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M3197 5.4 TwavidvamsAndginialiadmSuFunagoy PIEI
CH-No Code Gage type Position Description C
0 LOAD Actuator Lateral Force at top column 0.50
1 LVDT Actuator Lateral Displ at top column 0.50
2 PCl1 FLA-5-11 PC strand Compression force in columnl 0.9434
3 PC2 FLA-5-11 PC strand Compression force in column2 0.9434
4 KBZ11 SDP-50C Left -beam Rocking measuring in zonel 1.00
5 KBZ12 SDP-50C Left -beam Rocking measuring in zonel 1.00
6 KBZ21 SDP-50C Right-beam Rocking measuring in zone2 1.00
7 KBZ22 SDP-50C Right-beam Rocking measuring in zone2 1.00
8 RBZI11 SDP-50C Left-beam Rotation measuring in zonel 1.00
9 RBZ12 SDP-50C Left-beam Rotation measuring in zonel 1.00
10 RBZ21 SDP-50C Right-beam Rotation measuring in zone2 1.00
11 RBZ22 SDP-50C Right-beam Rotation measuring in zone2 1.00
12 RCZ11 PI-2-100 Top-column Rotation measuring in zonel 0.500
13 RCZ11 PI-2-100 Top-column Rotation measuring in zonel 0.500
14 RCZ21 PI-2-100 Bot.-column Rotation measuring in zone2 0.500
15 RCZ22 PI-2-100 Bot.-column Rotation measuring in zone2 0.500
16 SCZ11 PI-5-200 Top-column Shear measuring  in zonel 1.00
17 SCZ12 PI-5-200 Top-column Shear measuring  in zonel 1.00
18 SCZ21 PI-5-200 Bot.-column Shear measuring  in zone2 1.00
19 SCZ22 PI-5-200 Bot.-column Shear measuring  in zone2 1.00
20 SJZ11 CDP-25 Joint zone Shear measuring in joint zone 2.000
21 SJZ12 CDP-25 Joint zone Shear measuring in joint zone 2.000
22 SBZ11 CDP-25 Left -beam Shear measuring  in zonel 2.000
23 SBZ12 CDP-25 Left -beam Shear measuring  in zonel 2.000
24 SBZ21 CDP-25 Right-beam Shear measuring  in zone2 2.000
25 SBZ22 CDP-25 Right-beam Shear measuring  in zone2 2.000
26 STBTL2 FLA-5-11 Top-left beam Side left edge of expansion 0.9434
27 STBTLI FLA-5-11 Top-left beam Side left column face 0.9434
28 STBTM FLA-5-11 Top-mid beam Side center of column 0.9434
29 STBTR1 FLA-5-11 Top-right beam Side right column face 0.9434
30 STBTR2 FLA-5-11 Top-right beam Side right edge of expansion 0.9434
31 STBTL2’ FLA-5-11 Top-left beam Mid. left edge of expansion 0.9434
32 STBTL1’ FLA-5-11 Top-left beam Mid. left column face 0.9434
33 STBTM’ FLA-5-11 Top-mid beam Mid. center of column 0.9434
34 STBTR1’ FLA-5-11 Top-right beam Mid. right column face 0.9434
35 STBTR2’ FLA-5-11 Top-right beam Mid. right edge of expansion 0.9434
36 STBBL2 FLA-5-11 Bot.-left beam Side left edge of expansion 0.9434
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CH-No Code Gage type Position Description C
37 STBBL1 FLA-5-11 Bot.-left beam Side left column face 0.9434
38 STBBM FLA-5-11 Bot.-mid beam Side center of column 0.9434
39 STBBRI FLA-5-11 Bot.-right beam Side right column face 0.9434
40 STBBR2 FLA-5-11 Bot.-right beam Side right edge of expansion 0.9434
41 STBBL2’ FLA-5-11 Bot.-left beam Mid. left edge of expansion 0.9434
42 STBBL1’ FLA-5-11 Bot.-left beam Mid. left column face 0.9434
43 STBBM’ FLA-5-11 Bot.-mid beam Mid. center of column 0.9434
44 STBBR1!’ FLA-5-11 Bot.-right beam Mid. right column face 0.9434
45 STBBR2’ FLA-5-11 Bot.-right beam Mid. right edge of expansion 0.9434
46 STBPTL2 FLA-5-11 Top-left planar Outer top beam dowel 0.9434
47 STBPTLI1 FLA-5-11 Top-left planar Inner top beam dowel 0.9434
48 STBPTR1 FLA-5-11 Top-right planar Inner top beam dowel 0.9434
49 STBPTR2 FLA-5-11 Top-right planar Outer top beam dowel 0.9434
50 STBPBL2 FLA-5-11 Bot.-left planar Outer bottom beam dowel 0.9434
51 STBPBL1 FLA-5-11 Bot.-left planar Inner bottom beam dowel 0.9434
52 STBPBRI1 FLA-5-11 Bot.-right planar Inner bottom beam dowel 0.9434
53 STBPBR2 FLA-5-11 Bot.-right planar Outer bottom beam dowel 0.9434
54 STCBL FLA-5-11 Bot.-left column Mid bottom column 0.9434
55 STCML FLA-5-11 Mid-left column Mid center column 0.9434
56 STCTL FLA-5-11 Top-left column Mid top column 0.9434
57 STCBR FLA-5-11 Bot.-right column Mid bottom column 0.9434
58 STCMR FLA-5-11 Mid-right column Mid center column 0.9434
59 STCTR FLA-5-11 Top-right column Mid top column 0.9434
60 STCPTL1 FLA-5-11 Top-left planar Inner top column dowel 0.9434
61 STCPTL2 FLA-5-11 Top-left planar Outer top column dowel 0.9434
62 STCPBL2 FLA-5-11 Bot.-left planar Outer bottom column dowel 0.9434
63 STCPBLI1 FLA-5-11 Bot.-left planar Inner bottom column dowel 0.9434
64 STCPBR1 FLA-5-11 Bot.-right planar Inner bottom column dowel 0.9434
65 STCPBR2 FLA-5-11 Bot.-right planar Outer bottom column dowel 0.9434
66 STCPTR1 FLA-5-11 Top-right planar Inner top column dowel 0.9434
67 STCPTR2 FLA-5-11 Top-right planar Outer top column dowel 0.9434
68 STBLTO FLA-5-11 Left-beam Transverse rein.-left beam 0.9434
69 STBLTI FLA-5-11 Left-beam Transverse rein.-left beam 0.9434
70 STBRTO FLA-5-11 Right-beam Transverse rein.-right beam 0.9434
71 STBRTI1 FLA-5-11 Right-beam Transverse rein.-right beam 0.9434
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M40 5.5 wavidvamsAndginialiadmSuFunagoy PIE2
CH-No Code Gage type Position Description C
0 LOAD Actuator Lateral Force at top column 0.50
1 LVDT Actuator Lateral Displ at top column 0.50
2 PCl FLA-5-11 PC strand Compression force in column] 0.9434
3 PC2 FLA-5-11 PC strand Compression force in column2 0.9434
4 KBZ11 SDP-50C Left -beam Rocking measuring in zonel 1.00
5 KBZ12 SDP-50C Left -beam Rocking measuring in zonel 1.00
6 KBZ21 SDP-50C Right-beam Rocking measuring in zone2 1.00
7 KBZ22 SDP-50C Right-beam Rocking measuring in zone2 1.00
8 RBZI11 SDP-50C Left-beam Rotation measuring in zonel 1.00
9 RBZ12 SDP-50C Left-beam Rotation measuring in zonel 1.00
10 RBZ21 SDP-50C Right-beam Rotation measuring in zone2 1.00
11 RBZ22 SDP-50C Right-beam Rotation measuring in zone2 1.00
12 RCZ11 PI-2-100 Top-column Rotation measuring in zonel 0.500
13 RCZ11 PI-2-100 Top-column Rotation measuring in zonel 0.500
14 RCZ21 PI-2-100 Bot.-column Rotation measuring in zone2 0.500
15 RCZ22 PI-2-100 Bot.-column Rotation measuring in zone2 0.500
16 SCZ11 PI-5-200 Top-column Shear measuring  in zonel 1.00
17 SCZ12 PI-5-200 Top-column Shear measuring  in zonel 1.00
18 SCZ21 PI-5-200 Bot.-column Shear measuring  in zone2 1.00
19 SCz22 PI-5-200 Bot.-column Shear measuring  in zone2 1.00
20 SJZ11 CDP-25 Joint zone Shear measuring in joint zone 2.000
21 SJZ12 CDP-25 Joint zone Shear measuring in joint zone 2.000
22 SBZ11 CDP-25 Left -beam Shear measuring  in zonel 2.000
23 SBZ12 CDP-25 Left -beam Shear measuring  in zonel 2.000
24 SBZ21 CDP-25 Right-beam Shear measuring  in zone2 2.000
25 SBZ22 CDP-25 Right-beam Shear measuring  in zone2 2.000
26 STBTL2 FLA-5-11 Top-left beam Side left edge of expansion 0.9434
27 STBTLI FLA-5-11 Top-left beam Side left column face 0.9434
28 STBTM FLA-5-11 Top-mid beam Side center of column 0.9434
29 STBTR1 FLA-5-11 Top-right beam Side right column face 0.9434
30 STBTR2 FLA-5-11 Top-right beam Side right edge of expansion 0.9434
31 STBTL2’ FLA-5-11 Top-left beam Mid. left edge of expansion 0.9434
32 STBTL1!’ FLA-5-11 Top-left beam Mid. left column face 0.9434
33 STBTM’ FLA-5-11 Top-mid beam Mid. center of column 0.9434
34 STBTR1’ FLA-5-11 Top-right beam Mid. right column face 0.9434
35 STBTR2’ FLA-5-11 Top-right beam Mid. right edge of expansion 0.9434
36 STBBL2 FLA-5-11 Bot.-left beam Side left edge of expansion 0.9434
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CH-No | Code Gage type Position Description C
37 STBBL1 FLA-5-11 Bot.-left beam Side left column face 0.9434
38 STBBM FLA-5-11 Bot.-mid beam Side center of column 0.9434
39 STBBRI1 FLA-5-11 Bot.-right beam Side right column face 0.9434
40 STBBR2 FLA-5-11 Bot.-right beam Side right edge of expansion 0.9434
41 STBBL2’ FLA-5-11 Bot.-left beam Mid. left edge of expansion 0.9434
42 STBBL1’ FLA-5-11 Bot.-left beam Mid. left column face 0.9434
43 STBBM’ FLA-5-11 Bot.-mid beam Mid. center of column 0.9434
44 STBBRYI’ FLA-5-11 Bot.-right beam Mid. right column face 0.9434
45 STBBR2’ FLA-5-11 Bot.-right beam Mid. right edge of expansion | 0.9434
46 STCBL FLA-5-11 Bot.-left column Mid bottom column 0.9434
47 STCML FLA-5-11 Mid-left column Mid center column 0.9434
48 STCTL FLA-5-11 Top-left column Mid top column 0.9434
49 STCBR FLA-5-11 Bot.-right column Mid bottom column 0.9434
50 STCMR FLA-5-11 Mid-right column Mid center column 0.9434
51 STCTR FLA-5-11 Top-right column Mid top column 0.9434
52 STBPBL1 FLA-5-11 Bot.-left planar Inner bottom beam dowel 0.9434
53 STBPBL2 FLA-5-11 Bot.-left planar Outer bottom beam dowel 0.9434
54 STBPTL1 FLA-5-11 Top-left planar Inner top beam dowel 0.9434
55 STBPTL2 FLA-5-11 Top-left planar Outer top beam dowel 0.9434
56 STBPTR1 FLA-5-11 Top-right planar Inner top beam dowel 0.9434
57 STBPTR2 FLA-5-11 Top-right planar Outer top beam dowel 0.9434
58 STBPBR1 FLA-5-11 Bot.-right planar Inner bottom beam dowel 0.9434
59 STBPBR2 FLA-5-11 Bot.-right planar Outer bottom beam dowel 0.9434
60 STCPBL1 FLA-5-11 Bot.-left planar Inner bottom column dowel 0.9434
61 STCPBL2 FLA-5-11 Bot.-left planar Outer bottom column dowel 0.9434
62 STCPTL1 FLA-5-11 Top-left planar Inner top column dowel 0.9434
63 STCPTL2 FLA-5-11 Top-left planar Outer top column dowel 0.9434
64 STCPTRI1 FLA-5-11 Top-right planar Inner top column dowel 0.9434
65 STCPTR2 FLA-5-11 Top-right planar Outer top column dowel 0.9434
66 STCPBR1 FLA-5-11 Bot.-right planar Inner bottom column dowel 0.9434
67 STCPBR2 FLA-5-11 Bot.-right planar Outer bottom column dowel 0.9434
68 STBLTO FLA-5-11 Left-beam Transverse rein.-left beam 0.9434
69 STBLTI FLA-5-11 Left-beam Transverse rein.-left beam 0.9434
70 STBRTO FLA-5-11 Right-beam Transverse rein.-right beam 0.9434
71 STBRT1 FLA-5-11 Right-beam Transverse rein.-right beam 0.9434
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M3197 5.6 TwazidvamsAndginialiadmSuFunagoy PIE3
CH-No Code Gage type Position Description C
0 LOAD Actuator Lateral Force at top column 0.50
1 LVDT Actuator Lateral Displ at top column 0.50
2 PCl FLA-5-11 PC strand Compression force in column] 0.9434
3 PC2 FLA-5-11 PC strand Compression force in column2 0.9434
4 KBZ11 SDP-50C Left -beam Rocking measuring in zonel 1.00
5 KBZ12 SDP-50C Left -beam Rocking measuring in zonel 1.00
6 KBZ21 SDP-50C Right-beam Rocking measuring in zone2 1.00
7 KBZ22 SDP-50C Right-beam Rocking measuring in zone2 1.00
8 RBZI11 SDP-50C Left-beam Rotation measuring in zonel 1.00
9 RBZ12 SDP-50C Left-beam Rotation measuring in zonel 1.00
10 RBZ21 SDP-50C Right-beam Rotation measuring in zone2 1.00
11 RBZ22 SDP-50C Right-beam Rotation measuring in zone2 1.00
12 RCZ11 PI-2-100 Top-column Rotation measuring in zonel 0.500
13 RCZ11 PI-2-100 Top-column Rotation measuring in zonel 0.500
14 RCZ21 PI-2-100 Bot.-column Rotation measuring in zone2 0.500
15 RCZ22 PI-2-100 Bot.-column Rotation measuring in zone2 0.500
16 SCZ11 PI-5-200 Top-column Shear measuring  in zonel 1.00
17 SCZ12 PI-5-200 Top-column Shear measuring  in zonel 1.00
18 SCZ21 PI-5-200 Bot.-column Shear measuring  in zone2 1.00
19 SCz22 PI-5-200 Bot.-column Shear measuring  in zone2 1.00
20 SJZ11 CDP-25 Joint zone Shear measuring in joint zone 2.000
21 SJZ12 CDP-25 Joint zone Shear measuring in joint zone 2.000
22 SBZ11 CDP-25 Left -beam Shear measuring  in zonel 2.000
23 SBZ12 CDP-25 Left -beam Shear measuring  in zonel 2.000
24 SBZ21 CDP-25 Right-beam Shear measuring  in zone2 2.000
25 SBZ22 CDP-25 Right-beam Shear measuring  in zone2 2.000
26 STBTL2 FLA-5-11 Top-left beam Side left edge of expansion 0.9434
27 STBTLI FLA-5-11 Top-left beam Side left column face 0.9434
28 STBTM FLA-5-11 Top-mid beam Side center of column 0.9434
29 STBTR1 FLA-5-11 Top-right beam Side right column face 0.9434
30 STBTR2 FLA-5-11 Top-right beam Side right edge of expansion 0.9434
31 STBTL2’ FLA-5-11 Top-left beam Mid. left edge of expansion 0.9434
32 STBTL1!’ FLA-5-11 Top-left beam Mid. left column face 0.9434
33 STBTM’ FLA-5-11 Top-mid beam Mid. center of column 0.9434
34 STBTR1’ FLA-5-11 Top-right beam Mid. right column face 0.9434
35 STBTR2’ FLA-5-11 Top-right beam Mid. right edge of expansion 0.9434
36 STBBL2 FLA-5-11 Bot.-left beam Side left edge of expansion 0.9434
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M3197 5.6 TwazidvamsandglnIal admsuFunaaou PIE3 (do)

CH-No Code Gage type Position Description C
37 STBBL1 FLA-5-11 Bot.-left beam Side left column face 0.9434
38 STBBM FLA-5-11 Bot.-mid beam Side center of column 0.9434
39 STBBRI1 FLA-5-11 Bot.-right beam Side right column face 0.9434
40 STBBR2 FLA-5-11 Bot.-right beam Side right edge of expansion 0.9434
41 STBBL2’ FLA-5-11 Bot.-left beam Mid. left edge of expansion 0.9434
42 STBBL1’ FLA-5-11 Bot.-left beam Mid. left column face 0.9434
43 STBBM’ FLA-5-11 Bot.-mid beam Mid. center of column 0.9434
44 STBBRYI’ FLA-5-11 Bot.-right beam Mid. right column face 0.9434
45 STBBR2’ FLA-5-11 Bot.-right beam Mid. right edge of expansion | 0.9434
46 STCBL FLA-5-11 Bot.-left column Mid bottom column 0.9434
47 STCML FLA-5-11 Mid-left column Mid center column 0.9434
48 STCTL FLA-5-11 Top-left column Mid top column 0.9434
49 STCBR FLA-5-11 Bot.-right column Mid bottom column 0.9434
50 STCMR FLA-5-11 Mid-right column Mid center column 0.9434
51 STCTR FLA-5-11 Top-right column Mid top column 0.9434
52 STBLTO FLA-5-11 Left-beam Transverse rein.-left beam 0.9434
53 STBLT1 FLA-5-11 Left-beam Transverse rein.-left beam 0.9434
54 STBRTO FLA-5-11 Right-beam Transverse rein.-right beam 0.9434
55 STBRT1 FLA-5-11 Right-beam Transverse rein.-right beam 0.9434
56 STSTL11 Rosette Top-left planar Inner top steel bracket 0.9434
57 STSTL12 Rosette Top-left planar Inner top steel bracket 0.9434
58 STSTL13 Rosette Top-left planar Inner top steel bracket 0.9434
59 STSTL21 Rosette Top-left planar Outer top steel bracket 0.9434
60 STSTL22 Rosette Top-left planar Outer top steel bracket 0.9434
61 STSTL23 Rosette Top-left planar Outer top steel bracket 0.9434
62 STSTR11 Rosette Top-right planar Inner top steel bracket 0.9434
63 STSTR12 Rosette Top-right planar Inner top steel bracket 0.9434
64 STSTR13 Rosette Top-right planar Inner top steel bracket 0.9434
65 STSTR21 Rosette Top-right planar Outer top steel bracket 0.9434
66 STSTR22 Rosette Top-right planar Outer top steel bracket 0.9434
67 STSTR23 Rosette Top-right planar Outer top steel bracket 0.9434
68 STSBL11 Rosette Bot.-left planar Inner bottom steel bracket 0.9434
69 STSBL12 Rosette Bot.-left planar Inner bottom steel bracket 0.9434
70 STSBL13 Rosette Bot.-left planar Inner bottom steel bracket 0.9434
71 STSBL21 Rosette Bot.-left planar Outer bottom steel bracket 0.9434
72 STSBL22 Rosette Bot.-left planar Outer bottom steel bracket 0.9434
73 STSBL23 Rosette Bot.-left planar Outer bottom steel bracket 0.9434
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M3197 5.6 TwazidvamsandglnIal admsuFunaaou PIE3 (do)

CH-No Code Gage type Position Description C
74 STSBR11 Rosette Bot.-right planar Inner bottom steel bracket 0.9434
75 STSBR12 Rosette Bot.-right planar Inner bottom steel bracket 0.9434
76 STSBR13 Rosette Bot.-right planar Inner bottom steel bracket 0.9434
77 STSBR21 Rosette Bot.-right planar Outer bottom steel bracket 0.9434
78 STSBR22 Rosette Bot.-right planar Outer bottom steel bracket 0.9434
79 STSBR23 Rosette Bot.-right planar Outer bottom steel bracket 0.9434

