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The compression behavior of octagonal concrete-filled thin-walled tube (OCFT) columns was investigated. Eight
OCFT columns with different tube sections were tested under monotonic compressive loading. The tests showed
that the thin-walled tubes underwent elastic or inelastic local buckling, and the slenderness ratio (or width-to-
thickness ratio) and section shape of the tubes significantly affected their buckling modes. Despite such local
buckling, the load-deformation behavior of the OCFT columns all was highly ductile, due to confinement to the
infilled concrete. The design strengths of AISC 360-16 agreed well with the test strengths. In this study, effective

stress—strain relationships of the tube and infilled concrete were proposed to account for the local buckling and
confinement. The maximum strength and post-buckling behavior were estimated through the strain-compat-
ibility analysis, and the results were compared with the tests.

1. Introduction

Recently, the use of various types of filled composite (CFT) columns
using thin-walled steel tubes has been growing. Such thin-walled tubes
under compression may buckle easily before yielding, because the
slenderness ratio A (or width-to-thickness ratio) of the tube wall is re-
latively large. Basically, the buckling resistance and confining effect of
the tube depend on the section shape and tube wall slenderness ratio.
Compared to circular tubes, rectangular and square tubes are less effi-
cient in resisting against elastic or inelastic local buckling, because the
edges of the thin tube walls may not be fully clamped at the corners of
the section [2,10,15,21]. Furthermore, after local buckling, confine-
ment to the infilled concrete is less effective, because the out-of-plane
stiffness of the thin tube wall is almost negligible.

The compressive strength and post-buckling behavior of square or
rectangular CFT columns can be enhanced by placing stiffeners or rib
plates on the tube wall, or by changing the square or rectangular section
into polygonal sections. Tomii et al. [18] conducted the compression
tests of circular, octagonal, and square columns with different tube wall
slenderness ratios (width-to-thickness or diameter-to-thickness ratios)
of A = 19-75. The strength and ductility of the circular and octagonal
columns were greater than those of the square columns. Ding et al. [4]
assessed the performance of hexagonal and octagonal columns. Since
the slenderness ratios of the tube walls were large, the compressive
strength was degraded as buckling and yielding of the tubes occurred.
However, as the tubes confined the infilled concrete, post-peak strength

* Corresponding author.

degradation was limited and consequently the post-buckling behavior
was ductile. Ge and Usami [6] performed the compression tests of
square tube columns with longitudinal rib plates on each side of the
tube. As the rib plates reduced the slenderness ratio of the tube wall and
consequently changed buckling modes, the column strength was in-
creased. Tao et al. [17] investigated the buckling mode of stiffened thin-
walled tube columns. The tube buckling mode and consequent com-
pressive strengths of the columns agreed well with the theoretical ones.
Due to the effects of local buckling, the column strength was sig-
nificantly degraded during the post-buckling behavior. Huang et al. [7]
investigated the compression behavior of square columns. To increase
buckling resistance and confinement effect, the thin tube walls of the
columns were stiffened by the tie bars placed diagonally at four corners.
The tie bars were effective in increasing the compressive strength and
ductility of the columns. The similar stiffening concept of using diag-
onal tie or link elements in CFT columns was also reported in Jam-
khaneh et al. [8] and Jamkhaneh and Kafi [9]. Cai and He [3] used
binding bars connecting two opposite tube walls in order to increase the
confinement effect. The test results showed that the binding bars
changed the buckling mode of the tube walls and provided additional
confinement to the infilled concrete, and consequently the strength and
ductility of the CFT columns were increased.

According to AISC 360-16, CFT columns using thin-walled tube
sections are mostly classified into noncompact and slender sections, due
to their large slenderness ratios. To accurately estimate the compressive
behavior of such noncompact and slender CFT columns, it is necessary
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Nomenclature

A, area of the concrete infill

Acs area of the concrete infill confined by spiral reinforcement

A area of the concrete infill outside confining spirals

A area of the steel tube

Cy coefficient that accounts for confinement to the concrete
infill by the steel tube

Dy diameter of spiral reinforcement,

Egp post-buckling modulus of noncompact and slender steel
tubes

E, modulus of elasticity of the steel tube or spiral reinforce-
ment

Fexx tensile strength of weld metal

F., buckling strength for steel tubes

F, yield stress of the steel tube

F, tensile strength of steel tubes

L length of the OCFT column specimens

P compressive load of CFT columns or compressive re-

sistance at a given compressive strain ¢ of a CFT column

section

P, elastic buckling strength of CFT columns

Py nominal design strength of CFT columns without length
effects

P, plastic strength of CFT columns

P, yield strength of CFT columns

P, maximum load of CFT columns by test

R modified slenderness ratio of simply-supported plates

A axial deformation (shortening) of OCFT column specimens

b overall width of rectangular steel tubes

beg effective width of the octagonal steel tube

&

diameter of reinforcing or spiral bars

1! compressive strength of the concrete infill

fed! enhanced compressive strength of the concrete infill due
to confinement

fi effective lateral pressure f; provided by the steel tube or
spirals

fyor fys  yield strength of reinforcing or spiral bars

fu tensile strength of reinforcing or spiral bars

k buckling coefficient depending on the edge condition

s spacing of spiral reinforcement

t thickness of the steel tube

B residual strength ratio of the concrete infill

S5 strength ratio of the steel tube to the CFT section (=F,A,/
[F,A; + 0.85f/A.])

e compressive strain of the CFT column specimens (=A4/L)

Ebar tensile strain measured from the spiral bars

£co strain at which the concrete compressive strength f.' is
reached

Erube compressive strain measured from the steel tubes

£y, tube yield strain of the steel tube (=F,/E,)

£y tar yield strain of the spiral bar (=f,/E; or f,/E)

A slenderness ratio or width-to-thickness ratio of the steel
tube

Ap slenderness ratio limit for compact/noncompact sections

A slenderness ratio limit for noncompact/slender sections

v Poisson’s ratio of the steel tube

p steel ratio of a CFT section (=A,/[A; + A.l)

