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Abstract

Results of tests to failure on 3/5-scale model of bonded post-tensioned interior slab-
column connection with shear reinforcements are presented. The main objective of this research
is to investigate the seismic performance of bonded post-tensioned interior slab-column
connections containing shear reinforcements in the form of double head studs. The model was
tested under a constant gravity load level combined with incrementally increasing lateral
displacement reversals up to failure. During the tests, the models were carefully instrumented to
provide detailed data on its behavior throughout its entire loading history. Overall performance
was examined and compared in terms of lateral load-carrying capacity, lateral drift capacity,
stiffness, and energy dissipation capacity. Relevant design equations suggested by ACI 318 Building
Code provisions as well as previous similar tests by others were compared with the test results

from this study.

The results show that the model with double head studs is able to undergo up to 4.51 %
drift prior to failure and the mode of failure is ductile mode. Compared to the connections without
shear reinforcement and with shear reinforcement in the form of closed-hoop stirrups, the results
suggested that the presence of shear reinforcements in the form of double head studs effectively
and significantly enhances the lateral drift capacity and energy dissipation capacity of the

connections.

Keywords: Seismic performance enhancement, Post-tensioned slab, Slab-column connections,

Punching shear, Shear reinforcement, Double head stud.
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Wight (1999), Robertson (2002), Kang and Wallace (2006), Hueste et al. (2007), Zhou and
Hueste (2017) #sayan1smaassuaznisafusemaitiutinlugn1sUfuUsauInsgIunTeanLUY
91A15 ACI Building Code (ACI 318-19) atuifaquu ludrufiii satesduuniygiAniseenuuy
FrumuusuAnlmvesuinuyadedesswinnauas iuneunia sansdiiuneundmaiumdn (RO
LazfiunounInfiinisdnusiniends (PT) ssuulfussamien (Unbonded System) Aisindloaldany
lussinmansgaiusn a&mlsﬁmuﬁm%’w%nmamL%auGiasuaqﬁuﬂauﬂ%ﬁﬁm35®mewé’a (PT)

syuuiinsdanilen (Bonded System) WURAN®INGANIIUNITAOUAUDIABLIINNAUT A NALN

Y
¥

a va a = 1 & a Aao ! v o w R
ﬂ']i'J‘UWGU'EN‘UiL'JﬂJ"Uq@L%@NG’]@GUENLLNUWU%U@IU@JQWU’JN@@usﬂqﬂf\nﬂﬂ LA InIZIU ACl 318-19 ENVLlIlI

oo a

unUggalAndaauielnuniseanuumumuskuaulmdsvivaaeuseviing e luunilfidelv

AMTINVBABNASHAZUITMIALITRY Feasiludeyaiiugmud miuundus Maemumnnenas
2.2 nuidelagIsnsmaaesinuludreusena

wiimgdnssuiiinduuinagadesdenaznalnnisitineldnisnserivasusemadiudng
MnukuAulmdungAnssuidudou InsaeuninerainnisuaninnegasunswinlingAnssuves
Tassadeneaunsivasudulusuieieiingfnssuidunuududanadin (nelastic) wagluafnd
MsAnwmgAnssunmIneUaLesieusmsuituaznalnmAtRnnuuAUlmYeIUTRIRaTese

Y]

lnen1snageuwuuItaesgedulunesuianislusnslseme lnenquinidevatenqueeisiaiiles
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LU Hanson and Hanson (1968), Hawkins et al. (1974), Ghali et al.(1976), Istam and Park (1976),
Symonds et al.(1976), Trongtham and Hawkins (1977), Morrison et al. (1981), Zee and Moehle
(1984), Hwang (1989), Pan and Moehle (1988, 1989 and 1992), Robertson and Durrani (1990),
Cao (1993), Durrani and Du (1992), Farhey et al. (1993), Qaisrani (1993), Roberson et al. (2002),
Brown (2003), Kang (2004), Tan and Teng (2005), Gayed and Ghali (2006), Han et al. (2006),
Robertson and Johnson (2006), Choi et al. (2007), Kang and Wallace (2008), Tien et al. (2008),
Han et al. (2009), Park et al. (2012), Song et al. (2012), Kang et al. (2013), Fick et al. (2014),
Himawan and Teng (2014), Rha et al. (2014), etc.)

981915AMILINATNUMIBIWITEN U LLUUf\i’waaQﬁgwmﬁﬁﬂmﬁ%’a‘tuﬁaaﬂﬁﬁ’ﬁmﬂu
ssuszmesingninassdodiuanlassaisfiuandnsanszuulassasiafifosltluusemelneg gy
ludnnseauseluniuil unsunia Hanson and Hanson (1968), Hawkins et al. (1974), Ghali et
al.(1976), Islam and Park (1976), Symonds et al.(1976), Morrison et al. (1981), Zee and Moehle
(1984), Hwang (1989), Pan and Moehle (1988, 1989 and 1992), Robertson and Durrani (1990),
Cao (1993), Durrani and Du (1992), Farhey et al. (1993), Roberson et al. (2002), Brown (2003),
Tam and Teng (2005), Robertson and Johnson (2006), Choi et al. (2007), Kang and Wallace
(2008), Tien et al. (2008), Park et al. (2012), Song et al. (2012), Kang et al. (2013), Fick et al.
(2014), Rha et al. (2014) Wiefin1sdausshuukuiiuneuniauiifunissausduszuuldusdamies
L% U Trongtham and Hawkins (1977), Qaisrani (1993), Kang (2004), Gayed and Ghali (2006), Han
et al. (2006), Han et al. (2009), Himawan and Teng (2014) 1 ufy NANISNAABLMANL UG el
mmimz‘qﬁﬂ‘wqaﬂiiumimauaumﬁiaLmﬂizﬁﬂmx‘iﬁmﬁﬁﬂwaﬂﬂiﬂa%ﬂw%wmﬁmL%M@iwi’mLm

oA a o o A ada Y 1 oa a a
LLaSLLNu‘W‘Uﬂ@‘Uﬂiﬁ@@LLiﬂI‘LﬁSUUT?’\IiQaTN%u@VluHﬂlsﬂUU‘J%LV]ﬂlVIEJI@@Eﬂ\‘]@JﬂigaVIﬁﬂ”IW

[
o v

i uA1N3NEITuNgAnssun1snevauewaun A ulnkaznalnnsITAveyaLTeuse
dusuomsiiulurounindause slassuvimstamies ndundedldlussmalnedseglune
auaau wavdwalideyadmiuldidunumdidesnuuuldlunmsesnuuuuinugaeusievesii

Aoun3ndnusalafinanneliussnnuiufulm Jagiuddegindniios

Y
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dmiuguuuun1sianisnaass Ramos et al. (2017) 59U59UITNTIAUTINAAUT ST WY

vaglunmsvnaasineg Tneuandlilugud 2.1 a Ge 2.1 d Tagguil 2.1 a Wuisnisdanisnaaesiitinide

dlungdindeudontd

b)
a) cyclic loading pinned suppod&
VORI, B w2

H

R

i
=+ 1
o o r
\Slab specimen ] \\
column column—"_ | ‘slab specimen

Z;\—pinned support %\oinned support

9 d) cyclic loading
cyclic loading

- ) e

-

cyclicloading

e

| ——column

EA=w EA=»

L~

==

fl

-}  pinned

Ksupport

\zloab specimen
s Riid A lumn
&7
] A/ TITTY

slab
specimen

El=w, EA=x ’5:fj:’ El=c, EA==
?

a) column pinned at bottom and load applied at top column end;
b) pinned column ends and load applied at slab ends;

c) pinned slab ends and load applied at column ends;

d) test setup with non-zero moments at slab specimen ends

(EA - axial stiffness and EL = flexural stiffness).
U 2.1 uansnsdaeusmnafuingdsuuuy (Ramos et al. (2017))

WalimiunInsiuiitenalUaztiausd ULl ALYINITITLTNARDINT AL IN A UT1IT

ALRABYRINUABUNINEALSIVIINM IARBIE TN ANw L Tluedin
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2.2.1 Msnaaasliusaimeiudeigaausiavasiiunaunsndauss Nliesuninivusaiou

A nduunuit urounsndauss lussuuldusedamid eq (Unbonded system) 7 doulu
insUszne nansAnufiddfenisfinwidiesnisnaasdlag Trongtham and Hawkins (1977) Tag
fnsdnmsnnasdlasiinsdiaousmisnuinwuusunwgssy 2.2 a 33 Trongtham and Hawkins
wuhusnagadeusevesukuiurounindauss lussuuliussdnmien aunsafumuusiuiulnly
7 fianuwmilen (Ductile) ieiisudunsunimaiumansssunlaenly (Hansiisudiou uanslugy

2.2 b)

Gravity Lateral
Load Load

1

B

Lateral Gravity
Load Load

—
East
Side

West
Side

A Total

5UN 2.2 a - N1591889L3IMNUTTIVINNTVARRIlAg Trongtham and Hawkins

(WAdafian Trongtham and Hawkins, 1977)
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9.50

8.50

6.50

PRESTRESSED SLAB

REINFORCED SLAB WITH
INTEGRAL BEAM STIRRUPS

REINFORCED SLAB
WITHOUT STIRRUPS

5.50

4.50

L LI AL L L

3.50

2.50

1.50

L NI

.50

LATERAL LOAD, KIPS

i L 1

! 1 1 L 1 !
200 300 4.00 5.00 600 7.00
EDGE DEFLECTION, IN.

- .50+
-1.50—

-2.50—

-3.50—

3UN 2.2 b - NsSeuLiiguANUaINITalUNITHE LRI YBIALTBNARTENINABUNIALETY

WIAN LaTARUNIAOALSY SEUUlSuseBamiden (Waaiiun Hawkins et al. (1975, 1981))

Qaisrani (1993) vams‘mmaaw'%nm@m%miasuaqﬁuﬂauﬂ%‘mé’@Lm Tuszuulussiamiden
melansaeuAuln Suuamnsveess lnelduuudiaoiauauinsidiu 7/16 909lATa519AULUY
floenuuuindwiuussliumaaviniy udnhuwhmsnageumeldiminussmaluuninivegl
wsensEdudswnuaeny Biaxial lateral loading) amaildlumssausdlunriuiumnadunaulng
wuanlufienoiwaznszameuuvaianeluiimmadanfusaulnduuie wasiinsldmdnesy
Suq mudarvunves AC Fawdsudndildlunisine Aeseauusaddiudradildtuwiunaunin Tagld
Sndrnusudouvesnsiliudweidsiunsadeuvemiidningd (V,V,) 71 0.72, 0.66 waz 0.55
dmiunanisnnansA1lesidudinisidoadavenatgean (% Drift) 7ldurazunugnimuisinuuy
nnmes mamimaaqwudfmﬁﬂ“ﬁqumxmqLﬁmsﬁuﬁmLU@%L%uﬁmiLﬁmﬁ’waaLafmuLLUU
DNBST 1.8%, 2.1% uay 2.26% AWEWU nan1533ed Qaisrani wandlunisng 2.1 wuiiseRuves
thwiinussnnluunAsildfuusiuiuiunmddalulssansamnisusengisveauinugaideude
vasiunsunindauseszuuldusdamisanmeldusunuiulm Fdvinagonndassiuil Pan and
Moehle (1989) afus1glinouniinilasldgudeyanimaasdlusiniinnsmeaeddduniuiuiy

= a 13 Av i [
ABUNIALAIULUANTIIUAT (RC) nlddn1sonus
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A1519% 2.1 wansnaaedlag Qaisrani (1993)

Test f, Gravity Maximum Lateral Lateral Drift, % of Equivalent
Load, Load, kN column height Uniaxial Drift
Capacity, %
MPa kN EW NS EW NS
11 28.1 113.4 6.7 73 0.82 1.60 1.8
12 28.1 104.5 11.7 10.1 1.60 1.37 2.1
13 27.6 86.7 24.2 25.2 1.60 1.60 2.26
Dnft ratio, %
0 1 4 5
T T T
251 East  North
—u— Test 1
> 220F 7, - m- Testl2
;‘. ' —m- Test 13
E 151 :'.:.";
© ;4
o i b
T 10F i - .
- g .M ..
5: v Ik R . “*—-.\ ---- -
515y al iy
|
0 L el 1 1 I

JUN 2.3 pduiiusveansamsinudisuazalesidudnisdesiavedian

NNANITNAABILAE Qaisrani (WaINuN Qaisrani (1993)

Han et al. (2006) ¥hn1snadeUUSnaAATeNsaTaIuABuNS RSN TuszuuliussBamien
AelaussaduianIn1udedIw 4 daeg19 laglduuudassvuinuinsidiu 2/3 vedaseasng
fuuuy TnemsAnuniigagsmnendniiedsianavesdnndin LA, degguiuunmsdnbomniuuse
Faldlunssauss Inoseazidonnsanaailidnusuasmdniaiudug Han uazanzuansliagy
2.2a uay 2.2b wuuiaes 2 degnadinnsreaindausaluuaulufiamanisismisinuduazang
nsgeainauslufienasaaniuiiananisliiss (3U 2.4a) uagdn 2 Medrelinsneaindause
Fusaulufiametsandumsiiusmmaiudisagnddusuuuunszaesaiauslufianadoatuify

n5hksINAude (35U 2.4b) wanmeaeulag Han LasauzUsidmMasiuys V/V, wagguuuy
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N33 589a9n TR lEluN198ALse TBNTNag19UINARNGANTTUYBIUTINYALT DUFDYDITI

ABUNINEARTINETALTIFTUNANIATUTIUUTYINT

yaN9 NI Han et al. (2009) Anwnavesnsiasumdniasuansluiiunsuninsnusroiios
NUNEIAALET TaglduudnansvunnlIngI@Iy 3/5 914U 4 fleg1e Laghuudnass 2 aiegne (P-
B50, PI-D50) 311 Han et al. (2006) gnldlunisiseuiieu laguuudnaes 3 699819 (PI-B50, PI-D50
uag PI-B70) fndnaned s umindaLaniamnggu AC-ASCE Committee 352, (1988) wagdn 3
o1 Lifinsiatumdnans Tnednsdan Vv, Aldlumsmeasaviniu 0.38 $1uau 4 fegns uay
0.53 $1uru 2 feEns Fes1vaziBunveuuudiasuazduysile Han uazamzuandlilugui 2.5
LAEANSIT 2.2 Han wazamynuinnisiasumdnasuansluiiunouninsausewdossimmidaian
AATEIU ACHASCE 352R.1 danasiongAnssuvesuiinugadouseesiltuddny lnsuuudians

o v w A

Lifimsiasumanaiuiansithvuuiaienegdenassuusadeudaussuiai 75% vesnseylay
UINFIU ACI 318 HANITNAADIVBY Han LagAngg1duduinseduvas V,/V, 18nSnasg1euinse
WORANTINVDIUTIUALOUDYDINUABUNI NIRRT e AT T UTIAN ISP UTIUUInTng Inenanis
A o Y @ J A o = [ & S o v o
naapsndnaualny Han uazauguansliliudnilodn1siiuseauves V/V, Tu vemaafunsanig
Audng ANuEnIaluNIRATUNGINY LagANENNITaVUNITBEIATINgRYB UMY AR aN LA

nnMsnaassiinsanaseditulada (93U 2.6)

4600 TCBTC 5 4600
C8 1C7 T1C6 1C5H TC7NNJC4

o

™ v
™o
88 5 g g 4 g
—|® ©) 2 =) S
Q- ) =] m < ) 2
2 3] 1200 b | 2| 3 o = 1 5 g
G| B "EJ <+ i REEE © = i I o
g = T ' | — ¥ =
8 I 113
18 —— e °} 3l glem i — = S 5
- ’ S
=] = op ®
< I f ' rebars — @
o b — O
2 Top %
= rebars| 3 = %)
(=2} [} o <V">

v

| | {0 ]

150 4-SWPC7B@700 100 4-SWPC7B@700 150 50 RE 150
. E <t W ) 4-SWPC7B@120
Unit: mm — s E =W/
Loading direction Unit: mm Loading direction
(a) (b)

JUN 2.4 UaAIgULUUNMSTEIATILIRLS IMAZNISIESUWIAN
a) WUUIIARITIE PI-B50 way PI-B30, b) wuudnaessia PI-D50 uay PI-D30

(Wrasfian Han et al. (2006))
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TC=Load cell
Loading Direction S ; Loading Direction S o
L oy Unit mn: - “ﬁ Unit: mm
8 7 T C5 = :; v : o
71 . g J E
8 £43h 23 1 Jcsan
y @
. - I g
P i 2 &
Fiess |4 5 it = 51 "&:"‘gl
o L s L 2 i \J | ¥
E §8 i 8w E3E — ——E1Ew
= it l ‘ I8
:Tnpnbllg § ﬁ
| : J 4 -SWPCTB@120 2
o A SWPCTB@TW 3 4-SWPCTB@IO0 e - 1"’*3"01 ..
[ 1800 | Top re-bar (D10) 5 RN  Top rebas D10
o g 132 . :
132 - Battom retar (010) S a4 Yendoa (SWPCTB) Batteen sobar (010) g g TERSSN (SWPCTB)
N N
D 25 re-bar—. Tﬂ:nﬁ}_—' G D2 rebar.” = N\r=rr - swee T
o LA | M S | e
13$ $ 3 T—_— 1?
D10 rebar A D 10 et 0 10 rebar I bt bl \0 s0rmter
[~—300— 300
Detail A Detail B

(a) PI-B Series (b) PI-D Series

UM 2.5 SIUALLDYANTITLESUMANLAZILUINITINAINOAWTY (a1 Han et al., 2009)

A157197 2.2 IUIRLRLAYI9aEIdIATBIUUTaRlUNINAaRITBY Han LagAty

(Wasiian Han et al., 2009)

Dk C; =G h L, [ h, Aave P, P P, Joe GSR
(mm)  (mm)  (em) (m) (m) (m) (%) (%) (%)  (MPa) (%)

PI-B50 300 132 460 360 210 104 0.78 1.14 0.21 1.21 38
PI-D50 300 132 460 360 210 104 0.78 1.14 0.16 1.21 38
PI-B70 300 132 460 360 210 104 0.78 1.14  0.21 1.21 53
PI-B50-X* 300 132 460 360 210 104 0.78 - 0.21 1.21 38
PI-D50-X 300 132 460 360 210 104 0.78 - 0.16 1.21 38
PI-B70-X 300 132 460 360 210 104 0.78 - 0.21 1.21 53

MU “e.q., PI-B50X: (P) = PT; (I) = interior; (B) = banded; (50) = ratio of V, to design shear strength ¢ V. ( ¢ =0.75); and X =

no bottom reinforcement; GSR (gravity shear ratio = V,/ ¢ Vo)
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Displacement [cm]

Lateral Drift [%]

-10 -5 0 5 10 -10 -5 0 5 10

60— ; : | ; — - .
o Latetal load (+} <
50 e 1t W 1
40| + 1t |
Ve Miyachhy (2425 52N = = === === m = | 1V oacm M, et (=426 16kN) g 7= === ===~ ]

6, =-0.45% T ) 0,=1.75%

BU: ] i ]

0 —t ——+—+—+ —+—t
TV ar(=-12.3kN) 14t ]
20+ 4 1t ]
S Vo acmM, ae/M (=-26.16KN)| [F=====~= _.--V_,LAC.F wac/l; (=-26.18kN))

V. an(=-34.

4ol 1 1L Vi mes(=-24.4kN) |
- v, ,=0185/f= 0.53, T a)PIB70X | | v, ~0.185/, = 0.58v, T b) PI-B70 |

_60 | 1 1 1 I 1 1 I 1 . L 1 A 1 1 I 1

GU T T T T T T T

50 - - 1F - .
a0l 1 ] Vi war (=43, 6KN) T 1
[V aci=Mo e/ (5+34.42kN)= == === ====== 1 [VnsemMoac/hy (F+34.42kN) = 27T = === == 1
Oy=-1.14% 1F ]
0, =-1.75% 1T 1

0 ———— Ct 1+ ——t :
17T 0,=3.35%
V, 1im(=-21.6kN) r 6,=2.10%
-------------- Vs =M, ac/h (=38 42kN) - === - =) ser=M, /i (=-34.42KN)
-40 4 1+ 7" s i
[v,,=0133/f =038y, T c) PI-B50-X ] [ v.,,=0.133/f.= 038y, d) PI-B50

60 T T T T T T T T
50| L 1 F + ff,» g
aof - 1 . ; b /]
V' pe =My /b (2434 42KN) — === — = = - — = — i tV nacimMyacM, (=+34.42kN iy
L 0,=-1.71% ] ]
[ 0,=-2.75% 11 6.=4.00% )

0+ e : - :
: AV, =26, 7KN) ]
--------------- Vo =M, 4o/ (=-34.42kN) | === 4 2e=M, saih; (=-34.42kN)
i 110 LAY Vintan (=49 1kN) 1
Clanidl 7 b 5 B W e 30 0N TS 2 Yol Lrnl
6 -5-4-3-2-1012 3 4566543210123 45 6

JUN 2.6 AnuduiusveusmsiuinuazanUesidudnisidesivesa

PMNHANITNAABILAY Han uazAy (Lmﬁlﬂﬁiﬂ Han et al. 2009)
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Himawan and Teng (2014) ﬁﬂquaﬂismaw%mmq@L%'ammﬁuﬂam%é’ﬂm yinls
wsabamilenneldusanssiaduiianadiudng Tngldiandmdsniiisnsaiuanueadeninuning
vasawiiu 5 nglduuusiass 3 fhogs fheghsduusnlasummageunteldusdiues fegai
2 vageumeldussliumdanaznsiusaduiieneiudanuuigdnsluiiamauden uasdegiei 3
naaeungliuwsilinguaznsliusaduiiansinuiaduigdnswuvaesfianis nanisvaaeugn
PaSeuieulunivesidesunsmnessnudng (Lateral Strength) ansuuds (Stiffness) AuEINTSA
Tun1snuns8eaingd (Drift Capacity) wagauwde (Ductility) Han15MAaeIves Himawan and
Teng wandbAiudnMasuusmerinudne (Lateral Strength) uazaunds (Stiffness) U83U3IMYN
Fousevasiuneuninsausduiirmeiiufusenivessaiidannnidlodisufuaanuanisneass
pufiemsvesiisounevenal namsnadeudstiniiuinnsliussaduiansiudaduigdnsuuy
@097 ANN9 (Biaxial lateral loading) dewaliiaesuLsIn19@1uT19 (Lateral Strength) ma1uuda
(Stiffness) AAmaIITalUNIINUNILBB9RINGA (Drift Capacity) wazAIuwiled (Ductility) U89

o

UShuyaiaNsiavasiiunaunIndauswlinlsussdaulediinsanasegelideddgy

- NORTH
g:% 1 == B 14 i3} [5 2}
5.00 - H
S 300 ’
4 .
< 200 Z
§ 1007 15 % 1
= 0.00 A 4 >
g -1.00 - M WEST 1218/ 4 EAST
= -2.00 - B L7 3
£ '2‘88 ] = 9 Z 7
-5.00 -
-6.00 -
-7.00 - =
-8.00 10 il |s 6
R SOUTH
(a) Cyclic displacement history. (b) Bidirectional displacement pattern.

