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1. IN TRODUCTION

The seismic behavior of RC (reinforced concrete) beam-column Jjoints is not yet fully
understood although the behavior of structural members framing into the joints (beams and
collimns) is well understood from analytical and experimental studjes, Joints are rarely of
concern in structural design of RC buildings because past strong earthquakes have caused
very little damage to Jjoints in J apan. Although many RC buildings were severely damaged in
the 1968 Tokachioki Earthquake M 7.9), only a few buildings suffered damage in the Jjoints.
For example, concrete crushing was observed In exterior joints in the penthouse of Hachinohe
City Hall (Fig. 1.1).* A Hakodate University building which collapsed due to column fajlure
(Fig. 1.2) was the special case where eccentric joints appeared to Cause overstress in the columns
and led to failure (Fig. 1.3).2

At present in J apan the Building Standard Law has no requirements for the safety of
the joints ag related to seismic forces. Accordingly, the AIJ (Architectura] Institute of J apan)
Standard for RC Buildings? contains no provisjons for design of joints. This is probably due
to the following reasons. :

1. Joints suffered little damage in bast earthquakes in J apan.

2. Joints are three-dimensionally confined by members so that they are expected to
carry large shear forces.

3. Generally, in Japan beam and column sections haye such large dimensions that the
Jjoints are big enough to keep shear stresses low.



Fig. 1.1 Penthouse of Hachinohe City Hajl (1968 Tokachioki Earthquake)

Fig. 1.3 Beam-column joint in
Hakodate University
Fig. 1.2 Hakodate University (1968
Tokachioki Earthquake)



2. JAPANESE DESIGN OF REINFORCED CONCRETE
BEAM-COLUMN J OINTS

2.1 Code Provisions
The AlJ Standard for Reinforced Concrete Structures® contains no provisions for

design of beam-column Joints except the requirements for development length of reinforcing

Structures* contains an article to cover beam-column joints. According to the article, the joint
is defined as the region having the effective width b; = (b, + b.)/2 and the effective depths j

BV;-TRC +.V3-T3>min(uM1 +u-MI;2 UMl +uM2)

I+¢& 7 14y
where
eV. = effective volume of joint concrete (cm?)
eVe =b; xrj, xrj, 2 by = (b, +0,)/2
Vs = volume of steel panel (cm®)
(Vs = pt, x SJo X 8J, , pt,, = panel thickness)
Tre = shear stress carried by reinforced concrete (kef/cm?)
7s = shear stress carried by steel panel (kgf /cm?)
uM, = beam moment capacity (kgf - cm)
uM, = column moment capacity (kgf - cm)
§ = Db/n
n = Dec/e

and the stee] contribution rg.

TRe =T, + 715

Te=20fs 5 (kef/fem?) (2)
s = Py fwy
where
fs = allowable shear stress of concrete (kgf/cm?)
fs =min [F,/20, 1.5 x (F./100 + 5)]
¥ = confinement coefficient of the joint

¥ = 3 for interior Joint (+-shaped joint)
¥ = 2 for exterior joint (F-shaped joint)
% = 1 for corner Joint (L—shaped joint)
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Fig. 2.2 Subassembly dimensions

Fig. 2.1 SRC beam-column joint

Fig. 2.3 Moment distribution

Fig. 2.4 Forces acting on joint



F. = concrete strength (kgf/cm?)
P» = joint reinforcement ratio
Py = A, [(be x s)
A, = sectional area of a set of joint stirrups (cm?)
8 = spacing of joint stirrups (cm)
Joy = vyield strength of joint stirrups (kgf/cm?)

2.2 Design Recommendatjons

Several equations for Joint shear strength were derived from various beam-column
joint tests.”° The equation recommended in the AlJ publication ® was proposed by Kamimura
from test results of 23 interior joints which failed in shear (Fig. 2.6). Although some of those
specimens were subjected to a constant axial force through the column, the axial force was
found to influence the Jjoint shear strength very little.” The equation is as follows:

7, = (0.78 —0.0016 F,)F, + % Pw fuy for F, < 244 kgf/cm’® ‘)

T, :95.1—!—% Pu fuy for F, > 244 kgf/cm?®

where
T» = shear strength for RC interior joints (kgf/cm?)
F. = concrete strength (kgf/cm?)
Pw = joint reinforcement ratio
Juy = vyield strength of joint stirrups (kgf /cm?)
In this equation, the joint shear strength is defined as the sum of the concrete and
steel contributions, However, the steel contribution is half that in the AIJ equation for SRC

test results than when all the steel was used.”

. EUMb EUM ~_]:
T, = {m , W} 3 Po Juy (4)

where 7, = shear stress carried by concrete (kgf/cm). (See the notation in Egs. 1 and 2.)



Joint shear failure in test

Beam flexural failure in test
Hakodate University (damaged in Tokachioki Earthquake)
No joint damage in Tokachiokj and Miyagioki (68, 78) Earthquakes

o}

o

(Assume P, = 0 for Joints in actual buildings)

joint effective volume ev,

* 100
beam volume 4+ column volume

Volume ratio =

beam volume = width e depth e span length
column volume = width e depth e story height

7. : shear stress carried by concrete

F, : compressive strength of concrete

LA ]
.
H .
s ¢
° .
]
.
o: g
* o
.
L} e °
=2} o 3
° ° 7. =0.25 F,
. ° o o §
a
a g o) s} o o
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4.0 5.0 6.0 7.0

volume ratio (%)
Fig. 2.5 Joint shear stress carried by concrete

Figure 2.5 shows the results for interior (cruciform—shaped) Joints. It can be seen in
this figure that most of the interior joints failed in- joint shear when the concrete stress was



higher than 0.25 F,. Generally, it is believed that exterior and corner Joints have lower strength
than interior joints. Thus, referring to the confinement coefficient ¥ in the AIJ equation for
SRC joints (Eq. 2), the following equation was proposed as the allowable joint shear stress
carried by concrete 5

7. < 025 BF, (5)
where
B = 1 for interior joints (+ shape)
= 2 for exterior joints (- or T shape)
s for corner joints (L shape)

The draft code for design of RC buildings with D51 reinforcing bars® contains provisions to
ensure the safety of bearmn-column Joints against shear and bond failure.

According to the commentary of the draft code, the joints should be designed for
shear using Kamimura’s equation (Eq. 3) shown in Fig. 2.6.° Test results with D51 bars are
also plotted with solid circles.’® D16 or larger bars are recommended as latera] reinforcement,

|

" Kamimura’s Eq.
Velbe | T AlJ (SRC)

|

0.8

0.4
0.2 Yo =V ~05%py, * f,, -
Ye! stress carried by concrete
vj: joint shear stress
Dy joint reinforcement ratio
Juwy: yield strength of joint stirrups
— } t -]
100 200 300 400

Concrete strength F, (kg/cm?)

Fig. 2.6 Joint shear stress carried by concrete



(s0; Column axial stress kg/cm?)
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Ya = ultimate bond stress (kef/cm?)
F. = concrete strength (kgf/cm?)

This equation was derived from test results of interior Jjoint specimens which failed
in beam flexure as shown in Fig. 2.7. The average bond stresses calculated from bar Stresses
Measured at the maximum load stage are shown. Solid circles show the results of tests with
D51 bars.10 Using u, from Eq. 6, the minimum joint depth (column depth in general) is given

by the following equatjon.¢
Pomin =fy - db/(4' ua) (7)
where
Pin = minimum joint depth (cm)
Iy yield strength of longitudina] bar (kgf/cm?)
dy = bar diameter (cm)

Il



9

In this equation, longitudina] bars are assumed to be at tensile yielding at one end
of the joint and at Zero stress at the other end. Therefore, the minimum joint depth gives
the minimum development length for longitudinal bars such that tensile stresses will not be
present throughout the joint.

The minimum development length for D51 bar anchorage is also provided in the
draft code as shown in Table 2.1.6 The values in the AlJ Standard for RC Structures® for Dg
to D41 bars are shown in parentheses for comparison.

2.3 Design Practice

provisions in the AJJ Standard for RC Structures.? However, the design of beam column joints
is left to the designers’ Judgment, because the AIJ Standard does not cover the joints. Par-
ticularly in the cage of low-to-medium-rise buildings, the Jjoints are seldom designed. Usually
a nominal amount of lateral reinforcement such as D10 hoops spaced at 15 cm is arranged

As part of the Joint design, the column depth is examined using Egs. 6 and 7.
Sometimes the column depth is specified by the straight bar development length of 20 times
bar diameter. The value of 20 is commonly used as the minimum ratio of column depth-to-
beam-bar diameter in the design of high-rise buildings.
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Table 2.1 Minimum Development Length of D51 Bar Terminating in Joint

Nominal F. < 250 kgf/cm? F, > 250 kef/cm?
Steel Yield
Grade Strength Type 1 Type 2 Type 1 Type 2
(kgf/cm?
SD30 3000 27d 18d 24d 16d
(30d) (20d) (25d) (15d)
SD35 3500 36d 24d 32d 21d
SD40 4000 (35d) (25d) (30d) (20d)

F,: Concrete strength, d: Bar diameter
(): Requirements in ALJ Standard for RC Structures

L : Development Length

1
[ N .
1

o o

28d

Type 1

<

90° standard Hook
D51 Rar.
\

|
7 >6d
212d Column Face
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- o
Design ot ;
Direction

(a) Corner joints

™ of
4
Design >
Direction

(b) Exterior joints

o 4
Design ral
Direction

(¢) Interior joints

Fig. 2.8 Joint variations with transverse beams

After Proportioning of beams, columns and joints g dynamic response analysis ig
carried out to check the design of high-rise buildings,

The inelastic frame mode] ag well as the mass-spring-dashpot mode] is used in the
analysis.12:13 T}, joints are generally idealized ag rigid zones so that no shear distortion is
considered. Inelastic deformations are concentrated at member end plastic hinges in the frame
model.'* Takeda’s hysteretic mode]s is commonly used to simulate the hysteretic behavior
of the plastic hinges. The dynamic analysis reported in Ref. 16 accounted for the joint shear
distortion by incorporating joint shear panels into the frame model. The shear stress-distortion
relations for the Joint panels were simulated by the degrading trilinear hysteretic model.






3. U.S.-N.Z.-JAPAN-CHINA COOPERATIVE PROJECT ON DESIGN
OF REINFORCED CONCRETE BEAM-COLUMN JOINTS—
JAPANESE CONTRIBUTIONS

3.1 Summary of Meetings

Under the U.S.-N.Z.-Japan Project on Design of Reinforced Concrete Beam-Column
Joints, a trilateral cooperative research project among the United States, New Zealand, and
Japan has been underway since 1984. The People’s Republic of China (P.R.C.) recently began
participating in the project.

The first meeting was held in Monterey, California, July 30 to August 1, 1984. The
purpose of the first meeting was as follows:

1. To discuss design approaches in New Zealand, U.S., and Japan for beam-column
Joints in frames designed to resist seismic lateral forces.

2. To initiate a collaborative research effort aimed at investigating the differences be-
tween the design approaches and explaining those differences to practicing engineers.

An overview of design codes in U.S., N.Z., and Japan clarified the differences in
design approaches for joints in those countries. Reports on studies of joints were presented and
discussed. Six research reports were prepared for the meeting by Japanese participants,!”—22

The second meeting was held in Tokyo, Japan, May 29 to 30, 1985. After a brief
review of the Monterey meeting, current studies on joints were presented and discussed. The
presentations included seven research reports from Japanese participants.?*~2° The design of
test specimens for the cooperative program was reported by the participating research groups.
Testing methods were discussed and agreed on as follows.

1. Column fajlure should be prevented. Simultaneous bidirectional loading is desired
after the mechanical properties are defined under uniaxial loading.

2. The yield deflection should be determined to be 1.33 times the deflection observed
at three-quarters of the calculated ultimate load. The ultimate load should be calcu-
lated as follows; (a) use measured material properties (no strain hardening), (b) use
the effective width of slab to be 600 mm on each side of a beam (the total width of
600 x2+400 = 1,600mm), (c) consider the ultimate moments at the critical sections
of both beams, (d) use a capacity reduction factor of unity.

3. The test should be controlled by displacement following the loading history shown
in Fig. 3.1. At completion of cycles in a given direction, deflection will be held at
neutral (zero) position while cycling in orthogonal direction.

13
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N N
b c ble
w a d E W E 1 a E
I
g g
f e £
S S

(a) Cycles 1 & 2 at P, /2

(b) Cycle 3 at A, (c) Cycle 4at A, (d) Cycles 5 & 6 at 24,

N
d c
W nlll E W
E 1Fa o
g £
s

(e) Cycles 7 & 8 at 2A, (f) Cycles 9 & 10 at (g) Cycles 11 & 12 at
4A, or 0.02 drift 4A, or 0.02 drift

P,: calculated ultimate load Ay: yield deflection

Fig. 3.1 Bidirectional loading history (U.S.-N.Z.-Japan Cooperative Program)

The third meeting was held in Christchurch, New Zealand, August 10 to 12, 1987.
The bidirectional loading tests using the testing methods described above were presented and
discussed. Seven Japanese reports were presented,30— 36

The list of participants in the meetings is given in Appendix C. Japanese participants
consisted of researchers from Universities of Tokyo, Kyoto, Hokkaido and Meiji, Osaka Institute
of Technology and General Building Research Corporation. The J apanese studies presented
in the meetings are outlined hereafter.