Y
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M3 5.7 Iwazideansanaglnsalind mSuFunadoy PIE4

CH-No Code Gage type Position Description C
0 LOAD Actuator Lateral Force at top column 0.50
1 LVDT Actuator Lateral Displ at top column 0.50
2 PCl1 FLA-5-11 PC strand Compression force in columnl 0.9434
3 PC2 FLA-5-11 PC strand Compression force in column2 | 0.9434
4 KBZ11 SDP-50C Left -beam Rocking measuring in zonel 1.00
5 KBZ12 SDP-50C Left -beam Rocking measuring in zonel 1.00
6 KBZ21 SDP-50C Right-beam Rocking measuring in zone2 1.00
7 KBZ22 SDP-50C Right-beam Rocking measuring in zone2 1.00
8 RBZ11 SDP-50C Left-beam Rotation measuring in zonel 1.00
9 RBZ12 SDP-50C Left-beam Rotation measuring in zonel 1.00
10 RBZ21 SDP-50C Right-beam Rotation measuring in zone2 1.00
11 RBZ22 SDP-50C Right-beam Rotation measuring in zone2 1.00
12 RCZ11 PI-2-100 Top-column Rotation measuring in zonel 0.500
13 RCZ11 PI-2-100 Top-column Rotation measuring in zonel 0.500
14 RCZz21 PI-2-100 Bot.-column Rotation measuring in zone2 0.500
15 RCZ22 PI-2-100 Bot.-column Rotation measuring in zone2 0.500
16 SCZ11 PI-5-200 Top-column Shear measuring  in zonel 1.00
17 SCZ12 PI-5-200 Top-column Shear measuring  in zonel 1.00
18 SCZ21 PI-5-200 Bot.-column Shear measuring  in zone2 1.00
19 SCZ22 PI-5-200 Bot.-column Shear measuring  in zone2 1.00
20 SJZ11 CDP-25 Joint zone Shear measuring in joint zone 2.000
21 SJZ12 CDP-25 Joint zone Shear measuring in joint zone 2.000
22 SBZ11 CDP-25 Left -beam Shear measuring  in zonel 2.000
23 SBZ12 CDP-25 Left -beam Shear measuring  in zonel 2.000
24 SBZ21 CDP-25 Right-beam Shear measuring  in zone2 2.000
25 SBZ22 CDP-25 Right-beam Shear measuring  in zone2 2.000
26 STBTL2 FLA-5-11 Top-left beam Side left edge of expansion 0.9434
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CH-No | Code Gage type Position Description C
27 STBTLI FLA-5-11 Top-left beam Side left column face 0.9434
28 STBTM FLA-5-11 Top-mid beam Side center of column 0.9434
29 STBTRI FLA-5-11 Top-right beam Side right column face 0.9434
30 STBTR2 FLA-5-11 Top-right beam Side right edge of expansion 0.9434
31 STBTL2’ FLA-5-11 Top-left beam Mid. left edge of expansion 0.9434
32 STBTLI’ FLA-5-11 Top-left beam Mid. left column face 0.9434
33 STBTM’ FLA-5-11 Top-mid beam Mid. center of column 0.9434
34 STBTR1’ FLA-5-11 Top-right beam Mid. right column face 0.9434
35 STBTR2’ FLA-5-11 Top-right beam Mid. right edge of expansion | 0.9434
36 STBBL2 FLA-5-11 Bot.-left beam Side left edge of expansion 0.9434
37 STBBL1 FLA-5-11 Bot.-left beam Side left column face 0.9434
38 STBBM FLA-5-11 Bot.-mid beam Side center of column 0.9434
39 STBBRI1 FLA-5-11 Bot.-right beam Side right column face 0.9434
40 STBBR2 FLA-5-11 Bot.-right beam Side right edge of expansion 0.9434
41 STBBL2’ FLA-5-11 Bot.-left beam Mid. left edge of expansion 0.9434
42 STBBL1’ FLA-5-11 Bot.-left beam Mid. left column face 0.9434
43 STBBM’ FLA-5-11 Bot.-mid beam Mid. center of column 0.9434
44 STBBR1’ FLA-5-11 Bot.-right beam Mid. right column face 0.9434
45 STBBR2’ FLA-5-11 Bot.-right beam Mid. right edge of expansion | 0.9434
46 STCBL FLA-5-11 Bot.-left column Mid bottom column 0.9434
47 STCML FLA-5-11 Mid-left column Mid center column 0.9434
48 STCTL FLA-5-11 Top-left column Mid top column 0.9434
49 STCBR FLA-5-11 Bot.-right column Mid bottom column 0.9434
50 STCMR FLA-5-11 Mid-right column Mid center column 0.9434
51 STCTR FLA-5-11 Top-right column Mid top column 0.9434
52 STBLTO FLA-5-11 Left-beam Transverse rein.-left beam 0.9434
53 STBLTI FLA-5-11 Left-beam Transverse rein.-left beam 0.9434
54 STBRTO FLA-5-11 Right-beam Transverse rein.-right beam 0.9434
55 STBRT1 FLA-5-11 Right-beam Transverse rein.-right beam 0.9434
56 STBPTL1 FLA-5-11 Top-left planar Inner top beam dowel 0.9434
57 STBPTL2 FLA-5-11 Top-left planar Outer top beam dowel 0.9434
58 STCPTL1 FLA-5-11 Top-left planar Inner top column dowel 0.9434
59 STCPTL2 FLA-5-11 Top-left planar Outer top column dowel 0.9434
60 STCPTRI1 FLA-5-11 Top-right planar Inner top column dowel 0.9434
61 STCPTR2 FLA-5-11 Top-right planar Outer top column dowel 0.9434
62 STBPTR1 FLA-5-11 Top-right planar Inner top beam dowel 0.9434
63 STBPTR2 FLA-5-11 Top-right planar Outer top beam dowel 0.9434
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0 LOAD Actuator Lateral Force at top column 0.50
1 LVDT Actuator Lateral Displ at top column 0.50
2 PCl FLA-5-11 PC strand Compression force in column] 0.9434
3 PC2 FLA-5-11 PC strand Compression force in column2 0.9434
4 KBZ11 SDP-50C Left -beam Rocking measuring in zonel 1.00
5 KBZ12 SDP-50C Left -beam Rocking measuring in zonel 1.00
6 KBZ21 SDP-50C Right-beam Rocking measuring in zone2 1.00
7 KBZ22 SDP-50C Right-beam Rocking measuring in zone2 1.00
8 RBZI11 SDP-50C Left-beam Rotation measuring in zonel 1.00
9 RBZ12 SDP-50C Left-beam Rotation measuring in zonel 1.00
10 RBZ21 SDP-50C Right-beam Rotation measuring in zone2 1.00
11 RBZ22 SDP-50C Right-beam Rotation measuring in zone2 1.00
12 RCZ11 PI-2-200 Top-column Rotation measuring in zonel 0.500
13 RCZ11 PI-2-200 Top-column Rotation measuring in zonel 0.500
14 RCZ21 PI-2-100 Bot.-column Rotation measuring in zone2 0.500
15 RCZ22 PI-2-100 Bot.-column Rotation measuring in zone2 0.500
16 SCZ11 PI-5-100 Top-column Shear measuring  in zonel 1.00
17 SCZ12 PI-5-100 Top-column Shear measuring  in zonel 1.00
18 SCZ21 PI-5-200 Bot.-column Shear measuring  in zone2 1.00
19 SCz22 PI-5-200 Bot.-column Shear measuring  in zone2 1.00
20 SJZ11 CDP-25 Joint zone Shear measuring in joint zone 2.000
21 SJZ12 CDP-25 Joint zone Shear measuring in joint zone 2.000
22 SBZ11 CDP-25 Left -beam Shear measuring  in zonel 2.000
23 SBZ12 CDP-25 Left -beam Shear measuring  in zonel 2.000
24 SBZ21 CDP-25 Right-beam Shear measuring  in zone2 2.000
25 SBZ22 CDP-25 Right-beam Shear measuring  in zone2 2.000
26 STBTL2 FLA-5-11 Top-left beam Side left edge of expansion 0.9434
27 STBTLI FLA-5-11 Top-left beam Side left column face 0.9434
28 STBTM FLA-5-11 Top-mid beam Side center of column 0.9434
29 STBTR1 FLA-5-11 Top-right beam Side right column face 0.9434
30 STBTR2 FLA-5-11 Top-right beam Side right edge of expansion 0.9434
31 STBTL2’ FLA-5-11 Top-left beam Mid. left edge of expansion 0.9434
32 STBTL1!’ FLA-5-11 Top-left beam Mid. left column face 0.9434
33 STBTM’ FLA-5-11 Top-mid beam Mid. center of column 0.9434
34 STBTR1’ FLA-5-11 Top-right beam Mid. right column face 0.9434
35 STBTR2’ FLA-5-11 Top-right beam Mid. right edge of expansion 0.9434
36 STBBL2 FLA-5-11 Bot.-left beam Side left edge of expansion 0.9434
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CH-No Code Gage type Position Description C
37 STBBL1 FLA-5-11 Bot.-left beam Side left column face 0.9434
38 STBBM FLA-5-11 Bot.-mid beam Side center of column 0.9434
39 STBBRI1 FLA-5-11 Bot.-right beam Side right column face 0.9434
40 STBBR2 FLA-5-11 Bot.-right beam Side right edge of expansion 0.9434
41 STBBL2’ FLA-5-11 Bot.-left beam Mid. left edge of expansion 0.9434
42 STBBL1’ FLA-5-11 Bot.-left beam Mid. left column face 0.9434
43 STBBM’ FLA-5-11 Bot.-mid beam Mid. center of column 0.9434
44 STBBRYI’ FLA-5-11 Bot.-right beam Mid. right column face 0.9434
45 STBBR2’ FLA-5-11 Bot.-right beam Mid. right edge of expansion | 0.9434
46 STCBL FLA-5-11 Bot.-left column Mid bottom column 0.9434
47 STCML FLA-5-11 Mid-left column Mid center column 0.9434
48 STCTL FLA-5-11 Top-left column Mid top column 0.9434
49 STCBR FLA-5-11 Bot.-right column Mid bottom column 0.9434
50 STCMR FLA-5-11 Mid-right column Mid center column 0.9434
51 STCTR FLA-5-11 Top-right column Mid top column 0.9434
52 STBLTO FLA-5-11 Left-beam Transverse rein.-left beam 0.9434
53 STBLT1 FLA-5-11 Left-beam Transverse rein.-left beam 0.9434
54 STBRTO FLA-5-11 Right-beam Transverse rein.-right beam 0.9434
55 STBRT1 FLA-5-11 Right-beam Transverse rein.-right beam 0.9434
56 STBPBL1 FLA-5-11 Bot.-left planar Inner bottom beam dowel 0.9434
57 STBPBL2 FLA-5-11 Bot.-left planar Outer bottom beam dowel 0.9434
58 STCPBLI FLA-5-11 Bot.-left planar Inner bottom column dowel 0.9434
59 STCPBL2 FLA-5-11 Bot.-left planar Outer bottom column dowel 0.9434
60 STBPBR1 FLA-5-11 Bot.-right planar Inner bottom beam dowel 0.9479
61 STBPBR2 FLA-5-11 Bot.-right planar Outer bottom beam dowel 0.9479
62 STCPBR1 FLA-5-11 Bot.-right planar Inner bottom column dowel 0.9479
63 STCPBR2 FLA-5-11 Bot.-right planar Outer bottom column dowel 0.9479

AUNNUNINUATIAYUMNIIVY

148




L=} Y s =) a S v A 1A
ﬂﬁmilelﬂ’J”IllWi@ﬂﬂ\iﬂﬂ1ﬂﬁﬂ6uﬂimﬁimﬁﬁﬂi‘]JlIfJ!!,Wuﬂu‘lW'J

9

. v
M3197 5.9 TavidvamsAndginialiadmSuFunagoy PIEG
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0 LOAD Actuator Lateral Force at top column 0.50
1 LVDT Actuator Lateral Displ at top column 0.50
2 PCl FLA-5-11 PC strand Compression force in columnl 0.948
3 PC2 FLA-5-11 PC strand Compression force in column2 0.948
4 KBZ11 SDP-50C Left -beam Rocking measuring in zonel 1.00
5 KBZ12 SDP-50C Left -beam Rocking measuring in zonel 1.00
6 KBZ21 SDP-50C Right-beam Rocking measuring in zone2 1.00
7 KBZ22 SDP-50C Right-beam Rocking measuring in zone2 1.00
8 RBZI11 SDP-50C Left-beam Rotation measuring in zonel 1.00
9 RBZ12 SDP-50C Left-beam Rotation measuring in zonel 1.00
10 RBZ21 SDP-50C Right-beam Rotation measuring in zone2 1.00
11 RBZ22 SDP-50C Right-beam Rotation measuring in zone2 1.00
12 RCZ11 PI-2-200 Top-column Rotation measuring in zonel 0.500
13 RCZ11 PI-2-200 Top-column Rotation measuring in zonel 0.500
14 RCZ21 PI-2-100 Bot.-column Rotation measuring in zone2 0.500
15 RCZ22 PI-2-100 Bot.-column Rotation measuring in zone2 0.500
16 SCZ11 PI-5-200 Top-column Shear measuring  in zonel 1.00
17 SCZ12 PI-5-200 Top-column Shear measuring  in zonel 1.00
18 SCZ21 PI-5-100 Bot.-column Shear measuring  in zone2 1.00
19 SCz22 PI-5-100 Bot.-column Shear measuring  in zone2 1.00
20 SJZ11 CDP-25 Joint zone Shear measuring in joint zone 2.000
21 SJZ12 CDP-25 Joint zone Shear measuring in joint zone 2.000
22 SBZ11 CDP-25 Left -beam Shear measuring  in zonel 2.000
23 SBZ12 CDP-25 Left -beam Shear measuring  in zonel 2.000
24 SBZ21 CDP-25 Right-beam Shear measuring  in zone2 2.000
25 SBZ22 CDP-25 Right-beam Shear measuring  in zone2 2.000
26 STBTL2 FLA-5-11 Top-left beam Side left edge of expansion 0.948
27 STBTLI FLA-5-11 Top-left beam Side left column face 0.948
28 STBTM FLA-5-11 Top-mid beam Side center of column 0.948
29 STBTR1 FLA-5-11 Top-right beam Side right column face 0.948
30 STBTR2 FLA-5-11 Top-right beam Side right edge of expansion 0.948
31 STBTL2’ FLA-5-11 Top-left beam Mid. left edge of expansion 0.948
32 STBTL!’ FLA-5-11 Top-left beam Mid. left column face 0.948
33 STBTM’ FLA-5-11 Top-mid beam Mid. center of column 0.948
34 STBTR1’ FLA-5-11 Top-right beam Mid. right column face 0.948
35 STBTR2’ FLA-5-11 Top-right beam Mid. right edge of expansion 0.948
36 STBBL2 FLA-5-11 Bot.-left beam Side left edge of expansion 0.948
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37 STBBL1 FLA-5-11 Bot.-left beam Side left column face 0.948
38 STBBM FLA-5-11 Bot.-mid beam Side center of column 0.948
39 STBBRI1 FLA-5-11 Bot.-right beam Side right column face 0.948
40 STBBR2 FLA-5-11 Bot.-right beam Side right edge of expansion 0.948
41 STBBL2’ FLA-5-11 Bot.-left beam Mid. left edge of expansion 0.948
42 STBBL1’ FLA-5-11 Bot.-left beam Mid. left column face 0.948
43 STBBM’ FLA-5-11 Bot.-mid beam Mid. center of column 0.948
44 STBBRY!’ FLA-5-11 Bot.-right beam Mid. right column face 0.948
45 STBBR2’ FLA-5-11 Bot.-right beam Mid. right edge of expansion | 0.948
46 STCBL FLA-5-11 Bot.-left column Mid bottom column 0.948
47 STCML FLA-5-11 Mid-left column Mid center column 0.948
48 STCTL FLA-5-11 Top-left column Mid top column 0.948
49 STCBR FLA-5-11 Bot.-right column Mid bottom column 0.948
50 STCMR FLA-5-11 Mid-right column Mid center column 0.948
51 STCTR FLA-5-11 Top-right column Mid top column 0.948
52 STBLTO FLA-5-11 Left-beam Transverse rein.-left beam 0.948
53 STBLT1 FLA-5-11 Left-beam Transverse rein.-left beam 0.948
54 STBRTO FLA-5-11 Right-beam Transverse rein.-right beam 0.948
55 STBRT1 FLA-5-11 Right-beam Transverse rein.-right beam 0.948
56 STBPBL1 FLA-5-11 Bot.-left planar Inner bottom beam dowel 0.943
57 STBPBL2 FLA-5-11 Bot.-left planar Outer bottom beam dowel 0.943
58 STCPBLI FLA-5-11 Bot.-left planar Inner bottom column dowel 0.943
59 STCPBL2 FLA-5-11 Bot.-left planar Outer bottom column dowel 0.943
60 STBPBR1 FLA-5-11 Bot.-right planar Inner bottom beam dowel 0.948
61 STBPBR2 FLA-5-11 Bot.-right planar Outer bottom beam dowel 0.948
62 STCPBR1 FLA-5-11 Bot.-right planar Inner bottom column dowel 0.948
63 STCPBR2 FLA-5-11 Bot.-right planar Outer bottom column dowel 0.948
64 STBPTL1 FLA-5-11 Top-left planar Inner top beam dowel 0.943
65 STBPTL2 FLA-5-11 Top-left planar Outer top beam dowel 0.943
66 STCPTL1 FLA-5-11 Top-left planar Inner top column dowel 0.943
67 STCPTL2 FLA-5-11 Top-left planar Outer top column dowel 0.943
68 STBPTR1 FLA-5-11 Top-right planar Inner top beam dowel 0.948
69 STBPTR2 FLA-5-11 Top-right planar Outer top beam dowel 0.948
70 STCPTR1 FLA-5-11 Top-right planar Inner top column dowel 0.948
71 STCPTR2 FLA-5-11 Top-right planar Outer top column dowel 0.948
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CH-No Code Gage type Position Description C
0 LOAD Actuator Lateral Force at top column 0.50
1 LVDT Actuator Lateral Displ at top column 0.50
2 PCl FLA-5-11 PC strand Compression force in columnl 0.948
3 PC2 FLA-5-11 PC strand Compression force in column2 0.948
4 KBZ11 SDP-50C Left -beam Rocking measuring in zonel 1.00
5 KBZ12 SDP-50C Left -beam Rocking measuring in zonel 1.00
6 KBZ21 SDP-50C Right-beam Rocking measuring in zone2 1.00
7 KBZ22 SDP-50C Right-beam Rocking measuring in zone2 1.00
8 RBZI11 SDP-50C Left-beam Rotation measuring in zonel 1.00
9 RBZ12 SDP-50C Left-beam Rotation measuring in zonel 1.00
10 RBZ21 SDP-50C Right-beam Rotation measuring in zone2 1.00
11 RBZ22 SDP-50C Right-beam Rotation measuring in zone2 1.00
12 RCZ11 PI-2-200 Top-column Rotation measuring in zonel 0.500
13 RCZ11 PI-2-200 Top-column Rotation measuring in zonel 0.500
14 RCZ21 PI-2-100 Bot.-column Rotation measuring in zone2 0.500
15 RCZ22 PI-2-100 Bot.-column Rotation measuring in zone2 0.500
16 SCZ11 PI-5-200 Top-column Shear measuring  in zonel 1.00
17 SCZ12 PI-5-200 Top-column Shear measuring  in zonel 1.00
18 SCZ21 PI-5-100 Bot.-column Shear measuring  in zone2 1.00
19 SCz22 PI-5-100 Bot.-column Shear measuring  in zone2 1.00
20 SJZ11 CDP-25 Joint zone Shear measuring in joint zone 2.000
21 SJZ12 CDP-25 Joint zone Shear measuring in joint zone 2.000
22 SBZ11 CDP-25 Left -beam Shear measuring  in zonel 2.000
23 SBZ12 CDP-25 Left -beam Shear measuring  in zonel 2.000
24 SBZ21 CDP-25 Right-beam Shear measuring  in zone2 2.000
25 SBZ22 CDP-25 Right-beam Shear measuring  in zone2 2.000
26 STBTL2 FLA-5-11 Top-left beam Side left edge of expansion 0.948
27 STBTLI FLA-5-11 Top-left beam Side left column face 0.948
28 STBTM FLA-5-11 Top-mid beam Side center of column 0.948
29 STBTR1 FLA-5-11 Top-right beam Side right column face 0.948
30 STBTR2 FLA-5-11 Top-right beam Side right edge of expansion 0.948
31 STBTL2’ FLA-5-11 Top-left beam Mid. left edge of expansion 0.948
32 STBTL!’ FLA-5-11 Top-left beam Mid. left column face 0.948
33 STBTM’ FLA-5-11 Top-mid beam Mid. center of column 0.948
34 STBTR1’ FLA-5-11 Top-right beam Mid. right column face 0.948
35 STBTR2’ FLA-5-11 Top-right beam Mid. right edge of expansion 0.948
36 STBBL2 FLA-5-11 Bot.-left beam Side left edge of expansion 0.948
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37 STBBL1 FLA-5-11 Bot.-left beam Side left column face 0.948
38 STBBM FLA-5-11 Bot.-mid beam Side center of column 0.948
39 STBBRI1 FLA-5-11 Bot.-right beam Side right column face 0.948
40 STBBR2 FLA-5-11 Bot.-right beam Side right edge of expansion 0.948
41 STBBL2’ FLA-5-11 Bot.-left beam Mid. left edge of expansion 0.948
42 STBBL1’ FLA-5-11 Bot.-left beam Mid. left column face 0.948
43 STBBM’ FLA-5-11 Bot.-mid beam Mid. center of column 0.948
44 STBBRY!’ FLA-5-11 Bot.-right beam Mid. right column face 0.948
45 STBBR2’ FLA-5-11 Bot.-right beam Mid. right edge of expansion | 0.948
46 STCBL FLA-5-11 Bot.-left column Mid bottom column 0.948
47 STCML FLA-5-11 Mid-left column Mid center column 0.948
48 STCTL FLA-5-11 Top-left column Mid top column 0.948
49 STCBR FLA-5-11 Bot.-right column Mid bottom column 0.948
50 STCMR FLA-5-11 Mid-right column Mid center column 0.948
51 STCTR FLA-5-11 Top-right column Mid top column 0.948
52 STBLTO FLA-5-11 Left-beam Transverse rein.-left beam 0.948
53 STBLT1 FLA-5-11 Left-beam Transverse rein.-left beam 0.948
54 STBRTO FLA-5-11 Right-beam Transverse rein.-right beam 0.948
55 STBRT1 FLA-5-11 Right-beam Transverse rein.-right beam 0.948
56 STBPBL1 FLA-5-11 Bot.-left planar Inner bottom beam dowel 0.952
57 STBPBL2 FLA-5-11 Bot.-left planar Outer bottom beam dowel 0.952
58 STCPBLI FLA-5-11 Bot.-left planar Inner bottom column dowel 0.952
59 STCPBL2 FLA-5-11 Bot.-left planar Outer bottom column dowel 0.952
60 STBPBR1 FLA-5-11 Bot.-right planar Inner bottom beam dowel 0.952
61 STBPBR2 FLA-5-11 Bot.-right planar Outer bottom beam dowel 0.952
62 STCPBR1 FLA-5-11 Bot.-right planar Inner bottom column dowel 0.952
63 STCPBR2 FLA-5-11 Bot.-right planar Outer bottom column dowel 0.952
64 STBPTL1 FLA-5-11 Top-left planar Inner top beam dowel 0.952
65 STBPTL2 FLA-5-11 Top-left planar Outer top beam dowel 0.939
66 STCPTL1 FLA-5-11 Top-left planar Inner top column dowel 0.939
67 STCPTL2 FLA-5-11 Top-left planar Outer top column dowel 0.939
68 STBPTR1 FLA-5-11 Top-right planar Inner top beam dowel 0.939
69 STBPTR2 FLA-5-11 Top-right planar Outer top beam dowel 0.939
70 STCPTR1 FLA-5-11 Top-right planar Inner top column dowel 0.939
71 STCPTR2 FLA-5-11 Top-right planar Outer top column dowel 0.939
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M3199 W-1 il Tnsaad e 15 uRAINYINYeIe1A1s Janenielu