JUN 2.7 sUiuumshalssaduian e udIaRu Ul Insivaaesiag Himawan and Teng

(uviaafiun Himawan and Teng 2014)
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NOTES:
LC3: Load Cell 300 kN (67.4 kip)
9 LCS: Load Cell 500 kN (112.4 kip)
by e LC5 dp: Distance from centroid of tendon to bottom of slab
*Installed only at specimen Pl-1 and PI-2
2 AOnly for two center tendons
* All dimensions are in milimeter (1 mm = 0.0394 in)
= HA1LCS*
< . "
= Anchorage reinforcement (4010 and @10@100)
=1 7]
Losl] o % ak
—H LCS
S ! x-tendon
§ A E . a_ T
N - y 7 L SL |
e 21 306] 439 525 525 439 1306
B dp: 75 75 106 126/108 106 75 75
: A L.CS
& ! y-tendon
2 el 1 1
A H— 510 565 675 675 565 510
[
s dp: 75 75 106 126 106 75 75
y LC3
X LCS*
(a) Tendon layout (b) Tendon profile
2540
L 2540 \ 2
! 200 __20Q ) o i
_.L -
o e ) [ o o
e Top y-bars (6213) Bottom y=bars
1 ~(2013)
: - : i
g B Strain Strain
Jrp EL PN 5 7= ange
o
8 vy L/, 8 7
al 4 = -
= 7
L o 4 9
a \
£ — Bottom x=bars
N-[rog §-bars 6913) (6013)
role @=56mm /F' Hole @=56mm
o " o o -4 o
y NOTE: All dimensions are in milimeter (1 mm = 0.0394 in)
o X (a) Top reinforcement (b) Bottom reinforcement

JUN 2.8 MILESUmMANKAZILINITINAINALTIIUKUUTIA8Y8Y Himawan and Teng

(WWaafiun Himawan and Teng 2014)
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2.2.2 NMSESUMANS UL LAY

] @ o I~ 1 v A a a a Y o & a
ﬂWiIﬁL‘Viaﬂi‘ULLiQLQ@HEULLUUMN"’] E:]QLSUWIUIULLNHWTJUiL’Jm’Jﬂi]G]&[,ﬂa‘Vi’JLﬁ’}‘U@QWUﬂBUﬂim
@ A

iedesiunmsivivuuounyy {WudnismsnilangesnwuuieuldiunilulumeUfun iwevdnides

Jamideatunisiwuurasneuniailuiidvd msuiiuanuuniiuusialdmien

Hawkins (1974) aguviiaveawanasusuusudeuiamisanunldluudunuiiodesiunis
WoungganUnlnussnnlukulf g Inen1sdIunIanI N NI IMAILEIMT 01N U 1

lngsouianegrdlaagnanils Awandugun 2.9 a - 2.9 d

n3ldf Shear-head Feidnwausifumangunssananariuiaiai 2 e (Kagu 2.9 a)
Tnewd oudrdeiuduisndafiuinsgrunisesnuuu AC 318 building code Sugonlifoonuuy
thanldauetesiunisideunsg egrdlsfinu Shear-head fiusznousemangunssamualngang
makuiainieliiAnguaselunsneatis iesanfindssrnimszenagninuansnnnindu

= & a =

AElUNTNAALEAN LA UULALA DI LTS URARIRNE AL TURLAY F99INLASIANAINDAS19ADUT 19N

aa = o

8n38wnilafianunsaldlu Slab fie Bent-up bars (5U 2.9 b) Fafldnwaslumdnduiuuss

X

dounfimadnsevuduguneiin eg1alsiniy Decchka 2001 iszygneounesisiliinishd Bent-up
bars liduszansnanazlumuizansunisldeuluiuniuug iesandguinisdunisgasaluiu
1 [ 14 @ W T 1 v 0O v =& o w . . v v & a
wHuUITmaN Suusadeulianusoimuiadianiaensin (Yielding Strength) 1o datiunisiasy
Shear-head uag Bent-up bars Fadugduvunlursslainisiunldluasavnssuneasielaevaly

ndeynninandneau

Jagunisldimanyasnda (Stirrups) wselduyndnsuusudou (Stud Shear Reinforcement,
SSR) 29U aAIE (1mgU. 2.9 c wag 2.9 d) Mauduiidesldnutusgruninas Tnedngy
dnidenansnduneenufinudssydnsuavonndniuusadeuvansedailunsdumuusadou
aeldusansevimsimudnaduiiauuuingdng i nguit@nwnsld stimups MaeiaLaUuge
Lﬁﬁlawfa%ﬂﬂauﬂ?ma?umﬁﬂ (Hawkins, Mitchell and Hanna 1975, Symonds et al. 1976, Islam
and Park 1976) naufidnuin1sld ssR msluuduiuneuninadundnlngq an (Cao 1993, Brown
and Dilger 1994, Hammill and Ghali 1994, Robertson et al 2002) %Q Cao 1993 Wu31 SSR @158

WiuANEsasuURLAL AT UATaNsaTe R UNI ALETUWANTUFURUUTBINSUANEY
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FUKTIRBU (Shear strength), AMNAINITAAIUNIUNITLOBAIAUTN (Lateral drift capacity), @273

willen (Ductility), wag AUANIOlUNNSAAFUNEIY (Energy absorption capacity)

! Shearhead Siab
s ol
P m—a— Shearhead
AF—~*—T'.=—==—-JQ I 17

1
. Col
L 2 e Column
7 o~ Column N °
1| S~—stab
Note: Flexural Reinforcement Not Shown
a) Shearhead
+}——Slab
] )
—— Bent-Up Bars J—-'\—I
=] Slab
i —— Column ! /—
o~ - v !
B B )
A =4 Bent-Up Bars
Column
1 Plan
b) Bent-Up Bars
/ S Slab
¥ _ _SCol ——— Stimups
j Column Y p
| |
Cc | C
A 5 A o cc Slab
~] on ¥_
Plan Stirrup Column
c) Stirrups
s Siab
& ~—— Column Shear Studs
D I - i D
' — | L A
= \" ————Slab
. [Section D-D |
: Shear Studs — Column
Note: Flexural Reinforcement Not Shown
d) Shear Studs

UM 2.9 viinvesnaniunsudaudmsuiiumasiuisudouvesuinugadeunolugnidauseves RC

slab-column connection. (Lma'ﬂﬁm Decchka 2001)



22

2.2.3 ANSLESUMANS UL 1Y TURKUNUADUNIABALSS

qunspvistlagtiu wunguiinideluinaseimadiurunils (Gayed and Ghali 2006, Kang and
Wallace 2006) 3 u@nwinaveanyamdnduusadeou (SSR) Aunsusengddavesgaideuseliie
Uszyndldfunuiiurounindaussmeliusimeiudeaduiauuutndng uwidnlvgnauinidely
snsdszinananiiug aduiinsmaaeuuazinaluldfuiiunounindauseiiszuulinisdami e

(Unbonded system) Feludunifenldnululssmelng

Tnenannsnaeswes Gayed and Ghali (2006) Vst mslduviamansuusaiiou SSR 1
B nsnilefifiuszansnadviumunnuauisadumusiuiuln waznmssausditupeunInyae
UssWINIsdeNanues Lateral Stiffness lodnindlalsufupeunimasumaniluiiliinissauss
dmsumnuausalunInagunasa (Energy absorption capacity) AauNsALEsLIaN eI lUNEY
fanuannsalunsgadundseuldfndt wasnausdi1isnsoonuuuiiuusiesnuuuldouuy
oundmasumanlnemluiilifinssaussansadunuszgndlitunouninsausdussuuilingde
il 8 (Unbonded system) la Tuwed Kang and Wallace 2006 laiin1snageou Shaking Table
Test funuusIaeteans 2 3u 2 121 wafildduduinmslduiamaniunsadou SSR WuiEnsnileiid

UszgdndnadmsuiiunuanunsadumuinuaulmansuasunInsauslussuunsoansauuly

msBauilen (Unbonded syster)



Dead anchors —>ﬂ p
> 10M bars
15M bars
. S
L X q
\
A |
e
= N
A\
2" tendons
N .
10M bars :
»¥
Live anchors
(a)
130 mm I
1 (5.1in.)
13 ! 130
fes—f | - . F_)
g 2
i s o
Yo ; 5 __|SSR :
ookt b cheerboba |
e
., B 5 v .
o
H
B «j I
_?\ 10M bars.
SSR near | P
—t—tendon anchors
130
(b)

Example of Reinforcement of 1PS-9:
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(a)

15M bars

[4— 6-25M bars

8 mm (5/16 in.) ties

(@ 62 mm (2.4 in.)

Distributed tendons

=

[ = e

| 5 DS e e

L Banded

tendons
d,=120 mm -/
(4.72 in.)

<

10M bars

Cover =20 mm (0.8 in.)

(b)

15M bars

1
f<a— 6-25M bars

8 mm (5/16 in.) ties

@ 62 mm (2.4 in.)

Banded tendons

Distributed

10M bars

tendons

Cover =20 mm (0.8 in.)

Sections through columns in IPS-9

JUT 2.10 518auLBAN15IERIIAN LINMSININGRLT LN SESUMAS UL Ao

TulHUNUADUNINOALTY NIadeulay Gayed and Ghali

(uvdafisn Gayed and Ghali 2006)
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2.3 Mudelagisnisnaassnnuludssmalne

FuSuLHuNuABUNINOALSY SYUUATusaBamilen (Bonded system) MlaitaSumansunss
Wou witdagiunuiissnuideananeiniToiisnguied As Prawatwong et al. (2012) Aila
AfuNasluITaITIZAUUILITIA NEIRUNITNRaBINTITTaNgANTINNITRBVAURILazNalAN1TIUR

YaUTINARNRaNgliNsIAFeufEs U AU wUUTINS

Prawatwong et al. (2012) nageauluudnass 2 awg19 lngldluudiansvun 3/5 Wives
Tassadsunvuresuinagaifonsonislueims tng dog1s 1 Mudunounindausaunuiiou
siinszuudinmstamiler Tagldansziu Vv, = 0.28 eglutasifenldanulueiaslulssmalne duw
fr0819 52 SnsanA VY, awnde 0.13 lnensifiuaausuniiwsiuduuiiusiien (Orop Panel) 16

(%
Y

fusaula uaglamsvungnasnuuliiingAnssuluuadunse (Linear Elastic) naean1smaass ys

e

aosmegsgnvaaeunsiulsuindaeyiliiAansiedeusaduiirnuuinging Taefimsfiusedu
mmguLLiﬂﬁuLﬁaﬁ’wiwwqﬁﬂﬁmﬁLﬁﬂﬁuﬁnmﬁﬂqﬁﬁLwiazé’fqmmﬁLﬂﬁauﬁaimaazLﬁam NANIS
wﬂaaugﬂﬁﬂmw%uLﬁa‘uwaiugﬂl,wmmﬂ Hysteretic Response, Lateral Load-Carrying Capacity,
Drift Capacity, Stiffness Degradation, Energy Absorption, tta¢ Punching Shear Strength Wit 29

ANENNTOA UM ULHUAUL

5700

=pN Loading
e ~— Reaction wall : :
1600 MTS — |~ 500
_|_._____, | actuator |
Thlif - [=] Q =
e Sr— ==zl . o
8 g -:,i: 3t pvot | |SO P02 2
’ gl = i N e
e | Pin-ended bar — 840
_—s Strong floor : T
i H!ngedjéf | & I

Dimension inmm| |

| |
2500 ' 2500 ) ‘
5700
Elevation

Plan view

JUN 2.11 feg19vunliAveeiiege S2 inegeulag Prawatwong havAay

(uwdsfiun Prawatwoneg et al., 2012)
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3x700 [+-150
150+

480 3x700 , 540, 3% 700 480 120 ; Axh 400 | 400 4x550

I Tel IR |

| 1 Y T I
i « Strain gauges ! « Strain gauges
I
| 3 |
| s i
| i S11 ] ] i
2 el S19 : B W
UXIJI : q| 59 ‘: &b i. | :
™ i g - i i
: S1 S2 ES,LSL‘I : ‘851 56 57 S8 i S B‘i: r-L-n [
PR g mRk g
' o
'@— e 530350 éSO o (b) Bottom bonded reinforcement
1600 (10 mm dia. ribbed bars )
i 7 = RB9 @95
if & [@r 2RB 9 @95
B (a) Distribution of prestressing strands (12.7 mm dia.) 500
Column main bars 8-DB25
~ 300 300 (25 mm. ribbed bars)
N —— P =
V[ — Ve Anchorage plate
9x 200 %T -
o 11
2 Bottom layer 4 | 140 —8-DB25
______ L2 8L
g T [T f I
g - } w0 2 =1 Prestressing strand
t AL o X $12.7 mm (0.5 in)
h | == & i
E ‘ c*:I_ b ——= i § {
2 } & Toplayer ¥ H1
| 1 _____ 0 I N

dep + 3hgan
(d) Drop panel reinforcement (e) Column reinforcement and prestressing in column

Top bonded reinf t
T i (10 mm dia. ribbed bars)

(10 mm dia. ribbed bars 2800 mm long)

JUN 2.12 S1eazBuanisiasuimvanuaznisyeaindauss Tusegns S2

Nin1snegaeulag Prawatwong WagAuy (WAae9iun Prawatwong et al., 2012)

WANTTNA@OUAIN Prawatwong et al. (2012) fauandluzud 2.13 Fifuinusnugadeuse
vowieg1e S1 Feiuduneunindausausiuioy viassuuinsianien Wonaaoulngldansze
V,/Vp = 0.28 finnnugauuasanIsaiuniusiuiulmaiunsanusudnisidesdiingfveaanlaiies
2% (Maximum drift = 2%) newlinn1s3UAlAEN15I80UNZq (Punching Failure) Tuguuuuiusey
(Brittle) ogslsAmumaiinutuiaanlufiegn 52 annsafiunmannsafunulkuiulmves

UShaaensisegalitedidgy lnskuudiass S2 ninmsldawluiiaianunsanunisidessiivesanle

89 6% waziin1susengAdikuuwmiel (Ductile) noun193UR
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Hysteretic response
200 ====== Envelop curve

150 (1) Peak load
and maximum drift

100} (2) Punching failure of slab

50

250

Lateral force (kN)
o

, Lateral force (kN)
o

200+

150}

100

o
o
T

Hysteretic response
------ Envelop curve

@ Peak load

@ Maximum drift
@ Punching failure of slab

&
=)
:

-100 | Ultimate Capacity 100r Ultimate Capacity
150+ ( Lateral Load | Moment | Drift 150 Lateral Load | Moment | Drift
(kN) (kN.m) | (%) (kN) (kN.m) | (%)
-200 ¢ 1070 | 1926 |20 2000 1928 | 347.0 |62
250l R — 20l T B
7 6 5 4 3 2 -1 0 1 2 3 4 5 6 7 F % =5 4 3 2 4 ¢ 1T 2 g 4 5 6 7T

Specimen drift (%)

(a) Specimen without drop panel

Specimen drift (%)

(b) Specimen with drop panel

gﬂﬁ 2.13 WaNISNAABUIIN Prawatwong WagAle (Wvaadiun Prawatwong et al., 2012)

7.0
® RC Slab-Column Cohnection
©32 A PT Unbonded
6.0 ® A (Trongtham and Hawkins 1977)
O PT Unbonded
—~ 50 ° (Qaisrani 1993)
X 7 ® ° ® PT Bonded
oy g (This study)
5 40t = 3 — — - ACI 318-08 Drift limit
8 g ® e @ A
T 30 = [}
o= e S~ et o 4
= RETERN | o A
Q 20 2 . o A
S1 .)\n. 4 & o
1.0 e A .
0.0
00 01 02 03 04 05 06 07 08 09 10

Gravity shear ratio (Vy/Vo)

gﬂ‘ﬁ 2.14 Gravity shear ratio versus drift capacity at punching

for RC and PT slab-column connections without shear reinforcement

(uwdafiun Prawatwone et al., 2012)

a a

wenntuteyansiUeuguAINaInsalunsideediiingd

o w

nuanslusy 2.14 wagnis

o = o = & A a
Gﬁ')"ﬂ'lﬂﬂ'ﬁﬂi%‘ﬂ']ﬂﬂ'ﬂllLﬂiﬂﬂiua'ﬂ@li‘ULLiQ@QﬂWﬁQQQIULLNUWUWNﬂqsaﬂﬂiqﬂlﬂu Prawatwong et

al. (2012) SauansliliiuinngAnssunauauasil,

' ¥ '
a = U

Andudmsuyaize

[
1 Iy

AONUADUNINDALIITETUUNINIS
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gamtlenfdeueanwuuldauludsewmalned mnukananeInianadaukuuINaesnidnisnagaulu

=

AsUszmAlagnguinITedue (Wu Trongtham and Hawkins 1977, Qaisrani 1993 HaMARBIUNIEUY

o w

linsBanilen) eg1aiitvdfy
2.4 M3NgngINUNISLEsUmANSUsudau Tunkuiuasunsndauwsslulsimalneg

%8991 A.¢. 2012 nunguinIdednwiuliunnlulssmalve (Prawatwong et al., 2020, 5u
N3 YuUOWS uazAny, 2020, nqug e 2017) BuvhnsAnwmaveundniuusadoulusUuuumin
Uaanda (Closed-Hoop Stirrups) wagyamaniuusaden (SSR) Giamsﬂﬁzwqaé’ffmaa@mLs‘t"famialﬁa
Ussandldfuanuiiurounindaussmeliusomadutinsaduiiswuuindng Tnegaduiimamaaeunas

iwalulgiuiunaunIndnusinseuuiinsdamien (Bonded system) @efisaldanuluussinalng

nug nade (2017) neaeuiiuneunindnuss Alyaiuusadoumelfusadufins o 1
fegne Tnemsiasuvyaiuusadeuluusuiuduuunyiia Single headed stud findndamaians
WARMUULBNTuAuLaziimtndeuRnitussdnengnugUil 2.15 nismeaeulden Vv, = 0.48
NavAdeUNUILANMTITRLUUIENEY TiofidusinisBessvesianagszning 2.5% - 3.0% oenals

Amunisnageuiidaduiinismageulnglivyesvusadounindniemadanisndniuuwendudulog

'
o=

Tdwmealulagndey JadunurdunaitnunmusinyeiuusadouriaidndudeddinueRliioussanu

Y

NseuNAtuNSWaNLAasTuleiY wazninAunmuedTeseuliliuinsguevdmaiunis

Usengisvesawensalietludssendldiunuiiunsunindaussnielilsmnenudnsaduiiela

JUT 2.15 dnvagvyasuusudeunldlunmmeaesdlag ngugn Tnsde

(Wndsfian nqug ndde 2017)
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JUN 2.16 ameesevyniuksaeunlilunsinisatadae nqugn Insdy

(wndsflun naugn Tnsde 2017)

suns U3 uazany (2020) liAnwmgRnssusswigaideudessuinauasNuasunin
SausanendanieldussaduimmaiuiauouiginsuasaSunyadoulufiuuinalng 1 1 e
Frumunndeunsg lnensaduvyauksadeuluukui uduuuuvin Double Headed Stud
ANYMENI5I19UUULURIN (Orthogonal Layout) n1snaaeuldan Vv, = 0.49 dmfunisiaiy

widnlwanliviiniseenuuuiaifianumioandndng suns quans wazauy (2020)

HANTNAFRULAY SUNT unqmé wazay Uansluguuuureensiu Hysteretic (mmgﬂﬁ 2.17)
wazdnuarnSiThvessaegmadey (ugui 2.18) nuiriegmeaeuiinnuinieauasuiuiugs
fiafosnmmendauinnsiod Ineldedamdunmsindoudiduinsseminadu (Drift Ratio) Uszunm
7.5% 71903t Tnens3uRldldAnT uiisiuiy nansmnaeugmitlusuiiteuswideluefinlugag
Gravity shear ratio 0.4 - 0.5 (ﬁLLamﬂugU 2.19) Wy Drift Ratio ﬁﬁ;ﬂ%ﬁ’aﬁlﬁmﬂwamiwmaawaq
5UNT YU wazanz dAgendnusnfderioufunaainsidseduuinnluein egrdlsimmudud
ihdnaidnuugmsitivesuudiassiiviinsmaaeuiivinalndiem (Uil 2.18) PNMINARDI
wusesuanifiusnaanduuousnn wilunaindufusesunniiuinuiubivansdsesunnauin
Tnguazusiuiiudfiefiosnmaenduinmsivh feldhinmsdesiiialdte 7.50% d@nunicens

Junssandanuiewasudusadosnitfiuiliszninnisnaasaan idiganeligadu
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125 + Yeild ® -
100 ] ©) Peakload ¥ }

(D) 85% Peakload

150 — ——— Envelop curve /©
(A) First crack _ e

75 4
50
25
0

Force (kN)

25 - B
Load direction

50 4
-75 4

[ IIIITIT  ITIITIT |

-100

-125

150 4

Drift Ratio (%)

5UN 2.17 wansnaaeuivinsvedeulne suNs YuUaNS avauy

(UWVEIPUY SUNT YUNT uazAE 2020)

e

lﬁ d Load direction (-)
I

'

5UN 2.18 dnwaugn1TIURvesinegmagey Nvhnsvagaulag suUNT YuUaNS Lavauy

! i Q‘
(V89T TUNT YUONT wazAE 2020)
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Y This study
“ With shear stud reinf.
8 > Without shear reinf. I
* - -—- Lateral drift limit for PT Connections
—— Lateral drift limit for RC Connections

Drift Ratio Limit (%)

00 0.1 0.2 0.3 04 0.5 06 0.7 08 0.9 1.0
Gravity Shear Ratio (V /§V )

5U# 2.19 namsilSeuiiiguAanuwmileanideluennluyis Gravity shear ratio 0.4 - 0.5

lAg SUNT YUNT kazAy (WAGINNT SUNT YUNTS WazAe 2020)

andanilealasuautisuegrauintudszmealne Tunsdesiunisithiainnisileunszy fe
msldwminuaenUadauanslugy 2.20 ag1alsfiniu ACI 318-14 Sec 22.6.7.1 55y31NISUNMENLIAA
JuguvaanUaiieldUesiunisdeu anunuiuszdnsna (d) deanuniundi 15 lwufiung uay

AUNUSEAVENaRDININNTY 16 WinveaduruaudnarsanUaenln

JUN 2.20 matasumansuusudeuiawinuasnUaieyldnululszmelne
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o350 Usz3Asd uazaniy (Prawatwong et al,, 2020) Anwin1sUszngAdivesgaidonso
sgriaauaziiurounindaussdadusefaudnmelfusmeiudsaduiiawuuipging dewdes
99N Prawatwong et al,, 2012 TnefinmsiasumanuasnUasuusadousdadilasumnuiesluusyme
e WilUlusinausuiulnddaiedestumadounsg Tagldteuuuasadu ss1 uvudaosd
U 3/5 wiweslassadefuuuuresuinagadeusentglueimsdiuiu 1 dogs Taelde vV,
= 0.28 Tumsnaaey wadildgninuisuifisuiunansnaassiilifinsaiumaniuusadeu @n
Prawatwong et al., 2012) HaMINARDINUTY Usngadeusefidinsiasumdnvasnlaamnsany

NSNSLBLFIGIEAN Drift = +3.06% NOWIANITIUAKUULENEQUULKLNY

Joyanufinwinseanly Prawatwong et al,, 2020 Ustrinnisiasumandasntalesiunis
Wauna U UNUABUNTASALTINUN 013luladeuiaigInIsAunIuNsleungg e 1nilidudAy
Fegonnaesiuiiszylaeg ACI 318-14 ag3lsianunanisnaaesusiimanlasntntilvigaieunavu

nstendalageanlavudeisuiuiruiuildd@nsasuninsuusudou S1 Neasnounind &

anansavun1sBeadilagegaiiies +2.0%

JUN 2.21 wiinUaenUaildluluuuudiaes SS1 ivaaedlag ossam Useifaed wasmoz

(uwdafiun Prawatwoneg et al., 2020)
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JUN 2.22 pmwuuinaesninisiduminUasnUaluwuudnaes SS1 Aeun1smABunsy

(U9dafian Prawatwong et al., 2020)

1.0+
464 Bestitline v, = 046/ f. +0.32f,
Prawatwong et al. 2012 in [6]
"\ )\
° B~ .
0.7 4 ! n-- 27
Ll
0.6 p (£ 2
; ss1 514 ¢ .
! ° PR
1—05_ ‘;/. .. <« (1] "4"’
g T ® - 4
V. gt
0.4 e v, =029y f, +0.3f,
_,_-"' (Eqn 22.6.5.5a, ACI 318-14)
0.35==
® PT Unbonded, no shear reinforcement
02 (from ACI-ASCE Committee in [13])
A PT Bonded, no shear reinforcement
0.1 *Prawatwong et al. 2012 in [6]
A PT Bonded, with stirrups (this study)
0 T T T - T = T T T
0O 01 02 03 04 05 06 07 08 09 10

fulNf

JUN 2.23 nansiSeuiisunieusadeuiilaan ss1 dunuideluedn

1ny Prawatwong et al., 2020 (Wwaadin Prawatwong et al., 2020)
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7.0
® RC Slab-Column Connection
A PT Unbonded
6.0 [ oA (Trongtham and Hawkins 1977)
O PT Unbonded (Qaisrani 1993)
X 5.0 o O PT Bonded (Prawatwong et al. 2012)
~ o ® .
g ° ® PT Bonded (This study)
."5 4.0 : o . == ACI| 318-14 Drift limit
S o A
@ 3.0 LY SS1
o . )
et 4
= 2.0 D @ (o) A A
D .
S1 ° o
1.0 e ..'__:
0.0

00 01 02 03 04 05 06 07 08 09 1.0
Gravity shear ratio (V,/Vy)

JUN 2.24 nan1sil3euiisurnsBesdying@ilanin ss1 dunuideluedn

Tny Prawatwong et al., 2020 (Lmdﬁﬁm Prawatwong et al., 2020)

2.5 #3UNINTINAINNITANBINUTIBNNL IV

LLﬂ’jﬂWﬂﬁﬂiﬁMﬁLﬁ@%ﬂU%L’mﬁ;m%ﬁm(ﬂ'aizwi’mLLNuﬁuﬁULE‘I’] (Slab-column Connection)
waznalnmsitanieldnsnszrivesusimesnudisaduiiawuuigdnsanukuiulmdunginssud
Fudou Tnefinouniniinnisunninedsuuseilingfnssuveslasiadanounsitatnnsduiuly
JuisasfidngAnssaduuuududanadin (nelastic) warluefniin1s@nwmgAnssunisnevausse

L3mMAUTIKanalnnsItAnuiuALlmTUTI MR NRB e INAdR UL VT A ad Y
wesUfuRnislunuszmelnetnidenatsnquetwserios egslsiaudagiunisfinemgfinssud

[
=

ATUUTIAAAWRN A YRILNUNUABUNINSALTINETANTNTEYIYRILT IR LTI NWHLAU NI

[

T Anwldunnuazdiulvgyyaiulunasunindausduseuulinisdawmiey (Unbonded System) &

Y

Tiduntsuldauludsesmelneg

duTun1sUsengAfIveaaudavoIukui uAsuN R akTslussuundn1sdamien
(Bonded System) 218lin15n58711709U5IM AU NATUAIALUUTNINTIINHAVRIUHUAUIN Wy

Wiganan1sAnwlag Prawatwong et al. (2012) AilasunsafinnaslunsasivnsseauuIuea
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HAMSYIAGBUATN Prawatwong et al. (2012) Fifiuindnugadousodsiudunsunin
Sausaukuieu viaszuuinsBamie Wevneaeulagldasedu Vv, = 0.28 finnwseulesions
AuvuskuAnbmaunsanuiuiinsBesiingAvesanlaliies 2% nawinnIURlaens@eunzy
(Punching Failure) luguuuuiusy egrslsAnmunisfiuuduialufiogis s2 iean V,V, ag

o w

AUNTATNANNAN T U ULHUAULIYRIUS I BNd e B T Aty

w&aan a.e. 2012 wunguiinddesuaulinnlusemalne (hqugn ide (2017), suns qu
qm§ wazAz, (2020) Uaz Prawatwong et al., (2020) wenguvinnisdnwnaveanansuusadouluy
sULUUTLAMANSULIEBY (SSR) wazianUaentn (Closed-Hoop Stirrups) Aian1susengisivedqn
douderfleuszyndldiuauiiuneunindausanelfusmsiudsaduiiawuining lesjatufinng
nadounaviwaluldiuiiunounindausefissuuiinisiamiien (Bonded system) @sdenldauly

Uszmelne

dmsumaneaediaglivaamanivusadou nqugn ide (2017) vhnismaaediaglivaaiy
wsdousiia Single Headed Stud findndiamaianimanuuuusniudiulagldinaluladides
oslsfimuduiidanahaunmeesyniussadeusindsidusedivnuitonssnunadoud
Alunsdenusazdudde iy wasmnamnmesssesdoulillfinsgiuenadsatunisUseng s
vosuTnmanideuseidethlulszndldfumuiunounindausaneldusmisiudvaduiald suns
unqw'é wazAnE, (2020) Yin1snaaedlasiasuvyniuusuleusila Double Headed Studluusufiy
wilumsvaassagneentuuliiarumienddiifiamadeunsqiiuiuiuisdsliaunsaldunans

a o L d‘ ! dgj a d‘ 1 = = ¥
W(ﬂa@QUiSLNUHﬂaﬂLll’e)LLNUW‘L!‘U?L’JEU"QG]L%@N@@ﬂﬂﬂ?’]%%ﬂ?j@lﬂ

dmsunrsnaasdlagldimdndasnda (Closed-Hoop Stirrups) Aeuldauluyssinalneg
Foyaaunuiiseenilu Prawatwong et al, (2020) Usiinsiadumndntaondatiostunisidon
yegluusiufiurounindauseiivng eralilddefiuidanisdumumadeunzaesafidedidey s
aonadosfiufiszylag AC 318-14 egdlsfmumanisnaaeststmdnuasntataeliyadousony

mslendaldasanlivuiiodeuduununuilifiinmsasuminiuusadou
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n&san a.a. 2012 Selainvunauildfunsaiuiaduansarsivinissefuuuiia
AeatumafiuanuannsalunsiumusuivlmlngIsmaasuvanfuisadouninagaiouse
yaeiunouninsaussluszuuiidnisiamien (Bonded System) Adlonldanululssmalng ey
Hagtudsvanaaussdnuiiimnsgeenuuuazaiunsatildluniseenuuuiitotostun1siva

wuudeuvganelalssunumulm

=

Wialiufugeeinanananlasin1sisedaeinn1sAnuiTedewiiadsann Prawatwong et al.

