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column to beam cMu/bM, (No.9,16,17,18). 

Shear Stress versus Shear Distortion 1n Joint 

Figure 7 shows the shear stress versus shear distortion in 
joints. Comparing Fig.7 with Fig.6, the following interesting 
tendency can be noticed. For the specimens whose failure mode is 
BY-BF, the increase of shear distortion due to repeated loading 
is very small and is limited to 0.8% at the most ultimate 
(No.l,2, 7,8, 10, 16). On the contrary, for the specimens whose 
failure mode is BY-JS, the shear distortion passes over 0.8% at 
earlier loading stage, and then increases rapidly, and the 
hysteresis loop of Fig. 6 shows pinching corresponding to that of 
Fig. 7. Even for specimens whose final failure mode is BY-JS, the 
hysteresis loops retain spindle, as long as their distortion is 
less than 0. 8%. 

Test Variables and Failure Modes 

Figure 8 shows the relationship between the final failure 
modes and the three test variables such as column axial level Oo, 

hoop content ratio Pw. and intermediate column reinforcement 
ratio K, where K is defined as follows; 

K 
cross sectional area of intermediate column bars 

total cross sectional area of column bars 
(1) 

With increase of the value of every variable, the failure mode 
changes from joint shear failure to beam flexural failure. There 
certainly exists a correlation between the failure modes and 
these variables. 

DUCTILITY ESTIMATION 

Quantification of Critical Cumulative Ductility Factor 

From the above consideration of the test results, it was 
clarified that the confinement of the joint, and consequently the 
aseismic performance of beam-column subassemblages, became more 
favorable with increase of column axial force, joint hoop 
content, and intermediate column bars. The increase of moment 
resisting capacity of columns was also effective to increase the 
aseismic ability. If these parameters can be presented as a 
continuous quantity, it may be useful for aseismic design of 
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beam-column joints. The authors paid attention to the critical 
value c:Pc of cumulative displacement ductility factor defined as 
the axis of abscissa in Fig.5, at which the joint shear 
distortion reached 0. 8% as shown in Fig. 7. The exper 
values of E p c of each specimen are shown in Table 3, and these 
values are small for BY-,JS type and large for BY-BF type. 3ased 
on the test results, the critical value p c was newly quantified 
as a linear function of four test variables, with a simple 
regression method, as follows; 

p c = 2. 38 + 177 a o + 38. 6p. + 20. 7K - 5. 00 TJ (2) 

where, a o 

Pw 
K 

TJ 

column axial stress level, N/(Ac fc') 
hoop content ratio (%) 
intermediate column bar ratio defined as Eq. (1) 
oMu/cMu 

Calculated values of p c from Eq. (2) agree fairly with those from 
the experiments as shown in Fig. 9, in which two points for one 
specimen are plotted because of counting the positive and 
negative loadings independently. Fig.9 represents or 
substantiates the tendency considered qualitatively in Fig.6, 7 
and 8. It may be conceived that specimens fail in joint shear for 
p c 30 , and fai 1 in beam flexure for p r> 30. 

Comparisons with other Investigations 

In order to ascertain the effectiveness of Eq. (2), the 
calculated values of p c of other investigators' exterior 
beam-column joint tests in Japan were plotted in Fig.lO. The 
number of sampling data is about 60, and the references of the 
adopted data are shown precise 1 y in the authors paper ( 5). The 
abscissa in Fig.lO was the development length L" of beam bars in 
joint divided by barthe diameter de. It can be seen that Eq. (2) 
is also effective to distinguish whether the failure mode 1s 
BY-JS type or BY-BF type, provided that the value of Ln/dn is 
greater than 12. 

CONCLUSIONS 

Reversed cyclic loading tests of eighteen exterior 
beam-column subassemblages were carried out. Column axial force, 
amount of joint hoop reinforcement, existence of intermediate 
bars and moment resisting capacity of columns were selected as 
experimental variables. On the basis of thorough consideration of 
the test results, the following major remarks were obtained: 

1. The ratio of shear stress at yielding of beam to shear 
strength in joint was designed less than 0.5 for every specimens. 
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Nevertheless, ten of eighteen specimens failed due to joint shear 
under the repetition of reversed loading following yielding of 
the beams. 

2. Ductility of subassemblages increases with the increase in the 
column axial compressive force and amount of joint hoop 

reinforcement, while the tensile axial force reduces the 
ductility remarkably. Existence of intermediate column bars is 
also effective to increase the ductility. 

