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Three—dimensional subassemblages consisting of a concretefilled steel tubular
column and four H-shaped beams are tested under a constant axial load on the column, con-
stant beam loads in the minor direction, and alternately repeated beam shear in the major direc—
tion simulating the earthquake loading. The specimens are designed for two types of the failure
mode; shear failure of the beam—to-column connection panel, and flexural failure of the
column. The paper presents the test results, and discusses the hysteretic behavior, the maxi-
mum strength, the energy dissipation capacity, and failure configuration of each specimen,
comparing the test results with the results of analysis. It is concluded that the panel-failing
specimens are more stable and exhibit more energy dissipation capacity compared with the
column~failing specimens, the strength of the panel-failing specimen exceeds the calculated
strength and reaches the strength corresponding to the column failure, although the connection
panel yields in shear, and the specimen subjected to the bi-axial bending in the column be-
comes unstable due to excessive deformation of a doglegged shape in the minor direction.

Key Words: CFST, space frame, three-dimensional loading, bi—axiai bending, maximum
strength, hysteretic behavior, energy dissipation capacity, failure mode

1. INTRODUCTION

Recently mixed structures start to appear in the construction practice, which combine different types of struc—
tural systems together to develop a new type of more efficient structural system. However, the construction of such a
mixed structure using new system and technique is not very easy, because of the requirements by the Building Stand-
ard Law which are specified for each of single types of structural systems separately. In other words, the Law could
not follow the speed of new constructional developments, and the design standards are not yet prepared to evaluate the
structural safety of such mixed structures.

The research presented here deals with the concrete—filled steel tubular (CFST) structure which is one of the
popular samples of mixed structures. The CFST structures have not been often constructed mainly because of the
administrative regulations stated above, but its structural characteristics have been clarified by the extensive investiga—
tions. According to Ref. [1], the first construction example of CFST structure is Severn Bridge completed in 1879 in
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England, and the first research report was by T.S. Swell in 1902 on CFST members, in which filled concrete was used
as anti-corrosion material. Until 1960's, the use of CFST members was limited to a compression member, and the
compression tests of concrete—filled circular tubes were conducted.

The application of a CFST member to the beam—column subjected to severe bending moment was then tried,
and the investigation of its flexural behavior was done in 1970's and after. Tomii and Sakino [2~4] confirmed that
CFST columns using square tube possessed sufficient strength and ductility except for those with very high axial load
ratio and/or large width—thickness ratio, and presented an evaluation formula for the flexural strength of CFST mem-—
bers. References [S, 6] concluded from the experimental results that the compression and flexural strengths of CFST
columns with rectangular tubes both exceeded the superposed strengths because of the interactive effects between steel
and concrete, that is , confining effect on concrete by steel tube, and restraining effect of concrete on the local buckling
of steel tube. On the other hand, it was concluded in Refs. [7] that those interactive effects were clearly observed in the
columns with circular tube, but not very clear in the columns with square tube. Comparison of the test results of CFST
members and pure steel members with square hollow section (SHS) showed that the limiting value of width~thickness
ratio of a CFST member could be relaxed to twice the value for a SHS member, if the same deformation capacity is
required [8], and that the reserved strength in a SHS member due to the strain-hardening was not necessarily observed
in a CFST member, if they were designed to have the same allowable strength for the short—term loading condition [9].
The analysis of the flexural behavior of CFST members was conducted in Refs. {10] where a multi-element model for
the cross—section was used with the bi-linear type stress—strain curves of steel with Bauschinger effect and the degrad—
ing type curve of concrete. Some innovations were found in Ref. [11] where filled—concrete in steel tube is confined
by high-strength spiral hoops arranged inside the tube, and in Refs. [12] where the super-strength concrete is filled by
the centrifugal casting method.

