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1210  Abstract: In this paper, a new type of concrete-filled thin-walled high-strength steel tube (CTHST)
1,‘;11 columns with inner spiral stirrup is proposed. This new type of columns provides dual constraints to
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2014 compression was carried out. A total of 16 axially compressed specimens, 8 in circular section and 8
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276  strength of steel tube (fy, 571.2 MPa and 648.9 MPa). The experimental results show that, the inner
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1. Introduction

Concrete-filled steel tube (CFST) members have the characteristics of high strength, good ductility
and toughness, convenient construction, good fire resistance, etc. In the past several decades, CFST
has been widely used in engineering practice, and a number of design specifications have also been
issued across the world [1-3]. However, with the rapid development of social economy and
urbanization, modern engineering structures start to be featured in long-span, heavy-duty and
towering while in harsh environmental conditions, and conventional CFST is difficult to satisfy these
changes. As a result, the idea of combining conventional CFST and reinforced concrete to form
reinforced CFST was proposed by the researchers, and the usage of reinforced CFST can improve the
mechanical properties of conventional CFST members while having little cost increase [4-11]. Fig. 1
shows the typical cross-section of the reinforced CFST presented in the literature. Generally, the
concept of the reinforced CFST was first considered from the perspective of improving the fire
resistance of conventional CFST columns [4, 5], and usually the contribution of reinforcement to the
bearing capacity was ignored. In recent years, more researchers studied the structural behaviour and
design methods of various reinforced CFST members aiming to improve the bearing capacity,
stiffness and ductility of conventional CFST members [6-11].

It is noted that, in recent years, high strength and high-performance structural materials have
gradually been developed, such as the ultra-high strength steel, weather-resistant steel and ultra-high
performance concrete [12-14]. Meanwhile, in practice, the use of high-strength/performance steel can
greatly reduce the amount of steel and improve the ability to resist disasters and environmental effects,
and the use of high-strength/performance concrete can effectively reduce the cross-sectional area and
the self-weight [3, 15-17]. However, local buckling of thin-walled high-strength steel tube becomes
worse and the brittleness of high-strength concrete increases with the increase of materials’ strength,
which results in a weak interaction between steel tube to concrete core within common steel ratio
scope of the CFST members. To tackle above issues, the authors proposed a new type of composite

member based on the reinforced CFST shown in Fig. 1, concrete-filled thin-walled high-strength steel
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tube (CTHST) with inner spiral stirrup, as schematically demonstrated in Fig. 2, where the inner spiral
stirrup is directly in contact with the inner wall of the steel tube. This configuration ensures that the
concrete core of CTHST with inner spiral stirrup is under the dual constraints from both high-strength
steel tube and spiral stirrup, which makes CTHST with inner spiral stirrup have the characteristics of
high strength, good ductility and excellent energy consumption, and more suitable for engineering
structures in high intensity earthquake area.

During fabrication of CTHST member with inner spiral stirrup, the spiral stirrup can be processed
in advance by special operating platform while keeping the outer diameter of spiral stirrup ring
slightly smaller than the inner diameter/width of the steel tube, and then be slided into the steel tube
with its two ends welded to the corresponding ends of the steel tube. Moreover, when the existing
and new segments are connected, the welding position between the spiral stirrup in two segments and
the steel tube should be overlapped to ensure continuity of spiral stirrup. Finally, after the completion
of the steel tube docking (welding), concrete is poured into the steel tube to complete the construction
of the composite member. Generally, the processing and welding time of spiral stirrup has moderate
impact on the construction period of new composite member, while the mechanical properties of new
composite member are expected to be greatly improved. Compared with the reinforced CFST with
both longitudinal bars and stirrup(s), the CTHST member with inner spiral stirrup can avoid the
binding and extension of the longitudinal bars, and the spiral stirrup can confine the concrete core to
the maximum extent. Similar composite members with square section have been presented in [6] and
[10]. The cross-section of the specimens in [6] was the same as Fig. 2(b) in this paper, but all materials
used were of ordinary strength grade. In addition, the reinforcement and concrete of the specimens in
[10] were of high strength grade, and there was a small gap between spiral stirrup and inner wall of
the steel tube.

It can be concluded that, besides the parameters of conventional CFST [1], the volumetric stirrup
ratio (p) is the key parameter affecting the behaviour of CTHST members with inner spiral stirrup.

The definition of p is as follows:
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Vsti

p=-= 1)
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where, Vy; and V. are the volume of spiral stirrup and the volume enclosed by inner wall of the
steel tube under the same member height respectively, and can be respectively determined by the

following equations:

Vsti:As,s'(H/S+1)'\/7T2(Ds_ds)2+52 2)

n(D/2 —t)?-H (Circular member)

(D—2t)>-H  (Square member) ®)

Vncz{

inwhich, Ay is the cross-sectional area of the stirrup, H is height of the member, s is the spacing
of the spiral stirrup, D is the outer diameter of the spiral along the cross-section of the member, d;
is the nominal diameter of the stirrup, D is the outside diameter (width) of circular (square) steel
tube, and t is the wall thickness of the steel tube.

Currently, the research on spiral stirrup reinforced CFST is insufficient and premature, and no
research has been done towards the new type CTHST columns with inner spiral stirrup proposed in
this paper. Therefore, it is necessary to carry out the relevant studies to understand the structural
performance of such new composite members and promote their engineering application. The
objective of the paper is thus to experimentally and numerically assess the axial compressive
performance of CTHST stub columns with inner spiral stirrup. Tests of 16 specimens were carried
out to evaluate the effect of volumetric stirrup ratio and yield strength of steel tube on the failure
pattern, load versus displacement (strain) curves, capacity, composite elastic modulus and ductility
coefficient of axially compressed CTHST stub columns with inner spiral stirrup, and further finite
element (FE) model was proved to be effective for simulating the behaviour of such composite
columns. Moreover, the applicability of a proposed method in predicting capacity of new composite
members was assessed by contrast between the predicted and measured results.

2. Experimental investigation

2.1. Details of the specimens
Sixteen stub column specimens, containing eight with circular section and eight with square section,

were designed and manufactured. The height (H) of all specimens is 3 times the cross-sectional
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diameter or width (D). The tests were primarily considered to assess the impact of p (from 0to 2.4%)
and yield strength of steel tube f,¢ (571.2 MPa and 648.9 MPa) on the performance of axially
compressed CTHST stub columns with inner spiral stirrup.