Ps volume ratio of spiral reinforcement

o, stress of the concrete infill

Ocs stress of the concrete infill confined by spiral reinforce-
ment

Ot stress of the concrete infill outside confining spirals

A stress of the steel tube

to account for the effects of local buckling and concrete confinement on
strength and ductility. So far, various effective stress-strain relation-
ships for the steel tube and filled concrete of CFT column sections that
can be implemented in nonlinear fiber-based analysis were proposed.
Sakino et al. [14] experimentally and analytically investigated the axial
compressive behavior of short CFT columns. Based on the test results of
114 column specimens with different tube shapes, steel yield strength,
tube wall slenderness ratios, and concrete compressive strengths, ef-
fective stress-strain relationships for the steel tube and filled concrete
that accounted for the effects of tube local buckling and concrete con-
finement on the peak stress and post-peak degradation behavior of the
materials were proposed. For the filled concrete in rectangular CFT
columns, strength increase due to the confinement was neglected,
whereas the ductility was assumed to be maintained by the confinement
provided by the steel tubes. Liang et al. [12] proposed a nonlinear
analysis method for concrete-filled thin-walled columns that accounted
for the effects of local buckling. For the thin tube walls, the buckling
strength incorporating the effects of initial imperfection and residual
compressive stress was suggested and the post-buckling behavior was
estimated based on the effective width approach [21,20]. Varma et al.
[23] developed the effective stress-strain models of the steel tube and
filled concrete for high-strength square CFT columns. Lai and Varma
[11] proposed the effective stress-strain models for the steel tube and
filled concrete of noncompact and slender CFT sections. Based on the
results of comprehensive 3D finite element analyses, the effective stress-
strain models for rectangular and circular CFT columns were developed
in the form of uniaxial stress-strain relationships accounting implicitly
for the effects of yielding and local buckling of the steel tubes and
cracking and confinement of the filled concrete. The effective stress-
strain models were implemented in a nonlinear fiber-based analysis,
and the validity and conservatism of the models were verified by

comparisons with the experimental database.

This study investigated the axial compressive behavior of octagonal
CFT columns with thin-walled tubes. Eight octagonal CFT columns with
different tube wall slenderness ratios and section shapes were tested
under monotonic compressive loading. From the tests, buckling modes
of the octagonal thin-walled tubes and consequent post-buckling be-
havior of the columns were investigated. The test strengths were
compared with the design strengths of square and circular CFT sections
in AISC 360-16. In addition, effective stress—strain models of the steel
tubes and filled concrete that accounted for the effects of local buckling
and confinement were proposed, and a strain compatibility analysis was
performed using the proposed stress—strain relationships.

2. Test program

Fig. 1 shows the octagonal concrete-filled tube (OCFT) columns
investigated in this study. Two types of octagonal steel tubes were used:
Q-type and T-type tubes. The Q-type tube was made of four C-shaped
plates, whereas the T-type tube was made of two C-shaped and two
planar plates. Such octagonal tubes had the same section geometry as a
square tube with chamfering; as the size of chamfering increases, the
section geometry changes from a square to a regular octagon. Rib plates
were used at the four corners to increase resistance against local
buckling in the thin tube wall and reduce bond slip on the interface to
the filled concrete. Compared to the conventional square CFT columns,
the OCFT columns may have the slenderness ratio of the tube walls
decreased and the section geometry closer to a regular octagon or a
circle. As such, the section geometry of the OCFT columns was devel-
oped to enhance the compressive behavior of filled composite columns
under axial load.
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Fig. 1. Octagonal concrete-filled tube (OCFT) columns using thin-walled steel
tubes.

2.1. Specimen details

Fig. 2 shows the details of eight OCFT column sections, Q4.5S,
Q6.0S, T4.5S, T6.0S, T6.0S-75, T6.0S-150, T4.5R, and T6.0R. In the
specimen names, ‘Q’ and ‘T’ indicate the Q-type and T-type tubes, re-
spectively; ‘4.5 and ‘6.0’ indicate the thickness of the tube walls; and ‘S’
and ‘R’ indicate the section geometry of the octagonal tubes close to
square and regular octagon, respectively. Table 1 summarizes these test
variables.

For Q4.5S (t = 4.5 mm) and Q6.0S (t = 6.0 mm), the Q-type tubes
were used (see Fig. 2(a)). The overall width of the steel tubes was
b = 400 mm, while the effective width, defined as the distance between
the rib plates at the adjacent corners, was b = 316 mm. Note that for
square tubes, the slenderness ratio A. (or width-to-thickness ratio) ac-
counting for local buckling needs to be computed using the inner di-
mension (AISC 360-16). Thus the slenderness ratios were A. = (b — 2t)/
t = 86.9 and Aoz = (b —2t)/t = 68.2 for Q4.5S, and A = (b — 2t)/
t = 64.7 and Ay = (byr — 2t)/t = 50.7 for Q6.0S (see Table 1). For
T4.5S (t = 4.5 mm) and T6.0S (t = 6.0 mm), the T-type tubes were
used (see Fig. 2(b)). The effective width was the same as the overall
width (i.e. b = by = 400 mm), and thus the slenderness ratio was
A= Adg = (b — 20/t = 86.9 for T4.5S, and 64.7 for T6.0S (see
Table 1).

For T6.0S-75 and T6.0S-150, the T-type tubes with a tube wall
thickness of t = 6 mm were used, and the slenderness ratio was A = A.g
= (b — 2t)/t = 64.7 (see Fig. 2(c) and Table 1). Inside the steel tubes,
the spiral reinforcement made of D10 bars (diameter d, = 9.5 mm) was
additionally placed. The spacing of the spiral reinforcement was
s = 75 mm for T6.0S-75, and 150 mm for T6.0S-150. The diameter of
the spiral hoops was D; = 300 mm. The volume ratio of the spiral
reinforcement was p; = 1.26% for T6.0S-75, and 0.63% for T6.0S-150.

85 | 230, 85 42, 316 42
[ | [ I"Al 57

S A0 A s

> -R9 45
50
b = 400 b = 400
<t #=45 for Q458 t=45forT458 t—>|+
= 6.0 for Q6.0S = 6.0 for T6.0S

G, -

(a) Q4.5S and Q6.0S

VA4 NS
(b) T4.5S and T6.0S
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The spiral reinforcement was used to provide additional confinement to
the concrete infill.

