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Shear Strength Model for Interior Flat Plate-Column Connections

Kyoung-Kyu Choi"* and Hong-Gun Park®

YSchool of Architecture, Soongsil University, Seoul 156-743, Korea
2)Dept. of Architecture, Seoul National University, Seoul 151-742, Korea

ABSTRACT An alternative design method for interior flat plate-column connections subjected to punching shear and unbalanced
moment was developed. Since the slab-column connections are severely damaged by flexural cracking before punching shear fail-
ure, punching shear was assumed to be resisted mainly by the compression zone of the slab critical section. Considering the inter-
action with the flexural moment of the slab, the punching shear strength of the compression zone was evaluated based on the
material failure criteria of concrete subjected to multiple stresses. The punching shear strength was also used to evaluate the unbal-
anced moment capacity of the slab-column connections. For verification, the proposed strength model was applied to existing test
specimens subjected to direct punching shear or combined punching shear and unbalanced moment. The results showed that the
proposed method predicted the strengths of the test specimens better than current design methods in ACI 318 and Eurocode 2.

Keywords : slab-column connections, concrete slabs, direct punching shear, eccentric shear, unbalanced moment
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Design Punching shear strength (MPa) Critical section
methods b,
90\51113'8‘ Minimum of \ 1 0.5d
v, =033/1" - I lc,
= 0167+ 227 —
3.32d i 4
= _+u_](,7 ', f inMPa.
( b, WL
—
CEB-FIP . -~ ™
MC 00 (12 | Ve = 01847 f100p, . £ inMPa. _(2«'
v [ J
k=14+/200/d <2.0 . d in mm. \ G
M
BSSIO0 |y =027k(100p,)" £l foan MPa| -rs
k=4/400/d . d inmm. DQ
C,
P, <0.03 -
E:’E‘:Ude v, = 0.18k(f",100p,)"* . f'. in MPa,
B k=14+200/d 2.0, d in mm.
2,002
c;" ('IIJ ¢}, ¢, = Sizes of a rectangular column
. = Ratio of long side to short side
prebed b [hhe bbby of a column-section
"o — =7d  p, = Tension reinforcement ratio

: d = Effective depth of a slab

b, = Perimeter of the critical section
of a slab-column connection

A, = Factor to account for the lower
tensile strength of structural
low-density concrete
(=1.0 for normal density
concrete)

Fig. 1 Existing design methods for direct punching shear

ACI 318-08(11) CEB-FIP MC 90(12)

Moment M, =M+ M, M, =M+ M,
capacity :
y= M, /M, =06, 3~ 04 %= 04, 506
n=1-y % can be increased. %, can be increased.
Flexural M; M;
Moment
transferred by
eccentric
shear

v, 20337, (MPa) |v. =0.12[1+1/(5d)]

<[1000/.1” (MPa)

7y = factor used to determine the unbalanced moment
transferred by flexure at slab-column connections
7, = factor used to determine the unbalanced moment
transferred by eccentricity of shear at slab-column connections
M, = unbalanced moment transferred by flexure at slab-column
connections
M, = unbalanced moment transferred by eccentricity of shear
at slab-column connections

Fig. 2 Existing design methods for unbalanced moment
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Fig. 3 Strength predictions for test specimens subjected to direct shear
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(a) ACI 318-08

Fig. 4 Strength-predictions for test specimens subjected to unbalanced moment
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(b) Eurocode 2
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— Simplified failure surface

Fig. 5 Plane stress failure criteria of concrete

EARREERER

e / N.A. ‘er: )

’ |

Vul (",u )

R ul (O- )
i
v ul —

w2
Actual three-dimensional
stresses

Simplified two-dimensional
stresses

Tensile
failure

Compressive
failure

L

Fig. 6 Principal stress failure criteria of concrete subjected to
shear-compression

o siuI|s We

I
=2
=
o
[l
m
O
H

i
w
B
Q



! -1
L[4 < @
Ji 1 oy
714 6120, 0,20, f;=AFF 5ol H FAHE
AN =

QA ATSHA S

1o 1

val2) = I+ 0,(2)) (3b)

4 3l ZHZE dS5HlM g5 Bxe X
B4 R A5t

o,(2) = f[z(g‘—z) - (—Z—Z) 2] @)