Table 1 presents the details of the specimens, where «,, is the nominal cross-sectional steel ratio
equal to the ratio of the area of the steel tube to that enclosed by the tube inner wall, fs is the yield
strength of the stirrup, f., is the cubic compressive strength of concrete while conducting the tests
of composite specimens, Es.. and N,. are the experimental composite elastic modulus and
capacity of the specimens, respectively, and Es.¢ and Ny¢ are the predicted composite elastic
modulus and capacity based on the FE model described later, respectively. In Table 1, the first portion
in label denotes the cross-sectional shape (C=circular, and S=square) and the yield strength of the
steel tube (I for f,=571.2 MPa, and Il for f,=648.9 MPa), while the second portion in label, if any,
indicates the spacing of inner spiral stirrup.

Two kinds of high-strength steel sheet were chosen for fabricating the outer tubes. Circular tubes
were coiled from the pre-cut rectangular steel sheet according to the design sizes, and each circular
tube had one straight butt weld. Square tubes were welded by two cold-formed unequal U-shaped
steel profiles, and each square tube had two straight butt welds. After the steel tubes finished, the
spiral stirrup with the designed spacing was slided into the steel tube and welded to both ends of the
steel tube. The welding was under strict quality control to guarantee the effective force transmission.
Fig. 3 illustrates the finished outer tube and inner stirrup of the specimens. To facilitate pouring of
concrete, one circular/square endplate with diameter/width slightly greater than D was welded to
one end of tube, and the concrete was cast into the tube from the end without endplate. After 14 days
of concrete curing, the surface of the filled concrete was polished to level with the end of the steel
tube to ensure that the steel tube and concrete under dual constraints could simultaneously bear the
external loads.

2.2. Material properties

The properties of steel, including high-strength steel for the tubes and deformed rebar for the spiral
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stirrup, were experimentally obtained from three standard tensile coupons, and the average values are
listed in Table 2.

The mix proportions and properties of concrete are given in Table 3, where f,,g IS the
compressive strength at 28-day according to axial compression tests of three cubes having width of
150 mm, and E_ is the elastic modulus based on axial compression tests of three prisms having side
length of 150 mm, 150 mm and 300 mm, respectively. The concrete mix includes: first-grade fly ash,
natural river sand, P.O 42.5 cement, crushed limestone coarse aggregate with 5-10 mm particle size,
tap water and polycarboxylate type high-range water reducing admixture.

2.3. Test set-up and measurement

Axial compression tests of the specimens were performed on a tester with a capacity of 10000 kN. In
order to guarantee that the failure occurs near the half-height region, two adjustable steel sleeves were
specially designed to limit the end deformation of the specimens during the loading process, and the
height of each sleeve was 100 mm. The applied loads were measured by a load cell placed between
the top platen of the tester and the upper plate of top sleeve. In addition, to record the deformation
(axial displacements and strains), four displacement transducers (DT) were installed symmetrically
on the lower platen of the tester, and longitudinal and transverse strain gauges (SG) were affixed to
the tube outer wall at the half-height section of the specimens. For circular specimens, strain gauges
were affixed at four points along the circumference with 90 degrees apart, while for square specimens
strain gauges were affixed at eight points at the middle and corner of the half-height section, and each
point contained one longitudinal SG and one transverse SG. The test set-up and measurement are
shown in Fig. 4.

The tests were conducted using displacement control method. Before the load reached the peak
value, the displacement increased at a rate of 0.2 mm/min, and after the peak load achieved, the
displacement increased at a rate of 1.0 mm/min. When the load borne by the specimens dropped
sharply and the deformation increased rapidly, or the load borne by the specimens fell to 60% of the

peak load, the tests were terminated.
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2.4. Experimental results and discussion

2.4.1. Overall behaviour and failure pattern

The records of the whole loading process showed that, all composite specimens underwent three
stages of elastic, elastic-plastic and post-peak, regardless of the existence of inner spiral stirrup.
During the elastic stage, there was no evident variation in specimen appearance. During the elastic-
plastic stage, the diagonal shear slip lines appeared at the tube of circular specimens and more slip
lines emerged as the load approached the peak; however, only initial slight tube bulging occurred to
square specimens when the load was close to the peak. During the post-peak stage, for circular
specimens, the diagonal shear failure plane throughout concrete section was gradually formed and
the dislocation along the failure plane and audible crushing of the concrete core happened with the
increase of axial displacement, whilst for square specimens, the initial tube bulging became more and
more obvious and there was subsequent tube bulging and noticeable crushing of the concrete core
while axial displacement further increased.

Fig. 5 shows the failure pattern of the specimens after completion of the experiments. As can be
seen in the pictures, there is no sign of damage within the range of specimen ends covered by the
sleeve, showing that the sleeve can effectively prevent the destruction of the specimen ends, and thus
the failure occurs near the half-height region of the specimen having more uniform properties. It can
be observed from Figs. 5(a) and (b) that, circular specimens exhibit the characteristics of shear failure
along diagonal plane (dashed line), and the buckling of the steel tube at the ends of diagonal slip plane
is the most serious. In general, with the variation in p and fy, the direction of the diagonal slip
plane of circular specimens changes, and the fracture of outer steel tube of three circular specimens
exists. These are primmarily caused by the arbitrary distribution of defects in materials and the
difficulty in achieving ideal axial compression. It is shown in Figs. 5(c) and (d) that, similar to the
previous experimental observations [6][10], the steel tube of square specimens has a major local
buckling and 1-2 subsequent minor local buckling, and the local buckling of the steel tube eventually

extends to the corner zone; however, the local buckling of tube corner zone becomes slighter with the
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increase of p. Moreover, for the specimens without spiral stirrup, the local buckling of the steel tube
almost forms a ring parallel to the horizontal plane, while for the specimens with spiral stirrup the
local buckling of the steel tube is usually discontinuous along the circumferential direction and at a
certain angle to the horizontal plane (close to the spiral angle of the stirrup). Overall, the parameter
fyr possesses a gentle effect on the failure form of square specimens; however, the fracture of the
steel tube appears at one corner of two specimens with a lower fy.

