE model for the parametric study, measured stress-strain curves of the CFHSS
circular sections 89%x4 and 133x4 were used together with the stress-strain curves obtained from
the confined concrete model which developed based on nominal concrete strengths.

The mean values for the ratios of the test and FE strength-to-predicted strength with the
corresponding coefficient of variation (COV) were obtained, as shown in . Overall,
predictions from the current international design specifications were conservative for concrete-
filled CFHSS circular stub columns, as the mean values for the ratios of the test and FE strength-
to-predicted strength were larger than 1.0, except for the predictions (Pu/Pec = 0.95) by EC4
[29]. Predictions by the AlJ [32] were less conservative and less scattered than those predicted
by the AISC [4] and ACI [33] for CFHSS circular stub column specimens, as reflected by
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smaller mean values. The mean values of Pu/Paisc, Pu/Pais and Pu/Paci and are 1.40, 1.13
and1.34 with the corresponding COVs of 0.080, 0.065 and 0.085.

It should be noted that some circular tubes of the specimens exceed the section
slenderness limit of the design rules. However, no explicit design rules were specified for these
specimens. As mentioned earlier, the effective cross-section area (Aetr) of the steel tube in
Equation (16) was also adopted in the design calculation. Hence, the full cross-section area (As)
of these steel tubes were replaced by the Aet in the calculation of predictions. These predictions
were also shown in , as distinguished by “*”. It should be noted that the limit of section
slenderness in the design codes are different, as specified in the design rules in previous sections
of this paper, and summarized in Wei et al. [1]. For the predictions by EC4 [29], the predictions
became overall conservative, i.e., the mean value of 0.95 compared with that of 1.05* with the
COV almost maintained. In addition, EC4 [29] provides the most accurate and least scattered
predictions among the predictions [12, 29-31], i.e., the mean value closest to 1.00 with the
smallest value of COV. This may indicate that the reduced cross-section area should be used in
the design calculations for CFHSS circular stub column specimens that exceed the section
slenderness limit (Class 3) in EC4 [29]. However, by using the reduced cross section areas, the
predictions by the design codes of AISC [12], AlJ [30] and ACI [31] become more conservative
and more scattered, as reflected by the larger mean value and COV. The comparisons of design
predictions with the section slenderness of the tubes for CFHSS circular stub column specimens
were shown in , for the four different design specifications. In these figures, the
original design rules with full cross-section area (As) of the steel tubes were used. In addition,
it was found that the strength enhancement index of SI was generally decreased as the value of
section slenderness increased for different design specifications, as illustrated in
for AISC [12], EC4 [29], AJ [30] and ACI [31], respectively. The decreasing was decreased
in a similar manner for different grades of infilled concrete.

The summary of the comparisons between test and FE strengths with predictions are
presented in . Generally, it was found that more conservative with less scattered
predictions were provided by the AISC [12], AlJ [30] and ACI [31] codes for the relatively
lower strength of concrete, as evidenced by the relatively larger mean values with smaller COVs,
e.g., mean value of 1.51 with COV of 0.062 for infilled concrete C40 compared with that of
1.33 with COV of 0.070 for infilled concrete C120 by the AISC [12], as shown in . As
for the predictions by EC4 [29], less unconservative predictions with smaller values of COV
were found, e.g., mean value of 0.99 with COV of 0.047 for infilled concrete C40 compared
with that of 0.93 with COV of 0.073 for infilled concrete C120. However, when the effective
section areas were used for the specimens with section slenderness exceed the codified limits
(Class 3), the predictions become more conservative for infilled lower strengths of concrete for
EC4 [29]. Similar findings were shown for the predictions by the other design codes, i.e., the
AISC [12], AlJ [30] and ACI [31].
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6. Conclusions

The structural behaviour of concrete-filled high strength steel (CFHSS) circular stub
columns has been investigated in the present study. A series of tests was conducted on CFHSS
circular tubes infilled with three different grades of concrete (i.e., C40, C80 and C120). The
CFHSS circular tubular sections had the nominal 0.2% proof stress (i.e. the yield stress) up to
1100 MPa. The 17 test specimens were subjected to uniform axial compression. The ultimate
loads, failure modes and full load-end shortening curves of these CFHSS circular stub columns
have been presented in this paper. An extensive numerical study accounting for the confinement
effect, as well as the non-linearities of materials, geometry and contacts have also been
performed by using a validated finite element model. The behaviour of CFHSS circular stub
columns has been investigated, including the ultimate load, the end shortening, the strength
enhancement index and the ductility index. Finally, experimental and numerical results have
been used to assess the suitability of the design equations specified in the current international
specification, including American Specifications (AISC and ACI), European Code (EC4) and
Japanese Code (AlJ) for the cross-section strength of CFHSS stub columns. Findings from the
present study are summarized below:

® For specimens with the same ratio of outer diameter to thickness (D/f) of the steel
tubes, the strength enhancement generally decreases as the infilled concrete strength
(up to grade C120) increases.

