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The ultimate flexural strength of concrete-filled steel tubular (CFST) beam-
columns is calculated using the full-plastic strength as per the “AlJ Recommen-
dations for Design and Construction of Concrete Filled Steel Tubular Struc-
tures”. However, the full-plastic strength might overestimate the ultimate
strength of rectangular CFST beam-columns, when the width-to-thickness ratio
is significant and/or high-strength materials are used. The calculation of the
ultimate flexural strength when it exceeds the applicable range of AlJ CFT rec-
ommendations is based on a method that considers the stress reduction on
the compression side of the steel tube or outermost edge strain of the con-
crete. However, both stress reduction and outermost edge strain should be
considered when high-strength materials are used in CFST for accurate ulti-
mate strength formulas. In this study, a simple evaluation method for the ulti-
mate flexural strength of rectangular CFST beam-columns was proposed using
the maximum strain at the extreme concrete compression fiber and stress
reduction on the compression side of the steel tube. In addition, the appropri-
ate strain at the extreme concrete fiber needed to accurately calculate the ulti-
mate strength was discussed.
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applied by considering the decrease in strength by the local

1. Introduction buckling of the steel tube compression side. The rectangular

In the “AlJ Recommendations for Design and Construction of
Concrete Filled Steel Tubular Structures” (AIJ Recommenda-
tions),1 the ultimate flexural strength of a concrete-filled steel
tubular (CFST) beam-column is calculated using the full-
plastic flexural strength assuming a rectangular stress block.
The full-plastic flexural strength is also used for the ultimate
flexural strength in other standards.”™ However, the flexural
strength of a rectangular CEFST calculated using the full plastic
stress block may be overestimated when the width-to-thickness
ratio is significant and/or when high-strength concrete and
high-tensile-strength steel are used. In the AIJ Recommenda-
tions, the modified calculation method for the ultimate flexural
strength has a criterion wherein a large width-to-thickness ratio
of the thin-walled steel tube and high-strength concrete are
beyond the scope of application."> The modified method is

stress distribution is still used as the stress block shape. How-
ever, the stress around the neutral axis typically remains within
the elastic range. The effect of the stress distribution in the
elastic range on the flexural strength increases when a high-
tensile strength steel is used.

In contrast, another strength evaluation method uses the
strain limit at the extreme concrete bending-compression fiber
to calculate the ultimate flexural strength.®® This method is
useful because it considers the effect of the stress of the steel
tube part in the elastic range as the strength, if the strain at the
extreme concrete fiber is regulated. The elasto-plastic model is
used for the stress—strain relationship of steel. In the “ACI
Building Code Requirements for Structural Concrete
(ACISlS)”,6 the maximum strain at the extreme concrete com-
pression fiber is assumed to be equal to 0.003. The regulated
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strain at the extreme concrete fiber is set based on the concrete
compressive strain during concrete crushing. This value is
acceptable for calculating the ultimate flexural strength of rein-
forced concrete sections. However, in the case of the CFST
members, the filled concrete is confined by a steel tube. There-
fore, the strength of the concrete does not suddenly deteriorate
if the strain exceeds the compressive strain during concrete
crushing.

In the “AlJ Design Standard for Steel Tube and Concrete
Structulres”,9 a strain value of 0.004 was used at the extreme
concrete compression fiber for the filled and encased type steel
tube and concrete columns. Kido and Tsuda® used 0.004 and
0.008 as the strains at the extreme concrete fiber for rectangu-
lar CFST columns. The ultimate flexural strength using the
strain at the extreme concrete fiber and full-plastic flexural
strength were compared. However, the appropriate strain at the
extreme concrete compression fiber at the ultimate flexural
strength was not examined.

The ultimate flexural strength of the current AIJ Recommen-
dations is appropriate if the parameters are within the scope of
application of the recommendations. However, there are many
cases wherein high-strength materials out of the scope of
application of the AIJ Recommendations are used, particularly
in recently constructed CFST structure buildings. Moreover, in
the future, the use of 800 MPa class high-tensile-strength steel
and 150 MPa class high-strength concrete is expected. There-
fore, the scope of application of the standards and/or recom-
mendations should be expanded. If the use of high-strength
materials becomes common, the effect of the strength of the
materials on the strength of members cannot be ignored. Thus,
the validity of the currently used design formulas must be re-
examined. Based on this background, a calculation method for
the ultimate flexural strength was proposed, considering both
the strains at the extreme concrete compression fiber and the
strength decreases caused by the local buckling at the com-
pression side of the steel tube.

