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SHEAR STUD. THESIS ADVISOR : UNNOP PRAWATWONG, Ph.D., 157 PP.

SLAB-COLUMN/BONDED POST-TENSIONED/SHAER STUD/CYCLIC TEST

The use of flat plate floor systems, consisting of a post-tensioned concrete
slab-column system and incorporating shear reinforcement within the slab-column
connection region, has become increasingly popular in medium to high-rise buildings
in Thailand. However, no experimental study 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 thesis presents the results of reversed-cyclic tests to failure on a three-fifth
scaled model of bonded post-tensioned interior slab-columnn connections with shear
stud. The main objective of this/study-is to investigate seismic performance of bonded
posttensioned interior slab-column connections, containing shear reinforcements in the
form of double head stud. A lateral quasistatic cyclic loading routine, simulating
earthquake actions, was adopted to investigate the seismic performance. Overall
performance is examined in term of lateral hysteretic response, load-carrying capacity,
drift capacity, stiffness degradation, failure mechanism, and punching shear strength.
The results show that the model with double head stud 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.
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i Y
A519N 2.1 5190LDIAVDALVUTIADING 6 AIDINNITNARDY (S.W. Han et al., 2009)

c,=c, h [ I, h, davg Py Pq P, fpe GSR
Mark

(mm) | (mm) | (cm) | (em) | (ecm) | (ecm) | (%) | (%) | (%) | 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 | 021 | 1.21 38
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 38

NS ae.g., PI-B50X: (P) = PT; (I) = interior; (B) = banded; (50) = ratio of V, to design shear strength

DOV ( (1) =0.75); and X = no bottom reinforcement; GSR (gravity shear ratio = V / oVv)
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o ) Yo o v [ g dl [} dl
AN JUNTIV0INS TondT LUVTIaedgnoenuuylimaIsumsaaluiuni uazlsunlasu
A 9 o tél [ A d o j’
vuravedusInlglunisdausaluiiy 91nnsdaussnauysal AvsaausIoaluiuag
' 9 v
AUNTENA 1 U599 TUNY (Post-tension slab to Reinforce concrete slab) 5211150 ALT N 19

<3 Y =2 P = 1 A o 2 % ]
Lﬂuﬁzuuulmiwﬂmum Ll,a3Nﬂ?ﬁﬁlﬁﬁuﬂlﬂﬂuiuuﬂﬂ‘ﬂ'la@\ﬁ/N 7 1IN

{ < [ o ) @ ]
M54 2.2 YSnaumanuazainoaus ULuDT1a0919 6 410819 (B.Gayed & Amin Ghali, 2006)

Specimen IP5-9 and 9R IP5-7 IP5-5 and 5K IPs-3 1P5-0
Number of sirands 9 7 5 3 [i]
Banded direction (parallel to x-axis) Pps: To 041 032 0.23 0.14 (1]
Presiressed Force/strand, kM {kip) 35(7.9) 0 {0.0)
reinforcement Number of strands 3 3 2 1 0
Banded direction (paralle] to y-axis) Ppse e 014 014 .09 005 L]
Force/strand, kM (kip) 105 {23.6) H1(15.4) HE(19.5) 105 (23.6) 0 {0.00
Total Four 15M | Six 15M ﬁ:‘;ﬂ;{; “I;"; E“',:{_ Twelve 15M
Parallcl to x-axie Por % 0.37 0.55 0.65 0.83 1.11
Top Within (¢ + ) Twao 15 .11 : Four 15M
Total Four 15n | Four 1M+ | Four P8+ Six TR S| Eighicen 10M
Parallcl to y-axis Puil %6 037 0.46 0.46 0.65 0.83
Maonprestressed Within (¢ +d) Two 15 M Two 15M
reintorcement Tatal Ten 10M
Parallel o x-axis Pas- 7o 046
Within (¢ + o) Two 10M
Haftom Total Ten 10M Eleven 10M | Ten 1om | Eight 1M
Parlic] iy adth P e 0.46 0.51 0.46 0.65
Within (¢ + ) Two 10M Three 10M | Two 10M Three 15M
foc: MPa {psi) L1 {160) 0.9 130) 06 (90) 0.4 (60) 0.0 {0y
Pps/ Py (handed dircction) 1.11 0.58 0.35 017 0
s’ Pos (distributed direction) 0.3% 030 0.20 0.08 0
.I'."\ OT Py = cross-sectional area of presiressed lendons or nonprestressed steel divided by bd with b = 1.9 m and o = 114 mm; (. = effectve prestressing force divided by gross
cross-seclional area of specimen (= 1.9 < 0L15 ml). Cross-sectional ancas of 108 and 15M bars = 100 and 200 m? (0L155 and 0.310 @7, respechively.
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wedw ldgRunusiaes 1Ps-0 wun lutimssaussluiume uamanuusumsaals 12DB16
a a =Y < 1 ana ¥

lufianie X uaz 18DB12 Tuiian1e Y YSunaueananas vyamou Javuinuoadiuaz i

gnanuguIdmnuawaaslugili 2.7
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gﬂﬁ 2.8 LUIMIAALUUIIAD IPS-0 (B.Gayed & Amin Ghali, 2006)
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517 2.10 M3 vugURYAR DU (Hot forging)

7 [

AI9831UIUNHY (Gayed and Ghali, 2006; Kang and Wallace, 2006) [3UFAAHINAVD
[l 2
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Prawatwong et al., (2012) Tu¥awidenuamisalumssouswduaulvivesyaiouns
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(Prawatwong et al., 2012)



22

70 T T T T T T T T T
! ! ! « RC slab-column connection
6.0{-;--+ge-~---4+4 4 PT unbonded -
_ : : ! (Trongtham and Hawkins 1977)
&2 5'0";"'E'"-+i""'i" ° PT unbonded (Qaisrani 1993) |~
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Gravity shear ratio (V,/V,)