3.2 Studies on RC Interior Joints

Various tests were conducted to study the behavior of RC interior (+ shaped) joints
under unidirectional and/or bidirectional loading conditions. Some of the test results were
analyzed statically using a nonlinear finite element method. The dynamic behavior was ex-
amined using hysteretic models simulating force-deformation relations measured in the tests.
The studies are outlined below.



15

3.2.1 Unidirectional Loading Tests.

Hokkaido University. Three series of interior beam-column joint specimens were
tested at Hokkaido University.2+35:36 In the first series?! six specimens (B1 through B6) were
tested to investigate the effect of geometry on joint behavior, as shown in Fig. 3.2. Specimen B1

B5 and B6 were eccentric joints. All specimens were designed to fail in beam flexure, The
beam-column joints were laterally reinforced with three #6, (see Appendix B) hoops spaced
at 87.5 mm.

150

Overall dimensions of the specimen
are common in JXO- B1,B2,B4,B5,B6
= 150
|
300 [__ Joint Hoop 0~ 6¢ @ 87.5
Column ' — 1

300

8-D13,D-'6¢@50 3—D13|+3—D13 LX#*M { ” |

O—64@75

(a) Specimen B1

Fig. 3.2 Details of interior joint specimens
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In B4 the bottom beam reinforcement consists of 2- D13.
Joint Joint Hoop O0—6¢ @ 87.5
1

I

(d) Specimen B4

I 150
A Right T

I¥ beam @ o

E 3-D13+3-D13 '

O-64Q@75 — -
= v - [
SIOITE s 1] | e

E [TTE) o Em
foa a ~=».<r [
Hoop/ 3;' i
s [I—64@Q87.5 :{«—1
@ il
> jowm k1 1380 J
= 1
1L 1500 750 ﬁl
(c) Specimen B3
Joint L Joint
g ,_Log L: '::. L
=R : —
3 — | —
(e) Specimen B5 (f) Specimen B6

Fig. 3.2 Continued



17

Concrete strength ranged from 212 to 276 kgf/cm?®. Bar yield strength was 3780
kgf/cm? for longitudinal reinforcement (D13) and 3130 kgf/cm? for lateral reinforcement. The
loading setup is shown in Fig. 3.3. The beams were deflected equally but in opposite directions.
A constant axial load of 31.5 ton was applied to all specimens. Story shear-drift angle relations
are shown in Fig. 3.4. Specimens B1, B5 and B6 failed in joint shear after forming plastic
hinges at beam ends. Specimens B2, B3 and B4 failed in beam flexure. It was reported
that the wide beam specimen (B2) failed in beam flexure, but the narrow beam specimen
(B1) filed in joint shear. The eccentric joint specimens (B5 and B6) showed poorer ductility
compared with the others, although these specimens reached almost the same maximum load
as the others. However, the beam end rotation measured in the eccentric joint specimen B6
showed better hysteresis than that in the standard Specimen B1, as shown in Fig. 3.5. This
is probably because the beam bars in B6 were anchored in the joint but those in B1 were
continuous through the joint. The shear distortion measured on both sides of the eccentric
joint of B5 showed that larger distortion took place on the beam side of the joint than on the
other side, as shown in Fig. 3.6.

The second series of unidirectional loading tests at Hokkaido University®® were in-
tended to improve the hysteretic behavior of interior joints by developing beam plastic hinges
at a distance from the column face. This series was aimed at reducing bond deterioration of
beam longitudinal bars along their anchorage through the joint. To locate the plastic hinge
away from the column face, additional beam bars terminating in 90° hooks at both ends were
arranged in the critical region adjacent to the joint, as shown in Fig. 3.7. Specimen B8 had
standard details and the beam plastic hinges were expected to form at the column face. Spec-
imens B9 through B11 were detailed so that the critical sections of the plastic hinges were
located at D, /2 (175 mm) to D, (350 mm), D, = beam depth, from the column face. The
additional top bars in Specimen B11 were cranked and extended into the bottom of the beam.
The beam critical region was confined with #6 three-leg stirrups spaced at 50 mm. Concrete
strength ranged from 24.9 to 25.9 MPa. Bar yield strength was 404 MPa for longitudinal
reinforcement (D13) and 377 MPa for lateral reinforcement except in the joint. The joint rein-
forcement was designed to meet the requirements in New Zealand code®” and was fabricated
with ¢5 steel bars having a yield strength of 1010 to 1320 MPa.

The specimens were loaded in the same manner as in the first series. All specimens
failed in beam flexure as shown in Fig. 3.8. Specimen B8 failed at the region immediately
adjacent to the joint, while the other specimens failed at the expected critical sections where
the additional beam bars were hooked or bent. Story shear vs drift angle relations are shown
in Fig. 3.9. The hysteretic curves for Specimen B8, hinging at the column face, showed
considerable pinching after reaching the maximum load in cycle 9. This is probably due to
the slippage of the beam bars in the joint. Specimens B9 and B11, hinging at D, /2 and at
D, /2 to D,, respectively, showed stable and spindle-shaped hysteresis loops even in the final
cycle, although Specimen B10 with hinging at D,, showed some pinching as observed for BS.
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It should be noted that the plastic hinges in B10 were required to undergo the largest rotation
and carry the highest shear force at equal story drifts because B10 had the shortest distance
form the critical section to the loading point. Beam end rotations measured at the joint face
are shown in Fig. 3.10. The rotation for Specimen B8 was much larger than that for the other
specimens and showed considerably pinched hysteresis as observed in the story shear-drift
angle relation.

Figure 3.11 shows the strain distributions along beam bars for Specimen B9. The
maximum tensile strains were observed at the critical section for the main beam bars and at
the column face for the additional bars.

The last of the three series at Hokkaido University®® was conducted to study the effect
of lateral reinforcement on the bond behavior of beam longitudinal bars passing through the
joint. Four specimens, variations of Specimen B8 in the second series, were designed changing
the details of the lateral reinforcement in the joint and/or the beam end critical region, as
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shown in Fig. 3.12. The specimens in this series were designated with the combination of two
letters representing the amount of joint beam transverse reinforcement, respectively. Specimen
B8, designated as HH hereafter, and Specimen B1 in the first series were cited to compare
results. Specimen MHUB, a variation of Specimen MH, was fabricated using vinyl chloride
pipes to develop unbonded conditions along beam bars within the joint. Concrete strength
varied from 26.1 to 28.1 MPa. Bar properties were identical to those in the second series. The
same loading apparatus as in the previous two series was used to load the specimens. The
column axial load was held constant at 353 kN. All specimens in this series failed in beam
flexure as shown in Fig. 3.13.

Many shear cracks formed within the joint of specimens HH and HL with a large
amount of joint reinforcement, while a few diagonal cracks opened widely in the joint of
Specimen LH with a small amount of joint reinforcement. No shear cracks occurred in the joint
of the unbonded specimen MHUB. Story shear-drift angle relations are shown in Fig. 3.14(a).
The hysteretic loops became pinched and inverse-S-shaped with a decrease in the amount of
the joint lateral reinforcement. The unbonded specimen MHUB showed remarkable pinching
of the hysteresis curves and somewhat low strength compared with the other specimens. The
joint shear distortion in MHUB was much smaller than that in MH, as shown in Fig. 3.14(b).
Figure 3.15 shows slip of the beam bars measured relative to the joint face. Slip in Specimen
MHUB was observed at the beginning of loading. Slip in the other specimens began after
yielding of the beam bars occurred. The amount of slip, especially during pull-out loading,
decreased roughly with increase of the joint lateral reinforcement.

University of Tokyo. Three series of RC interior joint specimens were tested un-
der unidirectional loading at the University of Tokyo.2°:27 All specimens in these series were
half-scale interior beam-column subassemblages designed to develop weak-beam strong-column
behavior.

The dimensions of members were common to all specimens; beams were 200 mm
X 300 mm, and columns were 300 mm X 300 mm. The specimens were tested using the
loading apparatus shown in Fig. 3.16. The constant vertical load and reversing horizontal
load were applied at the top of the column by two actuators. In the first series (S-series), six
specimens shown in Fig. 3.17 were tested to study the effect of bond deterioration of beam
bars passing through a beam-column joint.?° Specimen S1 is the standard specimen, in which
(a) D13 bars were used as beam longitudinal reinforcement, (b) the columns were subjected to
an average axial stress of 60 kgf/cm?, and (c) the joint was reinforced so that the entire shear
could be resisted by shear reinforcement (D6 four-leg hoops spaced at 25 mm). Specimen S2
was subjected to a lighter column axial stress of 20 kgf/cm?. D10 and D16 bars were used
as beam longitudinal reinforcement in Specimens S3 and S4, respectively. Specimen S5 had
monolithic spandrel walls above the beams with narrow slits against the column face so that



26

SusUI23ds Jo s[rega(] g1°g “S1g

zee-0="d’ %1€ *0="dd myd
058-¢9~-01dooy 0019-99~ O *d3g z12°0="d
R
261 °1="0° E y6.0=
£10-8 J - flo-t IIIHEMHH-
00£X00€ 0SEX05 1 G /8969 a
cuwn| 0o tweaq u#C.rO.h.
008=7sadid spLiojyo [Auta 0SB P Y- *dis e g,
BIp0srdd
Sve- 99 3
2 \ 8 LiLIm LL
GOHW  $zo=mt gumegen € T
§17:0="d" 058 ¢ 9-[]] "d3s _ :f -
G*188-99[] : &
HT el -
“Tpt0="d? I T iai 8
Sha- 2501 e _ ] >
HW manw 1o eesso gh g
[EEEY

y38usuys ysiy
Ehg- ¥z

£96- P Cx7 [ hamadr

TH
T 0S® " 005 TO0ET 008 7 0 1
oSl <J 0s!
.Mwm.oﬂnza emm.Tmﬁ D404 | RLXE UWA|OD £
Ou@m%o.:_u MS wuﬁ uLpeo| pJeMyDRg A
00EX008 : uwn{ 0> 8uLpeo| pJedUO) A
v 0Ig¢9-0-dis i o
adINIESSETIIE
it g
Ol uorEsd u:mim/>./. Hl* 1 T
JAN v A
268 0="d¥ £10-8 48T 0="d elg-¢
058 ¢ 9-[1 %09°0=1d 00182 9-0) %09°0='d
s ¢lg-¢ Rl g £10-¢
0SEX00Z uotids g il 0CENNN7Z uoL3Das ¢
&xv ! weaq

0sl1

Toge’ 004

00L

oSl

8g uswmpadg .
[9998 YjBuaIys ySIy yyIm pajedtiqey

sIeq wreaq puoqup : g
OIfel JUSWISDIOJUISI [eID}R] :

HT (%120 = "7)
HI MO
0, N — @
(@anEn) (%1970 = °9) I
HIN TWINIps|N
(%9T'T = ")
TH s+ HH +USTH
(%820= "q) (%980= "q)
MO Y3y JUSWADIOIUIY

sdnamg pury wresg [BI9YR T jO junoury

SuOWI[XddG JO SUOIJBIIBA



27

MO

SLpplu

ysry

sjutol ut
JUBWasu0 UL
Le4ajey
Jo aaulaq

1599 199Je sumdjyed yoel) ¢r°g Sig

JuBWAUL JUOD :mrz

00§

v /
e ) 7/7,

_mgnmaﬁowam

Juswau L juod Y3}
005 7

VN\W . AN iy ,/f/

JuswauL Juod y3Ly

N
00§ 4

74

,mq cmEHome
00§
ﬁWMVm

juBwauL Juod ydiy

_,A 00§

4

e

GNHW cmEHome

(89)HH cmsﬂuwmm,

TH uswroads



28

v ultimate strength ti
timate strength )
Vco] (kN) v ultima g Vc

ol (kN)

il / -
i, .
15050 WA e

iy
0
U

Vc'o] (kN) ) . ’ ~ Veol (kN)

P

Lo ===140 50 |60

/;/

MH

Fig. 3.14 (a) Story shear vs drift angle relations

Vih (MPa) Vih (MPa)
[ [
[ RLRFYY
....... , 7
1 p Alr-- q L ///
A Ly R/
1 2
T (10" red) ! T 010 rad)
0.5 1 1.5 2 2.5 -2.9 -2 -1.5 -1 -0.% § 0.5 1 1.5 2 2.
-t
/s
‘ 1] -2 :
MH | ' 1 MHUB |
.]/.l _‘
ot "
-8

Fig. 3.14 (b) Joint shear stress vs shear distortion



o
&
O
/u.///V/ 1
..f.:...://é
)
B os o7 € o ol
«1:Lm-o_vmw
HT
HAN*TH
dNHN

<l

(wur) o1g

jurod 3utuanseaw :+d-w
jutod uorjenjeaa :°d-o

wwg

uotLj}ejuawnalsut

\Q\EEON

LrARSENITY

) @ ¢ g

1

(vex__0l)ay

T »\.V—I

; g NHN
“q HT1'HN'TH

yjduauys

ajewLy | v

WO Y.