(2012) wag Prawatwong et al. (2020) 1agu81898ULUANITANYIUIAINITUTENYARINOUAUDIVD
dousovesiiunaunindnuss viadusadamile (Bonded System) fifimsoonuuuiaiumanidon
(Stud Shear Reinforcement) BadnlUluuduiiulndieauaznsiaiamsdsengishnigldnislensadu
ﬁmaummﬂmaﬁuaqLwiuﬁulm%mﬁmmﬁﬁ'@ﬁmw%mq@ TngnanInAaeIuuLUUTIaee7 lidnng
ieSuman3uLseTisneeuly Prawatwong et al. (2012) uag Prawatwong et al. (2020) Aeuntind 9z

gniunldivensidssuiiey Fetayailaannnmsnaaesaziilugnisusviliuanumunsauvesaunis

Y Y

N58YMIUNINITFIUNITRENKUU AC Building Code atutagiuludiuniieitasiumassiiuniunis

D

[y

\Wouneq (Punching Shear Strength) wazindnianTsLdeasIveIgAaNse (Design Drift Limit) Moy
Tdmsun1seeniuusm UM UL LALLYR UMY TRNda luTiuAUNTA ALY F99sinaiiuse

waluund 5 ol






NN 3

A5ALUUUIY

3.1 AMWSINVDINTLUIUNITIAY

¥
av A

msanwIteiilunisvnasssyesd 4 Feraiiesarnnisnaasslussesi 1 Haszeed 3 9
ANERITEIN1INnaetlULaIfounin (Prawatwong et al. (2012), Prawatwong et al. (2020))
Fan1snnaedlulasan1s3delaziAg i unISiUAUAINITOAUNULHUAELNIY09AL TR NE

sgninsauaziiunsunIndauswindus@amieilaedsnisasuuiananiuwsadenlugluuy

©

nyALdou (Stud Shear Reinforcement, SSR) iWluTuluuiuiuusnaingd Inediinguszasei

adaa

Anywavesnyaeulunistesiunsithwuuieunsy (Punching Shear Failure) UagAuUNISN
UszAnsamlunisifindaainuaunsadununsuauln dmiuiiureunindaussuiaiisdn

witen Meudldwnsvanglunisneasisenmisiulsenelng

iieliussainguszasddsnaiuuudiasslassadrsvuin 3/5 vos Tassadredunuugn
ponLuLLaznoawdwimsveaedliusaiioviliiAanslandaduiiansidrannsiaes
navasuuAubmluislfuRin1sdmnssulassaing a andunaluladuiaeds (AIT) lngsening
msmaaaﬁmuﬁmxé’ummqumemmﬂsﬂﬁﬁuLﬁ'aﬁﬁwwqﬁﬂﬁmauaumﬁLﬁmﬁ'ﬁuu’%nm
AngRlaLazidun AauAngAnsTuYe Linear Elastic unseaianelngaiilassairainnsiva
unianiiaueneanBnvoauudiaesiililummagey suuuunslonfaduiisfuareanild

Tumsneaes FBmsiiudeyasenitnmsmnast uagisnsdisdeyandauuudiasaianision
3.2 MIANUUUNITVARRRNRYszIliuANNENITasuNULHLAYlNY

nseanuuuMInaaedlulansidell fidvsenuuunmaaeslnslduuusassuendau
NnvualassasuuusinuUesluussmelneg Wuidoasufunismeasslusyozusn waziinng
AUANMILUIUEN Gravity Shear Ratio WAy 0.28 (V,/V, = 0.28) wislourunsvinassluszesil 1
(51) hifimsiafumaniuusadou uaznmaasduszesd 3 (5S1) Mnsiedumdniuusadouly
sULuUWANUaanTa (Closed-hoop Stirrups) fiaauzdidsldvinismaassluudanountnil o

dxANEaNISUSUMBUNANISANEN
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wuudaesnldlunismeass Wunisiassuendiuainuinugndensevesiiuuaziani

agn1eluen1stailegnusinseitmeniudnaagiyadandu @eandlusuddawiniugud) egi

q

ATINTIVBIANLE AR UUULAEAUAI AL ANA M UNUTEN I @D aE (SUR 3.1) Lol

Y

' v
v a a =

luwuddanindulunuudtassildlunmesssrarsadsnuitiaduiulassassduluutuzLie
mslendanuruauln aneiusaestnswenuuinass unidvdiulvaiinesniuulnsessunie
InT095ULUURBIADU (Roller Support) w3aylinuviawmaniifivalenyu (Pin-ended Bar) duvany

LA IUA9T895UMEYATBILUVUIUAY (Hinge Support) Bauuudnassuendiudneasilinidy

wangnguiedlilunisveass Felulasinsivnedifveswuudnassilduanslilugun 3.2

Lateral
load
T *4—[ *g B
LTL 8.4 m. [ 8.4m. ‘j'__ 8.4 m. J_l*__
(a) Moment diagram in full scale prototype by lateral load
Lateral load Lateral load
1.8m.| ¢ o 1.8m.| ¢ o
I
\K‘ |;| (drop panel)
5.0 m. ‘ 5.0m g
(b) Isolated model in the first phase (c) Isolated model in the second phase
(S1 without drop panel or shear reinforcement*) (S2D with drop panel*)
Lateral load Lateral load
L t \ \[- Moment diagram
1.8 m.| T \K‘ =i 1.8m.) e —— _\\_‘K‘ = !
50 m. ‘ 5.0 m. ‘
(d) Isolated model in the third phase (e) Isolated model in this phase
(with shear reinforcement) (with shear reinforcement)
(SS1 with closed-hoop stirrups**) (SS2 with stud shear reinforcement, SSR***)

* Prawatwong et al. (2012), ** Prawatwong et al. (2020), *** This study

JUT 3.1 wanspnuduiusvesiuuinaeuenaduazlasiasaiuluy



5700

4800
1

Plan view

39

Strong floor
Y

Pin-ended bar»H

PN Loading
[«— Reaction wall <#>
Load cell
—{ <500
MTS Actuator I
il ) l -l
Pivot 1:3

25 150 230
i
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8
Hinge S

YR
25

Dimension in mm

|

|

[
f

2500

1

2500

Elevation

3UN 3.2 uansvuaiiRveawuudnaesnldlunismaaes

dmsumseeniuunyaidouluuiuiiu wuuneainteinsiiinseasunyndeululseme

IneT1uiu 3 189 gATIUTIAILANINIATINTTEEEUIN Lay Luckkikanun (2020) WAzl

AwIumAviilasade (Structural Indices) weliduuuivninisesnuuunisiasunynideuluiu

wuuaedlilndiAesiutenienldnueenuuulutssinelng deyanfitouandlunisied 3.1

A1919% 3.1 Toyansdnusuasryniulsueounieuesnuuuldimluusenalng

ptilaseasng

Span YUIALED S e a Sy S
FUADIAT (mm)  (mm x mm) \/? d d d
Aouladiilyy 5800 400 x 1200 0.23 3.20 0.18  0.35
WISV 10700 300 x 600 0.42 5.10 024  0.63
91A1FEIUYAAG 5700 250 x 250 0.39 4.38 031  0.63
Average Value - - 0.35 4.23 0.24 0.54
LUUINADY
s1 (laiflmansuusadow) * 5000 250 x 500 0.27 - - -
SS1 (i@Suwmandaenla) ** 5000 250 x 500 0.29 - - -
SS2 (1asuviyaLdau) * 5000 250 x 500 0.29 4.42 042  0.50

MUEWR: * Prawatwong et al. 2012, ** Prawatwong et al. 2020 *** fivhmsvaasdulassnns?

o

il

A f . uay J. luss1amiae MPa, d = 0.8h, WUUT@BA S1, SS1, 552 A V,/V, sanuuulvitviniu 0.28 Wiy
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(%

Tun5199 3.1 aetilassasran il ideuanurunesadl

LS = SandumhsussafimurineuniniunseunvesNuiuLigui

31NNEIVBINAITAUTERUUDIABUNTA (Prestressing ratio)

¥
v A

ald = dadussegvyadeusiigavnginnnuiasienuanyseansnavesnidaiiu
S,/d = damduszervaReuiwsnInnnviasenuanUsEAnsSHavemtfn Ny
S/d = 8nydussertemynousonuanyUEavsnavemiAny

198 AuanUsEansua (d) Algluniseuradunisne 3.1 Anan 80 WasiuAvasmINunuINy

(0.8 h) mamiszy3lusnnsgiu ACI 318-14 Section 22.6.2.2

5UN 3.3 wansgullenuanuvsnetiudsangildiuinaineidluniig 3.1

3.2.1 LUUSIUAZLDEAVDIUUDINAD9LATIEAS9

TunrsesntuunisnaassieliausalSeuisulseans nnlunsiiudnminuaunse

[

FunuusiuAulng aainguszasdveslasainiside Tunseenuuy 552 Afimsiasumyaideuly
uriutululassnnsidet dudlassasrsiléeanuuunuuiiaes s1 fldfinisaduminiuusadou
way SS1 fifimsasumansuusadevlusuuuumdnuasnda 910 Prawatwong et al, (2012) waz
Prawatwong et al, (2020) 91nn1naaasluszasd 1 wagsosii 3 inanodluudareunthil 1égn
dunfinnsaniudae fdulasimsideiiuusiass ss2 §3deldvunaviadaian 0.25 X 0.50 m
§91.80 m. YUINAILETITIAY (Span) 5.7 m wifuify S1 uag SS1 fivhnimeaesiuudaneu

PUNT AIUAMUNUIVBINUNUN T U 0.15 m Faduarununvediuiuninisgeduduruin
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3/5 wiweseumundedld (0.25 m) luwvuneaduerasneunIndausiinaaiumaniuuse
douluuiuuiioneenuuuldoulusemalne Sanduninadumdnuuuazarsgnaauauli
Tndidestutunmsvasesililfiasummndeu duniseonuuunyaidoutuldeiaisfifoonuulu
Uszialnefouldfiuand lunssi 3.1 meenuuuldfunuudiass sniuszes S, veamymidon
fusn (U 3.3) Tlianssanslieglutisdifesnuuuienldifomnfiouuisisvesaindnuss
Fiflvuralng Warusavdudnlumuiigenisls Sefinsususmunindnieslasnadosiu
Foulvmuanimnsieadiafiannsanslsd dwiuwuuneazidenveauudiassdodi msdans

naAey TIdeumiin1sAnasgUnsalinsne wanduuuusvaziBeaiilililunianuan o,

3.2.2 MSNMRUATIANILAZLATDINUNY

Ya o

Welazainnenisosdaneifuiang gaseinisnuadgyanvalianislunisins

AV

a

nsgvimsiudnsiidiunisUangiadiuu (@3ui 3.4) nefia N-S iufiefivuuiuuuiused

Y
n58¥11917 Hydraulic Actuator AivinlsAnnslensa Taenisliuseann Hydraulic Actuator Tuly
Aruie (N) nuneds wsswaniinduluiianisuanuazagviliiianisidesiveaanduaiuan
(Drift+) Lazn 19 LI979910 Hydraulic Actuator nduunTun1eiiald (S) vuneis n1slruselu

Arnsauwazazyniinani1sdessnvenandudiau (Drift-)

Reference

N Supporting frame
e g I
Hydraulic n Load cell
actuator ]

:jﬁm 0 :

Sand bags %

o %F_\%S = =

Steel
reaction wall

I [ [ restraining —> |,
m m system L@J Stro+ng floor
T f i = f B i > ;
Pin-ended Hinge Pin-ended
link support link

UM 3.4 UaRUKUNINNITINNITNAAOUKALTIANINEN984
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3.3 pauanUfvasidguasnisiasumanlusuudnass

1Y

Jaguannldlunisneadrauudiaeildlunisnageulssneudie Aounin ainmand

o w =

inderidsgedildlunisdauss nyamdnsuusadeu was wanesuildiduduatvayudug 3
semisnsneadeiimsiiuiedwesTanusazaiinthumnasumamasufivnanaitsdu el
niuisnuatRvesaniuinsweuuiass auatRvestangazinsnaniduddudaly du
swemdamaiasumdnluiuuhassidouanstflunuuneandenlu menuan n. uenaintuly

duvnevewinte 3.3 nmarensneaindlasiasisuuuitastamediunddygnuansl lugun

38-3.13
3.3.1 AdUN5GA

lunisneadauuudtaes fIdeidanldneuninnauiaia (Ready Mixed Concrete) Tunis
ydeiadIua"s uHuRuAsUNIISALIIARIATAILULTILUU1a0e TasroumAsunInusaydIuT
nsiuiegisneunInluluunasLvMSINTEUBNNINSFIL (Cylinder) FruiudIuag 12 faag1
wénhlunaaeuidssnyszdsvesneuninflongsineg namamaaeuidssausedofiuiaes

Aunsanaaaule kandbilun1san 3.2

A15199 3.2 NANISNAFBUNIRIDAVDIADUNIA

dauvaslaseaing 218ABUNTA nasenUseas nasenUseday
(kg/cm?) (MPa)
o 28 425 41.68
GUGRIGEN g
AUNVINNIINAR DY 483 a7.37
, 28 1 453 44.42
GRG R o
NN DY 504 49.43
Sufivhnssauss 313 30.69
NunounInsauss 28 1u 371 36.38
Sufivhnmsvaans 393 38.52
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3.3.2  a2nDALSI

Tun1sgaussruiusuuIiass adnnlddusiadnmdusindes (7-wire Strand) fAndsgs
3R 270 WuruANEnasuue 12.7 Zaduns dvsunsnsmindausddunsuiiu uansduwuy
swazdualuzun n.6 (un1auan n) AeuvinsmageuiiegIvesmIndIuIl 3 faege gniily

nageumAMaNTANenalueslUing nansveaeusanslunnse 3.3

M15199 3.3 AasauTAnIINaveIaIngaws Il luL U0

Test No. | Cross Section Area | Yield Stress Max Load Tensile Strength
(mm?) (MPa) (kgf) (MPa)
1 99.58 1,704 19,100 1,881
2 99.58 1,721 19,300 1,901
3 99.58 1,704 19,700 1,940
Average 99.58 1,710 19,367 1,907

N59°9In8AKSITUNUAINTUT N.6 MIRERLsllaRindeId1wIu 10 L gniegegluvie

(Tendon) 112U 8 vie lasiivieldusuvesudazfianislasosainonussld 2 @y duluviedus Sos

'
v a a Y

1 1y mynavielufiameyuiuiuiuinss (N-S) 1sluguuuunsgandinusnauauiig lngd
srggvnaudaziduiiy 30 cm. enliu 2 duiegseninaaniisseginawiniu 33 cm. ludndiamng
nila nMynavielukuane@Infuiuanse (E-w) ndlugduuunssaedmnauiuing lnedssezinaiu

WINAU 58 cm. 919 59 cm. WaruieaInYaunie 80 cm.

3.3.3  wiansasulunkuny

wiindedoarduriuaudnans 10 mm (DB10) Fuamnn SD30 gnimnldiluduaivayu
auq Tuwiuiiu 1wy wnasuawazmdnasuuuuinalndiua tanisveaeunuaudfiniena
younandadeadinaruwandliluasnn 3.4 FwinuansneaeuTan 3 faege laammeuwsvige

ATINAALYINAY 373.97 MPa UagAIANUAUMULSFsEsaaRieiiiy 573.55 MPa
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A13197 3.4 aandfinnaveswindedos DB10 Funnn1w SD30

Test No. | Measured Cross Section Yield Max Load Tensile
Dimeter Area (mm?) Stress (kgf) Strength
(MPa) (MPa)
1 10.11 80.24 415.70 5,200 635.77
2 10.81 91.73 355.05 5,200 556.10
3 11.00 94.99 351.15 5,120 528.79
Average 10.64 88.99 373.97 51733 573.55

mswESumanuy U7 0.7 Qumasun n) LansseaztBonivaniasasuazivanias
vuluukuiuuuusiaes 52 Mldlumsnaaes wdnuuusesdugnesnuuulviinisdoenszansey
Tuuinauau 9 Indwialusees ¢ + 3h 1o ¢ AovuInAuNiInan uaz h Ao AVIUMLITBINY
flu FenaminuuuasnisBsandnuavanuenildluniseenuuuduluaudormualy
117m357U ACl 318-14 Section 8.6.2.3, Section 8.7.5.3 uag Section 8.7.5.5.1 aug1du Litel
Julumudemuuadingy wén DB10 &17 2.2 m. §1uu 10 wdu gniSeslufinvuuiuuuiuss
(N-5) Tneldszezi30e 8 cm. n3zaweglugaganunina 70 cm. Uinalndiaan lufienisisann
fuLILTe (E-W) dn DB10 813 2.0 m. 311 12 18U lagldszeziies 8 cm. nszanzeglugag
A1un$19 95 cm. Fadadudnadumanasuuudefiuiiniifnaeunin (Effective area) 14
winftu 0.00085 Tuusazdnu Gedndmmaniaiuuuuinaladiagnaunsldalndidesiu
MIvAaBIuLKUUSIae ST Tlifinsasuumansunsaidou (Prawatwong et al, 2012) wag SS1 7
fnsasuwdnsuusadeuluguuvumanuaenin (Prawatwong et al, 2020) 7ifin1snaasdluudy

ABUNTNY

naLeBumanans win DB10 gnredeadunzunsdluuiuiiu Tneflsson3osgsewing
50 cm. - 55 cm. iledesfumsiidessnainnisiudsundatgauvnfiniuannsgiu ACI 318-14
Section 8.6.1.1 uananiuiinisldindn DBLO Yssuaandusuiu 4 du Wedesiumsivn
wuufmiamaunnsiszylag ACI 352-1R-89 Eq. (5-1) WATANLMIFIU ACI 318-14 Section

8.7.4.2.2 wuumsnawanardhuwsiuiiuwanstilugy n.7 Tluniewuan n.
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3.3.4 wianwasulusan

gneenkuUlruLT IR uL19aIn Hydraulic Actuator @dgauuia 50 fu taegiangn
sonuuuliiingAnssuaglugad Linear Elastic aaoan1snaass l@fiauin 25 cm x 50 cm 1éin
fodosiduriuaugnats 28 mm (DB28) Fuamnm SDA0 F1uru 12 Wy g lifumdnuny
@ (5U n.9 Tunanwan n.) duminuasnld wdn DB10 §1u7u 3 Uaenineiaiumessesiies
6 cm. weflasiunsivhonusndeuinininazfint usenitnimaaes uenainduiimasaused

FUNUIUAIEN AU UULEIAIEAIATALSIIUIU 3 LEU NEUYINNITVINABS

3.3.5 nyAsuLsUR0U

Column main bars —> 1
12 DB 28

Kl N
we e M
2 DB 10 @60 n

250 x 500

|<— 500 —>| Column

Column Section

8 x 60

50

I
210

|<—8x60—>| 50
T

Steel Plate

Section 1 -1 E
tud Rail ; : Unit: mm

Stud Type 2 230 230
(ASTM A1044/A1044M)

Double head stud
Dia.12 mm.

JUN 3.5 uanamsneuingawansuusadeuluwiuiiuusnalndsiumiaen

madSumyafuusadeuluuiuiiuseuiiaveuudiaes fnmslduaeudadl 2 (Type 2)
puATEIL ASTM fiffuansuiuseniisaesdu (Double-Headed Stud) Tunsinssldvsanane
fudeuAnfumanuuuning 2,56 cm 1 2.3 mm Wugasramdn 1 ya ilelriegludumsegng
ffue (g3 3.6) Tnesns 2 yaldRnmdluuiuituisaeafuveaailufamanisliussadudie (N-S)
uarldns 3 gadndamediuinstiaesdureailufiemeisaintufianienisliussaduiia (E-w)
nynsuusadeuilfidonintussiiummduriugudnarassy 12 mm Janugsvesvyn 12.5 cm
wiagnyailszeerie 6 cm lagnyAflINeg ANV ULEAT 5 cm 519 1 Yaldnyndiuiu 9 M lay

AuanTRvosmyaduluauninsgiu ASTM A1044/A1044M
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U 3.6 uansvynsuusadeuildlunsfnuwasdodenfinudnuuuisznauluss

WINIFIU ASTM A1044/A1044M Tnrsimuanuautfinianavevyasuisueulicad

AsAMAATIN (Yield Strength) UAEVIIBLITIRIgeEn (Tensile Strength) Junndeslitosnda

350 MPa wag 450 MPa muanau magideliguimegimynsuusadeuluinimaaeuamauds

nanalues §Ans wan1smaaeulden Yield Strength Ladgiiniu 380 Mpa (3,875 ksc) wag

Tensile Strength Waswindy 594 Mpa (6,057 ksc) ﬁﬁaﬂa'mc\hummLﬂm%ﬁmmgm ASTM

A1044/A1044M fiiun Beranisnadeunnantininavewmaiuusadounanslilunnsed 3.5

M15199 3.5 AruandRnsnavemyale

Test | Measured Effective Yield stress | Max load | Tensile | Elongation
No. | diameter area (MPa) (kgf) strength (%)
(mm.) (mm?) (MPa)
1* 12.05 113.98 380 6,240 537 11
2 11.31 100.41 - 6,120 598 8
3 11.28 99.88 - 6,600 6438 8
Average 380 6,320 594 9

*g19NAdRUNANITAALNI INALLAS LR

wandlilnsazdentugy n.8 Tuniawwan n.

