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ABSTRACT

Exterior plate-column connection has an unsymmetrical critical section for eccentric shear of which perimeter is less
than that of interior connection, and hence, around the connection, unbalanced moment and eccentric shear are developed
by both gravity load and lateral loads. Therefore, exterior connection is susceptible to punching shear failure. Current
design provision cannot accurately explain strength of existing experiments, partly due to the complexity in the behavior
of exterior plate—column connection, or partly due to the theoretical deficiency of the strength analysis model adopted. In
the present study, nonlinear finite element analyses were performed for exterior connections belonging to continuous flat
plate. For each direction of lateral load, the behavior and strength of exterior plate-column connection were quite
different. Based on the numerical result, strength prediction model for exterior connection was proposed for each
direction of lateral load. Compared with existing experiments, the proposed method was verified.

Keywords : flat plate, exterior connection, eccentric shear, seismic design, unbalanced moment
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Center of plate

Fig. 1 Components of resistance moment at exterior
connection
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Fig. 2 Comparison between experiment and strength
predicted by KCI or ACI design provision
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Table 1 Dimensions and properties of specimens
o | L L] e | | a| g | T Toe] veve
(mm) | (mm) | (mm) | (mm) | (MPa) | (MPa) [ o0 Bottom (mm) (%)
Luo”'s IE - 130002000 | 250 | 250 | 20.7 319 0.37 0.28 115 57
bl | 2743 | 1,830 | 163 | 163 | 218 456 0.55 0.41 81 28.0
ol b4 2743 | 1830 | 163 | 163 | 218 456 0.48 0.39 81 280
Hwang et al.
cl | 2743 | 1830 | 244 | 122 | 218 456 0.65 0.48 81 28.0
c4 | 27431 1,830 | 244 | 122 | 218 456 0.56 047 81 28.0

5] -
The ratios were calculated for gross area

® The ratio of direct shear to nominal shear capacity of concrete, 0.33 V7. (MPa)
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Fig. 4 Test setup of Hwang and Moehle’s slab
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Fig. 6 Finite element model of flat plate
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Table 2 Analytical models and numerical results

; @ @ @
- LilL |a (e | fulf |Mratesat | k| Vol Ve Mot ") Mo =) Mo
() | () [(amim) () | (MP) | MP) |0 Taotiom| ™™ 0 | i | ey | (oNomy
E-500-500-180-0.3-0.3-0 | 6000 | 6000 | 500 | 500 | 235 | 392 | 0.3 0.3 180 0 132 132 181
E-500-500-180-0.6-0.6-0 | 6000 | 6000 | 500 | 500 | 235 | 392 | 06 0.6 180 0 169 169 227
E-500-500-180-0.9-0.9-0 | 6000 | 6000 | 500 | 500 | 235 | 392 | 09 0.9 180 0 201 201 264
E-500-500-180-1.2-1.2-0 | 6000 | 6000 | 500 | 500 | 23.5 | 392 1.2 1.2 180 0 231 231 297
E-500-500-180-0.3-0.3-25 | 6000 | 6000 | 500 | 500 | 235 | 392 | 0.3 0.3 180 25 123 130 168
E-500-500-180-0.6-0.6-25| 6000 | 6000 | 500 | 500 | 235 | 392 | 06 0.6 180 25 158 172 204
E-500-500-180-0.9-0.9-25 | 6000 | 6000 | 500 | 500 | 235 | 392 | 09 09 | 180 25 191 205 243
E-500-500-180-1.2-1.2-25| 6000 | 6000 | 500 | 500 | 23.5 | 392 1.2 1.2 180 25 220 236 276
E-500-500-180-0.3-0.3-50 | 6000 | 6000 | 500 | 500 | 235 | 392 | 03 0.3 180 50 110 60 125
E-500-500-180-0.6-0.6-50 | 6000 | 6000 | 500 | 500 | 235 1 392 | 0.6 06 | 180 50 146 149 161
E-500-500-180-0.9-0.9-50 | 6000 | 6000 | 500 | 500 | 23.5 | 392 | 09 09 | 180 50 176 190 205
E-500-500-180-1.2-1.2-50 | 6000 | 6000 | 500 | 500 | 235 | 392 1.2 1.2 180 50 204 225 237
U-500-500-180-0.3-0.15-50| 6000 | 6000 | 500 | 500 | 235 | 392 | 0.3 015 | 180 50 110 73 113
U-500-500-180-0.6-0.3-50| 6000 | 6000 | 500 | 500 | 235 | 392 | 06 0.3 180 50 144 96 142
U-500-500-180-0.9-0.45-50| 6000 | 6000 | 500 | 500 | 235 | 392 | 09 0.45 | 180 50 173 147 170
U-500-500-180-1.2-0.6-50| 6000 | 6000 | 500 | 500 | 235 | 392 1.2 0.6 180 50 197 174 212
C-300-600-180-0.6-0.6-50 | 6000 { 6000 | 300 | 600 | 235 | 392 | 0.6 0.6 180 50 81 89 112
C-300-300-180-0.6-0.6-50 | 6000 | 6000 | 300 | 300 | 235 | 392 | 06 06 | 180 50 89 96 104
C-900-600-180-0.6-0.6-50| 6000 | 6000 | 900 | 600 | 235 | 392 | 06 06 | 180 50 256 225 291
H-500-500-210-0.6-0.6-50| 6000 | 6000 | 500 | 500 | 235 | 392 | 06 06 | 210 50 154 157 157
L-500-500-180-0.6-0.6-50 | 4000 | 4000 | 500 | 500 | 235 | 392 | 06 0.6 180 50 147 155 186
;;; The ratios were calculated for gross area. . .
Maximum moment-carrying capacity in numerical analysis for lateral load Eiy, Ew, and Ea.
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Table 3 Strength prediction for analytical models