The researches on the beam-to-column connections in a CFST frame are separated into two groups; the
researches on the form of diaphragm in the connection between a CFST column and an H-shaped steel beam, and on
the connection between a CFST column and a member of different structural system. Matsui, et al. [13] investigated
two types of diaphragm; through—type diaphragm with opening for concrete casting, and outside ring-type diaphragm
which surrounds a CFST column without cutting it. The performance of the former type was proved to be better than
that of the latter. In addition, Matsui, et al. [14] proposed side stiffener-type and emphasized its efficiency and ap-
plicability to the real practice, based on the experimental investigation. Morita, et al. investigated the method of
strengthening the through-type diaphragm, and proposed formulas to evaluate the ultimate strength [15]. Innovations
to prevent the local distortion of the tubular cross section have been found. Kimura, et al. proposed the use of triangu—
lar stiffeners arranged inside the tube [16], and Ito, et al. showed the efficiency of increasing the thickness of the panel
portion of the tube with the longitudinal stiffeners, instead of the use of diaphragm in the beam~-to-column connection
[17, 18]. The use of the longitudinal stiffener was also proposed by Kimura, et al. [19], where the experiments and the
analysis showed that the thickness of the tube must be limited if the longitudinal stiffeners were used. An alternative
of the connection between a CFST column and an H-shaped beam without using diaphragm was shown by Nakamura,
et al. [20, 21], which was composed of the end plates of the beam and long high—strength friction bolts passing through
the connection panel.

As to the connection between a CFST column and a member of different structural system, the following
connections have been experimentally investigated; connection with a reinforced concrete flat slab [22], connection
with a steel reinforced concrete beam [23], and connection with a composite beam [24].

As stated above, the behaviors of CFST columns and of the connections with CFST columns have been
extensively investigated. In addition, investigated were the bond between the concrete and the steel tube, the efficien—
cy in concrete-filling around the connection using the through-type diaphragm, and the behavior under the fire load,
which are all important in a real construction practice. However, there have been no research found on the three—~
dimensional behavior of a frame consisting of CFST columns under the severe earthquake, in which the column behav—
ior under the bi-axial bending and the connection behavior under the three-dimensional loading may combinedly
appear. From this point of view, three-dimensional subassemblages consisting of a concrete-filled steel tubular
column and four H-shaped beams are tested under a constant axial load on the column, constant beam loads in the
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minor direction, and alternately repeated beam shear in the major direction simulating the earthquake loading. The
specimens are designed for two types of the failure mode; shear failure of the beam-to—-column connection panel, and
flexural failure of the column. The paper presents the test results, and discusses the maximum load carrying capacity,
hysteretic behavior, energy dissipation capacity and the failure configuration, comparing the test results with the results

of analysis.
2. EXPERIMENT
2.1 Specimen

Figure 1 is a schematic illustration of a specimen and loading condition. First, constant axial load P is ap-
- plied on the top of the column, and constant vertical loads W, and W,, which simulate long~term loads, are applied at
the tips of short beams (beam B). A couple of anti-symmetrical, alternately repeated load Q simulating earthquake
effects are applied at the tips of long beams (beam A). Experimental parameters are as follows: failure types (panel
failing type or column failing type); and pattern of the long-term loads on beam B, that is, (1) no loads (W,=W,=0),
(2) balanced loads (W, 2=Wl), (3) unbalanced loads (W2>W1), and (4) one-side load (W2=0). Constant bending
moment about x-axis (see Fig. 1) caused by W, and W, in the case of (3) and (4) is set equal to the allowable bending
moment of the specimen for long—term loading condition, calculated according to Ref. [25]. The axial load P is equal
to the value of 15% of the ultimate compressive strength of the column. Table 1 shows the correspondence between
the value of each parameter and the name of specimen.

