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Abstract

This study proposes a joint model consisting of different types of members as a new structural system, and then
investigates the resulting structural behavior. The joint model consists of a concrete-filled steel tube column (CFT)
together with a steel reinforced concrete at the end plus reinforced concrete beam at the center. For comparison,

two other joint models were designed, that are, a CFT with a reinforced concrete beam, and a CFT with a steel
reinforced concrete at the end plus steel concrete beam at the center, then their joint capacity and rigidity, energy
absorption capacity, etc., were all investigated. From the results, the CFT column with a steel reinforced concrete
at the end plus steel concrete beam at the center was outstanding in terms of its capacity and rigidity. The results of
this analysis demonstrate that an adequate connection type and reinforcement method with different materials of
increasing the rigidity, thereby producing a capacity improvement along with protection from pre-fractures.

Keywords: joint rigidity, rotational resistan ce capacity of beam, moment-joint translation angle, collapse modes

1. Introduction

Recently, many high-rise, large-scale, and multifunc-
tional urban buildings have been constructed in response to
rapid economic growth and expansion. Thus, a large num-
ber of studies for new structural svstems have been
conducted using recently developed high-strength and high-
performance materials. As a result, a composite structural
system consisting of different tvpes of member has received
a lot of attention, because a composite structural system has
certain superior structural properties as well as good pro-
ductivity, execution efficiency, longer life span, and im-
proved rigidity over existing structural systems.

However, a composite structure consisting of different
structural members still has problems clearing the stress
flow between its different members and in developing a
beam-column joint model. Generally, in a composite struc-
ture, a CFT column is widely used with a reinforced con-
crete structure, while the beam is normally a H-steel shaped

* Corresponding author
Tel: +82-33-8350-3594; Fax.. +82-33-950-6350
E-mail address: mwi@kungpook.ac ke

i1

structure. While steel beams are effective when used in
long-span structures, they have problems in producing good
joint rigidity. In contrast, RC beams are more effective in
developing joint rigidity; however, they have problems
when used n long-span structures.

The test results in this study are important and useful to
understand the structural behavior and capacity of beam-
column joint in the three tvpes of specimen. The study pre-
sents analytical and experimental a procedure to evaluate
the structural behavior on the specimen of the beam-column
joint and it was also evaluated the effect of parameters on
this specimen.

Accordingly, it would appear that a mixture of steel and
RC members would be ideal. However, at this point, there
is no design method and svstem, which can combine com-
plex stress mechanism and joint details. Therefore, to de-
velop a new structural system, this study was proposed a
joint model congsisting of different tvpes of members and
investigated its structural behavior.

2. Program of experiments

2 1 Specimen plans



In this study, a total of 27 specimens were planned with
key parameters, inchading three types of connection beam
member: RC (end) plus RC (center), SRC (end) plus RC
(center), SRC (end) plus SC (center) and Breadth-thickness
(B/t) ratio, and axial compression ratio (P/P,=0.0, 0.3, 0.5),
plus the strength of the concrete was fixed at 39.23N/mm”,
where SRC = steel reinforced concrete, SC = steel concrete.

An outline of the test program is given in Table 1.
2 2 Connection type & defail

The connection was performed so that the welded main-
reinforcement of the beam passed through the column. The
steel tube column was a plate-welded joint. Therefore, the
steel part was reinforced with high-capacity bolts on the
reinforced plate welded in a steel web. The connection type

and detail is shown in Fig. 1.
2 3 Test ng layouts and operation

The tests were performed in a reaction frame that com-
prised of two beam-end-linked actuators, as shown in Fig. 2.
The strain measured position of each specimen was estab-
lished by 2 IVDT transducers, 6 Wire Strain Ganges
(W.5.G), on the left and right upper part of the column.
Strain gauges were also used to predict the buckling and

Table 1 Outline of test program

capacity of the specimens. In a case of a beam member of
framework, 4 LVDT transducers were used to establish the
left, right, upper, and lower ends of the beam for all the
specimens. A W.S.QG. displacement system was installed as a
compressive reinforcement to measure the inner tension and
plate face of the specimens, plus two more systems were set
up on the concrete surface.