Fig. 6 shows the failure pattern of the concrete core. It can be observed that, generally, there are
crushing of concrete core and the deforming of spiral stirrup at the buckling positions of the steel
tube, and the fracture of the stirrup (displayed by arrow) can be clearly observed in the concrete
crushing area of six specimens with inner spiral stirrup. It should be noted that, the spiral stirrup of
the other six specimens with inner spiral stirrup also fractured, which could be judged from the
following characteristics of their load-displacement curves. In addition, there is no obvious damage
to the concrete core in the regions where the steel tube does not slip and/or buckle.

2.4.2. Load versus deformation curves

The recorded load (N ) versus displacement (A ) curve of the specimens with spiral stirrup and the
reference sepcimens without spiral stirrup are displayed in Fig. 7. It is shown that, all N — A curves
contains three phases, i.e. elastic, elastic-plastic and post-peak; however, similar to the discovery in
previous tests [10], there is more than one sudden drops in the post-peak phase of the N — A curve,
indicating that the fracture of the stirrup takes place several times, and the first sudden drop is
identified by an inverted triangle. In this study, the peak load obtained from the the recorded N — A
curve is considered to be the capacity (N,e) of the specimens, and the results are presented in Table
1. The curves included in Fig. 7 demonstrate that, generally, the initial slope and the displacement
corresponding to peak load (A,.) of the specimens with spiral stirrup are larger than those of the
specimens without spiral stirrup, and the higher the volumetric stirrup ratio (p), the larger the initial
slope and A, are. Meanwhile, after the peak load attained, the specimens with a higher p has a

smaller descending slope. This can be explained that, the axial capacity and the ability to resist
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deformation of concrete within spiral stirrup are improved under the dual constraints of both steel
tube and spiral stirrup, as the damage process (volume expansion) of the concrete core is delayed.

Overall, the parameter f,; has little effect on the characteristics of the ascending branch of the N —

A curve; however, the descending slope of the N — A curve after the peak load reduces with the
increase of f,. due to its increased restraint on the concrete core. Moreover, under the same
parameters, square specimens generally possess a quicker load decrease after the peak load and a
smaller Ay, than circular ones, considering that square tube has a weaker confinement to the
concrete core than circular one [1]. It can also be observed from the measured N — A curves that, in
general, the larger the volumetric stirrup ratio (p) of the specimens, the earlier the fracture of the
spiral stirrup takes place in the post-peak stage, considering that the axial tensile stress of the stirrup
under the same displacement increases with the increase of p; however, the relationship of the stirrup
fracture moment with f,; is not clear in this study.

The influence of parameters on load (N) versus strain (&) relationship of the specimens is indicated
in Fig. 8 by the solid lines, in which, the strains are the average values of those obtained in
symmetrical measuring points. It is shown that, the overall characteristics of the N — & curves is
similar to that of the N — A curves, that is, the N — & curves also contain three phases, i.e. elastic,
elastic-plastic and post-peak. At the same time, the effect of p and f;; onthe N — & curvesisalso
analogue to the N — A curves, i.e. the higher p and f causes the larger initial slope and strain
corresponding to the peak load and the slower the carrying capacity decreases in the post-peak stage.
For square specimens, in general, there is little difference between the strains at sectional middle and
those at sectional corner before the local buckling of the steel tube. After the local buckling of the
steel tube, the strains at sectional corner are gradually greater than those at sectional middle, and the
difference between them increases rapidly as the displacement increases until the end of the tests.
This is mainly due to the fact that, the tube wall in the middle of the section gradually loses its bearing
capacity after local buckling, so that the loads are transferred to the corner of the section. Furthermore,
under the same parameters, the strain development of circular specimens is more sufficient than that

9
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of square specimens due to a better confinement of circular steel tube to the concrete core.

The relationship between strain ratio (e1/¢.) and load level (N /N,.) of the specimens is displayed
in Fig. 9, where er and g, are the measured average transverse and longitudinal strain respectively,
Us 1s the Poisson’s ratio of the steel tube, and the capital letters ‘M’ and ‘C’ in Figs. 9(c) and (d)
represent the sectional middle and corner of square specimens, respectively. It can be observed that,
before reaching N, the N/N,. — er/€. relationship have certain variation trend; however, after
reaching N, the N/N,. — er/g relationship have no definite variation trend owing to the
difference between the strain measuring points and the buckling position of the steel tube. Generally,
with the first increase and then decrease of N /N, the strain ratios (e1/&;) experience two stages of
approaching and exceeding ug, respectively. During the former stage, the steel tube and concrete
resist the loads more or less independently, and during the latter stage there is an obvious interaction
between the steel tube and concrete core with the increased damage of concrete. At the same time,
the two-stage boundary of circular specimens is at a N/N,. of about 0.7, while the boundary of
square specimen is at a N/N,. of about 0.9, indicating that the interaction between the steel tube
and concrete core of circular specimens occurs earlier than that of square ones. In addition, the
difference in the N/N,. — er/¢g. relationship between sectional middle and corner of square
specimens is not obvious. In general, the second stage of the N/N,. — er/g. relationship of
specimens with spiral stirrup takes place later than that of specimens without spiral stirrup, and the
higher the volumetric stirrup ratio (p) is, the later the second stage happens, mainly because the spiral

stirrup constraint delays the damage process of the concrete core; however, the parameter f,; has a

moderate impact on the N/N,. — &1/€, relationship of the specimens.
2.4.3. Mechanical indicators
The variation in the capacity (Ny.) and capacity improvement factor (Fc;) of the specimens is

demonstrated in Fig. 10, and F¢; is defined as:

F — Nue,w_Nue,wo (4)
a=—y .
ue,wo

where, Nyew and Nyewo are the capacity of the specimens with spiral stirrup and the specimen

10
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without spiral stirrup, respectively.

It can be seen from Fig. 10 that, under the same condition of cross-section and fy¢, Nye and Fg;
of the specimens with spiral stirrup are higher than those of the reference specimen without spiral
stirrup due to the enhanced constraint of the spiral stirrup to the concrete core. Meanwhile, the
specimens with larger p and f,; possess higher N, and Fg owing to the increased dual
confinement to the concrete core from both the steel tube and spiral stirrup. Moreover, under the same
p and fy, square specimens result in larger N, and Fg; than circular ones, considering that,
within the range of experimental parameters in this study, the increase of N,. caused by the
increased square specimen area is higher than that caused by the stronger confinement of circular
steel tube to the concrete core, and in the case of the same cross-sectional area of the concrete confined
by the stirrup, the spacing of spiral stirrup in the square specimens is smaller (see Table 1), that is,
the spiral stirrup of square specimens provides a stronger constraint to the concrete inside. The
calculating results indicate that, when f, = 571.2 MPa, N, of spiral stirrup reinforced circular
(square) specimens with p of 0.7%, 1.2% and 2.4% is 1.1% (12.8%), 11.1% (10.1%) and 11.8%
(22.0%) higher than the corresponding specimen without spiral stirrup respectively, and when f,; =
649.8 MPa the percentage of improvement is 4.0% (21.6%), 11.5% (10.1%) and 23.3% (31.3%),
respectively. It should be noticed that, N,. and F. of square specimens having p=1.2% is
abnormally high, which may be induced by the specimen fabrication deviation and/or the dispersion
of material properties.