Figure 2 shows the detailed shape and size of the specimen. The frame specimen consists of a CFST column
(0O-125x125x6) and H-shaped built-up steel beams (H-250x250x6x9) arranged in two directions. Beam—-to—column
connection of P-series specimen is made of steel tube ((]-125x125x4.5) and that of C-series specimen is made of a
box—shape built-up by welding steel plates (PL-9). Thus, the former fails in the panel shear in the connection, and
latter in the column flexure. Diaphragm plates whose thickness is the same as that of the beam flange pass through the
connection and have openings for concrete casting. The beams are designed so that they remain elastic until the end of
the test. Materials grades of steel portion are STKR400 for steel tube and SS400 for steel plate. Table 2 shows the
average values of mechanical properties obtained from the coupon test of steel and the cylinder test of concrete. The
mixture of concrete is shown in Table 3. Measured dimensions of each specimen are given in Table 4.

2.2 Test Set—up

Figure 3 shows the test set-up. The specimen @ is set in the loading frame @ , and the top and bottom of
the column are supported by ball-bearings @ . Asteel arm @ is attached to the end of each beam by high-strength
bolts, and mechanical screw jacks @ are connected to the tips of those loading arms by pins. The distance between
ball bearings at the column ends is 2270 mm, and the distances between pins at the beam ends are 3600 mm and 2500
mm for the long and short beams, respectively. The horizontal movement of the specimen at the top is prevented by
four horizontal braces @ . First, the constant axial load P is applied on the top of the specimen by a hydraulic jack
7). The constant vertical loads (W , and W) are applied on beam B next, and then the alternately repeated vertical
loads Q are applied on beam A controlling the displacement amplitude to be prescribed value.

The procedure of alternately repeated loading on beam A is as follows: First, two cycles of the repeated load
is applied with controlling the amplitude of rotation angle R to be equal to £0.5/100 radian, and then two more cycles
of the load with the amplitude of +1/100 radian. This process is repeated with increasing the amplitude of the rotation
angle R by the amount of +1/100, after every two cycles of loading are completed. The test is terminated in general
when the column can not sustain the axial load.

Figure 4 shows the position of displacement meters and measuring method of rotation angle R. Displace~
ment meters D X and D2 measure the relative displacements of column against beam A, which are placed on the measur-
ing frame supported at the points 15 cm inside the loading points of beam A. All loads, i.e., constant axial load P,
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constant vertical loads w, and Wz, and repeated vertical loads Q are measured by load cells 8 attached to each jacl;.
Wire strain gauges are mounted on the steel portion of column and the beam-to—column connection panel.

2.3 Test Results
2.3.1 Hysteretic Behavior

Figure S shows the relations between the load Q and the rotation angle R of all specimens. Specimens with
numerals 11, 20 and 31 in their names are tested under the three-dimensional loading condition, and the columns of
specimens with the numerals 20 and 31 are subjected to the bi~axial bending.

P-series Tests of SCP00 and SCP11 of which columns are subjected to uni-axial bending were terminated because of
short stroke of the screw jacks. Tests of SCP20 and SCP31 were terminated when the specimens became unstable
showing doglegged deformation in the y-z plane. Deformation capacity of SCPO0O is large, and also SCP11 whose
column is subjected to the uni—axial bending has large deformation capacity. Though SCP20 and SCP31 show less
deformation capacity, the loading cycles of rotation angle R = #4/100 are completed. Strength deterioration due to the
repeated loading are not large in any specimen, and the hysteresis loops are stable until the end of the test. Compared
with the corresponding C—series specimen, the strength at the same rotation angle is lower, but the deformation
capacity is larger. '

C—series The test of SCC00 and SCC11 with columns subjected to the uni-axial bending were terminated when the
specimens could not sustain the axial load. Tests of SCC20 and SCC31 whose columns were subjected to the bi-axial
bending were terminated when the unstable doglegged deformation appeared in y-z plane. Energy dissipation capacity
becomes larger in the order of SCC20, SCC31 and SCC11. The strength deterioration after the maximum strength
becomes severer in the order of SCC31, SCC11 and SCC00. SCC20 did not show the strength deterioration because
before it appeared the test was terminated due to the instability in the y-z plane. The unstable deformation and the
strength deterioration of specimens tested under the three—dimensional loading condition were observed when the
rotation angle R reached #3/100 to +4/100.