E y E b E ) E M(n E lb(n E 2<1) E 1f<2) E lf(s)
MOdEI M Fanaly M Sanaly. M Tanaly. M analy M analy, M analy. M analy. M analy. M analy. M analy. M analy.
M Fpred. M Spred. M Tpred. M pred., M pred. M pred, M pred. M pred. M pred. M KCI M Moehle
E-500-500-180-0.3-0.3-0 0.81 0.85 0.72 0.75 0.75 0.96 095 0.95 1.02 1.28 3.0
E-500-500-180-06-06-0 1.19 0.74 0.84 0.86 0.86 0.93 113 1.13 1.09 1.64 2.00
E-500-500-180-09-09-0 126 0.72 095 0.95 0.95 0.91 1.26 1.26 111 1.95 1.65
E-500-500-180-1.2-12-0 1.33 0.74 1.03 1.03 1.03 0.90 1.37 1.37 1.13 2.24 148
E-500-500-180-0.3-0.3-25 0.78 1.11 092 0.94 1.00 1.05 0.89 094 097 0.96 249
E-500-500~180-06-06-25 1.14 0.89 0.90 0.93 1.01 092 1.06 1.15 1.00 1.22 1.70
E-500-500-180-09-09-% 1.20 0.83 0.98 0.99 1.06 0.90 1.20 1.29 1.04 1.49 145
E-500-500-180-1.2-1.2-2%5 1.31 0.81 1.04 1.04 1.12 0.89 1.31 1.40 1.07 1.71 1.32
E-500-500-180-0.3-0.3-50 0.89 1.20 1.48 1.32 072 0.9 0.79 0.67 0.74 1.00 1.86
E-500-500-180-0.6-0.6-20 1.05 097 1.00 1.00 1.02 0.81 0.98 0.99 0.80 1.34 1.38
E-500-500-180-09-09-50 1.16 0.89 0.98 0.99 1.07 0.81 1.10 1.19 0.90 1.60 1.21
E-500-500-180-1.2-1.2-50 1.24 0.87 1.01 1.03 1.13 0.80 121 1.34 093 1.83 1.13
U-500-500-180-0.3-015-50 | 0.93 1.38 1.49 1.39 097 0.99 0.79 054 0.70 1.01 1.85
U-500-500-180-0.6-0.3-50 1.15 1.02 095 0.99 0.73 0.82 0.96 0.69 0.77 1.31 1.37
U-500-500-180-09-045-50 | 1.02 0.86 099 0.97 0.94 0.78 1.09 1.02 032 1.56 1.19
U-500-500-180-1.2-0.6-50 1.19 0.79 098 0.98 1.02 0.83 117 117 093 1.81 1.08
C-300-600-180-06-06-50 062 0.82 1.06 0.89 0.98 0.56 095 1.05 0.65 0.93 0.88
C-300-300-180-06-06-50 118 097 1.37 1.24 1.33 0.91 131 141 0.99 1.78 1.47
C-900-600-180-06-0.6-50 1.74 1.21 0.76 0.94 0.83 121 0.77 0.67 091 1.30 1.4
H-500-500-210-06-0.6-50 1.00 0.90 0.69 0.78 0.79 057 0.80 0.81 0.58 1.08 097
L-500-500-180-06-06-50 1.10 1.03 0.85 0.92 0.97 0.89 0.98 1.04 0.93 1.35 1.40
Mean - - - 1.00 0.93 0.90 1.01 0.99 0.91 1.39 1.40
Standard deviation - - - 0.149 0.149 0.137 0.188 0.256 0.152 0.360 0.59
‘"' Moment-carrying capacity of connection predicted by simplified method.
@ Moment-carrying capacity of connection predicted by eccentric shear model of KCI and ACI.
® Moment-carrying capacity of connection predicted by Moehle's suggestion in ACL
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Table 4 Analytical models and prediction of strength