Refer to the method in [18], the composite elastic modulus (E.) of the specimens is defined as:

0.4Nye

Es. = ()

Asc'€1,40%
where, Ag. is overall cross-sectional area of the specimens, and &y, 400, IS average longitudinal
strain corresponding to 40 percent of N,. during the load rising phase.

Fig. 11 shows the variation in the composite elastic modulus (E.) of the specimens. It can be seen
that, generally, E. of the spiral stirrup reinforced specimens is larger than that of the reference

specimen without spiral stirrup, and the higher the volumetric stirrup ratio (p), the larger the

11
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composite elastic modulus (Es.) is, especially for circular specimens. Meanwhile, except for two pairs
of circular specimens with p of 1.2% and 2.4%, the specimens with a higher f, have a larger Ej..
This can be explained that, the concrete damage process becomes slower for the specimens with

higher p and fy;, i.e. the concrete has better resistance to volume increase after the destruction starts
due to higher dual constraints of both the steel tube and spiral stirrup. In addition, compared with the
specimens without spiral stirrup, the ratio of E;. improvement of the spiral stirrup reinforced circular
specimens is higher than that of the spiral stirrup reinforced square specimens. Further calculation
results show that, with f,; of 571.2 MPa, the circular (square) specimens with p of 0.7%, 1.2% and
2.4% respectively result in 15.3% (0.0%), 32.1% (1.8%) and 38.1% (6.5%) higher E,. than the
reference specimen with p=0, and with f,; of 649.8 MPa the corresponding percentage of
improvement is 8.8% (0.0%), 19.0% (0.2%) and 21.2% (18.5%), respectively.

Similar to the relevant studies [18], the ductility coefficient (u) of the specimens with and without
spiral stirrup can be determined by the following equation:

Aap,ss%
—_— 6
™ (6)

©=
where, A,pgsy, IS the displacement in the post-peak stage when the load drops to 85 percent of Ne.
Fig. 12 indicates the effect of parameters on u of the specimens. It can be found that, generally,
u increases with the increase of p and fy, and circular specimens possess a larger p than square
ones under the same deminsionless parameters. This is also due to the fact that, the dual constraints
of the steel tube and spiral stirrup to the concrete core increases with the increase of p and fy, and
circular steel tube provides a better constraint to concrete core than square steel tube. Overall, while
fy+=571.2 MPa, u of circular (square) specimens having p of 0.7%, 1.2% and 2.4% is 1.11 (1.10),
1.16 (1.20) and 1.36 (1.32) times that of the reference unreinforced specimen (p=0), and while
fy+=649.8 MPa the corresponding ratios are 1.28 (1.17), 1.58 (1.28) and 1.72 (1.44), respectively.

3. Finite element (FE) simulation

3.1. Description of the FE model

The widely used software ABAQUS [19] was employed to establish the finite element (FE) model of

12
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axially compressed CTHST stub columns with inner spiral stirrup.

The 4-node reduced-integration shell elements (S4R) having 9 integration points and the linear
truss elements (T3D2) were used to simulate the steel tube and the spiral stirrup, respectively. To
avoid shear self-locking, the reduced-integration brick elements with 8 nodes (C3D8R) were used to
simulate the concrete core and the whole steel sleeves (including endplate and stiffeners). Contacts
between different components were further defined to closely reproduce actual loading process of
axially compressed CTHST stub columns with inner spiral stirrup. For the contact between the
concrete and steel tube, the tube inner wall and the concrete surface in contact with the tube inner
wall were respectively defined as master and slave surface, and the hard contact and the Coulomb
friction model were chosen to replicate the interaction in the normal and tangential directions of the
contact surface, respectively. Meanwhile, a friction coefficient of 0.6 in the tangential directions was
selected for the Coulomb friction model. The contact between concrete and endplate on the steel
sleeve was the same as that between concrete and steel tube, and the contact between the spiral stirrup
and concrete was reproduced by the ‘Embedded’ constraint. Moreover, the ‘Tie’ constraint was used
between the steel tube and the sleeve (including the endplate), and the sleeve together with the
endplate and stiffeners on it were taken as a whole with the ‘Tie’ constraint.

In the FE modelling, the material of the steel tube and spiral stirrup were simulated by the elastic-
plastic model. The five-segment model in [20] was selected to describe the engineering stress
(og)—strain (&) relationship of circular steel tube. The four-segment model in [21] was used to obtain
the engineering o — & relationship of flat and corner parts in the cold-formed square steel tube, and
the corner radius of the cold-formed square steel tube was determined according to the method
provided by Elchalakani et al. [22]. Moreover, in the FE simulation, the measured elastic modulus
and Poisson’'s ratio of the steel tube (see Table 2) were used, and the sleeves (including the endplate)

were simulated as a kind of pure elastic material with elastic modulus and Poisson's ratio of 1.0 X 108

N/mm? and 0.001, respectively.
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For the spiral stirrup, the well-known bilinear engineering o, — & relationship was employed to
capture the failure process of the spiral stirrup from crack initiation (i.e. reaching the ultimate strain)
to complete fracture. It is assumed that the engineering stress decreases linearly with the increase of
engineering strain until it equals to zero while fracture strain reached. The detailed engineering o —

& relationship of spiral stirrup is as follows:

Es - & (gs < 5y)
f + (fus_fys) . (8 _ ) (8 < e < ¢ )
s = 4 ys (gu_gy) S gy y= " (7)

| fus - 0-34Es ' (gs - 5u) (gu <& < 5f)
0 (85 > gf)
where, &, (= fys/Es) is the yield strain; fs is the tensile strength; &, is the ultimate strain, which

equals to the measured value or 4.5% (when there is no measured value), & is the fracture strain (i.e.
elongation ratio), which equals to the measured value or 5.0% (while no measured value available).
In the actual simulation, to avoid the non-convergence caused by the fracture of spiral stirrup, the
engineering stress was set to be a very small value when & was attained.