Strains at the beam—to—column connection panel The relations between the repeated load Q and the diagonal strain e,
obtained from the wire strain rosette gauges mounted on the connection panel are shown in Fig. 6. The panels of P-

series specimens yield and show stable hysteresis loops, which means that the input energy is dissipated by the panel
deformation in the case of P—series. Strains of C~series specimens stay in the elastic range until the end of the test.

2.3.2 Failure Modes

Figure 7 shows the relations between the load Q and the longitudinal strain €, of the column, and Fig. 8
shows the relations between Q and the herizontal displacement D3 along the x—axis at the beam~to—column connec-
tion. Deformed configurations of the specimens at the collapse state are schematically illustrated in Fig. 9.

P-series Two failure types are observed in this series. In the first type observed in SCP0O and SCP11, anti-symmetri-
cal shear deformation of the beam—to—column connection panel appears (Fig.6 (a) and (b)), and plastic hinges form at
the ends of both the upper and lower columns (Fig. 7 (a)). This type shows the anti-symmetrical S-shape deformation
as shown in Fig. 9 (2) at the early stage of loading, and then shows the accumulation of D, in one direction in the range
of large deformation. The tests of these specimens were terminated because of the shortage of the jack stroke, although
the column was still able to sustain the axial load. The other type is almost the same as the former type during the
small deformation, but in the large deformation range, the local buckling occurs in the three surfaces of the lower
coluthn (Fig. 7 (b)), the shear deformation of the panel accumulates in one-direction (Fig. 6 () and (d)), and unstable
doglegged deformation in y-direction appears as illustrated in Fig. 9 (c). However, the horizontal displacement
accumulations in x—direction as seen in Fig. 8 (c) and (d) are not observed.

C-series Two types of the failure mode are also observed in C-series. In the first type, the local buckling occurs at
the ends of both the upper and lower columns (Fig. 7 (c)) and the symmetrical doglegged deformation of the column
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appears during the small deformation. Then, the horizontal displacement accumulation at the ‘onnection as illustrated
in Fig. 9 (b) occurs (Fig. 8(¢) and (f)), and the column becomes unstable to sustain the axial load. This type is ob-
served in SCCO0 and SCC11. The other type observed in SCC20 and SCC31 shows the similar behavior as the former
type during the small deformation, but the unstable doglegged deformation in y—direction appears in the large deforma-

tion range as illustrated in Fig. 9 ().

3. DISCUSSIONS

3.1 Elastic Stiffness and Ultimate Strength
3.1.1 Elastic Stiffness

Deformation obtained from the test contains flexural and shear deformations of columns and beams, and
shear deformation of the beam-to—column connection panel. Thus, the calculation of the elastic stiffness must consid~
er these effects. The second elastic stiffness after the filled—concrete cracks is also calculated as follows. Strictly
speaking, if the moment at the column end exceeds the concrete cracking moment M_ (Ref. [26]), the column shifts to
the non-prismatic member and the distribution of rigidity along the length becomes non-uniform. The neutral axis of
the section in which concrete cracks moves according to the load level. However, these effects are all neglected to
simplify the calculation, and the second stiffness after the concrete crack occurs is calculated by assuming that the
column is still prismatic with the cracked section at the column end in which the stress at the extreme compressive
fiber reaches F /3, and the effective area of concrete exists only in the compressive side of the neutral axis, where F_
denotes the cylinder strength of concrete.

3.1.2 Ultimate Strength

The ultimate values of the panel moment JM u and the column end moment CM U corresponding to the ulti-
mate shear strength of the connection panel and the ultimate flexural strength of the column are calculated based on
Ref. [25] for P- and C-series specimens, and they are converted to the load at the tip of beam A by Eqs. (1) and (2),
respectively.

chax = CMU.(h/hl) . (1)
Qe = My (b2 @)
where, met : the maximum load at the tip of beam A based on the ultimate shear strength of the

connection panel,

Q. the maximum load at the tip of beam A based on the ultimate flexural strength of the
column,

My the ultimate moment acting around the panel failing in shear,

M, the ultimate flexural strength of the column,

h : half length of the column, measured between the center of the connection panel

and the ball bearing at the column end, and
I : half clear length of the column, measured between the face of the beam and the
bal! bearing at the column end (h — (half the panel height)).