317 2.11 Gravity shear ratio 1iguAUANYAINITD TUMIBEIAIVOAAIITA

(Prawatwong et al., 2012)
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1 1 Y ] 4
o3 AnTsuMNATUUTNUIATONADTEHINHUNUA VLA (Slab-column
. a wa Y o ) 9 1 a I
connection) tazna lnn133an1eldn1snsgiivecusaneaiudrsnnuauau lvniu
A Ao Y A A a 9 ' o q ¥ a Y
wgaAnsINAFUdeu Tasinouniamanisuaninedleguns i ldnganssuvesInsadi
[ Aa oad o A =3 ] A Aa I a a a . A =R
AoumMIItaTmMIa v llauderaninganssuluuuududaiaan (Inelastic) Tuodnds
UMSANYINGANTTUMTABDAUBIABLTIN MU Az na lnnsItAMnuruAY THIveq
Uinagaleuasainan lagmsnageuuuuiiaesdediuluiesd fiansluaisdsems
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] <3 o = a A a dal a A J 1
pd19 15010 T umsAnEINGANTTUTAATUUTIUALTONADUDIH Y
zg ~ o Y [ 9 9 1A v A YR '
HunounIAsauss Melanisnsziveansainiediudennuruanlva ssidanyi luun
Taoarulnayaduldiaeuniadauseluszuunhifin1sdamilon (Unbonded system)
x 1 a3 {a
FahidlundenlFaululsanalne
) [ a o d’ 1 1 dal G (% d’d
MUY N AAIV0IAIFOUADUDINHUNUADUNTADALITI TUTEUUN
= ~ Y @ v oA ] a ~
N159A1% 107 (Bonded system) n181an15 TondrdaunaaInwavouiuau lvanuiiie
{a A -4 a o a o
Han13ANY11Ag Prawatwong et al. (2012) AANLWAI1UNTAITIFINTIZAVUIUINA 1AZH]
] a o = o A T A a a
lLiwvunanu@anuiinersumsmuanuanso lumstumuuduau v laedsnsesy
3 o A a A 1 ~ @ A = A v & o
MANTUUTARDUVITNAUIATONADVOINDUNT ADANTI TUIZVUNTMTBAmM T aaruilagiiu
= ¢ Ya Y o Y & o
1IAUAAUBIAAINS NIAINT oo nuuudza s ldluniseenuuuiie e
msanuuReunzgmeldusaruaulng
A a <3 ] 1 o 1 Yo Aaw K Y o = Aauv 1 A
INOIANIANY09719AINA 1IN 1291115 ANE1I98@ 011199910 Prawatwong et al.
2012 Tague1s Vo UIUAN1SANEININILIENYAAINDUAUDIVDIYAIFOUADTENINLA DL
& A o A~ = = ~ A A
WUADUNTADALTI FHATUIIBAMTIE) (Bonded system) 1A81N1500NUULIATNHIYAIROY
Y [
(Stud Shear Reinforcement) 191 11 Tuuruiulndien ioasiaianisdsengadinelanmslon
e nInusIHuan 1 aunszRunansiiannziage Taedoyananisnaaoaiim
Y 1 9 & o Ay g Y a <
N1INABDINIMAINOUNUNT (Prawatwong et al., 2012) vunuuiiaoad lilatimsiasuman
[ A o Y A = = Ay v o ' a
Sunsunou szgminnldnensnfieuiion Gedoyan Ideinmsnaasssziiligmsisziiiu
i1 9
ANMMINZANVBIAUNITMIDONUUDYATBNAD IuiuADUNIADALTY Neldn1s londdvues
917139105 R UAN 117 NT2YMIWNIATFIUNITONIDY ACT Building code (ACI 318-14)
TugaunineatoanuMasdumuMsMounzq (Punching shear strength) 1Az UATINANTIDEIA7

YOIYAFOUAD (Design drift limit) Neouliao 1)
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31 HNNIINVNNITUIUNFIDY
Y Ay Y= v A = A Y
nndeyan laanyinludiuvesuniiaes MIANYINTINUANNAIWITOAIUNIY
] a A v 1 dy ) o (2 a A =2 A
uruAY 117 veagaleUAeTTH I ILATIUADUNIADALTINIBH A HallussTamile)
as 1 A gll dal Y ) o Ia Y L4
Tagasms lanyamounsail laimsd15 dunpallsnigeoniuy HazyeaueYIATIZY
1 { 1 a 4 o a 4
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anndeenuuy Tudszmalnetionldlunisesnuuy Sond1 “arii Tnssads (Structure
X 1o A dy o I @ ] .
Indices)” Faa1a v Ingeasratiazii ld 1l unuinisluniseenuuudlod1d (Specimen)
1 [ A R o T < @ 1 a
IdfimIndifesnumniiga eiaedrauiludumuvosganovedlnsidi 99
[ @ 1 S A o ] a 4 [
WA INOBNUUDAI0E19NITNARDUAT VGOV 08 AunsveInITAAINT oIl 19
9 1
IN9TANIWIAT A (Strain gauges) Ha1oAI9zgnanas I3 lugandidynielulnssadiene
= Y (] 1 Y dg! Y a oA d' Y [ 9y d'
MINABUNTA LAZAIBE19YNNDAS 19U B FuAM N Ialimsnuguilatenindoudu 9
9 3 A ' v Aawv o a oa ) Y a 2 d‘dy A A o
T ldainquanziinddeinua msitazgniisanlfineyunnu nsesiotanieusn
A A 2 A R 9 = 9 ' .
au 9 gnanas iendunumInaasliilu lidienuiFeusos 15 Displacement transducer,
LVDT 11aznaed CCTV
NSNARBIRNAIUANAIYTZEZN1TNTZIAVDI8DALA (Displacement control) TA8N13
1 Y é @ Y o = a = v =
H1UN15 19159910 Hydraulic actuator wangaata linoe o v liiiaziasuden q vl
& o YR~ 1 1 < = @ A o v A 9 = 1
Fatmualdilumgegavewaazsounszassoadnaund i udutazaudiae
Tugniiarnmeniisazfanaudsgii 3.1 Ten 1w 2 5o WensvaoaseuudunuaNUIS
2 Y 1 a Y [l Aa oA o W '
YoININTZIA IRUINTULAZTIFUTUANIUNTENIAI9E19NITNAABIITA NITNTZIHIAINGT
A [ A a T A Y a L] 9 Y=
nlieuaiiounumstaszeznarvazmanduau nioen ldinans Iniedd o uaziiuiin
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9 A A ga o Aa oA A 1
ﬂlﬂyja"lﬂnﬂmima’au"lwmmﬂm%mwuﬂ VUNANTTIVAVDIYALTONAD
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A o 1
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WoA08193UA NMsAaAIvgAoUN Al UF UG il LWBL"]J"I"l‘]JW"IWH‘VﬁJ'iL'JmSGTJ 9
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3191 3.1 myTenian