CI
L
[ar® - e
M 05 0 ko 0L = " =TT
(p 21 O.: mm. ) \m.\ ICI_II..I;NWIIN\AMH o7 (56— (9~
B \\...ﬂ\_w\ ‘t .
e vl
\\\mmﬂa\ 94
.......... 8]
Ol
¢l
(wm)zg
B
LOI7 =d -
; (oy =%)
T AmV TR
34 Or*L'y"'I=T1
£ AN ¥xFa-To=To
o= !
L *d-w
o
~. - (&)
.
o e o1
09 OM C.N. X - e () 0]- Ow.l - o7 Qmﬂ e
:::m-OC e| rd| //
ol AN
wN
R 4 1011 gl RN
—_—— HI PN
gl ..
;;;;;;; HKW RO
TH oq e
bl




30

J o ]‘
| 100t
Actuator
Positive & Negative
. Ay | — I ————
e — |
. T— L. . ..:(.\:;c:é [ :
50 t Actuator 2% Specimen —f-
12 R g —
., 2 RSSO AN X NS
A — IVEAVN

-

Fig. 3.16 Test specimen in loading setup

beam inelastic deformations were forced to concentrate in the slitted zones. In Specimen S6,
the amount of the joint shear reinforcement was significantly reduced to a level commonly used
in Japan (D6 two-leg hoops spaced at 50 mm).

The specimens were designed so that the average horizontal shear stress in the joint
at flexural yielding of the beams would be less than the diagonal cracking stress calculated by
the principal stress analysis. It should be noted that all specimens in this series had transverse
beams 300 mm long. Concrete strength was 283 kgf/cm? for Specimens S1 through S3 and
256 kgf/cm® for S4 through S6. Bar yield strength was 3510 to 4250 kgf/cm? for longitudinal
reinforcement and 3390 kgf /cm? for lateral reinforcement. The crack patterns observed at the
end of loading are shown in Fig. 3.18. All specimens developed beam hinges. The story shear-
drift relations are shown in Fig. 3.19. The story shear was calculated from the measured load
applied by the horizontal actuator corrected for the P-delta, effect. Most specimens showed a
slip-type hysteresis after yielding except Specimen S2 which was subjected to a lower vertical
load. The yield deformation of the specimen defined by strain measurements on beam bars

400

735

735
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was much larger than the calculated yield deflection. The axial deformations at the beam
top and bottom fibers were measured over a distance of 180 mm from the column face. The
bottom fiber was subjected to a more severe stress history than the top fiber, because more
reinforcement was placed at the top to simulate the contribution of slab reinforcement to the
beam resistance. The axial deformations at the bottom fiber are plotted against the beam
shear in Fig. 3.20. All specimens showed a slip-type hysteresis shape after yielding at the
beam critical section. Specimen $4 (column width/beam bar diameter = 18.9) clearly showed
the slip-type characteristics even prior to flexural yielding of beams, indicating a possible
progressive deterioration of bond in the joint. A high axial load does not appear to reduce
the bar slip within the joint, because the hysteresis curves for Specimen S1 (axial stress of 60
kgf/cm?) are similar to those for Specimen S2 (20 kgf/cm?) except in the final loading cycle.

In the second series (J-series) at the university of Tokyo, six specimens, shown in
Fig. 3.21, were tested to study the effect of lateral reinforcement ratio on the joint shear
strength.*® Specimen J1 is the standard specimen, in which (a) the amount of column lateral
reinforcement was continued through the joint as often seen in Japanese construction, and
(b) the columns were subjected to an axial stress of 20 kgf/cm?. Specimen J2 modeled U.S.
construction, where the amount of confining reinforcement at column ends was continued
through the joint. Specimen J3 was provided with approximately 60% of the joint shear
reinforcement required by the New Zealand code.®” Specimen J4 was identical to J1 but
subjected to a higher axial stress of 60 kgf/cm?. In Specimen J5, intermediate longitudinal
column reinforcement in the direction of loading was omitted. Specimen J6 was provided
with a smaller amount of beam reinforcement to limit the level of joint shear stress to the
shear cracking level. All specimens in this series had no transverse beams. Concrete strength
ranged from 245 to 293 kgf/cm?®. Bar yield strength was 3530 to 4090 kgf/cm?for longitudinal
reinforcement and 3750 kgf/cm?for lateral reinforcement.

Figure 3.22 shows the crack patterns in the joint after reaching a drift angle of 1/23
rad. Shell concrete of Specimens J1 through J5 spalled from the joint face. Only a few cracks
were observed in the joint of Specimen J6. Story shear-drift relations are shown in Fig. 3.23.
Specimens J1, J2 and J3 with different amounts of joint lateral reinforcement showed similar
hysteresis curves. Specimen J5 without column middle reinforcement showed a hysteresis
relation very similar to Specimen J1. Specimen J4, subjected to a higher vertical load, showed
a larger hysteresis area than Specimen J1. Joint shear distortions are plotted against the story
shear in Fig. 3.24. Comparing the relations of Specimens J1 through J3, a large amount of
joint reinforcement in Specimen J3 is obviously effective in reducing the joint shear distortion.

In Specimen J4, the vertical load on the column appeared to increase the shear
distortion after reaching a drift angle of 1/23, because the joint shear resisting mechanism
deteriorated at a faster rate with the normal stress. It should be noted that the slip-type
hysteresis observed in the story shear-drift relation for Specimen J6 must have been caused
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by beam bar slip within the Joint because the joint shear distortion was very small in J6. The
shear distortion for Specimens J1 through J5 increased after the formation of the beam collapse
mechanism even though the shear input to the joint did not increase. This must be due to the
change in the shear resisting mechanism as bond deteriorates along the beam reinforcement
within the joint.

In the third series (C-series) at the University of Tokyo, three interior specimens were
tested to assess the amount of joint lateral reinforcement required to prevent shear deterioration
in a beam-column joint when the bond situation was improved for beam longitudinal bars
within the joint.?” The beam bar bond index defined by the following equation was introduced
to indicate the bond situation.

szfy (db/hc)/2 (8)
where f, = yield strength of beam bars, d, = diameter of beam bars, and h, = column depth.

The beam bar bond index corresponding to the requirement in the New Zealand
code®” is approximately 55 kgf/cm? and is lower than the values for the specimens in the
previous two series; U, = 67.5 kgf/cm? for Specimen S3 with D10 beam bars, 74.3 to 86.6
kgf/cm? for those with D13 beam bars (81, S2, S5, S6 and J1 through J6), and 100.4 kgf/cm?
for Specimen S4 with D16 beam bars. The three specimens in C-series were designed to
limit the beam bar bond index to 55 kgf/cm?. As shown in Fig. 3.25, the beam and column
sections were common for the three specimens but the amount of joint lateral reinforcement was
varied. Specimen C1 was a standard specimen modeling usual Japanese practice. Specimen
C2 was designed on the basis of ACI 318-83%% so that the amount of confining reinforcement at
column ends was continued through the joint. Specimen C3 was designed on the basis of the
New Zealand Code®” so that the entire shear could be resisted by joint shear reinforcement.
All specimens had no transverse beams and were subjected to a column axial stress of 20
kgf/cm?. Concrete strength was 261 kgf /cm?. Bar yield strength was 3260 kgf/cm? for beam
longitudinal reinforcement (the bond index U, = 52 kgf/cm?) and 3300 to 3360 kgf/cm?
for joint lateral reinforcement. Crack patterns observed at the end of loading are shown in
Fig. 3.26.

Flexural cracks were distributed uniformly along the beams and concrete spalled
from the bottom of beams in the plastic hinge zones. Specimen C1 with the least joint lateral
reinforcement was observed to develop wider shear cracks than the other two specimens during
loading at a drift angle of 1 /23 rad. Story shear-drift relations are shown in Fig. 3.27. The
three specimens showed a fat spindle-shaped hysteretic behavior. The contribution of parts
of the specimen to the story drift was calculated and is shown in Fig. 3.28. The deflection of
beams was dominant in the story drift. Strains in the joint lateral reinforcement are shown
in Fig. 3.29. The strains in Specimen C1 exceeded the yield strain at a drift angle of 1/92,
although the strains in Specimen C3 stayed less than 0.1% throughout loading.
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The joint shear resisting mechanism in F ig. 3.30 was discussed by comparing the test
results for Specimens J1 and Cl, as rearranged in Fig. 3.31.32 Specimen J1 with D13 beam
bars (bond index U, = 86.6 kef/cm?) failed in Jjoint shear, while Specimen C1 with D1o beam
bars (U, = 52 kgf/cm?) failed in beam flexure. Although the Jjoint shear stress developed in
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(2) Main strut mechanism (b) Sub-strut mechanism (c) Truss mechanism

Fig. 3.30 Joint shear resisting mechanism

Specimen J1 was approximately 1.25 times higher than that in Specimen C1, the number of
Jjoint shear cracks was less in Specimen J1.

Specimen J1 developed shear cracks by the sub-strut mechanism but the shear cracks
in the main diagonal became dominant at a large deformation. The sub-strut mechanism was
lost with bond deterioration along the beam bars and the forces were concentrated in the
main strut. On the other hand, the sub-strut mechanism as well as the main strut mechanism
was maintained in Specimen C1 and diagonal compression stresses distributed uniformly in
the joint concrete. The role of joint lateral reinforcement in these two series appears different
depending on the degree of bond deterioration along the beam bars. In specimens with poor
bond (J-series), different amounts of joint lateral reinforcement resulted in little difference in
the stains in the joint reinforcement. On the contrary, a larger amount of lateral reinforcement
resul ted in lower strains in the Jjoint reinforcement in the specimens with lower bond stresses
in the beam bars through the joint (C-series).

Chiba University. A series of unidirectional loading tests were conducted at Chiba,
University.®® Eight specimens were tested to study the effects of joint shear stress level and
beamx bar bond on the Jjoint shear resistance. As shown in Fig. 3.32, the specimens were
half-s cale interior beam-column subassemblages having the same dimensions as in the J- and
C-series at the University of Tokyo.

The first four specimens (No. 1 through No. 4) were provided with only one D6 hoop
as joint lateral reinforcement. The other four specimens (No. 5 through No. 8) were designed
so that half of the entire shear could be resisted by joint lateral reinforcement. D13 and D10
bars were used as beam longitudinal reinforcement to produce poor and good bond conditions,

respectively. The beam bar bond index (see Eq. 8) was 54 kgf/cm? for the specimens with
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Properties of Specimens
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Specimen No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8
Beam
Top Bars 12-D10  10-D10 6-D13 5-D13  10-D10 8-D1o 5-D13 4-D13
Bottom Bars 12-D10  10-D10 6-D13 5-D13  10-D10 8-D10 5-D13 4-D13
P.(%) 167 130 140 125 130 111 125 100
Stirrups 2-D6 2-Dé 2-D6 2-Dé6 2-Dé 2-Dé6 2-D6 2-D6
Column
Total Bars 18-D13 16-D13 18-D13 16-D13 16-D13  12-D13 16-D13  12-D13
Pg(%) 2.61 2.31 2.61 2.31 2.31 1.72 2.31 1.72
Hoops 2-D10 2-D10 2-D10 2-D10 2-D10 2-D10 2-D10 2-D10
Connection
Hoops 2-Dé6 2-Dé 2-D6 2-Dé6 24-Dé6 16-D6 24-D6 16-D6
P, (%) 0.10 0.10 0.10 0.10 1.15 0.76 1.15 0.76
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Fig. 3.32 Details of specimens
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D10 beam bars and 77 to 83 kgf/cm?® for those with D13 beam bars. Concrete strength was
335 kgf/cm? for Specimens No. 1 through No. 4 and 291 kgf/cm? for No. 5 through No. 8.
Bar yield strength was 3260 to 3830 kgf/cm? for longitudinal reinforcement and 3270 to 3450
kgf/cm? for lateral reinforcement. The loading setup is shown in Fig. 3.33. The specimens
were subjected to a constant stress of 20 kgf/cm? at the column and reversing loads at the
beam tips. Figure 3.34 shows final crack patterns and shear crack widths observed in the joint.
Specimens with a small amount of joint lateral reinforcement (No. 1 through No. 4) developed
wide shear cracks in the joint and eventually failed in joint shear after flexural yielding of the
beams. Specimens with a larger amount of joint lateral reinforcement (No. 5 through No. 8)

failed in beam flexure. Figure 3.35 shows story shear-drift relations during the loading to a
drift angle of 1/26 rad.

77
ujm“/// S, H
o
7Tt specimen 7770
7
/ [‘r—w"b[mczémﬂH
- L] A [ [

Fig. 3.33 Test specimen in loading setup

Specimen No. 5 with the combination of high joint reinforcement ratio and good
beam bar bond showed fat spindle-shaped hysteretic behavior. The other specimens in this
figure showed an inverse-S-shaped hysteretic behavior because of the deterioration in the joint
shear resisting mechanism for Specimens No 2 and No. 4, and because of the bond deterioration
of beam bars within the joint for Specimen No. 7. Joint shear stress-shear distortion relations
are shown in Fig. 3.36. A larger amount of joint lateral reinforcement is obviously effective in
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Fig. 3.34 Joint shear cracks

reducing the shear distortion. Tt should be noted that Specimen No. 2 with good bond showed
a little larger distortion than Specimen No. 4 with poor bond. This tendency is more clearly
observed in the test results from Hokkajdo University, as shown in Fig. 3.14(b). Strains in
Joint lateral reinforcement are shown in Fig. 3.37. Specimen No. 5 with good bond showed
much larger strains than Specimen No. 7 with poor bond. This is because the joint shear

resisting mechanism contributed by lateral reinforcement was affected by the bond situation,
as discussed previously.