For T4.5R (t = 4.5 mm) and T6.0R (t = 6.0 mm), the T-type tubes
were used (see Fig. 2(d)). Unlike other specimens where the section
geometry of the octagonal tubes was close to a square, the section
geometry of the octagonal tubes in T4.5R and T6.0R was close to a
regular octagon. The width of the sides in the octagonal section was
156 mm and 180 mm.

Table 1 shows the section classification of the OCFT columns. For
the octagonal tubes similar to a square (i.e. Q4.5S, Q6.0S, T4.5S, T6.0S,
T6.0S-75, and T6.0S-150), the sections were classified based on the
limits of slenderness ratio, A, and A,, for square tubes (AISC 360-16).
Q4.5S and Q6.0S were classified as slender and noncompact sections,
respectively, regardless of judgment either by A. (=b/t) or Ay (=beg/t).
T4.5S was classified as slender section, whereas T6.0S, T6.0S-75, and
T6.0S-150 were classified as noncompact sections. T4.5R and T6.0R of
a regular octagon were classified as slender and compact sections, re-
spectively, based on A, and A, for circular tubes.

Table 1 also shows the steel area A;, concrete area A, steel ratio p,
and strength ratio 8. The steel ratio and strength ratio were defined as
p = AJAs + A) and § = FA/(FAs; + 0.85fA)), respectively
(F, = yield strength of the steel and f.,' = compressive strength of the
concrete). The steel ratios p ranged 4.71% to 7.15%. Such steel ratios
were relatively low, compared with those of conventional CFT columns.
The strength ratios § ranged 46.3-52.8%, which indicates that the
contributions of the steel and concrete to the compressive strength were
almost the same.

2.2. Material strength

Thin steel plates of thickness 4.5 mm and 6.0 mm were used for the
steel tubes of the OCFT columns. The yield and ultimate strengths were
F, = 489 MPa and F, = 527 MPa for the 4.5 mm thick plates, and
F, = 407 MPa and F, = 557 MPa for the 6.0 mm thick plates. For
welding, weld metal of Fgxx = 560 MPa was used. Note that when steel
plate undergoes plastic deformation by press bending, the yield
strength in the bent zone (i.e. the corners of the section) can increase,
due to strain hardening. Thus the welded joint that is located in the bent
zone can be more sensitive to early rupture. However, according to Tao
et al. [17], Huang et al. [7], and Cai and He [3], the behavior of con-
crete-filled thin-walled tube columns is mainly dominated by local
buckling, rather than by rupture at the welded joint.

For D10 bars of diameter d, = 9.5 mm, used for the spiral re-
inforcement in T6.0S-75 and T6.0S-150, the yield and ultimate
strengths were f, = 486 MPa and f, = 563 MPa, respectively.

For the infilled concrete, three concrete cylinders of diameter
100 mm and height 200 mm were tested under pure compressive
loading. The mean concrete strength was f,' = 33.0 MPa.

ol 5
Thin- 16 7
wa/l(ed t = 4.5 for T4.5R
tube = 6.0 for T6.0R t >l
b =400 ——

Confining ---
spirals

N/

(d) T4.5R and T6.0R

(c) T6.0S-75 and T6.0S-150

Fig. 2. Details of octagonal tube column specimens (mm).
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Test parameters.
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Specimens t(mm) A = (b-28)/t ey = (bgyr—20/tor D/t A" A" Section Classification A, (mm?) A, (mm?)  Steel ratio p (%)®  Strength ratio § (%)
Q4.58 4.5 86.9 68.2 45.7 60.7  Slender 7,790 137,830 5.35 49.6
Q6.0S 6.0 64.7 50.7 50.0 66.4 Noncompact 10,400 134,980 7.15 52.8
T4.58 4.5 86.9 86.9 45.7 60.7 Slender 7,380 149,360 4.71 46.3
T6.0S 6.0 64.7 64.7 50.0 66.4 Noncompact 9,820 146,430 6.28 49.3
T6.0S-75 6.0 64.7 64.7 50.0 66.4 Noncompact 9,820 146,430 6.28 49.3
T6.0S-150 6.0 64.7 64.7 50.0 66.4 Noncompact 9,820 146,430 6.28 49.3
T4.5R 4.5 88.9 88.9 61.3 777 Slender” 6,710 129,090  4.94 47.5
T6.0R 6.0 66.6 66.6 73.5 931 Compactz) 8,950 129,850 6.45 50.0

1) For Q4.5S, Q6.0S, T4.5S, T6.0S, T6.0S-75, and T6.0S-150, A, = 2.26V(E,/F,) and A, = 3.0V(E/F,). For T4.5R and T6.0R, A, = 0.15E/F, and A, = 0.19E,/F,

(E; = 200,000 MPa).
2) The section classification was based on the criteria for circular tubes.

3) The steel ratio and strength ratio were computed as p = Ay/(A; + AJ) and § = FA,/(F)A, + 0.85f.A.).

2.3. Fabrication and test setup

Fig. 3 shows the octagonal steel tube under fabrication. The steel
tubes were made by press bending and welding (see Figs. 1 and 2). For
welding, the weld size was greater than the thickness of the plates.
During the fabrication, deformation due to welding was not significant.

Fig. 4(a) shows the test setup for OCFT columns under compressive
loading. End plates of 600 mm x 600 mm X 40 mm were used at the
top and bottom. To prevent stress concentration near the welded joint
between the tube and end plate, vertical stiffeners (thickness 12 mm)
were used. In addition, 8 headed studs (diameter 22 mm) were also
used, so that from the beginning, axial loads could be applied to both
the steel tube and infilled concrete at the same time. Axial loads were
monotonically applied by controlling vertical displacement, and the
loading speed (=0.003 mm/s) was maintained sufficiently slow.

Fig. 4(b) shows the locations of the strain gauges used for the steel
tubes and spiral bars. For the steel tubes, six or five strain gauges were
installed at mid-height in the longitudinal direction. For the spiral bars,
a strain gauge was installed in the transverse direction.

