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Abstract: The objective of this work is to develop design guidance for existing hollow steel columns that are
retrofitted by infilling concrete into the tubes. The primary challenge is the unknown effect of the existing preload on
the steel columns prior to the concrete infill. Composite performance and buckling behaviour of circular hollow section
(CHS) steel columns strengthened by infilling concrete under preload was experimentally and numerically investigated
in this study. A total of 34 CHS steel columns were tested under pin-ended boundary conditions, and the overall
buckling failure modes and corresponding ultimate buckling resistances were recorded. Prior to the member testing,
material properties of the steel columns and the infilled concrete were attained. By means of the finite element (FE)
software package ABAQUS, elaborate FE models for the CHS columns strengthened by infilling concrete were
developed and validated against the obtained test results, which were further verified with other available test data.
Using the validated FE models, systematic parametric studies were conducted to examine the influences of the major
factors affecting the ultimate capacities of the CHS columns strengthened by infilling concrete, including preload ratios,
steel and concrete strengths, steel ratios, initial global imperfections, eccentricity ratios and column slenderness ratios.
The obtained test and numerical results were therefore utilised to develop design criteria for predicting the overall
buckling resistance of CHS steel columns strengthened by infilling concrete. In view of the difficulty of determining
the key parameters in practice and the uncertainty of the strengthening process, a new simplified design coefficient
was proposed, taking into account the influence of the preload. It has been demonstrated that accurate and reasonable
strength predictions can be provided by the proposed design method.

Keywords: Overall buckling; CHS steel columns; Preload; Infilled concrete; Strengthening; Design method

1. Introduction

Strengthening existing steel structures is often imperative due to additional imposed loads or alterations of primary
function [1]. Methods used to reinforce steel structures include welding cover plates [2-4], bonding steel plates or fibre
reinforced polymer materials [5-7], external post-tensioning using tendons [8-10]. For steel tubular columns, infilling
concrete into the tube columns is another feasible retrofit technique that has little effect on both the appearance and
the net area. The infilled concrete benefits from the confining effect provided by the steel tube and may also delay the
occurrence of local buckling [11-14]. As a result, the load-carrying capacity of an existing steel tubular column can be
significantly enhanced. It is noted that the infilling concrete will introduce additional self-weight to the structural
system, yet this can be considered in the retrofitting process, with additional design checks to be conducted. Generally,
it would be essential to unload the columns prior to strengthening. However, it is inconvenient and often infeasible to
unload the column before strengthening, therefore the strengthening process is carried out while the member is
subjected to self-weight and external actions [15-17]. The composite strength and flexural stiffness is sensitive to this

existing load; therefore, in this paper, the overall buckling behaviour of circular hollow section (CHS) steel columns
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strengthened by infilling concrete under preload is investigated.

There have been a number of experimental and numerical studies aiming at exploring the preload effect on the
concrete-filled columns. Uy and Das [18] considered the effect of wet concrete loading of steel box section columns
during construction by FE modelling, and Han and Yao [19] tested 19 concrete-filled square hollow steel columns
subjected to preload and developed design formulae for the calculation of the ultimate strength. Meanwhile, Zha [20]
tested a total of 27 concrete-filled CHS columns with various preload ratios, Huang and Chen [21] carried out nine
concrete-filled CHS column tests with initial stresses, and Liew and Xiong [22] conducted experimental studies on 11
CHS steel columns infilled with normal concrete and high strength concrete subjected to preloads arising from
construction and permanent loads of the building, and then a modified design method was developed. More recently,
Patel et al. [23,24] presented numerical studies on both circular and rectangular concrete-filled steel tubular slender
beam-columns with preload effects, while Huang et al. [25] reported an experimental study on concrete-filled steel
tubular columns with preload ratios of 0, 0.25 and 0.5, and a simplified prediction method for preload reduction effect
was proposed. In general, the preload applied on the steel tube, produced by the self-weight and construction imposed
loads, such as the working loads and wet concrete, reached around 30% of the column buckling capacity. It has also
been suggested that preload up to 60% of the steel tube strength has an insignificant effect on the member capacity
[26]. However, the stress ratio in steel tubular columns from existing structures may reach up to 0.80 or higher when
considering additional imposed loads as a result of design changes on the building’s function. Therefore, a
comprehensive research on the influence of higher preload ratios is needed to underpin the design of CHS steel
columns strengthened with concrete infill. Moreover, while there is a need for the development of procedure on the
efficient retrofitting of steel hollow sections, a new design methodology for predicting the capacity of concrete-filled
steel hollow sections subjected to preload is required.