The conclusions in the preceding studies are summarized as follows:

1. Specimens with a small amount of joint lateral reinforcement (lateral reinforcement

ratio: p, = 0.1 to 0.5%) developed beam flexural yielding but failed in joint shear
at a drift angle of 2 to 49,20,21,33
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Fig. 3.36 Joint shear stress vs shear distortion

2. A large amount of joint lateral reinforcement (Pu = 0.8 to 1.2%) was effective
in (a) preventing joint shear failure,® (b) reducing shear crack width and shear
distortion,?*>*% and (c) reducing beam bar bond slip within the joint.3¢

3. The joint shear resisting mechanism appeared to be affected by bond along beam
longitudinal bars passing through the joint.32:33:36 A specimen with unbonded beam
bars developed no shear cracks in the joint.*¢ Joints with good bond developed more
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No. 5: Strains of joint’s hoops - No. 7: Strains of Jjoint’s hoops

at +7, +8, -+9 cycle peak at +7, +8, -+9 cycle peak
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Fig. 3.37 Strains in joint lateral reinforcement

shear cracks,?? underwent larger shear distortion 33¢ and reached higher strains in
the lateral reinforcement2:*® than those with poor bond.

Large-size beam longitudinal bars accelerated bond deterioration within the joint and
caused slip-type hysteretic behavior.2°#% Good spindle-shaped hysteretic behavior
was observed for the specimen with a beam bar bond index of 55 kgf /em? or less?7+33
and for the specimen designed to locate the beam critical section at a distance from
the column face.?5 Column axial load did not appear to reduce beam bar bond slip.20

When beams and columns were connected eccentrically to each other, the influence
of the eccentricity primarily appeared in the ductility of the specimen rather than
in the strength.?!

3.2.2 Bidirectional Loading Tests.

Hokkaido University. A series of bidirectional loading tests were conducted at

Hokkaido University.?® Four specimens shown in Fig. 3.38 were tested to study the shear re-
sistance of interior beam-column joints in two-way frame structures, The specimens were half-
scale interior beam-column-slab subassemblages in which four beams framed into a joint in two
directions. The first three specimens (B1-XY, B1-45 and B1-45 PH) were three-dimensional
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variations of Specimen Bl in the unidirectional loading series (see Figs. 3.2 through 3.5).
Specimen B1-XY had standard detajls where the joint was laterally reinforced with ¢ 6 hoops
spaced at 87.5 mm. Specimen B1-45 was identical to B1-XY but loaded differently. Specimen
B1-45 PH was designed to meet the requirements of the New Zealand Code®” as well as ACI
318-83°% so that the joint was laterally reinforced with a large amount of high strength steel.
Specimen B7-XY had an elongated joint because deep beams were used. The slab was 60
mm thick and reinforced with a single layer of ¢6 bars in each direction. Concrete strength
ranged from 210 to 278 kgf /em?. Bar yield strength was 13600 kgf/em? for the joint lateral
reinforcement in Specimen B1-45 PH and 3390 to 3700 kgf /cm? for the other reinforcement.
The loading setup is shown in Fig. 3.39. Reversing bidirectional loads were applied at the
top of the column with two actuators installed in the two orthogonal directions. Specimens
B1=XY and B7-XY were loaded in the two directions parallel to the beam longitudinal axes,
while Specimens B1-45 and B1-45 PH were loaded in the two directions at an angle of 45° to
the beam axes. The bidirectional loading direction was changed alternately at every cycle. A
constant column axial stress of 35 kgf/cm? was applied to all specimens. Crack patterns at
the end of loading are shown in Fig. 3.40. Crushing of concrete was observed at beam ends
and joint corners. Flexural cracks in the slab developed at an angle of approximately 45° to
the beam axes. Story shear-drift angle relations are shown in Fig. 3.41. All specimens showed
inverse-S-shaped hysteresis. The loading at an angle of 45° to the beams (B1-45) resulted in
20% higher story shear than the loading parallel to the beams (B1- XY), indicating biaxial
strength less than /2 times the uniaxia] strength. Specimen B1-45 PH with heavy joint re-
inforcement showed a little higher strength than Specimen B1-45, but the difference was not
as large as expected using Kamimura’s equation (Eq. 3). Specimen B7-XY with the oblong
joint showed higher story shear than any other specimen, but the horizontal shear measured
in the oblong joint was much lower than calculated using Eq. 3. Compared with Specimen B1
in the unidirectional loading series, Specimen B1-XY showed about 30% higher story shear.
This difference is attributable to the fact that Specimen B1-XY had transverse beams and a
slab while B1 did not.

University of Tokyo. Another series of bidirectional loading tests were conducted
at the University of Tokyo.3! The main variable in this series (K-series) was the bond situation
along beam longitudinal bars within the joint. Two interior and one exterior specimen were
tested and the results for the interior specimens are described below (see Sec. 3.3.2 for the
exterior specimen).

The interior specimens (K1 and K2) were half-scale beam-column-slab subassem-
blages as shown in F ig. 3.42. The specimens were designed in accordance with Japanese
practices in design and construction so that the beam-column joints were provided with a
small amount of lateral reinforcement (D6 hoops spaced at 50 mm).
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Beam dimensions were common to the two specimens, but beam longitudinal bars
and column depth were varied to develop different bond conditions. The beam bar bond
index (Eq. 8) was 102 kgf/cm? for Specimen K1 with D13 beam bars passing through the
275 mm-deep column, and 57 kgf/cm? for Specimen K2 with D10 beam bars through the 375
mm-deep column. Concrete strength was 244 to 266 kgf/cm?. Bar yield strength was 4420
to 4460 kgf/cm? for longitudinal reinforcement and 4010 kef/cm? for lateral reinforcement,
The loading apparatus is shown in Fig. 3.43. A constant axial stress of 20 kgf/cm? and
reversing bidirectional horizontal loads were applied at the top of the column with three
actuators. The bidirectional loading followed the displacement history shown in Fig. 3.1.
Crack patterns at the end of loading are shown in Fig. 3.44. Specimen K1 developed a single
and wide concentrated crack at the critical section of the beams. Specimen K2 developed fine
flexural cracks distributed along the beams. The shell concrete spalled in the four corners
near and within the joint of Specimen K1 but did not in Specimen K2. Story shear-story
drift relations are shown in Fig. 3.45. The vertical segments as observed between points
A and B in the relations resulted from the biaxial interaction of the resistances in which
the loading in one direction reduced the story shear in the other direction while the story
drift was held constant. Compared with the good spindle-shaped hysteresis for Specimen
C2 in the unidirectional loading series (Figs. 3.25 through 3.29), hysteresis for Specimens K1
and K2 showed considerable pinching. The pinching phenomenon was more pronounced for
Specimen K1 than for Specimen K2 because the bond deterioration along beam bars occurred
in Specimen K1. However, the pinching observed in Specimen K2 could be attributed to the
existence of the slab rather than to bond deterioration because the bond situation in Specimen
K2 (bond index U, = 57 kgf/cm?) was equivalent to that in Specimen C2 (U, = 52 kgf/cm?).

Deflection components of the story drift are shown in Fig. 3.46. The component
contributed by the joint shear distortion remained almost constant up to a drift angle of
1/25 rad and showed no sign of joint shear failure. The beam deformation of Specimen K2
contributed more of the story drift than in Specimen K1 because K2 had bigger and stiffer
columns than K1. Figure 3.47 shows beam deflection components contributed by deformations
within various regions of the beam. The deflection component within the region immediately
adjacent to the joint (Region 1) included the deformation caused by the pull-out of the beam
bars from the joint and reached about 70% of the total beam deflection for Specimen K1.

On the contrary, the component within Region 1 stayed at 50% of the beam deflec-
tion for Specimen K2, indicating much less pull-out deformation because of the better bond
conditions along beam bars. Slab bar stresses were calculated from measured strains assuming
the Ramberg-Osgood stress-strain hysteresis relation and are shown in Fig. 3.48. The stresses
increased with drift. Strains in Joint lateral reinforcement are shown in F ig. 3.49. The lateral
reinforcement appeared to confine the Joint concrete, because the strains increased during the
bidirectional loading. Specimen K1 developed larger strains than Specimen K2 at the same
story drift, probably because the joint of Specimen K1 was subjected to higher shear stresses.
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From the test results described above, the following conclusions were drawn:

1. The three-dimensional specimens did not fajl in joint shear, although they developed
high shear stresses in the joint. This is probably because the joint was confined by
transverse beams and a slab.3!

2. The specimens showed pinching hysteresis in the story shear-drift relation 2531 The
pinching phenomenon observed in the specimen with good bond conditions was prob-
ably caused by the slab which raised the neutral axis above the beam top rein-
forcement in positive bending and thus delayed crack closing when the loading was
reversed.3!

3. The slab width contributing to the beam flexural resistance increased with the beam

deformation;3*

3.2.3 Nonlinear Finite Element Analysis. The inelastic behavior of interior

beam-column joints was statically analyzed using the nonlinear finite element method.18:34
The analysis was aimed mainly at studying the effect of different bond conditions along beam
longitudinal bars within the joint. As shown in Fig. 3.50(a), the analytical model was a
two-dimensional interior beam-column-joint subassemblage composed of triangular concrete
elements, bar elements, bond-link elements and crack-link elements. The bond-link element
modeled the bond slip of the beam longitudinal bars assuming the bond stress-slip relation
shown in Fig. 3.50(c). The crack-link element shown in Fig. 3.50(b) was placed at the potential
crack surface whose location was predetermined by referring to test results. Four specimens
(J1, J1’, J2 and J3) were analyzed and compared with test results.3°:4° As shown in Fig. 3.51,
the dimensions were the same in all the specimens but the bond conditions along beam bars
were varied. Figure 3.52 shows the analytical load-displacement relations in comparison with
the test results. The analytical hysteresis curves for Specimens J1 and J2 with poor bond
conditions exhibited inverse-S-shaped loops as observed in the test results. On the other
hand, Specimen J3 with good bond conditions showed stable spindle-shaped hysteresis in both
analytical and experimental results. Principal stress distributions in joint concrete are shown
in Fig. 3.53. The diagonal compressive strut formed in Specimens J1 and J2 but did not clearly
in Specimen J3. Specimen J1, which failed in joint shear in the test, developed compressive
failure of concrete at the center of the joint in the analysis. Shear stresses carried by concrete
were calculated and are shown in F ig. 3.54. The stresses in specimens which failed in the joint
(J1 and J1') were much higher than those in the beam-failure-type specimens (J2 and J3) and
reached about 50% of the compressive strength of concrete.

3.24 Dynamic Response Analysis. Nonlinear earthquake response of frame
structures was analyzed to study the effect of beam bar slip within the joint.27*2 The struc-
tural model is a plane frame in which (a) an inelastic rotational spring is placed at member
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ends, (b) beam-colurmn joints are rigid, (c) a mass is lumped at each floor level, and (d) a floor
slab acts as a rigid diaphragm so that all joints at a floor displace equally in the horizontal
direction.

Different hysteresis models were assigned to the inelastic rotational springs as shown
in Fig. 3.55(a). A Takeda-slip model simulated the pinching hysteresis due to the bond dete-
rioration along beam bars within the joint and a Takeda model simulated the spindle-shaped
hysteresis for beams and columns with good bond conditions. The response analysis was
carried out on one total frame?” and three substructure frames®? as shown schematically in
Fig. 3.55(b). The total frame modeled an eight-story office building with four 6m-long spans.
The three substructure frames, removed from an arbitrary frame by cutting off the beams
framing into an interior joint at their inflection points, had four stories, seven stories and
sixteen stories, respectively. The frames were fixed at thejr base and subjected to several
horizontal ground motions such as El Centro 1940 NS record, Taft 1952 S69E record and so
on.

The ground motion records were scaled so that the maximum response rotation
would reach a ductility factor of four. Figure 3.5(b) shows horizontal displacement histories
at the roof level. The structures with beam bar slip in the joint (Takeda-slip model) showed
larger displacements than those without bar slip (Takeda model). However, the beam bar slip
did not increase rotational ductility factors at beam ends, as shown in Fig. 3.57. Tt should be
noted that the yield deflection at the beam end with the Takeda-slip model was greater than
that with the Takeda model because of the additional deformation due to the bar slip. That is
why the attained ductilities were comparable for the two hysteresis models. The substructure
frames were analyzed with two Takeda-slip models having different h.q values (h,, = equivalent
viscous damping ratio). A change in the h., value from 0.15 to 0.10 did not affect the response
ductilities. It is important to note that the h,, value is a measure of the hysteretic energy
dissipating capability. According to the test results at the University of Tokyo (S-, J- and
C-series), the h,, values tend to decrease with the increase of beam bar bond index U, as
shown in Fig. 3.58.32 If h.q = 0.10 at a drift angle of 1/50 is allowable, the required ratio of
column depth to beam bar diameter is obtained by substituting the bond index U, <186 \/f_c’
into Eq. 8. The result is shown in Fig. 3.59,%2

3.3 Studies on RC Exterior J oints

RC exterior (F-shaped) joints generally have the following details in J apan.