3. The critical cumulative displadement ductility factor, at 
which the value of joint shear distortion reaches 0.8%, was 
quantified as a function of the experimental variables, and was 
ascertained to be very effective in estimating the aseismic 
performance of exterior beam- column subassemblages. 
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Table 1 Properties of Test Specimens 

Concrete Column joint Moment. capacity Shear stress 
<> 
::1 Camp. Ten. Main Bar Axial Load lloop cHbu p T by e 
"' 

Nn Specimen eMu bMu cMbu - D T by , T u --
fc' Ag N Pw eMu o T u 
(MPa) (MPa) (mm2 ) (KN) (%) 

-1- 4016·116+17 31.1 2.3 258 0.17 qs.s 37.8 18.2 0.38 Ul 9.6q 0.43 
2 qoJ6·HG+IO qi.7 2.9 199 0.10 R6 0.49 45.5 38.5 18.5 0.41 4.16 9.64 0.43 

-+ qoi6·116+00 41.7 2.6 
4016 796 

0 o.o 27.6 38.2 18.q 0.67 4.14 !l. 6q ----o.q-;3 
I q -f!IT6·113+1_7 __ ---r.6 360 0.17 58.4 37.7 18.2 0.31 q,Q6 8.75 o.q6 

5 qOJ6•H3+09 36.7 2.9 160 0.09 R3 0.12 42.5 37.5 18.1 o.q3 4.06 8. 75 o.q6 

6 qoi6·H3+0o 40.4 2.9 0 o.o 27.5 38.4 18.5 0.67 4.15 8.75 0.17 
7 4010•8010•116+12 32.2 3.2 194 0.12 46.9 37.8 18.2 0.39 4.11 9.6q 

4010·8010•H6+08 41.2 3.3 160 0.08 R6 0.49 46.7 37.8 18.2 0.39 4.08 !).6q 0.42 
·--- r-----o 9 4010·8010• H6+00 40.6 3.2 o.o 32.8 37.8 18.2 0.56 4.08 9.64 o.q2 

2 10 4010·80IO·H3+17 44.4 3.5 12010 856 360 0.17 59.7 37.7 18.2 0.30 4.06 8.75 0.46 

II 4010·8010·H3+08 41.9 2.6 160 0.08 R3 0.12 47.3 37.7 18.2 0.38 4.07 8.75 0.47 

12 4010•8010•113+00 35.1 2.6 0 0.0 33.0 37.9 18.3 0.55 4.11 8. 75 0.47 
13 4010·8010•116·04 46.4 3.1 -100 -0.04 R6 0.49 23.5 38.3 18.4 0.79 4.13 9.64 0.43 

3 
14 4 013 • 8006 • H3+08 41.0 3.4 4013, 806 764 160 0.08 

R3 0.12 
40.6 37.7 18.2 0.45 4.07 8. 76 0.47 

15 4013·qOIO•II3+08 39.7 3.1 4013 4010 793 160 0.08 4q.3 37.6 l!l. I o.q1 4.06 8. 75 0.46 
16 qoi3·8013·H6+00 37.4 2.7 12013 1524 0 o.o 54.6 37.7 18.2 0.33 4.08 9.64 0.42 

q 17 4010·8006•116+00 39.7 2.8 4010, 806 541 0 o.o R6 0.49 18.4 38.2 18.4 1.00 4.14 9.64 0.43 

18 4 006.8006 •116+00 40.7 2.9 1206 384 0 o.o I J. I 37.2 17.9 1.61 4.02 9.64 0.42 
Ocam Main bar: Upper=4-013(508mm' ,1.56%), Lower=4-013(508mm 'J. 56%) 

Ancharage: Radius of bend= 40mm(3d), llorizontally projected length= 195mm(l5d), Tai I length= 143mm(lld). 

eMu :Moment capacity of column(KN•m). .Mu :Moment capacity of beam(KN•m). eMbu: moment of column at .M = .Mu(KN•m). 
, T by: Shear stress in joint at .M = .MY (MPa). 

oTu: Shear stress calculated by Kamimura's Eq. ; (0.82-0.02fe')fe' + Pw•,ay (MPa). 
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Table 2 Mechanical Properties of Test Bars 

Yield Point Max.Strength Elongation 
(MPa) (MPa) (%) 

Din 360 S!Jl 25.3 
Dl :J(Ileam) 391 594 23.1J 
01:3 3R1 553 25.5 
LllO :"lfl5 5n4 22.!) 
DR 282 468 27.9 
R6 250 537 2R.9 
R3 281 365 -
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Table 3 Test Results and Critical Cumulative Ductility Factors 