® For specimens with the same infilled concrete strength, the smaller value of D/f (from
slender section to compact section) of the tube provides a better strength enhancement.

® A higher section constraining factor (ranging from 0.57 to 6.18 in this study)
generally leads to a better strength enhancement of a specimen. However, Further
evaluation of this relationship is recommended for the value of section constraining
factor exceeds 4.0.

®  Generally, normalized column strengths (normalized by the strengths of columns
without infilled concrete for the same series) increase linearly with the increment of
the infilled concrete strength.

® |t was found that the predictions from the current international design specifications
were generally conservative, except for EC4. The predictions by the AIJ [30] are the
least conservative and least scattered.

® By using the effective section area of steel tubes for slender cross sections, EC4
provides the most accurate with least scattered predictions than the other design
specifications.

® The design predictions using the specifications that considered in this study are less
conservative and less scattered for CFHSS circular tubes infilled with higher strength
concrete.
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Table 1: Material properties of CFHSS circular tubes

Sections  Es (GPa) Nomi;f’:l (Mpal\)/leasure g fMPa) s () e (%)
89x3 203 900 980 1093 2.1 9.4 5
89x4 209 1100 1084 1242 2.5 10.3 5
108x4 208 1100 1233 1327 2.2 10.5 6
133x4 210 1100 1164 1278 2.3 10.5 6

Table 2: Cylinder strengths of concrete

Concrete cylinder strengths (fe)

Concrete grades

28th day (MPa) Column test day (MPa)
C40 34.9 35.5
C80 79.9 85.7

C120 112.7 114.9




Table 3: Dimensions of CFHSS circular stub columns

Specimens D (mm) t (mm) L (mm) As (mm?) Ac (mm?) D/t
89x3-C0-A 88.9 2.97 267.0 801.8 - 29.9
89x3-C40-A 88.8 3.00 267.0 808.6 5383.3 29.6
89x3-C80-A 88.9 2.98 267.0 804.6 5405.4 29.8
89x3-C120-A 88.9 3.00 266.5 809.7 5398.9 29.6
89x4-C0-B 89.0 3.91 267.0 1045.2 - 22.8
89x%4-C40-B 88.9 3.91 266.5 1043.5 5158.1 22.7
89x4-C80-B 89.0 3.91 267.0 1044.8 5172.1 22.8
89%x4-C120-B 88.9 3.89 267.0 1039.0 5169.6 22.9
108x%4-C0-B 108.2 3.93 324.0 1287.4 - 27.5
108%4-C40-B 108.3 3.9 323.0 1279.6 7939.0 27.8
108x4-C80-B 108.2 3.94 323.5 1290.8 7907.5 27.5
108%4-C120-B 108.6 3.98 329.0 1307.9 7951.7 27.3
133x%4-C0-B 133.2 3.92 399.0 1592.1 - 34.0
133%x4-C40-B 133.4 3.95 398.5 1606.4 12370.2 33.8
133%x4-C80-B 133.3 3.93 398.5 1597.6 12364.3 33.9
133%4-C120-B 133.2 3.94 398.0 1599.7 12330.8 33.8
133%x4-C120-B-r 133.1 3.94 399.0 1599.0 12319.0 33.8
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Table 4: Test results of concrete-filled CFHSS circular tubular stub columns

Specimens Pt (KN) ou (mm) du,0.85 (MmM) Nor.
89%3-C0-A 926 3.8 49 1.00
89x3-C40-A 1400 8.1 17.6 151
89%3-C80-A 1554 4.6 10.3 1.68
89x3-C120-A 1880 4.1 9.8 2.03
89%4-C0-B 1431 6.1 8.3 1.00
89x4-C40-B 1914 8.6 13.7 1.34
89x4-C80-B 2083 7.0 25.0 1.46
89x4-C120-B 2324 54 17.5 1.62
108x4-C0-B 1749 53 6.7 1.00
108x4-C40-B 2433 15.8 17.0 1.39
108x4-C80-B 2783 5.7 13.1 1.59
108x4-C120-B 2729 24.0 - 1.56
133x4-C0-B 2078 5.3 6.3 1.00
133x4-C40-B 3110 10.0 13.7 1.50
133x4-C80-B 3764 6.8 16.5 1.81
133%4-C120-B 4111 52 12.0 1.98
133x4-C120-B-r 4203 5.6 12.1 2.02

Note: “Nor.” represents the P, normalized by that without infilled concrete in the same series.