3. Test results
3.1. Axial load—deformation relationships

Fig. 5 shows the axial load-strain (P-¢) relationships. The horizontal
axis indicates the average axial strain over the net column length
(L = 1200 mm). The maximum loads P, are denoted with circles.

For Q4.5S and Q6.0S using Q-type tubes (see Fig. 5(a)), the overall
P-¢ behavior was similar. Although the steel tubes were subjected to
local buckling, the post-buckling behavior was highly ductile. The
strength was greater in Q6.0S (P, = 8714 kN) using the 6 mm thick
tube, than in Q4.5S (P, = 7,197 kN) using the 4.5 mm thick tube.

For T4.5S and T6.0S using T-type tubes (see Fig. 5(b)), the overall
P-¢ behavior was similar to that of Q4.5S and Q6.0S. The strengths of
T4.5S and T6.0S were about 10% less than those of Q4.5S and Q6.0S,
respectively. Although the steel tubes were subjected to local buckling,
the post-buckling behavior was very ductile. Note that the maximum
loads of T4.5S and T6.0S occurred immediately after compressive
yielding. This shows the section geometry of the T-type tubes in T4.5S
and T6.0S (i.e. close to square) were not less efficient in resisting local
buckling and consequently developing confinement to the filled con-
crete.

For T6.0S-75 and T6.0S-150 using T-type tubes and spiral re-
inforcement (see Fig. 5(c)), the initial behavior before yielding was
similar to that of T6.0S. However, as the spiral reinforcement provided
additional confinement to the infilled concrete, post-yield hardening
behavior followed. Consequently, the maximum loads, P, = 8213 kN
and 7969 kN, respectively, occurred during the post-yield hardening
behavior. Note that the use of the spiral reinforcement did not

significantly increase the strengths of T6.0S-75 and T6.0S-150, com-
pared to T6.0S, which indicates that the contribution of the spiral re-
inforcement was limited.

For T4.5R and T6.0R using regular octagon tubes (see Fig. 5(d)), the
overall P-¢ behavior including the post-yield hardening behavior was
similar to that of T6.0S-150. The maximum loads of T4.5R and T6.0R
were P, = 6707 kN and 8064 kN, respectively. Such strengths were
greater than those of T4.5S and T6.0S with the section geometry close
to square, though the steel and concrete areas were about 10% less (see
Table 1).

3.2. Failure modes

Fig. 6 shows the buckling modes of the octagonal steel tubes. For
Q4.5S and Q6.0S, as shown in Fig. 6(a) and (b), local buckling of the
steel tubes occurred separately on each side. There was no buckling at
the chamfered corners, as the rib plates embedded within the infilled
concrete provided lateral support. Locations of local buckling, high-
lighted by the white lines, were reduced by half in Q6.0S. For T4.5S and
T6.0S (see Fig. 6(c) and (d)), the area of local buckling on each side in
the T-type tubes was interconnected through the chamfered corners.
This indicates that the 135° bend at the corners was not stiff enough to
restrain local buckling on one side from propagating into other sides.
Similar buckling modes were observed in T6.0S-75 and T6.0S-150 using
the same T-type tube as that of T6.0S. For T4.5R and T6.0R using
regular octagon tubes (see Fig. 6(e) and (f)), the areas of local buckling
on eight sides occurred almost at the same height, and were inter-
connected with each other.

Buckling modes in Fig. 6 indicate that for the OCFT columns, the
slenderness ratio () needs to be defined differently, depending on the
type and section geometry of the steel tubes, as follows:

---Stiffener

End bearing plate --

Fig. 3. Fabrication of octagonal steel tube.
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Fig. 4. Test setup of column specimens and locations of strain gauges.

e For Q-type tubes where the rib plates embedded with the infilled
concrete at the corners provide sufficient lateral support against
local buckling, A can be defined using the distance between the rib
plates (see Fig. 1).

For T-type tubes, A should be determined based on the overall tube
dimension b, regardless of whether the section geometry is close to
square or regular octagon. Note that OCFT columns have different
buckling modes of the steel tubes depending on the section geo-
metry. If the section geometry is close to square the buckling mode
of the octagonal tube is similar to those of rectangular or square
tubes. On the other hand, if the section geometry is close to regular
octagon square the buckling mode of the octagonal tube is similar to
those of circular tubes.

(a) Q4.5S and Q6.0S

10000
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> 8000 }——1p,, =8018kN
53 r ,.n‘""‘e ____________ .
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Axial strain & (mm/mm)
(c) T6.0S-75 and T6.0S-150
10000 T
: P,= 8213 kN
L - —
> r ; - P, = 7526kN
= - ~P,=79%9 kN
& 6000 | I
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© -
S 4000 i
© [ I
3 L — T6.0S-75
2000 T-type . 76.05-150
/
0 A L =
0 0005 001 0015 002 0025

Axial strain & (mm/mm)

3.3. Strains of steel tubes

Fig. 7 shows the axial load-tube wall strain (P-¢.;.) relationships.
The tube wall strains e, were measured from the six or five strain
gauges installed in mid-height (see Fig. 4). For Q4.5S, the P-ggp. re-
lationships were not uniform from the beginning. This means that the
steel tube in Q4.5S had initial imperfection, or buckled heavily around
the locations where the strains were acquired. Considering initial im-
perfection was inevitable in the thin-walled tubes, the moment and
location at the onset of local buckling were hardly detected by visual
inspection. Thus the initiation of local buckling in the tube walls were
identified from the strain measurement, as follows.

For Q4.5S and T4.5S classified as slender sections (see Fig. 7(a) and
(), the maximum strengths occurred around
eupe = 0.0015-0.002 mm/mm before yielding (ey,np. = 0.00245 mm/

(b) T4.5S and T6.0S

10000
P, =7820kN
= 8000 -
< P,,=7526kN
& 6000
ae)
3 P,, =5210kN
= 4000
x
<
2000
0
0 0005 00l 0015 002  0.025
Axial strain & (mm/mm)
(d) T4.5R and T6.0R
10000 T
I P, =8064kN
1 o _
8000 ¢ P,, = 7713kN
: ’f—\i == oo \ P, = 6188kN
6000 ¢ / P,=6707kN “‘\\ o
L | ]
4000 + f¢ I
! /
)¢ J T4.5R
2000 Hf . R
i O T-type —} T6.0R
0 ...'//.
0 0005 001 0015 002 0025

Axial strain & (mm/mm)

Fig. 5. Axial load-strain (P-¢) relationships.



