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ABSTRACT

Flat plate structures under lateral load are susceptible to the brittle shear failure of plate-column connection. To
prevent such brittle failure, strength and ductility of the connection should be ensured. However, according to
previous studies, current design methods do not accurately estimate the strength of plate-column connection.

In the present study, parametric study using nonlinear finite element analysis was performed for interior
connections. Based on the numerical results, a design method for the connection was developed. At the critical
sections around the connection coexist flexural moment and shear developed by lateral and gravity loads, and
maximum allowable eccentric shear stresses were proposed based on the interactions between the flexural moment
and shear. The proposed method can precisely predict the strength of the connection, compared with the current
design provisions. The predictability of the proposed method was verified by the comparisons with existing
experiments and nonlinear numerical analyses.
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Fig. 1 Deformed shape of slab-column subassemblage
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Fig. 2 Comparison between experiment and strength
predicted by KCI design provision
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Fig. 3 Components of resistance moment at
connection
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Fig. 4 Finite element model of flat plate
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Table 1 Numerical results and strength prediction for analytical models

Numerical results Strength Component Strength Component Comparison of
Model at front/Back face at side face strength
(aq—a—h—p,—py— VG/VC)(U Uy | O Vs c, | v Mim M E iy, A Vs M 7. M
v | Ful o | 7 |5 @ Mopes | Mrpy | 7 @ v, o) ——————"’—M T —"-Md. )
E-500-500-180-0.3-0.3-0 5.68 1 0.00 { 477 |0.128] 4.94 1.44 1.07 0.00 5.03 0.95 1.08
E-500-500-180-0.3-0.3-25 [ 5.55 | 0.39 | 4.07 |0.128] 4.94 1.40 1.29 0.43 3.98 1.02 1.17
E-500-500-180-0.3-0.3-50 [ 541 ) 0.77 | 3.37 |0.128| 4.94 137 151 0.86 2.92 1.19 1.32
E-500-500-180-0.3-0.3-75 | 451 | 1.00 | 2.36 |0.128] 4.94 114 1.13 1.00 2.22 1.10 1.12
E-500-500-180-0.6-0.6-0 4831000 | 463 {0172| 494 122 0.98 0.00 5.03 0.92 1.01
E-500-500-180-0.6-0.6-25 | 475 032 | 4.65 |0.172] 4.94 1.20 1.03 0.32 4.24 1.11 111
E-500-500-180-0.6-0.6-50 | 485 ) 059 | 3.67 |0.172]| 494 1.23 1.09 0.61 348 1.06 1.12
E-500-500-180-0.6-0.6-75 | 4.32 | 0.89 | 2.47 10.172| 494 1.09 0.91 0.92 2.70 0.88 097
E-500-500-180-0.9-0.9-0 459 1 0.00 | 5.10 [0.203| 4.94 1.16 0.96 0.00 5.03 1.01 1.04
E-500-500-180-0.9-0.9-25 | 4.70 ) 0.27 | 4.78 {0.203] 4.94 1.19 0.96 0.26 4.36 1.10 1.08
E-500-500-180-0.9-0.9-50 | 4.73 ] 0.51 | 3.90 {0.203| 4.94 1.20 0.97 0.50 3.74 1.05 1.07
E-500-500-180-0.9-0.9-75 {421 | 0.77 | 2.82 10.203| 4.94 1.07 0.82 0.75 3.09 0.88 0.92
E-500-500-180-1.2-1.2-0 462 | 0.00 | 519 10.227| 4.94 117 0.98 0.00 5.03 1.03 1.05
E-500-500-180-1.2-1.2-25 | 4.66 | 0.23 | 4.70 |0.227| 4.94 118 0.97 0.22 445 1.06 1.06
E-500-500-180-1.2-1.2-50 | 4.69 | 0.45 | 4.19 10.227| 4.94 1.19 0.95 043 3.90 1.09 1.07
