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I NTRODUCT] ON

The tests of the three-dimensional bean-colunn connections
with slabs rr/ere executed as a part of the tri-latera1 cooperative
research project anong the United States, New Zealand and Japan.
The main objective of the progran is to investigate the beha;ior
of beam-colunn subassenblages designed in accordance !,ith the
building code or slanda.d for reinforced concrete structures of
the respective countries. The Japanese specimens \rere taken from
middle floors of an arbitrary proto-lype structure, designed i]}
accordance vith the Architectural Institute of Japan Standard
(AIJ Slandard, Ref,1,2), and lesred at the University of Tokyo.
There is no special provisions for a bean-columo connection irl
the AIJ Standard, and the beam-colunn connection is nornrally
designed as a non-hinge zone of a cofunn.

The hysteretic behaviour of a beam-colunn conneclion is
influenced by the bond condition of bean bars within the
conneclion. An imptovenrent in bond of beam bars roakes it
possible to develop a good spindle-shape hysleresis \./ith flexural
yieldlng at Ehe critical region a! bean ends (Ref.3). On the
olher hand, the bond deterioration of beam bars yields a pinching
hysleresis loop arrributable to lhe pul1-our of 1,he bean bars
from the conneclion, followed by the shear failure of the
connecEion at a large deformation (Ref.4).

In the pas!, most of bean-colunn sub-assenblage tesls rere
carried out on plane bean-column conneclions, loaded in one
horizontal direction. The bean-colunn connection in an actual
structure has bo!h slabs and lransvetse beams and is subjecled
to bl-direclional loading by earthquake motions. Therefore, i!
was decided that lhree-dinensionaf bean-column connections vith
slabs be tested in the trilateral progran under bi-directional
loading. The main variable in the lest vas chosen to be the bond
situation of beam bars \rithin the connection.

EXPERIIIENTAI, PROGRAM

Specimens: Three half-scale reinforced concrete three-
dinensional beam-colunn connections with slabs (ca11ed K-series)
vrere tesled (Table 1); trro inlerior connections (Specinens Kl and
K2) and one exlerior connecrion (Specinen K3). Th; dlnensions of
the column \{ere varied in the tvo interior connections; i.e,, the
colunn dinrensions ',tere 275x275 nm in Specimen (1 and 375x375 rrn
in Specimeo K2. The colunn dimensions in Specinen K3 vere the
sane as lhal in Specinen K1. The dinensions of beams vere conltrron
in the three specinens; 200x300 nn for longitudinal beans (in the
prinary loading direction) and 200x285 mm for lransverse beaos.
The lhickness of slabs vas 70 min. The four corners of rhe souare
slab Lere Erimned !o fiE :nlo che Eesting apparaLus,

Reinforcement details of the specinens are shown in Fig,1,
Beam bars passed Ehrough an interior connection, vhereas Ehe top
and botton bean bars were anchoted within ar exterior connectio!.
D13 bars {ere used as the column reinforcenent in the three
specimens. The size of the beam bars ras varied in the tno
interior specinens; D13 bars in Speclnen (1 and D10 bars in



Specimen K2, D10 bars were used as the bea& reinforcenent ir
Specineo K3. The anounE of lateral reinforcement (D6 bars) within
a connection vas decided to be the sane as the amount of shear
reinforcenent of a colunn in accordance with the AIJ Standard.
The slab vas reinforced r^'ith D6 bars at 180 nm on centers in a
single layer, with a 1800 hook at each end, but the slab bars in
Speclmen K3 para11e1 !o the longitudinal beam \,rere anchored in
the transverse beans vith 90o hooks.

The bond situaEion of beanr lars was made significantly
different in lhe t',/o interior connection specimens by varying the
colunn vldth and bean bar size. The bond index, defined as an
average bond slress of a beam bar \rithin the connection under
rens-Ie and compressivp yjelding assumed a! !re co.Lumn faces(Ref. 1,, vas 102 kgl cr2 'or Spe.jrnen Kl dnd 57 kgflcn2 tor
Specimen K2 using the actual yield strength of the beam bar.
Fron lhese index values, lhe bond of bean bars in Specimen Kl
was expected to be quite severe compared to Specinen (2.