[

2.2 Y WE MEMY S| M5}

Adst FAE FAe] @A, =
Aoy ek 3 de] 3y
o} Fig. 72 Sl B9] g oA FE2] WSt
A5 WHalE BoF3 At} Fig 7(a), (b)ys T4
o] HEE B3¢ 45899 3] WslE Yy
o™, Fig. 7(c)= 4 (Ba)dll o3t A=A n] A3

Hl

348 | st=2232|EslE| =22 M222 M35 (2010)

PO

D

Stage AB Stage B Stage C Stage D Stage E

AN N

t
!
|
|

e poereees S . .
! J " B EC— /.
WV v w
(c) Shear stress capacity controlled by compression v,.(z)=/ /. [f".~&,(=)]
' f )
P b
C
(d) Shear stress capacity controlled by tension v, (z)= /" [/, +o,(2)]
£z D
# E
g
= A
2
@« Shear capacity curve
(4]

Compressive strain at extreme _ ag,
compression fiber at cross-section
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Fig. 7 Variations of normal stress and shear stress capacity
according to curvature at a cross section
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Fig. 8 Determination of punching shear strength at a potential
critical section
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factor A, based on test results
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Table 1 Dimensions and properties of test specimens, and strength predictions (direct punching shear)

. 43| Number of | ¢,(c )“) @) P Column | Failure V Ve, s V 6
Investi atorsls.le,y}z) ) JACH) c d (mm t exp. exp. (5) exp. (6)
& specimens (mm) (MPa) (mm) (%) shapea) Mode® Vpre 4 Vicr Veca
Hall
;iﬁf:’n;“d 7 250 |84.1~108.8 194202 | 0.3~1.2 C PIFP | 0.96~1.07 | 0.54~0.97 | 0.80~1.03
Tomaszewicz 13 100~200 |643-119.0 88-275 | 1.5-2.6 S P |0.87-1.12| 1.26~1.65 | 0.92-1.29
R
Re;‘::ld:e;l 15 150 [32.9101.6| 98~102 | 0.6~1.3 C | F/FP/DP | 0.90~1.24|0.77-1.55 | 0.99~1.48
anl\é[alfuos‘f;n 15 150~300 |42.0~80.0| 70~125 | 0.4~2.1 S PIFP | 1.06~1.44|0.70~1.68 | 0.97~1.61
a;;";’:ﬁ‘:;n 4 100 39.3 83 17 C P |0.62-0.98]1.09~1.72 | 0.78~1.24
Tolf 8 125-250 | 22.9-28.6| 98200 | 0.4-0.8 C NA | 0.84-1.11]0.82-1.47] 0.84-1.28
Regan 23 54200 | 9.5-42.6 | 64200 | 0.8-2.4 S P |0.64-1.16| 1.08~1.66 | 0.78~1.40
Swamy and Ali | 2 150 |37.4-40.1| 100 | 0.6-0.7 S P |1.00~1.05]0.94-1.09 | 1.03~1.12
Pﬁf‘(ﬁgeteta; 2 300 [262-34.6| 143~171 | 12~1.5 C P |0.98-1.06|1.23~1.38 | 1.04~1.19
Schaefers 2 210 |23.1233] 113~170 | 0.6-0.8 C P |1.07-128]1.18~130 | 1.12-1.25
gjszgztetetazl 6 100~500 |27.9~33.5| 80~240 | 12~18 | s/C P |0.89~1.13 | 1.38~1.75 | 1.20~1.41
1
Cﬁﬁiﬁ?d 2 20-254 | 444 111 1.0~1.5 S P |0.75~0.77|0.86~0.93 | 0.85~0.86
Moe 14 152-305 |205-352| 114 1.1-2.6 S P |0.70~1.19| 1.13~1.64 | 0.90~1.92
ani"}‘\?;gi’:ier 12 150~300 | 24.6<31.4 | 117~128 | 0.5-2.1 C P |0.78~1.10]0.78~1.63 | 0.97~1.24
ﬂsotgzzs?;; 24 | 254~356 | 10.2~40.4 | 114~121 | 0.5-6.9 S P |0.74-1.20]0.58-2.08 | 0.74~1.52
Park and Choi 5 250~640 |26.4-28.6| 90~130 | 1.020 | SR P | 1.02-124]1.12-149 | 1.12~121
Teng et al. 5 200 |33.0-402] 120 11-12 | SR p 115 | 1.05-1.38]0.92-1.20
Ber;ieercthand 20 203 | 14.0~41.4] 102-124 | 1.0~1.9 S P [0.70~1.24]087~1.92 | 0.82~1.45
Manterola 12 100~450 | 242-39.7| 107 | 0.5-14 S PIE |0.79-1.19 | 0.65-1.45 | 0.79~1.11
Yitzhaki 16 119-300 | 9.8-21.6 | 7882 | 0.5-85 | C/S PF | 0.71~1.60 | 1.21~1.91 | 1.05~1.92
Mean 1.08 1.34 1.16
207 | 54640 |9.8~119.0| 64-275 | 0.3~8.5
cov 0.153 | 0232 | 0200