The concrete was simulated by the damage plasticity model in ABAQUS [19]. The uniaxial
compressive stress (a.)—strain (¢.) model presented by Han et al. [23] was used to obtain stress versus
non-elastic strain relationship of the concrete core, and the detailed formulae for the o.— &,
relationship are as follows:

_{Zx—x2 x<1)
Y= x/[w- (x—1)"+ x] (x>1)

(8)
where, vy =o./f!; x = &./&0; € = (1300 + 12.5f/ + 800&°2)/1E6; for circular section, w =
0.5(f))%5 - (2.36E — 5)1025+(¢-05)] and n = 2.0, and for square section, w = (£/)*1/[1.2(1 +§)°5]
and n = 1.6 + 1.5/x; f. isthe cylindrical compressive strength of concrete; and ¢ (=ay - fye/fex)
is the confinement factor [23], in which f,, is the characteristic compressive strength of concrete.
The concrete tension stiffening was modelled by the relationship between tensile stress and

cracking energy [19], and the peak stress was equal to 0.1f;. Furthermore, the equation in [24] was

used to obtain E. and Poisson's ratio of concrete was equal to 0.2.

14



1874

2%/8

4383

61
62
63
64
65

Full model was built to carry out the FE simulation on the behaviour of axially compressed CTHST
stub columns with inner spiral stirrup, and the mesh division and boundary conditions used are shown
in Fig. 13. All translational and rotational degrees of freedom of bottom surface of the model are
restricted (i.e. ‘/ENCASTRE’ in ABAQUS [19]) to reappear the reaction of the lower platen of the
tester, and the translational degrees of freedom in the X and Y directions of top surface of the model
are restricted to reproduce the upper spherical hinge of the tester. During the simulation,
displacement-controlled loading was used, and a displacement of 40 mm along the Z direction was
applied to the top surface of the model.

3.2. Validation of the FE model

Fig. 14 shows the simulated failure pattern of the steel tube, concrete core and spiral stirrup with
initial fracture of typical specimens, where the steel tube and spiral stirrup are presented with the
Mises stresses and the concrete core is presented with the logarithmic strain (LE33). From the
comparison between the simulated failure pattern of the steel tube and concrete core in Fig. 14 and
the experimental results in Figs. 5 and 6, it can be observed that, for circular specimens without spiral
stirrup, outward bulging of the steel tube near half-height area due to the expansion of concrete core
is obtained by the FE simulation; however, for circular specimens with spiral stirrup, the simulated
failure patterns are demonstrated as the local buckling of the steel tube and failure of concrete core
(i.e. the area with higher LE33) within several spacings of spiral stirrup. These are different from the
observations in Figs. 5 and 6, and the reason is that the complex loading process of the specimens in
the late stage of the tests, such as random failure locations caused by the randomness of material
defects distribution, eccentric loading caused by asymmetry failure, is difficult to realize in the FE
simulation. For square specimens, the simulated deformation shape and quantity of outward buckling
of the steel tube, together with failure of concrete near the buckling positions of the steel tube, are
generally consistent with the experimental observations, but the buckling positions of the steel tube
are different from the experimental phenomenon to some extent. In addition, the predicted results in

Fig. 14(c) show that, in general, the initial fracture of spiral stirrup (marked by an arrow) in the
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specimens happens near the half-height section.

The contrast between the simulated and recorded load (N) versus deformation (A or &)
relationship is demonstrated in Figs. 7, 8 and 15, where the experimental results in this study and the
literature [6][10] are also included. It is shown that, in general, the simulated trend of load as the
deformation increases is in good agreement with the measured results. However, the simulated initial
slopeof N — A curve of the specimens in this study is significantly steeper than the measured results.
It may be due to the fact that, the possible factors leading to the reduction of the axial compression
stiffness of the specimens, such as the imperfection and/or defect of the specimens and the testing
process, the deviation of the actual sizes from the design sizes and the small initial eccentricity of the
loads, cannot be reasonably reflected in the FE model. Moreover, there is also a certain difference
between the post-peak stage of the simulated N — A(e) curves and the measured results, mainly
because there may be a lower estimation of the modulus of the steel tube and/or spiral stirrup after
yielding, and the bulging positions of the steel tube in the specimens are not completely located at the
positions having the strain gauges.

Fig. 16 displays the comparison between the predicted and measured mechanical indicators. The
results show that, for the specimens in this study, the mean and standard deviation of Nyt /Nye
(Escte/ Esce) equal to 0.960 (1.039) and 0.041 (0.096), respectively, and the difference between the
predicted and measured results is generally within 15%. In addition, for the specimens in the literature
[6][10], the value of Ny /Ny has the mean and standard deviation of 0.986 and 0.033 with the
maximum and minimum of 1.026 and 0.921. These comparison results mean that the constructed FE
model has the ability of well predicting the capacity and composite elastic modulus of axially
compressed CTHST stub columns with inner spiral stirrup.

3.3. Mechanism analysis using the FE model
The FE model is further used to carry out the mechanism analysis of typical CTHST stub columns
with inner spiral stirrup while the volumetric stirrup ratio (p) changes, and the fundamental

information of calculating examples includes: D=400 mm, «,=0.12, f,=460 MPa, f,s=500 MPa,
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and f./=50 MPa.

Fig. 17 shows the load (N) versus longitudinal strain (g;,) curve of typical composite members,
where the arrow positions are also the moment when the fracture of spiral stirrup occurs. It can be
observed that, the simulated N — g, curves are generally similar to the measured results in this study
(see Fig. 8), i.e. the curve consists of three variation stages with sudden drop in load carrying capacity
after the initial fracture of spiral stirrup, and with the increase of p the capacity (N,) increases, the
load drop rate in the post-peak stage decreases, and the longitudinal strain corresponding to fracture
of spiral stirrup increases. Moreover, under the same parametric conditions, circular column has a
slower load drop rate in the post-peak stage and a later initial fracture of spiral stirrup than square
one. When the longitudinal strain reaches 0.02, there is no fracture of spiral stirrup in circular
members; however, the fracture of spiral stirrup in square members may take place. To facilitate the
analysis, three key points on the N — &, curves are selected to reveal the representative mechanism
of such composite members, where points A, B and C corresponds to N of 0.4N,, N of N, and ¢,
of 0.02, respectively.