This paper presents a comprehensive experimental programme on overall buckling behaviour of a total of 34 CHS
columns involving high preload ratios. The column specimens strengthened by infilling concrete were loaded with
pin-ended boundary conditions. FE modelling on the overall buckling behaviour of the tested columns and other
available test data was carried out in ABAQUS. Subsequently, parametric studies were conducted to examine the
influences of the major factors that affect the overall buckling behaviour of CHS columns. Based upon the obtained
test and numerical results, a new design method for predicting the overall buckling resistance of CHS columns
strengthened by infilling concrete subjected to preload was developed. The current study also comprises part of the
fundamental research work to provide a general revision on the Chinese code for strengthening steel structures [27].

2. Experimental programme

2.1 Test specimens

A total of 34 CHS steel column specimens were prepared for the experimental programme. The outer diameter (D)
of the tubular cross-sections was 159.0 mm with a wall thickness (7) of 4.0 mm. Three tensile coupons were machined
directly from the steel tubes and tested to acquire the average material properties: Young’s modulus £~2.03x10° MPa,
yield strength f;,=295.0 MPa, ultimate tensile strength f;,=430.0 MPa. The ratio of ultimate strength over yield strength
is equal to 1.46, fulfilling the ductility requirements specified in both Eurocode 3 [28] and Chinese code GB 50017
[29]. Self-compacting concrete (SCC) that required little or no vibration effort was adopted to infill the steel tubes.
The SCC was designed to achieve a nominal compressive cube strength at 28 days of 40 MPa by following JGJ/T 283
[30]. Based on the measured moisture content of sand, the mix proportions of the SCC were as follows: water, 154
kg/m?; cement, 443 kg/m’; sand, 782 kg/m?; coarse aggregate, 864 kg/m>; mineral admixture (coal fly ash), 111 kg/m’;
water-reducing agent, 5.5 kg/m®. Nine standard cube tests on specimens of size 150 mm x 150 mm x 150 mm were
conducted, and the average strength at the time of column testing was found to be 47.5 MPa.

The 17 test specimens under concentric compression (denoted as Group A, B and C) are listed in Table 1, and the
other 17 test specimens under eccentric compression (denoted as Group D, E, F, G, H) are presented in Table 2. The
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test specimens were designed to cover a wide range of key parameters, including the effective length (Lc), the initial

stress ratio (f) and the load eccentricity ratio (e/7). Among which two test specimens — A0 and CO0, not strengthened

by infilling concrete, were used to quantify the strengthening effect. The effective length of the columns was taken as
the geometric length (L) plus the lengths of the two pinned ends, dependent on the experimental devices for
implementation of preload. The definitions of the slenderness ratio (1), the initial stress ratio () and the preload ratio

(Ba) are as follows,
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where Ny is the cross-sectional plastic resistance of the steel column, and Noc=@Afsy is the overall buckling capacity

of the steel column, @ is the overall stability coefficient of the steel tubes according to the design provisions in Chinese
design code for steel structures — GB 50017 [29] which can be determined from the relevant buckling curve, co=Np/As
is the initial stress generated by the preload Np, As and fsy are the cross-sectional area and measured yield strength of

the steel tube, respectively.