The effect of bi—axial bending to the ultimate strength is not considered in these calculations.
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3.2 Discussions
3.2.1 Ultimate Strength

Figure 10 shows the envelop curves obtained from the hysteresis loops of the specimens. Dotted lines show
the elastic stiffness calculated in 3.1.1, and solid lines and chain lines show the ultimate strengths obtained from the
flexural strength of the column and the shear strength of the panel, respectively, calculated in 3.1.2.

P-—series Though design calculation was done based on Ref. [25] and the shear yielding of the connection panel have
preceded the flexural yielding of the column, the maximum strength of all specimens exceeds the ultimate strength
corresponding to the shear strength of the panel, and reaches the ultimate strength corresponding to the column flexural
strength, except for SCP20. Therefore, it may be said that the beam~to—column connection panel was confined by
beam B and steel tube, and its maximum strength rose, although the panel yielded in shear. SCP20 subjected to one
side loading on beam B shows a little smaller strength compared with other specimens in P—series, but the effect of the
bi~axial bending of this series is not remarkable. This trend is also observed in SCC31 which is subjected to the same
flexural pattern in y~direction as SCP20. Pattern of the three~dimensional loading may affect the maximum strength.

Ccseries Calculated ultimate strength shows good evaluation of the maximum strength obtained in the tests. All
specimens reach the calculated strength based on the ultimate flexural strength of the column under the uni-axial
bending. Since the maximum strength of the specimen subjected to the bi-axial bending reaches the calculated uni~
axial bending strength, the bi-axial bending and the three-dimensional loading may not much affect the maximum

strength.
3.2.2 Hysteretic Behavior

Comparison of the hysteresis loops of P-series specimens with those of the corresponding specimens in C—
series shows that the strength deteriorations after the maximum strength in P-series is less than in C-series, and the
deformation capacity of the former is larger; P-series are more stable than C—series. Three—~dimensional loading with

the uni-axial bending in columns (SCP11 and SCC11) seems not to give any effects to P-series specimen, but de-
creases the deformation capacity of C-series specimen. This is because that the column of C-series specimen deforms
in a doglegged shape and the horizontal displacement of the connection panel (D : in Fig. 8) accumulates in one direc—
tion, which causes large PA moment in the column. The effects of the bi-axial bending appear remarkably: The
deformation capacity of the specimens subjected to the bi-axial bending (SCP20, SCP31, SCC20 and SCC31) is quite
small in both series, compared with the specimens subjected to the uni-axial bending. In these specimens, the bending
axis rotates with the repeated loading, and this causes the earlier local buckling of the steel tube which leads to the less
deformation capacity.

3.2.1 Failure Modes

C-series specimens subjected to the bi-axial bending show the unstable doglegged deformation in the y—
direction after the local buckling in the column occurs, and the horizontal displacement of the connection accumulates
causing large PA moment. On the other hand, P-series specimens show the symmetrical S-shape deformation, and the
horizontal displacement of the connection does not become very large. Therefore, P~series specimens show more

stable failure modes than C-series specimens.
4. CONCLUDING REMARKS

New findings obtained from the experimental study on the elasto-plastic behavior of three~dimensional
concrete—filled steel tubular subassemblages are as follows:
(1) The maximum strengths of P-series specimens are almost the same, and the effects of neither the three-
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dimensional loading nor the bi-axial bending are recognized. On the other hand, both the three~dimensional loading
and the bi-axial bending reduce the maximum strengths of C—series specimens.