All tests were conducted under displacement control per-
formed cvelic loading in steps of 1/100 radian every 1 cycle.
The experiment was terminated after the automatic loading

of 6 —8cveles. The displacement control is shown in Fig. 3.
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Fig .1 Connection type and detail

Fig .2 Schematic representation of test rig layout

2 4 Tension sirength of steel tube

To determine the material properties, a tensile strength
test was conducted on the steel tube, according to the stan-
dard K5 B 0801 (Korean Industrial Standards), from the
upper and middle to the lower part for three cut-off

ECT Concrete Journal (Fol. 14 No.3, Sep. 2002)

7.0 -
6.0 h_:ﬂ
ig ﬂ Jll ” Compreszsive
30 | y
o |
o 1O AT
5 Cyel
S AN o
b (= n
-3.0
—-4.0 li ” l JI[ Tenszion
e 117
28 1
70 LOADGYCLE ¥
I I I I T I I I
12345678
Fig .3 Displacement control
Table 2 Tensile strength of steel tube
, #e N/ w* Elo
Specimen mm?) || | o)
0 -100x100x1.6| 040 0.51 1.265] 186
Square
atzel b 0 -100x100x23| 037 0.47 1.267 | 22.1
0 -100x100x32| 038 0.44 1,195 | 214
H-shaped Flange 045 0.52 1.152 ] 216
steel Web 036 | 0405 | 1124 224
Reinforce- PL-4.5 041 | 0413 | 1019 182
ment plats

Note) * =yielding strength; ** = tensile strength; Elo=elongation ratio

Table 3 Proportion and experimental results of concrete

S?;ig& mal sp Unit weight (leg/m) QT MS
Nrmm?)| (%
it )T T [ [wa | @Y

3523 13 | 14 |480] 53 | 744931160 8 54.6 032
Note) MG=Maximum zize of coarse aggregate, SP=Shunp; C=Cermnent;
Ao=pgent; 3=Sand;, G=Cravel, W=Water; A=High range water reducer;
3T=3train af ultimate srength;, M3==3train at the ultim ate strength (%)

specimens. The results of the tensile strength test are shown
in Table 2.

2.5 Compressive strength test of concrete

An experiment for testing the compressive strength of the
concrete specimen 100e X200 (mm) was performed based
on KS F 2404, to obtain the strength of the concrete used
for the CFT specimens. The mix proportions and test re-

sults are shown in Table 3.
3. Experimental results and comments
3.1 Joint rigidity
The synthetic curve of the load-displacement relationship

for all specimens, obtained using the method described by
Naoki et af. (1997) is shown in Fig. 4. Where Q.= maxi-
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mum capacity point, Q,= yield point, § = strain (mm). If;'g

The overall results of the rigidities are summarized in
Table 4 and Fig. 5. In relation to the B/t (Breadth-thickness) / -
ratio, the rigidity was degraded, due to an increasing axial e 7 !
compression ratio. Generally, the capacity and initial rigid- / /( :
ity in axial compression ratio (P/P,=0.0) exhibited a large Qy 4 |
value difference with wvarious mcrements of steel tube / / W5 e :
thickness. The initial rigidity for axial compression ratio I
(P/P,=0.3, 0.5) was similar to the value changes. K I <

The nitial and plasticity rigidity for the SRC plus SC o B 12 Bradrmim)
specimen, with H-shaped steel beam reinforcing in the cen- Fig .4 Rigidity and yield point
ter, was slightly higher than the valies for the RC plus RC,
and SRC plus RC specimens. It was observed that the O<RC plusRC>  O<SRC plusRC>
maximum value of the initial rigidity was about 35.9% 16 ...............................................................
whereas the minimum value was about 30.2%, which was 14 .
greater than that of the RC plus RC specimen. These results E:‘Ii
are gsignificant as they reflect the difference in the inner £
reinforcing of the connection. The axial compression ratio < i
and B/t increment were considered in the column member, 5
where a brittle fracture produced the shear-force and capac- 0 i

(PIP,=0, 0.3, 0.5)

()

ity comparable with the experimental results. After the ini-

tial rigidity, these results decreased to the value for plastic-

ity rigidity. O=RC plus RC>  O<SRC plus RG>
B<5RC plus SC=

The results of this analysis demonstrate that an adequate

connection type and reinforcing method is capable of -
creasing the rigidity, thereby improving the capacity of dif-
ference materials to protect against a pre-fracture.