The experimental data obtained from the pure bending tests
were compared with the calculated flexural strength to explain
the basic structural performance and capacity of the CFST
beam-columns. Because the experimental results of the
flexure-shear loading tests include the strength increase due to
the end restraint. However, the number of specimens by pure
bending is limited.

2. Comparison Between the Experimental Data and AlJ
Recommendation’s Formula

In AIJ Recommendations Part 2 “The structural design and
construction method”, the ultimate flexural strength of the rect-
angular CFST beam-column is calculated using the generalized
superposed strength (full-plastic flexural strength). It assumes
the full-plastic stress distribution of the concrete and steel tube
(see Figure 1). For the rectangular CFST, the strength increase
owing to the confined effect is not considered in the design
formulas in a visible form. However, 1.0 can be used as the
strength reduction factor of the concrete (.ry).

Figure 2 shows the comparison between the AIJ Recommen-
dations’ ultimate flexural strength and the maximum flexural
strength measured by experiments on rectangular CFST beam-
columns.>'*'* Data from 36 specimens of pure bending
experiments of rectangular CFST beam-columns conducted in
and out of Japan were used for comparison. The number of
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FIGURE 1. Stress distribution at the ultimate flexural strength using
the AlJ CFT Recommendations

LT} Mean value: 0.917
Standard deviation: 0.103
e
O g % O
ool Mo O o 5
= o) O 0
T 081 6 o
£ o)
= o7f
O
0.6 |-
(@) B/t in the scope of application |
05| O B/t out of the scope of application
200 300 400 500 600 700 800
f, (MPa)
FIGURE 2. Comparison between the experimental maximum flexural

strength and the ultimate flexural strength by AlJ Recommendations

specimens is insufficient for the proposition of comprehensive
design formulas. However, there is no problem with qualitative
estimation and a certain degree of quantitative estimation. The
ranges of the width-to-thickness ratio and material strength are
relatively wide. Some specimen parameters exceed the scope
of the application of the AIJ Recommendations. The limit
width-to-thickness ratio for CFST beam-columns is 1.5 times
the limit ratio for the hollow steel sections as shown in Equa-
tion 1. The calculated strength used in the comparison as the
ultimate flexural strength was the full-plastic strength written
in AIJ Recommendations Part 2.

B E,
== 1.6\/%>< 1.5 (1)

The mean value of the strength ratio of the experimental
maximum flexural strength and ultimate flexural strength of
the AIJ Recommendations is 0.917. The calculated strengths
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tend to overestimate the experimental strengths: the standard
derivation exceeds 0.1, and the variability of the data is
large. In particular, the strength ratio is considerably small in
the specimens using high-tensile-strength steel, which is out-
side the scope of application. Even in specimens with steel
yield stresses of approximately 300 MPa, the flexural strength
ratios were less than 1.0 in many cases. However, most of
the specimens with strength ratios less than 1.0 were speci-
mens using ultra-high-strength concrete. Their width-to-
thickness ratios were larger than the width-to-thickness ratio
limit in the AIJ Recommendations. Some specimens had flex-
ural strength ratios of less than 1.0, although the specimen
parameters were within the scope of application of the AIJ
Recommendations.

In addition, for the case using the steel tube with a large
width-to-thickness ratio and/or high strength concrete, which is
out of the scope of application of the AIJ] Recommendations,
the modified calculation method for the ultimate flexural
strength is specified in the AIJ Recommendations Part 1
“Structural performance of the concrete-filled steel tube mem-
bers and frame”.'”

Figure 3 shows a comparison between the modified strengths
of the AIJ Recommendations and the experimental data. The
flexural strength ratios were approximately 1.0 and the vari-
ability of the data was decreased. Most specimens using high-
tensile-strength steel with f, > 600 MPa were overestimated.
This tendency is observed in the relationship between the flex-
ural strength ratio and yield stress of steel, where the strength
ratio decreases when the yield strength of steel increases. The
modified strength evaluation method is inappropriate when
high-tensile-strength steels are used. This is because the effect
of the strain distribution in the elastic range of the steel section
around the neutral axis is not considered for the modified flex-
ural strength of the AIJ Recommendations. The modified
strength was proposed by focusing on the stresses of concrete
and effect of the width-to-thickness ratio when high-strength
concrete and thin-walled steel tube are used. The effect of the
material strength of the steel is significant; further, the
strength-related error becomes significant if high-tensile-
strength steel is used.
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FIGURE 3. Comparison between the experimental maximum flexural
strength and the modified ultimate flexural strength by AlJ Recom-
mendations
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3. Proposed Ultimate Flexural Strength for Rectangular
CFST Beam-Columns

3.1 Strength considering the maximum strain at the extreme
concrete compression fiber

The ultimate flexural strength was determined by regulating
the strain at the extreme concrete compression fiber .e,. The
stress—strain relation of the steel part was assumed to be an
elasto-plastic relation. For simplification purposes, the stress—
strain relation of the concrete part was assumed to be an
elasto-plastic model with a linear equation until the maximum
stress point (.€y, f.) and constant strength of f,. after the peak
point. The tensile strength of concrete was neglected in the
flexural and axial strength calculations.