N AI.)prox1mated Dimension . M, L - y
Building | tributary area | (cmxcm) h aV) fc Ag P, P2, A by f 7
(m) C

AP1 7.03 (JS) | 20x40 3.50 0.50 0.200 | 0.0230 0.0014 3.01
AP2 7.69 (JS) | 20x40 3.13 0.60 0.323 | 0.0982 0.0044 5.78
AP3 18.33 (JM) | 40x80 1.88 0.35 0.228 | 0.0135 0.0085 3.38
AP4 15.45 (JS) | 30x70 1.64 1.09 0.215 | 0.0358 0.0040 7.51
APS5 19.80 (JM) | 30x55 4.14 0.36 0.226 | 0.0419 0.0063 3.18
AC1 60.84 (JL) | 50x50 5.20 0.11 0.522 | 0.0672 0.0103 1.42
AC2 64.00 (JL) | 60x60 3.63 0.55 0.393 | 0.0576 0.0128 5.50
AC3 36.00 (JM) | 60x60 1.83 0.65 0.243 | 0.0194 0.0068 4.87
AC4 60.84 (JL) | 30x30 6.75 0.18 0.903 | 0.0785 0.0052 2.05
CHI1 26.00 (JM) | 40x40 4.81 0.43 0.385 | 0.0794 0.0040 3.39
CH2 26.00 (JM) | 40x40 4.81 0.31 0.383 | 0.0433 0.0040 2.42
CH3 26.00 (JM) | 40x40 6.50 0.24 0.308 | 0.0491 0.0059 1.99
HP1 42.00 (JL) | 80x80 2.06 1.27 0.221 | 0.0185 0.0047 3.53
HP2 15.20 (JS) | 45x65 6.85 0.24 0.242 | 0.0319 0.0033 1.68
HP3 37.50 (JM) | 30x50 4.50 0.35 0.381 | 0.0582 0.0089 3.68
maximum value 6.85 1.27 0.903 | 0.0982 0.0128 7.51
minimum value 1.64 0.11 0.200 | 0.0135 0.0014 1.42
average value 4.08 0.48 0.345 | 0.0477 0.0060 3.56
standard deviation 1.78 0.32 0.180 | 0.0253 0.0030 1.70
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M50 H-2 Al Tnsaadrae dmSUNfAnIuYIIUDI8IANS YA 1BUBN

N Al.)prox1mated Dimension . M, L = y
Building | tributary area | (cmxcm) h aV fc Ag P, P, A b d f’
(m) ¢ ¢

AP1 8.34 (JS) | 20x40 3.50 0.62 0.267 | 0.0287 0.0028 4.81
AP2 10.15 (JS) | 30x60 2.08 1.64 0.205 | 0.1909 0.0075 11.09
AP3 22.62 (JM) | 40x100 1.50 0.46 0.226 | 0.0129 0.0081 4.41
AP4 13.65 (JS) | 30x70 1.64 0.95 0.193 | 0.0310 0.0040 7.02
AP5S 19.40 (JM) | 30x55 4.14 0.36 0.226 | 0.0419 0.0063 3.18
ACl1 42.12 (JL) | 50x50 5.20 0.17 0.375 | 0.0446 0.0102 1.90
AC2 58.00 (JL) | 50x70 3.11 0.43 0.370 | 0.0436 0.0119 4.57
AC3 18.00 (JS) | 40x40 2.75 0.82 0.269 | 0.0237 0.0050 6.23
AC4 42.12 (JL) | 30x30 6.75 0.25 0.634 | 0.0785 0.0052 241
CH1 14.00 (JS) | 40x40 4.81 0.34 0.224 | 0.0577 0.0059 2.72
CH2 14.00 (JS) | 40x40 4.94 0.30 0.223 | 0.0217 0.0020 1.77
CH3 14.00 (JS) | 40x40 6.50 0.33 0.181 | 0.0771 0.0059 2.49
HP1 11.40 (JS) | 80x80 2.13 1.01 0.088 | 0.0103 0.0031 2.73
HP2 4.00 (S)) | 45x45 9.89 0.43 0.083 | 0.0821 0.0038 2.61
HP3 25.00 (JM) | 30x50 4.50 0.36 0.264 | 0.0364 0.0058 2.88
maximum value 3.50 0.62 0.267 | 0.0287 0.0028 4.81
minimum value 2.08 1.64 0.205 | 0.1909 0.0075 11.09
average value 1.50 0.46 0.226 | 0.0129 0.0081 4.41
standard deviation 1.64 0.95 0.193 | 0.0310 0.0040 7.02
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M3190 W3 il Tnssas 1 SMSUAANINE1IUDI1AT JAaen1e i

Approximated

Dimension

Building | tribut ( , | G M, | P by d
uilding | tri u(;rzy) area cmxcm h aV, ﬁ Ag P, yo3 < bd fc’
AP1 7.58 (JS) | 40x20 7.00 0.26 0.213 | 0.0268 0.0021 1.41
AP2 10.15 (JS) | 40x20 6.25 0.41 0.415 | 0.0982 0.0068 3.22
AP3 22.62 (JM) | 100x40 3.75 0.27 0.226 | 0.0126 0.0133 1.77
AP4 13.65 (JS) | 70x30 4.00 0.58 0.193 | 0.0393 0.0064 3.39
AP5 19.8 (JM) | 55x30 7.58 0.22 0.230 | 0.0457 0.0089 1.60
ACl1 42.12 (JL) | 50x50 5.20 0.27 0.363 | 0.0672 0.0103 2.48
AC2 29.00 (JM) | 70x50 4.20 0.36 0.203 | 0.0446 0.0143 2.92
AC3 27.00 (JM) | 60x60 433 0.28 0.191 | 0.0194 0.0068 1.96
AC4 42.12 (JL) | 40x30 6.67 0.29 0.482 | 0.0639 0.0057 2.34
CH1 16.00 (JS) | 40x40 5.06 0.23 0.275 | 0.0390 0.0059 1.90
CH2 16.00 (JS) | 40x40 5.06 0.22 0.249 | 0.0390 0.0059 1.74
CH3 16.00 (JS) | 40x40 6.50 0.23 0.220 | 0.0491 0.0059 1.83
HP1 39.2 (JM) | 80x80 2.06 1.51 0.209 | 0.0374 0.0079 3.78
HP2 16.7 (JS) | 45x45 9.89 0.24 0.359 | 0.0894 0.0038 1.86
HP3 32.5 (M) | 50x30 8.33 0.27 0.334 | 0.0887 0.0120 2.27

maximum value 9.89 1.51 0.482 | 0.0982 0.0143 3.78
minimum value 2.06 0.22 0.191 | 0.0126 0.0021 1.41
average value 5.73 0.38 0.278 | 0.0507 0.0077 2.30
standard deviation 2.01 0.33 0.091 | 0.0258 0.0034 0.72
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N AI.)prox1mated Dimension . M, L = y
Building | tributary area | (cmxcm) h aV) fc Ag P, P, A b d f,
(m) o

AP1 4.06 (JS) | 40x20 7.00 0.26 0.162 | 0.0268 0.0021 1.33
AP2 5.08 (JS) | 40x20 6.25 0.46 0.226 | 0.0982 0.0068 3.14
AP3 11.31 (JS) | 100x40 3.75 0.24 0.133 | 0.0126 0.0133 1.48
AP4 6.83 (JS) | 70x30 4.00 0.58 0.109 | 0.0393 0.0064 3.10
APS5 18.81 (JS) | 55x30 7.58 0.21 0.233 | 0.0366 0.0089 1.51
AC1 29.16 (JM) | 50x50 5.20 0.28 0.261 | 0.0672 0.0103 2.46
AC2 58.00 (JL) | 70x50 4.20 0.32 0.370 | 0.0319 0.0107 2.67
AC3 13.50 (JS) | 60x40 6.50 0.16 0.151 | 0.0158 0.0082 1.12
AC4 29.16 (JM) | 30x30 6.67 1.18 0.447 | 0.0785 0.0034 7.95
CHI1 16.80 (JS) | 50x50 3.95 0.22 0.183 | 0.0312 0.0056 1.54
CH2 16.80 (JS) | 50x50 4.05 0.18 0.179 | 0.0089 0.0019 0.96
CH3 3.00 (JS) | 80x40 6.50 0.23 0.041 | 0.0175 0.0046 1.10
HP1 152 (JS) | 80x80 2.53 0.72 0.104 | 0.0104 0.0031 2.32
HP2 20.8 (JM) | 45x45 9.89 0.25 0.432 | 0.0894 0.0038 2.03
HP3 25.0 (JM) | 50x30 8.33 0.28 0.120 | 0.0393 0.0078 1.69
maximum value 9.89 1.18 0.447 | 0.0982 0.0133 7.95
minimum value 2.53 0.16 0.041 | 0.0089 0.0019 0.96
average value 5.76 0.37 0.210 | 0.0402 0.0065 2.29
standard deviation 2.02 0.27 0.121 | 0.0293 0.0034 1.72
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o Dimension | a, M., , X —Vﬂ
pulding (cmxem) | 7y a,v, P P P A b,d fc'

AP1 20x40 1.88 0.70 | 0.0057 | 0.0057 0.0014 2.01
AP2 20x40 1.63 1.38 | 0.0086 | 0.0144 0.0039 3.76
AP3 30x50 2.00 1.35 | 0.0073 | 0.0145 0.0033 3.32
AP4 20x50 3.30 1.34 | 0.0209 | 0.0209 0.0014 2.82
AP5 30x50 6.35 0.47 | 0.0093 | 0.0202 0.0099 1.19
ACl 30x80 4.56 0.44 | 0.0078 | 0.0078 0.0030 1.44
AC2 25x65 5.69 0.62 | 0.0067 | 0.0200 0.0063 0.97
AC3 35x80 5.25 0.77 | 0.0154 | 0.0192 0.0059 2.22
AC4 20x30 3.50 1.34 | 0.0251 | 0.0251 0.0042 3.65
CH1 30x70 6.86 0.43 | 0.0153 | 0.0102 0.0030 1.39
CH2 30x70 6.86 0.38 | 0.0153 | 0.0077 0.0047 1.38
CH3 30x70 6.86 0.29 | 0.0153 | 0.0102 0.0030 1.38
HP1 30x70 5.14 0.33 | 0.0077 | 0.0051 0.0047 1.17
HP2 25x60 4.13 0.79 | 0.0114 | 0.0046 0.0021 2.27
HP3 30x60 6.25 0.71 | 0.0297 | 0.0297 0.0097 2.98
maximum value 6.86 1.38 | 0.0297 | 0.0297 0.0099 3.76
minimum value 1.63 0.29 | 0.0057 | 0.0046 0.0014 0.97
average value 4.68 0.76 | 0.0134 | 0.0144 0.0044 2.13
standard deviation 1.87 0.40 | 0.0072 | 0.0079 0.0026 0.96
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o Dimension | a, M., l X Ve
Building yo, yo, P / 1
(cmxcm) b a,V, s b,d £,

AP1 20x40 3.19 0.94 | 0.0090 | 0.0092 0.0014 1.78
AP2 20x40 4.25 0.53 | 0.0086 | 0.0144 0.0039 1.28
AP3 30x50 5.60 0.43 | 0.0119 | 0.0145 0.0051 1.36
AP4 20x50 5.60 0.79 | 0.0209 | 0.0209 0.0014 2.23
AP5 30x50 6.35 0.47 | 0.0093 | 0.0202 0.0099 1.19
AC1 30x80 4.56 0.44 | 0.0078 | 0.0078 0.0030 1.44
AC2 25x65 5.62 0.44 | 0.0100 | 0.0133 0.0063 1.45
AC3 35x80 1.63 0.92 | 0.0076 | 0.0076 0.0029 3.67
AC4 25x60 5.58 0.70 | 0.0214 | 0.0214 0.0068 3.14
CH1 30x70 1.86 1.58 | 0.0153 | 0.0205 0.0030 3.24
CH2 30x60 2.17 0.48 | 0.0061 | 0.0099 0.0048 1.76
CH3 30x70 1.86 1.57 | 0.0102 | 0.0153 0.0030 3.24
HP1 30x60 2.50 0.72 | 0.0078 | 0.0039 0.0037 2.38
HP2 25x50 1.55 0.90 | 0.0056 | 0.0112 0.0039 2.98
HP3 30x60 3.75 0.61 | 0.0089 | 0.0089 0.0031 1.98
maximum value 6.35 1.58 | 0.0214 | 0.0214 0.0099 3.67
minimum value 1.55 0.43 | 0.0056 | 0.0039 0.0014 1.19
average value 3.74 0.77 | 0.0107 | 0.0133 0.0042 2.21
standard deviation 1.74 0.37 | 0.0049 | 0.0056 0.0022 0.84

AUNNUNINUATIAYUMNIIVY

215




L=} Y s =} a S v A 1A
ﬂﬁmilelﬂ’J”IllWi@ﬂﬂ\iﬂﬂ1ﬂﬁﬂ6uﬂimﬁim1’iﬁﬂi‘]JlIfJ!!,Wuﬂ‘Ll‘lW'J

M3190 W-7 il Tnsead A SusuRAnINeUeIeIAs 3aaeneliy

o Dimension | a, M., , X —Vﬂ
pulding (cmxem) | 7y a,v, P P P A b,d fc'

AP1 20x40 3.38 0.42 | 0.0032 | 0.0065 0.0013 0.70
AP2 15x40 3.38 0.24 | 0.0043 | 0.0043 0.0020 0.86
AP3 15x40 4.38 0.35 | 0.0077 | 0.0077 0.0013 1.12
AP4 20x40 3.38 0.37 | 0.0057 | 0.0057 0.0014 1.06
AP5 20x50 3.70 0.64 | 0.0045 | 0.0134 0.0048 1.01
ACl 30x80 4.56 0.86 | 0.0250 | 0.0250 0.0092 4.55
AC2 40x80 4.69 0.64 | 0.0084 | 0.0168 0.0089 1.48
AC3 35x80 7.13 0.67 | 0.0096 | 0.0192 0.0029 1.03
AC4 20x40 4.63 0.13 | 0.0122 | 0.0032 0.0047 2.01
CH1 20x50 3.60 0.31 | 0.0070 | 0.0070 0.0032 1.21
CH2 20x50 3.60 0.24 | 0.0039 | 0.0026 0.0013 0.68
CH3 15x30 6.00 0.36 | 0.0121 | 0.0121 0.0013 1.11
HP1 30x70 3.71 0.64 | 0.0128 | 0.0077 0.0074 2.64
HP2 25x60 2.96 0.46 | 0.0046 | 0.0069 0.0021 1.32
HP3 20x50 4.70 0.22 | 0.0045 | 0.0045 0.0027 0.80
maximum value 7.13 0.86 | 0.0250 | 0.0250 0.0092 4.55
minimum value 2.96 0.13 | 0.0032 | 0.0026 0.0013 0.68
average value 4.25 0.44 | 0.0084 | 0.0095 0.0036 1.44
standard deviation 1.11 0.21 | 0.0056 | 0.0065 0.0028 1.00
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o Dimension | a, M., , X —Vﬂ
pulding (cmxem) | 7y a,v, P P P A b,d fc'

AP1 20x40 3.38 0.51 | 0.0057 | 0.0090 0.0021 1.13
AP2 15x40 3.38 0.17 | 0.0043 | 0.0043 0.0039 0.86
AP3 15x40 4.38 0.35 | 0.0077 | 0.0077 0.0013 1.12
AP4 20x40 3.38 0.37 | 0.0057 | 0.0057 0.0014 1.06
AP5 20x50 3.70 0.64 | 0.0045 | 0.0134 0.0048 1.01
ACl 30x80 4.56 0.86 | 0.0250 | 0.0250 0.0092 4.55
AC2 40x80 4.69 0.61 | 0.0084 | 0.0134 0.0058 1.48
AC3 35x80 7.25 0.66 | 0.0096 | 0.0192 0.0029 1.02
AC4 20x40 4.63 0.13 | 0.0122 | 0.0032 0.0047 2.01
CH1 20x60 4.08 0.48 | 0.0145 | 0.0087 0.0048 2.15
CH2 25x50 4.90 0.60 | 0.0178 | 0.0089 0.0033 2.10
CH3 15x30 1.83 1.18 | 0.0121 | 0.0121 0.0013 3.10
HP1 25x50 3.00 1.25 | 0.0178 | 0.0089 0.0033 3.39
HP2 25x60 2.96 0.46 | 0.0046 | 0.0069 0.0021 1.32
HP3 20x35 3.86 0.63 | 0.0101 | 0.0101 0.0022 1.97
maximum value 7.25 1.25 | 0.0250 | 0.0250 0.0092 4.55
minimum value 1.83 0.13 | 0.0043 | 0.0032 0.0013 0.86
average value 4.00 0.59 | 0.0107 | 0.0104 0.0035 1.88
standard deviation 1.22 0.31 | 0.0060 | 0.0057 0.0021 1.06
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M35190 W-9 fil Inseasegade d1KsDNRAINIINYBI01A1S aRen ey