The concrete rilas cas! in. tshe uprigh!. posilion in two stages;
i.e., the concrete was first placed io the top of the slab, and
then cast id the upper column after a day.

Mat--ial Droper -ies: The corpress-ve srrenBrr oI cre frrsr
bacch ol Ehe conLreLe was 24L kgf cml lor Specirers (l and K2.
and 199 kgf/cml for specimen KJ. The conpressive strength of the
second^ batch utas 266 kgt/cnz for Specinens (1 and K2, and 196
kgf/cnz fot Specimen K3.

-he Jield sLrersch was L.L2O kg| cm2 tor^che DI3 bar.. 4.4o0
kgl cnz far rl e DIO oars. and 4,010 kgf/cnz tO.2 : o.IseL/ to-
the D6 bars.

Testing Method: The loading appararus is sho{n in Fig.2. The
specinens rvere tested in the upright position. The base of the
specinen r,/as supported by a universal joint. The free ends of the
beans \.'ere supporled by vertical rigid menbers equipped virh
universal joints al their ends, creating roller suppor!
condilions in the horizontal plane. The distance from the column
center to the bean-end support vas 1,350 mm, and the disEance
fron the bean ceoter to the botton support or t.o the top
horizontal loading poinl was 735 nr,n. Th-. constant vertical load
(dn average axial stress af 20 kgf/cn2 ) and reversLng bi-
directional horizontal loads rere applied at the top of the
column through the tri-directional joint by three actuators.
Counter-weights rere used to balance the veight of Ehe horizontal
actuators. A set of panlograph was attached para11e1 to the
longitudinal beant to preven! a specimen from rotating around the
vertical axis.

Loadins History: The loading history of Specinens K1 and K2
fo11o\./ed lhe decision at the Second U.S.-N.2.-Japan Seninar,
Tokyo, 1985 (Ref.5). The story displacenen! path of the loading
point is shown in Flg.3. An ultlmate capacity Pu r"ras calculated
ar the yielding of rhe T-shaped beafis \ri!h 300-nrn cooperative
slab vidlh on each side. An ullimale state rras defined as the
state in which the sl:rain at the extrene compression fiber of the
concrete reached 0.004. The actual forced story drift history of



the three specioens is sho\^rn in Fig.A. The yield drift ang1e,
defined al the Secoad tri-lateral seminar (Ref.5), rras estin;ted
to be 1/95 rad for Specinen K3. Therefore, the loading histoiy of
Specinen K3 vas changed fron Ehe agreed displacement history;
i.e., the story drift angle of 1/69 rad was used instead of two
tines the yield drift angle.

Instrumentation: The instrumentation sysEem is sho\rn in
Fig.5. The defleclions of beams and columns relative to the bean-
colunn connectionJ axial defornation at the top and botton fiber
of beans, bean axial defornation, rotations of bean-end support
points arourld beam axes and connection shear defornation r^,ere
measured by strain-gauge type dlsplacenen! transducers, The
strain distribution of beam longi.L11dina1 reinforcement vithin and
lmnedialely outside the bean-colunn coonection and that of slab
reinforcenent, the strain of lateral reinfotcenent \.rithin a
connection and that of colunn reinforcement aE Ehe critical
sec!ion \,/ere measur:ed by strain gauges. The loads applied by
the acluators and beam-end support reactions nere measured by
Ioad .e1 I s.

"Story 'shear" is defined as the horizontal force corrected
for the P-De1ta effect, and rtstory drift ang1e" as the horizontal
displacenenl of an upper column divided by rhe distance (= 1,470
nm) fron lhe horizontal load applying poinL to the borrom hinge
of a colunn.