J.-J. Lim and T.-S. Eom

Engineering Structures 221 (2020) 111082
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Buckling™
at corner

(d) T6.0S (e) T4.5R (f) T6.0R

Fig. 6. Local buckling of octagonal tubes.
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Fig. 7. Strains of octagonal tubes.

mm). This indicates that the steel tubes were subjected to elastic local
buckling. On the other hand, for Q6.0S and T6.0S classified as non-
compact sections (see Fig. 7(b) and (d)), the maximum strengths oc-
curred soon after e, reached the yield strain. The P-¢gp curves dis-
played irregular patterns just before the yield strain, which indicates
that local buckling occurred at that point. For T6.0S-75 and T6.0S-150,
the P—e. . curves were similar to those of T6.0S.

For T4.5R and T6.0R using regular octagon tubes, all P—¢, curves
displayed the same pattern. This might be because local buckling was
less significant at the mid-height where the strains &, were measured
(see Fig. 6(e) and (f)). Note that, although T4.5S and T4.5R both used T-
type tubes, only T4.5R with the section geometry close to regular oc-
tagon had the strength increasing almost linearly up to the yield strain,
€y,mbe = 0.00245 mm/mm. This indicates that the regular octagon tube
in T4.5R was more efficient in resisting local buckling, than the steel
tube in T4.5S with the section geometry close to a square.

3.4. Comparison of the strains of steel tube and spiral bar

Fig. 8 compares the strains of the spiral bars (f, = 486 MPa) and
tube walls (F, = 407 MPa), epqr and eqpe, used for T6.0S-75 and T6.0S-
150. Solid and dashed lines indicate the variations of ey, and &y,
respectively, with increasing column axial strain e. e, was tensile
strain in the transverse direction, whereas &, was compressive strain
in the longitudinal direction. The strain e, in Fig. 8(a) and (b) was the
same as the largest strain in Fig. 7(e) and (f), respectively. For com-
parison, the axial load-strain (P-¢) relationships are also presented in
Fig. 8, and based on these P-¢ relationships, three divisions of the
elastic, hardening, post-peak degradation zones are divided with the
vertical lines and shades. As shown in Fig. 8, the points where the tube
walls and spiral bars reached their yield strains differed, as follows. The
tube walls reached their yield strain &,43. (=407 MPa/200
GPa = 0.00204 mm/mm) early at the points where the columns began
to yield (¢ = 0.002 mm/mm), whereas the spiral bars reached their
yield strain &, o (=486 MPa/200 GPa = 0.00243 mm/mm) roughly at
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Fig. 8. Comparison of the strains of tube wall and spiral bar varying with column axial strain.

the points where the columns reached their peak strengths.

In Fig. 8(a) and (b), the hardening zones where the strength gra-
dually increased from the yielding point to the peak point are denoted
as shaded areas. The strains of the spiral bars, ¢4, in the hardening
zones increased up to the yield strain. In particular for T6.0S-75 with a
spiral reinforcement ratio of p; = 1.26%, &4, increased slowly, and as a
result the hardening zone lasted until ¢ = 0.0123 mm/mm. This in-
dicates that the hardening behavior in T6.0S-75 was attributed to the
concrete confinement by the spiral reinforcement. The strain of the
tubes, &qpe, remained constant at roughly &, .. between points A and B,
which means that between points A and B, the tubes underwent local
buckling in other locations.

During the post-peak behavior where the compression strength was
degraded slowly, &4, and ep,, increased beyond the yield strains. This
indicates that during such degradation behavior, the infilled concrete

+
XX X X X XXX X XX

(b) Plate buckling with
partially clamped edges

(a) Plate buckling
with fully clamped edges

underwent significant dilation, and consequently the strains of the steel
tubes and spiral bars confining the infilled concrete increased.

4. Strain-compatibility analysis

A strain-compatibility analysis was performed to investigate the
axial compressive behavior of the OCFT columns with different tube
wall thickness and section shape.

For a given axial strain ¢, the compressive resistance P(¢) of an
OCFT column can be computed as follows (see Fig. 9(a)):

P(e) = o5(e)As + a:(e)Ac (@)

where g, 0., A, and A, are the stresses and areas of the steel and infilled
concrete. If spiral reinforcement is used inside the steel tube (refer to
Fig. 5(c)), the concrete confined by the spiral reinforcement may have

12 T
L F,=F 1=88.9
cr y
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FNi=68 T4.5R T o o
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0.0 e e i
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b/t

(c) Elastic buckling strength of octagonal tubes

Fig. 9. Bucking mode and strength of octagonal tube.
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different mechanical properties. In this case, P(¢) needs to be modified
as follows:

P(e) = o5(e)As + [Uct @A + o (S)Acs] 2

where 0,5 and A are the stress and area of the concrete confined by the
spiral reinforcement, respectively, and o, and A, are the stress and area
of the concrete in the remaining portion, respectively.

The stresses of the steel and concrete components accounting for the
effects of local buckling and confinement (i.e. o;, 0., 0., and o) are
determined from the effective stress—strain relationships as follows.

4.1. Local buckling and effective stress—strain relationships of octagonal
tubes

Fig. 9 shows the buckling mode of a tube wall (i.e. on each side) in
octagonal tubes, depending on the clamping condition at both edges. If
the tube wall subjected to uniform compressive stress is fully clamped
at both edges by the rib plates embedded within the infilled concrete,
the thin tube wall buckles independently, and consequently the buck-
ling load increases (see Fig. 9(a)). On the other hand, for the tube wall
where its edges are partially clamped by 135° bend corners (see
Fig. 9(b)), local buckling of the adjacent tube walls is interconnected,
and consequently the buckling load decreases. According to Uy and
Bradford [22], Uy [21], and Trahair et al. [20], the buckling strength of
the tube wall can be expressed as follows:

_ km?E
T 12(0 - )22 3)

cr

where k = buckling coefficient depending on the edge conditions;
E; = modulus of elasticity of the steel tube (=200,000 MPa);
v = Poisson’s ratio of the steel tube (=0.3); and . = slenderness ratio
of the tube wall. In Eq. (3), k is taken as 5.2 if the longitudinal edges are
pinned, and as 10.3 if the longitudinal edges are fixed [22].

