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ABSTRACT

Flat plate structures under lateral load are susceptible to punching shear failure of the slab-column connection. To
prevent such brittle failure, strength and ductility of the connection should be ensured. However, due to complexity
in the behavior and difficulty in simulating the actual load and boundary conditions of the flat plate system, it is not
easy to obtain reliable data regarding to the strength and ductility from the previous experimental studies.

In the present study, a numerical study was performed for interior connections of continuous flat plate. For the
purpose, a computer program for nonlinear FE analyses was developed, and the validity was verified by comparisons
with the existing experimental results. Through the parametric studies, the variations of bending moment, shear, and
torsional moment around the connection were investigated. Based on the findings of the numerical studies, the
aspects which need to be improved in current design methods were discussed. The results of the present study will
be used for developing a design method for the flat plate-column connection in the companion paper.
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Fig. 4 Test setup: Moehle's experiment
Table 1 Dimensions and properties of specimens
Reinforcement ratio|,. . 2) :
Specimen Ly L, Cy %) Sk Fy |(percent) Th(lﬁlkmﬂfss Vel Ve FMa(J)I(}llég
(mm) | (mm)} | (mm) | (mm) | (MPa) | (MPa) Top Bottom (percent)
Ghali SM 0.5 1830 1830 305 305 368 | 4700 0.43 0.14 152 29 F
Ghali SM 1.0 1830 1830 305 305 334 | 4700 0.87 0.29 152 31 F
Ghali SM 1.5 1830 1830 305 305 40.0 | 470.0 1.30 0.43 152 28 F
Ghali DM 05 1830 1830 305 305 441 | 470.0 0.43 0.14 152 19 F
Ghali DM 1.0 1830 | 1830 305 305 327 | 4700 0.87 0.29 152 29 F
Ghali DM 15 1830 1830 305 305 425 | 4700 1.30 0.43 152 27 F
Farhey specimen 1 | 2690 | 2690 300 200 3b.1 4576 0.68 0.44 80 0 F
Farhey specimen 3 | 2690 | 2690 300 200 150 | 4576 0.68 0.44 80 26 P
Farhey specimen 4 | 2690 | 2690 300 120 150 | 4576 0.68 0.44 80 30 P
Moehle specimen 1 | 3660 | 3660 274 274 332 | 4113 0.67 0.25 120 35 F
Moehle specimen 3 | 3660 | 3660 274 274 313 | 4713 0.76 0.25 120 22 F
v ’I‘he ratios were calculated for gross area.
2 The ratio of gravity load to nominal shear capacity of concrete, 0.33V7,, (MPa).
¥ Failure modes were determined by analysis of numerical results: F = flexural failure; P = punching failure.
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Table 2 Analytical models and results

Reinforcement Drift” at i
Model Ll L2 C| € fck fy ratio (Dercent)(l) h VG/ Vc Manaly. _]Igﬁ% Manaly (Driftw) Fl\‘/aiﬂolg:
- |(percent)| G
{mm) | (mm) | (mm)| (| (VP2) | (MPe) Top | Bottom (mm)|(percent)| (kN.m) KCI®| (percent)