The simulated results show that, the volumetric stirrup ratio (p) has little influence on the stress
state of the steel tube, but has a more obvious effect on the stress state of the concrete core and spiral
stirrup of axially compressed CTHST stub columns with inner spiral stirrup, as indicated in Fig. 18,
where the longitudinal stress of concrete (S33) is taken from the half-height section. It can be seen
from Fig. 18(a) that, at point A, the S33 of circular column with spiral stirrup exhibiting a
characteristic of decrease from center to perimeter is different from that of circular column without
spiral stirrup having a characteristic of increase from center to perimeter (stress gradient is very small),
whilst, the S33 of square column with spiral stirrup forming an evident high stress central area is also
different from that of square column without spiral stirrup having an even distribution. This can be
explained that, the presence of spiral stirrup makes the concrete inside the stirrup confined from the
start of loading, and thus affects the stress state of concrete core. At points B and C, the effect of p

on the distribution characteristics of S33 is not obvious since the Mises stress of the stirrup has
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reached the yield strength (see Fig. 18(b)), that is, the S33 of circular column is evenly distributed
along the circumference and exhibits a characteristic of decrease from center to perimeter, and the
S33 of square column is the largest at the corner and forms a high stress area in which the corner is
connected to the core, while decays from the corner/center to the middle of the four sides. Moreover,
the S33 of concrete core increases with the increase of p owing to the increased confinement from
the spiral stirrup. The results in Fig. 18(b) demonstrate that, the high stress area of the spiral stirrup
appears in the middle of column height. The Mises stress of the spiral stirrup at point A is about 15%
of its yield strength, and at point B, the Mises stress of the spiral stirrup in the middle of column
height has exceeded its yield strength. At point C, the Mises stress of the spiral stirrup continues to
increase, and the spiral stirrup of circular column are not broken while the spiral stirrup near the half-
height section of square column is broken. In general, the volumetric stirrup ratio (p) has little effect
on the Mises stress distribution of the spiral stirrup.

Fig. 19 shows the effect of p on the interaction stresses between the steel tube and concrete core
(g) within one spacing of the spiral stirrup (s) at the half-height section, where z is the distance from
the half-height section. The results indicate that, consistent with square CFST columns, g at the
sectional middle of square CTHST columns is close to zero, thus only the change of q at the
sectional corner of square composite columns is analyzed. It can be seen from Fig. 19 (a) that, q of
circular column without spiral stirrup are almost uniformly distributed; however, g of circular
column with spiral stirrup are the largest at half-spacing site and decreases from the half-spacing site
to the location of the stirrup due to the constraint effect of the stirrup to the concrete core [25].
Generally, at point A, g of circular column with spiral stirrup is higher than that of circular column
without spiral stirrup, whilst, at points B and C, g of circular column with spiral stirrup is lower than
that of circular column without spiral stirrup, as the unbroken stirrups can well limit the volume
expansion of concrete, thus reducing the interaction between steel tube and concrete core. Moreover,
with the change of p, q of circular column displays different change rules at three points, which is

mainly due to the determination of p on the stress state of the steel tube and concrete. The data in
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Fig. 19(b) demonstrate that, regardless of spiral stirrup, g reaches its maximum at point B, and the
q at points A and C is much lower than that at point B. For square column without spiral stirrup, q
at points A and B are almost uniformly distributed; however, g at point C presents the characteristics
of low at buckling position and high at non-buckling position of the steel tube, considering that local
buckling happens at the half-height section of the steel tube. Simutaneously, for square column with
spiral stirrup, g at point B is almost uniformly distributed; however, g at points A and C presents
the characteristics similar to that at point C of square column withou spiral stirrup. Furthermore, g
at three points of square column decreases with the increase of p, as the restriction effect of spiral
stirrup on concrete expansion is enhanced.

4. Calculation method for the capacity

It is well known that, the load carrying capacity of the concrete confined by stirrups will be improved
[25], which should be taken into account when calculating the capacity of CTHST members with
inner spiral stirrup. The proposed equations for the peak compressive stress of stirrup-confined
concrete (f.c) in [26], which are obtained by regression on a large number of experimental data and
have the best calculation results compared with other existing methods, are selected to calculate the
compressive strength of the confined concrete in the CTHST stub columns with inner spiral stirrup,

and the detailed equations are as follows:

fee _ -014 S
o =1+535], o 9)
2f; s'Ass
fi =t (10)

where, f; is the lateral pressure on the concrete.

Fig. 20 is a schematic diagram of the concrete compressive strength distribution in the CTHST
cross-section with the confinement effect of spiral stirrup introduced while reaching the capacity. It
is shown that, the core concrete of a circular section can be treated as one area with uniform
compressive strength of f.., and meanwhile the core concrete of a square section can be divided into

two areas with the compressive strength of f.. and f;, respectively. Based on the above distribution
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characteristics, a CTHST stub column with inner spiral stirrup is transformed into a circular CTHST
stub column with the same concrete compressive strength or a square CTHST stub column with
different concrete compressive strengths. Through the investigation and judgment of the existing
calculation methods, it is found that the formulae in [27] can be well applied to the capacity
calculation of CTHST stub columns with the concrete compressive strength distribution
characteristics shown in Fig. 20 by appropriate adjustments. The final formulae for the capacity of

CTHST stub columns with inner spiral stirrup are as follows:

t £ . .
Nao 'fyt “As + Ac foe - (L + 1o e ﬁ) Circular section 1)

fyt ' As +Act* fee Az fE Square section

N, =

where, n,, and n., are the coefficient related to the relative slenderness [27], and A.; and A,
are the concrete area of square section with and without stirrup confinement, respectively.