Table 5: Comparison of ultimate loads between test results and FE predictions

Specimens P (kN) Peeq (KN) P/Prry
89x3-C0-A 926 903 1.03
89x3-C40-A 1400 1339 1.05
89x3-C80-A 1554 1497 1.04
89x3-C120-A 1880 1709 1.10
89x4-C0-B 1431 1377 1.04
89x4-C40-B 1914 1965 0.97
89x4-C80-B 2083 2096 0.99
89x4-C120-B 2324 2427 0.96
108x4-C0-B 1749 1787 0.98
108x4-C40-B 2433 2506 0.97
108x4-C80-B 2783 2766 1.01
108x4-C120-B 2729 2933 0.93
133x4-C0-B 2078 2089 0.99
133x4-C40-B 3110 3095 1.00
133x4-C80-B 3764 3471 1.08
133x4-C120-B 4111 3916 1.05
133x4-C120-B-r 4203 3916 1.07
Mean 1.01

Ccov 0.050
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Table 6: Dimensions and results of concrete-filled CFHSS circular stub columns in parametric study

Specimens DIt As (mm?) Ac (mm?) Prea (KN) 6, (mm)  J,0s5 (mm) Nor:
78%3-C0-A 26.0 706.9 - 773 2.87 3.72 1.00
78%3-C40-A 26.0 706.9 4071.5 1259 4.30 6.97 1.63
78%3-C80-A 26.0 706.9 4071.5 1366 3.68 6.47 1.77
78x3-C120-A  26.0 706.9 4071.5 1435 2.62 5.70 1.86
160x4-C0-A 40.0 1960.4 - 2047 4.72 5.96 1.00
160x4-C40-A  40.0 1960.4 18145.8 3760 8.01 12.79 1.84
160x4-C80-A  40.0 1960.4 18145.8 4050 6.56 11.29 1.98
160x4-C120-A  40.0 1960.4 18145.8 4629 3.75 9.92 2.26
240x5-C0-A 48.0 3691.4 - 3614 5.81 6.76 1.00
240x5-C40-A  48.0 3691.4 41547.6 7322 11.18 17.71 2.03
240x5-C80-A  48.0 3691.4 41547.6 8116 6.56 15.75 2.25
240x5-C120-A  48.0 3691.4 41547.6 9497 5.51 13.56 2.63
300x5-C0-A 60.0 4633.8 - 3820 6.00 7.21 1.00
300x5-C40-A  60.0 4633.8 66052.0 9343 12.96 21.40 2.45
300x5-C80-A  60.0 4633.8 66052.0 11166 6.87 17.68 2.92
300x5-C120-A  60.0 4633.8 66052.0 13379 5.68 13.25 3.50
78%3-C0-B 26.0 706.9 - 905 2.97 3.33 1.00
78%3-C40-B 26.0 706.9 4071.5 1446 4.86 7.51 1.60
78%3-C80-B 26.0 706.9 4071.5 1534 4.24 7.28 1.70
78%x3-C120-B  26.0 706.9 4071.5 1601 3.98 6.29 1.77
160x4-C0-B 40.0 1960.4 - 2360 4.45 6.07 1.00
160x4-C40-B  40.0 1960.4 18145.8 4584 10.33 18.57 1.94
160x4-C80-B  40.0 1960.4 18145.8 4571 7.62 12.85 1.94
160x4-C120-B  40.0 1960.4 18145.8 5072 4.05 11.39 2.15
240x5-C0-B 48.0 3691.4 - 4177 5.90 6.73 1.00
240x5-C40-B  48.0 3691.4 41547.6 8197 12.96 20.27 1.96
240x5-C80-B  48.0 3691.4 41547.6 9029 6.56 18.11 2.16
240x5-C120-B  48.0 3691.4 41547.6 10238 5.43 15.21 2.45
300x5-C0-B 60.0 4633.8 - 4409 6.56 7.76 1.00
300x5-C40-B  60.0 4633.8 66052.0 10602 14.74 23.65 2.40
300x5-C80-B  60.0 4633.8 66052.0 11712 7.32 18.49 2.66
300x5-C120-B  60.0 4633.8 66052.0 13274 9.85 14.35 3.01