1. Beam bottom bars as well as top bars are bent down and anchored into a lower
column, as seen in the typical details shown in Fig. 3.60a.

2. Bent bar development length is specified in terms of total length L as shown in
Fig. 3.60(b) and Table 2.1.
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Generally in Japan, concrete is placed up to the top of a slab in one operation so
that columns, walls, beams and slabs in a story are cast all at once. In such a construction
procedure, the bent-down anchorage is more suitable for beam bottom bars than the bent-up
anchorage, because it alleviates the congestion of reinforcement in the exterior joint and eases
the on-site reinforcing work. However, the bent-down anchorage is occasionally provided with
insufficient straight embedment length between column face and start of bend because the AIJ
standard® specifies not the embedment length but the total development length.

Various series of seismic tests were conducted to study the behavior of RC exterior
joints under unidirectional and/or bidirectional loading conditions. A number of specimens
had the details described above and the problems associated with them were pointed out from
the test results. The outline of the studies is described below.

3.3.1 Unidirectional Loading Tests.

Kyoto University. Two series of exterior beam- column joint specimens were
tested under unidirectional loading conditions at Kyoto University.’°:* In the first series, em-
phasis was on the interaction between beam bar anchorage capacity and joint shear strength.!®
In this series, sixteen specimens shown in Fig. 3.61 were fabricated changing the details of beam
bar anchorage, the amount of joint lateral reinforcement and the amount of beam longitudinal
reinforcement. The beam bars were anchored using three different typical methods; i.e., (1)
mechanical anchorage with steel plates and nuts using threaded deformed bars (Type-S), (2)
90° hook anchorage based on ACI 318 code where top bars were bent down and bottom bars
were bent up (Type-U), and (3) 90° hook anchorage based on Japanese practice where both
top and bottom bars were bent down (Type-R). Concrete strength is given as F, values in
Fig. 3.61. Bar yield strength was 3950 kgf /em? for beam longitudinal reinforcement and 3000
kgf/cm? for joint lateral reinforcement.

The specimens were subjected to cyclic loading at the beam tip as shown in Fig. 3.62.
The specimens with beam tensile reinforcement of four D19 bars failed in joint shear and
those with two D19 bars failed in bond. Thus all specimens showed distinct deterioration
in strength and stiffness. The load-displacement relations varied widely depending on the
anchorage details and the amount of joint lateral reinforcement, as shown in Fig. 3.63. The
specimens with bent-down bottom bars (Type-R) apparently showed lower strength in positive
bending (negative loading) than the others. The Jjoint shear strength calculated using Eq. 2
resulted in good agreement with the measured maximum loads when the joint effective depth
was assumed to be the development length (s in Fig. 3.61). Figure 3.64 shows the crack
patterns and the assumed shear resisting mechanism. When the development length was
reduced as shown in Fig. 3.64(a) to (c), the compressive strut was steeper and narrower.
When the beam bottom bars were bent down and were in tension as shown in Fig. 3.64(d)
and (e), they did not provide stable support to the compressive strut at the bend, thus Type-
R specimens showed lower strength in positive bending than in negative bending. However,
extra hoops around the bent-down anchorage were effective in equalizing the behavior in the



SPECIMEN*! ANCHORAGE OF BEAM REINF.
NO. | DESIGNA~ BEAM REINFORCEMENT- COLUMN JOINT ANCHORAGE | DEVELOP, SIDE COVER FC
TION TOP BOTTOM| SHEAR REINF, REINF, |TYPE LENGTH (mm) (mm) (kg/cmz)
1 £40  |4-D19 [4-p19 2-49@50 6-D22 NONE PLATE 3oo 60.5 248
2 541 4-D19 |4-D19 [2-98eS0 6-D22 2~-$9@100 PLATE 300 60.5 248
3 542 4-D19 14-D19 |2-4¢9@50 6-~D22 2-49@50 PLATE 300 60.5 248
L] U40L 4-D19 [4-D19 {2-49@50 | 6-D22 NONE  |U-SHAPED 228 60.5 248
5 u4lL 4-D19 [4-D19 |2-49@50 6~D22 2-$9@100 | U-SIIAPED 228 60.5 272
6 U42L 4-D19 |4-D19 |2-49@50 6-D22 2-$9@50 |U-SHAPED 228 60.5 307
7 vdls 4-D19 {4-D19 |2-¢9@S0 6-D22 2-¢9@100 |U-SHAPED 152 60.5 272
8 v42s 4-D19 14-D19 |2-$9@50 | 6-D22 |2-¢9@SO |U-SHAPED 152 60.5 307
9 U20L 2-D19 [2-D19 |2-49@100) 4-D19 NONE U-SIAPED 228 60.5 272
10 u2lL 2-p19 12-D19 12-99@100| 4-D19 |2-49@100|U~SHAPED 228 60.5 307
11 u2ls 2-D19 |2-p19 |2-¢49@l00| 4-D19 2-$9@100 | U-SHAPED 152 60.5 272
12 u22s 2-D19 |2-D19 |2-49@50 | 4-D19 2-99@50 {U-SHAPED 152 60.5 307
13 R41lL 4-D19 (4-D19 |2-¢o@50 6-D22 2-¢$9@100 | LL-SHAPED 228 60.5 221
14 R42S 4-D18 [4-D19 |2-¢9@50 6-D22 2-19@50 |LL-SHAPED 152 60.5 221
15 R21L 2-D19 |{2-D19 |2-$9@l00| 4-D19 2-49@100 | LL-SHAPED 228 60.5 221
16 |. R21*s {2-D19 |2-p19 |3-d9@l00{ 4-D19 |2-$9@100|LL-SHAPED 152 60.5 221
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Number of beam reinforcement (2or4) per layer _r——'
Anchorage type of beam reinforcement 300

S:straight bar anchoraged with steel plate in far face side of column (PLATE)
U:90 deg. bent bar anchorages in joint core for both top and bottom bars (U-SHAPED)
R:90 deg. bent bar anchorages in the same direction for top and -hottom- bars (LL-SHAPED)
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two directions, because Specimen R21*S shown in Fig. 3.61 improved the poor behavior in
positive bending. Figure 3.65(a) shows the total joint shear force and the portions contributed
by concrete and lateral reinforcement. Deterioration in the joint shear strength was caused
mainly by concrete degradation as seen in Specimens S41 and U41L,. Deterioration was delayed
by using a larger amount of joint lateral reinforcement as seen in Specimens S42 and U42L,
although shear carried by the concrete decreased with an increase in the lateral reinforcement.
It should be noted that Joint shear in the unreinforced specimens (S40 and U40L) was different
from the concrete contribution in the reinforced specimens (841, 842, U41L and U42L), as seen
in Fig. 3.65b.

In the second series at Kyoto University, ten specimens shown in Fig. 3.66 were
tested to study the effect of joint lateral reinforcement on the behavior of exterior beam-
column joints.2* The main variables in this series were the amount and the arrangement of
lateral reinforcement in and at the joint where beam longitudinal bars were anchored. The
specimens were fabricated with the same dimensions and tested using the same loading system
as in the first series. Beam tensile reinforcement was two D19 bars for Type-A specimens and
four D19 bars for Type-B specimens. The top and bottom beam bars terminated in a 90°
downward bend with a development length of 12d,, a bend radius of 3d, and tail extension
length of 12 dy, where d, = bar diameter. Concrete strength was 295 kgf/cm? for Type-B
specimens except B101 and 326 kgf/cm? for the other specimens. Bar yield strength was
3400 to 4000 kgf/cm? for longitudinal reinforcement and 3100 kgf/cm? for lateral reinforce-
ment. Test results are shown in Figs. 3.67 through 3.69. Type-A specimens, detailed with a
smaller amount of beam tensile reinforcement, formed a plastic hinge at the beam end and
failed in beam flexure. The load- displacement relations were dominated by beam deflection
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Fig. 3.63 Beam tip load vs displacement relations
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Fig. 3.64 Crack patterns and probable shear transfer

and showed pinching in the hysteresis curves. The pinching behavior is likely due to slip de-
formation along the beam bar anchorage and partly to the sliding shear deformation in the
plastic hinge zone. Specimens with lower lateral reinforcement (A111 and A*111) showed
deterioration in strength particularly in positive bending (upward loading), while those with
higher lateral reinforcement (A122 and A132) showed stable load-displacement relations in
both directions. On the contrary, Type-B specimens, detailed with a larger amount of beam
tensile reinforcement, developed flexural yielding of the beam except for B101 and failed in
joint shear. Specimen B101 failed before yielding of beam bars. The joint developed wide
diagonal cracks and the load-displacement relations showed distinct deterioration in strength
and stiffness. A large part of the displacement was contributed by joint shear distortion. The
following design criteria for shear strength of exterior joints were derived from the nominal
joint shear stresses measured at maximum load and at the displacement of 36, (6, =12 mm
for Type-B specimens):

Vi/(B - Lan)<k+/F, (9)
k = 3 for elastic joint

k = 2 for inelastic joint

where V; = joint shear (kgf), B = column width (cm), £, = beam bar development length
(cm) and F, = concrete strength (kef/cm?).
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Fig. 3.68 Envelopes of beam tip load-displacement curves
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Osaka Institute of Technology

Another series of unidirectional loading tests were conducted at Osaka Institute of
Technology.?® Twenty-three specimens were tested to study the effect of various factors on the
anchorage strength of beam bars terminating in 90° bent-down hooks. The factors studied in
this series were the length of bar lead embedment between column face and start of bend, the
amount of lateral reinforcement and the level of column axial load. As shown in Fig. 3.70,
beam and column dimensions were common to all specimens. Two D16 bars were used as beam
longitudinal reinforcement at the top (Type-A) and at the bottom (Type-U) and were bent
down into a lower column with a total development length of 30d, (dp = bar diameter) and
a bend radius of 3d,. Concrete strength ranged from 245 to 362 kgf /cm?. Bar yield strength
was 3330 to 4320 kgf/cm? for longitudinal reinforcement and 1740 to 2350 kgf/cm? for lateral
reinforcement. The specimens were tested using the loading apparatus shown in Fig. 3.71. The
anchorage strength of 90° hooked bars is largely dependent on the lead embedment length as
shown in Fig. 3.72(a). The bottom bars showed lower anchorage strength than the top bars
for the same embedment length. Figure 3.72(b) shows bar slip-displacement relations. The
bar slip decreased with the increase of the lead embedment length for the top bars (Type-A)
but did not for the bottom bars (Type-U). Variations of Specimens A2 and U4 were fabricated
with various details of lateral reinforcement and were tested as shown in Fig. 3.73. The test
results indicated that lateral reinforcement, particularly at the bend portion, was effective in
increasing the anchorage strength. Specimens A2, A4, U2 and U4 were fabricated in triplicate
and were tested under various axial loads as shown in F ig. 3.74. The test results showed
that the anchorage strength increased with the axial load. However, rapid deterioration was
observed in the anchorage strength under high axial loads.

The following conclusions were derived from the unidirectional loading tests on ex-
terior beam-column joints described earlier.

1. Specimens with beam bottom bars terminating in 90° bent-down hooks showed poor
behavior in strength and ductility when the bars were in tension.!9:24:25 Lateral
reinforcement placed around the bent-down anchorage improved the behavior of
specimens which failed in bond'® and in beam flexure?* but did not increase the
joint shear strength.2+

2. Lateral reinforcement in exterior joints appeared to delay deterioration of the joint
concrete and maintain the integrity of the joint.!9:24

3. The beam bar development length should be used as the joint effective depth for
evaluating the shear strength of exterior joints.1®24

4. The anchorage strength of 90° bent-down beam bars was largely dependent on the
lead embedment length, although the total development length was kept constant.?s

5. The beam bar anchorage strength was increased by the lateral reinforcement at the
bend portion and by the column axial load.?®
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3.3.2 Bidirectional Loading Tests.

University of Tokyo. The bidirectional loading tests (K-series) at the University
of Tokyo included an exterior joint specimen.! As shown in Fig. 3.75, Specimen K3 was a
1/2-scale exterior beam-column-slab subassemblage in which one longitudinal beam and two
transverse beams framed into the joint. Beam longitudinal bars in the transverse direction
were developed continuously through the joint and those in the longitudinal direction were
anchored within the joint where the top bars were bent down and the bottom bars were bent
up at a right angle. The joint was laterally reinforced with D6 hoops spaced at 55 mm.
The slab was 70 mm thick and reinforced with D6 bars spaced at 180 mm in a single layer.
The slab bars in the longitudinal direction terminated in 90° hooks within the transverse
beams. Concrete strength was 200 kgf/cm?. Bar yield strength was 4460 kgf /cm? for beam
longitudinal reinforcement and 4010 kgf/cm? for joint lateral reinforcement. Bidirectional
loading (Fig. 3.1) was applied to the specimen using the loading apparatus in Fig. 343, as in
the tests of interior Specimens K1 and K2 described previously. Crack patterns are shown in
Fig. 3.76. The transverse beams developed torsional cracks near the column during loading
in the longitudinal direction but did not fail in torsion. The joint developed diagonal shear
cracks in the transverse direction but did not fail in shear. Figure 3.77 shows story shear-
drift relations in comparison with calculations based on various slab widths. The story shear
calculated with the entire slab width showed good agreement with the test at a drift angle
of 1/69 rad or larger. Figure 3.78 shows stress distributions in slab bars at loading peaks
under positive bending (solid lines) and negative bending (broken lines). The slab bars in the
longitudinal direction developed compressive stresses near the column and tensile stresses near
the free edges under positive bending. Under negative bending, the slab bars within the entire
slab width yielded in tension at a drift angle of 1/25 rad in both directions. The transverse
beams were horizontally deflected by the tensile force in the slab, particularly under negative
bending. Figure 3.79 shows joint shear stresses measured for Specimen K3 as well as for the
other specimens tested at the University of Tokyo. Specimen J1, a two-dimensional interior
joint specimen without slab, failed in joint shear at a shear stress of 0.25 J! (f! = concrete
strength), although Specimens K1 and K3 in the transverse direction sustained joint shear
stresses of 0.37f, and 0.35f, respectively. The transverse beams and the slab confined the
joint of the K-series specimens.