WUUT 88 unkanIn153eTwiangamansuusudenluuduiiuuinalndsdumisien
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5UM 3.8 MMEguanINTINRIRaRLIIluINUiuLUUTIaeY SS2
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JUT 3.13 MNENEUARINITEAKTIHUTIY

3.4 nsnagauANNasatunsiunuwsiuuln luie sufUiRns

NaUINNITNAREY  NAIINNBATNKUUTIADIUUIATOISUNAARIUL  Concrete  Strong
Floor wasiesUufinis (mugU 3.4) siimsdausaasniviasaseuiosuds seuudesiunisia
#1 (Torsional Resisting System) gnAnfsivaurasituguiiAviieaziialalufiadsminiufiamg

MALsmeuinanseyia (93U 3.15 uag 3.16) tedesiumstafveuuuinaesssnitmeaey
3.4.1 N3 mnussnluluafe Gravity Load

\lonIuAuFuUTAN Gravity Shear Ratio (V/V,) wirfu 0.28 THiifunismaassuy
wuudaes s1 Aliimsiasumdniuusadeunazuutuudiass ss1 AlmsaSumaniuusadevly
sUwvumdnUasndadivasasluudanounini neetmvdnnszaeuey 50 kg gnldunuivin
vsmynlunufalaedaFesiimumising faduduagduuuiiuaiugy n.10 uag n.11 lu
aaswIn 0. (mileudufinaasuuuuuuiiass ss1) Fsnnseenuuudiannesiumigans1eldis
naaesdaiBdaliaTeidiewmaila Finite Element Method wialwléian Ve = 140.8 kN dauen

Vo Anwadlaeld Eq. 22.6.5.5a musnsgiu ACI 318-14 Section 22.6.5.5
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e i ReferenceE = |
- ] ] |~ Supporting frame D :
. O nom frame O] ® @ ® I
Steel reaction wall D -

e

E‘U‘ﬁ 3.14 LLammwmﬁﬂmamaammadmﬂmqﬁmw

Reference

N Supporting frame
|:> frame ok

Hydraulic n Load cell
. actuator \ ] /
Steel :g?][ || 2
reaction wall | E S
Sand bags % % % g%i

Torsional . %’gﬂ\ég @g %

I [ [ restraining —*| |
system o Strong floor
0] : A L
f f \ f f T T w
Pin-ended Hinge Pin-ended
link support link

JUM 3.15 3UAR A - A LAAIUHUNINNITIANTNARBILUNBIN AL
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Supporting Steel reaction wall
frame

Ea =

] - Specimen aE’J
== === =
Pin-ended >

link
1 kS i A oo

\< Hinge Y

F
.

g

Torsional support Torsional
restraining restraining
system system

5UN 3.16 3Udin B - B uansszuulasiumsindiniutig

3.4.2 A1531899N1518NANLHUAULA

FBasdaesmslondaduiinanuiuiivlmiinsziveusnagadouss lufes juans
ilagld MTS Hydraulic Actuator Suusalagedn 500 kN BafiniulateiaiuuuYeIwuudIaes
TnguanesunssiudruBadnfunaiuusesU§A5en (Reaction Wall) wanssaguil 3.15 Tusewing
nsnAassarriinisndnusendiiinnisiadeuiinisfiudsaduiinfivatsafiuuuses
wuudaedluiimmanie-ld (N-5) Taodes Husziunsiadeusngeaanns 2 seu teliAans
Beawaaian (% Drift) fidunne 2 seu aunszfsuuudasainnisish Tasdinsimuasedy

Wnenisidieudimutnawesuaeiasiuuuiikanduguin 3.17

lngnasnnsnadeusenkuuliiinIsnTIIdudeyaiurardsmmizn1sndeuiianATedle

[
@ o

anAnRslIiueUnsalns9dudeua (Data Logger) wavdslutuiinasdinauiiames nseuaunig

9 Y

wutuiindeyaseninmsnageunanutuwunintilusu 3.18
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Zero Drift NE= (+)
. [ - [] 3 4% }2
é = H 1% drift = 18 mm
i 2

Lateral displacement (mm.)
[
=
—
—
—
—
—
—
—
—

S YV e

-30 —
40 —

50 (—025% . 050% .. 075% _ 1.00% . 125%  150% . 2.00% _
¢y Cycle Cycle Cycle Cycle Cycle Cycle Cycle

JUN 3.17 mmwansgduuunislendaduiiaiateanldlunismaaes

Column Visible Crack
Displacement Observation ioi i
MTS Hydraulic Actuator W D}gltal Plctur'e and
i Video Recoding
Control Signal Physical Response
A
MTS 407 Controller Measurement System
A (Strain gage, Load cell, Dial Gage)
Input Set Point
Analog Response Signal
Operator 4
Data Logger
Digital Response Signal
A\
Personal Computer - Digital data file

= [ v J
3‘1]14 3.18 HUNTNLERINTILNUUVDHATEUINNINAG DY
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3.4.3 N15ANA9LATDININ

wsealloiananevingnesnuwuuwasfinaaliliindeyaindmznisindioudivaeyinnis

nadeuTiinslenseaedygnanesesieinmaiudidgunsainsiadudeya (Data Logger)

lnaiasasiiodnimvinnsindsdsesndy 3 nqumdn leun

1. desiiolnnuiaden (Strain Gauges) Bsldvhmsmanalifisumisineg Ailunn
wiEnfuusudou vuandausanmEnasluuHuurouinsinaeune

2. nsesdlotansindeus (Displacement Transducer %#3® LVDT) Lﬁamaﬁ]@ms
\douiifumisingg vedlaseadie msindeuiiueignsesiu uaznsiadouivewis
Fuusaunsen senINeininImeaes

3. 1ABILDIALSY (Load Cell) hagnsiudgumuiusnuanawanuuy

AuianmsindaasesiioTalumsnaaeuandlilugun 0.1 - 2.7 Quaanuin )

3.4.4 msnageuluiesufufinisuaznisiuiindaya

ndsnairuvudtasduiosujoanisouiaseanysalud uuudass Ss2 lnnsady
nyadeuldgnimsmaasuiiieyssilluaruannsalunisiunuwduivlniluiesujianns
aelfdminusmnlukuafsnsiuagnisiadousimsnuisiivasansgyinaduialusfmen
faduseu (Quasi-Static Reverse Cyclic Loading Test) Taefn1sinuInn1sAdaufIngg
sudrailonisindeusiasunng 2 seu sulassadafinnsivh seuirmeaeuiinistuindeya
L59n5IM1aR1ude (Lateral Force) Matadsufinissuiiefivatsuugnveaaan (Lateral
Displacement) A3134A3 A (Strain) 7isuwnU 6199 19U WEn@a3uuu (Top Reinforcement)

WanE3uaI9 (Bottom Reinforcement) nyasuusaudeou (Stud) wazuuainfitndeinidegs

o
(g

(Strand) wagMILUREUAILAIIVDIH LI LLAYYRIYATOISUN LA B9l InA199 NARATLINauNN
AN MENINTNAUNTEaANITAGEUR N1 UT BT ddunenilaatnewialilossiu 3,589

JangaukuuaeuinnsIta Inenmsiansvaaeuluiesuuiinisuanasisgui 3.14 - 3.16

sEmINAliuNIInaaey AN Juznsiedeudiaaniuusiayseu Insdrmaiauing
283508UAN (Development of Crack) UuiiUUTIMTBURIET WazTufindeyasosunniisdiumia
199 asdunmanelagldndaiines uasldndassastadistanasiuiinumsnisalfnaannieiinu

TanarauuuiHuiuiedunanginssuluginlaingg sgnseillos :nuudeyaiilagninuniim
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¥

Iniliaay salliiuiauinissesunniiiauuiui % Drift 6199 Falmuin1svessesuandiimuuy

WNWNUA % Drift 7199 wanaliluuni 4

e

3.4.5 M3d1deyandanisiv

[

NRWINTNAFDUAINANITOAUNTULHUALLIYBILUUTIaDIAUNTENILUUT @D UAA

'
Va v A o a wa = a

MR IvednsesnlkuvdIsIanendInsIvAiadnwinalnnsivRanAnTu Inglatinisd1sia

Y

a b4 v v =

ATUVUKAE A UANVB U YBE19aBsan Tounsduiintoyalilusuresninaeaiudenie

ad a =

Meuen NTWIMNISHIARUTRAANATARANNEsNEBENTURSINEnaIN TAdeUTusE NI
Afiunissenau Wednwsuwuumnudemeiiintunieluainaminuing Feazuansiiuly

ungnly

JUN 3.19 wuudnaes SS2 Masaduauysol
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35U 3.20 NM13FAAT LVDT LNen3Ia0NISIATUATIYBIMNUNUTIA WML
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iy s

Mioo1 Dajoos
=1.016 cm  +0.000 <=

| arocs s
| ~0.000 e —0.000 e
m]m1 IMi00y 1008

| =309. 480 m 5 000 cn #0001 o=

5UM 3.23 muuansnmsdrnanaztuiinugnisallaglindeiastaseninginismaaes
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3UN 3.24 mnvaizyinsnsdusazdufintesasiu Data Logger wagnistuiinivgnisallagly

NA892995UATENINVINNTNAABS

sUN 3.25 mstuiinivgmsallaglindeiastasenivinimaaes



uni 4

NANISNNABDILAZNITASID

HaNIIRADULUUT ARt IE N IS ueliluundl 3 gnianseauluund waildan
Yoyanisnsainszninsinismaasuazgniausluguuuuvesnuduiusve ausmaudied
anvialanuanUesidusinisdesinveswaaan (Lateral Force - Drift Response) AaNUaINTas UL
mashudneesudnmgadieusio (Connection Ultimate Strength) Avuaninsanuiunindesiiing
yaaLan (Drift Capacity) neun15I0ALUULIENE A1AATEn (Strain) insaadaldlunyniuuss
Fouuadlumdniasy venanduluuninansdsraianinisvessesunniuuiiuiareunin (Crack
Development) LaENadTIIMEATTEa N SR LR UL UUS e s TIUR edisery
Fomeasluusiuiuuinaingdlndandense gninuuandiifiunmsmemginssufifeduluum

d’J 1 a U
UbULNYINU

aglsfmuiiosaindeyaninsiainlddduiuuinuagsetednianeriuituuniinssay
V8391897 AeluraiaweluuniidadyaaneieasoudwnliivisluwiAnangnngtasiu
£ o Ay vy a v £ & A v v I v dy v 3
NIAUNUNANTLAIAINN1538 Teyanan1snaasanuay lilaeglusisauaduiigniuinlilulua
a s 1 o Ao = 14 A o Xz
Aoufiames Inesensyesdyarunduinlivandilunanuin A nansveassitdausluuniluy

& ° o i 1 Y ° a
Wugquaq‘vﬁ‘UﬂqiLLUaﬂ'ﬁ']ﬂJ‘ViﬂJ']EJsLu‘UVW]@G] lﬂ LLa%maiﬂaNaﬂ'ﬁW@a@‘U%qﬂUm'ﬂ 4 quqlﬂ@ﬂﬂiqﬂ

Wisuisuiunamiideneuniwazaidmualugisnsgiluundaly
4.1 HANTINTIVIANITNDUAUDIABLIINIAIUTY (Lateral Force - Drift Response)

Yoyainrafnldgninumdendunslaudiniusveausmiediud (Lateral Force) 7
nszvhivaneuugavesauazivesidudmaiBesiiveaa (Drift %) UM 4.1 - 4.1 uanseuduiug
yosmsuiuasUefidudimadesvenaiisounindesiaaeineg auduanmvanes dugd
7l 4.12 fmsimegsieiosmasansnaass deyalugy 4.1 - 4.12 Avuuunu Y Asussmsiudneda
10y Load cell ARmagivatensyuen Hydraulic Actuator duuuLNY X AolUedidudnisidesi

YDUANAIUIIN Drift % = (D/180) x 100 1iid D A9 528£N15NTEINNLANAADUA UM TWT9VULIN

AUEYI2I51N
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N13NBUAUDINBUIINIIATULIIVDIUUINADY

Youanamsmageulusuil 4.1 s 4.2 uandidiuiluiausnvesmameaaeuraanislondves
i@l Drift = 0.25% @i 0.50% lassaframaaeuiingAnssuadioiulassaiidavgunisnouauadi
Aetuiovasdudunss iemslondivesandiniulugag Drift = 0.75% fs 4.00% (3Ud 4.3 Fa
4.11) mnauda (Stiffness) vaslassadrmndeures anasuaslassadrefinsaanendsemuiivuind
(Gﬁammsaﬂmimwié’mﬂmm%’ummLﬁumqﬁmﬂlﬂﬁ;maamﬂ'aaqamamazﬁuﬁmﬂumiLﬂ?{aum‘”a
ATUTOUADEY Wit dnsunsnageunistendagnluseuiesiiuefidusnsidesaneiinudy
nsaanendsenluseuiigsnintutioonitlumslondaseuusndefiansananuunvesiuiinielunis
\AdpufAsUTeUsUTidemuUIifuiiTeendnseuLsn Gedonndostunsdaunasosunniiinduuy
LUUSIAD9TEI NN SNAR i nuI TR MITosuandiind ulndluseunisidesighisesunn

Waduanseuwsnladuin

nndoyanansmaassiildluzuil 4.1 e 4.12 wuirmrwanunsasuussenudnegeanves
U%L’Jmfwgm%lawia (Connection Ultimate Strength) finsaaalgdianviniu 160.2 kN 7 Drift = +2.50%
uaze 169.9 kN 7 Drift = -2.50% laniiAiadeisaesdusindy 165.05 kN deyanmeamumnudasius
yosusvnIiuinsazlofifudnisdesianesavaiuuusiaomananisnaaes (JUT 4.12) U
Tassarsusnagadondeveauudiass 552 Afimsiasumaidou faauansolunisdmmniunis
londranuruulmlin aganusasnyIANLaINITaNITsULTINAUTINHaENLABNISLBLIRIE9ER
flae Drift = 4.00% GawamsiFsuifsufunuustaosiinaassudaiountii asiimaFouiouli

Wiuluuna 5

agalsinuenenenuianislendiaduiinain Drift = +4.00% lUgdmuneseun +5.00%

Wiefa +4.51% lusaulsnnudn1siviwuuatengg (Punching Failure) tRATUN UK UNUABUNTAER

=

W39 KAZNITIENEQT UK UN WA +4.51% Wrldgasaandiuaintsalun1ssulsanieudaves
lassaiamageuanaawuuiui (@3ui 4.11) wilumveaesdemsiiudellesluauduandmuned

5.00% lusauNiaesdwAn1snagey nasduann1snageuAUdenegnd1TIakardufina 1w lagain

N13dTIINUIMUIVOUNTIVALUULRENER NeTueg uanlauliunnin1siamyaReusuiianile

9

warRAld FINMUINITVBITRELANTEMINNYNNISNAdaUIzINSUauslute 4.2 Tudsusaly
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250

200
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50

‘ ‘ ‘ 0

T T T
-17.0 60 -50 -40 -3.0 -20 —1.050 0 10 20 30 40 50 60 70

Lateral force (kN)

-100
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-200 |

-250

Specimen drift (%)

JUN 4.1 anuduiiudvesussmeinudnsuazilesiduiniadesinvedan seun1sidesiaf 0.25%

250

200
150 |

100

50 |

0

T T T T T T

-1.0 6.0 -50 -4.0 -3.0 -20 -1.05

Lateral force (kN)

-1
-150 |

200 |

-250

Specimen drift (%)

JUN 4.2 anuduiiusvesussmeinudsuazilesidudnisidesinvedan seun1sidesdiaf 0.50%
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250

200
150
100

50

0 4
T T T T T T
-17.0 60 -50 -40 -3.0 -20 —1.05 0 10 20 30 40 50 60 70

Lateral force (kN)

-1

-150

-200

-250

Specimen drift (%)

JUN 4.3 anuduiiusvesusmenudinuazilesiduinisdesiivedan seun1siBeeian 0.75%

250

200 |
150
100 |
50 |

0

T T T T T T T T T T

T T
0 60 -50 -40 -30 -20 -1.0 0 10 20 30 40 50 60 70

Lateral force (kN)

-100
7150 |

200 |

-250
Specimen drift (%)

JUN 4.4 anuduiuduesusimenudnasuosiduinisdesiivend seunsidesni 1.00%
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250

200
150
100

50 |

0 4
T T T T T T
-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70

Lateral force (kN)

0
150 |

200 |

-250

Specimen drift (%)

JUN 4.5 Anuduiusuesus Ui taslosiiuinisdedivendl seunsidesiin 1.25%

250

200 |
150 |
100

50 |

T T T

T T
0 60 -50 -40 -30 -20 -1

1
~l

Lateral force (kN)

-150 |

200 |

-250

Specimen drift (%)

JUN 4.6 anuduiusuesusmenuinasuosiduinisdesivend seunsidesng 1.50%
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250

200

150

100

T T
-7.0 60 -50 -40 -3.0 -20 -1

N

10 20 30 40 50 6.0 70

Lateral force (kN)

150 |

200 |

-250

Specimen drift (%)

JUN 4.7 anuduiusuesusmenuinasuasifuinisdesiived seUnsidesin 2.00%

250

200 |
150 |
100 |

50 |

0 60 -50 -40 -30 -20 -

1
~l

Lateral force (kN)

-200 |

-250

Specimen drift (%)

JUN 4.8 ANuALTLSU0ILI MR TUTLasUBSIUANTSBEIMITeNE SOUNSBEIT 2.50%
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250

200
150
100

50 |

T
-1.0 -60 -50 -40 -3.0

T T T T T T T
2.0 ( 10 20 30 40 50 6.0 70

Lateral force (kN)

100 |
150 |

200 |

-250

Specimen drift (%)

JUN 4.9 Anuduiusueus Ut taslosiuinsBeiirend seUnsiBesin 3.00%

250

200 |
150 |

100

Lateral force (kN)
5
o
& |
o
o
o
A
o
;\
N
o
w |
o
N
o
[6) B!
o
o
o
~
o

-100 |
-150 |

200 |

-250

Specimen drift (%)

UM 4.10 Anuduiusveusinasnudnwaziesigudnisdeswivesan 5aunsideeiai 4.00%
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Punching
150 Failure

N)

Lateral force (k

~..71000 4

L.o180 0

...7200 |

-250

Specimen drift (%)

JUN 4.11 Anuduiusuosusmnenuituaslosidudnisdeaiivedl seunadewig 5.00%

250
200 F —— Hysteretic response
== == == [Envelop curve ) -
150 - 5
@ Peak load
@ Punching failure

100

50

Lateral force (kN)
o

Ultimate capacity

-100 = Lateral Load | Moment | Drift

150 (kN) (kN.m) | (%)

200 - @ 165.0 297.0 | 40

250 | | | | .
7 6 5 4 3 2 A 0 1 2 3 4 5 6 7

Specimen drift (%)

i v o ¢ 1% v = (3 a Y o
E‘U‘VI 4.12 ATNTIWANUANNUTVDILTINIAUYLLAZLUDILTUANITLDLIRIVDILEIVDILUUDNRDI SS2

niinsiasumaniunsudouluzuuuu Double Head Studs
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4.2 NAFNITIINAIUINITVDITOYLAN

SENNMIAAB U AN TY09T0BUANUSIAIUUTR ST U suviterneg AIGUERR vuity
LaztanYeILUUTIABI MsAnssesdmasuTuIamY 10 cm x 10 cm Wieldenadaiumissesin
Tnesesdngniufindeiieuazsiendosidneastiavideniinninnzmadesigagaueaaluusas
sounsiadouds deyanmaigsosunniniituiinliimmegminsnnetusldliauysal sUil 4.13 -
4.22 uansimunNMIvesTosuANUINAMIUWTesiU FsansariuduinuinisvessesunniiAnty

WL AANTSBEIRIATFI) IWAUAANITNAGDY

nmsdrsranuinlutiausniiesidudnisdosiivonatdi Dift 9g3ening 0.00% A
0.25% Sadrsaalainusesunniiannsaueasiuld uddeidngnisidesiauviniu 0.50% FuUsngses
uanpugELLsNTAEna N sRasuimndowaziidlduaznusesuanvuindndiyuandnios
(a3Uft 4.13) WoriumaBosiatulugnindosiamintu 0.75% sesuanvuiaidnduiiamieiFuse
17000l wazisuiAnsosunnvuIAEnTUILTUTRUMTERLEA1LTN AT TeBUANLE 899NN T TnGh
vosusufiudutraan WeaiunmaBessiulugmaiBesianihiu 1.00% sesunnvuuiuveuntide
EaEseBIANE B INMIDaf e s LB futauly Tnefisesunnanue
Tufimmile- It uieadniias

[
=

Wi 98eeiageuulug Drift = 1.25% SuUsINgseuanluluInLedss 45 93A191N3

§ < (3 =

i@ (A3UN 4.16) Waliiuesidudnsideiiveangsulug Drift = 1.50% LSunun1sunsveNe50e
WANLBEII1INNITTAFIVBIMNUNUA TN LATAZNITHNITVENBVDITOLUANTULLINUENYY 45 DIANDBN
YA (FagUN 4.17) Uagdaa Drift = 1.50% - 4.00% SREUANNIATUTILALTBELANDDNAINY

& (3

@nvaiiaey o unsveny WaulugdukazsnutniuluniuuesigunnisisefAiuTu audsLiy

¥ '
=< o

Drift 4R 4.51% Wuns3URKUULAIENEY (Punching Failure) Aetufiusuiiy egnslsfinunisdisa
¥ aBeei 1.25% - 4.00% Aeunsitanuinsesunniuelumsiignnsziieussadudia
1nn1svaaes Aawie-1d) fnsvesuunindudisndndes dunsdmafianlinusesunnd
FunaldiAnduilianaonnisveaaes deusiinandesedlugsdinginssudadu (Linear Elastio)
amieduuuidiedugananaaounandliluzuil 4.23 89 4.24 Fmudwwnmsitiuuuaienzaey
sufimmiouagldogynsanveutandszanas 1 was Wevhmsdndimanindaving lamdnuans

1 Y] a = ] awa 1y a Aa =
GU@QLLNUWULL?{@QWQE‘U‘W 4.26 hag 4.27 FINUILUINTTIU @Qﬂquu@ﬂUiLﬁmWNﬂqijqﬂﬁﬂgﬂLQ'E]‘U
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Loading direction

Specimen }
drift (+)

Specimen <
drift (-)

Specimen drift = +0.50%

UM 4.13 WA UIN1TURIT0 AN asIdufn15198 9 IvaLaD9AT 0.5%

U

Specimen drift = +0.75%

JUN 4.14 fimwnisvessesuanidloosidudnisidessiiveaantian 0.75%
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Specimen dfift = +1.00%

UM 4.15 WA UIN1 TV AN a1 3 uANSID8 9 vaLa1D9A 1.00%

Specimen drift = +1.25%

JUN 4.16 simuInsvesseswAnilaoslduin1sdedivenafieen 1.25%
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Specimen dfift = +1.50%

UM 4.17 WAl UIN1 TV AN a1 g uAN1SID89vaa1D9A 1.50%

Specimen drift = +2.00%

JUN 4.18 simwinsvessesuaniiloosiduinisidesdiveuafiee 2.00%
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: /
—~= HIE D e e
= WS
AN - 1 /‘\

Specimen dfift = +2.50%

JUN 4.19 simwinsvessesuaniflianasiduinisidesdiveuanfieen 2.50%

Specimen drift = +3.00%

JUN 4.20 simwinsvesseswanilioosiduinisidesdiveuafiee 3.00%
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Specimen drift = +4.00%

JUN 4.21 simwinsvessesuaniliaasiduinisidesdiveuafieen 4.00%

Specimen drift = +5.00%

JUN 4.22 598uanauULLHLTLNE LN TIURLUUIRIENES
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3UN 4.26 MMARYINILAAILLINTTIUR

UM 4.27 amdnrinauanauinSitacuiamieallewngdinuaninesn
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4.3 ANLATEANAUILANTIAIAASY

(%
Y

TJouanan1InsITnA1ANATEA (Strain) ﬁwaazqmm'gﬁmﬁgmm (fifuntisnisinns
Gauges Wlunanwan v.) Helumdnasusuusdua Tunyedeu vuaAsaLsY uazvAnESALY
Tuusuiiy 1wy mdnasuuuLazans lﬁgﬂﬂﬂmwﬁamﬂﬁwLﬁ@@ﬂszi’ammm%mﬁtﬁm‘ﬁmmsﬁwmi
yaaey Yoyatuiinsyifinmnuiaen (Strain History) Afnldaninananetaasiieg Tliluniamuan q
Tuidle 4.3.1 uaz 4.3.2 Joyannuesongsgainsainldlumaniasuiuusduauazlumyaidon

gnihanasUlaegelunsn 4.1 uay 4.2 Wisliiunmsiunginssuiinlusenineinvagey

4.3.1 A1AMUATEANIATIAIA LA IULAANLESULEN

p13971 4.1 wansineaAlengegaingaainlilumdniaiiluavesuuudiaes Jalaginade
ogfivdniaSumdnveaians iy 10 ¢ (C1-C10) wagiwAnUaoniiuau 4 i (S1-54) Feiummisves
nafildlunisasiataanunsaglelusd o 4 Quaanuan 2.) Arlumsed 4.1 szyirraaeend
nsarialdlumdniasuaniainiinnueieaignasin (2,000 x 10 dusuimdndunmnm SD 40)
Faranuiedongsaniinldaenadosiunanisdisaiilinusesunniianvesnuudiaesluseninems
agouildesungliluinte 4.2 fwanisnmaiauazsanisdnasesunnserinmmaseuidudeya
UatimgAnssuresanuuiiaesildlunisageudinseslutiadudunss (Linear Elastic) aud

VA

Adelvinmsesnwuunisnaaeald

A13797 4.1 uansAIAsEngIaafinTaTalalumanidSundnlueuasmanUaen

Gauge No. Maximum Gauge No. Maximum Gauge No. Maximum
Tensile Strain Tensile Strain Tensile
(x10°) (x10°) Strain (x10°)