The buckling strength for square tubes, F,, (=9E,/A?), adopted by
AISC 360-16, is the same as the strength computed by substituting
k = 10.3. For the octagonal tubes investigated in this study, it is dif-
ficult to define a constant buckling coefficient: where both edges of the
tube wall are fully clamped by the rib plates, k = 10.3 can be used;
whereas, where one or both edges are partially clamped by 135° bend
corners, a smaller k needs to be used (see Fig. 9). Furthermore, con-
sidering that each tube wall has different width (refer Fig. 2), it is in-
convenient to define F,, for individual tube walls. Thus in this study, F,,
for square tubes in AISC 360-16 is used as the elastic buckling strength
for the octagonal tubes with the section geometry similar to square.

9E; . . .
E, = /1—; for octagonal tubes with section geometry similar to square

(€3]

where & = (bys — 2 t)/t and by is the effective width of the tube. As
discussed in Failure modes, buckling modes differ in the Q-type and T-
type tubes. For the T-type tubes (i.e. T4.5S and T6.0S), b is taken as
the overall tube dimension (=b); on the other hand, for the Q-type
tubes (i.e. Q4.5S and Q6.0S), b is taken as the distance between the
rib plates at the adjacent corners (see Fig. 1).

For regular octagon tubes (i.e. T4.5R and T6.0R), the buckling
strength increases as buckling mode becomes similar to that of circular
tubes (see the buckling modes of the tubes walls in Fig. 6(e) and (f)).
The buckling strengths of octagonal and circular tubes can be calculated
as follows [2,16]:

0.72F, .
= for circular tubes
[A(F/Eo)]" (5)

cr

E. = (E - E)Fy for regular octagon tubes

R R? (6)

where R is the modified slenderness ratio for simply-supported plates,
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defined as follows [16,20]:

YY)
R | 20-E
4m? Ky )

Note that Eq. (5) is the AISC 360-16 equation for circular columns,
and A is defined as b/t. For Egs. (6) and (7) based on the buckling theory
of individual plates on each side of the octagonal tube, A is defined as
(begr— 2 1)/t, where by is the largest width of flat tube walls. For regular
octagon tubes, by = (V2 — 1)b = 0.414b.

Fig. 9(c) compares the buckling strengths F,, of square, octagonal
(i.e. regular octagon), and circular tubes depending on b/t
(F, = 487 MPa). For a given b/t, the F.. -b/t curves are plotted using A
= (b-2t)/t for square tubes (Eq. (4)), A = (0.414b-2t)/t for octagonal
tubes (Eq. (6)), and A = b/t for circular tubes (Eq. (5)). The buckling
strengths F,, of circular and octagonal tubes are significantly greater
than that of square tubes. In particular for thin-walled tubes of b/
t > 80, the elastic local buckling strength F,, is greater in the order of
square, octagonal, and circular tubes. Considering that the buckling
resistance highly depends on the section shape, such strength hierarchy
is reasonable. Fig. 9(c) plots the buckling strengths of the Q-type and T-
type tubes (t = 4.5 mm thickness) used for Q4.5S, T4.5S, and T4.5R.
Although both Q4.5S and T4.5S use Eq. (4), F. of Q4.5S computed
using the effective width by (A = 68.0, refer to Fig. 1) is significantly
greater than that of T4.5S using the overall width b (A = 86.9). For the
regular octagon tube of T4.5R using Eq. (6) (A = 38.0), the buckling
strength becomes almost two times F,, of T4.5S.

Once the buckling strength F,, of the steel tubes is determined from
Egs. (4) and (6), the effective stress—strain relationships of octagonal
tubes accounting for local buckling under compressive loading can be
idealized as follows (see Fig. 10):

e For F, < F, (see Fig. 10(a)):

Before local buckling occurs, the stress of the steel tube, d;, increases
up to F,, with increasing ¢. Local buckling occurs at ¢ = ¢, (or
o; = F,), and then it is assumed that o, decreases linearly with in-
creasing &, with a post-buckling modulus Egp,.

® For F,, = F, (see Fig. 10(b)):

Since F,, is greater than the yield strength F,, yielding of the tube
occurs before local buckling. In this case, o, increases up to F,. If the
steel tube is a noncompact section, o; is assumed to decrease linearly
from F, with Eg;, as e increases. On the other hand, if the steel tube is a
compact section, o, is assumed to remain constant at F,,.

For thin-wall tubes, the load-carrying capacity is maintained or in-
creases with increasing deformation even after local buckling, as
stresses are redistributed from the heavily buckled central region to the
edge or corner region [20,12,21]. For the octagonal tubes investigated
in this study, the rib plates embedded within the infilled concrete can
also contribute to the post-buckling strength. The post-buckling

g, o
Compact
F, |- F
y y INOnCO
2 — Slender 5 Mpact Egpp
i ESPb i
£/ £/ |
éc, £ g, £
(@) F, <F, (b) F, 2F,

Fig. 10. Effective stress—strain relationships of steel tube accounting for local
buckling.
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behavior of the octagonal tubes can be investigated in detail based on
the effective width approach [20,12]. However, considering the buck-
ling strength and stress-strain relationships in Fig. 10 are established
based on the average stresses and strains for the whole tube section, the
effective width approach may not be appropriate.

