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Concrete-filled steel tube (CFST) columns are increasingly used in composite
construction. Under axial compression, the steel tube will sustain partial axial force
and meanwhile provides the confinement to the infill concrete. The high axial strength
capacity of CFST columns is largely related to the confinement provided by the steel
tube. Extensive studies on CFST columns have been conducted. Nevertheless, how to
quantify the efficiency of confinement effect in CFST columns using concrete with different
strength grades is still missing. To address this issue, a series of compressive loading
tests on CFST columns were conducted in present study. The variable parameters
studied include concrete strength and diameter-to-thickness ratio of the steel tube. Six
CFST stub columns in total were designed and tested under uniaxial compression.
Axial strength, stress state in the steel tube, confined concrete strength and confining
pressure acting on the infill concrete were carefully investigated. Test results show that
the confinement factor (defined as the ratio of the nominal strength of empty steel tube to
that of the unconfined concrete) is the most dominant factor influencing the confinement
effect, and a larger confinement factor gives higher confinement effect. The low-strength
concrete exhibits better performance of ductility and confinement compared with the
high-strength concrete. The index of equivalent confining pressure was used to quantify
the level of passive confinement provided by the steel tube in CFST columns. Based on
the test results, a method to quickly quantify the confining pressure provided by the steel
tube was proposed.

Keywords: concrete filled steel tube, confinement effect, confined concrete, active confining, passive confining

INTRODUCTION

Concrete-filled steel tube (CFST) columns are increasingly used in the construction of highrise
buildings which require high strength and large working space especially at lower stories. As
compared to reinforced concrete columns, existence of the exterior steel tube not only bears a
portion of axial load but also most importantly provides confinement to the infill concrete. With the
confinement provided by the steel tube, axial strength of the infill concrete can be largely enhanced.
Also, the restraining effect of the infill concrete can prevent or at least delay the local buckling of
the steel tube. This interaction between the infill concrete and steel tube together contributes to the
high strength and good ductility.
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Within the domain of researches focusing on confined
concrete, there were basically two categories according to the
way how the confinement was applied, active confining and
passive confining. In the study of actively confined concrete,
the confining pressure was either initially increased to a target
value and then kept constant or increased from zero to the
target value and then kept constant (Imran and Pantazopoulou,
1996; Lim and Ozbakkaloglu, 2015; Zhao et al., 2018). In
active confining, a significant level of confining pressure is
applied to the concrete from the very beginning. While in
CFST columns, the steel tube provides confinement to the infill
concrete in a passive way. At very small axial shortening, there
is basically no confining pressure applied to the infill concrete
because of the larger Poisson’s ratio of the steel than that of
concrete. The confining stress from the steel tube develops slowly
even when the concrete stress reaches 80% of its unconfined
compressive strength (Kinoshita et al., 1994). Also, with the
increase of axial shortening, the efficiency of confinement
degrades after the steel tube enters into the inelastic outward
buckling. Therefore, the confinement of the passively confined
concrete as in CFST columns is different from that in the actively
confined concrete. Nevertheless, many compressive strength
models for the confined concrete adopt the results of actively
confined concrete (Mander et al, 1988; Attard and Setunge,
1996). Meanwhile, among many types, CFST columns using
circular steel tubes are considered more effective in obtaining
high compressive strength and ductility. In the previous study
on circular CFST columns, primary research focuses include
diameter-to-thickness ratio of the steel tube (Sakino et al.,
2004; Han et al., 2005; Gupta et al., 2007; Abed et al., 2013),
concrete strength (Giakoumelis and Lam, 2004; Yu et al., 2007;
Lam and Gardner, 2008), bond behavior between steel tube
and concrete (Xue et al, 2012; Liao et al.,, 2013; Tao et al,
2016; Chen et al, 2017), etc. Many studies conclude that the

confinement effect from the exterior steel tube to the infill
concrete is the key parameter in CFST columns and various
means to enhance the confinement effect have been reported
(Hu et al,, 2011; Ho and Lai, 2013; Lai and Ho, 2015; He et al.,
2018; Shen et al,, 2019). The level of confinement in active
confining is quite straightforward and the confining pressure can
be directly adopted as a direct index in quantification. However,
different from active confining, the confining pressure in CFST
columns is not constant. So far, there is still less work available
yet regarding the quantification of the confinement effect in
CEST columns.

This paper aims to quantify the passive confinement effect
in CFST columns. To address this, a series of CFST column
specimens with infill concrete of different strength grades were
designed and uniaxially compressed. Axial strength, stress state
of steel tube and development and quantification of confinement
effect were carefully investigated.