Table 1
Details of test specimens under concentric compression
Specimen L (mm) Le (mm) A B Pa Nugxp (KN)
A0 (no infill) 636 996 18.2 0 0 620
Al 636 996 25.1 0 0 1450
A2 636 996 25.1 0.2 0.21 1385
A3 636 996 25.1 0.4 0.41 1340
A4 636 996 25.1 0.6 0.62 1425
AS 636 696 17.5 0.8 0.81 1331
B1 1590 1950 49.1 0 0 1305
B2 1590 1950 49.1 0.2 0.22 1133
B3 1590 1950 49.1 0.4 0.45 945
B4 1590 1950 49.1 0.6 0.67 1254
B5 1590 1650 41.5 0.8 0.87 971
CO0 (no infill) 2544 2904 53.0 0 0 474
Cl 2544 2904 73.1 0 0 1198
C2 2544 2904 73.1 0.2 0.25 1130
C3 2544 2904 73.1 0.4 0.49 1140
C4 2544 2904 73.1 0.6 0.74 1020
C5 2544 2904 73.1 0.8 0.99 948
Table 2
Details of test specimens under eccentric compression
Specimen L (mm) L. (mm) A B Pa e (mm) elr Nugxp (kN)
D1 636 996 25.1 0.6 0.62 30 0.38 910
D2 1113 1473 37.1 0.6 0.64 30 0.38 890
D3 1590 1950 49.1 0.6 0.67 30 0.38 690
D4 2067 2427 61.1 0.6 0.70 30 0.38 670
D5 2544 2904 73.1 0.6 0.74 30 0.38 620
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El 636 996 25.1 0.6 0.62 15 0.19 1135
E2 636 696 17.5 0.6 0.61 45 0.57 648
F1 636 996 25.1 0 0 30 0.38 1010
F2 636 996 25.1 0.2 0.21 30 0.38 990
F3 636 996 25.1 0.4 0.41 30 0.38 950
F4 636 996 25.1 0.8 0.83 30 0.38 835
Gl 2544 2904 73.1 0.6 0.74 15 0.19 710
G2 2544 2604 65.5 0.6 0.71 45 0.57 486
H1 2544 2904 73.1 0 0 30 0.38 750
H2 2544 2904 73.1 0.2 0.25 30 0.38 665
H3 2544 2904 73.1 0.4 0.49 30 0.38 600
H4 2544 2604 65.5 0.8 0.95 30 0.38 608

2.2 Test setup and instrumentation programme

The working loads pre-applied on the steel columns were produced by means of two different experimental devices
in this study. For the test specimens with initial stress ratio (f) higher than 0.6 or load eccentricity greater than 30 mm,
two mechanical jacks with load cells were utilised to deliver the designed preload directly, as shown in Fig. 1 (a). Two
adjustable knife edges were introduced at the column ends, and the load eccentricity was achieved by moving the ridge
to the corresponding V-shaped groove far away as the eccentricity distance from the column center. By means of this
experimental device, preloads for five test specimens including A5, B5, E2, G2 and H4 were successfully applied. The
second experimental device involved four pre-stressing screw bars and was employed for all the remaining test
specimens, as show in Fig. 1 (b), where two rigid cover plates that provided reliable anchorage to the screw bars were
attached to the column ends. A total of eight strain gauges were attached to the screw bars and used herein to monitor
the preload level and corresponding load eccentricity. In general, a slightly greater preload was applied and monitored
for one week with appropriate consideration of the possible stress relaxation of the screw bars. Once the preload level
and load eccentricity stabilised, the SCC was filled and placed to air-dry until testing, typically 28 days later at least.

Since the components in the two support devices were different, it should be noted that the end length for the first
experimental device was determined as 2x30 mm, while the corresponding end length for the second device were
2x180 mm owing to the thick end cover plates. The effective lengths of the test specimens were therefore obtained by
adding the two end lengths to the measured steel tube length, as presented in Tables 1 and 2.

The overall buckling tests were carried out by using a 5000 kN capacity hydraulic testing machine, as shown in Fig.
1. The pin-ended boundary conditions were achieved by means of knife edges at both ends. For the concentrically
loaded test specimens, the geometrical centering was implemented by putting the ridge of the knife edge into the
central V-shaped groove, while the designed eccentricity for the eccentrically loaded test specimens was obtained by
adjusting the ridge to the prescribed groove. There were a total of three digital linearly-varying displacement
transducers (LVDTs) and eight strain gauges set up for each specimen, as illustrated in Fig. 1. Specifically, two LVDTs
were used to determine the end-shortenings, and the third LVDT measured the mid-height lateral deflections; all the

eight strain gauges were used to monitor the longitudinal and transverse strains at mid-height.
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Fig. 1. Test setup and instrumentation programme
2.3 Loading tests and analysis of test results

Testing was conducted in load control. Specifically, a load interval of five percent of the estimated load capacity
was applied until the extreme fibre of the steel tube reached material yielding, and then it was reduced to two percent
of the estimated load capacity. Each load interval was maintained for two minutes or until the load stabilised, and the
corresponding deformation and strain readings were recorded. During testing, the increasing axial load was
accompanied by a gradual reduction of tension forces in the threaded rods (Fig. 1(b)). Once the rod tension forces
reduced to zero, the rods were removed from the rigid end cover plates. For the five test specimens that were preloaded
by two mechanical jacks, the corresponding load cells could be used to monitor load transfer from the mechanical
jacks to the hydraulic jack. The mechanical jacks were also removed when the monitored loads approached zero. The
experiment was terminated when the load reached or was less than the peak load in the descending path. The
descending branch was thereby obtained through a controlled release of the hydraulic pressure.

