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ABSTRACT An experimental study was conducted to investigate seismic behaviour of post-tensioned (PT) exterior slab-column con-
nections used for the purpose to resist gravity loads only. For these, 2/3-scale, two PT post-tensioned exterior connections with two different
tendon arrangement patterns and one conventional reinforced concrete (RC) exterior connection was tested under quasi-static, uni-directional
reversed cyclic loading. During the lateral testing, gravity forces transferred to the column were kept constant to closely simulate a moment
to shear ratio of a real building. One of the objectives of this study was to assess the necessity and/or the quantity of bottom bonded rein-
forcement needed to resist moment reversal which would occur under significant inelastic deformations of the adjacent lateral force resisting
systems. The ACI 318 and 352 provisions for structural integrity were applied to provide the bottom reinforcement passing through the col-
umn for the specimens. Prior test results were also collected to conduct comparative studies for some design parameters such as the tendon
arrangement pattern, the effect of post-tensioning forces and the use of bottom bonded reinforcement. Consequently, the impact of tendon
arrangement on the seismic performance of the PT connection, that is lateral drift capacity and ductility, dissipated energy and failure mech-
anism, was considerable. Moreover, test results showed that the amount of bottom reinforcement specified by ACI 352. 1R-89 was sufficient
for resisting positive moments arising from moment reversal under reversed cyclic loads. Shear strength of the tested specimens was more
accurately predicted by the shear strength equation (ACI 318) considering the average compressive stress over the concrete (f,,.) due to post-
tensioning forces than that without considering f,.
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Table 1 Summary of specimen dimensions and detail

G =6 h (1 I/ 2) hl d..r pp pp,lop pp,bottom fck fpc Vc V:g (Vg/ Vc) ey eu
(mm) | (mm) | (mm) | (mm) | (mm) | %) | (%) | (%) |[(MPa)|(MPa)| (kN) | (kN) | (kN) | (%) (%)
PE-B50{ 300 | 130 | 2,400 | 2,100 | 110 | 0.64 | 0.61 | 023 | 323 | 1.21 | 842 | 248 | 034 |1.7/-0.8|4.3/-3.3

Mark

I;rtisg;tPE-DSO 300 | 130 | 2,400 | 2,100 | 110 | 021 | 0.61 | 023 | 323 | 121 | 80.2 | 248 | 032 |1.1/-0.5]|2.7/-4.5
RE-50| 300 | 130 |2400]2,100| 110 | N.A. | 1.24 | 031 | 323 { NA. | 86.8 | 233 [ 037 |0.9/-1.1|2.4/-25

S1 305 | 102 | 1,37012,030| &4 | 0.89 | 0.69 | 023 | 503 | 449 | 309 58 | 0.19 13 —4.5

Foutch S2 305 | 102 | 1,370 {2,030 &4 | 0.89 | 0.69 | 023 | 42.7 | 477 | 303 & | 028 13 -3.8
(?;;(l)') S3 305 | 102 | 1,370 | 2,030 84 | 025 | 069 | 023 | 421 | 1.79 | 220 67 | 031 1.3 -5.0
S4 305 | 102 | 1,370 | 2,030 84 | 025 | 0.69 | 023 | 483 | 1.82 | 233 | 114 | 049 1.2 ~2.1

Mar- El 195 92 | 1,870 | 1,600 74 1 093 | 055 | 0.00 | 33.1 | 1.38 114 40 | 035 { NoY | -39
tinez

E2 195 92 | 1,870 | 1,600 74 | 023 | 055 | 0.00 | 31.7 | 145 112 3311034 | NoY. | -338

(1993)

h :slab thickness

(/i/2)  :half of one slab span length in the direction normal to the slab edge (see Fig. 2)

n : story height

d s effective depth (d,,;) of tendons in the direction parallel to the slab edge(PT), average of effective depths in both direction(RC)
P :ratio of tendons (p) or top/bottom rebar (s,fop/s,bottom) in the slab within ¢, + 34

No Y. o yielding of slab reinforcement

" vector drift ratio at punching e.g., PE-BSO, (P)-PT, (E)-exterior, (B)-banded, (50) —V/¢V,~50(¢ =0.75)