E-500-500-180-0.3-0.3-0 | 6000 | 6000
E-500-500-180-0.3-0.3-25 | 6000 | 6000
E-500-500-180-0.3-0.3-50 | 6000 | 6000
E-500-500-180-0.3-0.3-75 | 6000 | 6000
E-500-500-180-0.6-0.6-0 | 6000 | 6000
E-500-500-180-0.6-0.6-25 | 6000 | 6000
E-500-500-180-0.6-0.6-50 | 6000 | 6000
E-500-500-180-0.6-0.6-75 | 6000 | 6000
E-500-500-180-0.9-0.9-0 | 6000 | 6000
E-500-500-180-0.9-0.9-25 | 6000 | 6000
E-500-500-180-0.9-0.9-50 | 6000 | 6000
E-500-500-180-0.9-0.9-75 | 6000 | 6000
E-500-500-180-1.2-1.2-0 | 6000 | 6000
E-500-500-180-1.2-1.2-25 | 6000 | 6000
E-500-500-180-1.2-1.2-50 | 6000 | 6000
E-500-500-180-1.2-1.2-75 | 6000 | 6000
C-300-600-180-0.6-0.6-50 | 6000 | 6000
C-450-600-180-0.6-0.6-50 | 6000 | 6000
C-600-600-180-0.6-0.6-50 | 6000 | 6000
C-750-600-180-0.6-0.6-50 | 6000 | 6000
C-900-600-180-0.6-0.6-50 | 6000 | 6000
T-600-600-180-0.6-0.6-50 | 6000 | 6000
T-600-600-195-0.6-0.6-50 | 6000 | 6000
T-600-600-210-0.6-0.6-50 6000 | 6000
T-600-600-225-0.6-0.6-50| 6000 | 6000
T-600-600-240-0.6-0.6-50 | 6000 | 6000
U-500-500-180-0.3-0.15-0 | 6000 | 6000
U-500-500-180-0.3-0.15-25 | 6000 | 6000
U-500-500-180-0.3-0.15-50 | 6000 | 6000
U-500-500-180-0.3-0.15-75 | 6000 | 6000
U-500-500-180-0.6-0.3-0 | 6000 | 6000
U-500-500-180-0.6-0.3-25 | 6000 | 6000
U-500-500-180-0.6-0.3-50 | 6000 | 6000
U-500-500-180-0.6-0.3-75 | 6000 | 6000
U-500-500-180-0.9-0.45-0 | 6000 | 6000
U-500-500-180-0.9-0.45-25 | 6000 | 6000
U-500-500-180-0.9-0.45-50 | 6000 | 6000
U-500-500-180-0.9-0.45-75 | 6000 | 6000
U-500-500-180-1.2-0.6-0 | 6000 | 6000
U-500-500-180-1.2-0.6-25] 6000 | 6000
U-500-500-180-1.2-0.6-50 | 6000 | 6000
U-500-500-180-1.2-0.6-75 | 6000 | 6000
‘(;; The ratios were calculated for gross area. _ N

Moment-carrying capacity of connection specified in current design provisions of KCL
’ Drift at maximum load-carrying capacity.

z;’ Drift at 80 percents of maximum load-carrying capacity.
" F = flexural failure ; P = punching failure.

2351392 | 03 03 180 0 289 0.89 1.49 1.67
2357392 03 0.3 180 25 263 1.01 1.26 1.50
235392 | 03 03 180 50 237 1.22 1.03 1.33
2353921 03 0.3 180 75 166 1.29 1.08 1.21
2351392 | 06 0.6 180 0 327 1.01 1.38 1.52
235392 | 06 0.6 180 25 321 1.25 1.27 147
2351392 | 06 0.6 180 50 287 148 1.13 1.32
235|392 | 06 0.6 180 (£ 214 1.66 1.08 1.20
2351392 | 09 09 180 334 1.18 1.28 1.49
2351392 | 09 09 180 368 1.43 1.26 1.44
235]392 | 09 09 180 332 1.71 114 1.32
2351392 | 09 09 180 259 2.00 1.04 1.19
235|392 | 1.2 1.2 180 432 1.33 1.21 1.37
236392 12 1.2 180 406 1.58 1.16 1.34
2351392 | 12 1.2 180 380 1.95 1.10 1.31
2351392 | 12 12 180 301 2.33 0.98 115
235413 | 06 0.6 180 222 2.02 0.98 121
235|413 | 06 0.6 180 279 1.59 1.15 1.35
235|413 | 06 06 180 334 1.35 1.24 1.51
2354131 06 06 180 387 1.26 1.28 1.72
2351413 | 06 06 180 425 1.15 1.35 1.96
235|413 | 06 06 180 334 1.35 1.24 1.51
2351413 | 06 06 19 416 1.34 1.12 1.32
235|413 | 06 0.6 210 504 1.35 1.02 1.16
235|413 | 06 06 225 588 1.33 094 1.07
2351413 06 06 240 667 1.30 0.89 097
235]392 | 03 015 |180 275 0.85 1.49 1.69
235392 | 03 015 | 180 264 1.02 1.21 1.55
235(392| 03 015 |180 226 117 1.24 1.41
235392 | 03 015 | 180 152 1.18 1.06 1.19
2351392 | 06 0.3 180 314 097 141 1.59
235]392 | 06 0.3 180 301 1.16 1.19 145
2351392 | 06 03 180 260 1.34 114 1.32
235|392 | 06 03 180 192 1.50 0.99 1.17
2351392 | 09 045 | 180 349 1.08 1.23 1.47
2351392 | 09 045 | 180 332 1.28 114 1.39
235]392 | 09 045 | 180 295 152 1.07 1.27
2351392 | 09 045 | 180 233 1.81 0.96 1.16
235|392 12 06 180 379 1.17 121 1.42
2351392 12 06 180 25 359 1.39 114 1.36
235392 | 12 0.6 180 50 327 1.68 1.09 1.26
235392 | 12 0.6 180 75 274 213 0.97 1.16