All 34 test specimens exhibited overall flexural buckling as the primary failure mode, and the residual deformed
shapes of tested columns with various column slenderness ratios are presented in Fig. 2. The residual deformed shapes
correspond to sinusoidal waveforms between the two pinned ends. After peak load, local buckling of the steel tubes
was observed at the compression side at approximately mid-height.

The experimental load versus axial end shortening curves were measured for the concentrically loaded columns
(Group A, B and C), while the experimental load versus lateral deflection curves were obtained for the tested columns
under eccentric compression. The two types of experimental curves are plotted in Figs. 3 and 4, respectively. It can be
noted that all the specimens under eccentric compression and the majority of the concentrically loaded columns failed
with a ductile behaviour, while Group A test specimens underwent sudden buckling collapse, as illustrated in Figs. 3
and 4.
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Fig. 4. Axial load versus lateral deflection curves for the Group D, E, F, G and H test specimens under eccentric compression

The measured ultimate load-carrying capacities of the test specimens are listed in Tables 1 and 2, and are also

provided in Figs. 5-7. The significant strengthening effect from infilling concrete for CHS columns is verified by

comparing specimens — A0 and Al, CO and Cl1, resulting in 134% and 153% increase in compressive strength,

respectively. Therefore, the ultimate load-carrying capacities for both concentrically and eccentrically loaded test

specimens were reduced due to the presence of preload, especially for the tested columns with higher initial stress

ratios. A decrease of nearly 10% in ultimate strength for the short columns (1=25.1) was observed, while the strength

reduction was found to be about 25% for intermediate and slender columns. The ultimate load-carrying capacities were

further reduced by increasing either the slenderness ratio or the load eccentricity, as illustrated in Figs. 6 and 7.

Nevertheless, it can be noted that there are certain test specimens, such as A4 and B4, exhibiting abnormally higher

experimental strength values, which may be attributed to the possible strength variations in concrete infill.
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3. Numerical modelling

3.1 Numerical models

The numerical models for the CHS columns strengthened by infilling concrete were developed by means of the
general finite element (FE) software package ABAQUS [31]. The general purpose 4-node shell element S4R was used
to mesh the steel tube, and the continuum 8-node solid element C3D8R was adopted to mesh the infilled concrete core.
Using the reduced integration method, both elements usually result in lower computational costs without undermining
the accuracy of strain and stress results. The default total stiffness approach available in ABAQUS/Standard was
adopted as the hourglass control approach. The number of section points throughout the shell thickness was set as nine
for S4R elements by using the Simpson’s integration rule. By means of the structured meshing technique, predefined
mesh patterns were generated by dividing the circle into 32 elements (see Fig. 8), and the longitudinal element size
was then determined by considering consistent element aspect ratios. Further mesh convergence studies were carried
out to achieve satisfactory balance between computational time and accuracy of solution. The generated mesh for a
typical test specimen B1 contained approximately 10,000 elements. It was revealed that, by introducing a much finer
mesh with four times the number of elements, no more than 0.5% improvement in accuracy was obtained.

H

Fig. 8. Discretisation of the steel tube section with concrete infill
The material properties of the steel tube and the infilled concrete were considered by using the constitutive models
proposed by Ding et al [32], as illustrated in Fig. 9, which were also successfully applied in previous numerical studies
[33,34]. Though the local buckling of steel tubes was observed in the post-ultimate stage for some test specimens, the
finite slip between pairs of surfaces appeared to have negligible influence on the ultimate load-carrying capacity. Due
to the fact that relative slip was not observed at the interface of steel and concrete before reaching the ultimate

resistance, perfect bond between steel tube and infilled concrete was assumed and employed in the numerical models.
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Fig. 9. The adopted constitutive models for the steel tube and the infilled concrete
Initial global geometric imperfections of the test specimens were not experimentally measured in this study, an
amplitude of 1/1000 of the column length, according to the GB 50205 [35], was assumed. It is widely recognised that
the effects of initial global imperfections need to be incorporated within the analysis, the sensitivity of which will be
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discussed later. A linear eigenvalue buckling analysis was carried out to generate the global imperfection pattern,
which were applied in the numerical models by means of the ABAQUS *IMPERFECTION command. Due to the
relatively small outer diameter over wall thickness ratio of the steel tubes, local buckling of steel tube was not observed
prior to overall member buckling, as indicated in the tests, and thus initial local geometric imperfections were not
included. Moreover, the influence of welding residual stresses was not taken into account due to its negligible effect
on ultimate buckling resistance, which here is primarily attributed to the introduction of concrete infill, per Tao et al.
[36,37]. The pin-ended boundary conditions of the tests were replicated in the numerical models. All degrees of
freedom were fixed except for the rotation about the in-plane axis at the upper end, while four degrees of freedom
were fixed at the bottom end, allowing for the same rotation and longitudinal displacement.