In this study, to account for a gradual deterioration behavior after
elastic or inelastic local buckling, the effective stress—strain behavior of
the octagonal tubes is idealized as a bilinear relationship with a post-
buckling modulus. The post-buckling modulus was approximated as
Egp = 0.03E,, based on the existing models by Sakino et al. [14] and Lai
and Varma (2005) [11] as follows. Sakino et al. [14] and Lai and Varma
(2005) [11] proposed simple and straightforward models for the steel
tubes of rectangular and circular CFT columns, based on the 114 CFT
short column tests and the comprehensive 3D finite element analyses of
CFT columns with a wide range of geometrical and material properties.
According to the Lai and Varma’s model, the post-buckling behavior of
rectangular and circular tubes under compressive loading is approxi-
mated as trilinear and bilinear curves, respectively. For rectangular
steel tubes, the decrease in the steel stress after local buckling on the
descending branch stops at two times the steel yield strain, and then the
steel stress is maintained constant. On the other hand, for circular
tubes, the post-buckling deterioration is negligible, and thus the stress-
strain behavior of the steel is idealized as elastic-perfectly plastic. For
the OCFT columns investigated in this study, Q4.5S, Q6.0S, T4.5S,
T6.0S, T6.0S-75, and T6.0S-150 have octagonal tubes with the section
geometry close to square, whereas T4.5R and T6.0R have octagonal
tubes with the section geometry close to circle. Thus, for consistent
modeling of the octagonal tubes, a bilinear model with a post-buckling
modulus of Eg, = 0.03E; is applied for noncompact and slender tube
sections, regardless of the section geometry.

4.2. Effective stress—strain relationships of infilled concrete

For the infilled concrete confined by square tubes, strength increase
due to confinement is limited. Thus, for the octagonal tubes with the
section geometry similar to a square, a simplified stress—strain (o.-¢)
relationship proposed by Tomii and Sakino [19] is used (see Fig. 11(a)).
In this o—¢ relationship, strength increase due to confinement is ig-
nored; instead, the ductility and residual strength are significantly in-
creased, as follows:

’ € € 2
fl12 o)\ for € < g,
f! for e, < € <0.005

£/ = = B)f! (1.5-100) for 0.005 < & < 0.015
ﬁL‘fc/ for 0.015 < ¢ (8)

o.(e) =

where o.(¢) = stress of the concrete varying with ¢; &, = strain at
which the compressive strength f,'is reached (=0.002 mm/mm); and f3.
(=1.0) = residual strength ratio. 3. depends on design parameters,
such as the shape and b/t ratio of the steel tube. For the OCFT columns,
the strength degradation after local buckling was negligible, and rather

P -

c
B.1: B.1:
B.=085
N,

\-Spirals £, 0.005

(a) Concrete A, within octagonal tubes
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increased due to hardening, as shown in Fig. 5. Thus in this study,
B. = 0.85 is used.

For OCFT columns with regular octagon tubes, the strength of the
infilled concrete can increase due to confinement (refer to Fig. 5(d)).
Thus, the stress—strain curve of such infilled concrete can be defined
using Eq. (8) by replacing f.' with f..". The enhanced concrete strength
due to confinement, f.., is determined using the effective lateral pres-
sure f;, as follows [5,16].

fo =10+ 370 ©)
f'1.35

f = =35RT— + 0.22f* for regular octagon tubes

: K ‘ (10)

In Eq. (10), f; is taken as zero for R > 0.85, because if the slen-
derness ratio (or width-to-thickness ratio) is large, the strength increase
due to the confinement vanishes [16].

For the concrete confined by spiral reinforcement, both the strength
and ductility increase. For such confined concrete, the stress-strain
curve proposed by Mander et al. [13] is used as follows (see Fig. 10(c)):
, xr
O an

where f,.' = compressive strength of the confined concrete (see Eq. (9));
fi = effective lateral pressure due to confinement; e.. = & [fm'/fc'lz; X
= ¢/ec; T = E./[E, -E.l; E. = elastic modulus of concrete (=4500Vf.";
and E,. = secant modulus at the peak point (=f."/e.). For the con-
crete confined by the spiral reinforcement, f; is defined as follows [5]:

1 N
= —0, 1 — — | for spiral reinforcement
h 2@1‘;3( DS) P (12)
where p; = spiral reinforcement ratio; f,, = yield strength of spiral
bars; and s and D; = spacing and diameter of the spiral reinforcement,
respectively.

4.3. Results of strain-compatibility analysis

Fig. 12 shows the results of strain compatibility analyses for eight
OCFT column specimens. The results of the analysis and test are de-
noted as solid and dashed lines, respectively. The analysis was per-
formed using the effective stress—strain relationships proposed in the
previous section (see Figs. 10 and 11). For comparison, the plastic
strength P,, yield strength Py, and elastic buckling strength P,,, specified
in AISC 360-16, are also represented as horizontal solid, dotted, and
dashed lines, respectively. P,, P, and P, are computed as follows:

P, = AF, + GAf! 13)
P, = AjF, + 0.7A.f] 14)
By = AsEy + 0-7Acf0’ (15)

For 4.5S, Q6.0S, T4.5S, T6.0S, T6.0S-75, and T6.0S-150, C, = 0.85
was used in Eq. (13), and F,, (<F,) was computed using Eq. (4). For

E.wy ,~—Confined concrete
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(b) Concrete A, confined by spiral reinforcement

Fig. 11. Effective stress—strain relationships of concrete accounting for confinement.
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Fig. 12. Comparison of strain-compatibility analysis with test.

T4.5R and T6.0R, with the section geometry close to regular octagon,
C, = 0.95 was used and F.. (<F,) was computed using Eq. (6).

For Q4.5S, Q6.0S, T4.5S, T4.5R, and T6.0R, the results of the strain
compatibility analysis agreed relatively well with the tests. Although
differences around the yielding points between the analysis and test
were noticeable and the post-yield or post-buckling hardening behavior
was not well captured by the analysis, the variation of the compression
strengths after the yielding points remained mostly within the shaded
bands between P, and P,, for slender sections, or between P, and P, for
noncompact and compact sections. However, for T6.0S, T6.0S-75, and
T6.0S-150, the maximum strengths predicted by the strain compat-
ibility analysis were much greater than the test strengths, and even
greater than the plastic strengths P,. In particular, for T6.0S-75 and
T6.0S-150 using spiral reinforcement inside the tubes, the strength in
the region 0.002 mm/mm 0.005 mm/mm was significantly
overestimated, whereas the strength in the region ¢ > 0.005 mm/mm
was underestimated.