E-500-500-180-1.2-1.2-75 | 4.17 | 0.68 | 3.14 |0.227| 4.94 1.06 0.79 0.65 3.34 0.93 0.91
(C-300-600-180-0.6-0.6-50 | 4.26 | 047 | 3.74 |0.176| 4.36 1.22 112 0.66 3.37 1.07 114
C-450-600-180-0.6-0.6-50 | 442 ) 057 | 3.51 |0.176] 4.36 1.27 1.08 0.64 342 1.01 111
C-600-600-180-0.6-0.6-50 | 4.45) 0651 3.22 |0.176] 4.36 1.27 1.06 0.64 341 0.93 1.07
C-750-600-180-0.6-0.6-50 | 461 ) 0.75 | 3.01 ]0.176] 4.36 1.32 1.03 0.66 3.37 0.89 1.06
C-900-600-180-0.6-0.6-50 | 453 | 0.83 | 2.72 |0.176] 4.36 1.30 1.04 0.68 3.30 0.82 1.00
T-600-600-180-0.6-0.6-50 | 4.45 | 0.65 | 3.22 |0.176] 4.36 1.27 1.06 0.64 341 0.93 1.07
T-600-600-195-0.6-0.6-50 | 4.84 | 052 | 3.41 |0.168| 4.69 1.27 1.09 0.51 3,74 0.90 1.06
T-600-600-210-0.6-0.6-50 | 541 | 0.43 | 3.55 |0.160] 4.96 1.32 1.11 0.41 3.98 0.88 1.07
T-600-600-225-0.6-0.6-50 | 5.74 [ 0.36 | 3.69 [0.154| 519 1.32 1.09 0.34 4.16 0.87 1.05
T-600-600-240-0.6-0.6-50 | 6.19 | 0.30 | 3.64 [0.148] 5.38 1.35 1.04 0.28 431 0.83 1.03
U-500-500-180-0.3-0.15-0 | 6.17 | 0.00 { 4.71 [0.113] 4.94 1.56 1.16 0.00 5.03 0.93 1.09
U-500-500-180-0.3-0.15-25 | 559 | 0.41 | 4.39 |0.113] 4.94 142 1.74 0.42 3.98 1.11 1.27
U-500-500-180-0.3-0.15-50 | 5.99 | 0.77 { 3.52 [0.113] 4.94 1.52 1.54 0.85 2.93 1.24 1.38
U-500-500-180-0.3-0.15-75 | 4.63 | 1.00 | 2.43 [0.113] 4.94 1.17 1.16 1.00 2.24 1.13 115
U-500-500-180-0.6-0.3-0 5.04 | 0.00 | 489 10.155[ 4.94 1.27 1.01 0.00 5.03 0.97 1.05
U-500-500-180-0.6-0.3-25 | 4.68 | 0.31 | 460 |0.155] 4.94 1.18 1.24 0.31 4.25 1.09 1.15
U-500-500-180-0.6-0.3-50 | 4.80 | 0.60 { 3.78 | 0.155[ 4.94 1.21 1.11 0.63 347 1.11 114
U-500-500-180-0.6-0.3-75 | 4.26 | 0.90 | 2.63 | 0.155] 4.94 1.08 0.92 0.94 2.67 0.98 1.00
U-500-500-180-0.9-0.45-0 | 4.33 | 0.00 | 4.89 |10.186| 4.94 1.09 1.10 0.00 5.03 0.97 1.03
U-500-500-180-0.9-0.45-25 | 4.28 | 0.27 { 4.71 [0.186| 4.94 1.08 1.08 0.26 437 1.08 1.08
U-500-500-180-0.9-0.45-50 | 4.27 | 0.53 | 4.06 |0.186] 4.94 1.08 1.00 0.53 3.70 111 1.07
U-500-500-180-0.9-0.45-75 | 4.02 | 0.80 { 3.01 [0.186] 4.94 1.02 0.85 0.79 3.03 0.99 0.95
U-500-500-180-1.2-0,6-0 416 0.00 | 4.97 [0.211] 4.94 1.05 1.03 0.00 5.03 0.99 1.02
U-500-500-180-1.2-0.6-25 | 4.02 | 0.25 | 4.0 [0.211] 4.94 1.02 0.97 0.23 444 111 1.04
U-500-500-180-1.2-0.6-50 | 425 | 0.48 | 4.28 [0.211] 4.94 1.08 0.89 0.46 3.84 113 1.03
U-500-500-180-1.2-0.6-75 | 4.07 | 0.73 | 3.37 |0.211] 4.94 1.03 0.81 0.70 3.25 1.05 0.95

w €1, €2 = Length of cross section of column parallel and normal to the directi Applied load ,ment ; % = Slab thickness ; ©: =

Steel atio of top reinforcemen t; £s = Steel ratio of bottom reinforcement ;

3000 mm for S1 series ,

series; and compressive strength e = 30.0 MPa for F series, and /o= 235 MPa for the other series.

:i: The stresses were determined by Egs. (2), (10), and (11).
* The strength of connection were calculated by Egs. (4), (6), and (15).
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Vel Ve = Gravity shear ratio; span lengths Ly, Lg =
L, Ly = 4000 mm for S2 series , L, L, = 5000 mm for S3 series, and L L, = 6000 mm for the other
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Table 1 Numerical results and strength prediction for analytical models (conti.)