As tabulated in this figure, the maximum joint shear under bidirectional loading was
less than /2 times the larger of the maximum shears measured in the two directions. This is
due to the bidirectional interaction of resistances where loading in one direction lowered the
shear force in the other direction.

Kyoto University. A series of bidirectional loading tests were conducted at Kyoto
University.>® Eight one-third scale specimens were tested to study the effect of bidirectional
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load reversals on the behavior of exterior joints in two-way frame structures. Specimens GOO
and OBO were two-dimensional beam-column subassemblages without a slab. Six specimens
were three-dimensional beam-column subassemblages, five with a slab (GBS1 through GBS4
and GBSU) and one without a slab (GBO). One main (longitudinal) beam and two transverse
beams framed into the joint, as shown in Fig. 3.80. The beam and column sections were
common to all specimens. All specimens except GBSU were detailed conforming to Japanese
practice so that both top and bottom beam bars terminated in 90° bent-down hooks in the
longitudinal direction and the joints were reinforced with a nominal amount of lateral rein-
forcement (D6 hoops spaced at 70 mm).

Specimens GBS1 through GBS4 were fabricated identically and loaded differently.
Specimen GBSU was a variation of GBS1 in which beam bottom bars in the longitudinal
direction were bent up at a right angle within the joint and the joint was reinforced with
twice the amount of lateral reinforcement (D6 hoops spaced at 35 mm). Specimen GBO was
a three-dimensional subassemblage without a slab. Specimen GBO was a three-dimensional
subassemblage without a slab. Specimen GOO had the main beam only, while Specimen OBO
had transverse beams only. Concrete strength ranged from 294 to 465 kgf/cm?. Bar yield
strength was 3760 to 3930 kgf/cm? for beam longitudinal reinforcement and 3740 kgf/cm?
for joint lateral reinforcement. Figure 3.81 shows the loading program. The specimens were
subjected to a constant axial load of 10 tons at the column. Reversing loads were applied at
the beam tips. Specimens GOO and OBO were loaded uniaxially in the direction of the beam,
while the other specimens were loaded in the two directions alternately (GBO, GBS1 and
GBS2) and/or simultaneously (GBS3, GBS4 and GBSU). The loading history for Specimens
GBS3 and GBSU followed the bidirectional displacement path shown in Fig. 3.1. Figure 3.82
shows story shear-drift relationships. The three-dimensional specimen (GBO) showed relations
similar to those for the two- dimensional specimens (GOO and OBO). GOO and OBO failed
in joint shear at the final stage but GBO did not.

Specimens GBS1 and GBS2 with a slab showed higher story shear than Specimen
GBO without a slab, because slab reinforcement contributed to the beam flexural resistance.
Specimens GBS3 and GBS4, loaded in two directions simultaneously, showed biaxial inter-
action of the story shear strength in which the loading in one direction lowered the story
shear strength in the other direction. The hysteresis loops for these specimens, particularly
for Specimen GBS4, appeared fatter than those for the specimens loaded in the two direc-
tions alternately (GBS1 and GBS2). Figure 3.83 shows joint shear-strain relations. The shear
strain measured in the NS direction for Specimen GBO was smaller than that for Specimen
GOO because the joint in GBO was confined by transverse beams in the EW direction. Si-
multaneous bidirectional loading deteriorated the joint shear resistance more markedly than
alternate bidirectional loading because Specimens GBS3 and GBSU showed larger strains that
Specimens GBS1 and GBS2. It should be noted that no great difference was observed in the
strain behavior, particularly in the NS direction, between Specimen GBS3 with poor details
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from Japanese practice and Specimen GBSU with improved details. This indicates that the
compressive strut mainly governed the shear resisting mechanism of the exterior joint and an
increase in the amount of joint lateral reinforcement from 0.4 to 0.8% did not improve the
joint behavior. Simultaneous bidirectional loading increased not only the joint shear strain
but also the column deflection because the loading caused crushing of the corner concrete in
and at the joint and reduced the biaxial moment capacity of the column as well as producing
bond deterioration along column bars within the joint.

The following conclusions were indicated from the bidirectional loading tests de-
scribed above.

1. Specimens loaded in two directions simultaneously show biaxial interaction of story
shears.30:3!

2. Transverse beams framing into both sides of an exterior joint are effective in confining
the joint.?° However, the effect of a transverse beam framing into one side of an
interior joint is uncertain; i.e., one specimen sustained a higher joint shear stress
than the plane specimen 3! in one case but not in the other.3°

3. Slab reinforcement increased story shear by contributing to beam flexural strength.3°:3*
The entire slab width should be regarded effective at a large deformation.3!

4. The increase of joint lateral reinforcement from 0.4 to 0.8% did not affect the overall
behavior of exterior joints.®°

3.4 Studies on SRC Joints

SRC (Steel Reinforced Concrete) structures are extensively used to construct medi-
um-to-high-rise buildings in Japan. A beam-column joint in an SRC structure has steel panels
dividing joint concrete into several parts. The steel panels come from steel skeletons in beams
and columns framing into the joint, as shown in Fig. 3.84(a).*! The joint is provided with a
nominal amount of two-leg hoops placed at a wide spacing. The hoops must pierce the steel
panels in the joint, as shown in Fig. 3.84(b). Therefore, multi-leg hoops or ties are seldom used
in actual SRC construction. With regard to the hysteretic behavior, SRC structure response
lies somewhere between structural steel and reinforced concrete (RC) structures, depending on
the size of the steel skeleton. Figure 3.85 illustrates the difference in the hysteretic behavior
among the joints with various materials.* The steel concrete joint is an average of ductile
steel and brittle concrete joint response. According to the AIJ Standard for SRC structures,*
the shear strength of SRC joints is defined by superimposing the steel panel strength on the
reinforced concrete strength. However, the reinforced concrete in SRC joints showed a little
higher shear strength than RC joints as shown in Fig. 3.86.%? It should be noted that the
concrete in SRC joints is confined by steel flanges.
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A series of unidirectional loading tests were conducted on various SRC joint speci-
mens under monotonic and cyclic loading conditions.?? The main variables in this series are
joint type (interior, exterior or corner) and beam-to-column-width ratio (B,/B, = 0, 0.6, 0.8
and 1.0). Specimen details are shown in Fig. 3.87. The SRC specimens were not provided with
joint lateral reinforcement. Some steel specimens, fabricated with steel skeletons only, were
tested and used as a reference to establish concrete behavior in the SRC tests. Crack patterns
are shown in Fig. 3.88. The joint failure mode changed from diagonal tension to diagonal com-
pression as the specimen type changed from a corner joint to an interior joint, or as the value
of B,/ B, increased. Although the specimens failed in joint shear, the load-displacement rela-
tions showed stable hysteresis loops (Fig. 3.89). No deterioration was observed in the strength
until the joint shear strain reached 2% or so. Joint shear stresses carried by concrete were
calculated by taking the difference in the stresses between the steel and the SRC specimens
and are shown in Fig. 3.90. The column width was used as the joint width in this calculation.
The shear cracking strength was hardly affected by the joint type and the value of B,/B,.
However, the ultimate shear strength apparently increased with the value of B,/B, and the
effective joint width could be defined as (B, + B.)/2. The ultimate strength was the highest
for the interior joints and the lowest for the corner joints. The strength ratio relative to an
interior joint was 0.52 for the corner joints and 0.64 for the exterior joints.
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4. OTHER RECENT STUDIES ON RC JOINTS IN JAPAN
4.1 Shear Cracking Strength

Shear cracking strength of reinforced concrete beam-column joints generally increases
with a column axial stress. According to the principal stress analysis, the shear cracking
strength is given by the following equation:

pTe 2 O F
—_— — + , —_ e——
T g +p T B R
where ,7. = shear cracking strength, F, = compressive strength of concrete, F, = tensile
strength of concrete, and ¢, = column axial stress in kgf /cm?. As shown in Fig. 4.1, the above

equation with # = 1.6 gave the average of the test results for interior joints® but somewhat
overestimated the value for exterior joints without transverse beams.*?

(10)

4.2 Effect of Transverse Beams on J oipt Behavior

4.2.1 Elastic Behavior. Transverse beams, framing into the joint at a right angle
to the loading direction, tend to increase the shear cracking strength of the joint. As shown in
Fig. 4.1(b), exterior joints with transverse beams showed a little higher cracking strength than
those without transverse beams.*? The same tendency was observed in interior joint tests.’

Figure 4.2 shows joint shear stress-strain relations for specimens with normal-weight
concrete (solid lines) and those with light-weight concrete (broken lines).? Joints with trans-
verse beams were stiffer than those without transverse beams.

4.2.2 Inelastic Behavior of Interior Joints. Various tests were conducted to
study the effect of transverse beams on the behavior of interior joints. Figure 4.3 shows one
series.*> Specimen No. 1 without transverse beams failed in joint shear after yielding of the
beams and showed deterioration in strength and stiffness. ‘Specimens No. 4 and No. 5 with
transverse beams on both sides of the joint failed in beam flexure and showed good spindle-
shaped hysteresis in the load-displacement relations. It should be noted that Specimen No. 5
with wider transverse beams showed more stable hysteresis than Specimen No. 4 with narrower
transverse beams.

Another two series of interior joint tests are shown in Figs. 4.4 and 4.5.4* The main
variable was the number of transverse beams; i.e., zero for JO-type, one for JE-type and two
for JI-type. As shown in Fig. 4.4, the specimens in the first series (JO-0, JE-0 and JI-0) were
not provided with joint lateral reinforcement and failed in joint shear. No great difference
was observed in the behavior between Specimen JO-0 without transverse beams and Specimen
JE-O with one transverse beam. However, Specimen JI-0 with transverse beams on both

109
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Fig. 4.3 Test of interior joints with transverse beams

sides of the joint showed higher strength and better ductility than the others, indicating the
confining effect of transverse beams on the joint resistance. In the second series, the beam and
column dimensions were the same in the specimens but the amount of lateral reinforcement was
varied. Specimens JO-1, JE-1 and JI-1 were not provided with joint lateral reinforcement, but
Specimens JO-2, JE-2 and JI-2 were laterally reinforced with ¢4 hoops spaced at 40 mm in the
joint (lateral reinforcement ratio: Pw = 0.4%) as shown in Fig. 4.5. Compared with specimens
without transverse beams (JO-1 and J 0-2), the specimen with one transverse beam showed
higher strength when the joint was not reinforced (JE-1) and almost the same strength when
the joint was reinforced (JE-2). The specimens with transverse beams on both sides showed
the highest strength without deterioration. The joint lateral reinforcement was effective in
increasing the strength over that of the specimen without transverse beams and in delaying
deterioration in strength compared with the specimen with one transverse beam. However, no
great difference was observed in the behavior between the reinforced and unreinforced joints
with transverse beams on both sides.
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The other series of interior joint tests are shown in Fig. 4.6.® The main variable in
this series was also the number of transverse beams. The specimens modeled beam-column
joints in high-rise buildings where heavily reinforced beams framed into columns. Specimen J1
without transverse beams developed wide shear cracks in the joint and showed deterioration
in strength. On the contrary, Specimens J2 and J3 with transverse beams showed stable load-
deflection relations and reached 10% higher strength than Specimen J1. The transverse beam
on one side of the joint appeared to be as effective in confining the joint as beams on both
sides, because Specimen J2 showed nearly the same behavior as Specimen J3.

4.2.3 Inelastic Behavior of Exterior Joints. Various series of exterior joint
specimens were tested to study the effect of transverse beams on the joint behavior as shown
in Fig. 4.7.42*¢ The specimens were cast with light-weight concrete. Four D19 bars were used
as beam tensile reinforcement and anchored with a total development length of 23 to 27 times
the bar diameter (about 70% of the AIJ specification). The beam bottom bars terminated
in bent-down anchorage for Type-H and in bent-up anchorage for Type-P. The hysteretic
curves show the beam moment-rotation relations in comparison with calculations (broken
lines). All specimens showed slip-type hysteresis because of insufficient development length of
beam bars. Type-H specimens showed lower strength and stiffness in negative (upward) loading
(bottom bars in tension) than in positive (downward) loading (top bars in tension), but Type-P
specimens did not. Specimens without transverse beams did not reach the calculated strength
and showed large deterioration in resistance. Transverse beams appeared effective in delaying
deterioration rather than in increasing the strength or in improving the slip-type hysteresis.
It should be noted that the poor behavior of Type-H specimens in negative loading was not
improved by the transverse beams.