596 | st=232|Es| =2 183 M55 (2006)
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Fig. 1 PT flat plate prototype building and joint specimen
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Fig. 3 Reinforced concrete slab-column specimnen
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Fig. 2 Post-tensioned slab-column specimen

g e 2 75 w2 e g 7))
= AA ot AFHEgl 93

= 200 mmoly, A7 B T 9] H)
40224 X%KW 9l W) &(40-45)7F A-5-3it)

PT 9% H3F AdA] i 4AE Figs. 29 30
YUeht it PT €82 AA A £AE ®lAd) 23 #
Y sz 2 Y 100%E dAsioen, o 7
Ho g dAd AT AHEA FE = =
o &, & 2y 1% ¥ ZAsAY. ARzo
2 FIYEAEA ZE =390 MPa) @) Z#%E]—E 3
T 4% SH()S 1.2MPaolH, ] & A
1 9](0.86~3.44 MPay ol Atk Abx
FE =390 MPa)2 71FEVo) A A ste HaTS 7)E)
AM L73he E(c,+ 3nyHiol mstAh.

PT £ 29 3§ s}y ié—‘mﬂ sk 71580] A
2t} B AfoME 3% ZZS ACI 318-05, 730 u}

FZ22 YA A (structural mtegrlty)é 2 u 37| 9 sled

Qrell v Z3ldTh SHE HZ ¥ RC 9F H

3] ACI 352.1R-89'"0] A|A &t (4,2 2/
3y FLsA AT FrE, A (1) Wy Zg

©

™

X
o il
L
12 & |5

L

\1

1 I'Nr

PE-B50

PE-D50

ol gisl] AAHE 15 Fo] oot}
(1
CI 318 05" 13.580 wa}t F&o

o AVE Row A & Ans

rae 4+ A Hoemde 24
o]

%
=
L

I
o

2] g 2
1](0.75 pba1~2 1%)S o
4 T2 0.375pp®l RET= thA THTable 1).

TAE M BY B20lE o/ FetRe| LIE HE | 597



AEA = Fig. 40] et Az o] A&t 7%
sae 2radn G4 AdEe UX, 7F AT E
ez 7tELS 93 250 kN BFolojE et AAE 3]
o}, Ao ¥ 2AE oy 3 A 249 FEo
2 AR FEE 3. AEols F8H AdE s 54
at7] Hgk AL BTt

7380 Oﬂélﬂ iméﬁ 50}04
FHHRog AYth Ao HYEL A8y
7&

7 ARANA Al B P
of W 7 A 4% 2 HF

25 3cHFig. 5).
PE-B502 &9

2100

3350

o
e
i',

e ofy
e
1%
lo
(o]
}E
1)
M
[

o
=
i
to
T
9

2]

o,

I
SO
EUR.

o A&
Gtk FHYE 0.2%~6.0% 7HA] &
G 8 dFolHE o] &3

] A
= E7d ZHES 2
| $l3td 2B
AoflA] 2AleE $HE &=
. 3).

a /-Pln
Lo
F—=F—1{®@] Rigid Blocks

Strong Concrete
|_Reaction Wall__

5000kN
Hydraulic Jack

/—¢80mm Steel Bolt

]

Fioor

‘ Strong Con

ﬂfte

| o

Fig. 4 Isolated connection lateral test configuration

598 | siEE232|E

&3]

=27 M18# H55 (2006)

WHZY 02%AA 35 W] el F4Eo] S
EGE vt weh7iA Asbs ook ME 7t 1.2%
129 71T AR F2olA S5 Wi FA 3
Ho] A=FHoH FAol o] FEY EolA AlFH
E =l ﬂWJ}Zl zZhd - E(~45%°] st AbrhE]
Tl o] P Fol AU ojuf s
M= Hadol Xlzi #=5Anh Wzt 3.5%00 o
FA8A A=7b AstEE EY A9 g gl
st Fig. Soﬂﬁ BAMEO] %ol ARAY &3
7% A JFHo AP
PE-D50°] F&3lgrt 2-&35t30e o HIF 2ol
Aggrnte] @A o, At SUkslEA
At deh. AE8zE 0.8%01A4 s1F whaka £
do] AZFH AL, 1.5%MA LAE v —é— ia
A3 wapsled /\}D}ﬂﬂ Hdeje #9¢ 459 PE-
B502 vlm3te] HIEY #E9 ﬁﬂl‘ ob el Ato]zt
(~35%°] 2| L‘rE}kkE}. HEZE 1.5%004 6.0%7FA] &
AE ade At E e gd R 53] 75
9] ZRea AFHoz epyt), ojw A= A7t 40%
ol WAEIEAI T FAAE L HIe DR gkl
2 Fig. 594 Ueht A& vie} o] AHe A
g A AR 715 SHAA AEA
o] Vet
sk oAl oln st W 3

gro] Hgdo] SE BU7x] ATk Jwe
7yt 7159 AE 2A oA AlFHE 45 -h-J ol
kA gdol HAEI T W ZF 2.5%A 71E AN
400 mm, 715 %ﬂdow oF 600 mm X Az FHAS
g} ab7) FErt ol HA A Izt By st