C1 251 C6* : S1 2

Cc2* - c7 1,155 S2 a79

C3* - C8 947 S3 118

ca 685 c9 577 S4 29

c5 353 C10 392

* L NLEEMIVLTINITNTIVIA




4.3.2 A1AUATEANIALATuALRDY
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M1 4.2 WARIAIAIINATEAASAAT IR LA LUNL AR DU ATUNUNTAI9] TIUIU 51 99

nsEeiUlULARYAUYBLET IR UKD (SN) Bidls (SS) irnyiuesn (SE) wariiAngiunn (SW)

Tngsumianisindanaudagiuandlilugl v 4 Qunianuan v.) Apueseagaaiinausasialy

Y

M54 4.2 U imyniauniaziida1nuasengeand1nIfanasn (Useunn 2,000 x 10° dmsu

winduamunIn SD 40) uazuendudeimgAnssuveamyaideusdazidinsdngAnssuegluginds

LAUMSI (Linear Elastic) Tusgninansnnass

A15197 4.2 ANALASEAZIEATTIN

9

LalunynRou Aaann1sNAaBa

Gauge | Maximum | Gauge | Maximum | Gauge | Maximum | Gauge | Maximum
No. Strain No. Strain No. Strain No. Strain
(x10° (x10°) (x10° (x10°)
SN1 251 SS1 1083 SE1 1,301 SW1 1,138
SN2 494 SS2 389 SE2 724 SW2 862
SN3 438 SS3 226 SE3 825 Sw3 1,222
SN4 502 Ss4 162 SE4 972 swa 753
SN5 652 SS5 308 SE5 221 SW5 367
SN6 203 SS6 251 SE6 717 - -
SN7 426 SS7 433 SE7 1,288 - -
SN8 208 SS8 261 SE8 1,013 - -
SN9 87 SS9 757 SE9 328 < -
SN10 410 SS10 1,232 SE10 227 - -
SN11 a79 SS11 549 SE11 1,766 - -
SN12 517 SS12 720 SE12 1,638 - -
SN13 390 SS13 a7l SE13 938 - -
SN14 383 SS14 332 SE14 1,338 - -
SN15 502 SS15 574 SE15 243 - -
- - SS16 576 - - - -
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4.3.3 N13NTZAYAMULAIYATAIUNUIANG)

Strain History luniaxwan 9 #lA9INN159599TANMILMLS Gauge MNBLaYA9Y 9n1un

a

TATLarUszlanaiten TNy AnTINNSNSEANeAIASEaTintululdazA e tan Tuvuy
wninnslendaduiiaiian Drift gegaluusassoulnvasiden vidtunyadow aIndawse wazinan

WU AIN13NTELMVDIANNATEATINTIVIALA Lanslugui 4.28 - 4.79 dall

'
a

JUN 4.28 - 4.47 UanININIENLANLATEALUNLAREY Tufid N-S uay 9im E-W

U1 4.48 — 4.55 LEAINISNITTAUANUAIEALUAINDALTT 1uTiF N-S uag e E-W

€aNl

UM 4.56 — 4.63 LAAINIINIZAILANULATEALULAANLES AN Tuhia N-S wag 7if E-W

=Ll

UM 4.64 — 4.79 LanIN1INTLAUANIATEAMULANESIUY Tuie N-S wag e E-W

&aN

foya Strain History (lunianuan 9) wagAn1snszaemvesnasenfinTaialiuumén
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Ul 4.28 m3nsvaneeaesenlunymdeuluiia N-S (23 Drift +0.25% &4 +2.00%)
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sUTl 4.29 msnszaneanaesenluvyadouludin N-S (329 Drift +0.25% &4 +5.00%)
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U 4.30 m3nszaneenaedenlunyadeuludia N-S (24 Drift -0.25% &4 -2.00%)
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U 4.31 manszanenaedoalunyadeuludia N-S (924 Drift -0.25% &4 -5.00%)
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U 4.32 manszaneenaedenlunyadeuluiia N-S (23 Drift +0.25% &4 +2.00%)
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U 4.33 manszaneenanedoalunyadeuludia N-S (424 Drift +0.25% &4 +5.00%)
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3UN 4.34 n1snseneanunsenlunyaleuludia N-S (334 Drift -0.25% &4 -2.00%)
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Uil 4.35 msnszaneananedoalunyadeuludia N-S (23 Drift -0.25% &4 -5.00%)
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U 4.36 m3nszaneeueienluyadeuluiin E-W (@ Drift +0.25% i +2.00%)
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Ul 4.37 m3nszaneeuedenlunyadevluiin E-W (@3 Drift +0.25% A1 +5.00%)
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U 4.38 m3nszaneeaedenlunyadeuluiia E-W (s Drift -0.25% fa -2.00%)
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sUTl 4.39 msnszaneanaesenluvyadouludia E-W (s Drift -0.25% s -5.00%)
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U 4.40 m3nszaneeueiesluvyadeuluiin E-W (@ Drift +0.25% i +2.00%)
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Ul 4.41 m3nszaneeuedenlunyadevluiin E-W (@3 Drift +0.25% fa +5.00%)



Strain (micro strain)

Strain (micro strain)
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5UN 4.42 n1snszatuauesEnluvyaeulufia E-W (439 Drift -0.25% &9 -2.00%)
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UM 4.43 n1snszatuanuesentuvyaidoulufia E-W (439 Drift -0.25% &9 -5.00%)



Strain (micro strain)

Strain (micro strain)
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Ul 4.45 m3nszaneeuedenlunyadevluiin E-W (43 Drift +0.25% A +5.00%)
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U 4.47 m3nszaneeuedeslunyadeuluiia E-W (¥ Drift -0.25% 4 -5.00%)
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Strain (micro strain)
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Ul 4.48 nsnszaneAnaLASEnYaaIndaLsslufia N-S (429 Drift +0.25% A4 +2.00%)
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Ui 4.49 m3nszanganedonvesandausdlufia N-S (429 Drift +0.25% B4 +5.00%)
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Ul 4.50 MsnszaneANALASEnYaaInSRLsslufin N-S (2 Drift -0.25% &4 -2.00%)
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Uil 4.51 m3nszaneanaesnvesadndausdludia N-S (423 Drift -0.25% 84 -5.00%)
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Ul 4.52 mM3nszangeedonvesmasauslufia E-\W (4 Drift +0.25% F9 +2.00%)
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sUTl 4.53 msnszaneAnaAsEnYasaIndnussludin EAW (59 Drift +0.25% 1 +5.00%)
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sUTl 4.54 nsnszaneANALASEnYaaInSRLsstufin EAW (999 Drift -0.25% 1 -2.00%)
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sUTl 4.55 msnszaneanaAsEnvasaIndnusslufia EAW (999 Drift -0.25% 1 -5.00%)
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Uil 4.56 m3nszansaedoslumaniaiuandhuia N-S (49 Drift +0.25% fa +2.00%)
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Uil 4.57 m3nszaneenaadoalumdniaiuansiudia N-S (@29 Drift +0.25% fa +4.00%)
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Strain (micro strain)
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Ui 4.58 msnszangananedoalumdniaiuaslufia N-S (¥ Drift -0.25% 4 -2.00%)
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Ui 4.59 m3nszaneanaedonlumdniaiuaslufia N-S (@ Drift -0.25% A -4.00%)
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U 4.61 m3nszaneeaelealumaniaiuashudia E-W (429 Drift +0.25% 54 +5.00%)
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U 4.62 m3nszaneeueloalumaniaiuandhudia E-W (329 Drift 0.25% 4 -2.00%)
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Ul 4.63 m3nszaneeuadealumaniaiuanshudia E-W (329 Drift -0.25% fis -4.00%)
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Uil 4.64 msnszangaanedoalumdniaiuunluiia N-S (329 Drift +0.25% &4 +2.00%)
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Ui 4.65 m3nszaneanaadoalumdniasuuuluiin N-S (323 Drift +0.25% fia +5.00%)
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JUN 4.66 M3nszreanuaIenluvianuuluiia N-S (4 Drift -0.25% fis -2.00%)
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Ul 4.67 m3nszaneeuedealumdnuuludia N-S (33 Drift -0.25% &4 -5.00%)
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U 4.68 mM3nszaneaedeslumdnuiliudia E-W (329 Drift +0.25% &4 +2.00%)
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fifiuansuueenidesiulunisfiveuansasunuuiRulnvesud nuyaifeudesswiaan
uarfiurounindaussinfiusidamioasgninseifiowanuvineuaroiusne Fnuanunn
AuuskuAulnlunInsIaINsaesuIela LI eIANUEaINN T UM TNUSULTIAUTNLAZNITNY
AON15L889d 7 (Drift) g3aAvedLan A15L8 DUARAN1NBIAIINUNTS (Stiffness Degradation) LAz

AUAINTOTUAINTZAIBNAU (Energy Dissipation Capacity) waznalnn1s3us
5.1.1 AINEINITASULTINIATUTIAZVAIINANITLDUIA?

JUM 5.1 88U18AUAN13AIUNTTULTINUTIHAENTNUABNISIBE 63 (Drift) geanves

Y

a v

wuuasarianiieg Inedinaiildainlasinisided (5s2) Afnsasummdnivusadouluguuuy
Double Head Studs Aunafildannuuviaesi lidnisiaiaumansuusadou (S1) uazuadilaiain
wudassiinmaaiumanivusadeulusduvumdnuasnda (Ss1) fildanlasensidenountian
Wisuidisuiu nanswFeudioulugud 5.1 Ssaansoldvsiussansnmeesminaiumyaidoulunis
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250
200 - SS1
150 SS2
pd
< 100 -
(]
tg 50 -
z 0
o
o -50 | = = = S1, no shear reinforcement
=]
3 (Prawatwong et al. 2012)
-100 Ss1 —k— SS1, with CSR
150 582 & o0 (Prawatwong et al. 2020)
-200 ©— S82, with SSR (this study)
-250 | | | | | | | | | | | !

7 6 5 4 3 2 41 0 1 2 3 4 5 6 7
Specimen drift (%)

5U# 5.1 nsmliIeuliigu Backbone Curve 31AlUUANABY SS2 AULUUAIABY S1 Uag SS1 37N

Prawatwong et al. (2012) way Prawatwong et al. (2020) 7ifian VoV, = 0.28 infiu

a = = ° a a
M1919N 5.1 a§ﬂﬂ7W§3NNaﬂW3W@a@ULLa%ﬂ'ﬁL‘UﬁEJ‘ULWSUN@QWﬂLLUUQWﬁ@Q%U@WWQg]

Specimen | Gravity | Maximum | Maximum | Maximum Max.Energy Failure | Type of shear
shear lateral Unbalanced Drift dissipation mode | reinforcement
ratio load Moment capacity
Ve'Vo Py My D, Eq
(kN) (kN-m) (percent) | (MN.mm/cycle)
(1) (2) (3) (4) (5) (6) (7) (8)
s1° 0.28 107.0 192.6 2.0 1.9 P -
SS1° 0.28 165.4 297.7 3.0 a7 FP CS
SS2* 0.28 165.1 297.2 4.0 9.1 FP SSR

Note: * Data in Columns 3 was averaged in both negative and positive directions; M,, is maximum unbalanced
moment at center of connection: Maximum unbalanced moment induced by lateral force = lateral force X

1.8 m: CS = Closed-hoop Stirrup: SSR = Stud Shear Reinforcement: ° Prawatwong et al. (2012): © Prawatwong
et al. (2020): ‘This study.
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Tugui 5.1 deyavesnsmlusaziduiniundSoudioufiududuldsnsygndunds (Backbone
Curve) 91NAMNTIUAUFURUSTVIRTN AU 1Uaz 051 T UAN 1518 8 9A VB UEIVDILUUT 1801
MNBLava19 7 ldannismeaediussaduianisiudnouianisivawuuiangngg dmsu
wuuiaes 552 Almaladumdniuusadoulusuuuy Double Head Studs Hu Backbone Curve #3a
duldsuansnuduiudivdonuenldunanmadeudegnaingadudulumugaiuusigeganesseu
maiadeusseuusnlufiemsmsliusmedudng feduuanuasduau (3uil 4.12) Saduldad
THauansmuduiusiudonuendananannsalfifuidineuudausafousuofifudmabosh
YosuuuTiandazuuuly dmdunuusiass S1 wag SS1 fithunwseulfisuiuiain Prawatwong
et al. (2012) waz Prawatwong et al. (2020) #slunvusiassiamuaiisnuIoudieuiuiia Ve/vo

= 0.28 Wil M13199 5.1 LaAIRIavaTUnINTINNTUTOUEUNANITNARBIULIABNABNI 3 WU

fogansiuisuifioulusy 5.1 uazesvasunalunisns 5.1 Fiduiuuudiass ss2
ANNEINTANUSULTII Wt lARkazAIsANURBNT B9 (Drift) a9anvaalafnIkuudIaed
S1 uay SS1 dmsunuuinaes SS2 AewAnnITATRuULI g fikEuRY anunsonudennBesi
gjqzjﬂl,ﬁuﬁﬁu 2.0 Whuaz 1.33 whillalisufunanismageuuuiuudiass S1 Alifinsadumdniuus
WU (Prawatwong et al. (2012)) uar SS1 i ta3uindnsuusad sulugUuuuiwénuasnla
(Prawatwong et al. (2020)) A1y wenaIntudmuiuuudassgadeude ss2 fifinisldvaa
BouAnngAnssunuumisneunsivifinnigdngn woinssunuumieaaansodunnainidunsm
Fouavoawuudians 552 (lugu 5.1) Tuths Drift semdng 2.00% F9 4.00% Wuimdaiagasuusigega
Drift = 2.00% ATuansalunsuusmesuitsdinsdsunUasfisndntionile Drift i
4.00% FswginssuiiAstudauumndslansiuannsmeaestusuusiaes S1 flsiléfinisaiumyn
LaauﬁLﬁﬂmﬁﬁaLL“U‘ULﬂﬁﬂ%ﬁuﬁﬁﬁﬂﬂﬂﬂLﬁﬂﬂ'ﬁ’]W%ﬂlULLWZQ@QQ@WU@WVJWﬂJﬂ’]ﬂJ’l’iﬂiuﬂ’]'i’%LLNV]’N
Frudna eogamaiFeuiiou Backbone Curve Tugy 5.1 Usiimslanunideufivanzauluusiuiiy
U3nnugadoudeannsniasunginssunisi Uizesyadensessudnsiauas iuannnsivanuy
Wigluidunsiduuumien FeangAnssuuuumieadanarndungdnssunsusnsoulunis

DONUUUAUMNULHUALL
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5.1.2 N15LEDNANANINUBIAULNT (Stiffness Degradation)

Lateral load
A
B —
Secant stiffness *
K= P,/ uj Pi
A

7
Energy dissipated " Displacement

within cycle i = Ep;

Ui

5UN 5.2 uansisAunumainiua (K) kaga1n1saaenasusesouaInNtan1snaags

meldnmslendaduiirmnuruiulmunsimgfinssuvedlassasiadninnswanin wagay
IANTSLE DUARANINADIUUNTY (Stiffness Degradation) @413l 8AI1UTULTIVOINITUANT 1IN LT
Stiffness Degradation gnlunsvatgluniseSuienisiuaeu mmnuuwnss (Stiffness, K) vadlaseasng

Tunmssuwsaimautnslunisnaaeusuuinassnelanislondaduiiaiiiased uaNuguLs Y

Tuadeinaniamaaeaningudl 4.1 - 4.11 Tuundl 4 garaniinsigvian Stiffness w4
Trssadslun1ssunsmnedud1auas Stiffness Degradation Tusaunisiadousamiee wieeduie
nAnssuiiintuveslasadefivhnsnageu sluudassounmsiadouss A Stiffness voslAseasng
Tumsfuusamednudng manArdasdureusigean (P) Ainldrestaznisindousigean (u) ves

Uangianfisunanilinsaniainudnenssin euauns K = P,/ u; iuaaslilugun 5.2

dl 1 a dl b4 U o a 4 L4 ¥
M99 5.2 wansanaduiua (K) 11931nn19nansTulssd@duiian1en1udnseslaseasng
WUUF1899 552 MUBSIHUANITIDBIAIVBUEIAIAIGS NIUAITIONAITOULIALALTOUNIST MALS D1
Tuvauesui 5.3 uay 5.4 uaninsvinsidonanAafniuaveuuudnaoiiiuasiduinisde i

APINNITNAFDULUUINGD



109

MA15199 5.2 Anainiua (K) 91nn1SNnasssuLSIga unAn19m1uY 1989 lASIas 19bUUINane SS2

wWesiduRn518eeves AaRrlug (K) wWesiduRn518eeves AaRug (K)
v&1 Drift (%) dlonnaesdunsmis v&1 Drift (%) dlonnaessunsmis
AU AU
kKN/mm kKN/mm
S0UMSN | SOUfi 2 SOUNSN | SOUTi 2
+0.25 12.26 12.20 -0.25 13.62 13.26
+0.50 10.05 9.75 -0.50 10.91 10.30
+0.75 8.51 8.03 -0.75 8.82 8.34
+1.00 1.26 6.91 -1.00 7.49 7.13
+1.25 6.31 595 -1.25 6.48 6.24
+1.50 5.46 5.19 -1.50 5.79 5.43
+2.00 4.38 4.08 -2.00 4.55 4.30
+2.52 3.52 3.28 -2.52 3.73 3.53
+3.00 2.91 2.69 -3.00 3.08 2.85
+4.00 2.08 1.70 -4.00 2.07 1.68
+5.00 0.86 0.64 -5.00 1.01 0.75

FanudlunN 5.2 uazgui 53 Flifuidaiviuavestanainsuinagadendedinng
Fovanauilodndesifud Drift iiinundy lnednsnisanauinnisanasegusaniilugiausn
5191929 Drift = 0.5% 73 1.00% Iaef Drift = 1.00% FraRvluaRsvEoUszIIM 60% YIALTHHY
(93U 5.4) ndaanumaa Drift = 1.00% F Drift = 4.00% Sasnsandrainiuaveslasaiindady

anad M Drift = 4.00% NBUANFIVANUINAERNLUAAIADUSLUIN 16.9% VBIAAANLUAISUAY

LM ANTUINANINTINAMUFUNUS VD ILTINIA1UT 1AL UD S LT UAN15LD 9d 2D ILaN

wuuTaes SS2 Nuandlugy 4.12 nudlassaieusnagaioudadintausanusuks Uil

[ d‘

ANGIINUALINAIAANAT Drift 2.00% LUaudiaan Drift = 4.00% F931NNAN1TNADILUYIIAINGE

)]

[

Fliiuinlassaseusnagadoudedaumidelannsalidilds Wegnusmisiiudianssyiuuy

D

Judgdnsifanisidesanmnuaiunsalunssussansiudasliinndnaunisiisen Drift = 4.00%
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JUN 5.3 uansnsidonanAafiviuareanuuinass SS2 Mesidudnisidesiasngg
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5UN 5.4 uansnsidenandafiniuaveanuudngaed SS2 WguiumafniualosunaaeIsauwsn
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ANSUNANSNARDILLTIAAUNFATN NANITNAABINUINLUTBUNT MILSITIAARNLLALAANS
LADNANAINNITIALTITOULS LN UANT 08 FIA1aRNluaNlaaINTounNIsNAas il TIT LAl UA1S1

5.2 uagniduuselugui 5.3
5.1.3  AINISAAIENAIIULASANTEANYNAIUESHN

ANUEILITLUNITNTZAIINA I (Energy dissipation capacity) LﬂuW’ﬁﬁﬁmas‘ﬁéﬁﬁ@
dmsumsUsziiuenuanansavedlassaiailenuegseniilognnszyinanusmsnuinansgiuuy
Huipdnsneumsidiveslaseaing sanisvaaeanngud 4.1 - 4.11 Tuunil 4 gniandiuamuainig
AA18WA9U (Energy Dissipation) IuLLﬁiaaiawaQﬂﬁLﬂ%uﬁaLLUUi’g%’ﬂimu 1 99U hagA1N1Taane
wasuazay (Cumulative Energy Dissipation) Lﬁaam’ma’lmiﬂium3ﬂiz'§]ﬂawﬁw’lu"uaﬂﬂiﬂa§’m
Tnendsuiinszanglunglusseunioseudl i (6,) IWunaniiufiidenseumeiduldinisnssdn-uss
aelureseu i muituandldlugud 5.2 ArnisaanendsnuuazAinisaanendsnuasauiauld

wang A lums19 5.3

nelumnsedt 5.3 asdtudnlassadameans 552 aziinisaarendsulunsasseuveinis
Lﬂ?{auﬁuwui’gé’ﬂﬁmu 1 seusinannfudiefinisiiuyodifudnisidesdnvenainsu 1 seuluseu
usn egalsAnslusevvesnisliusgmuinAinsaanendeuaziidianaseinseunsn densien
MydaENaNuTaUT 2 ﬁﬂ'wa@aﬂmﬂsauLLiﬂmﬁ]ﬁmmﬂﬁdﬂmﬁmﬂmLmsumﬂmt,mﬂ%ﬁﬂuiauﬁ 2

LRTRULANS 1AL B8R BLAYUNUTLAATUTEIINGNT ALITITOULSN

AINNTEANY WA 19 TUELEN (Cumulative Energy Dissipation) nawtinn1sius (um1s1ei 5.3)

o [ [ a a (% | Ay v o Al = a [
gniundendunsmssuiisutiuaflannuanisnageuuuwuuIiaes S1 Alaidnmsasumdniu
a aa a & o a I a Ay v aw 1 v
wsaauuag SS1 nmaasuwmaniuwsadoulusduvuimdanyasnyaildainlasinisideneunii

Prawatwong et al. (2012) uag Prawatwong et al. (2020) I@EJﬂﬂiLU'%EJULﬁEJULLamlﬂugiJﬁ 5.5

Mnnnsssuiisulugudl 5.5 nudndegamaaey Ss2 Adnsasumansunsadouly
JUKUU Double Head Studs wansainuaiunsalunisaatenasaulauinnia ssi fleumaniunse
FouluguuvuimdnuasnTnds 1.6 i1 Inefaegramnaey 552 inaaeululasanisanunsnaany
W&191ul#9fe 46,54 MN.mm Tl SS1 annsaaatendsaulifies 28.71 MN.mm Aewuiians

JALUUERUNE] wazINNNINFIRENmAGRY ST fie 5.8 i
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A5199 5.3 ANUAILNTALUNTAANENAINUNNTINIALAINA1TNAADY

FOUNTLD8I6 Wesidudnig MTAANYNANIU | NITABNENANNUY | NITAAIENAIY
GAGIE Wwegvaaa Drift | luumazsey, Epi @ydu SS2 gydy SS1*
(%) MN-mm MN-mm MN-mm
0.00% 0.00 0.00 0.00
FOULIA 0.25% 103.89 103.89 91.69
ia‘Uﬁl 2 0.25% 62.69 166.58 148.48
FRULIN 0.50% 381.69 548.27 460.84
i’e]‘U‘ﬁl 2 0.50% 233.67 781.94 664.23
FOULIN 0.75% 136.72 1,518.67 1,233.94
3@‘1.!171' 2 0.75% 486.53 2,005.20 1,646.89
FRULIN 1.00% 1,030.19 3,035.39 2,521.11
i’e]‘U‘ﬁl 2 1.00% 765.63 3,801.02 3,197.85
FOULIN 1.25% 1,315.62 5,116.64 4,327.47
3@‘1.!171' 2 1.25% 1,055.01 6,171.66 5,192.88
FRULTN 1.50% 1,735.19 7,906.84 6,497.13
i’e]‘U‘ﬁl 2 1.50% 1,395.68 9,302.52 7,738.35
FOULIA 2.00% 3,046.09 12,348.61 10,637.70
i’e]‘U‘ﬁl 2 2.00% 2,211.11 14,559.72 12,651.01
FRULIN 2.50% 3,937.67 18,497.38 16,632.46
3@‘1.!171' 2 2.50% 3,054.55 21,551.93 19,623.20
FOULIA 3.00% 4,758.17 26,310.10 24,359.09
i’e]‘U‘ﬁl 2 3.00% 3,880.25 30,190.36 28,709.34
FRULTN 4.00% 9,149.57 39,339.92 Fail
ia‘Uﬁl 2 4.00% 7,202.31 46,542.23 Fail
FOULIN 5.00% 10,721.83 Fail Fail
i’e]‘U‘ﬁl 2 5.00% 5,787.76 Fail Fail

uan1sneaesuuLULaesildmaniuusadeusuuuumanuasnialag Prawatwong et al. (2020)
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dissipated energy
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100
7] Lateral Force @ = | = =—c=—= S1, no shear reinforcedment
90 | Area E (Prawatwong et al. 2012)
= Edi
7 ; B (Prawatwong et al. 2020)
70 — Lateral
] Displacement —e— 5S2, with SSR (this study)
60 —
50 : Dissipated energy per cycle = Eg;
40 sS2
30 —
20 —
10~ . = S1

00 05 10 15 20 25 30 35 40 45 50 55 60 65 7.0

Specimen drift (%)

UM 5.5 nevliUSeuiisunnuanansatumsaaienasnuazay
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5.1.4 MU2BLSLADY

c1+d ¢
14 /
D ¢ A AT Ve v Ml
r | M Vi) =
| 1 i/Cl‘Itlca| D w AN A Ac J ¢
| ! # section i 7
c2+d| | | Column | I S [ )y =1-1/0+@2/3)b, /1 b,)
| R ;
s S ‘ C | B/ ™ Critical
c ‘ ceo y, Cae |B S | section
c c ¢ Column
bi=ci+d
b,=c,+d

(a) (b)

JUN 5.6 uansmindningAnldanammiiensaleu

WWBLUTHULTEUAIINAINTOAIUNIUNUIBUIURDU (Shear Stress) NUSHAURUIARINGATOUS
ENHANAFBULUUINADITLAR99 HANTTNAFBUYNUNNIAIUIUNIMIE LA UGEATTUTIUVIN
AnIngAnsEee d/2 anveulan tneldaunisniuansgiu ACl 318-14 Section 8.4.4.2.2 fauandly

gunis 5.1 uag 5.2

M
Vu.48 :L_‘__}/v uCap (51)
=i 4 P
u 7VML¢CCD
VB o = el m——— (5.2)
u,CD AC JC
Tuaunis 5.1 wag 5.2 én y, awnsamlaainaunis y, =1-1/1+(2/3)b/b,) (5.3)

Tuauns 5.1 - 52 4 =hd \ile b, =2(b +b,) = Anue1iduseUIvesmidaing

a

dmiunssdoulueiuiiy d = ANUENUIZAVBNATDINUNGAN ¢ )y, Cp = T28ENTAAINFAINAUY

AugNavemthAningAluidunsa AB tagldiunse CD muaeiu (93U 5.6 () war J, fie polar

=

moment of inertia YoIMUIAATINGA A1 J_ mlFanaunis 5.4 aunNnsgIu ACH sy Ao

gt d) (e d)d (e rd)evd) 58
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Igluannis 5.1 wag 5.2 119557 AC 19151 MU8ws ARaUAnTuNUSHAmMTdAINgs
FRUTAANAAIINNUILLIAROU 2 FHANINTEYINTINAU AB vdIewsueulagnse (Direct Shear Stress)

1N ULUIAY LAZNUISLTIDUMAAIIN LTINS NNIAIUT 9V TR UL LUAad Ul U D undae

¥

LSARDUNUTIUYAYBUAD (Shear Stress due to Moment Transfer) b3 IUMUIELTIVIADIAIULT

1Y
Ya o

meiuagliniisusudouans (Total Shear Stress) Asaun1sn 5.1 waz 5.2 egalsAnulunitl 39y

Y

AIMVEIBLsLAugnSA RN TIURkUURIENEaioukar i ldUS suLiisuiunanlaannis

NAGOULUUTIADITHADS

a

A13199 5.4 MNIELIAROUAYSTFIGAUTHAUNARINAVDILULTIA DIRG9

Y 9

Shear stress, V,.4B (MPa)
From From
Specimen Vi M, v, direct | moment | Total v, If
(kN) (kN.m) shear transfer
(1) 2) (3) (4) (5) (6) ) (8)
51° 118 193 0.467 0.65 2.86 3.51 0.55
SS1° 141 325 0.463 0.59 3.46 4.05 0.56
§s2° 141 288 0.463 0.59 3.07 3.66 0.59

Note: ® No load factors were used in calculations: Data in Columns 3 was calculated from data in positive
drift; M, is maximum unbalanced moment at center of connection: Maximum unbalanced moment induced

by lateral force = lateral force X 1.8 m: ® Prawatwong et al. (2012): © Prawatwong et al. (2020): ‘This study.