There were two steps utilised to implement the preload and subsequent loading process:

(1) Applying the preload to the steel tube. The ABAQUS *MODEL CHANGE, REMOVE command was used to
simulate the hollow steel tube by removing the concrete core. Herein the designed preload was applied on the steel
tube with no further element calculations performed for the concrete core.

(2) Analysis of the steel tube strengthened by infilling concrete. The previously removed concrete core was
reactivated by using the ABAQUS *MODEL CHANGE, ADD command. The subsequent loading process was
achieved by applying the longitudinal displacement at the bottom end, thus the imposed loads could be undertaken by
both the steel tube and infilled concrete. The geometric nonlinearity was explicitly considered throughout the analysis.

3.2 Validation of the FE models

The numerical modelling results were compared with the obtained test data. A comparison between the experimental
and numerical load versus deformation curves is given in Fig. 10, and the ultimate buckling resistances predicted by
the FE models are compared with those obtained from the tests, as presented in Fig. 11 (a), where Ny, re and Ny, gxp are
the ultimate loads from the FE models and tests, respectively. The mean value of the Ny, re/Ny, Exp ratio is 1.01 with a
corresponding coefficient of variation (COV) of 0.11, and the load versus deformation curves reproduced by the FE
models exhibit good agreement with the experimental curves.

Meanwhile, other available existing test data were summarised and used to further validate the developed FE models.
Zha [20] tested a total of 27 concrete-filled CHS columns with various preload ratios, which were 133 mm x 4.5 mm
steel tubes (fs,=325 MPa) with infilled concrete (fck, cube=42.2 MPa). Huang and Chen [21] reported nine concrete-filled
CHS column tests with initial stresses: the geometric dimension of the tested columns was 108 mm x 4 mm, the
characteristic strengths for the steel tube and the infilled concrete were 336 MPa (fsy) and 54.6 MPa (fi, cube),
respectively. A total of 11 tests on concrete-filled composite columns subjected to preloads with steel tube of 219 mm
x 6.3 mm were carried out by Liew and Xiong [22], where eight of which introduced the high strength concrete with
fok 295 MPa. The summarised 47 tests were therefore numerically modelled by means of the developed FE models,
and the comparison of the FE predicted ultimate buckling resistances with the test data is shown in Fig. 11 (b) and (c).
The mean value of Ny, re/Ny, Exp 15 0.96 for test data from Zha [20] and Huang and Chen [21], and the corresponding
COV value is 0.09, while the average Ny, re/Ny, Exp ratio is 0.92 with a COV of 0.11 for test data reported by Liew and
Xiong [22], revealing slightly conservative and reliable estimation of ultimate buckling resistances of the tested
columns. The underestimated ultimate strengths for the tested columns presented by Liew and Xiong [22] might be
attributed to the fact that the previously employed constitutive model of concrete would not be able to cover the
involved high strength concrete. It is therefore concluded that the FE models are capable of providing accurate
predictions for the CHS columns strengthened by infilling concrete subjected to preload, enabling the following

systematic numerical studies on the major parameters.
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Fig. 10. Comparison of load versus deformation curves between tests and FE modelling for typical specimens
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Fig. 11. Comparison of ultimate buckling resistances from FE predictions and summarised tests
3.3 Parametric studies

Based upon the validated FE models, parametric studies were conducted herein. The influences of the major input
parameters, including preload ratios, steel and concrete strengths, steel ratios, initial global imperfections, eccentricity
ratios and column slenderness ratios were further explored. There were a total of 590 generated numerical models,
which were facilitated by means of the ABAQUS *PARAMETRIC command. A preload reduction factor kg, defined
by Eq. (4), is introduced to assess the effect of preload on the ultimate buckling resistances, and it can be seen that a
smaller value of the factor kg corresponds to more severe strength reduction due to preload.

wp
ky = N 4)

u0

where Ny, g and Ny are the ultimate resistances from CHS steel columns strengthened by infilling concrete with and
without preload, respectively.