4.2.4 Bond Behavior of Beam Bars. The bond behavior of beam longitudinal
bars within the joint is influenced by transverse beams. Figure 4.8 (a) shows average bond
stresses along beam bars within interior joints.*® The bond stresses were calculated from strain
measurements in the test of interior joints shown in Fig. 4.6. Bond stresses did not reach the
value of 4/F; (see Sec. 2.2) in the test. The specimens with transverse beams (J2 and J3)
apparently developed larger bond stresses than the specimen without transverse beams (J1).
Figure 4.8(b) shows the bond stress-bar stress relations measured in loading cycles 1 through
6 for exterior joints.*> The specimen with transverse beams showed larger bond stresses than
the specimen without transverse beams.

4.3 Effect of Lateral Reinforcement on Joint Behavior

4.3.1 Normal Strength Reinforcement. Several series of +—shaped and x-
shaped specimens were tested to study the effect of joint lateral reinforcement on the behavior
of interior joints, as shown in Fig. 4.9.47% Specimens P-2 and KX-3 were not provided with
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Joints lateral reinforcement, while Specimens P-4 and KX-2 were reinforced with two-leg hoops
having yield strength of 2500 kgf/cm? (P-4) to 4100 kgf/cm? (KX-2). Concrete strength was
low and ranged from 140 to 160 kgf/cm?. All specimens failed in joint shear. Specimen P-
2 without joint reinforcement lost joint concrete at the final stage and showed considerable
deterioration in the resistance. The joint latera]l reinforcement in Specimen P-4 appeared
effective in delaying deterioration rather than increasing the strength. On the other hand,
Specimen KX-2 with joint reinforcement showed 30% higher strength than Specimen KX- 3
without joint reinforcement.

The other series of interior joint tests are shown in Fig. 4.10.#° The specimens in
this series modeled beam-column joints in high-rise buildings and had a transverse beam on
one side of the joint. The specimens were detailed with different beam tensile reinforcement
and joint lateral reinforcement.

The joint lateral reinforcement was fabricated with D10 bars having yield strength
of 3760 to 3880 kgf/cm?. Concrete strength ranged from 425 to 462 kgf/cm? and was approx-
imately twice that in low-rise construction. All specimens failed in beam flexure and showed
stable behavior in story shear-drift relations. Yielding of the lateral reinforcement was noted
in the joint but the joint did not fail in shear. The measured joint shear stress exceeded the
calculation using Kamimura’s equation (Eq. 3), as shown in the table in Fig. 4.10.

The joint shear strengths measured in interior joint tests are plotted against the joint
reinforcement index in Fig. 4.11.42 The joint shear strength appears to increase with the joint
reinforcement index. The AIJ equation (Eq. 2) covers most of the test results by changing the
concrete term from 0.2 F, to 0.4 F, (F, = concrete strength).

4.3.2 High Strength Reinforcement. High strength deformed bars for prestress-
ing tendons, shown in Fig. 4.12, are sometimes used as lateral reinforcement in reinforced
concrete members.°® The bars, strengthened by ultrasonic-tempering, have nominal (0.2%-
strain-offset) yield strength of 130 kgf /mm?® and are approximately four times stronger than
normal reinforcing bars. Hoops and spirals are fabricated with the high strength bars by cold
bending and are used as shear reinforcement in RC members conforming to the specific design
standard.5°

Several seismic tests of RC members and frames with high strength shear reinforce-
ment were conducted to develop high-rise construction systems. Figure 4.13 shows the test
of beam-column joints reinforced with high strength hoops.5!'52 The D7.4 two-leg hoops were
spaced at 70 mm in the interior joint and at 60 mm in the exterior joints. The joint reinforce-
ment ratio was low, 0.2% in both cases. The yield strength of the joint hoops was 13,700 to
14,100 kgf/cm?. Concrete strength was 379 to 408 kgf/cm?. The interior specimen showed
ductile behavior in the story shear-drift response. The joint shear distortion increased with
loading cycles and contributed 35% of the story drift at the final stage. The maximum joint
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shear stress was 100 kgf/cm? and a little lower than the calculated strength using Eq. 3. The
two exterior joint specimens were tested under different axial loading conditions; i.e., axial
tension for BB-1 and axial compression for BB-2. Both specimens failed in beam flexure
and showed stable load-deflection relations. The axial tensile loading somewhat lowered the
stiffness of Specimen BB-1, but no sign of joint distress was observed.

Figure 4.14 shows the test of an interior joint specimen in another series.’® The
specimen was a full-scale beam-column subassemblage having a transverse beam on one side
of the joint. The joint was laterally reinforced with high strength D11 two-leg hoops spaced
at 100 mm (lateral reinforcement ratio: p, = 0.2%). The yield strength of the hoops was
13,500 kgf/cm?. The specimen modeled beam-column joints in high-rise buildings and was
cast with high strength concrete (concrete strength: F, = 502 kgf /cm?). The story shear-drift
angle relation showed deterioration in resistance because the specimen failed in joint shear
after flexural yielding of beams. Although shell concrete spalled from the free side of the joint,
the other side was confined by the transverse beam and underwent small shear distortion as
shown in the figure. The joint hoops developed strains of more than 0.3% but did not reach
the yield strain. The maximum joint shear stress was 118 kgf /em? and exceeded the calculated
value of 109 kgf/cm? (Eq. 3).

It should be noted that the joint of this specimen and Specimen No. 2 in Fig. 4.10
had the same value of p,, - f,,, (lateral reinforcement ratio times yield strength) and showed the
same strengths. The smaller amount of high strength reinforcement appears to be as effective
as the larger amount of normal strength reinforcement.

4.4 Bond Behavior of Longitudinal Reinforcement within Joint

4.4.1 Bond Behavior of Column Bars. Six interior joint specimens were tested
to study the bond behavior of column longitudinal bars within the joint, as shown in Fig. 4.15.5¢
Specimen J1 had standard details. Specimens J2 and J3 had a steel panel in the joint. Speci-
mens J4 through J6 had a large joint resulting from deep or wide beams. All specimens showed
inverse-S-shaped hysteresis in the load-deflection relations, because Specimens J1 and J3 failed
in joint shear and the other specimens failed in bond along column bars within the joint. With
bond failure (J2, J4, J5 and J6), larger strength deterioration was observed than with shear
failure (J1 and J3). Although the column bars in Specimen J5 were greased to produce un-
bonded conditions, no great difference was observed in the behavior between Specimens J4 and
J5 except that J5 showed a little lower strength than J4. The column moment capacity was
calculated using a linear strain distribution along the section and the stress-strain relations
shown in (i). The calculation took account of the bond stress along column bars as follows:

Cs_<__TuX1l)th—T (11)
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where

compressive force of a column bar at one end of the joint
tensile force of the bar at the other end of the joint
perimeter of the bar

joint depth (= beam depth)

ultimate bond stress

S FTe i
/!

I

The tensile force T was calculated from the same bending moment acting in the
opposite direction. The compressive force C, calculated from the strain distribution was
reduced to the value of the right side of the above equation, if the average bond stress exceeded
ultimate bond stress 7,. The value of 7, was determined from the strain measurements along
column bars as shown in (h). The calculated moment capacities showed good agreement with
the test results for the bond failure specimens as shown in (j).

4.4.2 Bond Behavior of Beam Bars. Several series of interior joint specimens
were tested to study the bond behavior of beam longitudinal bars within the joint.

Figure 4.16 shows the tests of two full-scale interior joint specimens.’® Specimen
No. 1 had 60 cm deep beams with four D41 bars in tension and Specimen No. 2 had 55 cm
deep beams with three D41 and two D32 bars in tension. The two specimens were designed to
have the same beam moment capacity. For D41 beam bars, the column depth to bar diameter
ratio was 19.5 and the bond index was 95 kgf/cm? (See Eq. 8). As shown in (b), the beam
bars developed tensile strains at one end of the joint and compressive strains at the other end.
Although the average measured bond stress exceeded the bond index value, no sign of bond
failure was observed for the specimens. The load-deflection relations were stable as shown in
(c). It should be noted that the joint of Specimen No. 1 with deeper beams had fewer shear
cracks than Specimen No. 2, as shown in (d).

Figure 4.17 shows another series of interior joint tests.!® As shown in (a), four full-
scale specimens were reinforced with D51 longitudinal bars and D16 transverse bars and were
cast with 300 kgf/cm?® concrete. The beam bar development length within the joint was 13
times the bar diameter and the beam bar bond index was 158 kgf/cm?®. Specimen No. 1 with
two D51 beam bars failed in beam flexure and showed a stable load-deflection relation. On
the contrary, the other specimens with three D51 beam bars failed in joint shear and showed
considerable deterioration in resistance. The joint of Specimens No. 2 through No. 4 underwent
large shear distortions as shown in (c). Bar slip measurements are shown in (d). Large bar
slip occurred in the joint and caused large rotations at beam ends. It should be noted that the
pull-out deformations were generally smaller than the push-in deformations. This is probably
because the flexural cracks penetrated into the joint and the concrete slid with pull-out of the
bars. Strain distributions along beam bars are shown in (e). The compressive strains at the
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end of the joint decreased and were in tension as the load increased. According to the strain
measurements, the average bond stress reached 70 kgf/cm?.

Four interior joint specimens with various ratios of column depth to beam bar diam-
eter are shown in Fig. 4.18.4:°¢ Specimen 0 with a column depth of 37.5d, (d, = beam bar
diameter) showed good spindle-shaped hysteresis without deterioration. As the column depth
decreased from 37.5d, to 19d,, the hysteresis loops became pinched. Particularly, Specimen
E with the column depth of 14d, failed in joint shear and showed large deterioration in the
resistance as well as slip- type hysteresis.

4.5 Special Detailing

4.5.1 Ring Plate Reinforcement. Six interior and one exterior specimen were
tested to study the behavior of a joint reinforced with steel ring plates, as shown in Fig. 4.19.57
The specimens modeled beam-column joints in high-rise buildings where heavily reinforced
rectangular beams frame into octagonal columns. The joint of the specimens was laterally
reinforced with steel ring plates 9 mm thick except Specimen No. 1, which was provided
with a spiral as joint lateral reinforcement. Specimens No. 5 and No. 6 had a larger joint
volume as a result of an enlarged column capital, called a horizontal haunch. Specimen No. 7
modeled an exterior joint. Load-deflection relations are shown in (b). Specimen No. 1 with
spiral reinforcement failed in beam flexure, but bond deterioration occurred along beam bars
within the joint and caused the slip-type hysteresis. The other specimens with the ring plate
reinforcement showed better hysteretic behavior than Specimen No. 1. However, the resistance
of those specimens deteriorated at a large deflection because of shear failure in the joint (No. 4)
or in the beams (No. 2, 3, 5 through 7). Note that the middle ring plate in No. 4 had half the
depth of the others.

4.5.2 U-Shaped Bar Anchorage. The U-shaped bar anchorage is one of the
methods for developing beam longitudinal bars within a joint. In this method, the top re-
inforcement is developed continuously into the bottom by bending in a U-shape so that the
anchorage causes less congestion of the reinforcement in the joint than ordinary 90° hook
anchorage.

Three full-scale specimens were tested to study the behavior of interior joints with
U-shaped beam bar anchorages, as shown in Fig. 4.20.58 The specimens modeled beam-column
joints in high-rise buildings where precast concrete beams frame into columns with cast-in-
place concrete in the joint. The beam bars were partially restrained by the precast concrete
and subject to undesirable stresses by splices or gas pressure welding in the joint. Therefore
U-shaped anchorages were used in the interior joints. As shown in (b), Specimens No. 1
and No. 2 had U-shaped anchorages with different embedment lengths and Specimen No. 3
had beam bars passing straight through the joint. All specimens developed flexural yielding
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of the beams but failed in joint shear at the final stage. Specimen No. 2, having U-shaped
anchorage with longer embedment, showed better hysteretic behavior and less deterioration in
resistance than any other specimen. Specimen No. 1 with the U-shaped 14d, embedment (d,
= bar diameter) and Specimen No. 3 with the straight development of 23d, were just about
equal in terms of story shear-drift angle relations. Beam bar strains are shown in (c). For
Specimen No. 1, the tensile strains at the top decreased through the U-shaped anchorage and
compression was measured in the bottom bars. The same behavior was observed for the strain
distributions along the straight bar development of Specimen No. 3.

Another full-scale specimen was tested to study the behavior of an exterior joint with
the U-shaped bar anchorage as shown in Fig. 4.21.5° The specimen had a slab and transverse
beams on both sides of the joint. The longitudinal beam was reinforced with double layers
of tensile reinforcement terminating in the U-shaped anchorage. The specimen failed in beam
flexure and showed ductile and stable behavior as shown in (b). The measured load exceeded
calculated beam moment capacity and showed no deterioration even at 5% drift. The U-shaped
anchorage worked efficiently, as seen in the strain distributions in (c). The compressive strains
increased with the load and showed no sign of bond deterioration.