STRESS STATE OF STEEL TUBE

For CFST columns under axial compression, the axial load N is
sustained by both the steel tube (o) and infill concrete (o), as
shown in Figure 1. The stress component oy of the steel tube
is the source for the lateral confining pressure o, applied to the
infill concrete. With the existence of o, the concrete compressive
strength is largely enhanced. In the actively confined concrete, the
confined concrete strength, f.., can be estimated by the following
equation (Mander et al., 1988):

fcc =fc+k(7r (1)

where f. is the compressive strength of unconfined concrete; k is
a confinement coeflicient, the value of which depends on the infill
concrete; and o, is the lateral confining pressure.

R R

Y
O-Z

Infill concrete

Steel tube

D

FIGURE 1 | Stress state: (A) axial direction; (B) steel tube and infill concrete; (C) free body diagram.
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The value of the confinement coefficient k is often taken
as 4.1 after the work by Richart et al. (1928). Though
k should be a function of the concrete mix, its value
is not much different for stronger or weaker concrete
(Imran and Pantazopoulou, 1996).

In CFST columns, the lateral confining pressure can be
calculated according to the force equilibrium condition of the
cross section. As it can be seen from Figure 1C, the equilibrium
of oy and oy gives

(D — 2t)o, = —2toy (2)

where D is the external diameter of the steel tube, and ¢ is the steel
tube thickness.

Once the hoop stress in the steel tube is obtained, the
confining pressure provided by the steel tube to the infill concrete
can be estimated.

Rewriting Equation 2 gives

axial strength of the column as follows.

N — 0,A;
fe= =0 )
where f. is the compressive stress of the infill concrete; N is the
axial load; A; and A, are the cross-sectional area of steel tube and
concrete, respectively; and o, is the axial stress in the steel tube.

For the thin-walled steel tube, the von Mises yield criterion can
be applied. Under both axial stress component o, and the hoop
stress component oy, the equivalent stress o, can be determined
as follows.

0e =V op? — opo, + 0,? (5)

In this study, elastic-perfectly plastic model is assumed for the
tube steel. By comparing the equivalent stress o, with the yield
stress, the steel tube can be identified to being yielding or not.
The stress state of the steel tube can be calculated using the strain
increment method (Hu et al.,, 2011). In the elastic range, the stress

—2t
oy = D Ztag (3)  state is calculated by the generalized Hooke law:
Compressive strength of the infill concrete can be obtained by doi| _  Es [10][del ©)
subtracting the force undertook by the steel tube from the overall do} 1—92 |9 1] |de
TABLE 1 | Summary of test specimens.
Specimen D (mm) t (mm) D/t fc (N/mm?2) fs (N/mm?2) A:% No (kN) x—;
1 165.2 3.7 44.6 29.5 366.0 1.19 1,264 1.13
2 165.2 3.7 44.6 43.5 366.0 0.81 1,638 1.09
3 165.2 3.7 44.6 58.0 366.0 0.61 1,821 1.15
4 165.2 3.7 44.6 81.6 366.0 0.43 2,283 1.10
5 230.0 2.3 100.0 32.0 360.8 0.46 1,870 1.06
6 230.0 2.3 100.0 64.0 360.8 0.23 3,147 1.04
A . B
\L Axial force
| ]
/ i
Loading plate |
Steel tube | - * [Concrete
A A
Strain gauge| . -
- D -
< '
XY ]
FIGURE 2 | Test setup: (A) diagram; (B) photograph in test.
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where o, and oy are the axial stress and hoop stress, respectively;
€, and gy are the axial strain and hoop strain, respectively; E; is
the elastic modulus; ¥ is Poisson’s ratio of the steel tube; and i is
the present strain increment number.

For the elastic-plastic range, the stress increments are
calculated from strain increments by the following equation:

dizi K 1—s§/sc D — SaSp/Sc deé )
do‘é 1 =92 |0 — sasp/se 1—5%/56 dey,

Sq = Sx+Usg (8)

sp = s+ Usy 9)

= sfc + 55 + 205,89 (10)
1. .

¢ = 5(202’_1 —ayh (11)
1. .

sp = 5(209’_1 —a/™h (12)

where sy and sg are the deviatoric strain and stress, respectively.

After obtaining the axial and hoop stresses of the steel tube
based upon the measured axial and hoop strains at each loading
step and the above equations, the confined concrete strength can
be estimated according to Equation 4.