PRELIM]NARY CALCULAT]ON

The slory shear corresponding to the flexural yielding of a
column and beams in the two directions are shown in Fig.6. The
ultimate strength of a beam was calculated on the basis of the
neasured ealerial propertles and dimensions with the entire slab
as effective in contributing to lhe bean flexural capacity. When
a cofumn is slbjected to biaxial laEeral loadiog, the biaxial
interaclion capacity surface is considered tso be a circle. A beam
is considered to tesist the shear and bendlng forces only in one
direction. Therefore, the capacity surface of a beam is to be tvo
orthogonaf 1lnes. Fron the figure, i! is expected Ehat Specimen
K1 night develop column yielding innediarely after yieldins in
the beams lf loaded in the 45o dlrection horizontally.

TEST RESULTS OF ]NTERIOR CONNECTIONS

The colunn relnforcement of Specimen (l vas observed to
yield at a sEory drift angle of l/139 rad duiing a loading in one
direclion when the beam reinforcenent started to vie1d. The
column reinforcenen! of Specimen K2 was observed ro yield at a
story drif! angle of 1/108 rad duiing a loading in Lhe L\ro
dlreclions after lhe beam yielding.

Crack PaEterns: The crack patterns of the tvo interior
connection specinens K1 and K2 observed at the end of loading are
sho\rn in Fig.7.

Specimen Kl developed a singLe and vide concentrated crdck



at the critical section and developed hardly any additional
cracks in the beans after a story drift angle of 1/50 rad. The
shell concrete spalled in the four corners near and wiEhin the
connection at a story drift angle of I/25 rad.

0n the coDtrary, Specinen K2 developed fine cracks along the
beams afler a story drift angle of I/54 rad. As expected, the
bond siluation of beam bars was much inproved in the connection
fron Specinen (1. Cracks were observed more closely in the slab
parlia11y because lhe beans had to deform more ln this specinen
conpared to the stiff columns.

Hysteretic Characteristics: The story shear-s!ory drift
relatlons in lhe north-south direction are shown in Fie.8. The
story drift al yielding vas 10.6 mm for Specinen (1 and 6.8 mn
for Specinen K2, the difference of vhich vas allributable to the
stiffness of lhe colunns,

A slory shear resisEance in a direction, although the
. displacement might be maintained in lhe direction, could be

reduced during the loading in the transverse. direcLion due to the
biaxial interaction of resistances. Such phenomenon could be
observed bet',reen points A and B in Fig.8.

Specinens Kl and K2 shov/ed a pinching hysleresis shape under
cyclic load reversals. The equivalent viscous danping ratio is
used to quantify the fatness of hysteresis loops (Fig.g). The
equivalent viscous danping is defined as the hysteretic energy
dissipa!ed in each half cycle divided by a triangular area
(Fig.10); the parl of hysteresis loop under uni-direcEional
Ioadlng was used, and lhe parl under bi-directional loading was
not used to elininaLe the apparent increase io the area due to
lhe biaxial interaction of resistance. The equivalent viscous
damping ratio was greaEer in Speclnen K2 than in Speclnen K1.

The behavior of a lhree-dimensional beam-column conneclion
and a plane connection is compared using lhe specimens vith
comparabfe bond index values and subjgcEed !o comparable loading.
The bogd index value vas 57 kgf/cnz for Specimen K2, and 52
kgf/cn2 for Specimen C2 (a planJ bean-column connection specimen
tsested previo11sly, Ref.3). The equivalent viscous darn?ing ratio
was 0,12 for Specimen K2 at a cunulative ductility factor of 35.5
(in the second cycle at a story drift angle of 1/54 rad), and
0.21 for Specimen C2 at a cunulative ductility facEor of 37.0 (in
the fifrh cycfe at a story drift angle of 7/46 rad). Accordingly,
lhe equivalent viscous danping ratio vas considerably smaller in
Specinen (2 at a comparable story drifL angle and cumulative
ductillty factor. It is like1y thar lhe slab might contribute to
Ehe pinching in the shape of hysteretic 1oops.