< |38 8= |7 |SR|<|H|S R (< |S1B|8|B(3|2|8 8182|318 H|= |33 |8

SHEEEEEEEEEEEEEEEEEEEEEEEEEEEEHEEEEEEEEEEEEE
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Table 2 Analytical models and results (Conti.)

. AR
Model Ll LZ Ccp| C2 f ck f y rgg;nim?t 3 VG/ Vc M analy. M DanZnaljt Dﬁftw Fallure
() | (mm) | () | (mm) | (MPa) | (MPa) Top | Bottom (mm) | (percent)| (kN.m) | M gy (Dementj (percent)| "'
S1-150-150-180-0.3-0.3-25 | 3000{3000| 150 § 150 [ 235 | 413 | 0.3 0.3 180 25 83 1.46 0.52 0.72 F
S1-150-150-180-0.3-0.3-75 | 3000 3000| 150 | 150 | 235 | 413 { 0.3 0.3 180 75 71 251 051 0.66 P
S1-150-150-180-1.2-1.2-25 | 300043000 150 | 150 | 235 | 413 | 1.2 1.2 180 25 120 2.11 052 0.73 F
S1-150-150-180-1.2-1.2-75 {3000{30001 150 [ 150 { 235 | 413 | 1.2 1.2 180 5 110 385 054 0.66 P
S1-450-450-180-0.3-0.3-25 | 30003000 450 | 450 | 235 | 413 | 0.3 0.3 180 25 259 1.16 0.92 121 F
S51-450-450-180-0.3-0.3-75 | 3000|3000} 450 | 450 | 235 | 413 | 03 0.3 180 75 210 175 0.83 0.92 P
S1-450-450-180-1.2-1.2-25 [ 3000|3000 450 [ 450 | 235 | 413 | 1.2 12 180 25 391 1.71 0.89 1.06 F
S1-450-450-180-1.2-1.2-75 3000|3000 450 [ 450 | 235 | 413 | 1.2 1.2 180 5 341 2.84 0.77 0.87 P
S2-200-200-180-0.3-0.3-25 1400014000| 200 { 200 | 235 | 413 | 03 0.3 180 25 109 143 0.69 0.8 F
S52-200-200-180-0.3-0.3-75 | 4000]4000] 200 | 200 | 235 | 413 | 03 0.3 180 75 87 2.29 0.65 0.76 P
S2-200-200-180-1.2-1.2-25 1400014000 200 { 200 | 235 | 413 | 1.2 12 180 25 161 2.10 0.69 0.84 F
S2-200-200-180-1.2-1.2-75 | 4000|4000 200 [ 200 { 235 | 413 | 1.2 12 180 75 140 3.68 0.69 0.76 P
S2-600-600-180-0.3-0.3-25 |4000]4000| 600 | 600 [ 235 | 413 | 03 0.3 180 25 332 0.98 1.18 152 F
52-600-600-180-0.3-0.3-75 14000{4000| 600 1 600 | 235 | 413 | 03 03 180 5 226 1.34 0.98 115 P
S2-600-600~180-1.2-1.2-25 | 400014000 600 | 600 | 235 | 413 | 1.2 1.2 180 25 512 151 110 1.37 F
S2-600-600-180-1.2-1.2-75 14000{4000]| 600 | 600 | 235 | 413 | 1.2 1.2 180 75 376 2.23 1.00 1.16 P
S§3-250-250-180-0.3-0.3-25 | 5000|5000 250 | 250 | 235 | 413 | 0.3 0.3 180 25 134 1.35 0.83 1.01 F
S53-250-250-180-0.3-0.3-75 |500015000| 250 | 250 | 235 | 413 | 03 0.3 180 5 98 1.98 0.80 0.87 P
S3-250-250-180-1.2-1.2-25 15000150001 250 [ 2501 235 | 413 | 1.2 12 180 25 203 205 0.82 097 F