Fig 21 shows the comparison between the calculated capacities (N, ) of axially compressed
CTHST specimens with inner spiral stirrup using Eq. (11) and the experimental results (N, ) in the
literature [6][10] and this study. The statistical analysis on the results in Fig. 21 shows that, the mean
and standard deviation of N,s/N,. are 1.035 and 0.046 respectively, and the overall difference
between the simplified and measured results is within 10%. The comparison results show that, Eq.
(11) can be practically applied for the capacity prediction of axially compressed CTHST stub columns
with inner spiral stirrup. According to the experiments as well as numerical simulation in the literature
and this paper, the application range of Eq. (11) is: D=220-400 mm, «,=0.05-0.15, p < 2.4%,

fy1=324.3-648.9 MPa, f,s=363.5-1074.1 MPa, and f=32.1-79.6 MPa.
5. Conclusions

The experimental and numerical studies on the behaviour of axially compressed concrete-filled thin-
walled high-strength steel tube (CTHST) stub columns with inner spiral stirrup are carried out, and
within the range of parameters considered in this study the main conclusions are as follows:

(2) In general, irrespective of inner spiral stirrup, shear failure along diagonal plane of both tube

and concrete core and local buckling of tube together with crushing of concrete at the location of wall
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buckling are the main failure characteristics of circular and square specimens, respectively.
Simultaneously, the volumetric stirrup ratio (p) affects the horizontal angle of failure plane of the
specimens and the buckling level at the corner of square specimens; however, the yield strength of
steel tube (fy¢) has a moderate effect on the failure pattern of the specimens. Furthermore, the fracture
of inner spiral stirrup of the specimens occurred at least once.

(2) Specimens with larger p and f, show a higher initial slope, a longer elastic-plastic phase,
a larger deformation corresponding to peak load and a slower load decrease in the post-peak phase of
load (N) versus displacement/strain (A/¢) curves. Moreover, the load drop in the post-peak phase of
square specimens is more abruptly than that of circular specimens due to weaker confinement of
square steel tube to the concrete core.

(3) The capacity (Nyue), composite elastic modulus (Es.) and ductility coefficient (u) of
specimens with inner spiral stirrup are higher than those of specimens without inner spiral stirrup,
and the larger p and fy of the specimens, the larger the mechanical indicators (Nye, Esc and p)
are. In addition, under the same conditions, circular specimens with inner spiral stirrup result in a
higher improvement of N, and Eg. and a larger u than the corresponding square specimens with
inner spiral stirrup.

(4) The finite element (FE) model can well simulate the behaviour of axially compressed CTHST
stub columns with inner spiral stirrup. Further FE simulation results show that, p mainly affects the
stress state of concrete and stirrup during the loading process. Moreover, due to the constraint effect
of spiral stirrup, the interaction stress between steel tube and concrete core (q) of CTHST columns
with spiral stirrup presents different distribution characteristics from that of CTHST columns without
spiral stirrup.

(5) With the consideration of concrete strength in different regions across the cross-section , the
formulae for calculating the capacity of CTHST stub columns with inner spiral stirrup is proposed by
properly revising the equations in EN 1994-1-1, and the simplified calculation results are generally

in good agreement with the experimental results.
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It is evident that most columns in practice are much longer than the tested specimens (stub
columns) in this paper, and the failure pattern, load versus deformation relationship and bearing
capacity of the long/slender composite columns are significantly different from the stub ones under
the effect of slenderness ratio. The experimental observations, numerical method and simplified
formulae in this study can provide a basis for further study on the performance and design method of

the long/slender CTHST columns with inner spiral stirrup.
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sizes from the design sizes and the small initial eccentricity of the loads,
cannot be reasonably reflected in the FE model. Moreover, there is also a
certain difference between the post-peak stage of the simulated N — A(e)
curves and the measured results, mainly because there may be a lower
estimation of the modulus of the steel tube and/or spiral stirrup after yielding,
and the bulging positions of the steel tube in the specimens are not
completely located at the positions having the strain gauges.

Technical
Comment
3

Comment

L.345 Should fyt be substituted with fys?

Replies

The authors agree with the reviewer’s comment.

Changes
made

The variable fyt has been substituted with fys in the revised manuscript:
( Es - & (85 < gy)
fys+M-(gs—£y) (s < & <s)
Og = (eu—sy) y S u
fus — 0.34Es - (& — &) (eu <& < &)
0 (gs > sf)

()

Technical
Comment

Comment

L358 It would be good if an explanation for an can be provided.

Replies

Explanation for an is in lines 113 and 114 of the original manuscript. Now,

3




the explanation for an is in lines 4 and 5 on page 5 of the revised manuscript.

Changes
made

The explanation for an is as follows:
..., where a, is the nominal cross-sectional steel ratio equal to the ratio of
the area of the steel tube to that enclosed by the tube inner wall, ...

Technical
Comment
5

Comment

Section 3.1 and Fig.14: According to Fig. 14, the failure mode was not
symmetric to the mid-height plane. How is this achieved through FE
modelling?

Replies

On the one hand, we did not take special settings in the FE modelling to
obtain simulation results more consistent with the test results, that is, without
considering the spiral stirrup, the loading, boundary conditions and meshing
of all FE models are symmetric, as shown in Fig. 13. On the other hand, we
believe that the main reason for the asymmetry of the failure pattern with
respect to the mid-height plane is the existence of the spiral stirrup, which is
asymmetric with respect to the mid-height plane.

Changes
made

There is no change in the revised manuscript.

Technical
Comment
6

Comment

L 369: The authors stated that a displacement of 40 mm was applied, which
led to an axial strain of 40/720=0.056. However, the strain in concrete
(LE33) in Fig. 14 seems to have exceeded 0.1, and the legend is not clear
enough. Please check the data and substitute the legends with clearer ones.

Replies

The displacement of 40 mm is correct and the strains in concrete (LE33) are
also the corresponding results. The reason is as follows:

If the axial strain is calculated according to 40/720=0.056, it is equivalent to
the default that the column is uniformly deformed along axial direction, that
is, the axial strain at each position along the height direction is the same.
However, the simulation results in Fig. 14 show that, the column axial
deformation (strain) are mainly concentrated in the half-height of a certain
area (i.e. steel tube buckling range), and the axial strain of the rest part of the
column is very small. As a result, the actual height with main deformation
(e.g. axial strain) is far less than 720 mm, producing a local axial strain
greater than 0.056 in the half-height area, and the longitudinal strain is much
larger at the position having maximum local buckling of the steel tube.

The legends in Fig. 14 are indeed not clear enough.

Changes
made

The figures with clear legends have been added to the revised manuscript.

Technical
Comment
7

Comment

There are some grammatical errors in this manuscript. Additionally, some
sentences should be rephrased to improve quality of this manuscript. The
following are only some examples:

L94: There should be an "and" before "no research".