O

ox

rlomzlm&mamhmgm;

ofN o
Y

= [ z;

o

oy

lo lo b

B rfo
ox
o

N,

&
Ifﬁ_
o ¢

AR ofy

H

e

[e3
o=
3o
ofN o

i

z o

4= 07501 snwab %9 s}%—% HE F Ae Aol

£ Eoo 98¢ 7 a9 Fig 614 FHol Hg

B W 4AS) G2 ) Lase EaR wd
W87

RESO)
Fig. 5 Punching damages of specimne



P Y (NN NI R

Lo Lo Loy g by 1 !

60
(M, oyt M) -
T a0

—20

/ L

1 I ] I 1 l L
i I | ' 1 | I

e 20

Unbalanced moment due to lateral load, M,,, (kN-m)
<
|

7] 6,=33% 7 : M- M) MY i
]
40 ] i 40
o -y i B 0,=-2.5% L
60 — — — o M- —-60
(a) PE-B50 (b) PE-D50 | Mus-Mo) (©)RE-50 |
| T l T l ¥ T l T l T T I T j’ T l T T I T l T I | ¥ [ T I T T l T | T |
6 -4 2 0 2 4 6 6 -4 2 0 2 4 6 % -4 2 0 2 4 6
Lateral drift angle (%) Lateral drift angle (%) Lateral drift angle (%)

Fig. 6 Unbalanced moment - lateral drift drift angle relation

d 93 A H¥Y FY e JFE 13 Hu aoH olgd A7 Foutch 579 A7 Ao X&)}
SHE BHE AL Az A4 T A W) £ Zolth o8 Aol ¥4 AR oqux] LAHHA
A Fe 2 X2E ' AR meA] A, Iy A 2do]XE PE-D50(32.2 kN-m)7} PE-B50(21.0 kKN-m)®.t}
=, 33 dAUE, 28] 94 58 5ol o E AL & 2254 WEhoen B A= Martinez-Cruzado®d) 2
& = AN A= FAHGE Aol ol st atole HF wiAE A
7 APA Y] FEHYE 7317] 918te) Panst Moehle” Aol gegoz HEE FH 4F Y zold wE 3
7 7V s A o] A-AL o)y FHE o] FH (bi- # WFhE a9k Y Ay AFe xolE dH
linear) #AIZ X &3l T} oluf] oA A FAH % g 4 9o
7] 742 olg I YRR Ao A=Y 239 BE
sl Aol 71719 2oL 35 st A At 2 5.2 515 H2e| A&
=18 7}24 SFRTH AE M0, olAF FAddA Fek
o, 59 JM Al 9@ AdAY A=t 3524 HYztel] M 715 Yo wix" FIe HIEE Fig
A Astd AFA(PE-B50, RE-50)14 =2 A]H <] w9 79 YelY Ao 28 s ARy A wet &
2 A3 e Dfi = Asrt gxts] REEo] # A BB s W FRA gEo] WAste] FF AL
o] EH3A| e AFA(PE-DS0)] 25 A Hxe oF 0.5%~1.0%N1A FE3le Aoz Yehgon olu 3}

0% 2SS W] M= Momu} °l°ﬂ we 2
7} Table 191 Ao} Yon, o5 AFA ) v]h3 o1z 3 A s
29l 7elety 54 o] Y7rEA %} —r7}f'—%/\l Azt O ) Top Reinforcing Bars

s w= gAsqn.