3.2 11991299 YUIA !!ﬁ%fﬂ‘iE)E]ﬂ!!‘iJ‘ingJ’JE)EiNiﬂﬁx‘]ﬁ%Nﬁ’ﬁ‘i%Uﬁnnﬂﬂﬁi’]U

T COLUMN

=

BENDING MOMENT
[> ,,,,'i':‘ DIAGRAM
: " MODEL OF INTERIOR SLAB- ~ T~
COLUMN WITHOUT DROP PANEL

LATERAL
LOAD e ~ COLUMN

ROLER -0
SUPPORT

ISOLATED TEST SPECIMEN R PINNED
— SUPPORT

A v o o a2 4 1
gﬂ‘ﬂ 3.2 LLWHﬂ'I‘WLLﬁﬂ\‘]ﬂ'JHJﬁﬂJWH‘ﬁGUfNLHJUi]'Iﬁﬂﬂﬂil'ﬁmi}ﬂl%ﬂﬂﬁ@uazTﬂi\‘]ﬁ%’1\3f]'lﬂ1i

v A~ Yy ¥ v o
AULUY LUDULIININATUHVNLUTININTENN (Pongpomsup, 2003)

1ng1li 3.2 naasanuduiusvesnnuiiaesuinugareaouaz Insaas 19113
ﬁHLLUULﬁBﬁLLSQﬂigﬁ”IVI14&11&%1\1&5]%%1ﬂ5$ﬁ1 uaz"?fﬁmmﬂmmui‘hammwwd’smm
dy Y A o 4 v A a da! [ @ [] Y Y A [
UASNUBDDNITINDIAITAULUY L'W@ﬁ]”lﬁ@\iTllllll!@]ﬂ”Iiﬂﬂ‘VlLﬂﬂﬂluﬂﬂ@]ﬂﬂﬂ"lﬂiﬂiﬂamﬂﬁﬂﬂ
S A Aa d%‘ [ 9 9 a @ =Y dy
TﬂJLﬂJuﬁﬂﬂ‘mﬂﬂ“U‘Llﬂ‘]JTﬂiQfTiN@"Iﬂ”IiﬁHLL‘]J‘]J“IImzlﬂﬂﬂ"ﬁIﬂﬂ@nﬁ]”lﬂlmuﬂu"lﬁﬁl IR GR
199091V T10992N 0I5 VIUURDIADY (Roller support) ttazi)areid 19 1ua 199N 505
A209ATOUVDUULUIUWLY (Hinge support)
Y 9 Aq Yo o ° ao £ dy < 9 Y @
Iﬂi\‘lﬁi'l\‘lﬁﬂl!ﬂﬂﬂﬁl“ﬁﬁ'lﬁﬁﬂ@@ﬂLLUUﬁnafJ\‘]\‘ﬂuﬁﬂﬂ“ﬁuu lﬂuiﬂiﬂﬁi'lﬂﬂ'lﬂWiﬂa'lElﬂ‘U

Hq v ° ' v & & Y v
°V]Gl“lf@@ﬂllﬂﬂl!ﬂﬂ%1a@ﬂﬂ@u‘ﬁu’]u Iﬂﬂ Prawatwong et al, (2012) c]f\isllu']ﬂiﬂﬁ\‘]ﬁi'mﬁuuﬂﬂ
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wu'ldvesluszmeing odrelsAau iieanummnzansunsnagenluies§iidnis
;4

AA Ao I3 Y ' ' ' Y 2
UNUN ﬂLL‘}J‘}Jmam"lﬂgﬂfJamu YUIA 3/5 LVI"IGIJEJ\TIﬂ'iQﬁﬁW\?%ﬁ\?

=D.

' av g J
Glu‘b"N!.Lﬁﬂ‘llfNﬂﬁ$‘U'JL!ﬂ'lﬁ']%ﬂlﬂuﬂ'lﬁﬁ']‘u3'J?JGIQJ}’EJ?J"@LLU‘Uﬂﬂﬁ%W\‘]Iﬂﬁ\?ﬁ%’l\?ﬂWﬂTﬁ

=1

Fnoadicludszmalne wanssusavdeyanuuneaieens 3 was lavhwd

[ = Y . . A A 9 o 13 =X o oA 9 A
mariInsaasin (Structural indices) NNYIVDINUNITDONUUVINADY FIATH IATIAT NN

[

° A Yo o A 9 o = Y A A Y o
u“ﬁu@iu@]’li%‘l'ﬂ 3.1 hlﬂﬁﬂﬂ%uiﬂiﬂﬁi’mﬂ?ﬂ@?Bﬂﬂllazllﬁﬂﬂﬂﬂfuiﬂiﬂﬁi’lﬂﬂlﬂﬂ?ﬂl@ﬂﬂﬂ

A A q v a A Y Ao AA o Yo 1 1
riyaneu lW@El,“lfcluﬂ15@@ﬂl!ﬂﬂﬁgﬂgliﬂﬁﬂi}!ﬂlﬂﬂu 5’Jmm’J‘JJ@]GHu‘I/]umﬂﬁmmaulﬂu