The discrepancy between the analysis and test in Fig. 12 indicates
that the effective stress-strain relationships based on the average
stresses and strains of the whole steel section need to be improved in
the future, considering the following aspects:

<

= &

(1) For thin-walled tubes with initial imperfection, local buckling be-
gins to occur at a load level less than the theoretical buckling load
[20]. This indicates that in Fig. 10, the stress-strain curves for
buckled steel tubes, which are sharp at the buckling point, need to
be modified as a smooth shape so that gradual transition from linear
elastic behavior to post-buckling behavior can be represented.

(2) Since there is no reinforcement for the concrete inside the tube, the
concrete strength may not be fully developed after the tube buckles.
Thus for slender and noncompact sections, the peak stress of the
concrete needs to be less than f.' (see Egs. (14) and (15)). For ex-
ample, Sakino et al. [14] reported that the compressive strength of
short CFT columns decreased with increasing column dimension
over the size of concrete cylinders used for material strength testing
(i.e. 100 mm, scale effects). In fact, the compressive strength of CFT
columns is significantly affected by the concrete strength, whereas
the flexural or flexure-compression strengths are more affected by
the steel tubes. Thus when estimating the axial strength of CFT
columns under pure compressive loading, care should be taken not

10

to overestimate the contribution of the concrete. Considering the
consistency with the concrete design code such as ACI 318-19 [1], a
reduction factor 0.85 for the infilled concrete may be appropriate.

(3) Inside the thin-walled tubes, strength increase due to confinement
in the infilled concrete is limited or delayed (refer to the post-yield
behavior in Fig. 5(c) and (d)). This is because the thin tube wall
with negligible out-of-plane stiffness does not develop confinement
until the infilled concrete significantly dilates under large inelastic
deformation. Considering that large dilation in the filled concrete
occurs only after severe cracking and crushing failure take place,
the consequent strength increase in the filled concrete may be
limited because strength increase by the confinement is cancelled
out by strength loss by the cracking and crushing.

4.4. Compression strength of AISC 360-16

The compressive strength P,, of CFT columns can be computed as
follows (AISC 360-16):

B, for A > 4,
Py—P,
Bo=1B,— (A:)—Apy)z(/l — ) ford, >4,
P, for A > A, (16)

where A, and A, are the limits of slenderness ratio for the classification
of CFT sections (refer to the footnotes of Table 1). P,, P,, and P, are
computed using Egs. (13)-(15).

Table 2 shows the design strengths P,, of the OCFT column speci-
mens. The design strengths are also represented as horizontal lines in
Fig. 5. For Q4.5S, Q6.0S, T4.5S, T6.0S, T6.0-75, and T6.0-150, with the
section geometry close to square, P,,, was determined using the AISC
360-16 provisions for square columns. For T4.5R and T6.0R, with the
section geometry close to regular octagon, the provisions for circular
columns were used, except for F.,. computed by Eq. (6). As shown in
Table 2, the test-to-design strengths ratios, P,/P,,, were greater than
1.0 for all specimens. The mean and coefficient of variation were 1.09
and 0.044, respectively. This indicates that the existing AISC 360-16
provisions for square and circular CFT columns are applicable to the
OCFT columns tested in this study.
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Table 2

Design strengths P, by AISC 360-16.
Specimens P, (kN) Aegy P Ap A Pro (kN) Pno/Py
Q4.58 7,197 68.2 45.7 60.7 6,216 1.16
Q6.0S 8,714 50.7 50.0 66.4 8,018 1.09
T4.58 6,225 86.9 45.7 60.7 5,210 1.19
T6.0S 7,820 64.7 50.0 66.4 7,526 1.04
T6.0S-75 8,213 64.7 50.0 66.4 7,526 1.09
T6.0S-150 7,969 64.7 50.0 66.4 7,526 1.06
T4.5RY 6,707 88.9 61.3 77.7 6,188 1.08
T6.0RV 8,064 66.6 73.5 93.1 7,713 1.05

1) P,, was computed in accordance with the provisions for circular columns,
except for F,.. F., was computed using Eq. (6) (A = D/t = 180/4.5 = 40 for
T4.5R, and 180/6.0 = 30 for T6.0R).

5. Summary and conclusions

In this study, the compressive behavior of concrete-filled octagonal
thin-walled tube (OCFT) columns were investigated. The conclusions of
this study are as follows:

1) Buckling modes and strength were significantly affected by the
section geometry and slenderness ratio of the steel tubes. For the T-
type octagonal tubes with the section geometry close to a square,
buckling modes were similar to those of square tubes. For the Q-type
tubes where the corners were fully clamped by the rib plates, the
effective width of the tube wall was reduced, and the consequent
buckling strength was increased. For regular octagon tubes, buck-
ling modes were similar to those of circular tubes.

2) For all specimens, the octagonal thin-walled tubes underwent elastic
or inelastic local buckling. Despite such local buckling, the post-
buckling behavior of the OCFT columns was highly ductile. The
post-buckling strengths were maintained without degradation, or
even increased by the hardening behavior due to concrete confine-
ment.

3) The compression strengths of the OCFT columns were estimated
based on the AISC 360-16 provisions for square and circular col-
umns. For the octagonal tubes with the section geometry close to a
square, the buckling strength F,, was estimated based on the effec-
tive width using the equation for square tubes. For the regular oc-
tagon tubes, the theoretical F,, proposed by Susantha et al. [16] was
used. The test-to-design strengths ratios were greater than 1.0 for all
specimens, and the mean and coefficient of variation were 1.09 and
0.044.

4) A strain compatibility analysis was proposed for the octagonal thin-
walled tube columns. For this, effective stress—strain relationships of
the steel tube and infilled concrete that accounted for the effects of
local buckling and confinement were suggested. Overall, the ana-
lysis results agreed reasonably with the tests. However, the strengths
at the points of local buckling and yielding were overestimated, and
the subsequent post-yield or post-buckling hardening behavior was
mostly underestimated.
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