N ol It Strength component Strength component Comparison of
Model i umericat resutts at front/Back face at side face strength
(a—a—h—po~0,~Ve/ Vo)V Uy | O | Vus | €y | Vu " Msus | Mrman| 0e (2) Vs 2 M 1y, M s, o
Ve Fer v, ho| v Mspes | Mpped | fa v, M 7preq. M

51-150-150-180-0.3-0.3-25] 8.23 | 0.18 | 3.61 | 0.130 [ 6.97 1.48 1.55 020 | 453 0.78 115
$1-150-150-180-0.3-0.3-75| 7.28 | 0.45 | 3.28 | 0.130 | 6.97 131 147 060 | 353 091 1.20
S1-150-150-180-1.2-1.2-25| 6.63 | 0.11 | 3.67 | 0.233 [ 6.97 1.19 0.83 011 | 477 0.76 0.89
S1-150-150-180-1.2-1.2-75| 6.23 | 0.30 | 3.57 | 0.233 [ 6.97 112 0.78 032 | 423 0.81 0.87
S1-450-450-180-0.3-0.3-25| 5.87 | 0.25 | 4.64 | 0.130 [ 5.23 1.40 1.46 022 | 4.49 1.04 1.20
S1-450-450-180-0.3-0.3-75] 591 | 0.65 | 348 | 0.130 | 5.23 141 1.39 062 | 348 1.00 1.22
S1-450-450-180-1.2-1.2-25] 513 | 0.15 | 510 [ 0.233 | 5.23 1.23 0.99 0.10 | 4.77 1.07 1.08
S1-450-450-180-1.2-1.2-75| 4.98 | 040 | 4.16 | 0.233 | 5.23 1.19 0.95 033 | 4.20 0.99 1.03
S2-200-200-180-0.3-0.3-25| 791 | 0.24 | 415 | 0.130 | 6.68 148 1.50 027 | 4.36 0.95 1.22
S52-200-200-180-0.3-0.3-75] 6.70 | 0.62 [ 3.30 | 0.130 | 6.68 1.25 141 081 | 3.02 1.12 1.25
52-200-200-180-1.2-1.2-25| 642 | 0.15 | 4.25 | 0.233 [ 6.68 1.20 0.89 0.14 | 468 0.0 0.97
S52-200-200-180-1.2-1.2-75| 595 | 041 | 3.67 | 0.233 [ 6.68 1.11 0.82 043 | 3.96 0.91 0.92
52-600-600-180-0.3-0.3-25| 4.65 | 0.33 | 4.24 | 0.130 [ 4.36 1.33 1.35 029 | 431 0.98 112
S2-600-600-180-0.3-0.3-75| 4.73 | 089 | 2.36 | 0.130 [ 4.36 1.35 1.27 087 | 2.88 0.75 1.07
S52-600-600-180-1.2-1.2-25| 4.17 | 019 | 470 ] 0.233 [ 4.36 1.20 1.01 0.15 | 4.65 1.01 1.06
52-600-600-180-1.2-1.2-75| 398 | 055 | 282 | 0.233 [ 4.36 1.14 0.86 046 | 3.88 0.66 0.88
S53-250-250-180-0.3-0.3-25| 7.09 | 0.30 | 4.37 ] 0.130 [ 6.39 1.39 1.49 034 | 4.20 1.04 1.24
S3-250-250-180-0.3-0.3-75| 594 | 0.78 | 3.07 | 0.130 | 6.39 1.16 1.31 1.00 | 253 1.31 1.25
S3-250-250-180-1.2-1.2-25| 6,07 | 0.18 | 4.60 | 0.233 | 6.39 1.19 0.94 0.18 | 459 1.00 1.03
S3-250-250-180-1.2-1.2-75] 5.60 | 0.51 | 353 | 0.233 | 6.39 1.10 0.84 054 | 3.70 0.95 0.94
S3-750-750-180-0.3-0.3-25| 3.93 | 041 [ 393 |0.130 | 3.49 141 1.38 036 | 413 0.95 1.11
S3-750-750-180-0.3-0.3-75| 333 | 1.00 | 1.88 ] 0.130 [ 3.49 1.19 0.93 1.00 | 232 0.71 0.94
S3-750-750-180-1.2-1.2-25| 3.70 | 0.24 | 447 | 0.233 | 3.49 1.33 1.04 0.19 | 455 0.98 1.08
S3-750-750-180-1.2-12-75| 342 | 0.70 | 2.40 | 0.233 | 3.49 1.22 0.80 058 | 358 0.57 0.84
F-500-500-180-0.3-0.3-0 | 658 | 0.00 [ 519 [0.115| 4.94 1.66 1.09 0.00 | 5.03 1.03 1.17
F-500-500-180-0.3-0.3-65 | 5.77 | 093 [ 3.11 | 0.115| 4.94 1.46 1.53 0.94 2.69 1.21 1.37
F-500-500-180-0.6-06-0 | 5.39 | 0.00 | 5.12 10.156 [ 4.94 1.36 1.03 000 | 5.03 1.02 1.10
F-500-500-180-0.6-0.6-65 | 527 | 0.75 | 3.40 | 0.156 | 4.94 1.33 1.13 0.78 | 310 112 1.20
F-500-500-180-0.9-0.9-0 | 499 | 0.00 | 557 | 0.184 [ 494 1.26 0.97 000 | 5.03 1.11 1.1l
F-500-500-180-0.9-0.9-65 | 5.03 | 0.62 | 355 | 0.184 [ 4.94 1.27 0.95 0.65 | 342 1.04 1.08
F-500-500-180-1.2-12-0 | 4.97 | 0.00 | 564 {0.207 | 4.94 1.26 0.99 0.00 | 5.03 112 1.12
F-500-500-180-1.2-1.2-65 | 4.98 | 059 | 3.76 ]0.207 [ 494 1.26 0.90 057 | 3.62 1.05 1.06
Mean 1.08
Standard deviation 0.110