A157971 5.4 uansmlsusudouaniasgavuntdaingm AB (v, ;) i ldannisvaasy
WUUANADIBUAAN9Y ST LA SS1 970 Prawatwong et al. (2012) wag Prawatwong et al. (2020) wag
ss2 fildanuanisnaaedlulasanisided namnuuudiaes SS2 Aifnisiasivmaideu é1 M, = 288
kN-m. Tum1919 5.4 Mlaguusenud1egeaan1y Drift (+) AaA28A3E9 (1.8 m) YoLaT dIUUSe
BaUNLIIUNE1TENINNINMTNAGDY V, = 141 kN laa1nnsiasiginigisnisnialnludduud
(Finite Element Analysis) Wiialilé Vv, = 0.28 fiosunglineunthiudrluund 3 fadlofuanilae
aunns 5.1 rmeusadouaniaean v, , = 3.66 MPa usAiiisldiuTsuiisufunaiiliannidy
3146]LLasLU‘%&J‘ULﬁauﬁuaumimummgm ACH fimsin v, 1ysdeInfidesvesidesnusede

a & ° | A v v ea
GU@QﬂBUﬂiﬁ‘WULL‘UU‘U']a@QLLagﬂ'W]vLﬂLLaﬂﬂ‘l'ﬂUﬂ@aNu‘Vl 8 UVBINT N 5.4
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a

sUN

Y

5.7 wansmsunusvesssiunthsusadeuans v, Adnnalduumidaingd AB se
snfiaestestdsdauszduvasnouninuruiuannanITmadeULUUTIADY SS2 Aindardmaznis
A pudamnadud1esiu 3,589 Semenaenauduganismaaes Tugd 5.7 lduldsnsen ndunds
(Backbone Curve) u3oldauansanuduiusiudenuen (Envelope Curve) gnainiuiielddsenay
finnsaneuduiusvesseiuresmiousadeugvsiniiaingiuasiesifudnmadesivesanly
A e lUlflunsiTeuidisufunansnaaes S1 Alifinsiamdniuusadeuay ss1
maduwdniuusadeulusuuuumdnuaenia Semsisuifisudnanlfuandlugud 5.8 andy
yheusudeugvdguaniliannimeassiiuanslumsnedl 5.4 (waggudl 5.7) gnuhswdenIeuidioy
unafildandegmaaeudun finsmaasulaginidevarsngulusfnuazuIeuiisuiuaunis

MassuusdouveInaunsndnwsmunseylay ACI 318-14 Tugui 5.9

0.7
0.6

Envelope curve

0.5
04 -
0.3 A

0.2 4
YV 017

f' 0.0
(4

0.1

0.2 A
0.3 A
0.4

0.5 A

-0.6

'0.7 T T T T T T T T T T T T
7 6. %5 4 3 2 1 0 1 2 3 .4 5 6 7
Specimen drift (%)

JUN 5.7 nsiuwdsszruvemthewsudeuansnawinlauunidaing s AB

PNKANTNAGBULUUIIABY SS2 NLFarTINIZNITIARUAINADANITNAGDY
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0.6
0.5 -
0.4
f c \\
% y ' Vs S
\
f ¢ ¢ [ B Critical S
¢ C Column 't
vV, y.M,c
0.2 Vaias) :jJr Yy JuLAB
- —®-- 31 (no shear reinforcement)
0.1 — &~ — SS1 (with stirrups)
—te—  SS2* (with shear studs)
(*This study)
0.0 \ \ \ \ \ \
0 1 2 3 4 5 6 7

Specimen drift (%)
Note: 1. Effective depth d = 0.8h was assumed according to ACI 318-02.
2. Combined stresses were calculated at d/2 = 60 mm from column face.

UM 5.8 ULanin1siuTeuigUTERuLeImiIgLsIReauans

Awulauuntdaings AB 91NRAN1IVNAGBULUUTIABIYTLAILY

9103V 5.8 diawFeuiieudszansammslinynsuusadeuluwkuiuuuusians 552 fu
ss1 uay S1 deyaluguandliifusgwdnauiinisiadumynmadnsunsadoulunsuiiug iy
UsvAnsninwesyaraseninusuiiuazaliienuamsolumssuusadeuiiiatunelfussadu
finuuuigdnslinduinnethedifddy naildannswieudeuildidaussdbvesnouniniiu
Winfuusdan 552 annsadumumizsusadeuldgsninfildnnuanimeaeulaglduuudiass s1

way SS1 uazdayatugy 5.8 wansliiiuegndaauimdwinieusudoudullunzqngegad Drift =

9 Y
+2.0% nyadoudsanunsarietaaiulilidiedamaasuiinnsithannnisinnenzglafaunss i

9

IS v 1 a

Drift = +4.0% lasinsidenanidssuusadouiivsdndosuazinzingadmuininnis3daav

fnlnasentuuenuInuninswyaleu (93U 4.27 luund 4)
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1.0

Bestfitline v, =0.46y/ /. +0.32f,,
(Prawatwong et al. 2012)

0.9+

0.7- * s
. E -
-
0.6 SS2% g — T ° )
sstas ¥, -t
4 0.5 2 e sw® oo .-
T e T ° ---"
\ © X
0.4- s v, =029,/1 +037,,
PPt (Eqn 22.6.5.5a, ACI 318-14)
0.34.--~

® PT Unbonded

0.2 (ACI-ASCE Committee 423 (1974))
A PT Bonded (no shear reinforcement)
A PT Bonded (with shear reinforcement)

0 -=== ACI 318-14 Shear stress limit
T T 1 1 1 1 1 1

0O 01 02 03 04 05 06 07 08 09 1.0

fo NS

5UN 5.9 uaninsiUTeuiisuniighsudeugegaiilaninniseassiunaaininidedue)

0.1+

WazUANNITMAITULSIADUYDIADUNINIALIINNTITE LAY ACI 318-14

mn3sudisunsldmandaonUalusiuiiuwuusiass SS1 Prawatwong et al. (2020) funa
nMRaRsINkULsIaes S1 Alifnsasundnsuusndeuluuiuiiu Toyalusd 5.8 wagguil 5.9
FmduinsasuminUaendaluuiuiiutofinsedvsninlumssuusadeuiifatuanusnssh
Frudrsnuutpdnslidtuldifisadnios ogslsAmunanisiuiaudioussning ss1 du s1 (lugui
5.8) uandliiiuinnsadumdnuasnlasmnsateiiuuseansnmladuiunarslusuditieminens
f‘aﬂ’amnm5Lﬁ]wzwzqwé’qmﬂmwl,mLﬁauﬁulﬂnga;mqqqmﬁ Drift = +2.0% lngwdnUaonUnding
aunsarledaiulidlvisiegamaasuainnsivhnuuiatengglugaasendng Drift = 2.0% 9 Drift =
3.0% Taglura Drift = 2.0% &9 Drift = 3.0% \iansidenanfdssuusadeuatiunisdan uenanniy
wan1smaaeslag Prawatwong et al. (2020) wuindle Drift AuNI1 3.0% An1zdaganisitauuy

Wiznzadnaintuneluluvinaniinsnandndasnlasuusadou
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oglsfmuiloFoudisunanmmaassifinislaminiuusadouluuuiufuafidssuuss
Fouvesaaunda (v,) Auanadudulsslugy 5.9 muaunsil 22.6.5.5a amsnsgiu AC 318-14
wuinslawmdnuaenTeluusuity 51 (Prawatwong et al. (2020)) uaznslfnynsuusadonluusiu
flu 552 fineaoululasimsd Haglamdsfusadougeniiamdsiuusadouvesnauninaud

1195511 ACI 318-14 Muun

5.1.5 W3gUTIBUANEINITATUNNSIBEIARANGRA

7.0 : |
: : ® RC Slab-Column Connection
| | : E A PT Unbonded
6.0 T 7@ TiTTTTTVYT .A """ (Trongtham and Hawkins 1977)
E i : E O PT Unbonded (Qaisrani 1993)
— ! : ! '
X 50 {-----—--—-- [N W —— I [N O PT Bonded (Prawatwong et al. 2012)
e ° ! o | SS2 ! ) .
~ : i } : @ PT Bonded (with shear reinforcement)
P ° ¢ | © :
B 40 k2 AR S =S SS: S osm ——— S——
o ~e ° ‘e [ : | ; | :
S ~ e @ : ' - - -
® 30 loi % @351 | [Acisiet9:Designantimt [ i
($] o i \.‘ Y ‘ for unbonded post-tensioned slabs
re) | T - T -
E s NS o | | A
G 2.0 fr b G R\ — e
e S > e | o | |
1.0 $- L S v i ~ N S S S T S—
ACI 318-14: Design drift limit : | l |
for nonprestressed slabs
0.0 ' ' '

o0 01 02 03 04 05 06 07 08 09 10
Gravity shear ratio (Vy/Vy)

UM 5.10 WiguiiguanuainsalunisidedvingAnuaiidensumin

Ul 5.10 Wisuisuauaninsalumsidesiingidunuidenounti deyaainuanis
nagoUMTIULIIsRutnsuesuinugelende SS2 uagnanisadeulusfindus Afinsmeaaoud
SERU VNV, AN gandoniiiefiansananudiiusseninedsedu Vv, wazaruanansaluns
Boeiringd Tnedeyadnlvgfinandlusy 5.10 snanuamsvadouvesfiagnagailonsioseninaiiy
AoUNIAEIWANGTINA (RO) Tilsifimssausa sausailag Pan wag Moehle (1989) Tuvaizdinans
wmaaw%nmﬁ;mL%amiaﬁuaqﬁuﬂauﬂ%mé’ﬂLm%ﬁmﬁmi%mﬁm (Unbonded PT Slabs) Viﬁagjaﬁ’wmu
yilmpaoulag Trongtham Wag Hawkins (1977) Wa Qaisrani (1993) uazluguil 5.10 Tadinnnsg

panwuud s uWasidudnsidesdaveaian (Design drift limit) d1m5uus I ad ousove iy
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ApUNIAEIUWAN (RO) 711Tn158%9u59 (Nonprestressed Slabs) Aisgylilunnsgiu ACI 318 adu
neul 2019 wagdMSUUTINYALT aUABYBINUABUNTAEALTY VllnaIndakTelsn1samnilen

(Unbonded PT Slabs) faualng Zhou et al. (2017) Aifinsszyisdranlv Tu ACI 318-19 T 2019

°o v w 1

vl 18.14.5.1(b) Inedadrfndinaanaingudeyanisnaaey gnideudeuatluiieldnduag

Wisuiey InguntgyaAietnusrudulniluiinsgiu AC 318-19 wuin 18.14.5 syyiniian

A o o A

Wosigudn151989dn (Dirft) MIFDIN1T99NLUULALTIAIAAT A MUAF 89T NI TLESUMANSU LT LD DUTUN

Tuiudmsuuinagadourensonssdinisdauwdasduq Tunseenuuuiieliidulumudadinanis

[ '
LY o

2ONWUUNABINTT wazilaldnisiasumansuwsadaunisiasutuaoaduluniudafnuan1dsdusi

e

a | v & Y] = o = = '
LLaSEJ@@@ﬂ‘lU@EJ'Nu@EJ 4h LLag(ﬂﬂQ']ﬂﬂ‘UGU'ETUGUENLﬁ']ﬂi@"\!ﬂﬁ@\‘]i‘U I@EJ'Vl h ADAIUAUIVDILLNUNY

Jaualusy 5.10 wansliiulselevivaanisldnunsunsaiou vdan 2 (Double head

Y Y 9
¥

studs) lufiuneun3ndnussfiainsaussinisdamies (Bonded PT Slabs) Fanan1smaasisiegia
yaaoy 552 Afinslanymsuusadeuiinaaoululasnsided Warwaunsolunindesigegnues
eiiatuanshegnmageu 1 Alifinslandniuwsadounazainsedimngau 551 Alimsldnan
Suwsedeuluguuuuiminuaanda (Closed-Hoop Stirups) agsdidedfey fifin Gravity shear ratio
(V/V,) Wity Tnssanisnaansiiagtmeaay SS2 fifinslavaniuusadouluuduiulfiuesidusd
MsLBueiaveaLangeqnia Drift = 4.51% AeuAnmAtAuuuIEnzafinnedagn St S1 uas
SS1 814 2.26 W1 hay 1.50 WNeNaIAU LaZNaNIIVA&eU SS2 LanIANLEINITNUNITIEEIAIYDY
Laﬂé’qmd'}%ﬁwﬁ’maqmim%mmﬁﬂ%’uLmLaausﬁu'wi"’]mmumﬁ’zpjiﬁﬁl,?{mﬁ’mwiuﬁuim ACl 318-19
wan 18.14.5 sdoensdl fe wensaltuduneunindauss afinandausslimsBamier (Unbonded

PT Slabs) waznsalfiuiildfinissauss (Nonprestressed Slabs)

aglsfmuileRansananliandiegnameaeu S1 (Prawatwong et al. 2012) Tugudi 5.10

1Y

WUIIAIANNEINITALUNITBEINAN AN NEUTATIIANITDOARUUTADITALAS BURANTULSS

' (%
=

@ouluwduiiu auvsindl 18.14.5.1(b) iszylaeuinsgiu ACI 318-19 farudsiianudululai

[

nrnniseaniuulunuing 18.14.5.1(b) muNInsgIu ACl 318-19 NszydunsuusIMaToUse
VoI UABUNINTALTY BTAAINALTIISN158AmTeT (Unbonded PT Slabs) @19agliivangauiunis
UnduAdedddunisesnuuudawsenmansunssdeuuinugadeusedmsulunsaiduiunounsn

DALSITUANLNSEAUTE) (Bonded PT Slabs)
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AjUNaN1Ieuaz YaLauaLUL

A URUUTIRDIERE YUIA 3/5 WIvelATIEsINNs YaUsIuYnNianelue1As
A1n15@34 Shear Studs §neBNLUY NPATIN KaEINIINAARIIANITLAT DUAINIIA UL 9ad UTiA
wuuigdnsiiiednaemanuauiuln Ineseninansmeaesinsiuseaua U UL Uuied159
WOANITUNANTUUTNIAINGATNLARZIIMIZNITAABUMLAEAZLDEN AILANGANTINYN Linear Elastic

& ¢ a Ao s v oA
UNTLMTINNETNGN tneilinguszasanan Ao

1. d159aNgAnNTTURBUANITIUTI IR ONABTENI A LA HUABUNTASALTITNAINSR

wsainsdaniles Nn154esu Shear Studs Tuukuy
2. AumIsnsiiusgansnn Tumsiia@nanuaiansasunuwiuiulnveiiuaeunss
o a o = =
9nu3 Ylladiusdaniled

3. FnwwmavesnsldvyaiReuluwiuiuneldlunislesiunsidhvuuidounsauasiiinin
ANENTaR U IULEUA LYY dmsuiiuneunsadausaiaideuldunsnanglunis
feasnslulszmelng

4. UseliuAUmMINEauYed 1In5§1uN15eenkuy ACI Building Code Tudiuiigadosdiu

° P 2 A o w a ) A i . . ..
1 \W]qquuﬂ']iLQ@‘UWSQLLagﬂJ@Qqﬂ@ﬂqiLaﬂﬁmjsﬂ@\iﬂqﬂLEUE)NG]@ (DeS|gn Drift Limit) Iu

AN50ONLUUNUABUNIADALSINIETANSIoNAI NS kN ERW7

%’aaﬂamimmﬂi’mmimauauawwﬁm%’uﬁ’m@mﬁgﬂum 127 424905393 lUTENIN9NT
yaaey UszAns nmlasuvesnmslavaaivusadeuluuiufiugnussdiuuanyTsuifisusunaan
n3deluefnlugUuuuraseuduiusuesnsimuvusmsiudniuawlesidudnisidesiaves
93181 (Lateral Force - Drift Response) A1NANINTA3 UL IMasnuT1sgaanvesuinagadouse
(Connection Ultimate Strength) A1 5aNUTUN5LB8IAYINgAYB AT (Drift Capacity) NouN13

FWAWUULIENE]

enuituiinseazdenvenismaaes aueteyaninlauasnisduns uaveSulenadng

FetoazuiUaaiuvasnsfnwlauansldludiusoly
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6.1 d5UNAN15IY
WHANITIUNDUEUDIFINTTIATRUAEAUNALUUININT

1. laseasnauwuudinand SS2 Alinsasunyasulsudou ¥in 2 (Double Head Studs) Tuuiy
M lurienuvenslenddfoamn1sdeeIveua1n191938ning Drift = 0.25% 89 0.50%
lAs3aselng AN TR UANRIAG 185 UUEAMEUTUFUTTNTaa1oNG U Fafiansanla

o % s

ANLAUITOUVDIANUAUNUS TN 19U TIN AU 1Azl o 51 F ud n151d sadveaLan il

a

ANYULENLATLAU (AFUT

Y

4.1 f4 4.2) 7 Drift = 0.50% \Fud1T9NUMILANTELLTNTIA
Enanmsdnuuuduiuiuiinuiowaldlufiamadefutumslends Wevhnsfiusesdu
nslendliesanisidesiveanfiunnfunuiannmsvessesuandriluusiuiiy uazife
n51d suanasvosaunnslun1sfunsaniadudia (Stiffness Degradation) Tuunizd
Tassasnaiinsaanendsnufinanndunmszduesanisdesaiiatu 9 Drift = 0.75% wu
MsuwpndnINMItafvesiumiatuneiuinmesa wassmsudatuiossmnindes
fvaafistud Drift = 1.00% Lﬁal,ﬁmmﬂﬁmé’aqﬁuiﬂgj Drift = 1.25% 131137508
WANTULLIVLEALY 45 B9A19BNAINILLEN (Qgﬂﬁ 4.16) Wz Drift = 1.50% - 4.00% 8¢
uan§nannisdinfamaiudnsuagsesunneeninyuavaniaoy o unsveewandude
Julunudefifudnsdesihvenaiiuly nadisasesunndiluguil 4.16 - 4.24 sswina
Drift 1.25% - 4.00% wuinseskanauenlufanisiusiaduiinainnisvaaes (Aamio-1d)
vinaluveuadifinngnayaideuiinseeuudiniudisndnios audeda Drift fen

4.51% NnNzdaganunTIUALUULIENEa (Punching Failure) LAAT U uk Ui usuald

VAINUUL DAL SIERUAALANN1T: 1N aA U AAMTEA 1L

2. SEWINNARDINUINATIFS 19T NITAANYNAINUNULINVUAINTLAUBIAINITLDYIRAINLA LT
WANBIMINNTLBL I YBNAG A NANNUT I sAatenEsUluseunislendguinduties

nANsaaenaanuinlalunislendiseulsn (an319 5.3)

3. wUUdIaed SS2 uanmgAnssuwuuimiled Ldu Backbone Curve (lugy 5.1) wanaliiiudn
1A 1INFITULTINA 119D 952 A UG AT Drift = 2.00% wad 439 Drift = 2.00% &9

4.00% U3IRnLTausadinalIsavusuasrNsdedivadaainnstendaauiialaniag
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AnNTILEoNANAINAILIT0TULTIMUT A iBaant oy JeangAnssunuunileaningn’

Dunuaudfnaluniseoniuuiumusiuiulm

4. dayannuinsealunyadeuluiuiuudiaes SS2 UITenitnIImnaemadouniaz i
gamsdinginssueglugranadunss (Linear Elastic) lnsainunsentingeaniinlalunynidou

=

wiagda (UN 4.28 - 4.47 wag Tum1sn 4.2) WAwninAanueseniignasinuesman e

q
(%

ANULATEARINE1IUTENOUAUANARYINSIUIUN 4.26 way 4.27 UsTisanuaiusaluns
inANUATeaveInsunInieglngsaunyadeoulanuaryretesiululvdleganagasy

wAN31mTeNTIURALULRBUNE] (Punching Failure) luvauluniinisinaviymdau

I a v

5. NaNIRAABUNIAEI TNl UNUHUKLINISIRNEN TR 0E UTLIANATUUBN YD UIANISLAT UMM

oy (@ mMARIINe JUN 4.26 war 4.27) Feusiitassavgnnvemyadoulunmsteaiulil

\AANTIURLUUIAENE] (Punching shear) Tuusuituluveulafiimsnevaideulad

6. mawqﬁﬂiimﬁmmwms%’mmi‘mmam ﬁagﬂlu% 3, 4 LavnansandITalude 5 Ui
wuudiaes 5S2 fiinsiaiumuaideusiin Double Head Studs Tnisneuausssonslensy
aduiiAnuuininsnuavedsufulmlanliaumleIaude Drift = 4.00% UagnSiasumyn
\douwiin Double Head Studs fifin1soanuuusg 1nmunzauu1aztduduisniswd oid

UsganSn1nluniseanuuuAIUNILNISTENEINEUAL LAY

ANSEANNAAAMUAINTITAA UM LB LAY

1. wansiisuiioy Backbone Curve (lugu 5.1) sewinaiuudians 552 Auuuudiaes S1 ksl
finsiasumansuRsudeuann Prawatwong et al. (2012)) wag SS1 Masundnsuusadouly
sUnUUIMAnUaonT a9 Prawatwong et al. (2020) A4 A1 V,/V, = 0.28 1917 U HANTS
Wisuifisudlfifuiuuusiaes $s2 fimuaunsanuiunsiadeusaduddldfuazannsn
NURBN15L8Ee7 (Drift) aeanvauanlafniikuudiass S1 wag SS1 lnguuudngaes SS2 naw
AansitRannsanudenisidesiageaaiindu 20 whuay 1.33 windodisuiusanis

AADUUULUUINADY S1 Ay SS1 fuanu
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2. wamsSpulisuAINITEaNe e uazaN (Cumulative Energy Dissipation) nautinn153ua
NnnMsfsuiisulugudl 5.4 wuindegimeasy SS2 llmsieumaniuusadouluguuy
Double Head Studs uansmmanansalunisaaendsaulsuinnii ss1 fasumaniuuse
deouluguuuuimdnuaendnda 1.6 i Tnedegrmadey 5s2 Aiveasululasamstanuise
aanendanuleigeds 46,54 MN.mm Tuwauedl SS1 annsnaatendanulsifies 28.71 MN.mm