3.2 Hysteretic behavior of joint

The beam-column connection mdicated that the results (P/P,=0, 0.3, 0.5)
resembled the hysteretic behavior shapes of the RC plus RC (b)
and SRC plus RC specimens, as seen in Fig. 6. In the case Fig .5 Axial compression ratio and rigidity

Table 4 Results of rigidity and experiment

Specimen K B Specimen K K. Specimen K K
naIms [N/ rrrm) N/ narme N/ (N/mrm) narms [(N/rorm) [N/ rmrm)
ACRR1 37 030 AOSRRI £.59 0.48 ADRRI 628 0.81
ACRR2 3.53 0.30 AQOSRR2 5.34 047 ADSRI2 637 0.89
B/t A3RR1 .57 0.25 A3RRRI 5.33 038 A3TRE1 399 0.48
(62.5) [ A3RR2 3.48 0.30 A3SRRZ 5.21 0.39 A3TRI2 623 0.57
ASRR1 1.93 0.23 ASERRI 3.92 037 ASIRIL 595 0.37
ASRR2 2.11 0.21 ASSRRZ 4.12 0.35 ASER32 598 036
BCRRI 3.30 032 BOSRRI 5.95 0.41 BOSRS1 10.1 0.82
BCRR2 4.14 0.35 BOSRR2 7.48 048 BOSRS2 980 0.94
B/t B3RRI 2.96 033 B35RRI 5,28 045 Bi8RE1 765 0.65
43.5) | B3RR2 3.69 0.28 B3SRR2 3.92 040 BisRS2 5,72 0.77
B5SRRI 2.57 0.26 Bi3SER1 4.16 038 B35RE1 6.16 0.56
BSRR2 2.26 0.24 B5SRR2 3.99 039 B5SRS2 6.00 0.43
CORR1 4.51 0.35 COSRR1 776 056 COSR31 980 1.09
CORR2 375 032 COSRR2 8.24 0.53 COSRE2 12.55 1.18
Bt C3RR1 3.90 0.30 C35RR1 4.05 047 CISRE1 7.14 0.99
(33.3) | C3RR2 3.16 0.34 C3ZRR2 5.29 047 C35R32 769 0.93
CSRR1 3.26 0.25 CISRR1 5.11 030 C58R31 528 0.59
C5RR2 3.21 0.27 C5SRR2 5.75 040 C5SRE2 5,15 0.71

Note: K=Flasticity rigidity; K=Initial rigidity
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Fig .6 Shear capacity-joint translation angle

of the A-Type specimen, the hysteretic behavior generally
showed a stable bi-linear curve, vet the axial compression
ratio large specimen exhibited a tri-linear curve. For the B-
Type and C-Type specimens, the shape of the hysteretic
behavior was a stable spindle shaped curve for small axial
compression ratios, the same as the previous results up to
the maximum capacity point, however it became a tri-linear
curve with an unstable S-shape above the maximum capac-
ity, as with the strain for the main-reinforcement.

Under cyelic loading, the SRC plus RC members exhib-
ited a bi-linear curve with a spindle shape, and remained
stable with hysteretic behavior up to the maximum capacity
point. Also, the A-Type specimen exhibited to no relation to
the B/t and axial compression ratio with a steel tube and

ECT Concrete Journal (Fol. 14 No.3, Sep. 2002)

marnifested unstable behavior in an S-shaped tri-linear curve,
whereas the B- and C-Types, as previously mentioned,
showed a similar tendency in the RC plus RC and SRC plus
RC specimens. It was noted that this behavior was related
to the tvpe of reinforcing in the beam-column connection,
as will be seen in a later section (SRC plus SC). Moreover,
these facts are consistent with those observed in previous

theses. !