Note: “Nor.” represents the Prrs normalized by that without infilled concrete in the same series.
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Table 7: Comparison of the behaviour for concrete-filled CFHSS circular stub columns

Specimens ¢ Sl Dl
89x3-C0-A - - 1.29
89x3-C40-A 4.15 1.42 2.17
89x3-C80-A 1.70 1.24 2.24

89x3-C120-A 1.28 1.33 2.39

89x4-C0-B - - 1.36
89x4-C40-B 6.18 1.46 1.59
89x4-C80-B 2.56 1.32 3.57

89x4-C120-B 1.90 1.35 3.24
108x4-C0-B - - 1.26
108x4-C40-B 5.60 1.31 1.08
108x4-C80-B 2.35 1.23 2.30
108x4-C120-B 1.77 1.08 -
133x%4-C0-B - - 1.19
133x%4-C40-B 4.26 1.35 1.37
133x%4-C80-B 1.76 1.29 243
133x%4-C120-B 1.31 1.25 2.31
133%4-C120-B-r 1.31 1.28 2.16

78x%3-C0-A - - 1.30
78x3-C40-A 4.25 1.47 1.62
78x%3-C80-A 2.13 1.34 1.76

78x3-C120-A 1.42 1.21 2.18
160x4-C0-A - - 1.26
160x4-C40-A 2.65 1.42 1.60
160x4-C80-A 1.32 1.20 1.72
160x4-C120-A 0.88 1.13 2.65
240%5-C0-A - - 1.16
240%5-C40-A 2.18 1.39 1.58
240x5-C80-A 1.09 1.17 2.40
240x5-C120-A 0.73 1.10 2.46
300x5-C0-A - - 1.20
300x5-C40-A 1.72 1.30 1.65
300x5-C80-A 0.86 1.14 2.57
300x5-C120-A 0.57 1.07 2.33

78x%3-C0-B - - 1.12
78x3-C40-B 5.05 1.47 1.55
78x3-C80-B 2.53 1.34 1.72

78x3-C120-B 1.68 1.22 1.58
160x4-C0-B - - 1.36
160x4-C40-B 3.14 1.52 1.80
160x4-C80-B 1.57 1.22 1.69
160x4-C120-B 1.05 1.14 2.81
240x5-C0-B - - 1.14
240x5-C40-B 2.59 1.38 1.56
240x5-C80-B 1.29 1.18 2.76
240x5-C120-B 0.86 1.10 2.80
300x5-C0-B - - 1.18
300x5-C40-B 2.04 1.32 1.60
300x5-C80-B 1.02 1.10 2.53
300x5-C120-B 0.68 1.00 1.46
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Table 8: Comparison of test and FE results with predictions from different design codes

Specimens PL,/PEc4 Pu/PA]SC PM/PAU Pu/Pch
89x3-C40-A 1.00 (1.07)* 1.44 1.20 1.47
89x3-C80-A 0.94 (0.99)* 1.26 111 131
89x3-C120-A 1.04 (1.09)* 1.36 1.22 1.42
89x4-C40-B 1.02 (1.06)* 1.47 1.20 1.49
89x4-C80-B 0.98 (1.01)* 1.34 1.15 1.38
89x4-C120-B 1.03 (1.06)* 1.37 1.20 1.42
108x4-C40-B 0.92 (1.02)* 1.33 1.08 1.34
108x4-C80-B 0.91 (1.00)* 1.25 1.07 1.28