AowfnNSITRLUURIUNEY Uazannnitfiegemagey S1 91 5.8 Wi

3. HemnUlsuiflsussiumheusadouaviquaniinihdningiluuiuiuresuuushass $52 fu
Ss1 uay S1 lugudl 5.6 wuddegrmagey Ss2 Ainsiasumaniuusadeuluguuuy
Double Head Studs anansaduyuwileLssdeugsanlaganiilsnaanismaaoulagld
wuusaes S1 way SS1 lnendsanisusadontuluungangaandl Drift = +2.0% nuaidou
Franansatheesiuliliiedwnaaouiinnisiviainnisaeneqldfaunseisda Drift =
+8.0% \asdinsidonanmdsiuusadouiiondniios Fetoyansiuouiiiouluguil 5.6 uan
Tifudaiauiinisiasunyaman fuusadeuluusiuiiu 552 drewfiuuszAnsnmuesyase

gyinauduiuiazaliiauannsalumssuusadeudiintuneldusaduiirnuuigdng
Isduethsditoddy

ATULNNITENYDININTFIUN1TBDALUY ACI Building Code AIUAIAIAIUNIUNITIRDUNZQUAL

Fasrian1aiBsiavasgaionda (Design Drift Limit) Tun1seenuuuiiunsunindausinisldnig

TenA11NwI LAY

[

1. wansisufisuniisusadougeandldainnimaassannlassnisided (552) uazain
navegouiiniualuedn W S1 910 Prawatwong et al. (2012) wag SS1 910 Prawatwong et
al. (2020) Tagldien VoV, = 0.28 wiriu wuiheusadeugganamnalduuniidaingdn
svoy d/2 Inpsouianrasuuusiaosiinnsdngariananiiegeninmdsiuusadounsques
AOUNIARMANNT 22.6.5.5a Tiszylne ACI 318-14 (93U 5.7) Jerrdsitlsdarnnismaaadian
UINNTMANIAIAILMIZANVBIAUNTT 22.6.5.5a Tun15inlUlg819899ndninidesuuse
dounzauesnouninlunisesnuuuanideudenelineldnmslondanusausiuivlmdmsu

nsgifuduraunInsnusviianiinisianilen (Bonded PT Slabs)
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2. wamsSsuiisuanuannsalumsiBesiningd Tugu 5.8 wuiwadlsandetmagey S1
(Prawatwong et al. 2012) lfanaruanunsalun1siBesdaingAininindutadiianis
ponuuuiidesdanisumdnsunsadouluniuiunouninsaussiifudrulnl lunad
18.14.5.1(b) mansgL Al 318-19 dstiuFediaudululiindnsfaniseanuulumann
7l 18.14.5.1(b) munAsgIU ACI 318-19 Aisvydnsuuinmuaaifeuderesiuneunindauss
yiinandausslinisdamiles (Unbonded PT Slabs) o1aazlsimsnganiunsiidumgeds
Tunmseenuuudnwieumaniuusadeuuinuadeudelunsdifufiurounindausswiadil

ns8awilen (Bonded PT Slabs)

6.2 UBLEUDLUY

nntedindesimnunansadeundeusongliussaduiinnsgimdudanuuigdng
TunsaliuduneunsasauseiaiiinsBamien Bonded PT Slabs) fafltes fuundygfiieasu
wriuAulA IR TEIU ACH 318-19 e 18.14.5 atudiuusataataqiiu Fadliideasuiitaiou
Tudssiiudndrinnisidessnvesgaidiouse (Design Drift Limit) éi’m'%’umﬁaaﬂLLUU@;@L%ausiaﬂiaﬁu
HuneunindaussuilaifinisBamile (Bonded PT Slabs) fadudifenldenlulssndlne daduia
ﬁi’wLﬂué’aqﬁmwmaaummmmaaéﬁumuLLﬁJuﬁulmeumamL%amaﬁuﬁmﬁl,ﬁmam i1 Gravity Shear

Ratio (V,/V,,) Buq iievglatigrudeyaiiesenauiinglateasy
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1379 A.1 — Chanel List of PT Flat Plate Specimen with Double Head Studs (SS2)

First data logger

Ch. ID Description Gauge type Unit Condition
0 HF Force act at column DC 64 volt kN Work
1 HD Displacement of column DC 64 volt mm Work
2 P1 Strain in prestressing strand 1G3W 120 ohm | micro strain Work
3 P2 Strain in prestressing strand 1G3W 120 ohm | micro strain Work
a4 P3 Strain in prestressing strand 1G3W 120 ohm | micro strain Work
5 P4 Strain in prestressing strand 1G3W 120 ohm | micro strain Work
6 P5 Strain in prestressing strand 1G3W 120 ohm | micro strain Work
7 P6 Strain in prestressing strand 1G3W 120 ohm | micro strain Work
8 P7 Strain in prestressing strand 1G3W 120 ohm | micro strain Work
9 P8 Strain in prestressing strand 1G3W 120 ohm | micro strain Work
10 P9 Strain in prestressing strand 1G3W 120 ohm | micro strain Work
11 P10 | Strain in prestressing strand 1G3W 120 ohm | micro strain Work
12 P11 Strain in prestressing strand 1G3W 120 ohm | micro strain Work
13 P12 | Strain in prestressing strand 1G3W 120 ohm | micro strain Work
14 P13 | Strain in prestressing strand 1G3W 120 ohm | micro strain Work
15 P14 | Strain in prestressing strand 1G3W 120 ohm | micro strain Work
16 SN1 | Strain in stud 1G3W 120 ohm | micro strain Work
17 SN2 | Strain in stud 1G3W 120 ohm | micro strain Work
18 SN3 | Strain in stud 1G3W 120 ohm' | micro strain Work
19 SN4 | Strain in stud 1G3W 120 ohm | micro strain Work
20 SN5 | Strain in stud 1G3W 120 ohm | micro strain Work
21 SN6 | Strain in stud 1G3W 120 ohm | micro strain Work
22 SN7 | Strain in stud 1G3W 120 ohm | micro strain Work
23 SN8 | Strain in stud 1G3W 120 ohm | micro strain Work
24 SN9 | Strain in stud 1G3W 120 ohm | micro strain Work




153

Ch. ID Description Gauge type Unit Condition
25 SN10 | Strain in stud 1G3W 120 ohm | micro strain Work
26 SN11 | Strain in stud 1G3W 120 ohm | micro strain Work
27 SN12 | Strain in stud 1G3W 120 ohm | micro strain Work
28 SN13 | Strain in stud 1G3W 120 ohm | micro strain Work
29 SN14 | Strain in stud 1G3W 120 ohm | micro strain Work
30 SN15 | Strain in stud 1G3W 120 ohm | micro strain Work
31 SS1 Strain in stud 1G3W 120 ohm | micro strain Work
32 SS2 | Strain in stud 1G3W 120 ohm | micro strain Work
33 SS3 Strain in stud 1G3W 120 ohm | micro strain Work
34 SS4 | Strain in stud 1G3W 120 ohm | micro strain Work
35 SS5 | Strain in stud 1G3W 120 ohm | micro strain Work
36 SS6 | Strain in stud 1G3W 120 ohm | micro strain Work
37 SS7 Strain in stud 1G3W 120 ohm | micro strain Work
38 SS8 Strain in stud 1G3W 120 ohm | micro strain Work
39 SS9 Strain in stud 1G3W 120 ohm | micro strain Work
a0 SS10 | Strain in stud 1G3W 120 ohm | micro strain Work
a1 SS11 | Strain in stud 1G3W 120 ohm | micro strain Work
a2 SS12 | Strain in stud 1G3W 120 ohm | micro strain Work
a3 SS13 | Strain in stud 1G3W 120 ohm | micro strain Work
a4 SS14 | Strain in stud 1G3W 120 ohm | micro strain Work
a5 SS15 | Strain in stud 1G3W 120 ohm | micro strain Work
a6 SS16 | Strain in stud 1G3W 120 ohm | “micro strain Work
ar SE1 Strain in stud 1G3W 120 ohm | micro strain Work
a8 SE2 Strain in stud 1G3W 120 ohm | micro strain Work
a9 SE3 Strain in stud 1G3W 120 ohm | micro strain Work
50 SE4 | Strain in stud 1G3W 120 ohm | micro strain Work
51 SE5 | Strain in stud 1G3W 120 ohm | micro strain Work
52 SE6 | Strain in stud 1G3W 120 ohm | micro strain Work
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53 SE7 | Strain in stud 1G3W 120 ohm | micro strain Work
54 SE8 Strain in stud 1G3W 120 ohm | micro strain Work
55 SE9 Strain in stud 1G3W 120 ohm | micro strain Work
56 SE10 | Strain in stud 1G3W 120 ohm | micro strain Work
57 SE11 | Strain in stud 1G3W 120 ohm | micro strain Work
58 SE12 | Strain in stud 1G3W 120 ohm | micro strain Work
59 SE13 | Strain in stud 1G3W 120 ohm | micro strain Work
60 SE14 | Strain in stud 1G3W 120 ohm | micro strain Work
61 SE15 | Strain in stud 1G3W 120 ohm | micro strain Work
62 SW1 | Strain in stud 1G3W 120 ohm | micro strain Work
63 SW2 | Strain in stud 1G3W 120 ohm | micro strain Work
64 SW3 | Strain in stud 1G3W 120 ohm | micro strain Work
65 SW4 | Strain in stud 1G3W 120 ohm | micro strain Work
66 SW5 | Strain in stud 1G3W 120 ohm | micro strain Work
67 BNO | Strain in bottom bar 1G3W 120 ohm | micro strain Work
68 BN1 Strain in bottom bar 1G3W 120 ohm | micro strain Work
69 BN2 | Strain in bottom bar 1G3W 120 ohm | micro strain Work
70 BN3 | Strain in bottom bar 1G3W 120 ohm | micro strain Work
71 BEO Strain in bottom bar 1G3W 120 ohm | micro strain Work
72 BE1 Strain in bottom bar 1G3W 120 ohm | micro strain Work
73 BE2 Strain in bottom bar 1G3W 120 ohm | micro strain Work
74 BE3 Strain in bottom bar 1G3W 120 ohm | “micro strain Work
75 BE4 Strain in bottom bar 1G3W 120 ohm | micro strain Work
76 BWO | Strain in bottom bar 1G3W 120 ohm | micro strain Work
77 BW1 | Strain in bottom bar 1G3W 120 ohm | micro strain Work
78 BW2 | Strain in bottom bar 1G3W 120 ohm | micro strain Work
79 BW3 | Strain in bottom bar 1G3W 120 ohm | micro strain Work
80 BW4 | Strain in bottom bar 1G3W 120 ohm | micro strain Work
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81 BSO | Strain in bottom bar 1G3W 120 ohm | micro strain Work
82 BS1 Strain in bottom bar 1G3W 120 ohm | micro strain Work
83 BS2 | Strain in bottom bar 1G3W 120 ohm | micro strain Work
84 BS3 | Strain in bottom bar 1G3W 120 ohm | micro strain | **Dead**
85 T1 Strain in top bar 1G3W 120 ohm | micro strain Work
86 12 Strain in top bar 1G3W 120 ohm | micro strain Work
87 T3 Strain in top bar 1G3W 120 ohm | micro strain Work
88 T4 Strain in top bar 1G3W 120 ohm | micro strain Work
89 T5 Strain in top bar 1G3W 120 ohm | micro strain Work
90 T6 Strain in top bar 1G3W 120 ohm | micro strain Work
91 7 Strain in top bar 1G3W 120 ohm | micro strain Work
92 T8 Strain in top bar 1G3W 120 ohm | micro strain Work
93 T9 Strain in top bar 1G3W 120 ohm | micro strain Work
94 T10 | Strain in top bar 1G3W 120 ohm | micro strain Work
95 T11 Strain in top bar 1G3W 120 ohm | micro strain Work
96 T12 | Strain in top bar 1G3W 120 ohm | micro strain Work
97 T13 Strain in top bar 1G3W 120 ohm | micro strain Work
98 C1 Strain in flexural column bar | 1G3W 120 ohm | micro strain Work
99 C2 Strain in flexural column bar | 1G3W 120 ohm | micro strain | **Dead**
100 3 Strain in flexural column bar | 1G3W 120 ohm | micro strain | **Dead**
101 ca Strain in flexural column bar | 1G3W 120 ohm | micro strain Work
102 5 Strain in flexural column bar | 1G3W 120 ohm | ‘micro strain Work
103 C6 Strain in flexural column bar | 1G3W 120 ohm | micro strain | **Dead**
104 cr Strain in flexural column bar | 1G3W 120 ohm | micro strain Work
105 c8 Strain in flexural column bar | 1G3W 120 ohm | micro strain Work
106 9 Strain in flexural column bar | 1G3W 120 ohm | micro strain Work
107 C10 | Strain in flexural column bar | 1G3W 120 ohm | micro strain Work
108 S1 Strain in shear stirrup column | 1G3W 120 ohm | micro strain Work
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109 S2 Strain in shear stirrup column | 1G3W 120 ohm | micro strain Work
110 S3 Strain in shear stirrup column | 1G3W 120 ohm | micro strain Work
111 S4 Strain in shear stirrup column | 1G3W 120 ohm | micro strain Work
112 DT1 | Displacement transducer mm Work
113 DT2 | Displacement transducer mm Work
114 DT3 | Displacement transducer mm Work
115 DT4 | Displacement transducer mm Work
116 DT5 | Displacement transducer mm Work
117 DT6 | Displacement transducer mm Work
118 DT7 | Displacement transducer mm Work
119 DT8 | Displacement transducer mm Work
120 DT9 | Displacement transducer mm Work
121 DT10 | Displacement transducer mm Work
122 DT11 | Displacement transducer mm Work
123 DT12 | Displacement transducer mm Work
Second data logger
Ch. ID Description Gauge type Unit Condition
1 LVDT 1 | LVDT DC64 Volt mm Work
2 LVDT 2 | LVDT DCé64 Volt mm Work
3 LVDT 3 | LVDT DC64 Volt mm Work
a4 LVDT 4 | LVDT DC64 Volt mm Work
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Abstract

The use of post-tensioned (PT) slabs for building structural systems has become increasingly popular in many countries,
but little research has been conducted on the seismic performance of bonded PT slab-column connections. It is widely
known that slab-column connections are the most critical regions in a flat plate system. Under a strong earthquake
ground motion, sudden and brittle punching failure may occur at a slab-column connection region due to a combination
of direct gravity shear and eccentric shear from an excessive earthquake-induced unbalanced moment between slab and
column. In addition, extensive cracks in the connection region caused by repeated reversals of large lateral deformation
may significantly deteriorate the shear strength of the connection. The punching shear failure at one connection may, in
turn, initiate a progressive collapse of the entire building structures as notoriously shown in some literature.

There are several solutions to the problem of punching failure in slabs near the connections. The common solutions
used in practice in Thailand are the use of drop panels or slab shear reinforcements. In an attempt to eliminate the use
of drop panels, the use of flat plate floor systems consisting of a PT concrete slab-column system incorporating shear
reinforcements within the slab-column connection region has become increasingly popular in medium to high-rise
buildings in Thailand. However, no experimental studies of bonded PT slab-column connections involving shear
reinforcements subjected to earthquake-type loading have been found in any literature. Very few guidelines and little
information are available for designers to design the connections under earthquake loading. Therefore, experimental
investigations on the seismic performance of bonded PT slab-column connections with shear reinforcements are needed.

In this paper, the results of a series of tests on two 3/5 scaled bonded PT interior slab—column connection models under
simulated-earthquake loading will be presented. The purpose of the tests is to investigate the seismic performance of
bonded PT interior slab-column connections containing shear reinforcements. In the first model, the slab-column
connection was reinforced with shear reinforcements in the form of closed-hoop stirrups usually found in Thailand. In
the second model, the slab-column connection was reinforced against punching shear by type 2 double-head studs
according to ASTM A1044M. Both models were tested under a constant gravity load level combined with
incrementally increasing lateral displacement reversals up to failure. During the tests, the models were carefully
instrumented to provide detailed data on its behavior throughout its entire loading history. Relevant design equations
suggested by ACI 318-08 Building Code provisions as well as previous similar tests by others were compared with the
test results from this study. The test results suggested that the shear reinforcement in the form of double-head studs
effectively and significantly enhances the poor performance of the typical bonded PT interior connections. However,
the experimental results from this study pointed out that the conventional shear reinforcement in the form of closed-
hoop stirrups may not provide a significant increase in punching shear strength for the thin slab under earthquake type
loading.

Keywords: post-tensioned slab; slab-column connection; punching shear; shear reinforcement, double head stud

159



17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

1. Introduction

The post-tensioned (PT) flat plate is a simple structural system that consists of a PT flat slab support directly
by columns. This system is very popular as a gravity load-resisting system for slab-column frames in many
countries, primarily due to its ease of construction and architectural and serviceability reasons. The long
development of post-tensioning systems for cast-in-place flat plate in each country has resulted in either an
“unbonded” system or a “bonded” system. Bonded systems are more popular in Thailand and Australia
because the practical benefit is that, the bond between the concrete and the tendons offers more flexibility
regarding structural modifications such as openings for stairwells, utility access, and future expansion. It is
widely known that slab-column connections are the most critical regions in a flat plate system. Under a
strong earthquake ground motion, sudden and brittle punching failure may occur at a slab-column connection
region due to a combination of direct gravity shear and eccentric shear from an excessive earthquake-induced
unbalanced moment between slab and column. In addition, extensive cracks in the connection region caused
by repeated reversals of large lateral deformation may significantly deteriorate the shear strength of the
connection. The punching shear failure at one connection may, in turn, initiate a progressive collapse of the
entire building structures as notoriously shown in some literature [1].

Although extensive tests on the seismic performance of slab-column connections have been carried
out over the past four decades, most of these works focused on the seismic response of reinforced concrete
(RC) flat plates. A limited number of studies [2, 3, 4, 5, 6] investigated the seismic capacity of PT flat plates.
The updated database of slab-column connection tests in literature was collected and reviewed in [7]. As
shown in the database, almost all tested PT specimens were hitherto made to represent unbonded flat plate
connections. Only two PT specimens were tested [6] to assess the seismic behavior of bonded flat plate
connections, which are the prevailing type of flat plate construction in Thailand.

To prevent slab-column connections from punching failure, there are several solutions used in
practice. A common solution is to increase the slab thickness around the columns; this can be achieved by
the use of drop panels. Under earthquake loading, the test results in [6] suggested that a properly designed
drop panel is an effective way to greatly enhance the overall performance of the bonded PT slab-column
connection. However, it should be noted that this solution required additional concrete and labor-intensive
formwork. In an attempt to eliminate the use of drop panels, the use of flat plate floor systems consisting of
a PT slab incorporating shear reinforcements within the slab-column connection region as recommended in
[8] has become increasingly popular in medium to high-rise buildings in Thailand. However, no
experimental results of bonded PT slab-column connections involving shear reinforcements subjected to
earthquake-type loading have been found in any literature. The seismic behaviors of bonded PT slab-column
connections with shear reinforcements are of severe lack. Very few guidelines and little information are
available for designers to design the connections under earthquake loading. As a result, the effect of shear
reinforcements on deformation capacity enhancement for bonded PT slab-column connections under
earthquake-type loading is still questionable. Therefore, experimental investigations on the seismic behavior
of bonded PT slab-column connections with shear reinforcements are necessary.

This paper deals with reversed-cyclic tests to failure on two three-fifth scale models of bonded PT
interior slab-column connections with shear reinforcements in the form of closed-hoop stirrups and double-
headed studs. Each specimen was subjected to a lateral quasi-static cyclic loading routine to investigate its
seismic performance through the elastic and inelastic ranges and finally until failure. The effect of
incorporating shear reinforcements in the PT slab-column region on its seismic performance was identified
by comparing the test results with those of connection models without shear reinforcement, which has been
tested earlier as reported in [6]. The results from this study and the comparisons will provide useful
information on the cyclic performance of bonded PT interior slab-column connections with shear
reinforcements. It will be a guideline for structural designers in the future.
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2. Experimental program
2.1. Specimens description

Two specimens with shear reinforcements were designed and constructed after typical connections found in
most PT flat plate buildings in Thailand. The typical span, story height, and slab thickness of flat plate with
shear reinforcement building in Thailand were in the range of 5.70 to 10.70 meters, 3.00 meters and 0.25
meters, respectively. Both specimens were approximately 3/5 scaled of the typical interior slab-column
connections in the prototype buildings. The first specimen, denoted by SS1, was designed to investigate the
seismic performance of bonded PT slab-column connections containing punching shear reinforcement in the
form of conventional closed-hoop stirrups as found in most PT flat plate buildings in Thailand. The second
specimen, denoted by SS2, was designed to investigate the effect of double-head studs to improve the
seismic performance of the first connection. Each of the specimens was identical in slab dimension, column
dimension, tendon layout, and prestressing forces. All of them were of normal weight concrete.

Fig. 1 shows the dimensions of the tested specimens. The slabs were all 5000—mm spans, one of which
was reinforced against punching shear with shear reinforcements in the form of closed-hoop stirrups and the
other was reinforced by type 2 double-head studs according to ASTM standard [9]. The thickness of the slab
in each of the specimens was 150 mm. The size of the column was 250 x 500 mm, while the height was 1800
mm. As each specimen was developed based on the assumption that inflection points in the interior
connection under earthquake-type loading occur at slab mid-span and column mid-story, half the total height
of an interior column above and below the slab and half of the slab spans between adjacent columns on all
four sides were modeled. To simulate a moment-free boundary condition, pin connections were attached to
the points of contra-flexure under lateral loading. This model of connection was designed to produce bending
moment and shear of the slab comparable to the prototype in the vicinity of the column where the most
damage was expected. The validation of this model and assumption were well explained in [10].
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Fig. 1 - Interior slab column connection specimens and its dimensions

Fig. 2 and Fig. 3 provide the details of reinforcement in both specimens. In both specimens, all strands
in PT slab were ASTM A-416, Grade 270, 7-wire strands with nominal diameter of 12.7 mm. Eight straight
tendons with ten strands were banded in the direction of loading with a spacing of 300 mm, except the two
strands located near to the column had spacing of 330 mm. The other eight straight tendons with ten strands
were distributed uniformly in perpendicular to the loading direction. Each strand was inserted into a flat (20
mm in height) galvanized ducts. To prevent damage due to high concentrations of stresses at the edges of the
slab, an edge beam with sufficient reinforcing bars was provided on all sides of the slab. After the concrete
slab gained sufficient strength, each strand was tensioned individually by a hydraulic jack. The average
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applied stress in each strand was approximately 80% of ultimate strength. After prestressing the strands and
filling the end recesses, all galvanized ducts were grouted to provide an effective bond between the strands
and the ducts. The tendons layouts and their profile in the slab of the specimens are shown in Fig. 2(a).
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(a) Layout of prestressing strands (b) Top and bottom bars

Fig. 2 - Layout of prestressing strands, and supplementary reinforcements in slabs of both specimens

Fig. 2(b) shows the supplementary reinforcement bars in the slabs of both specimens. In the slabs,
DB10 (10 mm diameter) deformed bars were used for the supplementary top and bottom reinforcements.
Both specimens contained the top reinforcement bars at the top of its slab according to ACI 318-14 Code
[11] Section 8.6.2.3. For prestressed slabs, the code requires that a minimum area of bonded deformed
longitudinal reinforcement equal to 0.00075 4/, where & 1is the total slab thickness and / is length of span in
direction parallel to that of the reinforcement being determined, should be provided in the pre-compressed
tension zone over the effective width of the slab near the supporting column in both directions. The top
reinforcement bars were distributed in each direction within an effective width of ¢ + 34 and extend away
from the column face at least /,/6, where ¢ is the column width and /, is the length of clear span, in
accordance with ACI 318-14 Code Section 8.7.5.3 and 8.7.5.5.1. For bottom reinforcement, DB10 deformed
bars were provided as temperature and shrinkage reinforcement in both directions. A nominal clear concrete
cover of 10 mm was specified for both top and bottom reinforcement. All bar arrangements were in such a
way that the top and bottom bars in the direction of loading were placed at the outmost layer.

Fig. 3 shows the details of shear reinforcements in PT slabs near the slab-column connection of each
of the test specimens and column reinforcement. Fig. 3(a) shows the layout of conventional stirrups
reinforcement in Specimen SS1. As shown in section 1-1 and 2-2 of Fig. 3(a), each stirrup is DB10 bends in
a closed-hoop stirrup. The spacing is 60 mm extends from column face 960 mm each direction. On the other
hand, Fig. 3(b) shows the stud-shear reinforcement layout in Specimen SS2. Ten stud rails were placed
around the column. Stud spacing is 60 mm (0.5d). The first studs were placed away from the column face 50
mm. As mentioned earlier, all of the studs are type 2 double-head stud following ASTM standard [9]. The
total height of the stud rails is 120 mm. The details design of the stud rails can be seen in [12] Fig. 3(a) also
provides column reinforcement details of both specimens. Twelve bars DB28 yielding stresses of 400 MPa
were the main reinforcement in the column. The shear reinforcements of the column were stirrups fabricated
from bars type DB10 with a spacing of 60 mm. The nominal clear cover for the column reinforcement is 15
mm. It is expected that the column could behave in elastic manner during the test.
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Fig. 3 - Details of shear reinforcement in PT slabs and column reinforcement of the test specimens
To assess the actual strength of the concrete used in each of the test specimens, compression tests on
cylinders of 150 x 300 mm were carried out on the testing day. The results are listed in Table 1. The yielding

stress of DB10, 7-wires strand, and double-head stud used in the models are also presented in Table 1.