3.3 Rotation resistance capacity of beam

Fig. 7 shows the plot for the rotation of the beam mem-
ber of framework, and the mutual values were compared at
each initial crack point, vield point, and at §0% of the
maximum capacity. As seen from the figure, the rotation
angle of the member almost completely resembled the
specimen at the initial crack-point, while in the case of
vielding it gradually increased experiment 1 (beam mem-
ber: RC plus RC) < experiment 2 (beam member: SRC plus
RC) < experiment 3 (heam member: SRC plus 8C) with the
same B/t and axial compression ratio. The maximum capac-
ity was similar to the vield point and showed values ranging
between 30% and 100 %, compared with experiment 1.

Accordingly, it would appear that the use of adequate re-
inforcing was effective in improving the rotation angle of
the beam member and the capacity performance of beam-
column. In contrast, as can be seen from the plot, even
though the joint translation limit-angle evaluation passed
the 80% of the maximum capacity, 5/100 radian values
were observed in the plot in experiment 1 and experiment 2,
whereas experiment 3 increased from 20% to 40% when it
wag compared with experiment 1.

Accordingly, the H-steel shaped reinforcing beam exhib-
ited a higher joint rotation resistance capacity as the strain
increased, comparing with the non-reinforcing of the RC

beam.

3 4 Collapse modes
3.4.1 Beam (RC plis RC and SRC plus RC)-column

It is known that the failure characteristics of a joint are
useful in understanding the hysteretic behavior. Collapse
modes occurred with a 2-cycle hysteretic behavior, that is, a
minute crack on the surface specimen, which reached a
maximum capacity point after 3™ cycle, also the strain of
main reinforcement presented in the plot between cycles 4
and 5, showed that the specimen collapsed together with a
main reinforcement fracture in a 5-cycle curve. All speci-
mens exhibited a swrounding connection with the trans-

verse tension crack and shear present in the beam center
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after the transverse tension crack was shaped. With the SRC
plus RC specimens, in the case of a small axial compression "

ratio (P/P,=0.0), the collapse modes occurred prior to the vt
shear crack in the suirounding connection that presented a

- Wi 3 -

(C5SRR)

transverse tension crack and diagonal on the beam center,
whereas a high-axial compression ratio showed the opposite

tendency. i

3.4.2 Beam (SRC plus SC)-column 5
Most of the hysteretic behavior in the specimens oc- w

curred after 2 cveles with a bending-crack on the surface 5
concrete surrounding the upper and lower parts, and be-
tween the H-steel-shaped flange area and concrete bound-
ary in a 3~ 4<cyele curve with a mixed horizontal and di- - a —eem B

agonal crack(20~40°). A 5~6-cycle hysteretic curve pro-
(ASSRS)

Fig .8 Collapse modes{continued)

duced the maximum capacity point of the main reinforce-
ment fracture and H-steel shaped strain, which was
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(C3SRS)
Fig .8 Collapse modes

completely presented by a separation of the flange area
welding portion in the connection area, before and after the

maximum capacity point.
3.5 Moment-joint franslation angle

The experimental values of the beam-column joint ob-
tained from the various specimens with the cvelic loading
of the beam are summarized n Fig. 9. In the case of axial
compression ratio (P/P,=0.0), the plastic moment “,M,” and
seismic performance evaluation method, i.e., ACI{R=0.035),
NEHRP Recommended Provisions(R=0.02), National
Building Code of Canada(R=0.02), and Japanese Building
Standard Law(R=0.005) were examined respectively ac-
cording to the structiral law experiment in the moment-
resisting frame to establish the maximum displacement an-
gle of the member (R). The *;4/,” and “R” investigated in
these paragraphs are assumed to be the bending moment,
and their section area in the elastic stress can be expressed
as follows:

M =Z, o, (1
Bd

z,=—= 2

== @

4
D.4202 2 (d - 21, - 0.4467 )}

2
Zp = {Bfff(d -1, )}+{M}+ (3)

where Z, and £ are the plastic section coefficient in various
sections and thickness of the flange, respectively, £, is the
web thickness and g, is the yielding stress in the experi-
mental result, B is one width of the rectangle section of the
H-shaped steel section, < is the section height, and » is the
fillet length. The plastic moment versus the joint rotation
angle of the beam hysteretic curves for the three test speci-
mens is shown in Fig. 9. From plot (¢), it can be
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observed that the effect of the H-steel shape and reinforcing
plate iz significant. Moreover, a comparison of plot (a) to
(b} with plot (¢) indicates that the SRC plus SC specimens
exhibited a more stable behavior and higher moment value
than the RC plus RC and SRC plus RC specimens. Accord-
ing to the seismic performance law, the joint rotation angle
value of a beam must pass the permitted legal value in both
the left and right beam specimens. Therefore, from the per-
spective of rigidity and capacity, the SRC plus SC connec-
tion demonstrated a comparatively stable joint behavior.
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4. Evaluation of joint capacity

This paper also evaluated the capacity of the beam-
column joints through adequate renforcing for the inner
beam and panel zone. For each specimen, a capacity analy-
gis was performed using the 9 respective experimental val-
ues in Table 5 to obtain expressions in terms of the bending
capacity and shear superimposed capacity, by applying the
Architecture Institute of Japan (AII) standard value " of a
beam-column joint. The resulting high capacity values of
the left and right beams are presented in Table 5.

4 1 Beam {RC plus RC)-CFT column connection

The inner beam RC is assumed to be responsible for the
bending moment, and the joint panel-zone charge partially
responsible for the shear capacity of the region of the steel
web iy due to the welding. These assumptions account for
the remaining force for the joint shear capacity relative to
the design method that produces a bending fracture model
that has a safe value for a joint capacity evaluation in the
RC part. In this capacity evaluation of the beam inner RC
part, the values showed a bending capacity of about 15~
19% in comparison with saperimposition evaluation, this
value was underestimated in order to gain a safe value,

however, there is a slight tendency to overestimate when
using the AIT law.

4 2 Beam (SRC plus RC)-CFT column connection

The joint problem predicted by the shear fracture, when
the steel lost its shear capacity in the SRC design method,
showed the steel web as responsible for the occurrence of
the steel shear capacity for the moment and the RC part as
responsible for the shear capacity in the inner RC. However,
the steel shear over estimated the shear stress transmitted by
a large stud analysis for a RC beam. Plus, different types of
structure were improved through the adequate shear rein-
forcing and harmonious capacity flow provided by a point

Table 5 Evaluation of joint capacity

shaped beam-column joint plastic hinge in the panel zone part.

On the basis of these concepts, the ultimate shear capac-
ity evaluation investigated a capacity evaluation of the ele-
ments, the AIJ SRC law equation, and the experimental
values. The evaluation based on the connection capacity
was checked with the results listed in Table 5; from it can
be observed that the safe value results had a tendency to be
underestimated in the SRC law evaluation. The bending
capacity for the RC part of the inner beam and the superim-
posed steel part superimposed showed an experimental ca-
pacity range of 52 —57%. Therefore, when considering the
shear, the capacity evaluation of the different tvpes of
member depended on superimposing the bending capacity
(RC plus S) for each composition element. Plus, in the case
of the existence of axial compression ratio, stable values
were obtained for the specimens with the introduction of a
reduction-coefficient for the superimposed theoretical value.
In the AIJ 1987 law, a capacity equation of connection is
recommended as the standard for the structural caleulation
of SRC structures. This capacity equation of a joint is de-
fined as follows:

F.2fx, 0+ P T f. ()
b+, b

cVe = {%}Xrﬂsdﬂr d (5)

:V:th'.s d.»d (6)

4 3 Beam (SRC plus SC)-CFT column connection

As can be seen from Table 5, three different types of test
exhibited remarkable capacity improvement, i.e., AOSRS,
BOSRS, and COSRS. This study promoted rigidity and ca-
pacity to stiffen RC for steel structure end to increase rigid-
ity of long spanned steel beam, and welted to steel flange to
anchor U-shaped main reinforcement of structure end to
easy stress flow between the different tvpe structares. The
joint model showed an experimental capacity of 33.2~