Dy e = Length of cross section of column parallel and normal to the direction of bending moment ; % = Slab thickness ; ©#: =
Steel ratio of top reinforcement ; € = Steel ratio of bottom reinforcement ; Vc/ Ve = Gravity shear ratio ; span lengths Ll, L, -
3000 mm for SI series, L1, Ly = 4000 mm for S2 series, L1, Lz = 5000 mm for S3 series, and L1, Lz = 6000 mm for the other

series; and compressive strength J& = 300 MPa for F series, and fea= 235 MPa for the other series.
@ The stresses were determined by Egs. (2), (10), and (11)
% The strength of connection were calculated by Eqgs. (4), (6), and (15).

e AG-a=G—h—0— 0= Vol Vool olw, a=  Asklg (percent), Li, Ly = 3815 wgat 1 2zhy
3% At 7% £ (mm), 6=35F Aawst ol zudololrt. o Wl i HAHEAE oSt
3 N5 % (mm), =22 $A (mm), e=gpae B 0 Vel V=06, 0.3=0, 0=1.20%),
H] (percent), @=3P-224] (percent), Vd/ Vo= H% 0.06=c/Ly, e/ L,=0.15, 0.03 = #/L,=0.06,
Ro ARTAAS dul FYsFo] P HAATH9 3000<Ly , L, <6000 (mm)
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Table 2 Strength prediction for