Figure 4 shows the stress distribution of the ultimate flexural
strength. Figure 5 shows a comparison between the ultimate
flexural strength considering the strain at the extreme concrete
fiber and the experimental maximum flexural strength. Here,
the strengths were calculated using the strain at the extreme
concrete fiber, ., = 0.004. The mean value of the strength
ratio obtained from the experimental data was approximately
1.0. However, the standard deviation was still large. The
strength ratios were approximately less than 10% of the errors.
The ultimate strength considering the strain at the extreme
concrete fiber showed a better evaluation than the formula
from AIJ Recommendations. However, the calculated strength
considerably overestimated the experimental maximum flexural
strength when a high-tensile-strength steel larger than

fy = 600 MPa was used. The bearing stress at the compression

side of the steel tube could be decreased owing to the occur-
rence of local buckling because the width-to-thickness ratio of
these specimens is significant.

Expecting the yield stress of steel at the bending compres-
sion side of the steel tube might lead to the risk of overestima-
tion when a high-tensile-strength steel is used and the width-
to-thickness ratio of the steel tube is significant. However, the
strength ratios were less than 1.0, even when the yield stresses
of the steel tube were approximately 300 MPa when the AIJ
Recommendations’ ultimate flexural strength was used. The
flexural strength ratio using the strain at the extreme concrete
fiber became larger than that using the strength from AIJ Rec-
ommendations.

3.2 Strength considering the maximum strain at the extreme
concrete compression fiber and the stress reduction on the
compression side of the steel tube

In the previous section, the maximum flexural strength of a
rectangular CFST was evaluated by regulating the strain at the
extreme concrete compression fiber. This is true even if high-
tensile-strength steel is used, which is outside the application
of the AIJ Recommendations. However, the stress of the steel
tube at the compression side may not reach the yield stress if
a thin-walled steel tube is used because of the stress reduction
owing to the occurrence of local buckling.

In this study, a method for evaluating the ultimate flexural
strength of rectangular CFST columns was proposed. The
reduction in the compressive stress of the steel tube owing to
local buckling was considered in addition to the regulation of
the strain at the extreme concrete compression fiber .e,. Fig-
ure 6 shows the stress distribution of the steel part for the
proposed ultimate flexural strength. The stress distribution for
the concrete part was the same as that described in the previ-
ous section. As in the previous section, .g, = 0.004 was used
as the strain at the extreme concrete compression fiber. For
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FIGURE 4. Stress distribution of ultimate strength considering the strain at the extreme concrete compression fiber: Stress distribution of (A)

steel and (B) concrete sections
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FIGURE 5. Comparison between the experimental maximum flexural

strength and the calculated ultimate flexural strength considering the
strain at the extreme concrete compressive fiber (¢, = 0.004)

the reduction factor of steel, the stress at the compression
side owing to the local buckling of the steel tube (Equation 2)
was used. It was obtained using the compression test results

of the rectangular hollow steel tube’s compression test
results.'® The formulas proposed in this study are shown in
Appendix A.

By

S=151e %% g =
t \E,

2

where a is the normalized width-to-thickness ratio, B is the
width of the steel tube, ¢ is the thickness of the steel tube, f, is
the yield stress of steel, and E; is the Young’s modulus of the
steel.

Figure 7 shows a comparison between the experimental
maximum flexural strength and the proposed ultimate flexural
strength considering the strain at the extreme concrete fiber
and the stress reduction at the compression side of the steel
tube. Extreme concrete fiber strains of 0.004, 0.005, 0.006, and
0.008 were examined. The flexural strength calculated using
&, = 0.004 accurately predicted the experimental data and
was approximately safe regardless of the yield stress of the
steel tube and width-to-thickness ratio (see Figure 7A). The
tolerance is small.