(2) The maximum strengths of P-series specimens exceed the calculated ultimate strengths corresponding to the
beam~to—-column connection panel failure, and reach the ultimate strengths based on the column flexural failure.
Thus, there are some cases that the strength formulas in the current standards give conservative evaluation to the ulti-
mate strength.

(3) P-series are more advantageous than C-series as to the deformation and the energy dissipation capacities.

(4) Specimens subjected to the bi~axial bending show the unstable doglegged deformation in y—direction, which is not
very clear in P-series specimens.

(5) Only the bi-axial bending decreases the deformation capacity in P-series. On the other hand, not only the bi—axial
bending but also the three—dimensional loading decrease the deformation capacity in C-series.

. (6) Beam-to—column connection panels of P-series specimens yield and deform by shear, but the strength increases
after the panel yields, and the plastic hinge forms in the column.

(7) Two types of the failure mode are obtained in each series. All C-series specimens and P—series specimens sub-
jected to the bi-axial bending show the déglegged deformation of the column. P-series specimens subjected to the
uni-axial bending show stable behavior and can sustain the axial load until the end of the test.
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Table 1 Experimental parameters
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Table 2 Mechanical properties of material

; (a) Steel
Specimen W, W, (kN) Failure type Py °t -
SCP0G0 0,0 []-125x125x6 | 394.9 | 479.7 | 1255
ggg%(l) 318’0’908 panel [J-125x125%4.5 407.7 518.1 124
SCP31 31.0,9.8 PL-9 268.8 373.1 | 206
NOTES:
ggg(l)(i 8?80 9.8 column oy :yield stress (N/mm)
SCC20 21.6, 0 G : tension strength (N/mmz)
SCC31 310’ 9.8 e : elongation (%)
(b) Concrete
specimen | SCP00| SCP11 | SCP20 | SCP31 | SCCO00{ SCC11 SCC20|SCC31
Fe 17.42 | 20.25 | 18.96 | 17.38 | 19.27 | 19.51 20.04 | 19.82
NOTES:
Fe : cylinder strength (N/mmz)
Table 3 Mix proportion of concrete
Fe | Gm | sL [wec | w c a | S/A G | AE
21 15 18 66.5 184 277 2 50 920 949 1.94
NOTES:
F.  :cylinder strength (N/mnro-)
G, :maximum size of course aggregate (mm)
SL :slump (cm)
W/C :water-cement ratio by volume (%)
w . water content per unit volume of concrete (kg/m3)
C : cement content per unit volume of concrete (kg/cma)
a : air content (%)
S/A  :sand-aggregate ratio by volume (%)
S : sand content per unit volume of concrete (kg/m3)
G : gravel content per unit volume of concrete (kg/m3)
AE  : AE agent content per unit volume of concrete (kg/m3)
Table 4 Measured dimensions [mm]
specimenf D¢ te b, hp tH I h h'
SCP00 | 125.04| 5.74 124.90 | 230.71 4.25 1802.0 | 1133.8 | 1009.3
SCP11 | 12496 5.74 124,53 | 230.98 | 4.25 1800.5 | 1133.6 | 1009.3
SCP20 | 125.00( 5.74 124.52 | 232.00 4.25 1804.5 | 1132.5 | 1007.6
SCP31 | 125.01| 5.74 124.56 | 231.93 | 4.25 1802.5 | 1133.8 | 1008.9
SCCO00 | 125.00| 5.74 124.77 | 231.61 8.80 1800.0 | 1133.4 | 1005.6
SCC11 | 124.95| 5.74 124.70 { 230.79 | 8.80 1800.0 | 1133.4 | 1009.0
SCC20 | 124.99| 5.74 124.95 | 231.23 [ 8.80 1803.0 | 1132.1 | 1007.5
SCC31 | 125.05| 5.74 124.59 | 230.48 | 8.80 1799.0 | 1132.7 | 1008.4
NOTES:
be : width of column hy : half length of beam
te : thickness of column h : half length of column
bp : width of panel h' : half clear length of column
h : height of panel
tp : thickness of panel