Three different steel grades and four types of concrete strength were chosen to investigate their possible impact on
the ultimate load-carrying capacities. The numerical analysis on the steel and concrete strength effect was carried out
separately, and the corresponding results are presented in Figs. 12 and 13. It is shown that increasing material strength
of steel tubes leads to different consequences for columns with various slenderness ratios. Specifically, the strength

reduction effect at a given preload ratio (f,) is more evident for intermediate columns (A=40) with higher steel grade,
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while for slender columns (A=120), on the contrary, the strength reduction becomes less prominent for higher steel
grade. Meanwhile, raising the concrete strength of intermediate columns (1=40) decreases the strength reduction effect,
which may be due to the fact that the strengthened columns can benefit from the higher concrete strength due to the
full exploitation of its compressive strength. This condition does not exist for columns with higher slenderness ratios
(4=80), since the full exploitation of compressive strength of the concrete core may not be achieved. Moreover, the
variation of the preload reduction factor caused by the changes of concrete strength appears to be smaller than that
resulted from different steel grades, thus it can then be approximated by considering the steel grade rather than the
concrete strength in calculating the preload reduction effect.
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1.0 1.0 1.0
S09F 509 < 09F
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Fig. 12. Influence of yield strength of steel tube (fck, cube=40 MPa, 0=0.1, e/r=0, w=L/1000)
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Fig. 13. Influence of infilled concrete strength (f;y=345 MPa, 0=0.1, e/r=0, w=L/1000)

The steel ratio « can be given as a=As/A4., where As and A, are the cross-sectional area of the steel tube and the
infilled concrete core, respectively. The influence of the steel ratio o was also examined by numerical modelling in
this sub-section. Fig. 14 presents the comparison of the preload reduction factors involving a total of five different
values of the steel ratio ranging from 0.050 to 0.200. It can be noticed that the preload reduction factor kz decreases
when the steel ratio values for intermediate columns (4=40) is increased, especially in the case of columns with preload
ratio beyond 0.5. This can be explained that raising initial preload ratio for the columns with higher steel ratio value
indicates greater initial stresses in the steel tube, which may undermine its contribution to the overall buckling capacity
of the columns, since the compressive strength of the infilled concrete core can be thoroughly exploited. While for the
long and slender columns, the contribution from the concrete core to the overall buckling capacity of the columns may
be reduced due to the limitation of much lower tensile strength of concrete, and an increase in buckling resistance is
possible with higher values of the steel ratio, implying less prominent preload reduction effect. It can therefore be
concluded that the influence of the steel ratio is generally small, especially for the columns with relatively lower
preload ratios (<0.5).
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Fig. 14. Influence of the steel ratio (f5y=345 MPa, fck, cube=40 MPa, e/r=0, w=L/1000)

Four different amplitudes of the initial global imperfection (also referred to as initial curvature) — L/500, £/1000,
L/1500 and L/2000, were considered in the numerical models. The possible influence of the initial global imperfection
on the preload reduction effect is presented Fig. 15, and it is shown that increasing initial curvature has little effect on
the preload reduction factor for both intermediate columns (1=40) and slender columns (4=120). While for long
columns (1=80), the variation of initial curvature from L/1000 to L/500 results in higher values of preload reduction
factor, especially for the columns with larger preload ratios. This can be explained that the tension region in cross-
section of long columns generated by the relatively large global curvature increased with the preload ratio, thus
reducing the influence of the preload. Moreover, the initial global imperfection amplitudes of steel columns are
required to meet the tolerance of L/1000 given by the GB 50205 provisions [35], which is also widely accepted as a
representative limit value [38]. Consequently, it would be considered to be unnecessary to take into account the initial
geometric imperfection for determining the preload reduction factor, despite the fact that incorporating the initial
geometric imperfections is essential to the development of design method to predict column buckling resistance in
general [39,40].