The strain at the extreme concrete compression fiber
&, = 0.004 used in this study was assumed to be the minimum
limit for calculating the ultimate flexural strength of the rect-
angular CFST beam-column.
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FIGURE 6. Stress distribution of proposed ultimate flexural strength (steel section)
1.3
1.3 -.£,=0.004 Mean value: 1.050 .£,=0.005 Mean value: 1.008
Standard deviation: 0.049 1.2 Standard derivation: 0.053
1.2 |
o 5 O L1} &

s 11| o s g o e)
= 8 ED g o = 1 E@ =] (0} B
P B—= 3 5| o

£ E 09} o O
S oof O s 0

0.8 |
0.8 - ®) B/t in the scope of application O B/t in the scope of application
0.7 O B/t out of the scope of application 0.7 [m] B/t out of the scope of apoplication
| | | | | | | 06 | | | | | | |
200 300 400 500 600 700 800 200 300 400 500 600 700 800
f, (MPa) f, (MPa)
A B
12 -.£,=0.006 Mean value: 0.988 12 -.&,=0.008 Mean value: 0.970
Standard derivation: 0.061 Standard derivation: 0.073
1.1} E) 1.1+

R e
= O o ° = ® 8
S 09} oﬁ S 09} g o & e

g o) ] a g O
= = o

0.8 |- 0.8 | O o
0.7 |- ) o 0.7 | . -
(@) B/t in the scope of application (@) B/tin the scope of application
0.6 a B/t out of the scope of application 0.6 O B/t out of the scope of application
200 300 400 500 600 700 800 200 300 400 500 600 700 800
f, (MPa) f, (MPa)
C D
FIGURE 7. Comparison between the proposed ultimate flexural strength and the experimental data: The strain at extreme concrete fiber is (A)

£y = 0.004, (B) .y = 0.005, (C) £y = 0.006, and (D) £y = 0.008

For the strain at the extreme concrete compression fiber
£, = 0.005, the mean value of the strength ratio was 1.008.
The standard deviation was 0.053. On average, the calculated
ultimate strength accurately predicted the maximum strength.
However, the tendency of the strength ratio decreases to the
right with an increase in steel strength when a high-strength

Jpn Archit Rev | 2023 | 5

steel is used. Furthermore, the strength ratios of some of the
specimens were less than 1.0.

Considering the strains at the extreme concrete compression
fiber ., = 0.006 and 0.008, the strength ratio becomes approx-
imately 1.0 for particular specimens. However, the flexural
strength ratio for specimens using high-tensile-strength steel
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becomes significantly less than 1.0. The strains at the extreme
concrete fibers of 0.006 and 0.008 were overestimated.

4. Concluding Remarks

In this study, an evaluation method for the accurate ultimate
flexural strength of a rectangular CFST beam-column using
materials with a wide range of strengths and steel tubes with
large width-to-thickness ratios was proposed. The proposed
ultimate flexural strength regulates the strain at the extreme
concrete compression fiber and stress reduction of the steel
tube at the compression side. The following conclusions were
drawn from the comparison with the experimental data.

1 The proposed ultimate flexural strength can be evaluated
well and safely even for a large width-to-thickness ratio
using high-strength materials if the strain at the extreme
concrete compression fiber is ., = 0.004.

2 For the strain at the extreme concrete compression fiber
£, = 0.005, the calculated ultimate strength accurately pre-
dicts the average maximum strength.

3 For the strains at the extreme concrete compression fiber
£u = 0.006 and 0.008, the flexural strength ratio is signifi-
cantly less than 1.0, for the specimens using high-tensile-
strength steel. The strains at the extreme concrete fibers,
0.006 and 0.008, were overestimated for a steel tube with a
large width-to-thickness ratio and when high-strength mate-
rials are used.
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Appendix A

The formulas for the ultimate flexural strength of the rectangular CFST beam-columns proposed in this study, considering the
maximum strain at the extreme concrete compression fiber and the stress reduction on the compression side of the steel tube, are
as follows. The flexural strength of CFST beam-columns can be calculated as the sum of the strengths of the steel and concrete
parts. The formulas for the strength of the steel part and the concrete part are listed in the following tables.