Generally, such pinching hysEeresis shape is observed
without bar slip and shear failure !,hen the aEount of
reinforcement differs significanEly at the top and botton io a
beam seclion, The area of the Lop bean bars vas twice the botton
bars in Specimen C2. In the Eest of Specimen K2, ten slab bars
were observed to have yielded aod lhe renaining tvo slab bars
reached slrains above 0.1 Z at a story drift angle of 1/54.
Therefore, eleven slab bars oay re11 be assuned effeciive on the



bean resistance. Consequently, the total steel
oF lhe loD bean bars became 2.4 cimes lhal of
3.57 cnz). The dilference mdy be consj.dered to
the shape of hysteretic 1oops.

area (= 5.)1 cm.)
botton beam bars(-
have influence on

The straj.n and st!ess distributions in the top and bottom
beam reinforcenenE of Specinen K2 are shown in Fig.11 at a story
drif! angle of 1/216 rad. The stress vas calculated fron the
straln using the Ramberg-osgood nodel for the sEress-sErain
relationship of the stee1. A solid 1i ne represe11ls !he
distribution during the loading in the positive dlrection and a
broken line in lhe ne8ative direction. When the bottom beam bar
yielded in tension at arl end of a connection, the slress at Ehe
other end remained in compression, which indicated a good bond
condilion of the bottom beam bar \rilhin the connection.

0n the contrary, lhe sEress in the Eop bar remained in
tension over !he enlire vidth of lhe connection, !he stress
distribution of !'hich sho\red a V-shape with a mininun stress
appearinB ne€r lhe center. Such stress distrlbution could not be
caused bl, the bond deterioration. It vas thought that Ehe chan8e
in che sign of slress in Ehe beam lop bar \ras caused by lhe rise
in the heighl of the neulra1 axis above the top bean bar.

DisplacemenE Contribution: The conlribution of parts of a
specimen to !he slory drift \ras calculated and shovn in Fig.l2.
The contribution of the beaE-colunn connection panel defornation
was calculated as lhe total defleclion less the contribution from
the beam and colunn deflections. The deflection of beans for
Specinen K2 shares 80 Z of the total story drift ir contrast to
60 Z for Specimen K1. The difference of the beam contribution vas
caused by the difference in the stiffness of a colunn. The
deforrnations of Ehe connecEion and column are considered to have
much i.nfluence upon a hysleretic behavior in Specinen (1.

The contribuEion of local rolation in various regions along a
beao !o the bean deflection 1.,as calculaled and shovn in Fig.13.
The roEalion r,/as neasured over a D/6 dislance from a coluDn face,
and over successi'reD/3, D/2 and D distances, where D is a beam
overall depth (=300 nrn). The four regions are cal1ed ReSion 1 to
Region 4 fron lhe colunn face. The rotatlon in Region l sas
caused naiDly by the pull-out of bean bars fron the connection.
The deflection conponeflt of Region I of Speciinen K1 reached 70 Z
of the total bean deflection at a bean deflecEion of 20 mn,
indicating a large pull-out of bean bars from lhe connection. 0n
lhe other hand, the deflection conponent of Region I of Specinren
K2 \ras 50 Z of Ehe total bean deflection aE the same deflection
Levef.

Stress Distribution of Slab Bars: The stress distribution of
slab reinforcemenl paralle] to lhe longiludinal beam and at lhe
face of lhe transverse beams is shovn in Fi8.14 at peaks of
loadlng cycles. Stress lras calculated fron strain by the Raoberg-
osgood node1. The stresses under negative bendj.ng (the lop fiber
in tension) increased tovard the longitudinal bean, and with a
story drift. The slab b6rs vhich were apart fron the lonsitudina1
bean showed a tensile stress everr under positive bending (top



fiber in codpressiot). This ras considered to be caused by the
transverse beans subjected to torsion and a defornation within a
horizontal plane (Ref.5).

TEST RESULTS OF AN EX'IER]OR CONNECTION

The colunn was observed to yield at a story drift angle of
l/69 rad during a bi-directional loadinS one loading cycyle afEer
the bean yielding.