1.0% 1.0%
< 0.9 = 0.9
—o— w=L/500 —o— w=L/500 —o— w=L/500
0.8 —0o— w=L/1000 08l —o— w=L/1000 08k —o— w=L/1000
) —2—w=L/1500 ’ —a—w=1/1500 ’ ——w=L/1500
—*— w=L/2000 —*%— w=L/2000 —*— w=L/2000
0.7 : : . . 0.7 : : : : 0.7 : : : :
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Ba B Pa
(a) =40 (b) =80 (c) /=120

Fig. 15. Influence of the initial curvature (fsy=345 MPa, fck, cube=40 MPa, o=0.1, e/1=0)

The influence of the eccentricity ratio (e/r) was studied for the columns strengthened by infilling concrete, as
presented in Fig. 16. It can be seen that the preload reduction factor increased with the eccentricity ratios, revealing
less affect due to the initial stresses. Along with the increased eccentricity ratios, the tension zone of the infilled
concrete would spread to cover the entire concrete core, which undermined the contribution of the infilled concrete
due to the relatively lower tensile strength compared to its compressive strength. Moreover, for a given level of preload
ratio (such as f,=0.4), the presence of preload can increase the axial force of the column, which may reduce the
equivalent eccentricity value by comparing the existing bending moment to the total axial force, especially for those
columns with higher eccentricity ratios. Hence, less reduction effect can be observed for the columns subjected to
eccentric loading, and the obtained results herein agree well with those obtained by Han and Yao [19].
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Fig. 16. Influence of the eccentricity ratio (fs;=345 MPa, fek, cube=40 MPa, =0.1, w=L/1000)

Furthermore, the numerical models were developed to cover a total of seven column slenderness ratios ranging from
10 to 120. The comparison of the preload reduction factor &y is plotted in Fig. 17 for two types of steel grades. It is
indicated that the ks value decreases with increase of slenderness ratios for short and intermediate columns, and then
areversed pattern is observed for columns with larger slenderness ratios, reflecting smaller influences from the preload.
The critical slenderness ratios can be further determined by the three dimensional diagrams presented in Fig. 18.
Specifically, the critical slenderness ratio for steel grade f;;=235 MPa approximates to 90, and the corresponding
critical value for steel grade f;,=345 MPa can be taken as 80. In view of the similarity between steel grades of f;,=345
MPa and f;=390 MPa as indicated in Fig. 12, the critical slenderness ratio for steel grade f;,=345 MPa can also be

extended to cover the steel grade f;,=390 MPa.
11 1.1

1.0

(a) fsy=235 MPa (b) fy=345 MPa
Fig. 17. Influence of the column slenderness ratio (fck, cube=40 MPa, &=0.1, e/r=0, w=L/1000)
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Fig. 18. Three dimensional diagrams involving the influence of column slenderness ratios (fck, cube=40 MPa, a=0.1, e/r=0, w=L/1000)
4. Proposed design method

Based upon the parametric studies described above, the preload ratio, the steel grade, the eccentricity ratio and the
column slenderness ratio have been demonstrated to be the key parameters which can have prominent effects on the
overall buckling resistance of CHS steel columns strengthened by infilling concrete subjected to preload. Moreover,
the generated numerical models incorporate a wide range of the major parameters — steel grade fsy (235 MPa, 345 MPa
and 390 MPa), concrete strength fo (20.1 MPa, 26.8 MPa, 32.4 MPa, 38.5 MPa), column slenderness ratio (10-120),
steel ratio (0.05-0.20), eccentricity ratio e/r (0-3.0) and global curvature (L/2000-L/500). These generated numerical
data, along with the obtained test results, were used for developing design criteria for expected retrofit cases
encountered in practice.

The ultimate resistances from CHS steel column strengthened by infilling concrete with preload (Nyg) can be

calculated by rewriting Eq. (4),
Ny =hsNoo (5)

in which the ultimate resistance of CHS steel column strengthened by infilling concrete without preload (Nyo) is
equivalent to that of the concrete-filled steel tubular column, and it can be determined by the design provisions
provided in the Chinese technical code for concrete filled steel tubular structures (GB 50936) [41]. The ultimate

resistance Ny is given as
Ny, =@.¢N, (6)

where ¢. and ¢; are reduction factors that account for the eccentricity ratio and column slenderness ratio, respectively,
Ny is the cross-sectional resistance to concentric compression for stub columns, and may then be calculated from the

following expression:

2

0941 (1+a,0)  0<1/(a,-1)

0.9ch1(1+¢§+9) 0>1/(a,-1) ()

0:

where the confinement coefficient 0 is defined as 6=A4f/(Afc), As and A are the cross-sectional area of the steel tube
and the infilled concrete core, and f; and f; are the corresponding design strength of the steel and the concrete; oy is
another coefficient dependent on concrete strength, and can be taken as 1.8 for concrete with fix, cube Varying from 55
MPa to 80 MPa, and is equal to 2.0 for concrete with fex, cube<S0MPa.