Building BI he by b | My T ﬂ
d, b, h, M, V. f

AP1 4.14 | 25.00 1.00 | 1.00 285 0.74 0.000
AP2 4.14 | 25.00 1.00 | 1.00 2.13 1.15 0.000
AP3 323 | 32.00 0.75 | 0.63 334 0.72 0.000
AP4 277 | 35.00 0.67 | 0.71 2.98 1.08 0.000
APS 4.69 | 27.50 1.00 | 0.91 4.28 1.22 0.000
AC1 7.23 17.86 0.60 | 1.60 1.21 1.21 0.000
AC2 538 | 24.00 042 | 1.08 3.89 | 0.87 0.000
AC3 498 | 24.00 0.58 1.33 0.68 1.25 0.000
AC4 8.61 15.00 0.67 | 1.00 1.43 | 4.08 0.000
CH1 6.05 16.00 0.75 1.75 0.78 1.94 0.000
CH2 6.05 16.00 0.75 1.75 0.65 1.01 0.000
CH3 6.05 16.00 0.75 1.75 1.06 | 1.51 0.000
HP1 3.77 | 32.00 038 | 0.88 090 | 0.22 0.000
HP2 3.97 | 32.50 0.56 | 0.92 3.10 | 0.40 0.000
HP3 6.45 | 20.00 1.00 | 1.20 0.64 | 2.60 0.000
maximum value 8.61 35.00 1.00 1.75 428 | 4.08 0.000
minimum value 2.77 15.00 038 | 0.63 0.64 | 022 0.000
average value 5.17 23.86 0.72 1.17 2.00 1.33 0.000
standard deviation 1.59 6.88 021 | 038 1.29 | 0.96 0.000
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Building BI us by b My T ﬂ
d, b, h, M, V. f

AP1 5.18 | 20.00 1.00 | 1.00 583 | 0.75 0.000
AP2 276 | 37.50 0.67 | 0.67 2645 | 0.40 0.000
AP3 2.59 | 40.00 0.75 1 0.50 935 032 0.000
AP4 277 | 35.00 0.67 | 0.71 6.57 | 0.54 0.000
APS 4.69 | 27.50 1.00 | 0.91 4.28 1.22 0.000
AC1 7.23 17.86 0.60 | 1.60 233 | 0.61 0.000
AC2 4.61 | 28.00 050 | 0.93 8.00 | 0.40 0.000
AC3 7.47 16.00 0.88 | 2.00 1.70 | 0.67 0.000
AC4 10.76 12.00 0.83 | 2.00 047 | 2.54 0.000
CH1 6.05 16.00 0.75 1.75 1.09 | 145 0.000
CH2 6.05 16.00 0.75 1.50 241 | 0.61 0.000
CH3 6.05 16.00 0.75 1.75 0.91 1.13 0.000
HP1 3.02 | 40.00 038 | 0.75 8.18 | 0.06 0.000
HP2 574 | 22.50 0.56 | 1.11 14.68 | 0.62 0.000
HP3 6.45 | 20.00 1.00 | 1.20 233 | 0.71 0.000
maximum value 10.76 | 40.00 1.00 | 2.00 2645 | 2.54 0.000
minimum value 2.59 12.00 038 | 0.50 0.47 | 0.06 0.000
average value 543 24.29 0.74 1.23 6.30 0.80 0.000
standard deviation 2.20 9.69 0.19 | 0.50 6.84 | 0.60 0.000
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Building BI us by b My T ﬂ
d, b, h, M, V. f

AP1 6.21 16.67 0.50 | 2.00 135 0.82 0.000
AP2 6.21 16.67 038 | 2.00 3751 0.46 0.000
AP3 4.14 | 25.00 0.15 1.00 10.11 | 0.20 0.000
AP4 5.16 18.75 029 | 133 584 | 031 0.000
APS 6.89 18.75 036 | 1.67 1.53 1.06 0.000
AC1 7.23 17.86 0.60 | 1.60 034 | 3091 0.000
AC2 6.45 | 20.00 0.57 | 1.60 096 | 143 0.000
AC3 498 | 24.00 0.58 1.33 082 | 1.69 0.000
AC4 516 | 25.00 050 | 1.33 2.86 | 0.90 0.000
CH1 4.84 | 20.00 050 | 1.25 3.58 | 098 0.000
CH2 290 | 33.33 050 | 1.25 6.84 | 1.00 0.000
CH3 290 | 33.33 038 | 0.75 9.06 | 048 0.000
HP1 3.77 | 32.00 038 | 0.88 3.64 | 0.26 0.000
HP2 574 | 22.50 056 | 133 4.08 | 0.80 0.000
HP3 6.89 18.75 0.40 | 1.67 412 | 0.73 0.000
maximum value 7.23 33.33 0.60 | 2.00 10.11 3.91 0.000
minimum value 290 | 16.67 0.15 | 0.75 034 | 020 0.000
average value 5.30 22.84 0.44 1.40 3.92 1.00 0.000
standard deviation 1.40 5.87 0.13 | 0.36 295 091 0.000
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Building BI us by b My T ﬂ
d, b, h, M, V. f

AP1 8.28 12.50 0.50 | 2.00 2.12 | 0.61 0.000
AP2 6.21 16.67 038 | 2.00 779 | 0.23 0.000
AP3 4.14 | 25.00 0.15 1.00 18.56 | 0.10 0.000
AP4 5.16 18.75 029 | 133 11.67 | 0.16 0.000
APS 6.89 18.75 036 | 1.67 536 0.79 0.000
AC1 7.23 17.86 0.60 | 1.60 0.73 1.95 0.000
AC2 6.45 | 20.00 0.57 | 1.60 2.03 | 0.76 0.000
AC3 7.47 16.00 0.58 | 2.00 087 | 1.69 0.000
AC4 516 | 25.00 0.67 | 133 3.16 | 0.22 0.000
CH1 3.87 | 25.00 040 | 1.20 232 0.29 0.000
CH2 4.84 | 20.00 0.50 | 1.00 155 0.29 0.000
CH3 290 | 33.33 0.19 | 0.75 20.60 | 0.14 0.000
HP1 3.77 | 32.00 031 | 0.63 898 | 0.10 0.000
HP2 574 | 22.50 056 | 133 1025 | 0.46 0.000
HP3 6.89 18.75 040 | 1.17 6.49 | 0.44 0.000
maximum value 8.28 33.33 0.67 | 2.00 20.60 1.95 0.000
minimum value 290 | 12.50 0.15 | 0.63 0.73 | 0.10 0.000
average value 5.67 21.47 0.43 1.37 6.83 0.55 0.000
standard deviation 1.57 5.75 0.15| 044 6.27 | 057 0.000

AUNNUNINUATIAYUMNIIVY

221




L=} Y s =} a S v A 1A
ﬂﬁmilelﬂ’J”IllWiﬁﬂﬂﬁﬂﬂ1ﬂﬁﬂﬂuﬂimﬁimﬁﬁﬂi‘]JlIfJ!!,Wuﬂ‘Ll‘lW'J
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Joint Beam Column
Building Selected frame Evaluation
Vi/Vir | Va/Vio | MM, | VIV, | MM, result
AP1 grid line No. 4 0.29 0.73 0.85 0.24 0.23 C
AP2 grid line No. 5 0.38 0.54 0.45 0.12 0.20 C
AP3 grid line No. 3 0.24 0.79 0.56 0.09 0.31 C
AP4 grid line No. 3 0.19 0.65 0.24 0.13 0.11 C
AP5 grid line No. 5 0.34 0.55 0.76 0.07 0.20 C
ACl grid line No. C8 0.56 0.82 0.86 0.23 0.47 C
AC2 grid line No.G 0.45 0.79 0.59 0.14 0.20 C
AC3 grid line No.10 0.42 0.93 0.47 0.44 0.52 C
AC4 grid line No. 3 0.72 0.98 0.65 0.15 0.51 C
CH1 grid line No.7 0.65 0.92 1.13 0.32 0.51 NC
CH2 grid line No.7 0.67 0.87 1.56 0.31 0.79 NC
CH3 grid line No.6 0.95 1.02 1.46 0.46 2.02 NC
HP1 grid line No.Y3 0.27 0.85 0.80 0.19 0.34 C
HP2 grid line No.X7 0.30 0.77 0.91 0.12 0.27 C
HP3 grid line No.D 1.19 0.71 0.27 0.02 0.08 NC
WaeIng): C=Compliance (W11), NC=Not compliance (11/i11)
13199 w14 axti Inseardgane dmSURAMLUI19YDIDIANT 9ARDA1BUDN
Joint Beam Column
Building Selected frame Evaluation
VilVi | Vi/Vio | MM, | VIV, M /M, result

AP1 grid line No. 4 0.31 0.76 0.55 0.20 0.24 C
AP2 grid line No. 5 0.20 0.58 0.71 0.17 0.14 C
AP3 grid line No. 3 0.20 0.68 0.78 0.11 0.37 C
AP4 grid line No. 3 0.24 0.84 0.50 0.10 0.14 C
AP5S grid line No. 5 0.54 0.46 0.44 0.11 0.25 C
ACl1 grid line No. C8 0.40 0.82 0.83 0.23 0.47 C
AC2 grid line No.G 0.36 0.77 0.87 0.10 0.22 C
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Evaluation
Selected
Building Selected frame Joint | Beam | Column result Building
frame
VilVi | Vi/Vio | MM, | VIV,
AC3 grid line No.10 0.43 0.59 0.56 0.37 0.29 C
AC4 grid line No. 3 1.36 0.77 0.56 0.38 1.06 NC
CHI1 grid line No.7 0.32 0.52 0.30 0.25 0.47 C
CH2 grid line No.7 0.40 0.51 0.72 0.32 0.69 C
CH3 grid line No.6 2.48 1.84 1.25 0.59 1.38 NC
HP1 grid line No.Y3 0.10 0.89 1.71 0.16 0.51 NC
HP2 grid line No.X7 0.28 0.86 0.57 0.05 0.09 C
HP3 grid line No.D 0.71 0.29 0.64 0.03 0.10 C
WaeIng): C=Compliance (W14), NC=Not compliance (11/11)
a3 #-15 axtilnseadegane dmsuNAMILE1Iv9901A15 JaAeN Y lY
Joint Beam Column
Building Selected frame Evaluation
VilVi | Vi/Vio | MM, | VIV, | MM, result

AP1 grid line No. D 0.31 0.60 0.86 0.31 0.68 C
AP2 grid line No. A 0.43 0.81 2.00 0.22 0.44 NC
AP3 grid line No. A 0.57 2.58 3.85 0.12 0.38 NC
AP4 grid line No. X4 0.19 0.30 0.72 0.10 0.16 C
AP5 grid line No. E 0.58 0.79 0.74 0.13 0.44 C
ACl grid line No. 92 0.94 0.64 0.36 0.05 0.15 C
AC2 grid line No. 2 0.63 0.51 0.46 0.25 0.45 C
AC3 grid line No. B 0.82 1.04 0.66 0.21 0.60 NC
AC4 grid line No. B 2.71 1.19 6.92 0.92 1.85 NC
CH1 grid line No. C 0.45 0.56 1.76 0.22 0.64 NC
CH2 grid line No. C 0.66 0.48 3.33 0.24 0.77 NC
CH3 grid line No. E 1.14 3.62 4.97 0.08 0.45 NC
HP1 grid line No. X4 0.17 0.59 0.60 0.14 0.24 C
HP2 grid line No. Y7 1.40 1.51 2.72 0.60 0.50 NC
HP3 grid line No. 4 0.83 1.33 2.62 0.03 0.18 NC

nHe.: C=Compliance (W'HJ), NC=Not compliance (711'51'714)
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Joint Beam Column
Building Selected frame Evaluation
Vi/Vir | Va/Vio | MM, | VIV, | MM, result

AP1 grid line No. D 0.57 0.60 0.80 0.33 0.71 C

AP2 grid line No. A 0.46 0.65 2.36 0.30 0.40 NC
AP3 grid line No. A 0.42 2.61 3.92 0.13 0.41 NC
AP4 grid line No. X4 0.11 0.32 0.77 0.08 0.14 NC
AP5 grid line No. E 0.10 0.54 0.16 0.03 0.79 NC
ACl grid line No. 92 0.40 0.58 0.29 0.10 0.26 C

AC2 grid line No. 2 0.45 0.60 0.58 0.31 0.45 C

AC3 grid line No. B 0.56 0.87 0.40 0.21 0.74 C

AC4 grid line No. B 0.80 1.32 4.47 0.77 0.87 NC
CH1 grid line No. C 0.33 0.96 1.93 0.22 0.75 NC
CH2 grid line No. C 0.38 1.23 1.11 0.36 1.81 NC
CH3 grid line No. E 0.49 2.30 4.97 0.50 0.46 NC
HP1 grid line No. X4 0.14 1.83 0.74 0.12 0.35 NC
HP2 grid line No. Y7 0.55 0.73 2.13 0.04 0.15 NC
HP3 grid line No. 4 0.31 1.38 0.96 0.03 0.71 NC

Hu8Hg: C=Compliance (ﬁh W), NC=Not compliance (711%7 W)
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Building Location Transverse steel Existing Minimum requirement Results
AP1 Beam Zone 1 (2h,) RB 6 @ 0.20 RB 6 @ 0.08 NC
Zone 2 RB 6 @ 0.20 RB6 @ 0.10 NC
Column Zone 1 (s,) 2-RB 6 @ 0.20 2-RB 6 @ 0.10 NC
Zone 2 (s,) 2-RB 6 @ 0.20 2-RB 6 @ 0.20 C
Joint Zone 3 (sj) none 2-RB 6 @ 0.20 NC
AP2 Beam Zone 1 (2h,) 1-RB 6 @ 0.10 1-RB 6 @ 0.08 NC
Zone 2 1-RB 6 @ 0.10 1-RB 6 @ 0.08 NC
Column Zone 1 (s,) 10-RB 6 @ 0.30 10-RB 6 @ 0.14 NC
Zone 2 (s,) 10-RB 6 @ 0.30 10-RB 6 @ 0.28 NC
Joint Zone 3 (sj) none 10-RB 6 @ 0.28 NC
AP3 Beam Zone 1 (2h,) 1-RB9 @ 0.15 1-RB9 @ 0.11 NC
Zone 2 1-RB9 @ 0.15 1-RB9 @ 0.15 NC
Column Zone 1 (s,) 3-RB9 @ 0.20 3-RB9 @ 0.16 NC
Zone 2 (s,) 3-RB9 @ 0.20 3-RB9 @ 0.32 C
Joint Zone 3 (s) none 3-RB9 @ 0.32 NC
AP4 Beam Zone 1 (2h,) 1-RB 6 @ 0.20 1-RB 6 @ 0.06 NC
Zone 2 1-RB 6 @ 0.20 1-RB 6 @ 0.06 NC
Column Zone 1 (s,) 3-RB 6 @ 0.20 3-RB6 @ 0.14 NC
Zone 2 (s,) 3-RB 6 @ 0.20 3-RB 6 @ 0.28 C
Joint Zone 3 (s) none 3-RB 6 @ 0.28 NC
AP5 Beam Zone 1 (2h,) 2-RB9 @ 0.15 2-RB9 @ 0.11 NC
Zone 2 2-RB9 @ 0.15 2-RB9 @ 0.15 C
Column Zone 1 (s,) 2-RB9 @ 0.20 2-RB9 @ 0.15 NC
Zone 2 (s,) 2-RB9 @ 0.20 2-RB9 @ 0.30 C
Joint Zone 3 (s) none 2-RB9 @ 0.30 NC
AC1 Beam Zone 1 (2h,) RB9 @ 0.20 I-RB9 @ 0.16 NC
Zone 2 RB9 @ 0.20 I-RB9 @ 0.17 NC
Column Zone 1 (s,) 3-RB9 @ 0.20 3-RB9 @ 0.20 C
Zone 2 (s) 3-RB9 @ 0.20 3-RB9 @ 0.40 C
Joint Zone 3 (sj) none 3-RB9 @ 0.40 NC
AC2 Beam Zone 1 (2h,) 1-RB9 @ 0.125 I-RB9 @ 0.10 NC
Zone 2 I-RB9 @ 0.125 I-RB9 @ 0.10 NC
Column Zone 1 (s,) 4-RB 9 @ 0.20 4-RB9 @ 0.20 C
Zone 2 (s) 4-RB 9 @ 0.20 4-RB 9 @ 0.40 C
Joint Zone 3 (sj) none 4-RB 9 @ 0.40 NC
AC3 Beam Zone 1 (2h) 1-RB 9 @ 0.20 1-RB 9 @ 0.06 NC
Zone 2 1-RB 9 @ 0.20 1-RB 9 @ 0.06 NC
Column Zone 1 (s) 2-RB9 @ 0.25 2-RB9 @ 0.12 NC
Zone 2 (s) 2-RB 9 @ 0.25 2-RB 9 @ 0.25 NC
Joint Zone 3 (sj) none 2-RB9 @ 0.25 NC

Huweng.: C=Compliance (w'm), NC=Not compliance (71/%71!)
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Building Location Transverse steel Existing Minimum requirement| Results
AC4 Beam Zone 1 (2h ) 1-RB9@0.12 1-RB9@0.08 NC
Zone 2 1-RB9@0.12 1-RB9@0.08 NC
Column Zone 1 (s) 2-RB6@0.15 2-RB6@0.14 NC
Zone 2 (s) 2-RB6@0.15 2-RB6@0.25 C
Joint Zone 3 (sj) none 2-RB6@0.25 NC
CHI1 Beam Zone 1 (2h ) RB9 @ 0.20 1-RB 9 @ 0.04 NC
Zone 2 RB 9 @ 0.20 1-RB 9 @ 0.04 NC
Column Zone 1 (s) 3-RB9 @ 0.30 3-RB9 @ 0.20 NC
Zone 2 (s) 3-RB9 @ 0.30 3-RB9 @ 0.40 C
Joint Zone 3 (sj) none 3-RB9 @ 0.40 NC
CH2 Beam Zone 1 (2h ) 1-RB9 @ 0.15 1-RB 9 @ 0.07 NC
Zone 2 1-RB9 @ 0.15 1-RB 9 @ 0.07 NC
Column Zone 1 (s)) 1-RB 9 @ 0.30 1-RB9 @ 0.20 NC
Zone 2 (s) 1-RB 9 @ 0.30 1-RB9 @ 0.21 NC
Joint Zone 3 (SJ) none I-RB9 @ 0.21 NC
CH3 Beam Zone 1 (2h ) 1-RB 9 @ 0.20 2-RB9 @ 0.10 NC
Zone 2 1-RB 9 @ 0.20 2-RB9 @ 0.10 NC
Column Zone 1 (s)) 3-RB9 @ 0.30 3-RB9 @ 0.20 NC
Zone 2 (s) 3-RB 9 @ 0.30 3-RB9 @ 0.40 NC
Joint Zone 3 (sJ) none 3-RB9 @ 0.40 NC
HP1 Beam Zone 1 (2ho) 1-RB9 @ 0.175 1-RB9 @ 0.13 NC
Zone 2 I-RB9 @ 0.175 1-RB9 @ 0.16 NC
Column Zone 1 (so) 2-RB9 @ 0.30 2-RB9 @ 0.21 NC
Zone 2 (st) 2-RB 9 @ 0.30 2-RB9 @ 0.21 NC
Joint Zone 3 (sj) none 1-RB9 @ 0.21 NC
HP2 Beam Zone 1 (2ho) 1-RB 6 @ 0.10 2-RB 6 @ 0.07 NC
Zone 2 1-RB 6 @ 0.10 2-RB 6 @ 0.07 NC
Column Zone 1 (so) 3-RB9 @ 0.40 3-RB9 @ 0.21 NC
Zone 2 (st) 3-RB 9 @ 0.40 3-RB9 @ 0.43 C
Joint Zone 3 (sj) none 3-RB9 @ 0.43 NC
HP3 Beam Zone 1 (2ho) 1-RB9 @ 0.20 1-RB9 @ 0.11 NC
Zone 2 1-RB 9 @ 0.20 1-RB9 @ 0.12 NC
Column Zone 1 (s0) 2-RB 6 @ 0.125 2-RB 6 @ 0.14 C
Zone 2 (st) 2-RB 6 @ 0.125 2-RB 6 @ 0.25 C
Joint Zone 3 (sj) none 2-RB 6 @ 0.25 NC