Crack Pattern: The crack paltern observed at the end of
Ioading is shown in Fi8.15. Torsional cracks vere observed in lhe
transverse beans near the colunn during the loading in the
longirudinal direclion. But its \rid!h was srnafl so !hat the
transverse beams did not fail in torsion. Diagonal shea! cracks
were observed in the connectlon panel region in the lransverse
direction. During loading in the transverse direclion, cracks in
the slab were almost para11e1 lo the longiludinal beam and didn'E
incline !o\,,/ard 45o as .seen during .loading.in the longitudinal
direc!ion. :'{o!e that lhe one-sided slab influenced a crack
paltern of the slab.

Hysterelic Characteristics: The s!ory shear-story drifl
rela!ion in the longiEudinal direction is sho\in in Fig.16 virh
the calculated restoring force characteristics r"/ith different
effectlve l,ridths of lhe slab. The widths of the slab were (a) the
entire slab vidrh (Eotaf wldth B of T-section=239 cn), (b) the
cooperating width specified by lhe AIJ Standard (B=74 cm) and (c)
zero (B=2O cn). Uithin a ranBe of smaIl story drift, the
sEiffness vas observed similar to the one calculated \,/irh no slab
vidth. The resisEance at a story drift angle of 1/69 rad was
observed almost equal to the value calculated with the entire
slab iridth.

Stress DislribuEion of Slab Bars: The stress distribulions
of slab reinforcenenE in lhe t\,ro directions are shown in Fig.17
a! peaks of each loading cyc1e. Solid and broken lines represent
Lhe distribution \rhen lhe top of a bean sectlon is subjecEed to
conpression and tension, respectively. In the transverse
dlrection, !he slab bars passing throuSh the longi!udinal bean
had a tensile stress at the face of the longiludinal bean even in
the negative bending (top fiber in conpression). 0n the oEher
hand, the slab bars irEhe longitudinal direcLion near a colunn
vere subjected to conpression at the peaks under posilive bending
(top fi.ber in compression) and the numbe! of compressed slab bars
increased vith lhe anplitude of sEory drift angle. But the slab
bars away from the column developed tensile stress.

If lhe effective vidth of a slab is determined by the l1umber
of yielded sLab bars, not much difference was observed in lhe
longitudinal and transverse directions. In bolh directions, aIl
slab bars yielded beyond a story drift an81e of 1/25 rad.

If a slab locales only oI1 one side of beans and the
torsional resistance of lhe traosverse bean is sufficient to lake
the reaction of Eensile forces resulced fror tshe slab bars, the
entire slab vidth is r'eSarded as effecli"ve at a large story drift



angle. The tralsverse beams could fail in torsion vhen the
lntroduced torsiorlal force lncreases with an anoutlt of sfab bars.

Behavior of Transverse Beams and Slab: The horizontal
deflection of the transverse beans is shor,rn in Fig.18 at a story
drift angle of 1/188 rad durin8 the loading in the lonSitudinal
direction. The transverse beams scarcely showed a horizontal
deflectlon vhen the top of the logitudinal bear0 was compressed.
But l,/hen the top fiber of the longitudinal bean vas subjected to
lensile stre6s, Ehe transverse beams deflected in lhe horizontal
plane by !he tensile force exerted by the slab bars. This
horizontal deflection was 3 or 4 tines larger than that of the
in!erior connecllon speclnens.

Strain distribution of slab bars in the lwo dlrections is
shovn in Fig.19 at a story drift angle of approxinately 1/120
rad. l,Jhen !he story shear ras applied only in lhe lon8itudinal
direction, the slab bars avay from the colunn and parallel !o the
transverse bean showed tensile s!rain (1oca!ions E and F in
Fig.19). 0n the contrAry, during loading only in lhe t!ansverse
direction, the slab bars away from the colunn (l,ocations K and L)
indicated no'strain and the slab bars near the column (localions
C. H and I) developed tensi Ie strains.

EFFECT OF BEAM BAR BOND ON HYSTERETIC SHAPE

one of the objectives in this tes! was to study the effec! of
bond situation of beam bars on a hysteretic behavior of a lhree-
dirnenslolaf beam-colunn connection vith slabs. Beam bar bond
index ub (Ref.3), an index proposed to indicate the borld
situation of beam bars in a connection, \./as used !o design lhe
specinens on lhe basis of the tesl results on Ehe plane frane
connections.