Meanwhile, the preload reduction factor ks can be determined as follows:

ky=1=f(e/r)f(2)A, ®)
in which f, is the preload ratio defined by Eq. (3), fle/r) is an eccentricity function provided in Eq. (9), A1) is the basic
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column curve, and can be computed by Eqgs. (10) and (11) for steel of f;;=235 MPa and f;,=345 MPa (390 MPa),
respectively, where the previously acquired critical slenderness ratios are taken as the cross points of the piecewise

functions.
1
/ =
flelr)=1 1.871(e/ 1) —0.029(e/ )’ ©)
A A,

~0.032+0.289 55~ 0.006(5)"  for <90
fiy=235 MPa f(4)= B 2 (10)

~035+1.256 2 —0.655(22)  for 1> 90

90 90

0.060+0.553 2 —0226(2)  for 4 <80
fiy=345 MPa £(4)-= ‘ TTT80 T80 B (an

(/5y=390 MPa) 0.555— 0.288% for A >80

The calculated preload reduction factors (kg pre) Were therefore compared with those derived by the numerical

models (kg FE), as shown in Fig. 19. It can be seen from Fig. 19 that the majority of the data points lie within the region
bounded by the +5% and -5% limit lines, and a close agreement is shown to exist between the calculated values and

the numerical results.
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Fig. 19. Comparison of preload reduction factors obtained from the proposed formulae and the numerical models

The corresponding buckling resistances for the summarised tested columns with preload (Vy, g) can then be computed

by N, g=kpNuo, and the comparison between the predicted buckling resistances and the summarised test results is plotted
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in Fig. 20. The mean value of predicted over test strength ratios is 0.96 with a corresponding COV of 0.10, indicating
slightly conservative but sufficiently accurate strength predictions for design purposes. Therefore, the validity of the
proposed design formulae has been verified by the experimental and numerical results.
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Fig. 20. Comparison between predicted buckling resistances from the proposed design method and summarised test results
Considering the inherent uncertainty during the strengthening process and the difficulty to determine the actual

eccentricity ratio and other key parameters in practice, a new reduction coefficient 7. was introduced herein to replace
the preload reduction factor kg. The numerically obtained data points of the preload reduction factor are presented in
Fig. 21, and the values of the coefficient 7. are proposed by referring to approximate lower envelope, as listed in Table
3 and plotted in Fig. 21. Thus a highly simplified and relatively conservative design approach has been obtained, which
is also incorporated into the revision of the Chinese code for design of strengthening steel structures [27].
Table 3
Proposed values of the coefficient 7.

Preload ratio . £.<0.2 0.2<6.<0.4 0.4<6,<0.65 £:>0.65

Coefficient 7 0.90 0.85 0.80 0.75

0.6 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Ba

Fig. 21. Comparison of the design coefficient 7. with the preload reduction factors derived from numerical models
5. Conclusions

Comprehensive experimental and numerical studies on circular hollow section (CHS) steel columns retrofitted by
infilling concrete have been carried out. A total of 34 CHS steel column specimens with various slenderness ratios
subjected to preload were strengthened by concrete infill and were tested under pin-ended boundary conditions, failed

by overall flexural buckling. The ultimate load-carrying capacities of the CHS columns strengthened by infilling
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concrete were obtained. Finite element (FE) models developed using ABAQUS were validated against the obtained
test results and other available test data.

By means of the validated FE models, parametric studies were carried out to examine the major factors that can
affect the ultimate capacity, generating a set of 590 strengthened CHS column models under preload. It is shown that
the steel grade instead of concrete strength, the eccentricity ratio and the column slenderness ratio should be considered
together with the preload ratio, while the influences of the steel ratio and the initial global geometric imperfection are
relatively small. Based on the obtained test and numerical results, a newly developed design approach for predicting
the overall buckling resistance of CHS columns strengthened by infilling concrete under preload was presented in the
framework of Chinese code GB 50936, and the accuracy of the proposed design formulae was verified. Finally, a
simplified reduction coefficient taking into the effect of the existing preload was introduced, in view of the inherent
uncertainty of retrofitting and difficulty of determining the key parameters encountered in practice. The developed
design guidance is expected to be used in retrofit cases for CHS steel columns, with further design checks to be
conducted by including the increased self-weight from infilling concrete to the existing structural system.
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