Hu8ng.: C=Compliance (w'm), NC=Not compliance (73#/71!)
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Building Location Transverse steel Existing Minimum requirement Results

AP1 Beam Zone 1 (2h,) RB 6 @ 0.20 RB 6 @ 0.08 NC
Zone 2 RB 6 @ 0.20 RB6 @ 0.17 NC

Column Zone 1 (s,) RB 6 @ 0.20 RB 6 @ 0.09 NC

Zone 2 (s,) RB 6 @ 0.20 RB 6 @ 0.09 NC

Joint Zone 3 (sj) none RB 6 @ 0.09 NC

AP2 Beam Zone 1 (2h,) RB 6 @ 0.15 RB 6 @ 0.07 NC
Zone 2 RB6@0.15 RB 6 @ 0.08 NC

Column Zone 1 (s,) 3-RB 6 @ 0.20 3-RB6 @0.14 NC

Zone 2 (s,) 3-RB 6 @ 0.20 3-RB 6 @ 0.28 C

Joint Zone 3 (sj) none 3-RB6 @ 0.28 NC

AP3 Beam Zone 1 (2h,) 1-RB 6 @ 0.20 2-RB 6 @ 0.05 NC
Zone 2 1-RB 6 @ 0.20 2-RB 6 @ 0.05 NC

Column Zone 1 (s,) 3-RB9 @ 0.20 3-RB9 @ 0.16 NC

Zone 2 (s,) 3-RB9 @ 0.20 3-RB9 @ 0.26 C

Joint Zone 3 (s) none 3-RB9 @ 0.26 NC

AP4 Beam Zone 1 (2h,) 1-RB 6 @ 0.20 1-RB 6 @ 0.08 NC
Zone 2 I-RB 6 @ 0.20 1-RB6 @ 0.17 NC

Column Zone 1 (s,) 3-RB 6 @ 0.20 3-RB6 @ 0.14 NC

Zone 2 (s,) 3-RB 6 @ 0.20 3-RB6 @ 0.16 NC

Joint Zone 3 (s) none 3-RB6 @ 0.16 NC

AP5 Beam Zone 1 (2h,) I-RB9 @ 0.15 2-RB9 @ 0.11 NC
Zone 2 I-RB9 @ 0.15 2-RB9 @ 0.12 NC

Column Zone 1 (s,) 2-RB9 @ 0.20 2-RB9 @ 0.16 NC

Zone 2 (s,) 2-RB9 @ 0.20 2-RB9 @ 0.31 C

Joint Zone 3 (s) none 2-RB9 @ 0.31 NC

ACl Beam Zone 1 (2h,) 2-RB9 @ 0.15 2-RB9 @ 0.12 NC
Zone 2 2-RB9 @ 0.15 2-RB9 @ 0.13 NC

Column Zone 1 (s,) 3-RB9 @ 0.20 3-RB9 @ 0.14 NC

Zone 2 (s) 3-RB9 @ 0.20 3-RB9 @ 0.14 NC

Joint Zone 3 (sj) none 3-RB9 @ 0.14 NC

AC2 Beam Zone 1 (2h,) 2-RB9 @ 0.15 2-RB9 @ 0.18 C
Zone 2 2-RB9 @ 0.15 2-RB9 @ 0.23 C

Column Zone 1 (s,) 4-RB 9 @ 0.20 4-RB9 @ 0.20 C

Zone 2 (s) 4-RB 9 @ 0.20 4-RB9 @ 0.35 C

Joint Zone 3 (sj) none 4-RB9 @ 0.35 NC

AC3 Beam Zone 1 (2h) 1-RB9 @ 0.20 1-RB 9 @ 0.06 NC
Zone 2 1-RB9 @ 0.20 1-RB 9 @ 0.06 NC

Column Zone 1 (s,) 3-RB9 @ 0.25 3-RB9@0.16 NC

Zone 2 (s) 3-RB9 @ 0.25 3-RB9 @ 0.32 C

Joint Zone 3 (s) none 3-RB9 @ 0.32 NC

Huweng.: C=Compliance (w'm), NC=Not compliance (71/%71!)
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Building Location Transverse steel Existing Minimum requirement| Results

AC4 Beam Zone 1 (2h ) 1-RB9@0.15 2-RB9@0.05 NC
Zone 2 1-RB9@0.15 2-RB9@0.05 NC

Column Zone 1 (s) 2-RB6@0.15 2-RB6@0.14 NC

Zone 2 (s) 2-RB6@0.15 2-RB6@0.16 C

Joint Zone 3 (Sj) none 2-RB6@0.16 NC

CHI Beam Zone 1 (2h) 1-RB 9 @ 0.20 1-RB9 @ 0.11 NC
Zone 2 1-RB 9 @ 0.20 1-RB9 @ 0.12 NC

Column Zone 1 (s) 3-RB9 @ 0.30 3-RB9 @ 0.20 NC

Zone 2 (s) 3-RB9 @ 0.30 3-RB 9 @ 0.40 c

Joint Zone 3 (s) none 3-RB 9 @ 0.40 NC

CH2 Beam Zone 1 (2h ) 1-RB 6 @ 0.20 1-RB 6 @ 0.09 NC
Zone 2 1-RB 6 @ 0.20 1-RB 6 @ 0.19 NC

Column Zone 1 (s)) 3-RB9 @ 0.30 3-RB9 @ 0.20 NC

Zone 2 (s) 3-RB 9 @ 0.30 3-RB 9 @ 0.40 C

Joint Zone 3 (SJ) none 3-RB 9 @ 0.40 NC

CH3 Beam Zone 1 (2h ) 1-RB 6 @ 0.20 2-RB 9 @ 0.06 NC
Zone 2 1-RB 6 @ 0.20 2-RB9 @ 0.12 NC
Column Zone 1 (s) 3-RB9 @ 0.30 3-RB9 @ 0.20 NC

Zone 2 (S‘) 3-RB9 @ 0.30 3-RB9 @ 0.40 C
Joint Zone 3 (SJ) none 3-RB 9 @ 0.40 NC

HP1 Beam Zone 1 (2ho) 1-RB9 @ 0.11 1-RB9 @ 0.11 C
Zone 2 1-RB9 @ 0.11 1-RB 9 @ 0.12 C
Column Zone 1 (so) 5-RB 9 @ 0.30 5-RB9 @ 0.21 NC

Zone 2 (st) 5-RB9 @ 0.30 5-RB9 @ 0.43 C
Joint Zone 3 (sj) none 5-RB9 @ 0.43 NC
HP2 Beam Zone 1 (2ho) 1-RB 6 @ 0.15 2-RB 6 @ 0.08 NC
Zone 2 1-RB 6 @ 0.15 2-RB 6 @ 0.08 NC
Column Zone 1 (so) 3-RB 9 @ 0.40 3-RB9 @ 0.21 NC

Zone 2 (st) 3-RB9 @ 0.40 3-RB9 @ 0.43 C
Joint Zone 3 (sj) none 3-RB9 @ 0.43 NC
HP3 Beam Zone 1 (2ho) 2-RB 6 @ 0.20 2-RB 6 @ 0.08 NC
Zone 2 2-RB 6 @ 0.20 2-RB 6 @ 0.09 NC
Column Zone 1 (s0) 4-RB 6 @ 0.15 4-RB 6 @ 0.14 NC

Zone 2 (st) 4-RB 6 @ 0.15 4-RB 6 @ 0.28 C
Joint Zone 3 (sj) none 4-RB 6 @ 0.28 NC

Hu8ng.: C=Compliance (w'm), NC=Not compliance (73#/71!)

AUNNUNINUATIAYUMNIIVY

228




L=} Y s =} a S v A 1A
ﬂﬁmilelﬂ’J”IllWiﬁﬂﬂﬁﬂﬂ1ﬂﬁﬂﬂuﬂimﬁimﬂﬁﬂ‘i‘]JlIfJ!!,Wuﬂ‘Ll‘lW'J

1 a A 1< . . . ) v A
ﬂ']ﬁ'l\‘]ﬁ W-19 ﬂ13ﬂ3$LNu318ﬁ3!§ﬂﬂﬂ15!ﬁ53\llﬁaﬂ (Detailing Criteria) 1% UNANTNY1IVD

8113 ﬂﬂ@iflﬂ']ﬂl‘!@ﬂ

Building Location Transverse steel Existing Minimum requirement Results
AP1 Beam Zone 1 (2h,) RB 6 @ 0.15 RB 6 @ 0.08 NC
Zone 2 RB6@0.15 RB6 @ 0.16 NC
Column Zone 1 (s,) RB 6 @ 0.20 RB 6 @ 0.09 NC
Zone 2 (s,) RB 6 @ 0.20 RB 6 @ 0.09 NC
Joint Zone 3 (sj) none RB 6 @ 0.09 NC
AP2 Beam Zone 1 (2h,) RB 6 @ 0.15 2-RB 6 @ 0.08 NC
Zone 2 RB6@0.15 2-RB6 @ 0.12 NC
Column Zone 1 (s,) 3-RB 6 @ 0.20 3-RB6 @0.14 NC
Zone 2 (s,) 3-RB 6 @ 0.20 3-RB 6 @ 0.28 C
Joint Zone 3 (sj) none 3-RB6 @ 0.28 NC
AP3 Beam Zone 1 (2h,) 1-RB 6 @ 0.20 2-RB 6 @ 0.04 NC
Zone 2 1-RB 6 @ 0.20 2-RB 6 @ 0.05 NC
Column Zone 1 (s,) 3-RB9 @ 0.20 3-RB9 @ 0.16 NC
Zone 2 (s,) 3-RB9 @ 0.20 3-RB9 @ 0.26 NC
Joint Zone 3 (s) none 3-RB9 @ 0.26 NC
AP4 Beam Zone 1 (2h,) 1-RB 6 @ 0.20 1-RB 6 @ 0.08 NC
Zone 2 I-RB 6 @ 0.20 1-RB6 @ 0.17 NC
Column Zone 1 (s,) 3-RB 6 @ 0.20 3-RB6 @ 0.14 NC
Zone 2 (s,) 3-RB 6 @ 0.20 3-RB6 @ 0.16 NC
Joint Zone 3 (s) none 3-RB6 @ 0.16 NC
AP5 Beam Zone 1 (2h,) I-RB9 @ 0.15 1-RB9 @ 0.11 NC
Zone 2 I-RB9 @ 0.15 1-RB9 @ 0.12 NC
Column Zone 1 (s,) 2-RB9 @ 0.20 2-RB9 @ 0.16 NC
Zone 2 (s,) 2-RB9 @ 0.20 2-RB9 @ 0.31 C
Joint Zone 3 (s) none 2-RB9 @ 0.31 NC
ACl Beam Zone 1 (2h,) 2-RB9 @ 0.15 2-RB9 @ 0.12 NC
Zone 2 2-RB9 @ 0.15 2-RB9 @ 0.13 NC
Column Zone 1 (s,) 3-RB9 @ 0.20 3-RB9 @ 0.21 C
Zone 2 (s) 3-RB9 @ 0.20 3-RB9 @ 0.43 C
Joint Zone 3 (sj) none 3-RB9 @ 0.43 NC
AC2 Beam Zone 1 (2h,) 2-RB9 @ 0.20 2-RB9 @ 0.16 NC
Zone 2 2-RB9 @ 0.20 2-RB9 @ 0.16 NC
Column Zone 1 (s,) 3-RB9 @ 0.20 3-RB9 @ 0.20 C
Zone 2 (s) 3-RB9 @ 0.20 3-RB9 @ 0.37 C
Joint Zone 3 (s) none 3-RB9 @ 0.37 NC
AC3 Beam Zone 1 (2h) 1-RB9 @ 0.20 1-RB 9 @ 0.06 NC
Zone 2 1-RB9 @ 0.20 1-RB 9 @ 0.06 NC
Column Zone 1 (s,) 3-RB9 @ 0.25 3-RB9 @0.12 NC
Zone 2 (s) 3-RB9 @ 0.25 3-RB9 @ 0.25 NC
Joint Zone 3 (s) none 3-RB9 @ 0.25 NC

Huweng.: C=Compliance (w'm), NC=Not compliance (71/%71!)
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Building Location Transverse steel Existing Minimum requirement| Results

AC4 Beam Zone 1 (2h ) 1-RB9@0.15 1-RB9@0.07 NC
Zone 2 1-RB9@0.15 1-RB9@0.07 NC

Column Zone 1 (s) 2-RB6@0.15 2-RB6@0.14 NC

Zone 2 (s) 2-RB6@0.15 2-RB6@0.25 C

Joint Zone 3 (Sj) none 2-RB6@0.25 NC

CHI1 Beam Zone 1 (2h ) 1-RB9 @ 0.15 2-RB 9 @ 0.06 NC
Zone 2 1-RB9 @ 0.15 2-RB 9 @ 0.07 NC

Column Zone 1 (s) 3-RB9 @ 0.30 3-RB9 @ 0.20 NC

Zone 2 (s) 3-RB9 @ 0.30 3-RB 9 @ 0.40 c

Joint Zone 3 (s) none 3-RB 9 @ 0.40 NC

CH2 Beam Zone 1 (2h ) 1-RB9 @ 0.20 1-RB 9 @ 0.09 NC
Zone 2 1-RB 9 @ 0.20 1-RB9 @ 0.10 NC

Column Zone 1 (s)) 1-RB9 @ 0.30 1-RB9 @ 0.17 NC

Zone 2 (s) 1-RB 9 @ 0.30 1-RB 9 @ 0.17 NC

Joint Zone 3 (SJ) none 1-RB9 @ 0.17 NC

CH3 Beam Zone 1 (2h ) 1-RB 6 @ 0.20 2-RB 6 @ 0.06 NC
Zone 2 1-RB 6 @ 0.20 2-RB 6 @ 0.08 NC

Column Zone 1 (s)) 2-RB9 @ 0.30 2-RB9 @ 0.20 NC

Zone 2 (s) 2-RB9 @ 0.30 2-RB9 @ 0.1 NC

Joint Zone 3 (SJ) none 2-RB9 @ 0.21 NC

HP1 Beam Zone 1 (2ho) 1-RB9 @ 0.175 1-RB 9 @ 0.05 NC
Zone 2 1-RB 9 @ 0.175 1-RB 9 @ 0.05 NC

Column Zone 1 (so) 2-RB 9 @ 0.30 2-RB9 @ 0.21 NC

Zone 2 (st) 2-RB 9 @ 0.30 2-RB9 @ 0.21 NC

Joint Zone 3 (sj) none 1-RB9 @ 0.17 NC

HP2 Beam Zone 1 (2ho) 1-RB 6 @ 0.15 1-RB 6 @ 0.13 NC
Zone 2 1I-RB 6 @ 0.15 I-RB6 @ 0.15 C
Column Zone 1 (so) 3-RB 9 @ 0.40 3-RB9 @ 0.21 NC

Zone 2 (st) 3-RB9 @ 0.40 3-RB9 @ 0.43 C
Joint Zone 3 (sj) none 3-RB9 @ 0.43 NC
HP3 Beam Zone 1 (2ho) 1-RB6 @0.15 1-RB 9 @ 0.07 NC
Zone 2 1-RB 6 @ 0.15 1-RB 9 @ 0.09 NC

Column Zone 1 (so) 2-RB 6 @ 0.125 2-RB 6 @ 0.14 C

Zone 2 (st) 2-RB 6 @ 0.125 2-RB 6 @ 0.15 C
Joint Zone 3 (sj) none 2-RB 6 @ 0.15 NC

Hu8ng.: C=Compliance (w'm), NC=Not compliance (73#/71!)
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Cyclic response of non-seismically detailed
interior RC beam—column connection with
varying column tributary area

T. Supaviriyakit*, A. Pimanmas* and P. Warnitchait

Thammasat University; Asian Institute of Technology

The current paper presents a test of non-seismically detailed reinforced-concrete (RC) beam—column connections
under reversed cyclic load. The tested specimens represented those of the actual mid-rise RC frame buildings
designed according to the non-seismic provisions of the American Concrete Institute building code. The evaluation
of ten existing RC frames was conducted to identify key structural and geometrical indices. It was found that there
was correlation among structural and geometrical characteristics and the column tributary area. Hence, the column
tributary area was chosen as a parameter for classifving specimens. The ftest results showed that specimens
representing small and medium column tributary areas failed by brittle joint shear while specimens representing
large column tributary areas failed by ductile flexure, even though no ductile seismic details were provided. The
local bond deterioration and joint shear distress accounted for the pinched hysteretic loops. The detailed failure
mechanism was investigated through a nonlinear finite element analysis. In the finite element analysis, the two-
dimensional reinforced concrete plate element was used to model beam and column whereas the one-dimensional
discrete joint element was used to model the interface between beam and joint face. The finite element analysis
revealed that the joint shear failure of specimens representing a small to medium column tributary area resulted
Sfrom the collapse of the principal diagonal concrete strut.

Notation Ky fracture parameter
M,.  nominal column flexural capacity

Zb be?m Wldt,gth My,  nominal beam flexural capacity
X column wi .
¢ stress release parameter Iljn jg::: :g:; g)rrec:gth
dy diameter of longitudinal beam bar B normalised shear strain
Ey initigl stiffness of concrete Doy volumetric ratio of confinement reinforcement
E; elastic modulus of steel bar £ compressive strain parallel to a crack
Je cylindrical cqmpressive strength of concrete & compressive plastic strain
K concrete tensile strength & tensile strain orthogonal to a crack
jy; yield strength of reinforcement fu cracking strain
Sy average yield strength of reinforcing bar &' concrete strain at peak compressive strength
embedded in concrete O compressive stress parallel to a crack
hy beam depth o tensile stress orthogonal to a crack
he column depth Ter shear stress transmitted along a crack face
w transverse tensile strain factor (damage factor)

* School of Civil Engineering and Technology. Sirindhorn Interna-

tional Institute of Technology. Thammasat University, Pathumthani

12121, Thailand .

t School of Civil Engineering. Asian lnstitute of Technology. PO. Introduction

Box 4 Klong Luang, Pathumthani 12120, Thailand .. L .. .
¢ & The seismic vulnerability of old existing reinforced

(MCR 61564) Paper received 28 June 2006; last revised 1 November concrete (RC) buildings constructed in zones of low to
2006; accepted 8 February 2007 medium seismicity was recently discussed by several
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researchers in the USA and New Zealand.'™ Even in
South East Asian countries such as Thailand, Singapore
and Malaysia, which were usually believed to be safe
against seismic hazard, the research in this area has
gained attention owing to several recent occurrences of
earthquake in the region.>~ Most recently the 2004
Sumatra earthquake in the Andaman Sea recorded at a
magnitude of 9-3 on the Richter scale has caused vio-
lent shaking of many buildings in Bangkok even though
the epicentre was more than 800 km away. The quake
has prompted serious public concern regarding seismic
safety of buildings. In these countries, there are many
low-rise and mid-rise buildings of up to ten stories
constructed as beam—column rigid frame without shear
walls. The frame structures mainly resist lateral forces
through bending of beams and columns. Most of these
structures were designed for gravity load only accord-
ing to the American Concrete Institute building code
(ACT) in Thailand and British code (BS) in Singapore
and Malaysia.