EXPERIMENTAL PROGRAM

Test Specimens

All specimens were designed to have a same length-to-diameter
ratio of 3 to ensure stub column behavior. Table1 gives the
summary of the six specimens designed. Basically, they can be
divided into two groups, Specimens 1-4 are in Group 1 with
a tube diameter of 165.2mm and thickness of 3.7 mm, and
Specimens 5 and 6 in Group 2 use a tube diameter of 230 mm
and thickness of 2.3 mm. The concrete was commercial ready-
mixed concrete with normal mixing and curing techniques. The
concrete strength of Specimens in Group 1 used four grades,
with cylinder (with a diameter of 100 mm and height of 200 mm)
compressive strengths of 29.5, 43.5, 58.0, and 81.6 N/mm?,
respectively; Specimens in Group 2 used two grades of concrete,
with cylinder compressive strengths of 32.0 and 64.0 N/mm?,
respectively. All steel tubes were cold-formed carbon steel and
seam welded by machine welding. To get the basic mechanical
property of the steel material, three coupons were randomly
cut from the steel tube and were tested according to standard
procedures (Davis, 2004). The yield strengths of the steel tube
were found to be 366.0 MPa for Group 1, and 360.8 MPa for
Group 2, respectively. Before casting the infill concrete, the inner
surface of the steel tube was smeared with a thin layer of grease
to reduce the friction between the steel tube and concrete.

Test Setup and Instrumentation

All specimens were subjected to monotonic axial compression
exerted by a universal testing machine with a maximum capacity
of 5,000 kN. At two end surfaces of the CFST column, two
steel plates with a thickness of 50 mm were used to ensure even
axial compression. Monotonic axial loading with displacement
control was applied. For displacement control, axial shortening,

FIGURE 3 | Failure modes: (A) specimen 1; (B) specimen 2; (C) specimen 3;
(D) specimen 4; (E) specimen 5; (F) specimen 6.

the relative displacement between the top and bottom steel plates,
was recorded and used as the actual compressive deformation.
Two linear variable differential transducers (LVDTs) with a stroke
of 50 mm was installed in parallel with the longitudinal axis of
specimens to measure the axial shortening, as shown in Figure 2.
To measure the strain state of the steel tubes, two bidirectional
strain gauges were installed on the external surface of the steel
tube at the mid-height.

TEST RESULTS AND DISCUSSIONS

All specimens were centrally compressed. The compression
loading was stopped when either the maximum axial shortening
reached 5% of column length or axial strength dropped sharply.

General Observation

All loadings went smooth without brittle deformation observed.
Figure 3 shows the final failure mode of all six specimens. All
of them experienced similar failure mode, such as the outward
buckling of the steel tube at both ends at large axial shortening
and continuous expansion at the mid-height. For Specimens 4
and 6 using high-strength infill concrete, cylinder compressive
strength of 81.6 and 64.0 N/mm? respectively, exhibited clear
sign of concrete crushing at the mid-height, which indicated the
brittle characteristic of the high-strength concrete.

Axial Strength Capacity

In order to compare the results, the nominal axial strength of
CFT columns is defined as Ny = f,As + f:A., where f; is steel
tube yield strength; A is the sectional area of steel tube; f. is
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FIGURE 4 | Axial load-deformation curves: (A) fc = 29.5, A = 1.19; (B) fc = 43.5, . = 0.81; (C) fc = 58.0, . = 0.61; (D) fc =81.6, A = 0.43; (E)fc =32.0, A =
0.46; (F) fz = 64.0, » = 0.23.

concrete cylinder compressive strength; and A is the sectional
area of concrete.

Figure 4 shows the measured axial load vs. compressive
deformation for all specimens. The ordinate is the normalized
axial strength, defined as the measured axial load N divided by the
nominal axial strength Ny, and the abscissa of axial shortening is
the ratio of axial displacement measured by LVDTs to the height
of columns. The most obvious difference in the load-deformation
curves is the post-peak behavior. Only Specimen 1 demonstrated
hardening behavior while the rest specimens showed more or less
softening. Specimen 6 showed the sharpest decrease of strength
beyond the peak strength and its deformability was the worst
with the maximum axial displacement of only about 1% of the
column length. Its axial strength dropped to less than half of the
peak strength almost right after reaching the peak strength. Such
a sudden decrease of axial strength needs to be avoided in view
of collapse resistance capacity of the building. For specimens in
both Group 1 and Group 2, low-strength concrete demonstrated
less post-peak strength decrease than high-strength concrete.

The width-to-thickness ratio of specimens in Group 2 is much
larger than that of specimens in Group 1. While there is no
clear difference in the shape of axial load-deformation curve,
which means the width-to-thickness of the steel tube is not the
controlling parameter for the post-peak behavior. As listed in the
last column of Table 1, there is no much difference among the
maximum normalized axial strength (%) for all the specimens,

with the value of %—g ranging between 1.04 and 1.15.

Strain State of Steel Tube and Calculated

Stress

As introduced in the section of instrumentation, both the axial
and hoop strains in the steel tube were measured by electrical
strain gauges. The recorded strain readings were given in
Figure 5. The ordinate of “nominal axial stress” was the ratio of
axial load divided by the whole sectional area. With the increase
of axial load, both the axial and hoop strains in the steel tube
increased. In the linear branch, the absolute value of axial strain
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FIGURE 5 | Recorded strain data: (A) fc = 29.5, A = 1.19; (B) fc = 43.5, » = 0.81; (C) fc =58.0, A = 0.61; (D) f = 81.6, » = 0.43; (E) f = 32.0, » = 0.46; (F)
fo =64.0, A =0.28.

was about 3 times that of the hoop strain. Beyond the peak
strength, Specimen 1 exhibited the most stable development of
both axial strain and hoop strain, and Specimen 6 showed the
most abrupt decrease of axial strain and hoop strain.