Table 1. Material properties

Compressive strength on test day, MPa Yielding stress, MPa
Concrete Steel
SS1 SS2 SS1 SS2
Bottom column 43.26 (94 days) 47.41 (138 days) DB10 416 374
Top column 61.91 (35 days) 49.45 (31 days) 7-wires strand 1,729 1,710
Slab 52.02 (38 days) 38.52 (33 Days) Shear stud - 380
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2.2. Testing of specimens

It is well known that a major parameter that influences the lateral displacement capacity of the slab—column
connections is the gravity shear ratio (V,/Vy), where V, is the direct gravity shear force acting on the slab
critical section and V) is the slab punching strength in the absence of moment transfer. In this study, all
specimens were subjected to similar gravity loading, so that similar magnitude of direct gravity shear force
(Vg) in the column vicinity of the connections could be maintained. Thus, all slabs were subjected to the
combination of slab self—weight and sandbags with the appropriate amount and location. The quantity and
location of sandbags in the test slabs were determined from elastic finite element analysis such that the
computed gravity shear ratio (V4/Vy) was equal to 0.28, which is the same as Specimen S1 without shear
reinforcement from the previous test as reported in [6].
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Fig. 4 - Pattern of lateral loading

As depicted in Fig. 1, the lateral load was applied to each of the specimens by an MTS servo-
controlled hydraulic actuator attached to the top of the column. The hydraulic actuator was mounted to a
rigid reaction wall after the application of the sandbags. The North-South direction was designated as the
loading direction and the East-West direction as the transverse direction. A typical displacement—controlled
reversed cyclic lateral loading test was carried out to both specimens with monotonically increasing target
drifts of 0.25%, 0.50%, 0.75%, 1.00%, 1.25%, 1.50%, 2.00%, 2.50%, 3.00%, 4.00%, and so on... At each
target drift, two complete cyclic displacement loops were conducted. Fig. 4 depicts the pattern of the lateral
cyclic loading. The loading was terminated after the punching cone had formed completely. Note that the
respective target drift is defined as the ratio of the lateral displacement of the column at lateral loading point
to the column height, which is 1.8 meter.

During the tests, all models were carefully instrumented to provide detailed data on its behavior
throughout its entire loading history. The data measured and recorded include: (1) lateral force and
displacement at the top column, (2) lateral displacement and rigid—body twisting angle of slab, (3) strain
profile in reinforcing bars and prestressing strands, and (4) strain in punching shear reinforcements. In
addition, photos were taken and at peak positive and negative drift every cycle of loading to record the
development of visible cracks on the top and bottom slab surface. Five video cameras were recorded
continuously throughout the tests.
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3. Experimental results

Experimental results obtained from tests of both specimens are presented and discussed in the following
sections. Due to space limitation, only some results are presented and discussed in this paper. The discussion
includes the seismic performance of SS1 and SS2, which highlight the overall behaviors of the test
connections under the lateral cyclic loading applied in this study. Subsequently, further analyses of the lateral
force-drift response in terms of eccentric shear stresses and drift capacity are discussed. Comparisons with
previous similar tests by others are made.

3.1 Overall response

The lateral load-drift hysteretic response of each specimen was plotted using the data recorded at the point of
the application of the actuator. The hysteretic responses of both tests, SS1 and SS2, are shown in Fig. 5(a)
and 5(b), respectively. As shown in the figures, both specimens display long and narrow hysteresis loops in
the drift range from 0.25% to 1.50%, demonstrating a limited ability to dissipate energy. In one cycle of
lateral drift, each test specimen behaved similarly to a linear elastic structure with viscous damping. This is
similar to that found in the previous tests on the specimens without shear reinforcement as reported in [6]. As
the drift level became higher, in general, specimen stiffness degraded more and the hysteresis loops were
wider. No significant pinching was observed from the hysteresis loops of either specimen. All specimens
experienced punching failure. The punching failure of Specimen SS1 is indicated in Fig. 5(a) by the sudden
drop in lateral load capacity after completing two cycles at 3% drift in positive directions. The punching
failure was found inside the shear-reinforced zone. On the other hand, SS2 was able to avoid punching shear
failure and sustain lateral drifts as high as 4% with no more than a 15% decrease in peak lateral load
capacity. The punching failure in SS2 was found outside the shear-reinforced zone. The failure plane
suggested that the shear reinforcement in the form of double-head studs in SS2 was effective to prevent the
punching shear failure inside the shear-reinforced zone.
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(a) Specimen SS1 with closed-hoop stirrups (b) Specimen SS2 with double-head studs

Fig. 5 - Lateral force-drift results

Fig. 6 compares the envelope curves of both PT specimens from this study and the PT specimen
without shear reinforcement from [6]. All PT specimens in Fig. 6 were bonded system and designed with the
same gravity shear ratio. The specimen S1 was used as the control specimen. As can be seen from the figure,
both specimens with shear reinforcement exhibit lateral load-carrying capacity and drift capacity higher than
the control specimen without shear reinforcement. The data shows the beneficial effect of both types of shear
reinforcement in providing an overall increase.
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Fig. 7 — Cumulative dissipated energy of the tested specimens

Energy dissipation capacity is an important parameter for evaluating the structure capacity to survive
in cyclic loading without collapse. Fig. 7 shows the cumulative dissipated energy of all specimens prior to
punching. The dissipated energy within loop or cycle i (Ep;) was obtained from the area enclosed by the
force-displacement curve within loop or cycle i. The cumulative dissipated energy up to j percent drift is
defined as the summation of the dissipated energy of all cycles which the specimen experienced up to j
percent drift. Those cycles that resulted in a drop in lateral load resistance of more than 20% of the peak load
were excluded in the calculation. From Fig. 7, the specimen with double-head studs exhibited the ability to
dissipate energy larger than the specimen without shear reinforcement by almost 575%. In advance of the
punching shear occurrence, the specimen with double-head studs was able to dissipate energy up to 46.54
MN.mm, while the one with closed-hoop stirrups was able to dissipate energy up to 28.71 MN.mm.
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3.2 Comparison of shear stresses

To compare the increase in punching resistance provided by the different punching shear reinforcement
systems, the ACI model for the design of slab-column connections without punching shear reinforcement as
shown in Fig. 8 is used to calculate the eccentric shear stress due to a gravity shear ¥, and an unbalanced
moment M, along the critical section at d/2 from the column face.

v ’
D % A i 4 e V;l y\'MuCAB
Fe= $ommmmens M Yty g
: } ! Critical - 4 J,
: ] ¥ section 3 ’J'\/;/ i A ;i : \/7
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o el T 7, =1-1/0+(2/3)J75,)
i : c/ | B/ ™ ciitical
Cl oo ! cw |B L | section
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(a) critical section  (b) stress distribution along critical section.

Fig. 8 — Critical sections at an interior column for linear varying shear stress according to ACI Building Code

The maximum shear stresses at the critical sections are expressed by the well-known equations shown
below.

_ I/u 7VMMCAB
Vueapy =
A J

c c

(0

where A. = by d; by = 2(b; + b,) = perimeter of critical section for shear in slab; d is the effective depth
of the slab; c4pis the distance from the centroidal axis of the critical section to line AB (see Fig. 8(a)); J. is a
property of the critical perimeter analogous to the polar moment of inertia; y, is the fraction of the unbalanced
moment transferred by eccentricity of shear stress and is given in Fig. 8(b).

For each specimen, the unbalanced moment M, can be accurately determined by multiplying the peak
lateral force by the column height (1800 mm) of the specimen. The gravity shear V, in each specimen is
computed from a linear finite element analysis. Based on the peak unbalanced moment (A/,) and the gravity
load (V) on the test specimens, the maximum shear stresses according to the ACI model for SS1 and SS2
were obtained by Eq. (1) and listed in Columns 7 of Table 2.

Table 2 — Ultimate Shear Stresses @

Shear stress, v, (MPa)
Specimen V. M, 7, From From
(kN) | (kN.m) direct shear | moment transfer Total v,/ \/Z
(1) (2) (3) 4) (5) (6) (7) (8)
S1° 118 193 0.467 0.65 2.86 3.51 0.55
SS1 141 325 0.463 0.59 3.46 4.05 0.56
SS2 141 288 0.463 0.59 3.07 3.66 0.59

Notes: * No load factors were used in calculations. ® Control specimen with no shear reinforcement from [6].
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In Fig. 9(b), the maximum shear stresses v, of SS1 in Table 2 are plotted and compared with shear
stress limits expressed by Eqn (22.6.5.5a) of ACI 318-14 and by previous works from other investigators.
Both shear stress v, and f,. are normalized by the square root of the slab compressive strength in SI units
(MPa). The test data from previous works, represented by the red dots, were summarized by ACI-ASCE
Committee in [13]. They were mostly obtained from tests conducted for connections transferring shear only,
and all tested PT specimens were unbonded flat plate connections that failed in shear. All of them were
without shear reinforcement. To determine the true stress limit, an empirical best-fit equation was derived in
[6] and depicted in Fig. 9(b). This best-fit equation, therefore, represents the most likely value of shear stress
at failure in slab-column connections without punching shear reinforcement.

The comparisons of the ultimate shear stress in Fig. 9(a) and 9(b) pointed out that the ultimate shear
stress of SS1 with conventional stirrup reinforcement under lateral cyclic loading was not much increased by
the presence of shear reinforcement. However, the results in Fig. 9(a) show that the punching shear failure in
SS1 occurred much later after one side of the connection reached the ultimate shear stresses at the drift level
of 2%. This implied that the presence of conventional stirrup reinforcement in SS1 was helpful to enhance
lateral drift capacity after one side of the connection reached the ultimate shear stress.
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Fig. 9 — Comparison of shear stresses

3.3 Comparison of drift capacity

Fig. 10 shows a plot of the gravity shear ratio and drift capacity at punching of both specimens from this
study, along with other test results of slab-column specimens without shear reinforcement. Most of the test
results of RC slab-column specimens were collected and compiled in [14], while those of unbonded PT slab-
column interior connections were tested and reported in [15, 3] and summarized in [5]. ACI 318-14 design
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drift limit for slab-column connections is also plotted in Fig. 10 for reference. For bonded PT slab-column
connections, the data from SS1 and SS2 shows the beneficial effect of both types of shear reinforcements in
providing an overall increase in the lateral drift capacity for a gravity shear ratio equal to 0.28.
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Fig. 10 — Gravity shear ratio versus drift capacity at punching for RC and PT slab-column connections

4. Summary and conclusions

Two three-fifth scale models of bonded PT interior slab-column connections were design and constructed to
represent typical details of slab-column connections with shear reinforcements in PT flat plate buildings in
Thailand. The models were tested under a conventional reversed cyclic lateral loading until failure to
investigate their seismic performance. Based on the results of the experimental investigations conducted on
bonded PT interior slab-column connections with different punching shear reinforcement systems and
comparing the results with the models without shear reinforcement, the following conclusions can be drawn:

1. During the test, both specimens essentially behaved like a linear elastic system with viscous damping.
As the drift level increased, the lateral stiffness of the specimens decreasingly degraded. SS2 with
double-head studs exhibited dramatic increases in lateral drift capacity, compared to those of SS1.

2. Punching shear reinforcement in the form of double-head studs effectively and significantly enhances
the poor performance of the typical bonded PT interior connections. The specimen SS2 with double
head studs showed ductile behavior under reversed cyclic loading. The ductile behavior was clearly
demonstrated by its lateral forced-drift relationship.

3. The experimental results from this study pointed out that the conventional shear reinforcement in the
form of closed-hoop stirrups may not provide a significant increase in punching shear strength for
the thin slab under earthquake type loading. However, the test results suggested that the presence of
conventional stirrup reinforcement in SS1 was helpful to enhance energy dissipation capacity and
lateral drift capacity.
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Abstract. The use of flat plate floor systems consisting of a post-tensioned concrete slab-column system incorporating shear
reinforcement within the slab-column connection region has become increasingly popular in medium to high-rise buildings in
Thailand. However, no experimental studies of bonded PT slab-column connections involving shear reinforcements subjected
to earthquake-type loading have been found in literatures. Very few guidelines and little information are available to designers
for design the connections under earthquake loading. Therefore, experimental data on seismic behavior of bonded PT slab-

column connections with shear reinforcements is needed.

This paper presents the results of reversed-cyclic tests to failure on a three-fifth scaled model of bonded post-tensioned interior
slab-column connections with shear stud. The main objective of this study is to investigate the seismic performance of bonded
post-tensioned interior slab-column connections containing shear reinforcements in the form of double head studs. A lateral
quasi-static cyclic loading routine, simulating earthquake actions, was adopted to investigate the seismic performance. Overall
performance is examined in term of lateral load-carrying capacity, maximum drift, and stiffness degradation. The results show
that the model with double head studs is able to undergo up to 4.00 % drift prior to failure and the mode of failure is flexural
punching failure. Comparing results with the model without shear reinforcement, which has been tested earlier. The model
with shear studs can carry more drift capacity than the model without shear reinforcement approximately twice. The test results
from this study will be useful for seismic design and evaluation of seismic performance of the entire slab-column frame building

in the future.

Keywords: Slab-column connection; Bonded post-tensioned; Shear stud; Cyclic test;

1. INTRODUCTION

Post-tensioned (PT) slab is divided into two types; bonded system and unbonded system. In
Thailand, bonded system is much more popular than unbonded system. Under earthquake type
loading, it is widely known that brittle punching failure may occur in the slab near the column
due to transfer of shear forces and unbalance moments between the slab and column. Hawkins
and Mitchell (1979) have shown that the punching failure at an interior slab-column connection
can sometimes initiate a progressive collapse throughout the entire structure.

To protect slab-column connections from punching shear failure, several methods were used
in design practice. A common method is to provide shear reinforcement within slab around the
column perimeter as recommended by ACI-421-R08. This method allows the use of shear
reinforcement in the form of closed-hoop stirrup and vertical shear stud. Nevertheless, the
experimental investigation by Prawatwong et al. (2018) has pointed out that under earthquake
type loading shear reinforcement in the form of closed-hoop stirrup may not provide a
significant increase in punching shear strength of the thin bonded PT slabs. Thus, the use of
vertical shear stud is an another choice. In case of unbonded slab-column connections, a number
of experimental studies were found in literature. (Kang 2004, Gayed and Ghali 2006). Ghali
and Youakim (2005) suggested that the main advantages of using double-headed stud are more
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efficient anchorage, simpler installation, less congestion of reinforcement, more improved
confinement, and more effective with thin slab. Recently, Yan Zhou and Hueste (2016) has
reviewed of test data for unbonded PT interior slab-column connections with moment transfer.
The data shows that drifts capacity of PT slab-column connections with shear stud are higher
than without shear stud. However, it should be note that the bonded PT slab-column connection
with shear stud has not been found in the review or any other researches. Therefore, the seismic
performance of PT bonded slab-column connections with shear stud is still unclear.

This paper deals with reversed-cyclic tests to failure on a three-fifth scale model of bonded
PT interior slab-column connections with shear reinforcement in the form of double headed
stud. The specimen was subjected to a lateral quasi-static cyclic loading routine to investigate
its seismic performance through the elastic, inelastic ranges and finally until failure. The effect
of incorporating shear stud in the PT slab-column region on its seismic performance was
identified by comparing the test results with those of connection model without shear
reinforcement, which has been tested earlier (Prawatwong et al. 2012). The results from this
study will provide useful information on cyclic performance of bonded PT interior slab-column
connections with shear reinforcement. It will be a guideline for structural designers in the future.

2. EXPERIMENTAL PROGRAM

2.1. Description of specimen

To study the lateral cyclic performance of bonded PT slab-column connection with shear
stud, that are typical in Thailand, an effort was made to acquire architectural and structural
drawings of three representative buildings with bonded PT floors. Some important structural
parameters associated with cyclic behavior are computed from the drawing; they are herein
called “structural indices”. These indices are: gravity shear ratio ( V,;/V,), critical section

perimeter-to-depth ratio (bo/d), side ratio (by/b,), prestressing ratio (f,c/ \/]? ), distance
between column face to critical section divided by depth (a/d), spacing between first peripheral
line of shear stud and column face divided by depth (sq/d), spacing between peripheral line of
shear stud and column face divided by depth (s/d).

To compare the results with previous experiment without shear stud, which has been tested
earlier. The gravity shear ratio was controlled equal to S1 from previous experiment (Pawatwong
et. al. 2012), while the other parameters are given in Table 1. In part of shear stud parameters,
the average value of the buildings sample was used except the (sy/d) due to the area restriction
since the first stud was placed close to the tendon and column as shown in Table 1.

Table 1. Structural indices of slab-column connections in three representative buildings.

Structural indices

Buildi Span folumn siz)e I{q by by fpc a So s
n mm mm X mm b ¥} ' — b
ullding ( ) Vo d bz m d d d
Condo 5800 400x1200 0.31 1543  2.18 0.23 3.20 0.18 0.35
Apartment 10700 300x600 0.39 12.66 1.59 0.42 5.10 0.24 0.63
Personal house 5700 250x250 0.33 10.25 1.00 0.39 4.38 0.31 0.63
Average Value 034  12.75 1.57 0.35 4.23 0.24 0.54

Specimen in this research

S1 (without stud rails) 5000  250x500 028 1829 1.70  0.27 ; - ;

SS2 (with stud rails) 5000 250x500 0.28 1829  2.00 0.29 4.42 0.42 0.50
*Detailed definitions of parameter can find more in ACI 421.1 R-08 and Prawatwong et. al. (2012)
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Figure 1 shows the dimension of the tested specimen. The typical span, story height, and
slab thickness of flat plate with shear reinforcement building in Thailand were in the range of
5.70 to 10.70 meters, 3.00 meters and 0.25 meter, respectively. The test specimen was scaled
to 3/5 of full-scale. At 3/5-scale, the span length of full-scale prototype structure was scaled
down to 4.80 m, the 3.00 m story height to 1.80 m, and the 0.25 m slab thickness to 0.15 m.
The slab was supported along each transverse edge by 5 pin-ended bars to simulate a moment-
free boundary condition. The validation of this model and assumption for interior slab-column

connections are well explained by Pan and Moehle (1988).
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Figure 1. Interior slab column connection specimen with dimension
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Figure 2. Layout of prestressing strands, and bonded reinforcing bars in slab
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Figure 2(a) shows the layout of bonded PT strands in the specimen. The strands were grade
270, 12.7 mm (1/2 in) diameter. Every strand was tensioned to about 80% of ultimate strength
(0.8fpy). Eight tendons with ten strands were banded in the direction of loading with a spacing
of 300 mm, except the two strands located near to the column had spacing of 290 mm. The
other eight tendons with ten strands were distributed uniformly in perpendicular to the loading
direction.

Figure 2(b) shows the layout of bonded reinforcing bars in slab. The deformed bars diameter
10 millimeter (DB10) were used for top and bottom reinforcement. The minimum top
reinforcement at least 0.00075A; was placed within an effective slab width of ¢ + 3h and
extends away from the column face at least [,,/6 in accordance with ACI 318-14 (Section
8.6.2.3,8.7.5.3, 8.7.5.5.1), where A is the larger gross sectional area of the slab-beam strips
in two orthogonal equivalent frames intersecting a column, and c is the column width, h is the
slab thickness, and [, is length of clear span. For bottom reinforcement, DB10 bar were mesh
bottom bar was provided as temperature and shrinkage reinforcement. In addition, the quantity
of slab-bottom reinforcement through the column head, satisfied the ACI-ASCE 352.1 R-89
(ACI-ASCE Committee 352 1989), was provided in both directions.
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DIA 0.5 IN GRADE 270K MM
@EI B H] 12DB28
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ANCHORAGE e
PLATE 1 1 - @

o e

SECTION a-a

3DB10@60 mm STR]

Column

3DB10@60 mm STR

s P i ANCHORAGE
e =] PLATE
\DliAD
END 230 230
(a) Column reinforcement details (b) Layout of stud rails

Figure 3. Column reinforcement details, and layout of stud rails

Figure 3(a) shows column reinforcement detail. Twelve bars DB28 yielding stresses of 40
MPa were continuous from bottom to top part of the column. The shear reinforcements of the
column were stirrups fabricated from bars type DB10 with spacing of about 60 mm. The
nominal clear cover for the column reinforcement is 15 mm. It is expected that the column
could behave in elastic manner during the test.

Figure 3(b) shows the shear studs layout in the test specimen. All of them were type 2
double headed stud following ASTM A1044/A1044M. Total height of stud rails were 120 mm.
From the average value of parameters related to shear studs, ten stud rails were placed around
the column. Stud spacing were 60 mm (0.5d). The first studs were placed away from the column
face 50 mm.
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Table 2. Material properties

Conerete | Compressestrons(h | g | Vickatrenuh || enste
Bottom column 47.41 (138 days) DB10 374 636
Top column 49.45 (31 days) 7-wires strand 1710 1901
Slab 38.52 (33 Days) Shear stud 380 537

2.2. Testing procedures

Figure 4 shows the experimental setup. The simulation of gravity load was simulated by a
large number of sand bags. They were piled up on and hanged underneath the slab in order to
correctly simulate the gravity load effect. The amount and distribution of sand bags were
determined by finite element analysis such that the computed gravity shear ratio (V/V,) was
equal to 0.28. After the application of the gravity loading, the lateral load was applied to the top
column by MTS servo controlled hydraulic actuator mounted horizontally to a rigid reaction
wall. The hydraulic actuator was pined at its ends to allow rotation during the test. The bottom
part of the column was connected to concrete strong floor of the structural laboratory. Torsional
restraining systems were installed in both end of the slab to prevent this rigid-body twisting of
the specimen. The systems consisted of two wire ropes on each side, which diagonally crossed
from either of the slab corners to the channel firmly anchored to the strong floor.
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Figure 4. Experimental setup

Figure 5 shows the pattern of lateral loading. A typical displacement controlled cyclic
loading test was carried out with monotonically increasing drift levels of +0.25%, +0.50%,
+0.75%, +1.00%, £1.25%, £1.50%, +2.00%, +2.50%, £3.00%, +4.00%, and £5.00%. For each
drift level, two completed cyclic displacement loops were made.
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Figure 5. Pattern of lateral loading

During the test, all measurement data were recorded at each loading step. The data measured
and recorded in the experiment include: 1) lateral force and displacement at the top column end,
2) strain in stud rails, 3) strain in top and bottom bars of slab at various locations, and 4) strain
distribution along some prestressing strands. Photo were taken and at peak positive and negative
drift every cycle of loading to record the development of visible cracks on the top and bottom
slab surface. Five video security cameras were also continue recorded throughout the testing.

3. EXPERIMENTAL RESULTS AND DISSCUSSION

Due to space limitation, only some results are presented in this paper. The relation between
lateral force and lateral drift is shown in Figure 6. The first stage (0.00 to £1.5%), hysteretic
loop in every loading cycle was long and narrow, indicating a limited ability to dissipate energy.
Afterward, the second stages + 2.00% to + 4.00% loop 1 hysteretic loop began to grow larger
and lateral force has saturated, indicating a yielding of the connections occur in this stage. The
stiffness was degrading down. The final stage punching, at + 4.00% loop 2, shows lateral load
decrease about 77% from peak load. The specimen has failed at 4.51 % while specimen was
going to +5.00% loop 1. Lateral load decreased down from 100 kN to 76 kN, suddenly. The
specimen has failed by flexural punching mode.

Figure 7 shows comparing the backbone curve between the results from this study and the
model without shear reinforcement. As can be seen in Figure 7, the model S1, without shear
reinforcement, could only withstand 2.0% drift. After the maximum lateral load of 107 kN was
attained, this specimen suddenly failed in brittle punching shear and completely lost its lateral
strength and stiffness while no peak load saturation was perceived in advance. On the other
hand, SS2 with double head studs attained 65% higher lateral load-carrying capacity than the
control specimen (S1). In addition, the specimen SS2 with double head studs apparently failed
in a more ductile manner than the one without shear studs. As can be seen in Figure 6 and 7,
SS2 exhibited a saturation of peak load for a drift of 2% to 4%, indicating that flexural yielding
took place long before punching failure. Until the end of the test, the specimen with double
head studs showed much higher drift capacity at about 4% at punching failure than the one
without shear reinforcement.
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Figure 7. Comparing results with the model without shear reinforcement

5. SUMMARY AND CONCLUSIONS

A three-fifth scale model of bonded post-tensioned (PT) interior slab-column connection

1.

was design and constructed to represent a typical detail of slab-column connections with double
head studs in medium to high rise buildings in Thailand. The model was tested under a
conventional reversed cyclic loading with monotonically increasing drift levels until failure to
investigate its seismic performance. Based on the experimental results and comparing results
with the model without shear reinforcement, the following conclusions are drawn:

During the test, the specimen with double head studs essentially behaved like a linear
elastic system with viscous damping. As the drift level increased, the lateral stiffness of
specimen decreasingly degraded.
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2. The specimen with double head studs in this study showed ductile behavior under
reversed cyclic loading. The ductile behavior was clearly demonstrated by its lateral
forced-drift relationship. Specimen SS2 experienced saturation of peak load from about
2.0% to 4.0% drifts, indicating flexural yielding took place before punching failure.

3. The test results suggest that the use of double head studs in bonded PT slab is an
effective solution to enhance the overall seismic performance of bonded PT interior
slab-column connection. SS2 exhibited dramatic increases in lateral strength, lateral
stiffness and lateral deformation capacity, compared to those of S1.
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