The beanr bar bond index ub \ras defined as follows :

' /2ub = ry \ ob/ ilc,

rrhere fv: yield slrength of a beam bar, db: dianeter of a beam
bar and hc : coLunn width, The amplitude of index ub depends on
both column depth-lo-bean bar dianeter ratio and the yieLd
strength of a bean bar.

The resuLts of t\re1ve plane bealll-colunn subassemblages
(Refs.3 and 4), lrere sEudied with regard to a hysteretic shape
and the bean bar bond index. The tvelve specimens developed a
bean-yieldinS prior to failure. Nine speclmens resulted in a
pinching behavior and the res! shoved a good-splndle shape
behavior. An equivalent viscous damping ratlo !,as used as the
index to represents the fatness of a hysterelic 1oop. The bean bar
bond index and an equivalent viscous damping ratio relations of
Enelve speclmens are sho\rn in Fig,20. The actual yleld sfrength
was used in calculatinS Ehe index va1ue. The equivalen! viscous
dampinS ratio vas evaluated in the second cycle at a story drift
atgLe of. l/46 rad using the peak resistance and defleccion in Ehe
second cycle. Points plot!ed iD this figure are distributed
vithi.n a linear band vhich inclines righ!-downwards. The bea!0 bar



bond index nay be used to iodicate a bond siLuation of bean bars
rdithin a connection.

CONCLUDING RF}1ARKS

Fron the test results, the folloving conclusj.ons vere
dravn;

1) The interior bean-column subassenblage rith s1abs,
desiSned to improve the bond of bean bars rrithin a connection
takinS lnto account the beam bar bond index showed a pinching
behavior. The bond of bean bars vithin a connection vas
considered Eo be good judglng fron the strain distribution of
beam bars. IE is considered that the pinching behavior was caused
by the delay of crack closin8 due to the difference in the amounL
of effeclive bean top and bolton reinforcing bars.

2) For an exterior bean-column subassenblage i{ith slabs
only on one side, Lhe width of lhe sLab effecCive to the beam
resistance spread with Ehe beam deffeclion. The enEire slab rvidth
needs be reRarded as effective if the lorsional resistance of a
transverse bearn is sufficient to prevent the failure by torsion.
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Table [: ProperLies oI K-Series Specimens

Specinen Kl K2 K3

(a) Longitudinal Bean

Top Bars 4-DI'J

", {..2 ) s. 08
pt(Z) 1 00

BOt  Bars    3-D13

at(cm2)   3 81
pt(Z)

Stirrups

C(cn)
pw(%)

0 フ1

2-D6

5 0

0 64

7-D10

4 99

1 01

5-D10

3 57

0 66

2-D6

5 0

0 64

7-D10

4 99

1 01

5-D10

3 57

0 66

2-D6

5 0

0.64

(b)Colunn
Total Bars

ag(c[.2)

p8(%)

Hoops

@ (cm)

pv(%)

LOad(tonf)

(k8f/Cm2)

16-D13

20 32

2.69

4-D6

5.0

0 93

15 1

20 0

12-D13

15.24

1.08

2-D6

5 0

0 34

28 1

20 0

16-D13

20 32

2 69

4-D6

5.0

0.93

15 1

20.0

(c) Slab
Total Bars
st. rario( Z)

12-D6

0.23

12-D6

0 23

12-D6

0 23

(d)Connection
H00ps

sets

av(cm2)

pv(Z)

2-D6

4

2 56

0 42

2-D6

4

2 56

0 33

2-D6

3

1 92

0 34



Plan View

Fig.1: Reinforcement Details of Specimen K1



お lumn

Specimen K2Fig.1(Cont'd): Reinforcement Details of



Cotuot

Details of Specinen K3Fig. 1(Cont' d) : Reinf orcenent



(a) East-llest Direction

(b) South-North Directioo

Fig.2: Loading Apparatus
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