“)Specimen 4 of Park and Choi, and OC13, OC13-1.6, OC13-0.63, and OC 15 of Teng et al., had rectangular column-sections. The oth-
ers had square or circular column-sections.

For the circular column-sections, ¢; = CZZ(J}/2 )D was used, where D = diameter of a circular column-section.
@f = concrete compressive cylinder strength (= 0.80 Je.cube)-
®)C = circular column-section, S=square column-section, and R = rectangular column-section.
“Failure modes reported in tests: F = flexural failure, FP = flexural punching, P = brittle punching,

DP = ductile punching, and NA =not available.
©9Strength-predictions by ACI-318 08 and Eurocode 2.

p, < 1.42 (percent), 0<V,/V,<0.80 ]t} H2}7} 2™ (Figs. 3 and 4), JFAGe] A4 FH)|
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Table 2 Dimensions and properties of test specimens, and strength predictions (unbalanced moment)

Specimensg'l7'34) Ly xLyxc xcyxh (mm)(l) s Pr V,/V, Mexp_ Mexp Mexp

(MPa) (%) (%) Mpred, MACI MEC2

S 1829 x 1829 x 305 x 305 x 76.2 45.7 0.54 4 1.04 0.65 0.79

Morison and| S 1829 x 1829 x 305 x 305 x 76.2 35.1 0.82 4 112 0.84 0.85

o S3 1829 x 1829 x 305 x 305 x 76.2 33.9 1.09 4 1.07 0.90 0.82

S4 1829 x 1829 x 305 x 305 x 76.2 34.9 0.68 8 1.06 0.79 0.82

S5 1829 x 1829 x 305 x 305 x 76.2 35.1 0.82 18 1.16 0.90 0.99

ol q 1 2743 x 2286 x 229 x 229 x 88.9 273 0.90 25 127 111 1.38

Sl'j‘mkf,‘? 2 2743 x 2286 x 229 x 229 x 88.9 31.9 0.90 23 1.46 1.24 1.56

ar 3C | 2743 x 2286 x 229 x 229 x 88.9 29.7 0.90 24 1.50 124 1.55

ST | 2896 x 1981 x 254 x 254 x 1143 | 393 0.70 21 125 1.05 1.48

Luo and I | 2896 x 1981 x 254 x 254 x 1143 |  20.7 0.52 9 1.09 0.70 1.28

Durrani | INTI | 3048 x 2896 x 254 x 254 x 1143 | 309 0.49 56 1.33 1.18 NA.

INT2 | 3048 x 2896 x 254 x 254 x 1143 | 307 0.49 65 1.17 1.18 N.A.

A12 | 1829 x 1219 x 152 x 152 x 76.2 332 122 24 1.37 1.77 127

Hanson and | AI3L | 1829 x 1219 x 152 x 152 x 76.2 32.8 122 23 1.34 1.72 1.23

Hanson BI6 | 1829 x 1219 x 305 x 152 x 76.2 30.4 122 27 1.24 1.42 1.24

C17 | 1829 x 1219 x 152 x 305 x 76.2 36.0 1.22 23 112 1.05 0.86

Zee and INT | 1829 x 1829 x 137 x 137 x 61.0 26.2 0.57 24 1.45 1.28 1.24
Moehle

Pan and 1 3658 x 3658 x 274 x 274 x 121.9 | 33.3 0.76 39 111 1.24 2.80

Moehle 3 3658 x 3658 x 274 x 274 x 121.9 | 31.3 0.76 24 1.58 1.36 1.92

S1 | 3658 x 2134 x 305 x 305 x 152.4 | 23.4 0.65 36 1.59 1.64 2.90

Hawkins et al] S2 | 3658 x 2134 x 305 x 305 x 152.4 | 2322 1.42 51 1.30 1.38 3.59