Model™ c1 Cy e Iy Remforcg:mefpt | Vel Vel Mep. 0| Moo, 3| Mesp. 0| Mexp.

(mm) | (mm) | (MPa) | (MPa)| Tatio %) | (mm) (percent) | M prea. M prea. M acr M yoense

EL | 305 | 305 | 225 | 462 064 165 | 258 097 115 1.19 1.06

E2 | 406 | 406 | 295 | 421 0.93 178 | 300 1.07 1.22 1.26 112

Hawkins et al. | E3 | 495 | 203 | 226 | 441 11 178 | 345 0.94 1.08 154 0.83
ESI | 305 | 305 | 281 | 421 L11 178 | 325 121 138 146 097

ES3 | 305 | 305 | 204 | 421 L1l 178 | 267 122 1.40 15 103

Hanson et al. D5 | 152 | 152 | 311 | 365 1.22 76 180 112 1.38 163 115
IE | 254 | 254 | 207 | 381 0.39 14 | 126 0.77 0.95 1.03 1.66

Durrani and Luo| EXT1 | 254 | 254 | 312 | 418 0.44 114 | 141 0.74 0.89 0.95 151
EXT2 | 254 | 254 | 321 | 418 0.44 14 | 202 0.90 102 1.03 173

Robetson. PE9 | 254 | 254 | 393 | 525 0.66 114 | 242 1.12 1.34 1.40 147
SE4 | 300 | 200 | 355 | 480 057 165 | 1167 1.25 1.16 -© -

Regan SE7 | 200 | 300 | 266 | 480 057 165 | 1151 1.27 150 - )
SE9 | 250 | 250 | 419 | 480 0.29 165 | 704 1.38 1.29 2.47 1.83

SE10 | 250 | 250 | 411 | 480 0.29 165 | 658 1.34 131 218 1.90

DNYL | 254 | 254 | 353 | 372 0.38 14 | 237 0.89 0.92 0.89 1.96

Durrani and Du | DNY2 | 254 | 254 | 257 | 3, 0.38 14 | 340 0.85 0.83 0.75 141
DNY3 | 254 | 254 | 246 | 37 038 114 | 283 0.99 1.04 0.98 1.89

¢ | 254 | 254 | 330 | s01 0.70 14 | 308 114 1.30 1.30 1.32

Robetson et al. | 7 | 254 | 254 | 308 | 525 0.70 14 | 396 1.03 115 1.16 1.04
6LL | 254 | 24 | 322 ] 595 0.70 14 | 474 115 1.24 145 112