[ 1 1

[ Y v
I Ao 9aT1aIUTEHIus R uAaTu 1uI1IAY (Gravity shear, V,) Ao

A A G o 4 . . R A [ 1 dyl .
usuReunneuninasasyla (Punching shear capacity, V,) F3380DATITIUUI “Gravity

shear ratio”

A [ 1 Y Y o a 1 = Aa A
2. b,/d 19 BAT ﬁ’J‘L!Lﬁ‘L!i?J’]Jgﬂ’ﬂuW]ﬂ’Jﬂi]ﬁ@]’E]ﬂ’ﬂllﬁﬂﬂi%ﬁ‘ﬂ‘ﬁwﬁ

3. b/b, Ao sandnszuhediuenvemidaingadeduduvenihdainga
4. f,./4]T! 0 8A1AIULIIBARBIIDAVEINOUNIA (Prestressing ratio)

5. a/d flo dandIuszezvyAmpusIgameianInuiumnenNanlszdnswa
6. s,/d 7o dATIEIUTTETNYAMBUR TN IANINHT I IReRNNANSEANTHA

@

A ! = = 1 = a A
7. s/d 19 amwmuszﬂmﬂwmm@ummmaﬂﬂizﬁmwa

"""" Shear critical sections

ANuanlszantna (d) =0.8h
A A &
14D h ADANIUHUIVDINU

Ref. ACI318-1422.6.2.2
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RY 9

A Y Aa (2 1 o A Y o [ o v A
‘I]Wﬂg‘ﬂ‘l/l 33 ulﬂ@‘ﬁ‘]J']EJﬂ’JHJWiHEJGIJ’E]\WI’JLHJilmagﬂﬂﬂﬁlﬂfﬁ'lﬂiﬂﬂWU’Jﬂ‘!‘ﬂWﬂ%u
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=q 9

puamelumsesnuuy nuudiassiduiumsneadeludesdfiams Soulvdrdannly
o o c;y/ A A j’ ~ Y a wAa A Q@ 1 9
AruavuIavesudiassiune Rou lvvesnuinluiel jiianisiandinalivuia
d‘ d‘ d' o Y 1w a zﬂ' Y 1 =
nrnzauiganawsai 1aminy 60% vesvuaase uazieldiwaemsnfSouiioy
HansANE1 A%l Iaseadsvesuuuiansi luldinsiasuvyamou (Without shear stud)

91N Prawatwong et al, (2012) Tagnihuniinisandle awaasluaisied 3.1

{ o Y A9 - v
M3197 3.1 manfFeumsudril Inseaiangoonuuu o]y

Structural indices

Span Col.umn
size VG bO b1 fpc a So S
Building (mm) (:z)" Vo d b, \/ﬁ d d d
Condo 5800 400x1200  0.31 15.43 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 0.34 12.75 1.57 0.35 423 0.24 0.54

Specimen in this research

S1 (without stud rails) 5000  250x500 028 1829 170 027 - - -
SS2 (with stud rails) 5000 250x500 028 1650 2.00 0.29 4.42 0.42 0.50

eandu vv, lanuguldnumsnaasslas ids uvyamen vinawmida
i fmualdinufe 250x500 Hadmas gamnumny 1,800 adwas S20zH9Y (Span)
1101 5,000 Haaiuas AMuMITe LI M NARDS IR 150 Tadwes Fufuaumun
fianuuAaa 60% Nauuunead e sandmmaasumanuuiazangnangulflndifes

Y% ~ m Yy a A 1 A Z Y1 A A 9y
ﬂuﬂ‘]Jﬂ'liﬂﬂﬁ@\‘iﬂllﬂvlﬂlﬁihﬂialﬂlﬂ@u mumiaammuwyﬂmauuui%mmawweemmu

lutlszmalnetionls veenuvuldnuunudiaos sniuszozvoanyanoudmsni i
Y 1 A Y a ¥ A a o ] @ 9
aunsnaaldedlugisideonuuuiion ldiieswindaunirealndauss luawsavdued
9 v H
1/1&Tndnail (ezuaasgdetvnamuludiuneaziBoanyamousali) 317 3.4 naaanin
3 damsvanInaass Tagn s nazgUi 3.5 HAaAULIAYEUUTIA0I TABN NI N
d‘ Y 1 a [ a = Uy o
e ldheromsofuienistamsnaasaazesuiena 5w lildwanisnaass 439y
S o ] [ A a Id A A Y] 9 a =
Wihvuadyanyainene Tagie N-S fluiianvuunuuuinss TuselyTuia N vaneda
o = . v = =2 A
nMsHanlunNIINAaeI9znuIede Driftr nazni1s 1dus el lumie s nuede nisdanselu

AINAADNTINI “Drift-"
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A v y v b4 [
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331 AdUNIA

A A 9 1 9 o o dy A o a [ 4 [
AauUNIAN1FluMTNoaS 19UV TIFDIINUIHNNAANUNLUASITG

[

9 o &2 o o v w ~ < A ~ ) o
319 9179 (CPAC) FIRTHUANIDIOAUDIABUNT AU 2 YUIA AD ABUNTATINI ULE

.
o
2}

v v

ANINNIT 400 kg/em’ (Cylinder) ATNITYUAD 15-20 1HUALAT HATADUNIA

N
A o v w ' 2 . 1 @ a 2 3
A9NN1AIBANINNIT 320 kg/cm™ (Cylinder) AINITYUAT 15-20 LHUALNAT a911) 1
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=3 v
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éﬁe
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e

= 1 I 2 A 1 1 dy [l
MIIMABUNIALLIDeNT) U 3 A39 A9 1) @@ IUAN, 2) WU Lag 3) @aIUUU
[ Y 3 @ 1 ~ . g’: % ] = 9
Llﬁﬁgﬂ15lﬂ1ﬂlﬂﬂﬁ3081\1ﬂ@uﬂ§@LLUUT]‘J\‘]ﬂ‘J$‘]JE]ﬂ (Cylinder) Naviua 12 9390819 m'lﬂwa