L97-99: "The objective of the paper is thus to experimentally assess the axial
compressive performance of CTHST stub columns with inner spiral stirrup."
Since FE modelling was also conducted, it may be inappropriate to use
"experimentally" here.




L99-100: "Tests of 16 specimens were carried out to evaluate the effect of
two variables...". The two variables can be substituted with "volumetric ratio
of stirrup and yield strength of steel tube".

L15 and L513: There are both "volumetric stirrup ratio” and "volume stirrup
ratio"” in this manuscript. Please use a consistent expression.

L520: "faster"---"more abruptly"

L532: What do the authors mean by "numerical changes”

Replies | The authors agree with the reviewer’s comment.
Changes | The above grammatical errors have been corrected in the revised manuscript.
made | L94: ... premature, and no

L97-99: The objective of the paper is thus to experimentally and numerically
assess the axial compressive performance of CTHST stub columns with inner
spiral stirrup.

L99-100: Tests of 16 specimens were carried out to evaluate the effect of
volumetric stirrup ratio and yield strength of steel tube on the failure

L15 and L513: ‘volumetric stirrup ratio’ is used.

L529: ... specimens is more abruptly than that ...

L541: the words of "numerical changes™ are deleted.

By the way, the revised manuscript was also thoroughly checked to avoid
errors.
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Fig. 1. Typical cross-section of the reinforced CFST in the literature.

(1-Steel tube; 2-Concrete; 3-Stirrups; 4-Longitudinal bar; 5-Spiral stirrup)
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Fig. 2. Schematic of CTHST with inner spiral stirrup.



e

\

Inner stirrup

Outer tube

Outer tube

(@) Circular section (b) Square section
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Fig. 5. Failure pattern of the specimens.
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Fig. 6. Failure pattern of the concrete core.
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Fig. 13. Mesh division and boundary conditions of the FE model.
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Fig. 15. Comparison between the simulated N-¢ curves and the measured results in the literature.
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Fig. 18. Stress state of the concrete core and spiral stirrup.
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Tables:
Table 1. Information of the specimens.
D] t|H s [ p| ft | fs | fu | Esce | Esofe | Escte/ | Nue | Nute | Nuge/
No.| Label |(mm)|(mm)|(mm)| en |(mm)|(%)|(MPa)|(MPa)|(MPa)| (GPa) | (GPa)| Ese | (kN) | (KN) | Nye
1 Cl 240 | 3.05| 720 |0.05| - | 0 |571.2| - 64.0 | 41.7 | 51.2 | 1.228| 4338 | 4051 | 0.934
2 |CI-200| 240 | 3.05| 720 |{0.05| 200 |0.7|571.2|639.3| 64.0 | 48.1 | 51.1 |1.062 | 4386 | 4175 | 0.952
3 |CI-125| 240 | 3.05| 720 |0.05| 125 |1.2|571.2|639.3| 64.0 | 55.1 | 51.4 | 0.933 | 4820 | 4252 | 0.882
4 | CI-60 | 240 | 3.05| 720 |0.05| 60 |2.4/571.2|639.3| 64.0 | 57.6 | 51.6 | 0.896 | 4851 | 4760 | 0.981
5| CIl | 240 |3.04|720 |0.05/ - |0 (6489 - 64.0 | 45.3 | 51.3 | 1.132| 4357 | 4280 | 0.982
6 |CII-2001 240 | 3.04 | 720 [0.05| 200 |0.7|648.9|639.3| 64.0 | 49.3 | 51.4 | 1.043 | 4533 | 4390 | 0.968
7 |ClI-125 240 | 3.04 | 720 |0.05| 125 |1.2|648.9|639.3| 64.0 | 53.9 | 52.4 |0.972 | 4861 | 4475 | 0.921
8 |ClI-60| 240 | 3.04 | 720 |0.05| 60 |2.4|/648.9|639.3| 64.0 | 54.9 | 53.0 | 0.965 | 5370 | 4921 | 0.916
9 Sl 240 | 3.05| 720 |0.05| - | 0 |571.2| - 64.0 | 44.4 | 48.0 | 1.081 | 4425 | 4400 | 0.994
10 |SI-150| 240 | 3.05| 720 |0.05| 150 |0.7|571.2|639.3| 64.0 | 44.1 | 50.2 | 1.138| 4992 | 4754 | 0.952
11| SI-95 | 240 | 3.05| 720 |0.05| 95 (1.2|571.2|639.3| 64.0 | 45.2 | 51.3 | 1.135| 4873 | 4876 | 1.001
12 | SI-45 | 240 | 3.05| 720 |0.05| 45 |2.4|571.2|639.3| 64.0 | 47.3 | 52.4 | 1.108 | 5397 | 5289 | 0.980
13| SIH | 240 |3.04| 720 |0.05] - | 0 |648.9| - 64.0 | 49.3 | 48.4 | 0.982| 4438 | 4528 | 1.020
14 |SI1-150] 240 | 3.04 | 720 |0.05| 150 |0.7| 648.9|639.3 | 64.0 | 49.1 | 50.1 | 1.020 | 5396 | 4915 | 0.911
15 | SI1-95| 240 | 3.04 | 720 |0.05| 95 |1.2|648.9|639.3| 64.0 | 49.4 | 51.4 | 1.040 | 4886 | 5023 | 1.028
15| SlI1-45| 240 | 3.04 | 720 |0.05| 45 |2.4/648.9|639.3| 64.0 | 58.4 | 52.2 | 0.894 | 5827 | 5454 | 0.936
Table 2. Properties of steel.
t/ds | Yield strength |Tensile strength|Elastic modulus| , . ., .. |Elongation after
Type | Label | (mm) (MPa) (MPa) (x105N/mm?) | POISSONS Tatio | “en e (96)
Tube | 3.05 571.2 674.7 212 0.268 8.51
1 3.04 648.9 754.2 2.07 0.255 7.62
Stirrup / 8.78 639.3 742.9 1.93 / 4.27
Table 3. Mix proportion and properties of concrete
Mix proportion (kg/m3) Properties
Cement | Flyash aggljzrlggate aé:gc;aergsaie Water WRA® (;;IIJ’;Z) (l\jIC;a) (GEFSa) S(Imum)p S(Fr)T:Erzna)d
420 130 800 832 189.5 6.88 51.8 64.0 34.9 265 565

*WRA=water reducing admixture.

*
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