experimental specimens

Re;inforcemen}l) Comparison of
Soecimen Ll Ly ¢, | e o | £ |10 (percent) | Thickness| Vi/ V,| strength
o (mm) | (mm) | (mm) | (mm)|(MPa)|(MPa)| Top | Bottom| ™™ | (percent)| M e,
My
S1 [1829]1829| 305 | 305 | 457 | 3225 | 054 | 054 76.2 3 0.79
. S2 [1829(1829] 305 | 305 | 351 [ 3300 082 | 082 76.2 3 0.90
Morison and
o S3 | 1829|1829 305 | 305 | 339 |3349| 1.09 | 109 762 3 0.89
sozen s4 18291829 305 | 305 | 349 {3197 | 068 | 082 762 7 0.86
S5 [ 18291829 305 | 305 | 351 3397 | 082 | 0.82 762 15 0.90
1 2743|2286 229 | 229 | 273 | 3565 090 | 0.45 889 25 0.86
Islam and park'” 2 [274312286 | 229 | 229 | 319 {3734 | 090 | 045 889 23 0.99
3C | 2743122861 229 | 229 | 297 | 3156 | 090 | 045 889 24 1.02
Robertson™ 81 2896 (1981 | 254 | 254 | 39.3 | 5243 | 070 | 070 1143 18 080
Durrani and Tuo™ |—LL_| 289611981 | 254 | 254 | 207 | 3803 | 052 | 0.00 1143 8 0.74
INT1 | 3048 [ 2806 | 254 | 254 | 309 [ 4175] 049 | 0.00 114.3 43 0.78
Al2 |1829 (1219 | 152 | 152 | 332 | 3721 122 | 122 762 29 0.94
Hanson and A13L | 182901219 152 | 152 | 328 | 3700 | 122 | 122 76.2 29 0.92
hanson'” B16 [1829(1219| 305 | 152 | 304 | 3404 | 122 | 122 76.2 29 0.69
C17 |18291219] 152 | 305 | 360 | 3411 | 122 | 122 762 24 0.92
Zee and moehle™ | INT |[1829|1829| 137 | 137 | 262 [ 4348 | 057 | 046 61.0 24 107
Pant and mochie!? 1 [3658|3658| 274 | 274 | 333 | 4713 | 067 | 025 1219 35 0.74
3 | 3658|3658 | 274 | 274 | 313 {4713 076 | 025 1219 2 111
S1 [3658|2134| 305 | 305 | 234 [ 4589 | 065 | 038 152.4 45 0.92
Hawkins et al'” S2 | 3658|2134 305 | 305 | 232 | 4596 | 142 | 066 1524 89 0.73
S4 | 3658|2134 | 305 | 305 | 265 | 4589 | 069 | 0.36 152.4 80 0.83
1 26902690 300 | 200 | 35.1 | 4568 | 068 | 0.44 80.0 0 0.80
7) 2 | 2690|2690 | 300 | 200 | 351 | 4568 | 068 | 0.44 80.0 0 0.80
Farhey et al
3 | 2690 {2690 ] 300 | 200 | 150 | 4568 | 068 | 0.44 80.0 % 0.70
4 |2690 (2690 300 | 120 [ 150 [ 4568 | 068 | 044 80.0 30 069
DNY1 | 2896 | 1981 | 254 | 254 | 353 [ 3721 | 052 | 0.00 1143 2 0.80
Durrani and du® |DNY3|2896 | 1981 | 254 | 254 | 246 [ 3721 | 052 | 0.00 1143 24 093
DNY4 | 2896 | 1981 | 254 | 254 | 191 {3721 | 052 | 0.0 1143 28 093
1 28961981 | 254 | 254 | 380 | 5002 | 074 | 074 1143 21 0.75
2C | 2896|1981 | 254 | 254 | 330 | 5002 074 | 074 1143 22 0.80
Robertson and
1 3SE |2896 | 1981 | 254 | 254 | 440 [ 5002 | 074 | 074 1143 19 0.80
durrani 45 | 2806 | 1981] 254 | 254 | 438 | 5002 | 074 | 074 1143 19 0.82
550 [ 28961981 | 254 | 254 | 380 {5002 | 074 | 074 1143 21 0.78
SM05{1830 | 1830 | 305 | 305 | 368 | 4700 | 043 | 014 1520 29 081
SM1.0| 1830 | 1830 | 305 | 305 | 334 [ 4700 | 087 | 029 152.0 31 081
Amin ghali” SM1.5{1830 [ 1830 305 | 305 | 400 | 4700 | 130 | 043 152.0 28 0.69
DMOS5 | 1830 | 1830 | 305 | 305 | 44.1 | 4700 043 | 0.14 1520 19 091
DM1.0 | 1830 | 1830 | 305 | 305 | 327 | 4700 | 087 | 029 152.0 29 1.02
DM1.5] 1830 | 1830 | 305 | 305 | 425 | 4700 | 1.30 | 043 152.0 27 097
Mean 0.85
Standard deviation 0.108
) The ratios were calculated for gross area.
Ers ERHEE 25l SA0|E-V|E MefRe Ay ed 969



Table 3 Modified strength prediction for experimental specimens

Prediction for continuous plate Actual condition
Specimen Ve M M., Ve Mg Moy,

(kN) (kN.m) M prea. (kN) (kN.m) M pres

Pan and 1 282 6.1 0.74 51.8 12.7 1.08
Moehle!” 3 260 37 1.11 494 57 1.22
Farhey 1 0 0 0.80 8.0 4.3 0.86
7 3 7.3 1.2 0.70 9.75 19.1 0.88

et al 4 83 135 069 118 164 0.86
SMO0.5 323 3.8 0.81 413 12.0 1.08

SML1.0 323 38 0.81 51.0 12.9 1.02

Amin SM1.5 323 38 0.69 50.3 159 0.86
Ghali® DMO0.5 225 2.6 0.91 24.3 75 1.04
DM1.0 30.0 35 1.02 46.2 99 1.20

DM1.5 32.3 38 0.97 464 10.4 1.10

Mean 0.82 1.02

Standard deviation 0.128 0.129

[$9)

O Prediction for continuous plate
2 @ Prediction for actual condition
e 4
s m]
g 1 - hd E'Iﬂo ¢
: . =
= om O
1 4
0 . v T T
0 10 20 30 40 50

V/V ¢ (percent)

Fig. 14 Strength prediction for experiments
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KCI (ACI) design method Proposed design method
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Fig. 15 Comparison of KCI and proposed design method
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