MINATDUMAIADUNITARIAIT N 3.2

A137197 3.2 HANTNATDUNAIVDIADUNIA

FIuvealnsaadng 21y (31) Meaeondszas (kg/em’)
% d‘d %
SuUNTMIoAUTI 313
4
Wy 28 371
WRMNIsSNAgeU 393
o 28 425
EaIuad AT
uhmInaaey 483
, 28 453
[EaINYU 1]
unIMInaaey 504

s Y Y
ianvaeod
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INOANTI

Twire strand |
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HAIRdY 139

Shear stud
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332 adnvausd

2IABANTUNTA 270 7 wire strands tdUAUFUENATN 12.7 Tadwas gnidenls
Tunpusiaes dredrnvesaladaussiiuau 31du Idildnageuquauianisnalae
m3naaeul¥MInaaeuLLY Force controlled mudodiiavesginsaimsnaaoy de1ail 3
gﬂaﬂg’qmﬁﬂmmm‘%a@ (Strain gauge) HANTNATELVEIN 3 F18619 uAAsTLATTINR 3.3
NANAMINATOUNUNAANVAUATIN (Yielding stress) Tisunaomiy 1,710 MPa Laziaa
MIFVUTIAIGIqAIRGD 3 §20619 11T 1,907 MPa Fau1ATIUQATIHNTTY 420-2540 521
MAINISUUTIRIGIgAv0IIABALTIAINGDT 7 1duIDDTITuAIRea hideand 1,860 MPa
Lﬁmﬁﬂuwamimaau:i"ﬁ@a’mﬁmﬁwmuuuﬁmmﬁu wen. nud adnsauseiilddmsy

LLUUﬁTﬁﬂQNWHN"Iﬂﬁj@'IHQ@Z’ﬂ‘l’iﬂiﬁll

M15199 3.3 guauianenavesiiedealIasaus s 4 lunuuiiaes

Test No. | Effective Strand | Yield stress | Max load Tensile Gauge
area (mmz) (MPa) (kgf) Strength (MPa) | Length (mm)
1 99.58 1,704 19,100 1,881 610
2 99.58 1,721 19,300 1,901 610
3% 99.58 1,704 19,700 1,940 610
Average 1,710 Average 1,907

*0 208 1NAAINDIANIIVIATEA

333 mandedey
wa < 1 4 a a
HamsnaTeUANANIANNNAYeunandoDodURILgUINA1N 10 HaNAS
9 H H 9
FuUNIN SD30 uaaelum13197 3.4 ganadouTIUIU 3 A10613 HAzAI98197 3 TaaaaAT
v <} ¥ o ] '

(NIIANUIAIBA (Strain gauge) JANTINVDUHANTA 3 AI0819UA 5201 351-415 MPa 1ay
AANUAUNMIUUTIAIGIGANAITEN I 528-635 MPa FINIATFIUQATINNTTY 24-2548 521
o v [ <} 1 J 2
MAaINITTUUTIAIYANTINUAZUTIAIGIFAVDUNANTD SoBIFURNIUFUING1 DB10 FUAmAIN

9 [ 1 A =} @ < Yy 9
SD30 04 11ieend1 295 MPa 1Az 480 MPa tijoifisunan1sNAdoUIAINAN 0008903

o [ ' < ! ) [ o i
UUUNBDINY UDN. WU Lwaﬂﬁaﬁaﬂﬁi%’ﬁmimmumammumm@;mqmammm
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{ A <} 2
A15197 3.4 ﬂﬂ!ﬁﬂJU@lﬂNﬂﬁ‘U@\i!ﬂﬁﬂ‘ﬂjﬂgﬂﬂ DB10 $uUANIN SD30

Test | Actual | Weight | Effective | Yield | Yield Max Tensile | Elongation
No. | diameter (® area load | stress Load | strength (%)
(mm) (mm’) | (kgh | (MPa) | (kgf) | (MPa)
1 10.11 482 80.24 3,400 | 415.70 | 5,200 635.77 20
2 10.81 484 91.73 3,320 | 355.05 | 5,200 556.10 17
3% 11.00 499 94.99 3,400 | 351.15 | 5,120 528.79 17
Average 374 Average 573

*A 208 NAANDIANNULATEA

334  wyaIRou
MIIguauiaNIInaves iagruyanon (Shear stud) Tag191a509 Universal
. . &, Y Y1 [ < 1 v =R =2 A
testing machine Y119 200 A1 Av41431AUQYNIBlHIETVTA NATOVUIIRIVRIHYAIROY
(2 = & v A A Y 1 4
awaasluzili 3.8 aldwamsnageuguaniianienavosnyadomduriugudnais
H 1 Y

12 adwas gnnagouT I 3 A9 Awanaluasei 3.5 tazdloden 1 laaaaunsia

o) .
ANATYA (Strain gauge)

R v
aunsanneduba
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Hyamau

-
2
Z
z
;
§
:
7
g
k]
v
-]
3

A
n393 UTM

= = =
q‘a:ﬂ“l/l 3.8 MINATDULUIIAINIYANDU
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Test Actual Effective Yield stress | Max load Tensile | Elongation
No. diameter area (MPa) (kgf) strength (%)
(mm.) (mm") (MPa)
1* 12.05 113.98 380 6240 537 11
2 11.31 100.41 - 6120 598 8
3 11.28 99.88 - 6600 648 8

*G 08 NAANDTAN AT EA

PR a o
AMWIATFIU ASTM A1044A FFaiuanasgIunIugumsnaniaguyamou
Y o w T [l ] 1
1aszymamiinensadegnasn tazrilonsspagaganes liiesnd1 350 MPa 1az 450 MPa
X [ o @ o P~ Y < (R
Fawamsnadeuiaqoud mivuuuTIaosw a1 1en 3.5 udaedimunmuuasgiu