Falmaki et al. | W5_B | 200 | 200 | 268 | 500 0.67 100 | 651 1.00 1.06 185 078
C/E/1 | 127 | 127 | 315 | 448 1.14 76 1245 0.76 0.91 - -

Stamenkovic C/E2 | 127 | 127 | 330 | 4% 114 % | 908 1.19 143 _© @
C/E/3 | 127 | 127 | 340 | 49 1.14 76 407 127 155 174 0.99

et al. C/E/A | 127 | 127 | 218 | 4% 114 % | 198 1.20 146 184 0.95
M/ER ]| 127 | 127 | 267 | 4% 1.14 76 0.0 115 1.41 213 0.96

Kane K-1 | 100 | 68 | 302 | 480 1.19 51 84.1 0.87 1.06 511 -©
K-3 | 114 | 75 | 412 | 480 0.97 48 | 884 0.84 L1l 737 _©

7-iv)| 178 | 178 | 274 | 476 213 152 | 652 1.02 1.02 253 042

Z-V() | 267 | 267 | 343 | 474 141 152 76.8 1.14 131 387 -1

Zaghiool zv@| 267 | 267 | 405 | 474 177 152 | 812 1.13 127 485 _©
7-v3)| 267 | 267 | 387 | 475 1.46 152 | 901 1.33 152 _© ©

7-V6)| 300 | 399 | 313 | 476 141 152 | 369 097 1.09 121 064

Z-Iv()| 356 | 356 | 260 | 476 2.13 152 | 870 0.97 1.08 _© -

Mean - - - - - - - - 1.05 1.18 1.78 1.29
csietg?adt?gg - - - - - - - - 0.169 0.189 1477 0.394

Moment-carrying
Moment-carrying
Moment-carrying
Moment-carrying
Moment-carrying

The ratios were calculated for gross area.
capacity
capacity
capacity
capacity
capacity

of connection predicted by proposed method.

of connection predicted by simplified method.

of connection predicted by eccentric shear model of KCI and ACL

of connection predicted by Moehle's suggestion in ACI.

of these slab cannot be calculated by eccentric shear model of KCI or Moehle’'s suggestion.

kel Az} ubEQl AR HdFoR o) = 2.60.8
| A8 5 glE AeR Ykt Fig 10 ), b 32
Ms=lvcletddlcanTor Ex @ g o gaze gepe 74, 209 gadusee
Ms=lvcleytddl -can - for Buy D) g pang sz guse) agusiod o9z
Ms = lolert0.5adl - (et d) for Bp 20 o ) - 35,3 82 4 = Aoz ehy
2 Ele Qe Ashws Ag, zue e 10© 3D ol el v, v
ANAGSHEL A (10), (A HE sz 94 Tys AT 7 dAVE s, sjawdd oig
fUEe gEed 029} %sw WA, S HEEG Rl o ARE uud 23 Y55 A

480

S=EET(EstE =2 M5 32(2008)



{e

18 Ey, Ep, Epol olal A52E o] 47wt

Of

ARA Aol o3 PN ofo] AR AHEA

22t 3 101, 099, 091, ¥EHA} 188%, 256 %, 152 A=Y,
%2H AR ZAEE Hud AJEsA F4E + e A
=
Ao ek (Table 4) mEeE
1. 37, 499, 32, “Bvs FRWEE B EY
6.8 B ZHo|E-7)T R HIEFY Ao g s
S 2T ESHS] =3 149 635, 2002, pp.949-960.

FAE FRAAVIET ACL 318-02 5 dFEAVIE 2. A4, WE, “5UT HEUES ¥ Y FH
& B9 EdolE 29 SRYRe A5E AW 3 L s e

- - - y - =3 Al44d 63, . pp.961-972.