S53-250-250-180-1.2-1.2-75 |500015000| 250 | 250 [ 235 | 413 | 1.2 1.2 180 7 168 3.39 0.82 0.90 P
S53-750-750-180-0.3-0.3-25 | 5000]5000| 750 | 750 | 235 | 413 | 0.3 0.3 180 25 392 0.90 1.37 1.96 F
S3-150-750-180~0.3-0.3-75 |5000{5000] 750 | 750 | 235 | 413 | 03 0.3 180 75 203 1.07 1.09 1.60 P
S3-750-750-180-1.2-1.2-25 |5000|5000{ 750 | 750 | 235 | 413 | 1.2 12 180 25 622 1.42 1.36 1.70 F
S3-750-750-180-1.2-1.2-75 1500015000} 750 | 750 | 235 | 413 | 12 1.2 180 I) 412 217 113 147 P
F-500-500- 180-0.3-0.3-0 [6000{6000{ 500 | 500 { 30.0 | 392 | 0.3 0.3 180 0 342 0.93 1.70 1.90 F
F-500-500-180-0.3-0.3-65 [6000 (6000} 500 | 500 | 30.0 | 392 | 0.3 0.3 180 66 242 141 1.08 1.38 P
F-500-500-180-0.6-0.6-0 [6000|6000| 500 | 500 | 300 | 392 | 06 0.6 180 0 385 1.05 1.56 1.76 F
F-500-500 - 180-0.6-0.6-65 |6000{6000| 500 | 500 | 30.0 | 392 | 06 0.6 180 66 300 175 114 1.31 P
F-500-500~-180-0.9-09-0 16000{6000{ 500 1 500 | 300 | 392 | 09 09 180 0 441 1.20 1.45 163 F
F-500-500-180-0.9-0.9-65 |6000|6000| 500 | 500 | 30.0 | 392 | 09 0.9 180 66 337 1.97 1.22 1.36 P
F-500-500-180-1.2-1.2-0 [6000{6000{ 500 { 500 | 30.0 | 392 | 1.2 12 180 0 492 1.34 1.36 1.62 F
F-500-500-180-1.2-1.2-65 [6000]6000} 500 | 500 | 30.0 | 392 | 1.2 1.2 180 66 383 2.24 1.21 1.35 P
‘" The ratios were calculated for gross area.
zi)) quenvcarr.ying capacity of _connection specified in current design provisions of KCL
Drift at maximum load-carrying capacity.
“ Drift at 80 percents of maximum load-carrying capacity.
® B = flexural failure ; P = punching failure.
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Fig. 9 Drift at maximum moment-carrying capacity
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Fig. 12 Behavior of resistance components of E-500-500-180-0.9-0.9-25 :
(a) Total moment ; (b), (c) Moments due to eccentric shear at front and back ;
(d), (e) Bending moments of front and back slabs ; and (f) Torsional moment of side faces
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Fig. 13 Behavior of resistance components of E-500-500-180-0.9-0.9-75 :
(a) Total moment ; (b), (c) Moments due to eccentric shear at front and back ;
(d), (e) Bending moments of front and back slabs ; and (f) Torsional moment of side faces
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