ASTM

= < W o

3.4 51ﬂﬁ$!ﬂﬂﬂ!‘ﬂﬁﬂ!ﬁ%u!!azﬁﬂﬂﬂﬂlliﬁiullUUﬂ1ﬁﬂQ
3.4.1 1Hanuu
A < o 2 v v &
031N 3.9 HAAWVVMINAHANVUVDAVUTIAD 1HANTVDODHFUADNIN
] ' A A I~ a g’/ % I
SD30 1durUgUINAN 10 Haamwas ANueTIran luAanaInInfuLwIns e (B-w) 1diman
©17 2,000 HadWAT N13NTL100E 11U 950 VaaIuAT 5282T83 80 NadIwAs HAZAIINYI?
< a [ < Aa a [l ] A a
wanlusvuunununss (N-S) lHiane1n 2,200 dadmas nszaeegluge 700 Naamwas
a A o [ 1 < =y [ ¥ { Y]

522389 80 UAANAT MIUIUDATIANINANAT VDU NUANTGAABUNT @ (Effective area)
Y 1w dy < ~ I~ o A Y o [
1&m1nu 0.00085 Tunisnaaesthuanasyuwiudlsnruquinldnruquonsidau
<3 a Y [ 1 a = =
manesululndifesnunisnaasslae lia3 unyaimou (Prawatwong et al, 2012) 510821800
MIOONUUUIFIANEIUNTDANHUN LAY A A1UT18A1501989 (ACI 318-14 sec 8.6.2.3, sec8.7.5.3,
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Strain Maximum Strain Maximum Strain Maximum
gauge Tensile Strain | gauge No. | Tensile Strain gauge Tensile Strain
No. (x10°) (x10°) No. (x10°)
Cl 251 Co6 *- S1 2
C2 *- C7 1155 S2 479
C3 *- C8 947 S3 118
C4 685 C9 577 S4 29
C5 353 C10 392
* INUFINBIEHINMINOAI1UVTIA09
44 mamuaioaiialdlumyadon
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MINA 4.2 Manuaseagegannnyiaida lalunyamouiia S aasan1inaass

Strain Maximum Strain Maximum Strain Maximum
gauge Tensile Strain gauge Tensile Strain | gauge No. | Tensile Strain
No. (x10°%) No. (x10°% (x10°%)
SS1 928 SS6 219 SS11 549
SS2 363 SS7 416 SS12 720
SS3 203 SS8 191 SS13 417
SS4 162 SS9 197 SS14 130
SS5 308 SS10 1082 SS15 253

* mm?mmaszwjnmsﬁaﬁ%’mmm"mm
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Strain Maximum Strain Maximum Strain Maximum
gauge Tensile strain gauge Tensile Strain | gauge No. | Tensile Strain
No. (x10°%) No. (x10°% (x10°%)
SN1 228 SN6 201 SN11 459
SN2 493 SN7 426 SN12 577
SN3 438 SN8 184 SN13 390
SN4 490 SN9 87 SN14 335
SN5 632 SN10 391 SN15 404

M3199 4.4 Aanuaseagegaaninaiania ld luryamouia W aaeanisnaaea

Strain gauge No.

Maximum Tensile Strain (><106)

SW1 1138
SW2 791
SW3 1133
SW4 629
SW5 289

M3190 4.5 Manuaseagegaaninaiania ldluvyaouia E aaeaninanes

Strain Maximum Strain Maximum Strain Maximum
gauge Tensile Strain gauge Tensile Strain | gauge No. | Tensile Strain
No. (x10°%) No. (x10°% (x10°%)
SE1 1228 SE6 717 SE11 1766
SE2 724 SE7 1249 SE12 1424
SE3 824 SE8 980 SE13 894
SE4 721 SE9 231 SE14 984
SES 187 SE10 195 SE15 220
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(Prawatwong et al., (2012))
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v, YvM,c
vu(AB)z—”+v—”AB (5.1
A, J,
1 ! (5.2)
Yy =41— ’
' [1+2/3)] /b, /b,
3 3 2
d(cl+d) (cl+d)d d(c2—|—d)(c1+d)
J = + + (5.3)

‘ 6 6 2
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v Aa a
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Shear stress, v, (MPa)
Specimen | V, M, Y
! From direct | From moment Vu / fc'
@ 2 3 ) Total
shear transfer
S1 118 193 0.467 0.65 2.86 3.51 0.55
SS2 141 297 0.463 0.59 3.16 3.75 0.60

A 1 A & ° @ a o
91NN 5.6 LAAINUITUTUROUGIFAVDINIADIVVTIA0INAOToUINB VN
9 H
aumstdunsa Eqn 11-34, ACI 318-08 WU Madeaunuiiasaniiousuiounnzliaga
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14 o L .:." ° B
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0.4 - | _--="X
e i \\ =().2‘)\/; +0.3,
034--7 ;
; (Eqn 11-34,ACI 318-08)
0.2 - : A\ 552 with shear stud
: B s1 without shear stud *Prawatwong etal. 2012
0.1 4 : @ PT Unbonded, no shear reinforcement
0 : (from ACI-ASCE Comunittee)
0 0102 03 04 05 06 07 08 09 1.0
fe 1
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54  msfSsuiguasi
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6.0 » ik Trongtham and Hawkins [15)
QO PT Unbonded, Qaisrani [3]
E 50 > O PT Bonded, Prawatwong =t al_ [5]
; . . @(ss2 (® PT Bonded (This study)
= 402 - — ACI 318-14 Drift limit
[TRE ] s
g Spe A
®© 30 i S51
& * ] ettt |l
% * o 5 Aa
5 20 o
s1 o °
1.0 . L . g
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o0 01 02 03 04 05 06 07 08 09 1.0
Gravity shear ratio (Vy/Vy)
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Ch. No. ID Description Gauge type Unit Note