N, :sNu+(-Nu

(AD)
M, = M, + M,

A. Steel tube part

M for
_ 2
0<x,< % N =21, (2);,—0 + 2t )fy—{B -ty + 2t (xa— %) } (1=8)f,— 1 - X, (1=8)°f,
‘ —t
Mu=B- thf (L+8)fy + 1w (D—th—x,, +5- sxy) (xn_S ' .rx)’)S fy
+t,, (D—2tf—x,, —Sxy) (xn + Sxy) y
D 2 D 2
Ty S x| 5 X + 38X | S fy Fh s | =5 2y |,
2 3 ’ 2 3
2
D—2tf—x
@ for Nu=B{(1+S8) - t7=D +x, + x, }f) + 1 (26— - x,)S - f, =1y - % fy
D2t D—y §
1+8y/c <x < 1+€‘-/CE“ Sxi_ (D—2tf—x,,)2
e 2xx)' y
D—tf
My =B tp=ES [+t (D=2tr—x, + S - x,) (=S - %,)S -
2
D 2 ) (D—2ty—x,)" D-2t; +2x,
+ty - Xy <E —tp—xp + gS . sx,V>S 'fy + by - X : 6 'f,\,
B 22— (D-2t—x,)’ Dy o 20y=20 p ]
- X,— = Xp— Xy— -+ X, ,
2 A‘xy o 2 ! ! 3(sxy +D—2[f_x") o ! ! !
B
+5 (D=tr=x=gx%) (17 + 2+ % )f
2
2 (D—2ty—x)
G for | s Nu=B-t1r-S-f,+20 (=S )S - f, +tw- x-S ‘fy*’w'ffy
_tf — lff 5 y
T/ <x, < 5oy, B 2D—3t;—2x, b f
_Z. gy
2 sty !
D*l‘f
M,=B- thS fyt it (x,,—S . Sxy) (D—th—x,, +S- Sxy)S -fy
2
D 2 2 (D—th—xn) D—2tf + 2x,
Fhy - Xy <E —tr—Xx, + §S ‘ Sxy)S Syt . . 6 -y
B 2D—3t—2x, (D  3D—5t;—3x,
T s )
sy b= x”)
@ for B(S-x,~x,+D—1;)’
— — _ sy "Xy
lf)sj;{su <x, < 17@‘4}% = A xS f,- EE )

sNu

2
M. = B(S-\xy—anertf) D _ S xy—x+D—if f
su 2 3 y

2%,

Jpn Archit Rev | 2023 | 7

85U8017 SUOWILIOD BAIERID 3qedldde au Aq pausenob afe sajole YO ‘8sN JO Sa|N. 10} Akeud 78Ul JUO AB|1A UO (SUOTIPUOD-pUe-Sw.slwoo A3 1M Arelq 1 Ul [UO//:SAny) SUORIPUOD pue SWe | 8 885 *[£202/60/9T] Uo AriqiTauliuo AW ‘AsIeAIuN 840X Aq 9E€2T 9/88-G/1Z/Z00T OT/I0p/wod A8 1M Afeiq1jeul|uoy/sdny wolj papeojumod ‘T ‘€202 ‘92885.12



FUJINAGA wileyonlinelibrary.com/journal/jar3
Ny =,AxS-f,
G)  for M. —
D—1y sViu —
Xnp 2 W

B. Filled concrete part
m for ;

0<x,<.D CNu:CB(xn_%)fc

D x—, B .D
CM“ = cB (xn—cxo) (LT - %)fc + 5 Xo (7 —Xp + %cxo)fzr
@ for 2 2
B X;—(xa—.D
CD S X, < % CNu - CB(Xn_CxO).fc +L7 L0 ((.X(J ) fc
ED Xn —L,X()
My = CB(X”_CXO) (7 ) )fc
2
B .x%—(xn— _D) D  xy+2x,-2.D
.0 M ) = xg— e T T (xg—x, + D
2 X0 2 T 3(x0 4+ xa—.D) (0 D) |
3) Nu=A-fc
for P My =0
Xn Z |*0£%8,4

where B: Width of the steel tube, D: Depth of the steel tube, #: Thickness of the flange, #,: Thickness of the web, .B: Width of
the concrete section (= B — 2t,,), .D: Depth of the concrete section (= D — 2t (A: Cross-sectional area of the steel section, .A:
Cross-sectional area of the concrete, f,: Yield strength of the steel tube, f.: Compressive strength of the concrete, e,: Yield stress
of the steel, .&p: Strain at the compressive strength of the concrete (= 0.93 fc”4 10_3), «£,: Strain at the extreme concrete com-
pression fiber, S: Stress reduction factor of the steel, x,: Distance from the neutral axis from the extreme concrete compression
fiber, x,: Distance from the neutral axis from the point steel yield, .xo: Distance from the neutral axis from the point where the

strain reached the compressive strength of the concrete.

&y

Ky = Exn (A2)
o=, (A3)
68“
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