Substituting the recorded strain data into Equations 6 and 7
gives the axial stress o, and hoop stress oy of the steel tube, as
shown in Figure 6. It is clear that the axial stress component was
much larger than the hoop stress component. For instance, at
an axial shortening of 0.5%, the axial stress in the steel tube of
Specimen 1 was about 4 times the hoop stress; for Specimen 6,
the ratio was about 25. In view of providing confinement to the
infill concrete through the hoop stress component, the steel tube
is far from being fully used.

Confinement Effect

The improved compressive strength of CEST columns is ascribed
to the confinement provided by the steel tube to the infill
concrete. The confinement effect is usually quantified by the

= fﬁs in which A; and

confinement factor A, expressed by A

A, are the cross-sectional area of steel tube and concrete; and f;
and f. are the strength of steel and concrete, respectively.

As described in a previous session, the maximum normalized
axial strength (%) for specimens with different A values was not
much different for all the specimens. However, after the reaching
of the maximum axial strength, the post-peak behavior was
closely related to the value of A. Specimens with a larger A showed
better ductility, which also answered the hardening or softening
behavior in the axial load-deformation curves. For Specimens 4
and 5 having similar confinement factor, Specimen 5 using low
strength concrete exhibited smaller decrease of axial strength. For
instance, nominal axial strength deceased to 0.95 for Specimen
5 at an axial shortening of 1.5%, while 0.79 for Specimen 4
using high strength concrete. Further loading of Specimen 5 was
terminated after a drift ratio of 1.6% due to the malfunction of
LVDT sensor rather than the sharp decrease of strength as in
other specimens. Smaller strength decrease can be expected in
CEST columns using low strength concrete. Specimen 6 with
the smallest value of A demonstrated the most serious strength
degradation beyond the peak strength.
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It is also can be seen from Figure 6 that the value of X
influenced the ratio of axial stress to hoop stress of the steel
tube. For the four specimens with the same overall dimensions
in Group 1, the smaller the value of A was, the larger the
ratio became. For instance, at an axial shortening of 0.5%, the
ratios were 4.2, 5.6, 12.0, and 29.0 for Specimens 1, 2, 3, and
4, respectively. The two specimens in Group 2 had the similar
pattern. According to Equation 3, the hoop stress component
is the source for confinement. The smaller ratio between axial
stress and hoop stress meant larger hoop stress and thus larger
confinement. However, the strength grade of infill concrete also
had an influence on the value of confinement. For Specimens 4
and 5 having a similar value of 1, the ratio of Specimen 5 using
low strength concrete was about one third of that of Specimen
4, which indicated that the confinement in CFST columns using
low strength infill concrete was greater.

After obtaining the axial stress and hoop stress in the steel
tube, the confining pressure applied by the exterior steel tube
to the infill concrete can be calculated according to Equation 3;
the confined concrete strength can be calculated according to
Equation 4. Figure 7 shows the relationship between the confined

concrete strength and confining pressure, with the abscissa being
the normalized confined concrete strength defined by the ratio
between the confined concrete strength and unconfined concrete
strength. It is clear that the confining pressure is not constant in
CEST columns. The confining pressure increased from zero to a
nearly constant value eventually. The confined concrete strength
increased with the increase of confining pressure. The larger the
value of 1 is, the larger the confining pressure, which is consistent
with the previous discussion.

For actively confined concrete with constant confining
pressure, the relationship between the compressive strength and
confining pressure can be given by the following equation (Zhao
etal., 2018):

fee = fo +2.2f23 0081 (13)

To quantify the level of confinement effect in passively
confined CFST columns, Equation 13 can be adopted as an
equivalent method. The level of confinement effect in CFST
columns can be estimated by the equivalent confining pressure
which gives the same confined concrete strength in the actively
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confined concrete. Equation 13 was also plotted in Figure 7
in dashed line. The intersections were the equivalent confining
pressure for each specimen. Figure 8 gives the relationship
between the confinement factor A and equivalent confining
pressure oy From a regression analysis, the equivalent
confining pressure in CFST columns can be roughly estimated
as follows.

Oreq = 3.59% — 0.68 (14)

The mean and coefficient of variance of the ratio of estimation
according to Equation (14) to tested values are 1.0209 and
0.3255, respectively.
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CONCLUSIONS

This study worked on the confinement effect in CFST columns
and a method to quantify the equivalent confining pressure
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