0 HD Displacement of column DC 64 volt mm

x1 HF Force act at column DC 64 volt Tf

2 P1 strain in prestressing strand 1G3W 120 ohm | micro strain
3 P2 strain in prestressing strand 1G3W 120 ohm | micro strain
4 P3 strain in prestressing strand 1G3W 120 ohm | micro strain
5 P4 strain in prestressing strand 1G3W 120 ohm | micro strain
6 P5 strain in prestressing strand 1G3W 120 ohm | micro strain
7 P6 strain in prestressing strand 1G3W 120 ohm | micro strain
8 P7 strain in prestressing strand 1G3W 120 ohm | micro strain
9 P8 strain in prestressing strand 1G3W 120 ohm | micro strain
10 P9 strain in prestressing strand 1G3W 120 ohm | micro strain
11 P10 | strain in prestressing strand 1G3W 120 ohm | micro strain
12 P11 strain in prestressing strand 1G3W 120 ohm | micro strain
13 P12 | strain in prestressing strand 1G3W 120 ohm | micro strain
14 P13 | strain in prestressing strand 1G3W 120 ohm | micro strain
15 P14 | strain in prestressing strand 1G3W 120 ohm | micro strain
16 SN1 | strain in stud 1G3W 120 ohm | micro strain
17 SN2 | strain in stud 1G3W 120 ohm | micro strain
18 SN3 | strain in stud 1G3W 120 ohm | micro strain
19 SN4 | strain in stud 1G3W 120 ohm | micro strain
20 SNS | strain in stud 1G3W 120 ohm | micro strain
21 SN6 | strain in stud 1G3W 120 ohm | micro strain
22 SN7 | strain in stud 1G3W 120 ohm | micro strain
23 SN8 | strain in stud 1G3W 120 ohm | micro strain
24 SN9 | strain in stud 1G3W 120 ohm | micro strain
25 SN10 | strain in stud 1G3W 120 ohm | micro strain
26 SN11 | strain in stud 1G3W 120 ohm | micro strain
27 SN12 | strain in stud 1G3W 120 ohm | micro strain
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Ch. No. ID Description Gauge type Unit Note
28 SN13 | strain in stud 1G3W 120 ohm | micro strain
29 SN14 | strain in stud 1G3W 120 ohm | micro strain
30 SN15 | strain in stud 1G3W 120 ohm | micro strain
31 SS1 | strain in stud 1G3W 120 ohm | micro strain
32 SS2 | strain in stud 1G3W 120 ohm | micro strain
33 SS3 | strain in stud 1G3W 120 ohm | micro strain
34 SS4 | strain in stud 1G3W 120 ohm | micro strain
35 SS5 | strain in stud 1G3W 120 ohm | micro strain
36 SS6 | strain in stud 1G3W 120 ohm | micro strain
37 SS7 | strain in stud 1G3W 120 ohm | micro strain
38 SS8 | strain in stud 1G3W 120 ohm | micro strain
39 SS9 | strain in stud 1G3W 120 ohm | micro strain
40 SS10 | strain in stud 1G3W 120 ohm | micro strain
41 SS11 | strain in stud 1G3W 120 ohm | micro strain
42 SS12 | strain in stud 1G3W 120 ohm | micro strain
43 SS13 | strain in stud 1G3W 120 ohm | micro strain
43 SS13 | strain in stud 1G3W 120 ohm | micro strain
44 SS14 | strain in stud 1G3W 120 ohm | micro strain
45 SS15 | strain in stud 1G3W 120 ohm | micro strain
46 SS16 | strain in stud 1G3W 120 ohm | micro strain
47 SE1 | strain in stud 1G3W 120 ohm | micro strain
48 SE2 | strain in stud 1G3W 120 ohm | micro strain
49 SE3 | strain in stud 1G3W 120 ohm | micro strain
50 SE4 | strain in stud 1G3W 120 ohm | micro strain
51 SES5 | strain in stud 1G3W 120 ohm | micro strain
52 SE6 | strain in stud 1G3W 120 ohm | micro strain
53 SE7 | strain in stud 1G3W 120 ohm | micro strain
54 SE8 | strain in stud 1G3W 120 ohm | micro strain
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Ch. No. ID Description Gauge type Unit Note
55 SE9 | strain in stud 1G3W 120 ohm | micro strain
56 SE10 | strain in stud 1G3W 120 ohm | micro strain
57 SE11 | strain in stud 1G3W 120 ohm | micro strain
58 SE12 | strain in stud 1G3W 120 ohm | micro strain
59 SE13 | strain in stud 1G3W 120 ohm | micro strain
60 SE14 | strain in stud 1G3W 120 ohm | micro strain
61 SE15 | strain in stud 1G3W 120 ohm | micro strain
62 SWI1 | strain in stud 1G3W 120 ohm | micro strain
63 SW2 | strain in stud 1G3W 120 ohm | micro strain
64 SW3 | strain in stud 1G3W 120 ohm | micro strain
65 SW4 | strain in stud 1G3W 120 ohm | micro strain
66 SW5 | strain in stud 1G3W 120 ohm | micro strain
67 BNO | strain in bottom bar 1G3W 120 ohm | micro strain
68 BNI1 | strain in bottom bar 1G3W 120 ohm | micro strain
69 BN2 | strain in bottom bar 1G3W 120 ohm | micro strain
70 BN3 | strain in bottom bar 1G3W 120 ohm | micro strain
71 BEO | strain in bottom bar 1G3W 120 ohm | micro strain
72 BE1 | strain in bottom bar 1G3W 120 ohm | micro strain
73 BE2 | strain in bottom bar 1G3W 120 ohm | micro strain
74 BE3 | strain in bottom bar 1G3W 120 ohm | micro strain
75 BE4 | strain in bottom bar 1G3W 120 ohm | micro strain
76 BWO | strain in bottom bar 1G3W 120 ohm | micro strain
77 BW1 | strain in bottom bar 1G3W 120 ohm | micro strain
78 BW?2 | strain in bottom bar 1G3W 120 ohm | micro strain
79 BW3 | strain in bottom bar 1G3W 120 ohm | micro strain
80 BW4 | strain in bottom bar 1G3W 120 ohm | micro strain
81 BSO | strain in bottom bar 1G3W 120 ohm | micro strain
82 BS1 | strain in bottom bar 1G3W 120 ohm | micro strain
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Ch. No. ID Description Gauge type Unit Note
83 BS2 | strain in bottom bar 1G3W 120 ohm | micro strain
84 BS3 | strain in bottom bar 1G3W 120 ohm | micro strain -
85 T1 strain in top bar 1G3W 120 ohm | micro strain
86 T2 strain in top bar 1G3W 120 ohm | micro strain
87 T3 strain in top bar 1G3W 120 ohm | micro strain
88 T4 | strain in top bar 1G3W 120 ohm | micro strain
89 TS strain in top bar 1G3W 120 ohm | micro strain
89 TS strain in top bar 1G3W 120 ohm | micro strain
90 T6 strain in top bar 1G3W 120 ohm | micro strain
91 T7 strain in top bar 1G3W 120 ohm | micro strain
92 T8 strain in top bar 1G3W 120 ohm | micro strain
93 T9 strain in top bar 1G3W 120 ohm | micro strain
94 T10 | strain in top bar 1G3W 120 ohm | micro strain
95 T11 | strain in top bar 1G3W 120 ohm | micro strain
96 T12 | strain in top bar 1G3W 120 ohm | micro strain
97 T13 | strain in top bar 1G3W 120 ohm | micro strain
98 Cl strain in flexural column bar 1G3W 120 ohm | micro strain
99 C2 | strain in flexural column bar 1G3W 120 ohm | micro strain -
100 C3 strain in flexural column bar 1G3W 120 ohm | micro strain
101 C4 | strain in flexural column bar 1G3W 120 ohm | micro strain
102 C5 strain in flexural column bar 1G3W 120 ohm | micro strain
103 C6 | strain in flexural column bar 1G3W 120 ohm | micro strain
104 C7 strain in flexural column bar 1G3W 120 ohm | micro strain
105 C8 | strain in flexural column bar 1G3W 120 ohm | micro strain
106 C9 | strain in flexural column bar 1G3W 120 ohm | micro strain
107 C10 | strain in flexural column bar 1G3W 120 ohm | micro strain
108 S1 strain in shear stirrup column 1G3W 120 ohm | micro strain
109 S2 strain in shear stirrup column 1G3W 120 ohm | micro strain
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Ch. No. ID Description Gauge type Unit Note
110 S3 strain in shear stirrup column 1G3W 120 ohm | micro strain
111 S4 strain in shear stirrup column 1G3W 120 ohm | micro strain
112 DT1 | Displacement transducer mm
113 DT2 | Displacement transducer mm
114 DT3 | Displacement transducer mm
115 DT4 | Displacement transducer mm
116 DTS5 | Displacement transducer mm
117 DT6 | Displacement transducer mm
118 DT7 | Displacement transducer mm
119 DT8 | Displacement transducer mm
120 DT9 | Displacement transducer mm
121 DT10 | Displacement transducer mm
122 DT11 | Displacement transducer mm
123 DTI12 | Displacement transducer mm
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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-carnying capacity, maximum drift, and stiffiess 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
fiom this study will be useful for seismic design and evaluation of seismic performance of the entire slab-column frame building