Nn Name Qy ISy Qmax Mode E p, !Io Pw K 71 p, 

I 4016•116+17 42.0 8.04 54.1 BY-+BF 46.1 0.189 .494 0.00 o. 75 51.1 
49.3 0.153 0.81 44.5 

2 4016•116+10 42.4 8.26 54.6 BY-+BF 34.2 0.112 .494 0.00 0.81 37.2 
50.5 0.086 0.89 32.2 

3 4016•116+00 43.4 II. 71 47.4 BY-+ JS 
9.4 0.012 .494 o.oo 1.29 17.1 

11.0 ·0.011 !.50 12.0 

4 4016•113+17 42.4 8.44 52.2 BY-+JS 
29.8 0.178 

.124 0.00 
0.63 35.5 

27.4 0.155 0.67 31.3 

5 4016·113+09 38.9 7.99 48.2 BY-+JS 17.2 0.103 
.124 o.oo 0.84 21.2 

16.0 0.077 0.93 16.2 

6 4016·113+00 42.1 12.71 45.7 BY-+JS 3.0 0.012 .124 o.oo 1.30 2.8 
2.0 ·0.011 !.50 ·2.3 

7 4010·8010·116+ 12 40.9 8.13 54.3 BY-+BF 34.9 0.142 .494 0.50 o. 78 53.0 
58.4 0.108 0.88 46.7 

8 4010•8010• 116+08 41.8 8.15 53.2 BY-+BF 53.7 0.092 .494 0.50 0.78 44.2 
49.8 0.068 0.84 39.6 

9 4010•8010•116+00 39.7 9.51 51.5 BY-+ JS 
13.0 0.012 

.494 0.50 
1.08 28.5 

18.0 ·0.012 1.24 23.5 

10 4010·8010• 113+ 17 43.0 8.50 53.0 BY-+BF 40.1 0.179 .124 0.50 0.62 46.1 
37.5 0.156 0.65 41.9 

II 4010•8010• 1/3+08 41.4 7.91 50.4 BY-+JS 28.7 0.090 .124 0.50 0.77 29.6 
29.5 0.067 0.83 25.2 

12 4010•8010•113+00 40.3 8.62 45.3 BY-+JS 
10.1 0.013 

.124 0.50 1.08 14.4 
11.6 -0.013 1.22 9.1 

13 4010•8010•116-04 41.3 12.27 45.7 BY-+ JS 2.9 -0.034 .494 0.50 1.49 18.3 
2.0 -0.053 1.77 13.6 

14 4013•8006• 1/3+08 41.7 8.83 49.3 BY-+JS 
24.5 0.092 

.124 0.20 
0.89 23.2 

22.7 0.068 0.98 18.4 

15 4013•4010· 113+08 41.9 8.49 50.3 BY-+JS 25.9 0.096 .124 0.22 0.81 24.6 
31.6 0.074 0.88 20.4 

16 4013•8013•116+00 41.4 8.88 54.8 BY-+BF 53.5 0.011 .494 0.50 0.67 30.4 
30.8 -0.014 0.72 25.7 

17 4010•8006·116+00 37.2 9.66 38.5 CY-+JS 7.0 0.008 .494 0.31 1.93 19.6 
8.3 -0.008 2.25 15.2 

18 4006• 8006 •116+00 23.1 4. 71 26.0 CV-+CF 29.7 0.005 
.494 0.50 

3.10 17.2 
19.3 -0.006 3.72 12.1 

Qy. Load at beam bar y1eld1ng(KN). /Sy. Displacement at Qy(mm). Qmax: Max1mum load(KN). 

Failure mode "BY- BF": Flexural failure in beam after yielding of beam bars. 

"BY- JS": Shear failure in joint after yielding of beam bars. 

"CY-+ JS": Shear failure in joint after yielding of column bars. 

"CY-+ CF": Flexural failure in column after yielding of column bars. 

,p, Experimental critical cumulative ductility factor, 

at which shear distortion reaches r=0.008. 

p, :Critical cumulative ducti I ity factor calculated by Eq.(2). 

https://www.civilenghub.com/ACI/139213448/ACI-SP-123?src=spdf


Q 

QJ51 

' \ JS TYPE , 

5y 

Seismic Resistance 177 

E F --------. 
\(BY-JS) 

\TYPE 

6u 

\ (BY-BF) 

TYPE 

1- :I6 

f1a 
-. 

6 

Fig. !--Ductility evaluation of a beam-column subassemblage 

16 V' R3 
,t-----t++=L'7'1'=, 

.. ··•···· 

.... : ... '.···················· 
·.··-··.··.·.·.· 

·:·:.:.·:: .. :> 

- 7 
160 

Beam Section 

tt-+--++, L£ 
-='== 

J. I' V 1'>1/ 

·-r----

&'lt---1#==!=#. 

N 
lO 

lD 
0:: 

v 

0 
30 

R6f!l50 
800 
1000 

Fig. 2--Dimensions and reinforcement of test specimens 
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Fig. 3--Reinforcing details in the joint 
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Fig. 4--Loading set up and measuring instrumentations 
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Fig. 5--Imposed displacement during loading runs 
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