M-; ; Negative moments

at the column face
under gravity loads

g
S
|

L1

-
=]
S
S
|

Micro Strains
L
[~
(=3
o
|

[$)]
—-—
0
rx
[=
p— —1
>
lo
(14
09!
b
g
(=
. 1
i
H
L
(7]
g
s
g
&
g
3
g

LN I L L I 0L I L B L B

1000 —— PE-D50
PT &7 HekiolA 7 2] el old Ao o ] —— RE-50
FE FE T2 dFA A2 deRtth Fig 594 °7 ’ ’ ’ ! 1
Ueht ol 24 Mol ek 79 ¥ 2 AF L I &
3 Feirt A e a0 -
PE-B502 Hsls HFom YA sHof e 44 § 19007 -
of 9% ¢ ol Wl HEY FUL JAste 2 % 1000 E—— Tl
o2 WEY g SR, AFH0T A4 5 0] e |[
A A %% E}-:‘—q% < ]U] “4‘-4 d %1'01%];]- }ﬂ‘lﬂq] ’ -xgmwsuainsaﬁsiﬂgfmmM’G
HA}HHX] QO} 9)‘35: tgxﬂo] PE-D50 H]g—% ﬂ_oado] ‘500_. (b)Bot‘coniReinforcinébars_~
AFE AUxE F5Tl gt dHoz At IS O e e e
do7e gge Agg AAst] FAF A B75o] 0 U Lol driftangle (%] ’
A stsieh. o) g '—LH’] AAYES] Aol 2k wiA Fig. 7 Strain gauge data of conventional bonded reinforcement
g A¥A7H o 2o P9 452 dehed 7)eis bar

ZAE HIM Z2 Z20|E 2R HEFRe| W AHS | 599



B EHIME 2dE o
A&t o2 e

Yolze] 72 UAA

T 9ok SR of FlEe] PT EY ZelolEdl% T
HJede BYs) dFsel AX won, S8 I
G0 A % Az

g}, ole} Zo]

HEL A= AN (Fig. 7), BEHY Frtet
7 oA Seo] Z7)sle] PE-B50$} PE-D50S zhz)
AU 0.4% 0.6%A ERIEZ dHE0, WY o
25%AA FEIe AoB YEigt oz A4F A
= s o] FHS F 05%A T FRAE
of tjted HH UL vttt Egt HIFEZIHJE
ZE29| WY AT 557 1.5%S de 2.5%00A =
oz ACI 352" Q3N AN 721 LA
S gEEby] A% sl AoHe RuUE JHL A3s)
7= S8 Ao YEigTh

o

53 PT2t RC E Z0|E2| vl

PT7} 248 A@Ae o8y 54L& RC EHEIF F
o) o)y AFo vty FWMY HFH oA 2
58 % $4% WA As5E JeEdch pT A8
8 Advd me diAe Iuy HeEd vt
HAEES o W¥zhe Hrrskgen, Fig 84 71&
PT 91 AHE9 RC TR 49 2342 37 e
Wtk A Bde] Qi PT 9% AR Ay
Ba JHY A YA FADS RC Y E-7)
S U JEgre g 3y AY Ao BA)
BT} 959 Ao YERET, RC A% A9 8339
w2} 238" ACI 318-05"¢) SAgEH Mz FAFH
A E W $-e PHY A5 Holes Aoewm
VeSS 3HE A A A o)etd A R4 PT
5 HYF AN BAHA 52 AFA S viwsie ¥

3 FHY A Hole Aoz yehdth Fig 59

A
or
5
o
~I
)
i
o
(g
oloh
rE
ofl
o
o\
N
— g
£
)
X
>
2y
2

3 A= gl
o HF 9y For FAeE et £ A 9
o]Z9 o] Ao HI Y& ¢ F Ut Fig. 69
olHIAME ZAR ALtE 38 24t o|yAE PE-BSO
o} PE-D502 RE-5050; 74z} oF 60%, 190% 334 &
EEaE =

PT 239 Wy g3o] BHop $58 olfv 27
T /A2 298 4 vk AKs PT AgAe &R
A7y - FAM7E RC AFARY 7] o] Bk #

=

2
s}
=

—n

600 | =232 =5 =2% H18A X535 (2006)

0.07 ——

e & PE-B50 (+ drift; solid)
Reiaionship for & PE-D50 (+ drift; solid) ﬂ

006  wio Shear Reirt. A RE-50 (+ drift; solid)

}, (Kang and Wallace, 2006) v Martinez-Cruzado (1993)
< Foutch et al. (1990)

0.05 C 3 Trongtham & Hawkins (1977) |]
[T~ Joe Relatiorship for |
0.04 SUC S RC Interior Conn. -

- wio Shear Reinf.
.. (Kang and Wallace, 2006)
~~

0.03

Drift ratio at punching

AC! 318-05 drift fimit
I for a given V, V. (¢ = 0.75)
0 PR | 1 | —— | 1 | ST S N S S TN NN S