As a result of the lack of seismic consideration in
structural design, the reinforcement details of these
frame buildings were usually weak against earthquake
loading. The beam-column joint is one of the most
critical components in the seismic load path. Under
lateral force, the joint has to carry a large horizontal
shear force in order to equilibrate moments transferred
from adjacent beams (Fig. 1). Concurrently, the long-
itudinal beam bar in the joint is also subject to a large
bond stress. As a result, the joint commonly fails by
either joint shear or bar pull-out failure.

Among the experimental results of beam—column
joints reported so far,® the experimental works of non-
seismically detailed RC beam-column joint are still
limited. Research in this area is still needed to form a
database for building retrofitting and strengthening. In

Beam —_———— - . ]

¥

=1

A
/'y

O

Fig. 1. Horizontal shear force in joint core
.
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contrast to other experimental works in which research-
ers presumed parameters influencing joint behaviour
such as reinforcement ratio, material strength, confin-
ing hoops, column size, etc. in their experiments, this
research put more emphasis on actual existing struc-
tures. By collecting structural data and reinforcing de-
tails of existing RC buildings, the current authors
defined structural and geometrical indices. Based on
these indices, specimens were grouped according to the
column tributary area and constructed to represent the
buildings in each category.

The test results were supplemented by a nonlinear
finite element analysis to investigate the detailed failure
mechanism of the specimens. The finite element analy-
sis adopted the smeared crack approach to simulate the
distributed cracks in joints and members. At the inter-
face between beam and joint tface where a large pull-
out crack may occur, an interfacial joint element was
applied. Previous research work® did not include the
joint interface element but used the finer mesh around
the interface instead. The direct use of a discrete joint
element at the interfacial zone was applied in this
research to model the local bond deterioration directly.

Test of non-seismically detailed interior
beam—column connection

Test programme

The present authors conducted the reversed cyclic
test of three half-scale non-ductile interior beam-
column joint specimens. In the past, the parameters
chosen by researchers were reinforcement ratios,
amount of joint confinement reinforcements. material
strengths, member sizes, etc.? In the current research,
however, instead of presuming parameters affecting
beam—column joint behaviour, the authors attempted to
design the specimens that could represent the actual
existing buildings as closely as possible. First, ten ex-
isting buildings were studied to obtain the key practical
structural parameters that characterised these buildings.
The specimens were constructed to have the indices
close to the actual ones. The specimen fabrication and
reinforcing details were also made as close to the actual
construction as possible. The governing parameter cho-
sen in this study was the column tributary area. Ac-
cording to the investigated data, there were certain
correlations between structural and geometrical indices
and the column tributary area; therefore it was appro-
priate to select the column tributary area as a studied
parameter.

The database of ten RC mid-rise buildings in Bang-
kok was gathered. All buildings were RC beam-—
column frame without shear wall and had 5-15 storeys.
The types of buildings covered essential facilities in-
cluding university, school, apartment and hospital as
shown in Table 1. These buildings were designed ac-
cording to the non-seismic provisions of ACI building
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Tuble 1. Database of investigated buildings

No. Code name Type of building Number of | Clear storey | Span length: m | Column size: Approximate Remark

storeys height: m mm tributary area: m’

1 9UNI-1 University 9 40 80 600 X 800 48-0 L

2 9UNI-2 University 9 42 7-0 800 X 800 57-0 JL

3 210FF-3 Office 21 4-5 9-0 1200 X 1200 40-5 L

4 12HOS-4 Hospital 12 4-5 50 600 X 600 29-5 M

S 12AP-5 Apartment 12 30 8-0 400 X 1200 324 M

6 9SCL-6 School 9 4-0 7-0 500 X 800 240 M

7 ISAP-7 Apartment 15 32 43 400 X 800 20-0 M

8 [20FF-8 Office 2 45 62 700 X 700 17-5 IS

9 9AP-9 Apartment 9 27 3-0 200 X 400 9-0 IS

10 9AP-10 Apartment 9 25 34 300 X 500 13-7 IS

code considering only gravity load. Since buildings
were designed in accordance with the ACI code, the
experimental findings are supposedly applicable not
only to buildings in Thailand, but also buildings
designed and detailed according to the ACI code in
general.

The buildings were grouped into three categories
based on column tributary area (Fig. 2(a)), as buildings
with large, medium and small column tributary area.
Based on the collected data, the area range was set to
40-48 m?, 20-30 m? and 9-18 m” for the large, med-
ium and small category, respectively. In order to char-
acterise the structural behaviour of beam-—column
connection, the structural and geometrical indices were
defined for beam, column and beam-—column joints.
The structural indices of beam included tension and
compression reinforcement ratio, shear span to depth
ratio, flexural capacity to shear capacity ratio and
transverse reinforcement ratio. The structural and geo-
metrical indices of the column included axial force
ratio, shear span to depth ratio, flexural capacity to
shear capacity ratio, longitudinal reinforcement ratio
and transverse reinforcement ratio. The structural and
geometrical indices of beam—column joint included
column depth to bar diameter ratio, column width to
beam width ratio, column depth to beam depth ratio,
confinement reinforcement index, column {flexural
capacity to beam flexural capacity ratio and joint shear

Area (m?)
9-18
20-30
4048

Category
Small tributary area

Medium tributary area
Large tributary area \—_._ -

to joint shear strength ratio. Fig. 2(b) illustrates the
definition of joint dimensions to calculate these
indices.

The structural and geometrical indices were calcu-
lated for the beam—column joint of buildings in each
category. The range of indices is shown in Tables 2—4.
It is noted that none of the buildings had stirrups in the
joint. The column longitudinal bars were usually
spliced just above the joint with a lap length of
350 mm. It is noted that almost all buildings had a
column stronger than the beam. This complies with the
strong column weak beam concept, despite no capacity
design being applied in the design of these buildings.
The ratio of column depth to bar diameter (/./dy) of all
buildings was greater than 20, which was the minimum
requirement of the ACI code'® for frames in high
seismic zone. The significant feature is the size of the
column, which is dependent on the column tributary
area. There is a tendency of increasing eolumn size
with increasing tributary area. As the column size be-
comes larger, the bond demand represented by bond
index (BI = fydy/2h.+/f% ) of longitudinal bar is de-
creased, the joint shear to joint shear capacity ratio is
lowered and the nominal column to beam moment
capacity is increased.

Based on the investigated structural and geometrical
indices, three half-sized beam-column specimens—IL,
JM and JS—were constructed to represent buildings

(b)

Fig. 2. Definition of column tributary area and joint dimensions: (a) definition of column tributary area, (b) joint dimensions
.
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Table 2. Structural indices for buildings with large tributary area

I
No. Code Clear storey BI he by hy M 14 psty
height: m dy b he My K, fe
| 9UNI-1 4-0 4-30 32 0-417 0-750 3-442 1-126 0-0
2 9UNI-2 42 4-81 29 0-625 1-000 2-098 0972 0-0
3 21-OFF-3 4.5 3-09 48 0-417 0-667 5-047 0911 0-0
Maximum 45 481 48 0-625 1-000 5047 1126 0-0
Minimum 4-0 3-09 29 0-417 0-667 2:098 0911 0-0
Average 42 4-07 36 0-486 0-806 3-529 1-003 0-0
Std. Dev. 03 0-88 10 0-120 0-173 1:477 0-111 0-0
Specimen JL 445 33 0-667 0-750 3049 0-903 0-0
Table 3. Structural indices for buildings with medium tributary areu
No. Code Clear storey BI he by hy M | + Psvlfy
height: m dy, b, he My, Fa fe
12HOS-4 4:5 6:19 24 0-500 1-083 2:372 0912 0-0
5 12AP-5 30 224 60 0-750 0-667 3-403 1-029 0-0
6 9SCL-6 4-0 496 32 0-700 1-000 -538 1-115 0-0
7 15AP-7 3.2 4-64 32 0-750 0-625 2:127 1-172 0-0
Maximum 45 6-19 60 0-750 1-083 3-403 1172 0-0
Minimum 30 224 24 0-500 0-625 1-538 0912 0-0
Average 37 451 37 0-675 0-844 2360 1-057 0-0
Std. Dev. 0-7 1-65 16 0-119 0232 0-779 0113 0-0
Specimen JM 509 29 0-875 0-857 1-682 1-382 0-0
Table 4. Structural indices for buildings with small tributary area
[ .
No. Code Clear storey BI he bu hy M v Psvty
height: m dy, b, he My ¥y 1
8 120FF-8 45 5-94 25 0:571 1-143 0732 2:608 (-0
9 9AP-9 2.7 5-90 25 1-000 1-000 2:331 1677 0-0
10 9AP-10 25 8-57 20 0-833 0-900 1-473 3504 0-0
Maximum 4.5 8:57 25 1-000 1-143 2-331 3:504 0-0
Minimum 2:5 5-90 20 0-571 0-900 0732 1-677 0-0
Average 32 080 23 0-802 1-014 1-512 2616 0-0
Std. Dev. 1-1 1-53 0216 0-122 0-8300 0915 0-0
Specimen JS 5694 25 0-875 1-000 1-187 2282 0-0
|

with large, medium and small column tributary area,
respectively. The indices of these specimens were de-
signed to be as close as possible to the mean values
calculated from the actual building in each category, as
shown in Tables 2—4. The specimen dimensions and
reinforcement details are illustrated in Figs 3 and 4.
The size of column in the direction of loading was 400,
350 and 300 mm, respectively. However, the beam
depth was kept constant in all three specimens to keep
the ratio of beam height to column height close to the
collected data as shown in Tables 2—4. The 12 mm

354 '

diameter reinforcing bar was used as longitudinal re-
inforcement in the beam and column. The average
tested yield and tensile strengths of the bar were 499
and 615 MPa, respectively. The 3 mm diameter plain
mild steel was used as transverse reinforcement in
beam and column. The tested yield and tensile
strengths of the bar were 291 and 339 MPa. respec-
tively. The average tested cylindrical compressive
strength of concrete was 26-7 MPa.

The test set-up and boundary conditions are shown
in Fig. 5. The lateral forced displacement was applied
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Fig. 3. Geometry, dimensions and reinforcement of all
specimens (unit: mm)

at the top of the column through a 500 kN hydraulic
actuator. The ends of beam were supported by rollers
that allowed free horizontal movement to simulate lat-
eral drift. The bottom end of the column was supported
by a hinge that allowed no movement in all directions.
The axial load of 12:5% of column axial capacity was
applied to the column by means of vertical prestressing.
The column was pushed forwards and pulled backwards
in a reversed cyclic pattern. The load type was quasi-
static with the load application rate of half an hour to
complete one cycle. The lateral drift ratio, defined as
the ratio of the lateral displacement at the top of the
column to the column height, was incrementally ap-
plied at 0-25, 0-50, 0-75% and so on, as shown in Fig.
6. The target loop was repeated twice for each drift
level. The load was continued until and beyond the
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I
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Fig. 5. Test set-up
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Fig. 6. Displacement history of each specimen: (a) JL
specimen; (b) JM and JS specimens

peak load to trace the post-peak behaviour. The meas-
urements included forces, displacements and strains at
various locations of the specimens.

Test results and discussions

General observation, cracking process and failure
mode. Specimen JL showed first flexural cracks in
the beam in the 0-0-25% drift ratio. The behaviour
was elastic during these initial drifts, as shown in
Fig. 7(a). The flexural cracks grew in size and num-
ber as the drift increased. The beam yielded at 1-0%
drift. The first diagonal crack at the joint was ob-
served at 1-25% drift. Bond splitting cracks were also
observed at the longitudinal steel level. The beam
maintained yielding up to 4-6% drift when substantial
crushing of concrete at the beam compression zone
took place and spalled off, exposing beam bars as
shown in Fig. 8(a). The specimen lost strength
abruptly. Throughout the entire loading, no cracks
were observed in the column bar lap splice region
above the joint. No damage was observed in the joint
except some few joint shear cracks. The failure of
the specimen was classified as ductile beam flexural
failure. The hysteresis loops were wide, indicating
large energy dissipation in bending mode. It is noted
that, even though the specimen lacked ductile reinfor-
cement details and was not designed to resist seismic
load, it could perform fairly well. The good perform-

356
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Fig. 7. Relationship between applied load and displacement
of each specimen: (a) specimen JL; (b) specimen JM;
(¢) specimen JS

ance was supposedly attributed to the size of column,
which was comparatively large in order to support
large gravity load for the large tributary area. As the
column size is large, the joint shear stress is de-
creased naturally and the bond demand of the column
bar lap splice is relieved. The bending failure then
occurred in the beam according to strong column
weak beam principle. This experiment demonstrated
that the performance of the beam—column joint was
satisfactory when the column size was large even
without ductile reinforcement details. However, the
ductility can be enhanced by providing closed stirrups
near the beam’s end to prevent concrete spalling and
reinforcement buckling.

The behaviour of JM and JS was similar and hence
they are discussed together. The flexural cracks were
observed in the beam in early 0—0-25% drift ratio. The
first diagonal cracks were found in the joint core at
0-5% drift ratio. They formed the X-pattern following
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Fig. 8. Failure of specimen: (a) failure of specimen JL;
(h) failure of specimen JM; (c) failure of specimen JS

the alternate load directions. The flexural cracks in
beams and diagonal cracks in the joint core continued
to grow in size and number until the specimen reached
the peak load of 72 kN at 1-75% drift ratio for speci-
men JM and 68 kN at 1:5% drift ratio for specimen JS.
After this cycle, no new cracks were found in the beam,
but diagonal cracks continued to widen in the joint
core. This was followed by spalling of concrete at the
centre of the joint area. At 3% drift, the concrete spal-
ling extended throughout a wider area of the joint,
exposing the column longitudinal bars. The test was
continued until 5% drift where concrete spalling cov-
ered the entire joint area (Figs 8(b), 8(c)) and extended
into the column above and below the joint. The failure
mode of JM and JS could be classified as joint shear

‘
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failure. It should be noted that no damage was observed
at the column bar lap splice region above the joint. The
joint shear failure is not desirable as it is abrupt and
results in pinched hysteresis loops with low energy
dissipation. The experiment indicated the vulnerability
of existing buildings with small column tributary area.
The area of future research should target at retrofitting
these classes of buildings. The joint shear failure
is studied in detail by the nonlinear finite element
analysis in the next section to identify the failure
mechanism.

Relationships between force, deformation and local
strain.  To gain an insight into the behaviour of each
specimen, local deformations and strains were meas-
ured at critical regions of the specimens. The force—
shear deformation in the joint zone is compared
among three specimens in Fig. 9. The joint shear

v = shear deformation
100 -

Force: kN

Z

X

@

o

hd

Shear deformation (y) (X 10 rad)
(b)
100 “

=z

X

g -

5 -40

Shear deformation (y) (X10 % rad)

©

Fig. 9. Force—joint shear deformation relationship of each
specimen: (a) specimen JL; (b) specimen JM; (c) specimen JS
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deformation was plotted in terms of shear angle.
Specimen JL clearly showed smaller joint shear de-
formation compared with JM and JS. The maximum
values of shear deformation at failure were 0-004,
0-03 and 0-035 radian in JL, JM and JS, respectively.
These shear deformations correlated well with ob-
served damage level in the joint of each specimen.
Little shear inelasticity was observed in JL while sub-
stantial damage existed in joint of JM and JS. On the
other hand, the hysteresis force plotted against shear
deformation of JM and JS showed severe pinching,
which partly accounted for the pinching of the global
load—displacement relationship.

The force and strain relations of bottom bars located
50 mm away from the joint face (STBBR-gauge) and at
the middle of the joint (STBBM-gauge) are plotted as
shown in Figs 10 and !1. Specimen JL reached yielding
and developed large plastic strain while JM and JS
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Fig. 10. Strain of bottom beam bar (STBBR) at 50 mm away
from the joint face: (a) specimen JL; (b) specimen JM;
(c) specimen JS
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Fig. 11. Strain of bottom beam bar(STBBM)at the middle of
Joint: (a) specimen JL; (b) specimen JM, (c) specimen JS

merely reached yielding without developing high plasti-
city. In each specimen, the strains of the bottom beam
bars at 50 mm from joint face and at the middle of the
joint showed obviously different behaviours. At 50 mm
from the joint face, the steel bar of JL was subject to
alternate compressive and tensile strains in the early
drift levels. The strains, however, turned purely tensile
at high drift level regardless of the loading direction.
As for JM and JS, the strain behaviour on tensile and
compressive sides was obviously unsymmetrical. The
tensile strain continuously increased with lateral drift
whereas the compressive strain initially increased but
gradually decreased later despite the increase in lateral
drift. This behaviour was related to slip of bars owing
to the loss of bond between concrete and the bars. The
behaviour of the steel bar at the middle of the joint
showed a butterfly pattern. The strain on compression
and tension were symmetrical about zero force axis.
The steel strain at the middle of the joint of all speci-
mens is always tensile regardless of load direction. This
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is attributed to the fact that the strain of the steel bar
was smaller on the compressive side than on the tensile
side. Moreover, owing to bond deterioration, the com-
pressive strain gradually turned to tensile strain. It
should be noted that strains at the middle of joint were
approximately equal in all specimens and the magni-
tude was less than yield strain. This was contrasted with
the value at 50 mm away from joint face where steel
strain in JL was much larger than JM and JS. As seen
for all specimens, the yielding did not spread deep into
the middle of the joint. This indicated that the bond
was not completely lost along the length of the bar.

The variations of strain with load cycles are plotted
in Figs 12(a)-12(c). Specimen JL maintained bond
condition quite well before yielding at 1-25% drift
ratio. After yielding, the bar strain was purely tensile,
indicating the local loss of bond at the section with
high strain value. Specimen JM lost bond in the early
0-75% drift but could recover the bond at 1-25% drift,
probably because the steel strain was not large. Speci-
men JS lost bond at 0-75% drift but the bond was not

15000 -

_J I—LSTBBR
r_

12000 -

9000 -

6000 -

Strain: micron

3000 -

2 4 6 8

10 12 14 16 18 20 22 24
Cyclic load number

(a)

40007 _ |} { sTBBER
3000 PR

Strain: micron
N
(=)
[=]
(=)

0 J.l.,
* % Be 22 24
—-1000 Bond
} I deteriorationfecovery
—2000
Cyclic load number
(b)
4000 1
3000 4
2000 . -

Strain: micron

Ty

Bond
deterioration

\

|
} — ‘
16 18 20 22 24

Cyclic load number

(c)

Fig. 12. Strain history of bottom beam bar (STBBR) at 50 mm
away from the joint face: (a) specimen JL; (b) specimen JM;
(c) specimen JS
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recovered. The bond demand of JS seemed to be more
severe than JM because the size of column was smaller.

The bond demand of longitudinal beam bar was
associated with the ratio of column depth to bar dia-
meter (h./dp). According to the ACI code,! this ratio is
required to be no lower than 20 for frames in high
seismic zones. The h./d, ratios of JL, JM and IS were
33, 29 and 25, respectively. In view of the experimental
results, no entire loss of bond was observed in any
specimen. However, the local loss of bond at the beam
section close to the joint could not be avoided in all
specimens. This local bond loss was associated with
pull-out slip of beam bars. The effect of this bar slip is
simulated by discrete joint element in the finite element
analysis in the next section.

Nonlinear analysis of RC interior beam—
column connection

Finite element model of beam—column connection

In order to study the principal cause of failure of the
tested specimens, a finite element analysis was con-
ducted. The understanding of the stress transfer mechan-
ism in the joint would be useful for the improvement of
the seismic design procedure. In literature, some finite
element models were applied to simulate the behaviour
of the beam—column joint.>!! In the current paper, finite
element method (FEM) was employed to examine the
transfer of stresses in the joint as well as the related
failure mechanism. The WCOMD computer program
developed at Concrete Laboratory, the University of
Tokyo, was applied in this study.'

Figure 13 illustrates a finite element model of a
typical RC interior beam—column connection of a rigid
frame. It consists of the beam—column joint core with
beams and columns extending horizontally and verti-
cally to their mid-length where moments are assumed
to be zero, that is, point of inflection. The beam,
column and beam—column regions are modelled with
two-dimensional eight-node plane stress RC elements.

«

One-dimensional discrete
joint element

Two-dimensional RC
plate element

AN
/
i
4

b b

Fig. 13. Typical finite element model of RC interior beam—
column connection
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The interfaces between beam and joint core are mod-
elled with one-dimensional six-node joint element. For
each specimen, the mesh is composed of 733 nodes,
216 two-dimensional RC plate elements and 12 one-
dimensional joint elements. Loads acting on specimens
include self-weight, column axial load and horizontal
forced displacement.