S4 | 3658 x 2134 % 305 x 305 x 152.4 |  26.5 0.69 43 1.47 1.66 3.54

1 2690 x 2690 x 300 x 200 x 80.0 35.1 0.68 0 1.22 0.94 1.13

Farhey of al| 2 2690 x 2690 x 300 x 200 x 80.0 35.1 0.68 0 1.22 0.94 1.13

arhey et al.1 - 3 2690 x 2690 x 300 x 200 x 80.0 15.0 0.68 29 1.16 1.00 1.42

4 2690 x 2690 x 300 x 120 x 80.0 15.0 0.68 31 1.15 1.16 1.66

DNY1 | 2896 x 1981 x 254 x 254 x 1143 | 353 0.52 26 121 0.74 4.02

Durrani and | DNY2 | 2896 x 1981 x 254 x 254 x 1143 | 257 0.52 36 1.04 0.68 12.81

Du DNY3 | 2896 x 1981 x 254 x 254 x 1143 |  24.6 0.52 29 1.45 0.94 3.51

DNY4 | 2896 x 1981 x 254 x 254 x 114.3 |  19.1 0.52 32 1.47 1.01 4.18

1 2896 x 1981 x 254 x 254 x 1143 |  38.0 0.74 22 1.13 0.97 1.25

Robertson and| 2. | 2896 % 1981 x 254 x 254 1143 | 330 0.74 23 1.20 1.07 135

D 3SE | 2896 x 1981 x 254 x 254 x 1143 |  44.0 0.74 21 1.20 0.99 127

u 4S | 2896 x 1981 x 254 x 254 x 1143 |  43.8 0.74 21 123 1.01 1.32

580 | 2896 x 1981 x 254 x 254 x 114.3 | 38.0 0.74 2 1.16 1.00 1.28

SMO0.5 | 1830 x 1830 x 305 x 305 x 152.0 |  36.8 0.43 47 1.55 0.86 3.08

SMI.0 | 1830 x 1830 x 305 x 305 x 152.0 |  33.4 0.87 36 1.40 112 223

Ghali ot al | SMI:S | 1830 % 1830 x 305 x 305 x 152.0 | 40.0 1.30 29 111 1.05 1.58

| DMO.5 | 1830 x 1830 x 305 x 305 x 152.0 |  44.1 0.43 31 1.61 0.86 2.04

DMIL.0 | 1830 x 1830 x 305 x 305 x 152.0 | 327 0.87 34 1.74 1.40 2.62

DMI.5 | 1830 x 1830 x 305 x 305 x 152.0 | 425 1.30 28 1.56 1.46 2.19

b2 2743 % 1830 x 244 x 244 x 81 21.8 0.55 32 136 1.00 1.80

Hwang and | b3 2743 x 1830 x 244 x 163 x 81 21.8 0.64 31 1.41 1.10 1.88

Moehle 2 2743 % 1830 x 325 x 244 x 81 21.8 0.55 34 1.49 127 1.98

c3 2743 % 1830 x 325 x 163 x 81 21.8 0.67 30 1.50 1.36 1.90

Dileer and Cag D1 | 1900 % 1900 x 250 250 x 150 40.4 1.24 80 0.89 143 2.90

g CD4 | 1900 x 1900 x 250 x 250 x 152 312 1.24 58 1.07 1.49 3.90

Cao CDS | 1900 x 1900 x 250 x 250 x 155 27.0 1.24 46 1.26 1.66 4.90

Mean ] ] 15 0.37 0-80 129 111 2.09

cov —45.7 —1.42 0.147 0.256 0912

L /=span length in the direction where unbalanced moments are considered; and L, = span length in the direction perpendicular to L,
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