0 01 02 03 04 05 06 07 08 09 1

Gravity shear ratio (V,/V,)

Fig. 8 Lateral drift angle - gravity shear ratio relation

of o8 A B9 F=st SUkska =
& Zashr] wyEolty, old) tigh B} ApAgE A
A

54 UT

e 7150 w2m pT B HEd sl 724
1Zew 7tz 2aee] gFE(f 0l At FEe
Z7tol| 71dsta gle-g AAE A k. AU pT YE
AgFo defire 718 HE 2 gy d7e BEo
2 £ EHE 3L IdA FrHACL 318-05",

R11.12.2.2). ¥ = Agtd Ag Asje] oJEsAAT 7)
A w2 foe PT 9% PR A2 %
=E F7P7IeY adHoelgte A7 AH7t Aot
Table 214 & A< 4 7€ A7 A= a7
ARt e v, 29T ACT 318-05904 Algd A
A dg g8 m2dd 2744 -Gyt AL Hdl A
Q.2
=

ri

J

W e GUe TE7] dstel x5 yEel B
3 wHEY JBe BT zeisle] H 4G $HL A

Yv M, C_{__Yv,y[‘/[,ub,xc

u

J,

Gy

@

Yy = lo——= 3)



Table 2 Comparisons of shear stress demands and capacities

Uu Uc 1 Uc 2
. - V,/V. 1 | V,/V. 2
Mark (MPa) | (MPa) | (MPa) . ’
@ @ ® |@=00B =003
b PE-B50| 3.01 | 201 | 1.89 1.49 1.59
reSent e Ds0| 3.04 | 201 | 189 | 151 161
study
RE-50*| 328 | N.A. | 195 NA. 1.68
Si 392 | 340 | 236 1.15 1.66
F‘:“t‘l’h 2 | 315 | 333 | 218 | 095 1.45
et al.
(1990) S3 | 254 | 242 | 2.16 1.05 118
S4 | 275 | 252 | 232 1.07 1.19
Martined El 3.80 | 2.02 | 1.92 1.88 1.98
(1993) | E2 385 | 2.08 | 1.88 1.85 2.05
Gardner et al.
. 297 | 2. ) 14
(98) 3.15 21 1.06 3
Kosut | 2 225 | 1.88 | 1.74 120 1.29
et al. 6 246 | 1.87 | 1.74 132 1.41
(1985) | g 277 | 187 | 174 1.48 1.59
T&H' | 2 161 | 197 | 155 0.82 1.04
El | 278 | 252 | 208 1.10 1.34
LO‘;g E2 4.11 | 2.53 | 210 1.62 1.96
an
Cleland E3 | 494 | 2.88 | 2.09 1.72 236
(1993)| E4 | 332 | 218 | 210 1.15 1.58
ES | 460 | 245 | 2.00 1.88 230

T&H' : Trongtham and Hawkins(1977)

N.A. : Not available

* : RC exterior connection

v, : Maximum shear stress at the critical section caused by
measured shear(V,) and unbalanced moment(M, ;)

Vet 0.29.[f, +03f (MPa)

Vo2 @ (13) [f, (MPa)

Jpe : Average effective compressive stress in concrete

718 A3 2 B d1E Esley 22" PT 9% AY
e BE 75—]’]'7} Fig. 9914 BIZE vt & Bums®t
Hemakom'”’9] Zi}= w14 At o) B33 RWE
o] FFo] ZHFHA 7] Wl ARl Astt.
ZAHoR f.9 Fee THT Ho] & Arr} PT 9
AR Al AEE 2 d3Fse Ae® eyt

T o=

D) PT 9% FgRolA ZH A Yok FHT
oY Aol 2 G FUL WY YYo= 7
Mol BAL wWiAE WA} WF WAE HEAR
o WY A AE UA A% S F

O This Study
————————————— < Foutch et al, (1990

ve= (113)(f)"” MPa Vv Martinez (1993)

0.2+ ® Gardner et al. (1998)

) ¥ Kosut et al. (1985)

- O Trongtham et al. (1977)
+ Long and Cleland (1993)

0 0.2 0.4 0.6 0.8 1
f,u/(f;k)llz MPal?
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