Constitutive models of concrete and reinforcing bars

The general formulation of smeared crack elements
is not presented in the current paper as it has already
been published elsewhere.!’'® Only the constitutive
models are presented briefly here. Additional informa-
tion can be found in the literature.'®%’

Cracked concrete. The constitutive models of
cracked concrete are formulated with respect to the
crack axis. They consist of tensile stress model ortho-
gonal to crack, compressive stress model parallel to
crack and shear stress model along crack face as
shown in Fig. 14. The constitutive laws are formu-
lated for both envelope and hysteretic loops. The
tensile and compressive stress models are combined
into a single model. Under cyclic loads. two sets of
diagonal cracks are generated alternately opening and
closing in accordance with the load direction. At any
load step, however. only one set of cracks is active
and principally contributes to the nonlinearity of the
element. The active crack is defined as the one that
has the largest normal tensile strain. The constitutive
laws are expressed with respect to the active crack.
The relevant constitutive laws are described below.

Combined compression—tension model for normal
stress orthogonal and parallel to a crack. The consti-
tutive law for computing normal stress orthogonal
and parallel to a crack is shown in Fig. 15. On the
tensile side, the model is linear up to tensile strength
of concrete (£). After peak, a constant tensile stress
is maintained until concrete cracks as shown in Fig.
15. The cracking strain is calculated as follows
S )
&y =2 £ (D

c

Compression Tension

Fig. 14. Normal and shear stress in the smeared crack
element
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After cracking, the tensile stress drop is governed by

the equation
g\ €
o =/, <L> 2)
Et

where o, ¢ are the tensile stress and strain orthogonal
to a crack, £ is the concrete tensile strength, e, is
the cracking strain and c¢ is a stress release parameter.
The stress release depends on whether reinforcement
exists in the element. For plain concrete element, the
stress drop is abrupt while for reinforced element, the
stress drop is gentler owing to bond between concrete
and steel bars. In the current paper, c is set to 2-0 and
0-4 (see Fig. 15) for plain and RC elements, re-
spectively."”

To compute the compressive stress parallel to a
crack, the following elasto-plastic fracture model'® that
considers the effect of micro-fracture and plasticity is
used

Oc= w KoEep(ec — Ep) (3

where 0., e are the compressive stress and strain
parallel to a crack, w is the transverse tensile strain
factor, Ky is the fracture parameter, £,y is the initial
stiffness and &, is the compressive plastic strain. The
fracture parameter (Kp) and compressive strain () are
empirically formulated as'®

Ko = exp {—073% [1 —exp(—l-ZS i—“)” )
e 2 c

& = 25'{8—, e {1 ~exp (—0.35 S—H } (5)
& 7 €

where &' is the concrete strain at peak compressive
strength

In addition, the concrete compressive strength is
reduced owing to the presence of transverse tensile
strain.?'?? This is taken into account by an additional
damage factor (@) in equation (3). The relation be-
tween @ and transverse tensile strain is shown in Fig.
15.

Shear stress transfer model. For computing shear
stress transmitted along a crack face, the contact
density model" is adopted as shown in Fig. 16. The
equation of the shear envelope may be expressed as

1/3 B’
= 3800 (6)
f is the normalised shear strain defined as
p=ra ()

&t

Model of reinforcing bar. The tri-linear model of
reinforcing bar’®?? is adopted in this study and shown
in Fig. 17. The dotted line in the figure shows the
model of bare steel bar for comparison. The initial
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g
A

Elasto-plastic fracture mode! ¢
for compression side

g, = wKoEeole — ¢;)
Ky = Kyle)
e = &p(e)

Tension stiffening/softening model
for tensile side

\C

i [

EcO

"0‘.

0-1% 0-5% &

Fig. 15. Combined compression—tension model for normal stress parallel and orthogonal to a crack

Fig. 16. Shear stress transfer model

modulus E; is the elastic modulus of steel bar. The
steel bar is assumed to reach yielding stress at fy,
which is lower than tested yield strength of bare bar.
The apparent reduction in yield strength is caused by
the bond effect. The average yield strength of reinfor-
cing bars embedded in concrete may be expressed
2523

8)

where fy = average yield strength of reinforcing bar
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@ (125, 1-1£,)

f, = yield strength of bare bar

f, = yield strength of bar embedded
in concrete

Fig. 17. Modelling of reinforcing bar

embedded in concrete, f; is the yield strength of bare
bar, f is the tensile strength of concrete and p is the
reinforcement ratio. The second part of the model is
the straight line joining the average yield point to the
point (12¢,, 1-1£) and the last part follows the bare bar
model up to steel rupture point determined from the
test.

Comparison between finite element analysis and tests

The comparison between experiment and analysis is
given in Table 5. The analytical deformed shape and
cracking pattern of specimen JL are shown in Fig. 18
compared with the experimental results. FEM demon-
strates extensive cracks and deformation at the ends of
beam indicating flexural failure. The opening of the
discrete joint element indicates pull-out of beam rein-
forcing bars. On the contrary, FEM predicts little dis-
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Iable 5. Comparison of analytical (FEM) and experimental force and displacement

(drifi)
Specimen Force/drift FEM analysis Experiment
JL Maximum force: kN 90 92
Drift: % 4-6 46
M Maximum force: kN 73 72
Drift: % 2-0 175
JS Maximum force: kN 70 68
Drift: % 150 1-50
100
FH— '

N E
Flexural cracks REEE*S ¥ B,
concentrated at the shoagsdis
end of beam \ ¥ O L e
& i4 L
3 >
@!)",;»-»_f ‘ - - o 4 B
e SR At e - it 3 % LA
& B S G & RS 2 e W"ﬁ
3 &
.E‘ a5 4 ;;_;
o ?»%q )
Py T e et
=RILFE W
SE e = =
G E e
(b)

Fig. 18. Simulation of deformed shape and cracking pattern
of specimen JL: (a) deformation; (b) cracking pattern

tortion and cracking in the joint region. Hence failure
does not originate from the joint. Moreover, no major
cracks are computed in the column adjacent to the joint
core. The failure was therefore categorised as ductile
strong column weak beam. In a building with large
column tributary area, the size of column is usually
large. This configuration leads to large column flexural
capacity, high joint shear strength and lower bond de-
mand at column bar lap splice.

The comparison between analytical and experimental
load versus applied displacement is shown in Fig. 19.
A close match is obtained for both envelope and hys-
teretic loops. The hysteretic loops are wide, indicating
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Fig. 19. Comparison between analytical and experimental
load versus displacement of specimen JL

large energy dissipation. In the experiment, concrete
crushing and subsequent spalling occurred in the beam
and consequently exposed longitudinal and transverse
reinforcements. This was followed by buckling of com-
pression bars. The spalling and reinforcement buckling
are not included in the present constitutive models,
hence the numerical loops are relatively wider than the
experimental ones. The finite element model predicts
ductile yielding up to 4-6% drift, which is the same as
the experimental value. It should be noted that sub-
standard beam-column joint in buildings with a large
column tributary area is moderately ductile although it
was not designed and detailed against seismic loads.
The analysis of JM and JS was found to be close
together; hence only the analytical result of JM is
discussed. The analytical deformed shape and cracking
pattern of specimen JM are compared with experimen-
tal results in Fig. 20. Contrary to specimen JL, the
mesh of JM is extremely distorted, showing large shear
deformation in the joint region. The analytical cracks
are mostly inclined and concentrated in the joint zone.
Two sets of intersecting diagonal cracks alternately
open and close in accordance with the change in the
load direction. These cracks form the dominant X-
shape pattern. The analytical joint damage and develop-
ment of diagonal cracks closely follow experimental
results. Some small flexural cracks are computed in the
beams and columns but do not cause the failure. The
failure originates from the joint zone as a result of
excessive joint shear force. The comparison between
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Shear cracks . {T e
concentrated in the &3 ARTAT

joint panel

Fig. 20. Simulation of deformed shape and cracking pattern
of specimen JM: (a) deformation; (b) cracking pattern

experimental and numerical load versus applied dis-
placement relation is shown in Fig. 21 for specimen
JM. The hysteretic loops are narrow and pinched to-
wards the origin, indicating small energy dissipation.
This may be associated with sliding of diagonal cracks
in the joint. It is also observed that the attained lateral
drift tends to be smaller for substandard beam—column
joint in RC frame with smalier tributary column.

The joint shear failure is undesirable because it is
brittle and catastrophic. The tendency of brittleness is
more evident for a beam—column connection with a

Storey shear force: kN

Experiment

- - - - Analysis
-100 -

Storey drift: %

Fig. 2{. Comparison between analytical and experimental
load versus displacement of specimen JM
]
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smaller column tributary area. To identify the failure
mechanism of the joint region analytically, the principal
compressive stresses of concrete are computed from the
FEM stress outputs. The development of compressive
struts is compared among the three analysed specimens
in Fig. 22. Before peak, the formation of compressive
strut is dominant in all specimens. As the lateral drift
increases, the compressive stress rapidly intensifies in
specimen JS. The collapse of compressive struts gener-
ally coincides with the failure point. As for specimen
JL, the compressive strut is maintained throughout the
entire loading. At 4-6% drift when failure took place,
the strut remains stable, indicating that the joint is
sound and does not cause failure. This observation
agrees with the experimental result.

Conclusion

The current paper presented the reversed cyclic test
of a non-ductile interior RC beam—column joint typical
of construction in low to moderate seismic zone. Ac-
cording to the evaluation of ten old existing RC beam—
column frame buildings, there was some correlation
among key structural and geometrical indices and col-
umn tributary area. With increasing tributary area, the
trend indicated larger column size, lower bond demand,
lower joint shear stress and higher column flexural
capacity. The experimental results showed that speci-
mens with small to medium column tributary area were
vulnerable to brittle joint shear failure, while specimens
with large column tributary area could achieve moder-
ately ductile yielding, even though the ductile reinfor-
cement detailing was not provided. The strain
measurements of longitudinal steels indicated local
bond deterioration of steel bar at the face of the joint in
all specimens. but the bond deterioration did not spread
into the centre of joint core. No entire loss of bond was
observed in all specimens. The local bond pull-out was,
however, observed in all specimens despite all satisfy-
ing the minimum ACI column depth to bar diameter
ratio of 20. The source of severe pinching in hysteresis
loops was derived from the bond pull-out and joint
shear distress. The nonlinear finite element analysis
was conducted to investigate the failure mechanism of
specimens. The collapse of the principal diagonal strut
was verified to cause the failure of specimens with
small to medium column tributary area, while the flex-
ural yielding was predicted as the failure mode for
specimens with large column tributary area.

Acknowledgement

The authors are very grateful to the Thailand Re-
search Fund (TRF) for providing the research fund
RMU4880022 to carry out this research.

363



Supaviriyakit et al.

Fig. 22. Principal compressive stresses (unit: MPa) of each specimen
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Abstract This paper discusses the effect of some
important parameters on cyclic behavior of sub-
substandard interior beam—column connection. The
objective is to investigate the effect of joint shear
stress, anchorage bond of longitudinal beam bar
within the joint and horizontal joint reinforcements
on the joint performance. The experiment consisted
of five half-scale beam-column specimens. The
control specimen (J1) represented a typical non-
ductile beam—column joint in mid-rise RC buildings
constructed in low seismic zone. In specimen J2, the
bond between concrete and longitudinal bars was
completely removed initially. In specimen J3A and
J3B, a substantial amount of horizontal joint rein-
forcement was provided in joint core. In specimen J4,
the column size was enlarged to reduce shear stress in
joint. The experimental result demonstrated brittle
joint shear failure in control specimen (J1), speci-
mens J3A and J3B, beam splitting failure in specimen
J2 and ductile flexural failure in specimen J4. Based
on experimental results, it was found that the initial
lost of bond did not cause a substantial reduction in
joint capacity. Moreover, provision of substantial
horizontal joint reinforcements in specimen J3A and

T. Supaviriyakit - A. Pimanmas (D<)

School of Civil Engineering and Technology,
Sirindhorn International Institute of Technology,
Thammasat University,

Patumthani 12121, Thailand

e-mail: amorn@siit.tu.ac.th

J3B did not produce a comparable improvement in
the seismic performance. With increased column size
in specimen J4, the energy dissipation characteristics
were greatly improved as indicated by large spindle-
shaped cyclic loops.

Keywords Substandard beam—column connection -
Reversed cyclic load - Un-bonded beam bar - Joint
reinforcement - Joint shear failure

1 Introduction

The mechanism of force transfer within beam—
column joint of a rigid frame during seismic events
is known to be complex [1, 2], involving bending in
beams and columns and shear and bond stress transfer
in joint core. Figure 1 shows forces acting on a joint
core under lateral load. The horizontal shear force at
the mid-level of the joint may be calculated as,

Vin=T+C,+C, — V. (1)

Vi =T+T -V, (2)

where T is tension force, T' is tension force on
opposite column face, C, and C, are compression
force on concrete and steel, respectively and V. is

column shear force.
FI;EIII
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Fig. 1 Forces acting on the
joint

Column

Some theories are available to explain force
transfer within the joint [1, 3, 4]. Paulay et al. [1]
explained the mechanism of forces transmitted within
a joint by diagonal strut mechanism and truss
mechanism. In their model, the horizontal shear is
resisted partly by a diagonal concrete strut formed
between corners of the joint (Fig. 2a) and partly by a
field of diagonal struts that are in equilibrium with
tension in horizontal joint reinforcements (Fig. 2b).
According to this theory, the horizontal joint rein-
forcement contributes to the joint shear strength by
means of truss mechanism as long as concrete has
sufficient strength to equilibrate tension in ties and
bond anchorage of longitudinal bar is maintained in
the joint. The concept of strut and truss mechanisms
is adopted in New Zealand code [5].

Fig. 2 Mechanism of
forces transmitted within a
joint

Compressive strut mechanism

Column
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On the other hand, the ACI code [6] provides
empirical formulas for horizontal joint shear capacity.
According to the code, the design of joint in a special
moment resisting frame (SMRF) is based on the
assumption that beam sections on opposite column
faces develop maximum probable strength. However,
for intermediate moment resisting frame (IMRF), the
ACI code requires no such calculation for joint shear,
but merely specifies a certain amount of horizontal
joint reinforcements, i.e.,Aymin = /3bys/fy. It is
questionable whether this amount of joint reinforce-
ments would be sufficient for the satisfactory perfor-
mance of beam—column joint.

Besides joint shear transfer within the joint, the
longitudinal bar is also subject to tension on one side
and compression on the opposite side as shown in
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Fig. 1. Hence, the bar must develop bond force within
limited column depth to equilibrate these forces. To
prevent bar slip within the joint, the ACI code limits
the minimum column size to bar diameter ratio to be
20 for special moment resisting frame (SMRF).
However, no provision is stated for intermediate
moment resisting frame (IMRF).

In this paper, the authors focused on the cyclic
performance of substandard reinforced concrete
beam—column joint, that is, the joint in the beam—
column frame designed for gravity load only.
According to ACI code, this frame is classified as
ordinary moment resisting frame (OMRF). The
OMRF is normally designed without considering
the capacity design approach. Hence, it lacks ductile
reinforcing details that comply with modern earth-
quake resistant standards [7-9]. Some typical non-
ductile reinforcing details include (a) little or no
horizontal joint reinforcements in the joint, (b) lap
splice of longitudinal column bars immediately above
floor level, (c) widely spaced column ties and beam
stirrups (Fig. 3).

This paper focuses on the effect of joint shear
stress, horizontal joint reinforcement and anchorage
bond on cyclic performance of existing OMREF. Since
the objective of the study is to elucidate key
parameters that affect seismic performance of exist-
ing buildings, it is necessary to have test specimens,
which represent closely beam—column joints of actual
frames. For this purpose, the authors studied struc-
tural designs and drawings of 10 existing buildings in
Thailand [10, 11]. These buildings are rigid frames
with 5 to 21 stories. The building occupancy is
classified as essential and assembly facilities, cover-
ing schools, universities, hospitals, governmental

Lap splice immediately
above the floor level —

column ties | | L1'ttle or no joint ||
— reinforcement —

L T TTATTI Lo L TP

I +—
Discontinuity of bottom
reinforcing bars

Fig. 3 Typical non-seismic reinforcing detail of RC frame
designed for gravity load only

Widely spaced

offices and apartments. The geometrical and struc-
tural indices of substandard beam—column joints were
defined for these buildings and the seismic non-
compliance with respect to IMRF was identified. The
half-scale control specimen was designed and con-
structed to have geometrical and structural indices,
reinforcement details and construction method that
are close to the average of the investigated buildings.

The authors took the control specimen as a
prototype and modified the reinforcement detail or
geometrical size to study the concerned parameters.
Five specimens were prepared and tested. Specimen
J1 is for investigating the failure that may be
associated with IMRF non-compliance. Since no
specific bond provision is stated for ACI Intermediate
Moment Resisting Frame (IMRF), specimen J2 is for
investigating the performance of joint with initially
un-bonded beam bars within the joint. As for joint
shear failure, the ACI code requires only a minimum
amount of horizontal joint reinforcement. The pur-
pose of specimen J3A and J3B is to examine a
possible benefit of providing more horizontal joint
reinforcements than required by the code. Rather than
providing a lot of horizontal joint reinforcements, the
joint shear stress could be reduced through increasing
column size. Specimen J4 serves to study specimen
with enlarged column size.

2 Experimental program
2.1 Specimens and material properties

The experimental program consisted of five interior
beam—column specimens, namely, specimens J1, J2,
J3A, J3B and J4. All specimens were half-scale and
had cruciform shape consisting of beams and col-
umns extending from the joint core to the mid-length
and mid-height, respectively. The size, proportion
and reinforcement amounts of the specimens were
determined from the study of 10 actual reinforced
concrete frame buildings constructed without seismic
consideration. For each building, the structural and
geometrical indices were defined for beam, column
and joint. The indices for joint included bond index
(BI), column depth-to-bar diameter ratio (h./dy),
column width-to-beam width ratio (b./by), column
depth-to-beam depth ratio (h./hy), column flexural
capacity-to-beam flexural capacity ratio (M,/Mpy),
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joint shear-to-joint shear strength ratio (Vj,/V,,) and
joint reinforcement ratio (py).

Table 1 lists statistical values of geometrical and
structural indices of investigated buildings. Specimen
J1 represented a typical specimen that was not
compliant with the ACI requirements for Intermedi-
ate moment resisting frame (IMRF). It was designed
so that it is approximately half-scale of the average
actual connections. The scaling was conducted such
that the specimen had geometrical and structural
indices close to the average of the actual connection
as shown in Table 1.

Figure 4 shows the size and reinforcement details
of specimen J1. The dimensions of column and beam
sections are 200 mm X 350 mm and
175 mm X 300 mm, respectively. The main rein-
forcements for beam and columns are 12 mm diam-
eter deformed bars. The stirrups and ties in beam and
column are 3-mm diameter plain mild steel. Table 2
shows the average tested yield and tensile strengths of
these bars. The average tested cylindrical compres-
sive strength of concrete is shown in Table 3.

The items for IMRF comparison are listed in
Table 4. As seen, the longitudinal reinforcements in
beam and column satisfy the IMRF requirements, but
the amount and detailing of stirrups do not comply
with IMRF requirements especially at the end of
members. Moreover, the joint of specimen J1
contains no horizontal reinforcements. The location
of column bar lap splice is immediately above the
floor level. It should be noted that the ACI code does
not have a requirement for the location of column bar
lap splice for IMRF.

Table 1 Geometrical and structural indices of beam—column joint

Figure 5 shows joint details of all specimens.
Specimen J2 was tested to investigate the effect of un-
bonded beam bar on joint behavior. Specimens J3A and
J3B were tested to investigate the effect of horizontal
joint reinforcements on joint behavior. The specimen
sizes and reinforcement details are generally identical
with the control specimen. However, for specimen J2,
the bond of beam bars in joint core is initially removed
by grinding ribs of deformed bars, applying grease on
the surface and wrapping the bars with plastic sheet. For
specimens J3A and J3B (Fig. 5c, d), the horizontal joint
reinforcements are 2RB6@50 mm (6 mm diameter
plain round bar) and DB10@50 mm (10 mm diameter
deformed bars) with a mechanical volumetric ratio
(psfy) of approximately five times and nine times more
than the minimum amount required by ACI code for
IMREF. In case of specimen J4, the size of column is
enlarged to 300 x 400 mm, which is 70% larger in area
than specimen J1.