Xéo]-jl_ %lx] %O}q }\\jsgﬂ:l’%ﬂ}ﬂ H]/\\jﬁé ~TQI’??_]_ZQJI\— EH/Q-J—L- 3 @%‘%iﬂifﬂ(ﬂ, W@Zﬂ%ﬁi}ﬂ, “*f‘ia.‘_z_:l’"}_ gﬁ]
2a3E JfdEigen 71E Agne vug Felo] 45 712" 199,
ATk AA AAMAE FEle W HEHYdl i3 4. ACI-ASCE Committee 352, “Recommendations for
P ATE Arsigen, o F3 A= vea 2t Design of Reinforced Concrete  Slab-Column
1) 9EAgtEe wAlgls FRuE AR AT Connections  in  Monolithic ~ Reinforced =~ Concrete
gude A¥de] Adwde 9F EdE aga & ;“C;H;S”’Dicébgml%“ml Journd, VoL, Nof
2R 4 HEe o Hap 2 o) ovemberDecember, . pp.675-6%.

B9 deddy Ag suedng TEE T A5 Alen F. and Darvall P, "Taterdl Load Eouivalent

eAAS, 4 RE A AsH AR 2 Frame," ACI Structural Journdl, Vol89, No6, July

AHog WEHINS 4ot Y 0 it 1977, pp.294-290.

2) #4945, AA AYEAENA HAHAE RHET} A} 6. American Concrete Institute, “Building Code

Ask= B = ek 05~090]9, o] e da A Requirements for Structural Concrete,”  ACI

ke 7 e 1=, = 318-00. pp.184-186, pp213-232.

A71EAA AASRE 7, = 04 Bo} A, 7. Hwang, S. J. and Moehle, J. P, “An Experimental
3 BY AAYIEANE AR Es AFEY S9of Study of Flat-Plate Structures under Vertical and

. ) B o Earthquake Engineering Research Center, University

A3 o5 Zd_%‘—‘?i-‘ﬂ HAASHY == 3AATY of California, Berkerly, Feb, 1993, 278pp.

A9 FAFAN SHAME FHGTY 3 FEA 8 Luo, Y. H, and Durrani, A. ], “Equivalent Beam

Aog Uepton ojze] HAAAURMES] ¥ ¥ Model for Flat-Slab Buildings-Partll:  Exterior

N . Connections,” ACI Structural Journal, Vol92, No.l,

7 ]: fﬁﬁﬁ*éﬁv ]‘f': ED} %_ OH')FO] . - i ]anuary—February, 1996, DDZ&)‘ZS?

AR 9 w2del FERES} G 45 9. Moehle, J. P, “Strength of Slab-Column Edge
S 1 RS AEARES Al 71& Connections,” ACI Structural Journal, Vol.85, No.l,
Ag B AAr|ES HladT B dTolA Aljke ZAEat January-February, 1988, pp.89-38.

ARAe 7|1& HA7|E B RAGEe Jrs AE 10. Moehle, J. P, Kreger, M. E, and Leon R,
; SR Oui Aoz L}E}u; e ° “Background to Recommendations for Design of
TR AT » Reinforced Concrete  Slab-Column  Connections,”
Al Structural  Journal, Vol.85, No.6, November—

ZA 2 December, 1988, pp.636-644.
11. Chakrabarty, J., “Theory o Plasticity,” McGraw-Hill,

2 d7E AZFSAHKEERC), 281 57049 New York, 1987.

2 of
Y ZYolE F29 JRATEE HAHG g 1] o AFTAE JHAAL 9lom, AETHe] Zol7h RHEE

Ho} 23 FHEE Yabg BTl ofd] HAAAGSHo Al HBR SYAGsId s dds] Foksltt o FAEF

o] AL tdd] Extep Eak FRIAA At Qe AeRde] FAYE| uiid, # AAr|ES A¥gdnE 48

3] Asta A Rtk £ AFdAE oldd d AArIEY RS Badl] st sdE-7)% TR tiEl b

MY Faa A4S SRS RETFAANE dslsol APk =7t Aolsh, s Ao SA

aol shEAlehe M A RHYR) et AEras A,

ool
i
B
o
lo

n sl

12E Fd HFHA

=od ERUES Y= 23 Z20|EV|S ARYERS 2

481