in the fitture.

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
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and Youakim (2005) suggested that the main advantages of using double-headed stud are more
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 (by/d), side ratio (b;/b,), prestressing ratio (f,c/ \/F ), 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 (s,/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 (s,/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

Span  Columnsize by by foc a So s

Building (mm) (mm X mm) =y e T — =5 =

Vo d b2 }f’c d d d
Condo 5800 400x1200 0.31 1543  2.18 0.23 3.20 0.18 0.35
Apartment 10700 300x600 039 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 0.28 18.29 1.70 0.27 - - -

SS2 (with stud rails) 5000 250x500 028 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(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
(0.8f,y,). 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.

3PRESTRESSING STRANDS - 8860
DIA 0.5IN GRADE 270K Mﬂw
12DB28
3DB10@60 mm STR SECTION a-a
ANCHORAGE TR I Shear cntical sections
PLATE 1 .

SECTION a-a

3DB10@60 mm STR|

3DB10@60 mm STR

| —ANCHORAGE
=L PLATE
: \DF_‘-\D
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

Comcrete | Compressiveshantth | groq | Vidlatrongth | Tonsle
Bottom column 47.41 (138 days) DBI10 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.

Reaction wall ii{eferftnce frame

Torsion restraining s

+—Sand Bag

Strong floor / / /

Hinge support—/Bolts—/ Pin-ended link

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.




142

LUCKKIKANUN et al.

3
Ey
e
Y
o
(%)

-%AAAAAAAA -
W%yvvvvvvvv

230 —f—

DISPLACEMENT (MILLIMETER)
<)

40 w—tf—

-50 === 0.25% . 050% __ 0.75% 100% . 125% . 150% 2.00%

¥ CYCLE < CYCLE ' CYCLE ' CYCLE P CYCLE T CYCLE ' CYCLE

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 6. Relation between lateral load and lateral drift
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Figure 7. Comparing results with the model without shear reinforcement

S. SUMMARY AND CONCLUSIONS

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

1. 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 in the
vicinity of column 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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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
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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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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,
DBI10 (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 hl, where & is 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) DBI10 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 (¥2/Vy), where Vg is the direct gravity shear force acting on the slab
critical section and ¥} 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
(V) 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 (V,/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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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 7, and an unbalanced
moment M, along the critical section at d/2 from the column face.
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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.

W }/\M C-I.B
Vyup) = o+ 1
u(AB) AC Jc ( )

where Ac = by d: bp =2(b; + b>) = perimeter of critical section for shear in slab; d is the effective depth
of the slab; c.is the distance from the centroidal axis of the critical section to line AB (see Fig. 8(a)); Jcis 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 ¥, in each specimen is
computed from a linear finite element analysis. Based on the peak unbalanced moment (34,) and the gravity
load (7) 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 Vau M, 7, From From
(kN) | (kN.m) direct shear | moment transfer Total v,/ \/Z
&) &) A3) “) &) (6) ™ ®)
S1® 118 193 0.467 0.65 2.86 351 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,c 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 SSI1.

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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