. RC (KN 3 (1N Joint capacity (1N Caleulated/
Spesimen narns YA o EYA o (2] (b) (&) reazured
AURR 3383 2239 0.189
BIRR 4.23 1245 None None 33.67 4.23 24 .59 0172
CORR 3348 28.12 0.150
ADSRR 34.12 43.75 0.568
BOSRER 395 4942 2091 9237 33.93 24 86 46.79 0.531
COSRR 33.78 47.59 0.522
AQSRE 18.56 54 .52 0.456
BOSRE 385 4842 2091 98964 1853 24 86 £5.14 0.384
CO3R3 1849 7495 0332

Note: RC=reinforced conerets, S=steel, pMMo=morment of RZ part, pilQu=shear of RC, shy=moment of steel part, sQu =shear of ateel,
(a)=AlTlaw, (bFsuperimpozed capacity, (¢ Fexperimental capacity.
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45.6% as an increment B/t ratio in the case of the bending
capacity evaluation for both the RC part and the superim-
posed steel part. This demonstrates the importance of in-
cluding the effects of the connection reinforcing type in an
analysis to obtain a proper joint capacity evaluation method
through B/, axial compression ratio.

{(Cbxﬁjx—md)}(zfs-; 5+wP'wf! )+wa'53d'scdxs-fs (7)

5. Conclusions

Based on the test results the followng conclusions were

made:

1) The results of this analysis dem onstrate that an adequate
connection type and reinforcing method with different
materials are capable of increasing the rigidity, thereby
producing a capacity improvement along with protection
from pre-fractures.

2) Accordingly, the use of adequate reinforcing is effective
in reducing the rotation angle of a beam member and the
capacity performance etc. of the beam-column joint.

3) As shown in the plot, even though the joint rotation limit
angle evaluation passes the 80% of the maximum capac-
ity, a 5/100 radian valie was observed in the plot in ex-
periment 1 (RC plus RC), and experiments 2 (SRC plus
RC) and 3 (SRC plus SC) mereased respectively from
209% to 40% in contrast to experiment 1.

4) In the case of a small axial compression ratio (P/P,=0.0)
the collapse modes occurred prior to the shear crack in
the surrounding connection that presented transverse ten-
sion and diagonal cracks on the beam center, however,
the high-axial compression ratio showed the opposite
tendency in the SRC plus RC specimens. In contrast,
SRC plis SC specimen a hysteretic curve, in the
S5~6eyeles, produced the maximum capacity point with
the main-reinforcement fracture and strain of H-steel
shape, which was presented completely by the burst
flange-welding portion with maximum capacity in the
connection area.

5) Beam specimen displacements are reduced, considerably,
from local buckling of column and deformations as -
crement of axial compression ratio, which do not con-
tribute to increase an energy absorption capacity. Ac-
cording to seismic performance law, the joint rotation
angle values pass that permit law value in left beam
specimen and right.

6) An equation was investigated to understand the capacity
of the internal beam-column joint. The resulting equa-
tion for calculating the capacity in the three types of
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specimen produced a satisfactory correlation between

the calculated values and test results.
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Notation

#b =width of beam, mm

o = width of column, mm

mpd = distance of beam up and down for main reinforesment, mrm
med = distance of column right and left for main reinforcernent,
mrmn

#d =beam flange of center distance, mm

@ = column flange of center distance, mm

2f, = allowable shear stress of concrste, KN/mm?

S =allowable shear stress of stesl, KN/mm?

wfr = allowable tension stress of shear reinforcing in reinforcing-
bar, main reinforcement, KN/mm?®

6= beam-colurm joint a coefficient of shape

wP = ratio of reinforcing-bar

Fw =beam-column joint web thickness of steel, mm

¥, = beam-colurmn joint efficiency volume of concrste

# = web volume of beam-colurmn joint steel, mm’
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