Figure 4.22 shows a series of exterior joint tests with U-shaped bar anchorages.®°
The beam and column dimensions shown in (a) were common to all specimens but the beam
bar size varied from D22 to D35 as shown in (b). The beam bars terminated in the U-shaped
anchorage and the ratio of straight embedment length to bar diameter changed from 7.9 to
16.5 with bar size. All specimens had transverse beams on both sides of the joint. One of the
six specimens was cast with light-weight concrete and the others with normal-weight concrete
of 210 kgf/cm? in design strength. All specimens failed in beam flexure and showed ductile
behavior as shown in (c). However, the specimen cast with light-weight concrete showed large
deterioration in resistance. It should be noted that there was no great difference in behavior
between Specimen N22A with 16.5d, embedment and N35A with 7.9d, embedment.

4.5.3 Steel Anchor Plate. The steel anchor plate is a special anchorage for beam
longitudinal bars terminating in a joint. The anchor plate is arc-welded to the end of the bar
and resists pull-out of the bar. A series of exterior joint specimens were tested to study the
behavior of the plate anchorage as shown in Fig. 4.23.5! The specimens had one longitudinal
beam and two short transverse beams. The beam bars in the longitudinal direction were
anchored in the joint with 90° bent-down hooks for Specimen S16 and with the steel anchor
plates for the other specimens. The anchor plate was welded to the end of the bar with an
embedment length of 215 mm. The main variables are tabulated in (b). The anchor plates were
6 to 12 mm thick and 23 to 36 mm in diameter. As shown in (c), Specimen S6 with the bent-
down bar anchorage showed lower strength and less ductility in negative loading (bottom bars
in tension) than in positive loading, although the specimens with the plate anchorage showed
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the same behavior in the two directions. The beam bars of Specimen 2P13 buckled at a large
deflection and caused considerable deterioration in the resistance. The other specimens showed
stable and ductile behavior in the load-deflection relations. Particularly, Specimen 4P16 with
thick, large plates showed no deterioration in the resistance, even at 9% drift.

Figure 4.24 shows two interior joint test specimens with steel anchor plates welded
to the beam bars.®® The specimens showed slip-type hysteresis in the load-deflection relations
because of bond deterioration along beam bars within the joint. The anchor plate was not
effective in preventing pull-out of the bars from the joint because plastic strains resulted in
elongation of the bars within the joint.

4.5.4 Various Details. Five interior joint specimens with various reinforcing
details were tested as shown in Fig. 4.25.4° Specimen A had standard details in which the joint
was laterally reinforced with closely spaced hoops. Specimens B through E were reinforced
horizontally with hoops and vertically with stirrups as in the beams. The stirrups of Specimen
B were welded to the beam bars within the joint. The beam bars of Specimen C were partly
strengthened by ultrasonic-tempering and were expected to remain elastic within the joint.
Specimen D was provided with twice the amount of joint shear reinforcement as the others.
Specimen F was detailed to fail in joint shear. The test results are shown in (b) through (d).
Note that the beam end curvatures shown in (c) included bond slip deformations within the
joint. Specimen A failed in beam flexure but showed slip-type hysteresis in the load-deflection
relation because bond deterioration occurred along the beam bars within the joint as seen in (c).
Specimen B showed ample spindle-shaped hysteresis indicating good bond behavior. Stirrups
welded to the beam bars prevented bar slip but the joint concrete deteriorated progressively.
Finally, the specimen failed in joint shear and the joint developed large shear strains as seen
in (d). Specimen C showed better ductile and stable hysteresis than any other specimen. This
is because the beam bars were tempered to remain elastic within the joint and developed
no large plastic strains accelerating the bond deterioration. Specimen D showed the same
slip-type hysteresis as Specimen A. The larger amount of shear reinforcement did not appear
effective in preventing the bond slip. Specimen E failed in joint shear and exhibited large
deterioration in the resistance.
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10.

5. SUMMARY

The results of the studies described previously are summarized as follows:

Design of RC beam-column joints for shear is based on empirical formulas derived
from test results for interior joints which failed in shear. The formulas define the joint
shear strength as the sum of concrete contribution and reinforcement contribution.
The concrete contribution is much larger than the reinforcement contribution in the
formulas.

Transverse beams on both sides of the joint certainly confine the joint and increase
its strength and ductility. However, the effect of a transverse beam on one side only
is not clearly understood.

The joint shear resisting mechanism is influenced by bond conditions along beam
bars. The diagonal compressive strut appears to dominate the mechanism when
bond becomes poor.

Joint lateral reinforcement is effective in strengthening the joint or at least in delaying
deterioration of resistance. However, its effectiveness is affected by beam bar bond
conditions and by transverse beams.

Joint shear failure may occur within a plane frame designed to fail in beam flexure
if the frame undergoes large deflection reversals.

Joints loaded in two directions simultaneously show biaxial interaction of resistance,
even when the resistance is controlled by beam moment capacities. Loading in one
direction lowers the shear force in the other direction because of biaxial interaction so
that the shear orbit does not reach the point corresponding to simultaneous yielding
of beams in both directions.

Exterior joints with bent-down anchorage of beam bottom bars show lower strength
and less ductility in negative bending than in positive bending.

The anchorage strength of bent-down beam bars is increased with an increase in
straight embedment, column axial forces and lateral reinforcement at the bend por-
tion.

The slab contributes to the beam flexural strength particularly in negative bending.
The reinforcement within the entire slab width should be regarded effective at large
deflections.

Large size beam bars accelerate bond deterioration within the joint and cause slip-
type hysteresis.

145



146

11.

12.

The column depth is generally designed to be larger than 20 times the beam bar
diameter and to develop a bond stress less than 4+/F, (F, = concrete strength).

Further studies are needed on the following items.

a. Design of eccentric joints.

b. Behavior of joints other than interior.

c. Effect of bond deterioration on the overall behavior of structures.

d. Allowable maximum story drift to ensure ductile behavior of structures without
bond deterioration and joint shear distress.
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1. Dimensions (cm)
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2. Materials
i) Concrete Strength F, = 270 kgf/cm?

allowable shear stress fs = min {F,/20 , 1.5 x (F,/100 + 5)}

F, 27
0= _269 =135
7 970 .. fs = 11.6 kgf /cm®
1.5 ° =15 — = 11.
x<100+5> 1 x(100+5> 11.6

ii) Reinforcement SD40 (nominal yield strength = 4000 kgf/cm?)
fy = 1.1 X 4000 = 4400 kgf/cm? for longitudinal reinforcement

fwy = 3000 kgf/cm? for lateral reinforcement

iii) The overstrength factor of 1.1 for longitudinal reinforcement and the design strength of
3000 kgf/cm? for lateral reinforcement are specified by the Building Standard Law and the
Enforcement Order.

3. Beam Moment Capacity (Ref. 5)
uM, = 0.9 Ag f, d (kgf-cm)

where
As = sectional area of tensile reinforcement (cm?)
fy = Yyield strength of reinforcement (kgf/cm?)
d = effective depth (cm)

i) Positive Moment Capacity

Af = 4x9.57=383cm? (4-D35)
d* = 63 cm fy = 4400 kgf/cm?
uM,* = 0.9 X 38.3 X 4400 x 63 = 95.6 x 105 kgf-cm

ii) Negative Moment Capacity .

A; = 6x 95746 x 1.27 = 65.0 cm? (6-D35 + 6-D13)
d~ = 60cm fy = 4400 kgf/cm?
uM,~ = 0.9 x 65.0 x 4400 x 60 = 154.4 x 10° kgf-cm
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4. Column Moment Capacity (Ref. 5)

uM, = 0845 fyr +05P, h (1 — P > (kgf - cm)

bhF,
where
As = sectional area of a set of tensile reinforcement (cm?)
fy = vyield strength of reinforcement (kgf/cm?)

o
Il

column width (cm)

h = column depth (cm)

design axial force (kgf)
concrete strength (kgf/cm?)

G
I

Top and Bottom Columns

P, = 200 ton = 2 x 10° kgf (assumed)
b=h=280cm F,=2T0kgf/cm® f, = 4400 kgf /cm®
As =4 x7.94=318cm® (4~ D32)
1°*term = 0.8 x 31.8 x 4400 x 80 = 89.5 x 10°

2 x 105
80 x 80 x 270

. uM, = (89.5+70.7) x 10® = 160.2 x 10° kgf - cm

2"dterm = 0.5 X 2 x 10° x 80 x (1 ):70.7x105

5. Joint Shear Stress

i) Effective Volume of Joint
eV, = b; X jp X . (cm®)

where
b; = (b +b.)/2 (by = beam width, b, = column width)
J» = Zdy (dy = beam effective depth)
jo = £%d. (d. = column effective depth)
6 80
b, = 0+ =70 cm
2
, T T/(d*t+d,~\ T /63460
— e = - — = — = 53.8
Jo g 8< 2 > 8< 2 ) e
] 7 7
Je = gdc = g X 73 =63.9 cm

eV, = 70 x 53.8 x 63.9=1241 x 10° cm®
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ii) Design Shear Stress

T4 = min { ZuM, ZuM. } (kgf /cm®)
a 1+ eV, > ([Lrmev,) 8
where
uM, = beam moment capacity (kgf-cm)
uM, = column moment capacity (kgf-cm)

eV, = effective volume of joint (cm?)
§ = hy/h' (h, = beam depth, A’ = clear story height)
n = h¢/ (h. = column depth, £ = clear span length)
70 80
=_— =034 = — =0.19
=205 T 420
SuM, _ (956+1544)x10° _
1 Ve (1+0.34)x241x105
(1+&)e (1+0.34) x 2.41 X .7 = TT.4kgf /em®
SuM, _  2x1602x10° ..
(1+n)eV, (140.19) x 2.41x 105
iii) Joint Reinforcement Ratio
Puw = b.-S
where
A, = sectional area of a set of joint stirrups (cm?)
b. = column width (cm)
s = spacing of joint stirrups (cm)

D13 -@10cm => A4, =4%x1.27T=51cm® s=10cm b, =80cm

51
" 80x 10

. Pu = 0.0064

iv) Joint Shear Strength (See Egs. 2 and 3 in Chapter 2.)
<case 1> AIJ (SRC) Equation

Tp = 2¢fs + Puw fuy (kgf/cm?®)
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where . .
% = confinement coefficient of joint
fs = allowable shear stress of concrete (kgf/cm?)
Py = joint reinforcement ratio
Jwy = yield strength of joint stirrups (kgf/cm?
y
Y = 3 fs=11.6kgf/cm® p, =0.0064 f,, = 3000 kgf/cm?

I

™o

2 x 3 x 11.6 + 0.0064 x 3000 = 88.8 kgf/cm? > 7, OK

<case 2> Kamimura’s Equation
1 2
T, =95.1+ g Po fwy (kgf/cm®)

pw =0.0064  f,, = 3000 kgf/cm®

1
7, = 95.1+ > X 0.0064 X 3000 = 104.7 kgf/cm® > 7 OK

6. Column Depth

hin = 2% 4, = 4T,
4u,
where
fy = Yyield strength of beam bars (kgf/cm?)
dy = beam bar diameter (cm)
F, = concrete strength (kgf/cm?)

F, =270kgf/cm®  fy=4400kgf/cm®  dj = 3.5 cm (D35)
u, = 4V/270 = 65.7kgf /em®*  h, = 80cm

4400 x 3.5
hyiy, = H00X385 o sem < 80cm  OK
4 x 65.7
h, 80
c == _999 > 20 OK

dy, 3.5
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APPENDIX B

Concrete and Reinforcement Commonly Used in Japan

1. Design Strength of Concrete in Common Use

kgf/cm? 180 210 240 270
psi 2570 3000 3430 3860
MPa 18 21 24 26

High strength concrete of 360 to 420 kgf/cm? (5000 to 6000 psi) is used in high-rise 25
to 30 story buildings. However, the AIJ Standard for RC Structures covers concrete of 360
kgf/cm? or lower.

2. Nominal Yield Strength of Rebars in Common Use

Type Grade  kgf/cm? ksi MPa

Plain Bar SR24 2400 34 235
SR30 3000 43 294

Deformed Bar SD30 3000 43 294
SD35 3500 50 343
SD40 4000 57 392

Deformed, rather than plain, bars are generally used.

Typical deformed bars are :
SD30: small size reinforcement (D10 and D13)
SD35: beam and column longitudinal bars in low- to medium-rise buildings
SD40: large size bars in medium- to high- rise buildings

3. Nominal Sectional Area of Rebars

i) Plain bars

Diameter (mm)

p4 G5 6 ¢T ¢8 49 412 $13 16 19 22 $25 $28 32

Area (cm?)
0.13 0.20 0.28 0.38 0.50 0.64 1.13 1.33 2.01 2.84 3.80 4.91 6.16 8.04
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(¢ = mark for plain reinforcement)
ii) Deformed bars

Diameter (mm)
D6 D8 D10 Di3 D16 D19 D22 D25 D29 D32 D35 D38 D41

Area (mm?) .
032 0.50 0.71 1.27 1.99 287 3.87 507 6.42 794 957 114 13.4

D = mark for deformed reinforcement)
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