2.2 Test set-up, load history and instrumentation

The test set-up and boundary conditions are shown in
Fig. 6. The lateral forced displacement is applied at
the top of the column through a 500 kN hydraulic
actuator. The ends of beam are supported by rollers
that allow free horizontal movement to simulate
lateral drift. The bottom end of the column is
supported by a hinge, which allows no movement
in all directions. To simulate existing load on column,
the axial load of 12.5% of column axial capacity is
applied to column by means of vertical prestressing.
However, the gravitational loads on beams are not

Statistical value Parameter

Maximum 6.19 60 0.75 1.08 3.40 1.17 0
Minimum 2.24 24 0.5 0.625 1.54 091 0
Average 4.51 37 0.675 0.84 2.36 1.06 0
Standard deviation 1.65 16 0.12 0.23 0.78 0.11 0
Specimen J1 5.09 29 0.875 0.86 1.68 1.38 0

Notes: Bl = fydb/Zh\/Kis bond index; h./d;, is column depth-to-bar diameter ratio; b./by, is column width-to-beam width ratio; h./hy
is column depth-to-beam depth ratio; M,./My;, is column flexural capacity-to-beam flexural capacity ratio; V;,/V,, is joint shear-to-
joint shear strength ratio; p; is horizontal joint reinforcement ratio
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Fig. 4 Specimen
dimension and reinforcing
details

Table 2 Properties of
reinforcing bar

Table 3 Properties of
concrete

applied in the experiment. In actual construction,
existing bending and shear stresses in beams caused
by gravity loading may affect the lateral cyclic
behavior. To simplify the problem, the effect of

SECTION A-A 2 PC strands 15.2 mm.
’_ﬂ_‘ —
3 For specimen J1 ,J2,J3A,J3i 4 A
g 18-DB12 (] A
“I Stirrup 3-63 @ 100 B . .
400 o Joint detailing of each
\—L ~ specimen shown in Fig 5
- For specimen J4 il
= @ 26-DB12 I c
Stirrup 4-¢3 @ 100 F-B
| [ [ [ / [ [ ’ ‘
il HEERQ il 11,
L T I I 1 |
l6RB5 @ 50 | a5 L 1
‘ 900 ol B C 175
‘ @ 175
3-RBS @ 50| - - 6-DB12 o 6-DB12
BT 2 Stirrup = Stirrup
— :j w 'f: 3-p3@100 3-93@100
4-BOLTSM2/ 4-DB12 6-DB12
L I SECTION B-B SECTION C-C
" 1500 ' 1500 !

Type of reinforcing bar

Yield strength (fy) (MPa)

Ultimate strength (fu) (MPa)

DB12 480 614

DB10 448 593

RB 6 372 467

Wire ¢-3 mm 298.5 373

Compressive strength {’, Specimen  Specimen  Specimen Specimen Specimen
(MPa) n 12 I3A J3B J4

Top column 232 28.0 27.1 23.6 224
Beam/joint 26.3 21.3 28.7 23.7 23.0
Bottom column 22.7 24.5 30.3 26.1 22.6

gravity load is ignored in the present study. The next
phase of research on sub-standard beam—column joint
should include this preloading condition.

The column is pushed forward and pulled back-

ward in a reversed cyclic pattern with target lateral
drift ratios of 0.25%, 0.50%, 0.75% and so on as

(3) shear deformation in beam, column and joint, (4)
rocking angle at the interface between joint face and
beam and (5) strains of longitudinal steels and
stirrups in beam and column.

3 Experimental results and discussions

shown in Fig. 7. The target loop is repeated twice for

each drift ratio. The load is continued until and
beyond the peak load to trace the post-peak behavior.
The measurements include (1) horizontal force dis-
placement, (2) flexural rotation in beam and column,

3.1 General observation, crack patterns and
failure mode

Figure 8 depicts the test observation of all specimens
until failure. In general, the behavior of specimens J1,
J3A and J3B was similar to one another, but was
different from specimens J2 and J4.
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Table 4 Non-compliant items of substandard beam—column joint with respect to ACI requirements

Reinforcement details of members

Specimen J1

Intermediate moment resisting frame (IMRF) Compliance

Beam Longitudinal bar

At column face M—, M™*
Longitudinal bar

At any section M*, M~
Stirrup

Within Sg

Other than S,

Stirrup

Within LO

Other than Ly

Splice location

Column

Joint Within joint core

Top bar: 6DB12
Bottom bar: 4DB12
Top bar: 6DB12
Bottom bar: 4DB12
Stirrup

3-RB3@100
3-RB3@100

Stirrup

3-RB3@100
3-RB3@100

Just above floor level

No transverse reinforcement

Top bar: 6DB12

Compliant

Bottom bar: 2DB12

Top bar: 2DB12

Compliant

Bottom bar: 2DB12

Stirrup

1-RB6@50 Non-compliant
1-RB6@120 Non-compliant
Stirrup

1-RB6@90 Non-compliant
1-RB6@180 Compliant

No requirement Compliant
1-RB6@150 Non-compliant

Notes: DB12:12 mm diameter deformed bar, DB10:10 mm diameter deformed bar, RB6:6 mm diameter round bar, RB3:3 mm

diameter round bar

No horizontal joint

.
reinforcement

a)

Horizontal joint reinforcement
|/ 2rBo@s0

)

No horizontal joint

|reinforcement

e)

b)

HHH Un-bonded beam bar

i{only in joint core

d

Horizontal joint reinforcement

[1l/ 1ipB10@50

Fig. 5 Reinforcing details in joint region of each specimen. (a) Specimen J1 (b) Specimen J2 (¢) Specimen J3A (d) Specimen J3B

(e) Specimen J4

-
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Specimen J1, J2, J3A and J3B

3.1.1 Specimen JI

For specimen J1, the flexural cracks were observed in
the beam (Fig. 8.1(a)) in early drift ratio between 0%
and 0.25%. The first diagonal crack was found in the
joint core at 0.5% drift ratio. It formed a typical X-
shaped pattern following the alternate load direction.
The flexural cracks in beams and diagonal cracks in
joint core continued to grow in size and number until
the specimen reached a peak load of 72 kN at 1.75%
drift ratio. After this cycle, no new cracks were found
in beam, but diagonal cracks continued widening in
joint, followed by spalling of concrete at the center of
joint. The test was continued until 5% drift ratio
(Fig. 8.1(f)) when concrete spalling covered the entire
joint area. The failure mode of specimen J1 was
classified as joint shear failure. It is noted that no
damage was observed at the column bar lap splice
region above the joint. Since the non-existence of
joint reinforcements was one of the IMRF non-
compliance, the joint failure was not unexpected.

Cyclic number
Specimen J4

Other IMRF non-compliance regarding the details of
transverse reinforcements in beams and columns
were not relevant since failure did not occur in those
members.

3.1.2 Specimen J2

In case of specimen J2, the first crack observed
during 0-0.25% drift ratio was pull-out crack at the
column face. This pull-out crack widened in sub-
sequent cycles. Flexural cracks were observed in
beam too. At 1.0% drift ratio, the first diagonal crack
was found in joint and the longitudinal splitting crack
was found along the top longitudinal bars in beam
(Fig. 8.2(c—d)). As drift ratio increased, the splitting
crack lengthened and pull-out crack widened. On the
contrary, diagonal cracks stopped progressing and no
new crack formed in the joint. The specimen reached
peak load of 60.6 kN at 1.5% drift ratio. After this,
the spalling of beam concrete cover started
(Fig. 8.2(d)) and extended to the beam mid-height.
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0.25% Drift ratio

1.0% Drift ratio

)

5.0% Drift ratio 5.0% Drift ratio
8.1 Specimen J1 8.2 Specimen J2

Fig. 8 Progress of cracking development of each specimen

At the end of the test, the damage was concentrated
around the beam section close to the joint while the
joint remained sound. Due to a severe loss of concrete
section, the end of the beam performed like a hinge
and did not restrain the column sway. At the last load
step, the column was displaced laterally whereas the
beam remained straight (Fig. 8.2(f)).

5.0% Drift ratio 5.0% Drift ratio
8.3 Specimen J3A

5.0% Drift ratio

8.4 Specimen J3B 8.5 Specimen J4

It was found that un-bonding beam bar within
the joint prevents joint shear failure. The failure
mode was changed to beam splitting with a more
gradual drop in column shear envelope. Although
the capacity was a little lower compared with the
control specimen, the location of failure in beam
was probably beneficial in terms of column
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stability during earthquake and post-earthquake
retrofitting.

3.1.3 Specimens J3A and J3B

In case of specimens J3A and J3B, despite the
amount of horizontal joint reinforcements as great as
five and nine times that required for IMRF, the
cracking process and failure were not different from
those of specimen J1. The cracking development of
specimens J3A and J3B is shown in Fig. 8.3 and 8.4,
respectively. For the same drift ratio, it was observed
that diagonal cracks were more distributed in the joint
of specimens J3A and J3B than in specimen J1. This
indicated truss mechanism, which created several
concrete struts in the joint area. Both specimens J3A
and J3B reached approximately the same peak load of
85 kN at 2.5% drift ratio. The failure was concen-
trated in the joint core and could be classified as joint
shear failure. The behavior was not ductile though
substantial horizontal reinforcements were provided
in the joint. At 5% drift ratio, the spalling of concrete
covered the entire joint area and extended to the
column below the joint.

When comparing the test results of specimens J3A
and J3B with J1, there was an 18% increase in
maximum strength and 43% increase in drift ratio at
peak. The strength and drift increase was not
proportional to the amount of provided horizontal
reinforcements. Although the development of dam-
age in specimens J3A and J3B are more gradual than
in specimen J1, the joint shear failure could not be
prevented. Thus, the current ACI requirement of
minimum joint reinforcement for IMRF was clearly
insufficient to prevent joint shear failure and to
ensure moderate ductility.

3.1.4 Specimen J4

Specimen J4 showed first flexural cracks in beam
during 0-0.25% drift ratio. The behavior was elastic
during these initial drift ratios as shown in Fig. 8.5(a).
The flexural cracks widened and new cracks appeared
in subsequent cycles. The beam yielded at 1.0% drift
ratio. The first diagonal crack at the joint was
observed at 1.25% drift ratio. Bond splitting cracks
were also observed along longitudinal steels. The
beam maintained yielding up to 4.6% drift ratio when
crushing of concrete at the beam compression zone

took place and spalled off, exposing beam bars as
shown in Fig. 8.5(f). The specimen lost strength
abruptly. Throughout the entire loading, no cracks
were observed in column bar lap splice region above
the joint. No damage was observed in the joint except
some few joint shear cracks. The failure of the beam
was classified as ductile flexural failure. The hyster-
esis loops were wide, indicating large energy dissi-
pation in bending mode. It is noted that even though
the specimen lacked ductile reinforcement details and
was not designed to resist seismic load, it could
perform fairly well. The good performance was
attributed to the enlarged size of column. As the
column size was large, the joint shear stress was
decreased and the bond demand of the column bar lap
splice was relieved. Thus, the bending failure
occurred in the beam according to strong column
weak beam principle.

3.2 Column shear force—drift ratio relation and
hysteretic loops

The column shear force—drift ratio relation and
hysteretic loops of all specimens are shown in
Fig. 9. Specimens J1, J2 and J3A and J3B behaved
elastically when the drift ratio was between 0% and
0.5%. In later cycles, the behavior became non-linear.
The hysteretic loops were narrow and pinched. The
specimens were obviously unstable from around
1.0% drift ratio as observed from the degradation in
strength and stiffness of repeated loops. After peak,
the unstable behavior was more obvious. Specimens
J1, J3A and J3B illustrated a comparatively rapid
drop in peak resistance compared with specimen J2.
It is noted that joint reinforcements in specimens J3A
and J3B could increase the peak load a little but did
not improve the post-peak response over specimen
J1. No improvement in ductility was recognized in
both specimens J3A and J3B with substantial hori-
zontal joint reinforcements. Moreover, the behavior
of J3B is not better than that of J3A even though it
has almost two times horizontal joint reinforcements.
It is supposed that concrete struts cannot sustain
compression to equilibrate tension in joint reinforce-
ments.

Though the strength of specimen J2 was lower
than that of specimens J1, J3A and J3B, the load drop
was more gradual and less brittle. Nevertheless,
specimens J1, J2, J3A and J3B exhibited pinching in
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Fig. 9 Relationship between column shear force and drift ratio. (a) Specimen J1 (b) Specimen J2 (¢) Specimen J3A (d) Specimen

J3B (e) Specimen J4

cyclic loops, which was undesirable for energy
dissipation. In contrast, specimen J4 showed stable
and ductile performance up to 4.6% drift ratio with
wide spindle-shaped hysteretic loops.

3.3 Longitudinal beam bar strains

Figure 10 shows the envelope of strain development
versus drift ratios of all specimens. The strains were
measured by electric resistance wire strain gage
attached on bottom longitudinal bars at 50 mm from
column face. In the figure, STBBL and STBBR gages
denote strain gages at left and right column faces,
respectively.

The strain development of specimens J1, J3A and
J3B was similar to one another, but different from
specimen J2. For a given load direction, the steel was
tensile (positive strain) on one column face and
compressive (negative strain) on the opposite face.

The magnitude of compressive strain was generally
lower since concrete partly carried compressive
force. At certain drift ratios, the compressive strain
was gradually decreased and turned into tensile. This
was due to the local interface pull-out crack taken
place in the previous opposite load direction. Upon
reversed loading, the pull-out crack was not closed
perfectly, thus, tensile strain remained in steel. Due to
this accumulative tensile strain, the steel on com-
pression side became tensile (positive strain) when
the load was reversed.

In case of specimen J2, however, the two opposite
column faces were subject to tensile strain from the
beginning of loading due to the initial lost of bond. It
is noted that steel in specimens J2 and J4 developed
large plastic strain even after peak resistance. In
terms of bonding capacity, specimen J2 was lowest
while specimen J4 was greatest due to its increased
column size. However, the beam bar un-bonding in
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Fig. 10 Relationship between the strain of beam bar and drift ratio. (a) Specimen J1 (b) Specimen J2 (¢) Specimen J3A (d)

Specimen J3B (e) Specimen J4

the joint did not affect the development of tensile
strain in steel. Steel in specimen J2 reached yielding
even after peak despite the nonexistence of bond in
the joint. As a result of high strains in the beam close
to column face, the splitting crack occurred and
subsequently caused concrete spalling. The reduction
in peak resistance was caused by the loss of concrete
section, leading to the movement of compressive
resultant towards the beam mid-height and the
reduction in the moment arm.

On the contrary, the tensile strain in specimens J1,
J3A and J3B could not maintain yielding after peak.
The drop in strain corresponded with the reduction in
peak load. This strain and load drop was caused by joint
crushing failure. The presence of substantial horizontal
joint reinforcements did not produce a compatible level
of shear strength increase. The conversion of measured

strain to stress through cyclic Kato’s stress—strain
relation of steel [12] showed that the bond was not lost
in specimens J3A and J3B as tensile and compressive
stresses of steel bar alternated at two opposite sections.
Since the bond was not lost, the ineffectiveness of
horizontal joint reinforcements was attributed to
premature concrete crushing associated with insuffi-
cient joint size to accommodate the transmission of
concrete compression struts.

As for specimen J4, the strain behavior alternated
compression and tension in early load steps. The steel
could develop large plastic strain in ductile flexural
failure of beam. Based on these results, it is noted the
development of strain is related to the failure mode.
High strain development is associated with failure in
beam while low strain development is associated with

failure at joint.
FI;EII'I
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Fig. 11 Joint shear deformation measurement and relationship between joint shear angle and drift ratio. (a) Measurement of joint
shear deformation. (b) Relationship between joint shear angle and drift ratio

3.4 Joint shear deformation-story drift ratio
relation

The shear deformation at the joint represents the
damage condition of the joint with increasing drift
ratio. The shear deformation was measured by two
displacement transducers installed diagonally with
respect to the beam’s axis (Fig. 1la). Through
geometrical compatibility, the shear deformation was
calculated from measured contraction and extension of
the diagonal gage lines measured by transducers.

The relation between joint shear deformation and
drift ratio of all five specimens is presented in
Fig. 11b. It was apparent that the joint shear
deformation of specimens J1, J3A and J3B was
comparable even though a substantially larger
amount of horizontal joint reinforcements is provided
in specimens J3A and J3B. Hence, the provision of
large amount of horizontal joint reinforcements did
not reduce the joint damage to a comparable degree.
On the contrary, the joint deformation of specimens
J2 and J4 was substantially lower since the non-
linearity was mainly concentrated at the ends of
beam.

As shown in Fig. 8.2(f), the column of specimen J2
was displaced laterally while the beam remained
straight. This showed an almost unrestrained rotation
of column’s sway accompanied by a rotation of the
beam—joint interface caused by concrete spalling and
bar pull-out. The total lateral top column displace-
ment was contributed by this interface-localized
rotation while the joint deformation was insignificant.
It may be concluded the joint shear deformation gave
rise to pinching in specimens J1, J3A and J3B while
the interface-localized rotation caused pinching in

specimen J2. In contrast, specimen J4 with larger
column size had wider loops as beam compressive
concrete did not spall off. Thus, the specimen could
dissipate substantial energy in flexural yielding
action.

3.5 Horizontal joint shear, column shear and drift
ratio relation

Figure 12 shows the envelope of column shear
versus drift ratio for all specimens. Figure 13
shows the envelope of horizontal joint shear
computed by Eq. 2 versus drift ratio. In the
calculation of horizontal joint shear, the measured
steel strains were converted to stresses via Kato’s
cyclic stress—strain law [12]. It was evident that
while the column shear envelope of specimen J2
was lower than other specimens, the horizontal
joint shear was greater and comparable with
specimen J4. The horizontal joint shear was large
in specimens J2 and J4 since the longitudinal
reinforcement maintained yielding even after the
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Fig. 12 Relationship between column shear envelope and drift ratio



Materials and Structures (2008) 41:543-557

555

800 : : : :
Z 600 om e S i s b
< 400 - ARRRR ARy P = SR
[} | | | |
2 200" R T fF i
£ 0 : : : :
5 | o N —I
£ -200 ! b2
B 400 [ s T EREEEE Fo o 3A
S o0 b--n-- R . 1. —I3B _
,2 -600 | | | ——J4

-800 ‘ ‘ ‘

60 40 20 00 2.0 40 6.0

Drift ratio (%)

Fig. 13 Relationship between joint shear force and drift ratio

drop in column shear, while in specimens J1, J3A
and J3B, the reinforcement stress dropped below
yielding after peak, and so did the horizontal joint
shear force. This clearly indicated the failure of
diagonal strut.

It was also noted that although the joint shear force
was high in specimen J2, the joint shear deformation
was small. Hence, it may be concluded that the joint
shear damage was not related to the level of
horizontal joint shear force computed based on steel
forces (Eq. 2). The actual horizontal joint shear force
may be lower than joint shear force computed based
on steel forces since not all tension in steel would be
transferred as horizontal shear in joint if beam section
lost concrete due to spalling. The actual joint shear

force should be based on concrete compressive
resultant as shown in Fig. 14. The calculation of
horizontal joint shear force based on Eq. 2 represents
an upper bound of joint shear. Additionally, due to
the loss of spalled concrete section in specimen J2,
the line of beam compressive resultant on each
column face moves towards the center, causing the
reduction in moment arm. As a result, the column
shear decreased despite the increase in steel strains.
The movement of compressive resultants makes the
diagonal strut flatter as shown in Fig. 15, which yields
greater joint shear capacity.

4 Conclusion

An experimental program on substandard beam-—
column joint was conducted. The experiment aimed
to elucidate the effect of some non-seismic details on
the cyclic performance of beam—column joint. Par-
ticularly, the effect of anchorage bond, horizontal
joint reinforcement and joint shear stress was inves-
tigated. Within the limited scope of the test program,
some preliminary conclusions and findings are listed
as follows,

1. Although designed for gravity load only and
without ductile reinforcing detail, the beam-
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