108x4-C120-B 0.83 (0.90)* 1.11 0.97 1.14
133x4-C40-B 0.94 (1.07)* 1.42 1.13 (2.28)* 1.39
133x4-C80-B 0.97 (1.08)* 1.43 1.15 (2.28)" 1.36
133x4-C120-B 0.98 (1.08)* 1.42 1.15 (2.28)" 1.34
133x4-C120-B-r 1.00 (1.10)* 1.45 1.18 (2.28)* 1.37
78x3-C40-A 1.04 (1.08)* 1.49 1.24 1.51
78x3-C80-A 1.00 (1.04)* 1.36 1.18 141
78x3-C120-A 0.94 (0.97)* 1.24 1.11 1.30
160x4-C40-A 1.01 (1.14) 1.55 1.23 (2.28)* 1.48
160x4-C80-A 0.92 (1.01)* 1.38 1.10 (2.28)* 1.28
160x4-C120-A 0.91 (0.99)* 1.34 1.08 (2.28)" 1.23
240%5-C40-A 1.00 (1.15)* 1.57 1.22 (2.28)" 1.46 (1.91)*
240%5-C80-A 0.91 (1.02)* 1.40 1.09 (2.28)* 1.26 (1.55)*
240%5-C120-A 0.90 (0.99)* 1.36 1.08 (2.28)* 1.21 (1.43)*
300x5-C40-A 0.95 (1.12)* 1.55 1.17 (2.28)* 1.38 (1.88)*
300x5-C80-A 0.90 (1.03)* 1.42 1.09 (2.28)* 1.24 (1.55)*
300%5-C120-A 0.90 (1.00)* 1.37 1.07 (2.28)* 1.19 (1.41)*
78%3-C40-B 1.03 (1.12)* 1.48 1.22 1.50
78%3-C80-B 0.99 (1.06)* 1.35 1.16 1.39
78%3-C120-B 0.94 (1.00)* 1.24 1.10 1.29
160x4-C40-B 1.08 (1.26)* 1.68 1.30 (2.28)* 1.58 (2.13)*
160x4-C80-B 0.93 (1.05)* 1.41 1.11 (2.28)* 1.30 (1.65)*
160x4-C120-B 0.90 (1.01)* 1.35 1.07 (2.28)* 1.23 (1.50)*
240%x5-C40-B 0.98 (1.17)* 1.58 1.19 (2.28)* 1.44 (2.02)*
240x5-C80-B 0.91 (1.05)* 1.42 1.09 (2.28)* 1.27 (1.65)*
240x5-C120-B 0.89 (1.01)* 1.36 1.06 (2.28)" 1.20 (1.49)*
300x5-C40-B 0.96 (1.16)* 1.58 (2.28)* 1.17 (2.28)* 1.39 (2.03)*
300x5-C80-B 0.86 (1.00)* 1.37 (1.86)* 1.03 (2.28)* 1.18 (1.57)*
300x5-C120-B 0.82 (0.94)* 1.28 (1.62)* 0.98 (2.28)* 1.09 (1.37)
Mean 0.95 (1.05)* 1.40 (1.44)* 1.13 (1.33)" 1.34 (1.49)"
cov 0.063 (0.066)* 0.080 (0.136)* 0.065 (0.151)* 0.085 (0.154)*

Note: (x)* result by using reduced cross section area of steel tube.



Table 9: Summary of comparisons of test and FE results with codified predictions for different infilled
concrete grades

CFHSS circular stub column specimens

Cases f
clczll?lﬁ;)ns P./PEc4 P./Paisc P./Pay Pu/Pycr
Mean 0.99 (1.12)* 1.51 (1.57)* 1.20 (1.46)* 1.45 (1.68)*
Infilled concrete C40 12
CoVv 0.047 (0.057)% | 0.062 (0.155)* | 0.047 (0.175)* | 0.048 (0.172)*
Mean 0.93 (1.03)* 1.37 (1.41)* 1.11 (1.29)* 1.31 (1.45)*
Infilled concrete C80 12
CoVv 0.044 (0.027)* | 0.042 (0.110)* | 0.038 (0.113)* | 0.052 (0.094)*
Mean 0.93 (1.01)* 1.33 (1.35)* 1.10 (1.25)* 1.26 (1.36)*
Infilled concrete C120 13
CoVv 0.073 (0.059)* | 0.070 (0.091)* | 0.071 (0.105)* | 0.082 (0.075)*
Mean 0.95 (1.05)* 1.40 (1.41)* 1.13 (1.33)* 1.34 (1.49)*
All cases 37
CoVv 0.063 (0.066)* | 0.080 (0.136)* | 0.065 (0.151)* | 0.085 (0.154)*

Note: (x)* result by using reduced cross section area of steel tube.
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Figure 1: Test setup of concrete-filled CFHSS circular stub column Specimen 89x4-C80-B
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Figure 3: Failure modes of CFHSS circular stub column specimens for Series 89%4
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(a) Meshed concrete core

vy

(c) Assembled concrete-filled CFHSS stub column

Figure 4: Meshed and assembled concrete-filled CFHSS circular stub column
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Figure 10: Effects of section slenderness limit on S/ for AISC [12]
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Figure 11: Effects of section slenderness limit on S/ for EC4 [29]
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Figure 12: Effects of section slenderness limit on S/ for A1J [30]
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Figure 13: Effects of section slenderness limit on S7 for ACI [31]
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Figure 14: Comparisons of test and FE results with predictions from AISC [12]
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Figure 15: Comparisons of test and FE results with predictions from EC4 [29]
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Figure 16: Comparisons of test and FE results with predictions from AIJ [30]
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Figure 17: Comparisons of test and FE results with predictions from ACI [31]
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